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Ah Undersea Aquacultur-e Habitat 

Prepan '?d by ~·vm. David Grubbs 

Fall Semester, 1969 



The purpose of this project is to study the 

possibilities of creating an undersea aquaculture 

habitat; a place where man can live while farming 

the animal and plant life of the sea. Man now has 

the basic skills and knowledge needed to create 

a habitat where men could live in comfort for extended 

periods of time. My goal is to look into the challenges 

and problems inherent in this project and how they 

can be met. 
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organic ma t er·.ial for tl-:.c:! ulyu...- . ':'he bul1< o f tho. : i. ::::: l:. 

on phyt:opl;mk.t.on . 

of the ors;anic mat ~ri ':l J. i n t"h ·) sunl3.t :C P. •j i o n of t .he 

oc8an :.1 nd t .he f(~edin -J !~ <?.lat i <.ms of mar in<:! o:rga.nisrr., 

only some of ~ .. :h i ch are fi:::;h , aHDl..mts to at least. a 

:Sut th:i.s t:.~~·:-"lendou ::; mass of a n i mal matte r ir1-· 

I t a l so i nclur.'k::; l:.~1e bn~(:c'l ing ~::; t.x:l< for future g • .. m --

\:;rations . Fur· tf1errnorc~, <J:-:ly certa i n t ypes of fish 

of f is~1 cone e n u :· C! l:..:l.cJn ;:1nd COil :·:a inment-e h~ctr ical 

cur-r .-?nts and lig")·;ts t or cur t .ains •.)f a ir bubbl~s f :rom 

in any o~•e are.::t . I t should be n oLed that s i nce 1960 



the world fish c atch has decreased, even in the rich 

are as of Peruvian c oastal waters and despite t he 

improvements by the Russian s and Japaneese in fishing 

techniques. 1 

In the 1967 rP.~o~t from the President's Scientific 

advisory Comm].ttee on the World Food Supply, one fi nds 

different estimates on the s ea• s potential harvest. A 

close estimate seems to be about 200 million metic 

tons of all manne r of sea life. If this can be 

reached in time t o stay with the world es population 
2 

increases is a pressing ques tion. 

In order to improve the take of prote in needs, 

n·ew stocks need to be found by exploratory fishing. 

These stocks should come primarily from the herbivorous 

or plankton-eating species, so as to stay close to 

plant bases. Luckily, mos t plankton eaters are of 

the school type; an advantage in devising har vesting 

means. 

Also, new means of processing needs to be developed 

to increase the use of the catch. Losses of useable 

material in fishing are much greater than in the 

agriculture process. Processing at sea and the use 

of nresently dlscard~n parts for producing fish meal 

or fish protein, a tasteless, odorless powdered 



concentrate called FPC would greatly increase the 

the yield without increasing the harvest. Besides 

foOd, numbers of fish and algae have been found to 

have interesting properties. Many absorb trace 

elements and. concentrate. them in their fissues, while 

others give dff 3Ubstances repelling or attracting other 

species. These properties suggest that· biochemical 

reseaz;:.-ch may lead to discoveries of new insectic-ides, 

herbicides, soil conditioners, fertilizers and medicines 

and ant!ibd:otics. For example, a type of brown algea 

called laver, contains large amounts of cholesterase, 

3 the eneyme that breaks down cholesterel. 

Man needs to develop new concepts and new legal 

protection for the development of range ~anagement 

in the oceans; to become herders, not hunters, as 

we have done with cattle on land. 

Therefore, whe n t he animal and plant material 

of the sea have been exploited at the highest rate 

possible and the demand for food s t ill increases, 

what can we do? The answe r is simple-man must do 

what he has done on the land and has started to do 

i~ fresh water-he must e ngage in marine animal 

husbandry in order to exploit to a fuller degree 

the offerings of the sea. Aqua culture seems to be 



one of the most promising fields in the marine ;r ealm. 

On this basis I propose an underwater aquaculture 

habitat; a sea farm. 



II. History of Man's Plunge into the Sea 

Oceanography is a relatively new science, just 

over a century old. It has been overshadowed somewhat 

by ±ts more glamorous cousins, space and aeronautics, 

but has come into 'its own since World War II. Here 

the -importance of the submarine was brought out, as 

the submarine was responsible for more ship damage 

than all the rest of the Navy combined~ Man finally 

began to understand how little he knew about the sea 

and how many benefits he could derive from it if he 

understood how t o manipulate it. 

Yet man has always been curious about the sea and 

he has ~.ttempted to explore it throught ·- out history. 

Records tell of divers used for salvage, recovery of 

sponges and pearls and of military operations hundreds 

of years before Christ. The first attempts to develop 

a .rtd b'ui ld machines to enable man to descend to any 

gr.eat depth started about 400 years ago. From the 

1500's on, a great var.iety of diving bells were 

designed and a few built . Some of these showed adv anced 

and sound ideas. In the sixteenth century, Vegetius 

wrote a treatise De Re Militan, illustrating pr i mitive 

diving suits , some with a hood with a b r e a t h i n g tube 

and othe rs with a primitive compressed air bag similar 

4 
to scuba gear. These early div ing bells and apparatus 



were d esigned mostly vrith the intent of r0.cove rin·3' 

gold, CC~.nnons, etc .. from sunken wt"ecks and not much 

inter est was placed on utilizing the sea • s r e s o,Ir-c e s . 

The major revolut ion in diving took place in 

1 819 when Augus t Siebe invented the "hard hat'' diving 

helment and r ubber s ui t , connect ed to the surface with 

a air hose. By 1 837, Siebe • s invention was so pe rfected 

that it has r emained basically unchanged even to today . 

This g ear allowed man to move beneath the sea , yet he 

was still heavy and clumsy and r-estricted i n his 

movements . 

Th~ ne:<.t b r·e ak came ~,.; i th Commander La Prier- of 

·France and h is invention of Self-- Containe d Underwater 

Breathing Apparatus (SCUBA } . It was refined and made 

commerc ially available by Jacques Cous t e au and Emile 

. 5 
Grayma n a fter ~rJorld 'ilar II . 

Along '"ith the developmen·t of hard- hat diving was 

the invention o f t h e s ubmarine . Here more complex 

problems were met , such as ntr·onger hull materials, 

pumps to make the vehicle submerge a nd .t?esurface ,. and 

how to propel it. Also t h e problems of ho~<T to supply 

t he air nee ded for the mEm and propulsion unit , 

(.sometimes t he same in early d -,~.> igns). 

Dur ing the Civil War, the Confederate submarine 

Huntley sar~k a Union rnan-o - •11ar. 6 Since then, the sub 

has develope d basically as a military t.o~eapon . Due to 



the developments of the . rnilitary sub in both depth 

capacity and speed, we have K~owledge that has been of 

great help in designing underwater structures. 



III. Types of Resources Available 

Oysters are one animal that adapt well to exten~ive 

management, .since they are sessile animals and thrive in 

shallow water. By protecting the oyatara tr .. such 

enemies &uch as starf1•h, fungi, and .bacteria, and by 

providing places of attachment for their free . . swimming 

larva~, one can stimulate the growth of the oysters. 

Special algae food can be raised to feed the oysters 

or water currents can be set by mecbanic&lor thermal 

means to provide a source of food by nature. The main 

means of proteetion seems to be keep contaminated water 

away frem the oyste.- L and to provide elev-.t.ed growing 

~eas to prev~nt starfish from crawling .on them. 

The flesh of the· eysters ·• ·only one aspect of 

their •bilitJ' to .provide profit. .By simi.lar. means, 

pearl ~sters can be raised, growing culture4. pearls to add 
7 tG the assets of an aquaculture center. 

Another profitable crop for the aq·uafarmer would 

be shrimp. Shrimp would be started from eggs in vats 

or tanks, raised to lar~ stage on a specially pre

pared diet of plankton algae, crustaceans, etc. After 

the larvae have mautred somewhat, they can be switched 

to a simpler ·d.J.et .. of minced clam flesh. These clams can 

be raised 'in an operation similar to the oyster raising. 

Shrimp molt repeatedly and along with the old skin 

they discard ·any disea~e organism, eliminating. the problem 

of disease in crowded quarters. 



Lobsters and other crustaceae- could also be raised 

in a similar method to the shrimp. 

Plankton eating fish is another canidate far the 

aquafarm. A Japanese fishery scientist, Dr. u. Uchinashi, 

has shOwn that fish can be taught P~vlovian reflexes in 

associating food with lights or sound waves. Fish 

have been taught to respond to a signal wave lenght of 

400 cycles I second while food pellets are distributed 

at the same time for a period of ten days er so. After 

a period of growing, the fish can be caught in a seine 

while feeding. As fish can distinguish between two 

adjacent pure tones, it is not hard to imagine various 

bands ef different species of fish taught te respond 

to various tones, making catching them a relatively 

simple process. 8 

Algae is another crop suggested for growing for 

human consumption. However, algae has some built-in 

disadvantages in that algae can . either be made into 

a sort of marine spinach or a greenish powder, neither 

of which would be appealing to the consumer. Also 

algea lacks cer..tain amine ·acids and is .therefore not 

a complete diet. Mereover, algae is not easily digestible 

unless the cell walls have been broken down. 

But algae can serve as food for the other marine 

animals, making it profitable to grow. But more im

portant is the fact that algae breaks down sewage, pro

ducing oxygen, making algae valuable to a self-sustaining 



habitat. Also, brown algae has alginates (collodial 

electrolytes), a sticky, viscous material that can 

:f'erm a base of such products as ice cream, face cream 

and beer. Various pharmaceutical uses are also being 

researched. 9 

The .. ne~ees.ary chemicals and water for thi.s algae 

g~ewth need· to be brought in either by natural currents 

or by artifical circulation. The cold bottom water 

has the larger amounts of mineral matter for growth, 

yet is separated by the warmer, more beuyant salty top 

water near the surface. .An artif,.i.caL current can be set 

up by releasing excess heat from nuclear react:~rsnear 

the bottam of the sea floor, c~using the be~t~water 

to rise by convection. In shallower parts of the sea, a 

•salt-water siphon .... can be constructed. .The ~J.Urface water 

is heavier than the lower levels, yet it remains. on 

top because of the considerable temperature difference. 

When water is pushed through an open-ended tube set 

vertical in the sea, it is warmed or cooled by the water 

surrounding the pipe. Thus ·bottom water qe.ing up the 

tube would arrive at the surface at .the same temperature 

as the surface water. Being less salty, it would rise 

te the top. If this was done. . on £. large scale, enough 

water would be moved to .bring substantial .ameunts ef 

minerals to the surface. This cireulatien would stimulate 

growth of plankten and algae t~ be used in the aquaculture.10 



IV . Act.ivities of U!(! !-Iabit3.t 

Tl~re w0uld be ~ our major ~eg~0nts o~ activity 

ir1 the habi t;;,t , 

b e needed ~or thnm . 

harvest. prio r t .;:, shi p.LJ:i.ng to lanj. AJ --;0 so_.:-:e n~search 

facilities will be ne ~ded . 

'?or t he r ·hys ica.l req•.1:in~rr.ents of the rnen in the 

spac~ J on•.:: mu~J t f i r:-~ t study s orr,e of the r')rn]::·;.J w• ; 

of th • ..! cornpressio_., that occur !? ::1 t the 50/1 do· :rt . h":!vt::~ 1 . 

The haLita t Cdn Le no::J·- p:n;::; ~::. - u· i z e(3 as is a sul· ··:,_t J. 5.ne 

or ru~y ~e pr~s su~iz ed t o <1n a~~ie~t l evel with a 

I n an a mbi 8nt. 

'--·Tith no c0mp:c c ss i :.:m/deco!~lpr t~s::..: ·i. on probl <-:m~J . The 

non-pressurize~ s ystem requir0 s a stronger structure 

r'1J.t '1 an ambient sys tern , di 'H;rs or 



insulation will be crushed, and the helium penetrates 

everythinq, makinq difficult problema for the enqineer 

in heat-transfer and qas-llo~preblems. 

The obvieua solution te the problem is to have 

two separate spaces, one at a sea level pressure and 

one at the ambient pressure ef 44 psi at the 100 foot level, 

then cennect the two spaces with a decompression chamber. 

Each unit could house various activities,. which will 

be listed en the fellowinq paqes. 

A. SBA LEVEL ATMOSPHERE 

Maintenance • All the systems vital to the ex

istence of the personnel will be ~ecated ~ere. 

These systems include qas level maintainaeoe and 

checkinq, water supply, power aa.urces and .. emerqency 

support and escape systems. These systems will be 

monite~ed twenty-four hours a day. Systems will 

be located close to the outside supply areas. 

Medical• Tbis area will be staffed b¥ one d&etor, 

havinq an infir.m~ area and a decompression unit. 

An examination table, medica..l supply .. storaqe and 

a desk will -be located here. A separate atea with 

two hospital beds will also be provided. 

Cemmanda This area will provide all controls 



for the various activities of the habitat. An 

office fer the commander will have the equipment 

necessary to monitor the activities. This eq~ip-

ment will be radio-teltphane apparatue, six television 

monitors, and an intercom system. A desk and storage 

area. for charts and records will be provided. 

Galley' Two ce>oJ¢s .·:w111 take care of the pre

paration Of the food for the entire habitat personnel. 

The galley will have two infra-red evens, a six burner 

electric stove, two sinks, storage fer utens~ls and 

dehydrated foods, and dishwasher ~~t. Eating 

facilities will be ad.jacent to the galley with 

tablespace for five men. 

Berthing Areass Sleeping spaces will be in eignt 

two man spaces_ adjacent te one another. Each .man will 

have twelve cubic feet storaqe space. 

Otilitys Two 3 1 by3 1 showers, two urinals, two 

water closets and two sinks will be provided • A washer 

dryer combination unit will be provided. An ample 

sized water heater, electrically fired, will be provided. 

Decking Areas Two twenty feet long subs will 

be docked here while net in use. Repair equipment 

housed here will consists of an arc .welder, torch 

equipment, tool storage and workbench with a qrinding 



o.r 3 0 cubic feet . 

I t will l1ouse a pool tahl e , a reading area with r acks 

lifting set i~ a n e~2rcise Qr ea will be a djacent 

to t.ld.s a:-ea , 

Preparation ar-ea : :Her.:) ·the p lant and fish crops 

wi ll b3 chi!lc~ and pac~aged into large ro .,tainers 

(plastic o:r lE-:? L a l) ·that t.lOuld be towed to t:.he surfa.c•:? 

for market pr epa rdlio n . The crops wou l d r equire 

a la.r ·~e d.ecorap:- .o:-s ~ ion c;ha:.~1:er to transfer the mater ii:d .s 

to these tanks , which woul~ b~ taken t0 the surface 

plants ::,y the small sub s , 3torage f or the:: pr11pnred 

tQnks w0ul d ~ 8 ou t side the ~~bitat , 

Cal l ev:. 
7 ·. 

'I'his areu t...r :i.ll ;·,ave a sma ll i nfra --

red oven, <J f ou:r bur.v2r el f,~ct.r ic 1·ange , a 2 0 cubi.c 

A d ining area ~-ri ll h2 :.}eX t t o the gallery a nd •.vil l 

have space fur f i v(·· m<.1n . 



Diver s entry: '!'his area will have a hatch for 

the entry and exit of divers into the sea. Sma ll, 

wet-type subs can also surface in this area by a 

larger hatch. The divers hatch will have a small 

1000 pound 'hoir.;t and the larger hatch will have 

a 20,000 pound ~oist provided. Storage for ~iving 

gear will require 200 cubic feet. The air pumps for . 

the related eqlilpmen l: for the. brea,thihg apparatus l:vi 11 

require anoth(Jr 200 cubic feet. 

Berthing area: This area will require s leeping 

space for five divers. The beds •..vill b<? bunked ~.r ith a 

twelve foot storage/man •. 

Util-ity: This area aajacent to the ber.thing 

area wil l have two 3'x3' shower stalls, two . sinks, 

two water closets, a hot. wcrter heater, a washer and 

dryer and additional s ·tor ag.e space. 

C. COMPRESSION CHAMBER 

This will have air locks connecting the differ

ent atmospher.es to the chamber. Men will transfer 

fiom one area to the other when leaving or entering 

the ambient pressur8 area. The chamber should have 

space for six men, with bun~s and storage for each 

man. A chemical t:oi le1: will b e housed ~~~i th a 3 'xJ'' 

shower. ·G}~gen and ni ·tr~gen ·for six days will be 



storo2d in the spat.:·~ 'vl ith ins t r t-:r,!ent2 : or n~wu it ~ .cin·:1 

the gases . A ~.:L~hu.:'li.d ift}!' i..lild c a .rb o n--d ioxir1G S•::rubb:::! J' 

'"'ill be hous~d i n · the~ ::;pace. 

s .ix men · f or s .i.x d ayc w i 11 ·· be s tured in t.he ::~ ~)a r.::o . 

Batteries will p :·o vi<J. r:) emergE:ncy pO\ITer fo r 15.ghtin·J . 

The cham'Der· \,Jill b~ ;_:, ;~' le \::. . .) ~..c~ ::-1-"!tat che d fror~1 U 1e 

two spa ces fl.0!n t:.:·~E~ :f. ns icl.e e~:K~ c all be flo.3.ted ·to 

chamb-:?.r wi1l <lou'!. l P as ar! ··~ rrv_~rg<'l ~Y e :::; cap:~ un i t. . 

Co n tact lN'i '.h i.;.he GUl'f3.<:P. l·J:i 11 oe 'ty rcdi•) .~. nd 'Nit1~ 

the ol:.h·c r spi;l.c-=s 1·,.1 i.. nt:.er•.:.: :>ra . 

will be used a s gn:Mi n .; ;;·u: ::>a3 for the 1oung fish , 

crustaceu , alga~ and p lankto n . T:,ese bub l:: l es T.Vi 11 

contain enouqh •·Ja ter to al l 0w 2 9allons/f i sh i.n t~·~e 

ini t .u. l sta·;e:.:: o f growth a~c3 5 gallons/fish in th·?. 

l atter stag<:}S , j ·.•st. lv:f0-:'' "'! releas·~d . ApproxL nc.te ly 12 , I}JJ 

fish -;,.rill be r aised ir: ~ach t .anl-: , The sh1:: i mf. ··ri.ll 

remain in the t.dn'!<~s 'Lhrou·;hout ::.hed.r ~ife span , a::: 

pl a stic , k0pt inflated 1~ a s light over presHur e of 

water creat.ed b y small on .:'! rnr:..>ep-Jwe r el.e c t:·ic pumps :1t 

the mouth of each ·t :.m~~. Thirty tanks ',vill b e user1 i n iti-

ally . 



Feeding units: A dispenser nnft will automat-

ically drop pellets in the tanks at a preder~ined 

time, also emit't ·ing a pur-e sound i n the 400--6 00 

cycle/second range. The fi.sh wi 11 learn to come to this 

signal for food when turned loose in the Hgrazing" 

area. Each dispense r un~t will serve three tanks , 

each unit being 50 cubit feet. Stor age of food 

pellets will be adjacent t o the dispenser and will 

require 500 cubit f e et each. Four a dditiona l feeder 

units will be placed in t he "lots", to feed the fish 

swimming free. 

Feeding lots: A perforated plastic tube will surround 

the confines of the "grazing·" areas for the fish. This 

bubble fence will help keep the fish confined and 

predators out. A gas compressor capable of keeping 

a 2 inch hose, 5000 feet long, inflated will be 

necessary, in the beginning phases of the proj:.~ct. 

Storage for 20 foot sections of extra hose, will be 

needed for 100 additional sections. 

Oyster b ed s : Ele vated wooden or metal racks , 

30 x 10 feet, will be required to raise oysters. 

These racks can be stacked like shelves . 

Circulation: Adj a.cen·t t o the oyster beds , a 
circulation system would b.e i nstalled. This would be 

a tube 10 feet i n diameter, 80 f~1!'t i n leng .. th. It 

would be installed in a vertical position and by 



start.ing a low of T,..rater by pumps, a continous flow of 

warm to cold water would be set up, bringing in 

plankton fo.od . from the surrounding waters to the beds. 



v. Technical Requi r ements 

St.ructur·e -; For· the body of the habitat , s gveral 

factor s must be conside red. 

l. Strengbh to ·weight ratio of the mater ial 

2. Ease of obta.i ning the parts and of fa'br i cation 

3. Lbng lif~ under adverse conditions and ease 

of maintenance. 

Various materials possibl-e are : concrete, steel, 

aluminum , plas t i c , and glass. The material that appears 

most favorable is high strenght -to-weight ratio steel 

protected by epoxy c oatings. Electrolytic protection 

is provided by sacri-ficial i:H1ode-s . The we l d ·ad 

·construction of the pressure vess,~ l s wi ll be t-e-sted 

hydrostatically tested t o .2 0 0 psi. Normal ope rat ing 

pressure would be 44 psi. 

The ambient -pressure space will have a 30 inch 

diameter hatch, and a 72 inch ha tch for entry and 

reentry. The hatches can stay open when a mbient 

pressure i s reached. The s ea level pressure space will 

have one 30 inch diameter hatch for a n emergency 

e scape exit. 

Air: The ambient pressure s pace would have an 

atmosphere of 79% helium, 17% n i trogen and 4% oxygen . 

The s ea leve l pressure spaee will be 79% n itrogen , 

17% ox-_igen and ·4% helium. The amount of n d. trogen and 

helium needed will be constant and will be put i n the 



spaces by con.presse d gas bottles at the initial 

phases, ~~o extra bottles of nitr ogen and one of 

helium will be kept in t he sea level atmoshpere. 

Two extra bott les o f hel i um and one of nitrogen will 

be l<ept i .n t he ambient pressure area. The oxygen in 

the s pace will be created by exchange precesses with 

sea water , with an emergency back up system c onsisting 

of 30 cylinders of oxygen/space. A· 'f inal emergency 

system will consis ts of small self conta ined breathing 

app-:iratus for each man. Sensors r.-rould be i n e ach 

space •·.;ith automatic release of gas and sou nding of 

alarms. Manua l over rides wi ll be provided in case - of 

fa ilure. Carbo::1 dioxide ~.v :i.ll be r omoved by scrubbr~n:; 

simila r to ones us r.~d in atomic subrnar i nes. 

Humidity and Heating: Heating '.vil l be py e l e c tric 

heating cores built into the floors. The am~ient pres

sure space ,.,ill be kept at 89 degrees F. due to the 

helium atmosphere,. t he sea leve l p ressure spac'3 •-;ill 

be kept at 68-70 degrees F . Cooling will not .be 

necessary because of the heat los ·:; to the wate~ .by the 

walls. Humidity l evels 'l.·: i ll be 60%, maintained by 

dlel'JJU:midif-ers i n each s pace . 

Lig_hting, Inte.r ior: One mus t con s ider the property 

o f the light, the type of job be i ng d·one in the s pace , 

the intensity of the light , and the color of the light , 

Colored liqhts should be used to creat e varying ar e as 

of interest. 



Lightir.!S:, Sxtc l· i ,:Jt : E.:x.terior lighting· will be 

needed to allow the i'nhabitants to look out fo r both 

mere curiosity and for observation. Growth tanks 

Hill be lighted for days when the sunlight does 

not pene.trat.c the \vuter and ,..,hen the growth of the 

crops needs to be speeded up by creating daylight 

during the night. 

Power: Power can be provided in a variety of 

ways; nuclear, wet-cell batteries, fu8l cells, or 

fuel drive n generators. Fo r the e.ase of opera tion 

and economy of s ize ano operation, the nuclear 

system would be advisable. .l\ nuclear plant would 

produce heat by fission which would be transfered 

to a circulating heat transfer fluid to a boiler. 

Here vlater vrould be converted into stearn which 

would drive a generator. Th'is would require about 

2000 cubic feet . WSt cell batte~ies capable of 

producing 200kw/hour for two days would be used 

as a back up system. This would require about 

200 cubic fee t . 



VI. Financing 

The client for thi.s project will be a private

corporation with both governmental and industry backing 

of knowledge and money. Industry has shown itself to 

be quite interested in this field, aa evide~ed. by the 

larqe number o~ firma that have designed and built 

their ewn subsurface vehiclea. The c&at is difficult 

to est1mate at this peint due te the extreme variance 

in possible solutiens, but an estimate based en 

similar projects seems to be in the ra·n9e of $100,000, ooo. 

Thia may seem extremely steep until one realizes the 

possible returns for mankind and that the costs will 

decrease as more of these units are built. 



VII. Site Conside r ations 

The si t . .:~ wo uld be on a !Il :for:>t l eveJ , i n 

the a r.· ,,; a o f th2 oce,''.tn o n the Continental She lf. The 

an~a p icked 1,;ou ld. need to have relat i v ely clean water 

to allu ..; g ood pcner t.ra tion of sun lig h t . Na t ural 

mine rals, plants and fish, wou ld need t o be in abund a nc e . 

It would nee d to be somewhat c lose t o various harbor s 

for supply mai.ntainance and for rece..i ving of goods 

fr om t he Habitat. A fairly calm weather zon e ne eds 

to be chosen, t o l e sse n the poss ibility of b o t t.om 

turbulance by storms. The oce an bottom needs to 

be fairly solid, with only small rocks and g rave l. 

A good na tural current flow is desireable, to bring 

in natural foods for the crops, Some possible areas 

would be the St. John region of the Virgin I Slands 

or the west coast of Florida o r the east coast of 

Mexico. 
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5. Ibid., p. 19. 

6. Ibid., p. 20-21. 

7. Harvest, pp. 185-190. 

8. Ibid., pp. 201-203. 

9. Ibid., pp • . 208-210. 

10 . Frontiers of tne Sea, by Robert c. Cowen, pp. 257-258. 

11~ Ocean Engineering, by John F. Brahtz, pp. 481-491. 
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CONCEPT AND PURPOSE 

The concept of the undersea aquaculture habitat was 

that man could better utilize the food resources of the 

sea if ~e lived in the sea itself. My goal in this 

project was to look at the problems inherent in this 

project and how to solve them. 

Man has. two choices of how to live in the sea. First, 

in a pressure vessel, like a submarine, or an ambient 

vessel where the air pressure inside -equals the water 

pressure outside. The first solution offers the ·least 

change of environment to man but requires heavy vessel 

structuring in order to withstand the water pressure. 

The second solution eliminates the problem of heavy 

structure as there are few stresses, but the high air 

pressure creates havoc with transported land objects in 

the vessels--including man. 

So my 110lution was to create two environments--one 

ambient habitat and one at sea level pressure. The am

bient habitat allows scuba divers to move freely into the 

ocean to work without decompressing, while the major pro

duc·tion of the food products takes place in the sea level 

pressurehabitat. The connection between the two habitats 

is by an "umbilical cord" for power, air, communication, 

and water. The men move from one habi·tat to the other by 



means of a decompression chamber. Divers can leave the 

ambient level pressure to swim free or with "motor scooter" 

subs. Workers from the sea level pressure habitat maneuver 

in two-man subs patterned after Consteau•s Diving Saucer. 



SHAPE, STRUCTURE, AND MATERIALS 

The perfect shape for use for this project would be 

a sphere, as this is the strongest shape under the pressur-e 

of the ocean~s water. However, a sphere of size sufficient 

to house the activities of the habitat becomes extremely 

costly to build with today• a technology, as wll as being 

an awkward shape to subdivide into useful shapes and still 

be a comfortable atmosphere to live .in. So, the next best 

8bape would be a cylinder, capped at both ends with hyper

bolic shells, similar to a railroad tank car. The cyliner, 

having a curved surface in one plane., len~s itself to more 

economical construction and more efficient use of space. 

The caps allow the stresses ·of the water to be -transferred 

along the curve of the shell, transfer.ring the .mostly hori

zontal thrust to a stiffening ring about the top and bottom 

of :the cylinder. The caps are stiffened with radiating 

ribs placed eigbt · feet on center at the outer edge. 

The cylinder is steel plate, welded and riveted at the 

edges about a steel ·I-beam skeleton. The horizontal ribs 

are twelve feet on center and the vertical ribs are four 

feet apart. At each floor l~vel "f·.ive horizontal ribs come 

together at the center connecting ring. Between the main 

beams, open web steel joists spaced two feet apart span 

the area between the beams. Fiberglass core honeycombed 

panels are placed between the joists for the floorinq. The 

habitat will be built up as a skeleton figure, then covered 

with the plate and painted with an epoxy paint to prevent · 

corrosion. Then all the interiors and furnishings will ·be 

installed. 



EMPLACEMENT 

After the habitats are finished in the shipyard, they 

are then towed to the chosen site by tugs. Here four con

crete casions have been placed in the sea floor, the casions 

having a stainleas steel pull~y embedded in the top. Cables 

from the ehips will be rove through the pulleys to the 

habitat. Then the winches on the two ships will pull in 

line, pulling the habitat down its desired level. The 

cables will then be secured at the pulleys and the habitat 

will have additional fresh water ballast added to the lower 

tanks until the habitat has a slight positive buoyancy. 



PSYCHOLOGICAL FACTORS 

The men living in this habitat will be confined--their 

movement restricted; they will have reduction of stimuli, 

especially land-type stimuli; and they will be isolated 

f.rom society. But tests by the Navy and Army have s b::>wn 

men can work well under these conditions if several norms 

are met. 

First, moder~e stress must be placed on the men. on 

well bal.anced men, this will produce more cooperation and 

friendly team spirit among the men. 

Secondly, the tasks the men will .be performing must be 

interesting to them. It is beneficial if the various tasks 

can be zoned especially tasks which will be noisy, smelly, 

or otherwise distracting to o.ther . men and their . tasks. 

Various degrees of visual and spacial stimuli are needed-

variation in scale andshapes of spaces, variances in colors 

and textures of waUs and floors, and .temper.ature and .. of visual 

perceptions. Odor.s .a&ed to be kept down to a low level, 

temperatures somewhat low at about 68° F and humidity at about 

50%. 

The men need some ·. visual and physical connections with 

their environment--by windows, small subs to undersea and to 

the surface . by T.V. A sense of ·time orientation needs .to be 

achie:Ved by the regular dimming of lights and by switching to 

red ·· lights at night. 



With these factors in mind, I have vertically segre

gated the main work areas. On the main living level, I 

have partly separated the different task areas while re

taining some interaction by sight or sound in order to 

maintain a degree of interest, so that the men will not 

feel isolated in their separate tasks. Windows in the 

sleeping and lounge area give a view of the sea farming 

area, as well as closed circuit T.V. in the C.I.C. are~. 

The men's individual sleeping units have a degree of pri

vacy by visual screening, yet donot give total isolation, 

opening ~p into the f~ly large lounge area. The need for 

absolute privacy is not great as these men will need the 

companionship of the group. 

The sleeping/lounge areas are carpeted and are painted 

in pred-.inantly warm tones in order to give a comfo~tng 

feeling. The work areas are of harder materials and cooler 

tones, to give a coolness. needed in the often warm er hot 

work areas. The spaces will be air conditioned, but the 

habi.tat can often become very warm due to machinery ~

body heat. (See heating calculations in appendix.) 



LOGISTICS 

Personnel are brought into the habitat by cargo-type 

submarines. The submarine comes to the level and is moored 

down to anchor pilings similar to the ones of the habitat. 

Then one of ~ open end airlocks slides out to the side of 

the sub. is clogged down by divers, then. the water in the 

outer compartment ef. the airlock is forced out .by compressed 

air. Then the water-tight doors in the sub and the airlock 

are opened, and personnel can move freely from the main 

habitat to the sub and back. Divers will come from the 

sea level pressure habitat to the decompression chambers 

and compress until their bOdies are ready to be exposed to 

the ocean's press~ They will then leave the decompression 

chambers by a fore hatch. Since the air is now the same 

pressure as the water, the hatch can be safely opened. 

Returning divers merely reverse the process. 

Supplies are brought in by the same method•-thDo~h 

one of the four airlocks. Packaged products from the 

habitat will leave in the same manner or can be released 

in a pressure bubble of plastic or steel and run up a line 

from the anchor piling to a surface buoy. Here a ship 

contacted by radio can pick up the shipment. 



ACTIVITIES OF THE HABITATS 

The main purpose of the habitat is to house the men 

while they raise food. One of the primary food crops will 

be fish. The fish will be raised from larvae in plastic 

tanks. For two weeks or more, depending on the species of 

fish, the fish will be fed on a schedule, sounding a cer

tain sound frequency of 600-800 cycles/second while food 

pellets are dispensed. The fish learn to respond to the 

sound for food, and when they are releas~d, the sounding 

mechanism is moved to a large funnel-shaped wire net. Here 

the fish are fed on a daily basis until they are large enough 

to harvest when the funnel is closed off by divers and the 

fish collected and brought into the airlocks to be processed. 

The highly marketable fish such as herring will be brought 

into the second level where they will be prepared for market, 

forzen, and packaged, then transferred to cold storage. The 

less desirable fish will be washed and chopped and dried by 

a ~t air drier. Then the dried fish will be stored in con

tainers and shipped to the surface to be made into fish 

protein concentrate. Also any waste parts from the frozen 

fish will be made into FPC or food pellets for the finger

lings fish. 

Algae will be raised in the plastic pens to be used 

for purification of human waste material and production of 



oxygen. The mature algae will be used as feed for mature 

fish and can also be used in production of extracts for 

medicines, drugs, etc. 

Oyster and clams wil~ also be started in the plastic 

breeding pens and transferr~d to raised beds in higher 

levels of the ocean. These will be harvested and processed 

from the surface. 

The men living in the ambient habitat will be doing 

most of the outside work, either as free ·divers or with 

the diving saucer. The men in the sea level pressure 

habitat will be monitoring the machinery of the plant and 

taking of the production. 



EQUIPMENT 

The main power for the habitat will be provided by 

a nuclear reactor, located outside the habitat, will pro

vide the heat piped in for the steam plant. The steam 

turbines will drive two generators, one a 250 kw. and 

one a 150 kw. standby generator. The heated steam will 

also be used during cold spells to heat the habitat. The 

excess heat from the reactor will cause a circulation of 

water by convection, bringing in silt and minerals for 

the grazing fish. 

Emergency power will be provided by nickle-cadium 

batteries stored in the upper level. 

The oxygen and helium storage for b0th habitat will 

be housed under the upper cap. A venturi type gas exchanger 

will supply oxygen from sea water and remove the C02 from 

the stale air. A standard chemical C02 scrubber like used 

in submarines will serving as a back up system.- Extra 

oxygen is stored in the ambient habitat and in large ex

terior canisters on the larger habitat. The oxygen will 

be 6ed automatically into the large habitat as needed. 

Manual overrides will be located at each level of the 

habitat. Helium for the ambient habitat will have to be 

brought ' in by cargo sub and . stored. 



Water will be purified from salt water as . .needed, 

but the majority of the water will be filtered, purified 

by chemicals and recirculated. Fresh water will be stored 

in the lower cap in containers •nd pumped to a smaller stor

ag.e tank in the top level to obtain sufficient water pressure. 

Excess humidity will be removed by standard electric 

humidifiers installed on each level. 

The interior spaces will be lighted with a combination 

~f flUQreacent and incandescent lighting. The production 

areas will .have a 50 foot candle lighting level, 20 foot 

candl•in storage, 10 foot candles in the lounge with con

centrated spots f .or reading, 30 foot candles in the sleeping 

areas, 50 foot candles in the first level work area and 100 

foot candles for the C.I.c. area. 

The exterior areas will be lighted by merc~-vapor 

]qhts. Some areas will be lighted around the wall of the 

habitat for visual interest. The breeding pens will be 

lighted for times when the sunlight does not reachJits 

proper level. 

Each of the four airlocks will be equiped with air 

pumps · to force the water out when a sub is connected to the 

airlock. Three decompression chambers will be attached to 

the main habitat, two on top and one on the side next to 

the clinic. Each unit will be capable of supP,Orting up 

to six men for fourteen days with faod, air, water, and 

heat. The units can be detached from the habitat by 



interior controls, thereby making each unit into an escape 

mechansim as we~l as a personnel transfer unit. 

Each floor is capable of being sealed off by water 

tight doors, thereby giving a factor of safety if any leak

age should occur. Portable pumps, similar in design to the 

Navy P-500, will be located two per floor. These pumps 

may be used for pumping waste water or for using foam fire 

fighting agent •. 

All areas except ~he electrical and power supply areas 

will have thermostatically controlled sprinkler system with 

a manual override. In the electr~cal and power supply areas, 

manually-controlled co2 extinguishes will be used. Foam 

sprays will be u.ed as a back up system • 

An electrical freight elevator will be used, housed 

within the connecting ring for vertical transportation of 

personnel and freight. 



Almost any site with a 80-100 foot depth along the 

Continental Shelf with good lighting, low turbidity and 

relative absence of pollution, some suitable crop and 

relative closeness to a market will work. My chosen spot 

for the first in a series of sea farms would be the coast 

of the Vir~ Islands. 



CONCLUSION 

I have attempted to design a sieries ~f spaces I 

feel will be conducive to the well bein9' of the Men living 

in the habitat and to their ability to perferm their work 

well. Hopefully, .as m•n adapts to his new environment, he 

will develop new ways of expressing' himself in art, architecture, 

and the written wot• aa he develops new responses 

to a new set of stimuli. When the first habitat is 

established and is working' well, •ore satellite farms 

coul4 ~ established and other complexes in other 

locations of thesea. This I feel wili help man in 

his search to properly feed himself. 
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CODE REQUIREMENTS 

Since the sea farm will not come under any 

city er na-tional building cede, the Navy·•s atandards 

for su'bm.arines will be met instead. Ba.s..ic:aJ...l.y , . the 

main factors in safety are a fir.a.t., that the. structure 

must fail under the pressures of at least L00. feet of 

water (1248 pounds/ft2) J secondly., that the men must 

have adequate fir.e protectionJ thirdly, that backup 

sy,tems for the vital functions be providedJ lastly, 

that the men will have adequate means of escape in 

case ef extreme emergency. 



DIVISION 1 - GENERAL REQUIREMENTS 

0110 Schedules and Report. 
As Requ.ired, 

0120 Samples and Shop Drawings, 
As Required, 

1130 Temporary Facilities, 
Two towing vessels, each capable of towing the completed 

habitat, will be required, These vessels will be stocked 
with food and supplies necessary for to divers who will 
anchor the habitat in its proper area. Standards for these 
ships will be the same as u-.s. Noval vessels. 

1140 Cleaning Up, 
Rubbish and dirt will be removed from within the habitat 

and the ajoining area, 

DIVISION 2 - SITE WORK 

0210 Clearing of the Site. 
Any wreakage will be removed prior to habitat instillation, 

0230 Piling. 
Anchorage will be provided by a concrete pier within 

a metal casing, A steel pulley will be embedded in the top 
of the pier for cable attachment, The hole for the pier 
easing will be drilled i.n. a manner like that used in off-
shore oil drilling rigs, 

0295 Marine Work. 
Breeding pens as specified will ~e installed with 

cables and pilings, Other buildings as specified by the 
as d,ireeted will be installed on the sea floor with lead 
weights or other suitable ballast, 

DIVISION 3 - CONCRETE 

0300 Alternates~ 
Standard concrete will be used for the making of 

pilings for anchorage~ 

DIVISION 4 - MASONRY 

None in this type project, 

DIVISION 5 - METALS 

0510 structural and Metal. 
The exterior walls will be of a rubbed steel beam 

construction·~ Primary flooring structure will be of steel 



I beams. 

0520 Open Web Joists. 
Joists will span between the primary steel beams to 

form flooring support. 

0540 Lightgage Framing. 
Alluminum studs will be used for all interior walls. 

0580 Special Formed Metal. 
Curved steel plates will be fastened on tae exterior 

rib structure for enclosure. All welds and riveting will 
be tested under pressures of 150 psi•· 

Special formed steel caps will be installed on the 
top and bottom of the steel framework of the habitat. 

DIVISION 6 - CARPENTRY 

None in this project. 

DIVISION 7 - MOISTURE PROTECTION 

0710 Waterproofing. 
The habitat will be coated after construc·tion with 

a epoxy membrane for water proofing. 

0790 Calking and Sealants! 
High ·pressure sealants will be used along section 

connections and all windows. 

DIVISION 8 - DOOR, WINDOWS AND GLASS " 

0810 Metal Doors and Framing. 
All doors will include hollow aluminum doors and 

frames. See 0850 for hardware! . 
All hatchways between floors will be of steel construc

tion ann. will be water tight and will adher to u.s. Naval 
Standar~s~ See 0880 for weatherstripping. 

0870 Finish Hardware. 
Finish hardware shall be furnished for doors, windows 

and cabinets, including locksets, latchsets, hinges, closers, 
cheeks, push and pull units, kick and mop plates, bolts, 
doorstops, doorholders, weatherstriping, cabinet hardware, 
and special knobs and trim. 

0880 weath~rstripping. 
Weatherstripping on all watertight doors and hatches 

will be of bronze or silicone rubber as required. 



0885 Glass and Glazing. 
Borosilicate glass (Corning Cede 7740) will be used 

for the windows. These will be o:f' .. do.uble thieknes~ with a 
dead air space and will be molded to the architectJs 
specifications for thickness, width, height and curvature. 

DIVISION 9 - FINISHES 

0930 Tile Work, 
Ceramic tile · ·will be used according to the archi teet• s 

specifications. 

0970 Special Flooring. 
Floor panels will be four inches thick honeycomb 

fiberglass core panels laid over supporting joists. 

0990 Painting. 
All paint will be fire resistant and will correspond 

to specification given in the NAVSHIPS 0901-190-0002 
manual. 

0995 Wallcoyerings. 
Wallcoverings will consist of plastic wall tile, 

wall fabrics, paint, all being fire-resistant. Patterns, 
colors and textures will be specified by the arehitec~~ 

DIVISION 10 - · SPECIALTIES 

1015 Compartments and Cubicles; 
Privacy screens will be provided for each bed in the 

medical room as indicated by the architect. 

1018 Toilet and Shower Compartments. 
All showers and toilets will have painted hollow 

steel dividers as indicated by the arehiteet. 

1025 Fire Fighting Deyices'! 
All areas will be equiped with sprinkler or C02 

fire extinguishers, with automatic and manual controls. 
All installations will conform with NAVSHIPS Technical 
Manual, Chapter 9880", 

1050 Lockers, 
Steel wardrobe and storage lockers will be used as 

designed by the architect. 

1080 Toilet and Bath Accessories. 
Toilet room accessories shall be installed at lo

cations shown in the drawings, 

1095 Waste Disposal Units, 
Waste compartors will be installed to pack solid 

waste for burial. 



DIVISION 11 - EQUIPMENT 

1118 parkraom Equipment. 
Cassette boxes, film and print storage cabinets, dev

eloping tanks, print driers, enlarger and worktables will 
be installed according to architect's specifications. 

1140 Food Seryice Equipment. 
Cooking equipment, dishwashing equipment, food pre

paration machines, food preparation tables, food serving 
units, refrigerated storage and frozen storage will be 
installed as instructed, 

1150 Gymnasium Equipment. 
Indoor sports equipment will be of a type storable 

in the lounge area. 

1163 Laundry Equipment. 
Two washers and two dryers will be installed according 

to the archi tect•·s specifications. 

1170 Medical EQuipment. 
Examination room equipment, hospital casework, patient 

care equipment, sterilizers and storage will be provided 
for a two bed infirmary as required. 

DIVISION 12 - FURNISHINGS 

1210 Artwork. 
All artwork shall be performed by competent crafts

men to improve the general appearance of the building as 
directed by the architect. 

1240 Carpets. 
Carpets shall be of an indoor-outdoor type and shall 

be fire resistant, Colors will be chosen by the architect. 
Under matting will be of a water-presistant rubber. 

1260 Furniture. 
All furniture will be of a sturdy type appropriate 

for this installation and will be specified by the architect, 

DIVISION 13 - SPECIAL CONSTRUCTION 

1320 . Broadcasting Sjudio·, 
A radio and television studio capable of monitoring 

all exterior spaces and maintaining contact with the ambient 
habitat and with surface vessels will be provided as specified 
by the architect. Monitoring devices on all mechanical 
activites will ' also be provided. 



1365 Prefabricated Structures. 
The structure will be completely prefabricated with 

a skeleton of steel I-beams, covered with welded and 
riveted steel plates~ The top and bottom of the struc
ture will consist of~:- · steel caps with steel ribbing, The 
structure will be of a strenght capable of with standing 
pressures at 250 feet, The · exterior surfaces will be cov
ered with an epoxy paint for salt water protection, 

1370 Radiation Protection! . 
Prefabricated shielding shall be provided on the 

nuclear reactor as to prevent contamination of the sea 
water by the reactor• · 

1391 Decompression Chambers. 
Three decom-pression chambers capable of sustaining 

siX. men for 1'4 days will be provided, These chambers 
will be capable of being detatched from the habitat from 
the chamber interior, The chambers will be connected to 
the habitat by watertight doors, 

1392 Airlocks. 
Four airlocks capable of with standing pressures at 

250 feet will be provided for freight and personnel transfer 
to and from cargo subs, 

DIVISION 14 - CONVEYING SYSTEMS 

1420 Eleyator. 
An electric freight elevator with a capacity of 

2500 lbs, will be required, This will include cabs 
entrances controls, safety equipment, tracks and hoist
way fittings and elevator machinery, 

1430 Hoists and Cranes, 
A 4000 lb'~ capacity hoist will be provided in the 

ambient habitat as indicated by the architect, 

1441 Materials Handling System, 
Conveyor belts will be installed in the production 

level and the fish protein concentrate production level 
for moving of products, This will include belts, power 
rollers, safety equipment, turntables, and controls. 

DIVISION 15 - MECHANICAL 

1500 Alternates; . 
Foam shall be installed inside the exterior walls 

to pro·vide insulation. 

1510 Basic Materials and Methods, 
Pipes and pipe fittings will be brass, copper, or 

steel, as required·~ They ~hall be of the size and number 



required for the use andload and shall be concealed from 
view. Pipes will be securely suspended, All pipes and 
fittings will conform to NAVSHIPS Technical Manual, chap
ter g560, 

1520 Water Sypply System. 
The water supply system shall be composed of storage 

for gallons .and an emergency. supply of ____ __ 
gallons and a purifications system so that the water may 
be recirculated, 

1525 Solid and Waste System. 
Water from the water dosets will be collected in a 

separate drainage system and pumped into an algae tank 
for purification. 

1530 Plumbing F~ztures and Trim. 
Standard plumbing fixtures shall be used by the architect, 

with the exception of the water dosets, These shall consists 
of standard Navy type water closets. 

1540 Special Piping. 
Auxillary air supply will require the use of nylon 

reinforced plastic piping for compressed air, oxygen, 
nitrogen, and helium, 

1550 Fire Extinguishing System. . 
An automatic overhead sprinkler system with manual 

over rides will be placed in each area with· the exception 
ef electrical and mechanical equipment areas, which will 
use C02 extinguishers with remote c~ntrol and manual devices. 

1565 Hot Water Heating System. 
standard electric hot water heaters will be used as 

specified by the architect. 

15?7 nu;·:w;em:petature System. 
Water chillers and hot water boilers will be connected 0 

to the dual temperature system. Each space will have indiv~d
ual controls, 

1580 Air-Tempering System. . 
The recirculated air will have carbon dioxide removed 

by a ventttri gas exchanger and a C02 scrubber. Air will 
be distributed by concealed aluminum ducts with electric . 
blowers, Electric dehumidifiers will be ased for humidity 
control, 

1590 Refrigeration. 
Contact freezers and freezing ttnits necessary for the 

storage spaces will be provided as specified by the architect, 



Refrigeration units necessary far the cold storage spaces will 
be provided as specified. 

1595 HYC Coatrols and Instruments. 
All heating and cooling systems, ventilating systems, 

and electric, electronic, prematic, hydraulic and mechanical 
devices necessary for monitoring will be provided as 
specified, 

DIVISION 16 - ELECTRICAL. 

1610 Basic Materials and Methods·. 
All raceways and fittings, busways, conductors, elect

rical supporting devices and related materials will be 
supplied as specified by the architect, All chases will be 
concealed under the flooring as shown in the architect's 
drawings. 

1620 Electrical Service System. 
Electrical power for the habitat will be provided by 

one 250 kw generator and one s~andby 150 kw generator run 
by turbines powered by heat from the nuclear reactor. 
Nickle cadium storage batteries will be supplied for emer
gency power~ 

1630 Electrical Distribution System. 
All circuits, panelboards, and wiring shall meet 

u.s. Navy specifications as listed in NAVSHIPS Technical 
Manual, chapter 9621 • . The ambient. habitat will be con
nected to the sea level pressure habitat by an aluminum 
conduit ubilical cord protected by a rubber casing, 

1640 Lighting Fixtures. 
Interior lighting will be provided by incandesent 

and fluorescent fixtures as specified by the architect, 
Exterior lighting of all work areas will be by underwater 
mercury-vapor lights~ 

1656 Commnnications Systems·, . 
Communications with the surface shall be through 

standard submarine under water transmitters, Communications 
within the habitat area will include sound powered phones 
as inter communication system and closed circuit T. v. 
A speech unscrambler will be required · for ambient sea 
level pressure habitat communication. Fire and emergency 
alarms will also be included in this system as required 
by the architect, 

1690 Electrical Systems Control and Instruments, 
All controls for the electrical systems of the habitat 

will be provided both in the cmarea and the immediate 
zone as required by the type equipment. 
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19 February 1970 

Dear Mr. DuVal, 

I am an architecture student at Texas Tech University, 
doing work on my thesisJ "An Undersea Aquaculture Habitat". 
This would be a place for men living beneath the sea to 
harvest the crops of sea weed, algae, fish, oysters, etc. 
The habitat is located tentively off the Bahamas at the 
depth of SO meters, however, it is being designed to 
be located in a variety of places. 

I read your letter in the December 1969 issue of 
Oceans about your plant and wondered if you could possibly 
send any information about the making of FPC and the ma
chinery needed in the process, also the cost of installation 
and mainta.tn·ing··~the equipnent. I am designing an initial 
preparation area for the freezing of the fish in the 
habftat prior to shipnent to the surface. What would be 
the possibility of installing a plant similar to yours 
beneath the sea? 

Also if you could possibly send any samples of 
FPC· and some suggestions for preparing it for the table, 
this would be greatly appreciated. I will gladly reimburse 
you for. any costs incurred. 

Thank you very much for your time and effort. I hope 
I -can·onelp ··you with some publicity in this part o~ the 
c~untry. 

Sincerely, 

() ~8 J~ . 1'.' • 0 ~-

'-· 0 t · .. ·-t: '·"'' . "'-
'David Grubbs 
2319 7th. St. 
Lubbock,,, Texas 
79401 



CARDINAL 
PR@TEINS 
lTD NOVA SCOTIA, 

, CANADA 

Mr. David Grubbs 
2319 7th Street 
Lubbock , Texas 79401 

Dear Mr . Grubbs : 

PLEASE REPLY TO: 

Box 9 
Bronxville , N. Y. 

1 0 7 0 8 

March 3, 1970 

Congratulations on your interest in the many exciting developments 
associated with oceanology. 

The information specifical ly requested regarding the type of 
machinery we intend to employ and costs is not the type of material 
that we generally distribute outside of the company . I know that 
you will understand . We do not envision a set of circumstances where 
we would want to install a pl ant of this type beneath the sea. How
ever, although this might please the fire insurance underwriters, we 
bel ieve that for many years to come, these plants will be constructed 
on dry ground . 

We do not have available at the present time samples for distribution 
but we do have under preparation a technical brochure and you will 
receive a copy when it is available. 

Very truly yours, 

CARDINAL PROTEINS LTD . 



Octc~~r 18 ~ 1~59 

Fisheri s s Dapt. a nd Allied Indus tri a s 
filar- in·:~ Bio1ogtc-:t1 Lc.;.,l'<:.t torie s 
A~~~iles SGrd~n 28 , ~0 piso 
Me xico I . D~F . , Mexico 
Dir2cto::.: Jor. G LandGro Sam;.:! no 

Dear t1r. Samano , 

I am pl·N; ently a fifth yea r architectu.n,, studer1t at 
Te}-:i-ls 'rcch UnitJe :rs ity, , .... .;,rkin·; on my final thesis~ .Z\s 
my t opic, I aro1. SL"'!el~ing .to d:~velo~) a pe:r.muner:t und,;;~ rt-ia ter 
habitat ·.-Thet·e mc:tn could effectively live and 1"la :t-vE!s·t . 
t he fish and plant gro~~tth of the ocean . f:l'e.re :man c ould 
better utilize the r e source!z; of tbe saa to feed a gro>-ling 
p opulation of the wo~ld while avoiding the climatic 
problems of t he s urface , as well as h a ving a perman~nt 
\t70rk base . 

Some o f my specific probl ems on this topic are : v7here 
c an thi s habitat be locat ed ; \>'hat modi f5.cations .: in ·fishing 
techniques -v;ould be needed ; and ,..,hat sea pla nts a nd fish 
could be effectively "doroes ticated i' a nd raise d. Othar 
probl ems have ari sen , such as d ·emands of l ivj_ng spaces 
and building techniques , but these are riot as pressing 
c.t. t h e moment . Any inforrtt~itiol1 you could supply em these 
problems , or suggestions of sources would be g reatly 
appreciated . 

Tha nk- you very much fo1:· your t i me and effort. 

&incerely, ) 
1 ) . • n ,Vf , f i J \ /"'-... t ,_t ,-! -., "7 .! I • I . 11.._ L/1,/,;~:.~,! \':. ''I >r :-v;.-~~~ 

\ •. . ..r " 
Da vid Grubbs ' 
2319 7th s._ . 
Lubbock, Texas 
79041 
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Husbandry of aquatic animals can contribute 

increasingly to supplies of high-grade protein food. 

Optimistic forecasters of the world 
food supply in the year 2000 predict 
that serious regional food shortages will 
exist; pessimists warn of widespread 
famine as populations in many countries 
increase more rapidly than agricultural 
production. The one bright spot in this 
otherwise gloomy picture is the rate of 
growth of 8 percent per year of the 
world fish harvest during the last de
cade (I). The annual harvest now 
amounts to 53 million metric tons (2) 
and is expected to increase for some 
time to come, though estimates of the 
possible total sustained yield differ 
widely, ranging from 120 to 2000 
million metric tons. All are based on 
extrapolations from scanty data on 
primary productivity throughout the 
world's seas and on incomplete knowl
edge of the food relations of many 
harvested organisms. 

Aquatic harvests supply almost noth
ing but proteins, since the bulk of 
aquatic plants are plankton algae that 
are uneconomical to harvest ( 4) and 
hold no promise for furnishing carbo
hydrate staples. A breakdown of the 
total yield from aquatic ecosystems into 
marine, fresh, and brackish water moie
ties shows that the yields from fresh 
and brackish water make up about 14 
percent of the tonnage (2). Much of 
man's fishing has been in estuaries and 
bays of the sea, and in ponds, lakes, 
reservoirs, and streams, where he has 
long practiced aquaculture (5). 

Aquaculture resembles agriculture 
rather than fisheries in that it does not 
rely on a common property resource 

·but presumes ownership or leased rights 
to such bases of production as ponds 
or portions of, or sites in, bays or 
other large bodies of water. Products of 
aquaculture must compete successfully 
with those of fisheries and of animal 

The author is professor in the School of Natu
ral Resources at the University of Michigan, 
Ann Arbor. 

1098 

. John E. Bardach 

husbandry; in Western food economy, 
aquaculture products such as trout, oys
ters, and shrimp bring good returns 
because they fall in the luxury class, 
whereas in developing countries various 
kinds of raised fish command a high 
price (6), since animal protein, includ
ing that derived from marine catches, is 
generally scarce. Although subsidized 
small home or village ponds may be 
justified in certain underdeveloped 
areas to help alleviate malnutrition, 
aquaculture, wherever it is practiced, 
should be examined primarily as a 
commercial enterprise that must com
pete with other protein supplies to be 
successful. 

The organisms now being raised in 
aquaculture comprise several bivalve 
mollusks (mainly oysters of the genera 
Ostrea and Crassostrea), a few crus
taceans (predominantly shrimp, in par
ticular Peneus japonicus), and a limited 
number of fish species ( 6). Among the 
fish species, the carp, Cyprinus carpio, 
and selected other members of the same 
family, Cyprinidae (minnows), are the 
most important. Trout and salmon are 
also important in aquaculture, especially 
the rainbow trout, Salmo gairdneri, as 
are the Southeast Asian milkfish (Chanos 
chanos) , and mullets, especially Mugil 

· cephalus, and yellowtail (Seriola quin
queradiata), in Japan. Also noteworthy 
are the channel catfish industry (lctalu
rus punctatus) in the sou.thern United 
States and the use of Tilapia as pond
fish, mainly in Africa ( 6). Most of 
these species are adjusted to life in fresh 
or brackish water, but the culturing of 
some marine fishes is being attempted, 
notably in Great Britain with plaice 
(Pleuronectes platessa) and sole (Solea 
solea) (7) and with pelagic (high seas) 
schooling species in Japan and the 
United States, among them. the Pacific 
sardine and mackerel (Sardinops cae
rula, Pneumatophorus diego) (8) ·and 
the pomp_ano (Trachinotus carolinus) 

· (9). Some attached algae are also pro
duced under semi-cultivation, both in 
temperate and tropical waters and cer
tain phytoplankton species are cultured 
as food for oyster and shrimp larvae. 
These represent a special crop and are 
of minor or indirect nutritive value; 
they are omitted from this article, in 
which the potential of ::>.quaculture for 
supplying high-quality protein is as
sessed. 

Aquaculture furnishes the world with 
over 2 million metric tons, mainly fish. 
Mainland China alone reports annual 
production of 1.5 million metric tons 
of carp and carp like fishes (Fig. 1) 
(6). Two million metric tons represent 
nearly 4 percent of the total world 
catch and far exceed the United States, 
food fish harvest, although they are 
produced from a fraction. of 1 percent 
of the world's waters. 

Aquaculture ranges in intensity from 
simple weeding of natural stands ·of 
algae to complete husbandry of domes
ticated fish like trout or carp. It is 
sometimes difficult to distinguish inten
sive management from culture. The 
term, as used here, comprises practices 
that subject organisms ·to at least one, 
and usually more than one, manipula
tion before harvest. In addition; as in 
agriculture, the harvest in aquaculture 
takes most, if not all, the organisms 
tended. Most often only one species is 
raised, although a few to several com
patible species may be cultured simul
taneously. 

To be productive for husbandry, 
aquatic animals should have the follow
ing characteristics. (i) They should re
produce in captivity or semi-confine
ment (for example, trout) to make selec
tive breeding possible· or yield easily to 
manipulations that result in the produc
tion of their offspring (for example, 
carp). Failing ease of breeding, their 
larvae or young should be easily avail
able for gathering (for example, oysters). 
(ii) Their eggs or larvae or both should 
be fairly hardy and capable of being 
hatched or reared under controlled con
ditions. (iii) The larvae or young should 
have food habits that can be satisfied 
by operations to increase their natural 
foods, or they should be able to take 

. extraneous feeds from their early stages. 
(iv) They should gain weight fast and 
nourish themselves entirely or in part 
from abundantly available food that 
can be supplied cheaply, or that can be 
readily produced or increased in the 
area where the cultured species lives. 

Few aquatic organisms have all these 
attributes, and substantial expansion of 
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the. aquacultural crop depends in part 
on how biological and engineering skills 
can make the missing characteristics 
less crucial; other constraints are eco
nomic. I discuss here several operations 
and problems common to the raising of 
aquatic organisms (1 0), and I attempt 
to appraise realistically the potential 
of aquaculture on a world scale. 

Selective Breeding of Aquatic Stocl< 

Even before Jacob tended Laban's 
flocks, livestock had been subjected by 
man to selection for one or another 

. desirable attribute, and breeding of do
mestic birds and animals has produced 
spectacular results. The first treatise 
on fish culture was written in China 
by Fan Li in 475 B.C. (11), but there 
are still only two aquatic animals over 
which genetic control has been exer
cised. These are carp and several species 
of trout; trout lias a shorter and Jess 
varied history of breeding than carp. 
No true breeding programs exist with 
invertebrates, though oyster culture is 
advancing so rapidly that experiments 
in oyster genetics are likely to begin 
soon. 

The breeding of aquatic animals, 
compared with terrestrial animals, has 
peculiar problems. Spawning habits of
ten make the isolation of pairs difficult; 
isolation of numerous offspring requires 
many replicate ponds (aquariums are 
too unlike nature); and there is rarely 
more than one mating a year. Moreover, 
the environment has an overriding in
fluence on the growth of poikilotherm
ous animals; consequently, many differ
ent-sized animals of the same age are 
found together. Many aquatic animals 
require special environmental or social 
conditions for mating and reproduction, 
which are not easily duplicated under 
human control. Manipulations of water 
temperature or flow have triggered 
spawning; however, the development 
during the last two decades of the prac
tice of hypophyzation, or treatment with 
pituitary hormone (12), to make some 
fishes spawn helps alleviate contraints 
on breeding for some species. This 
practiC<e has influenced fish culture all 
over the world, from catfish growers 
in the southern United States and 
sturgeon breeders in the Ukraine; to 
the fishpond cooperatives of mainland 
China, where it is of paramount impor
tance in making common carp produce 
eggs three times a year and in facil
itating the propagation of its cyprini.d 
pond mates, whose eggs were difficult 
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Fig. 1. Fishponds in Kwan Tung Province, 
China (F. Anderegg, photo). 

to collect in rivers before the process 
of hypophyzation was developed. Use 
of pituitary material may also produce 
advances with the breeding of two 
species of fish important in brackish 
water culture-the milkfish and the gray 
mullet. Aquatic animals have one ad
vantage over terrestrial animals from 
the ·breeder's point of view- a pair 
have large numbers of offspring, which 
permit mass selection. 

Carp are readily adaptable to selec
tive breeding because their eggs are 
large for fish eggs; they ·are not too 
delicate; and they are easily secured. 
Carp have been bred for fast growth, 
a body shape with more flesh than is 
found on the wild type, reduction of 
scale cover for greater ease in preparing 
the fish for the table, resistance to 
disease, and resistance to crowding and 
to low temperature (13). With such 
breeding practices as progeny testing 
(selection of parents according to the 
performance of their offspring) and dial
lele analysis (a system of mating that 
determines separately the genotypes of 
each parent) (14), further improve
ments on already · well-domesticated 
strains may be expected. It is necessary 
to prevent reversions to the wild type. 
That these can occur rapidly is illus- . 
trated by the fate of carp introduced tQ 
Amerjca. After being brought to the 
New World in 1877 (15), carp was 
allowed to escape into lakes and rivers 
where indiscriminate mixtures of its 
prolific stock resulted in bony and 
scaly fish which soon became a nui
sance in waters used for game fishing. · 
There was no incentive for carp culture 
in the United States, where protein was 
abundant from land livestock. However, 

since carp has become a prized angling 
trophy in Western Europe, and because 
of the rapid eutrophication of Ameri
can lakes and rivers (a process which 
favors carp) and the predicted narrow
ing of the gap, even in America, be
tween the supply of terrestrial protein 
and the demand, it is not farfetched to 
think that carp may be cultured in the 
United States. 

Trout, at least in America, were until 
recently raised mostly for stream stock
ing; consequently, disease resistance 
was the main concern in hatcheries 
not equipped for experiments in fish 
genetics. Demonstration of what may 
reside in the trout's gene pool has come 
mainly from two sources: the Danish 
table trout industry (16) and the ex
perimental trout and salmon breeding 
program of the University of Washing
ton in Seattle (17), where specially fed 
rainbow trout stock, continuously graded 
by selection during 30 years, grows to 
as much as 3 kilograms in 18 months 
while a wild rainbow trout in a lake 
at that age rarely weighs 200 grams 
(Fig. 2) (18); these fish tolerate higher 
temperatures than their wild congeners. 

Trout and salmon eggs are larger 
than those of the carp; they develop 
slowly and are hardy, combining sever
al advantageous properties. Salmon per
mit the establishment of hatcheries on 
suitable streams because they return to 
spawn to the stream with the odor of 
which they were imprinted as fry. In 
such hatcheries inadvertent selection 
from the spawning run of the largest
fastest growing-brood fish has pro
duced strains that returned to the hatch
ery 1 year earlier than the offspring 
of their wild congeners. Salmonid fishes 
can be selected for higher fecundity, 
larger egg size, and better survival and 
faster growth of fry, and for exact 
timing of their return to the parent 
stream .( 19). These breeding potentials 
should be used to increase the abun
dance of salmon especially since im
proved techniques now feasible in 
United States salmon hatcheries could 
produce about ten times as many young 
fish as Are now released (20). 

Salmon-fishing regulations are still 
based on propagation potentials in nat
ural streams and require that 50 per
cent of the run be allowed to escape 
the fishery. Salmon runs will increasing
ly depend on hatcheries that program 
their fish to return for stripping and the 
raising of a well-protected progeny 
whose rate of survival at the time of 
release is many times greater than that 
attained in nature, where maximum fish 
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Fig. 2. Wild and mass-selected, hatchery-fed rainbow trout, at the University of 
Washington School of Fisheries, Seattle. Fish are 2 years old, and the large one is 
the result of over 30 years of selective breeding. Their respective lengths can be 
estimated from the diameter of the bucket base, which is 22 centimeters. 

mortality takes place during the first 
few months of life. Thus, the salmon 
harvest of certain river mouths may 
almost be doubled in view of the fact 
that hatchery-dependent runs need only 
a few fish to supply the next generation. 
Salmon are highly valuable fish [$65 
million for the United States catch in 
1965 (21)], and it may be worthwhile 
to press for regional revision of escape
ment regulations and to examine the 
economic requirements and ·conse
quences of hatchery improvements. 

Another advantage of breeding fishes 
is the ease with which many of them 
hybridize (22). At the University of 
Washington at Seattle, male steelhead 
(that is, seagoing rainbow) trout were 
crossed with fast-growing freshwater 
rainbow females. The growth rate of 
the offspring was intermediate be
tween that of the parents, their shape 
was more fusiform than that of the 
female, and they migrated to sea. They 
had a voracious appetite and adopted 
parent streams to which they returned 
as 2-year-olds, weighing 2 to 3 kilo
grams on the average and occasionally 
as much as 5 kilograms (23). They 
would probably not breed true in the 
second generation, and they should 
therefore be hatchery-produced, but 
they represent an interesting use of the 
sea's unused fish food. 

Difficult as it may be to raise the 
progeny of one pair of parents of carp 
and trout, to do so with oysters is 
still more complicated. Mass spawning 
is usually done on oyster beds, and 
although the female of the genus Cras
sostrea, to which the American oyster 
belongs, retains the eggs inside her 
shells until after fertilization, paternity 
on the oyster bed is impossible to ascer-
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tain. Although there are thousands of 
eggs for each carp or trout, there can 
be up to 100 million for each female 
oyster (24). This fact, however, has 
aided in mass selection. Progressive 
growers of Long Island oysters raise 
the larvae in warmed water and use 
cultured algal food. They also give prop
er attention to stirring and other mariip
ulations simulating planktonic condi
tions. The many eggs and improved 
survival of free-floating larvae permit 
a filter screen to be used to select only 
20 percent of the largest, most rapidly 
·growing early larvae. These larvae ex
hibit good growth throughout life (6). 
But to achieve true selective breeding, 
growers of Long Island oysters now 
plan to rear single oyster progeny; since 
oysters reverse their sex from male to 
female halfway through their adult 
lives, the possibility of freezing sperm 
from a functional male is being tested, 
and it may be possible to use it to . 
fertilize the same oyster later when 
it b·ecomes a female (25). 

The Raising of Aquatic Larvae 

Many aquatic animals go through 
larval stages which do not resemble 
their adult phase; some larvae, including 
those of shrimp or oysters, and of 
many fishes, -are planktonic and minute 
and feed on the smallest organisms. 
More than with domestic birds or mam
mals, nursing them through their early 
Jives poses difficult technical and nutri
tional problems to growers. In British 
experiments with raising plaice and 
sole larvae in captivity, as much as 66 
percent survival through the stage of 
metamorphosis has been accomplished. 

Ultraviolet radiation of the water de
creased the danger of bacterial infec
tion; tanks without corners minimized 
encounters with solid obstacles: -and 
salinity, temperature, and pH were con
trolled. The size of the first food offer
ed was geared to the. tiny mouthparts 
of the larvae, but was increased with 
their capac"ity to take larger live food. 
Nauplii of the barnacle (Balanus bala
noides) were used at first; they were 
replaced by nauplii of the brine shrimp 
(Artemia) with subsequent admixtures 
of sma.ll oligochaetes (Enchytrea) 
when the small fishes had metamor
phosed and were resting on the bottom. 
Finally, chopped mussels (Mytilus ) . 
were used. Since plaice larvae, just be
fore settling, consume 200 brine shrimp 
nauplii per day, the production of sev
eral hundred thousand young plaice 
posed serious technical problems in 
continuous .food culture (7). 

Obtaining and correctly supplying 
food was a significant part of the ex
periments at the U.S. Bur!!au of Fish
eries at La Jolla, California, with larvae 
of high seas schooling species such as 
Pacific sardines and mackerels. In these 
experiments very small food organisms 
had to be supplied at the precise time 
of complete yolk absorption, and in 
&ufficient quantities .to allow larvae of 
limited mobility to find food in all parts 
of the aquarium. Because sardine larvae 
search in only about 1 cubic centi
meter of water per hour, at the onset 
of feeding, but require a minimum of 
four food organisms per hour to replace 
energy lost in swimming and body func
tions, the rearing of 2000 larvae in 
1,800,000 cubic centimeters of water 
(500 gallons) meant replacing 7,200,-
000 food organisms removed by larval 
predation each hour or approximately 
86,400,000 food organisms during a 12-
hour day. 

The large quantities of food organ- · 
isms in varying sizes needed for these 
experiments were collected mostly at 
night. A 1000-watt underwater lamp 
connected to a submersible pump was 
suspended several feet below the sur
face of the sea. Copepods were attract
ed from a wide distance and concen
trated near the pump where they were 

· sucked up with water and transported 
to the surface. Plankton-enriched water 
was then passed through a series of 
filters, which further concentrated food 
organisms, and the highly enriched 
filtrate was piped to a 760 liter storage 
tank. Organisms with a cross-sectional 
diameter of 0.028 millimeter and larger 
were thereby collected. Before being 
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(ed to fish l:lrvae, concentrated plankton 
was graded by filters to remove organ
isms larger than 0.1 millimeter. The 
portion containing large copepods, crab 
larvae, chaetognaths, and the like was 
fed to advanced fish fry and juveniles 
(6, 8) (cover photo). . 

Comparable techniques may help to 
achieve survival, after forced spawning 
in captivity, of milkfish and mullet. In
asmuch as these two species of eco
nomic importance in Asia are now 
raised from fry collected on the shores 
(Fig. 3) and as the fry are becoming 
scarce regionally, domestication of the 
two species, including manipulations 
ensuring high survival of fry will be an 
important advance for fish culture. 

Although fish larvae are recognizable 
as fish even though they are not like 
the adults, invertebrates undergo more 
profound transformations from egg to 
adult. Oysters spend their first 2 weeks 
before they "set" as ciliated trocho
phores and veliger larvae needing flagel
late algae for food. About 2000 
cells of two or more species, for in
stance lsochrysis galbana, M onochrysis 
lwheri, and Rhodomonas and Nanna
chloris species, have to be available for 
each larva per day, and larger species 
are required to replace the smaller 
species as the larvae grow. Algae must 
be cultured en masse when oyster larvae 
are raised indoors, an innovation large
ly developed at the U.S. Bureau of 
Commercial Fisheries Biological Lab
oratory at Milford, Connecticut (26), 
and now expanded by progressive grow
ers of Long Island oysters. 

In shrimp raising, which is success
ful on a commercial scale only in 
Japan, there are problems with the 
larval stages before the animals can be 
fed chopped trashfish and shellfish. The 
operation, initiated by M. F ujinaga in 
19 34, begins in the spring with the col
lection of "berried" (egg carrying) fe
males ready to release the stored sper
matophores from their seminal recep
tacles; raising the water temperature 
speeds this and subsequent processes. 
After three distinctly different plank
tonic stages and 12 molts in about as 
many days, the postlarvae begin to 
crawl on the bottom; they still have to 
undergo some transformations and 
another 20 molts before they become 
adults. The early part of the life cycle of 
the cultured shrimp takes place indoors 
in ceramic tile-lined wooden tanks and 
in water heated to between 26° and 
30°C. Diatom- mainly Skeletonema 
co.vtaf11111-and flagellate cultures arc 
maintained for feeding the early larvae, 
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Fig. 3. Catching of milkfish fry on the coast of East Java (R. V. D. Sterling, photo). 

which are later given finely chopped 
mussel or clam flesh. When they have 
reached a length of between 15 and 20 
millimeters or a weight of about 10 
milligrams, they are stocked in outside 
ponds with arrangements for aeration 
and circulation (Fig. 4). 

In October or November, the shrimp, 
though not fully grown, are ready for 
market. They are about 10 centimeters 
long and weigh 20 grams having been 
fed once daily, converting 10 to 12 
kilograms of food into 1 kilogram of 
shrimp. When the water later cools 
down to below 15°~, the animals no 
longer feed, but many of them may be 
retained without feeding for a later 
more favorable market ( 6) . 

The oldest shrimp-farming enterprise 
is now located near Takamatsu on 
Shikoku. It covers almost 10 hectares 
and has a staff of 30 men; including 
some in management research. Ten 
million shrimp were produced there in 
1967, a quarter of which were raised to 
adult size; the rest were sold for stock
ing. The cost of production of cultured 
shrimp is certainly higher than that in 
any other aquacultural enterprise, but 
the wholesale price in Japan for tem
pura-sized shrimp of 6 to 10 centimeters 
is between $12 and S 13 per kilogram, 
and the supply does not meet the de
mand. Shrimp farming of this type in a 
country whose material or labor costs 
are less favorable than those of Japan 

Fig. 4. The 28 running-water ponds (91 by 9.1 meter~ ) for culturing adult shrimp at 
the Shrimp Farming Co., Takamatsu, Japan. 

1101 



would not be possible ( 6). There are, 
however, opportunities for greater 
mechanization and for feeding innova
tions that will simplify the most labori
ous p:~::ts of culture operations for 
larval as well as postlarval shrimp. The 
use of the most improved shrimp-cul
turing methods with fast-growing 
species may hold some promise for a 
number of regions in the world (27). 

Making Full Use of the Water 

Aside from selecting the best suited 
strains, a practice not yet widely fol
lowed in aquatic husbandry, aquacul
ture should make use of the entire 

I 

r. 
' 

water column where possible and be 
three-dimensional, as it is in China 
and other Asian countries, where com
mon carp is stocked with other species 
of the minnow family (Cyprinidae) 
such <is the grass carp ( Ctenoplwryn
godon idella) , the silver carp (H ypo
thalmichthys molitrix), and the bighead 
carp (Aristiclzthys nobilis) (28). The 
success of this method is based on the 
different food habits of the . respective 
species; the carp is a bottom feeder; 
the grass carp and the silver carp feed 
on plants (banana leaves, even) and 
beanmeal or rice bran supplied to them 
from outside the ponds; and .the big
head carp uses the plankton surplus in 
the well-fertilized water. Thus, the va-
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Fig. 5. Seed-oyster production ncar Hiroshima, Japan. (Top) general view of area; 
(bottom) detail of above; (bottom right) close-up of oysters on scallop shell, several 
weeks after setting (J. H. Ryther and author, photo) . 
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rious water layers and all potential 
food sources are used (29). 

The culture of oysters in Japan's 
b.cst oyster-growing district, Hiroshima 
Bay, also is an illustration of the use 
of the entire water column ( 6). Seed 
oysters are collected on scallop shells 
suspended on wires from a bamboo 
framework driven into the bottom 
(Fig. 5). Biologists from the prefec
tural and municipal laboratories moni
tor the plankton during the spawning 
period and advise the growers on the 
best time for spat collection. It is not 
uncommon to collect several thousand 
spat per scallop shel l, although the av
erage is about 200. The shells are re
moved from the collecting frames after 
l month when the surviving oysters 
have reached a size of about 12 milli
meters. They are then cleaned, culled, 
and restrung on heavier wires sepa
rated by bamboo (and more recently 
by plastic) spacers (Fig. 6). These wire 
rens are suspended from bamboo rafts, 
buoyed by floats of various kinds, and 
extend to a depth of 10 to 15 meters. 
Floats are added as the oysters grow, 
and before harvest require several times 

. the support they needed at the begin
ning of the growing season. Long lines 
instead of rafts are an innovation in 
the method of suspension, but they are 
still only a variant· on the hanging
culture technique, which uses the water 
column efficiently and which protects 
the oyster from itS' bottom-living 
predators, such as starfish and oyster 
drills. 

A typical raft, about 20 by 25 meters 
carries 600 rens and produces more 
than 4 metric tons of shucked oyster 
meat per year (Fig. 7). On a per
hectare basis. this harvest amounts to 58 
metric tons, if it is assumed that only 
one-fourth of a certain area of inten
sive cultivation is covered _by rafts, as 
is the current practice. Such yields re
sult from intensive care and high pri
mary productivity in the water that is 
dependent on tidal exchange and ferti le 
terrestrial runoff. By comparison, the 
average is 5 metric tons per hectare 
of well-managed. leased oyster ground 
in the United States and the peak 
harvest of 300 metric tons per hectare 
of mussels (Mytilus edulis) also grown 
with hanging culture in the bays of 
Galicia in Spain. On pu-blic oyster 
grounds in the United States, where 
the mollusks are a minimally managed 
common property resource,. the average 
p_er hectare is only 10 kilograms (0.001 
metric ton) or less ( 6). 
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Fertilization and Feeding 

Fertilization of bays, fjords , or en
closures has led to increases in phyto
and zooplanktons, but favorable cost
benefit ratios for use with fish have not 
been proved (30). In ponds (including 
brackish ones) organic and inorganic 
fertilization has been efficacious. In 
Israel, fertilized carp ponds, some with 
admixtures of Tilapia and mullet, pro
duce twice the tonnage per hectare of 
unfertilized ponds, and fertilization and 
additional feeding doubles the yield 
again (31). Fertilized Tilapia ponds in 
which the fish were also fed have yield
ed as much as ten times the crop of 
unenriched ones (32). 

Many kinds of inorganic or organic 
fertilizers can be used, but sewage 
which produces dense invertebrate pop
ulations certainly works well. Munich 
sewage ponds with a slow exchange of 
water produce 500 kilograms of carp 
per hectare per year and a profit for 
their operator, the Bavarian H ydro
power Company; the method requires 
large tracts of land, however; under 
temperate conditions rising land val
ues threaten to make it obsolete (6). 

In a much warmer, rapidly flowing 
stream in West Java, with a high sew
age content, carp, confined in bamboo 
cages to graze on the dense carpet of 
worms and insect larvae in the sandy. 
substrate, grow rapidly to yield 50 or 
more kilograms of fish per square 
meter of cage surface, or 500 metric 
tons per hectare (33). Even with al
lowances made for only partial use of 
the stream surfaces, this practice clear
ly represents an extremely efficient and 
ecologically sound use of sewage, espe
cially in warm waters. The main draw
backs to this practice arise because the 
fish are not always well cooked before 
they are eaten. 

In addition to the fertility of the 
water, its temperature, especially in a 
colder climate, is also very important. 
The most spectacular use of naturally 
warmed water for fish culture is in 
I daho's Snake River valley trout-farm
ing district, where springs of an even 
16°C (optimum temperature for trout) 
gush forth from the canyon wall year 
in and year out. A thousand tons of 
trout can be raised in a year on every 
2830 liters per second ( 100 cubic feet 
per second) that flow from these springs. 
Such unprecedented results in fish hus
bandry depend on high-density stock
ing, fast growth, mechanization, and 
cheap feed- the latter being locally 
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Fig. 6. Oyster raft culture in Hiroshima 
Bay, Japan; the scallop shells to which the 
growing oysters are attached are being 
spaced more widely as they are restrung, 
after cleaning. 

procurable since the Snake River valley 
is also a stock feed-growing area (34). 
Most of all, however, the high yield 
depends on the flushing of growth
inhibiting wastes from the trout race
ways. Hence, it is more appropriate to 

. relate weight gain to water flow rather 
than to water surface or volume. By 
such a measurement, production would 
be around 170 kilograms per liter per 
second. 

Naturally warmed water is not prev- · 
alent, but man-made heated effluents 
occur with increasing frequency. In 
fact, thermal pollution may become a 

threat to some natural waters because 
it hastens eutrophication. Heated pow
er plant effluents, however, can also be 
used to the advantage of the aquacul
turist. At the atomic energy plant at 
Hunte<ston, Scotland, cooling water, as
certained to be nontoxic to fish, was 
fed into cement troughs for sole and 
plaice raising. Both species were grown 
to marketable sizes in 6 to 8 months at 
between 15° and 20°C, as compared 
with the 3 or 4 years needed for the 
same growth under natural conditions 
(35). 

A progressive grower of Long Island 
shellfish used about 57,000 liters per 
minute of cooling water discharge of 
the Long Island Lighting Company. 
T he cooling water is taken from a deep 
section of the bay and has a high 
nutrient content, which favors oyster 
growth as does its warmth. Year-round 
production in a near 3-hectare lagoon 
of both oysters and hard clams (Mer
cenaria mercenaria) has been. achieved, 
and seed oyster production in the 
heated lagoon promises to be highly 
successful. Summer water temperatures 
above 30°C, first feared to arrest 
growth or to be lethal, in fact, promot
ed exceptionally rapid growth (6, 25). 
At the atomic plant at Turkey Point 
(Florida), replicate feeding t rials by the 
University of Miami with shrimp (Pe
neus duorarwn) and pompano (Trachi
notlls carolinus) are in progress to 
compare the effects of different levels 
of water temperature and consequently 
of different levels of heated water ad
mixture (9). Heated waste water is also 
used for freshwater fish culture in the 
Soviet Union (36). 

Fig. 7. Harvesting oysters in Hiroshima Bay, Japan. The rens of scallop shells with 
their attached oysters ·are strung from the boom (Japan Fish Agency, photo). 
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Status and ~otcntial of Aquaculture 

Aquaculture, practiced with a far 
wider range of species than mentioned 
here. is found in most of the world. In 
many areas it occurs at a subsistence 
level, and its potential contribution to 
the food supply has not been assessed 
(37). Village ponds, once a hopeful 
development in Africa, for instance, are 
now in disrepair and their potential 
is not being realized (32). Local fish 
ponds can be important, however, as 
has been demonstrated in Taiwan, 
mainland China, and Indonesia (6). 

Husbandry of aquatic animals brings 
increasing financial returns as it is prac
ticed on a larger scale. Culture inten
sities vary, as do the fixed and variable 
costs of the operations and the yields 
(Table 1). From a commercial point of 
view, the return on the investment is of 
most interest; in milkfish culture the 
annual return ranges from 10 to 20 
percent or more, and increases with the 
intensity of cultivation. Malayan mixed 
pig and fish farms yield 30 percent, 
and similar returns are noted in the 
oyster business (6). 

Aquaculture can be not only a lucra
tive business but it m~y even produce 
yields high compared with the harvest 
of comparably sized land surfaces. The 
relative scarcity of such peaks in aqua
cultural production, especially in the 
tropics, is caused by a lack of bio
technical engineering and managerial 
skills, the absence of suitable credit or 
seed capital for even low-cost installa-

tions, and the absence of transport and 
marketing facilities that might en
courage the development of a product 
for a certain market, and so forth. 

This is well illustrated by a com
parison of Indonesian and T aiwanese 
milkfish culture in ·brackish water. 
Milkfish (Fig. 8) feed predominantly on 
bluegreen algae and are raised in pond 
complexes on land cleared· of man
groves. Canals permit the control of 
water level and salinity by means of 
sluices, which regulate tidal or fresh
water flow (38) (Fig. 9). Average Indo
nesian and Philippine annual harvests 
are 300 to 400 kilograms per hectare, 
whereas T aiwanese milkfish raisers at
tain nearly 2000 kilograms on the 
average, in spite of a cooler climate 
(39). Cooperatives, rural reconstruction 
agencies, a good layout of the farms, 
control of predators of the fry, some 
fertilization, and prevention of siltation 
of ponds and connecting water bodies 
are some of the secrets of successful 
milkfish farming in T aiwan. For simi
lar reasons there occur in mollusk cul
ture the aforementioned wide range of 
yields, from nearly 10 kilograms per 
hectare on public oyster grounds in the 
United States to the 58,000 kilograms 
per hectare in Hiroshima Bay. 

Filter feeding mollusks and milkfish 
are brackish water plankton- or algae
feeders, respectively. These hold more 
promise for protein-deficient regions 
than do the carnivores of the same 
environment because it is more sound· 
to increase the fertility of the water 

than to produce extraneous feed, let 
alone to raise one aquatic animal with 
scrap from another, which is perhaps 
already being used, or could be used, 
directly for human consumption. 

Most products of aquaculture could 
be called luxury foods, whether they 
are sold as high-priced items in a food 
economy with wide consumer choice 
(for example, shrimp in Japan, trout in 
the United States) or boost the scant 
animal protein supply of developing na
tions (for example, milkfish in Southeast 
Asia), where they also bring a good 
return to the producer. It might seem 
unrealistic, therefore, to expect aqua
culture to help alleviate the world pro
tein deficiency, but such is not neces
sarily the case. Luxury foods stop being 
a luxury when they can be mass pro
duced, a case well exemplified by the 
broiler chicken industry in the United 
States and Western Europe. 

Differences in biology between 
chickens and aquatic animals notwith
standing, some of the latter could well 
become mass-produced cheap and abun
dant foods at conversion rates of two 
parts of dry feed to one part of fish 
flesh. Among fresh and brackish water 
fish, especially trout, carp, and catfish 
can be raised with pellets. Chinese carp 
and certain tilapias eat leaves and stems 
of leafy plants; other fish feed on algae. 
In Southeast Asia well over 200,000 
hectares of ponds now lie in former 
mangrove areas; there are in the tropics 
vast unused mangrove regions, some of 
which could be turned into pond com-

Table I. Selected ranges of aquaculturals yields (6) per year. Results are given in kilograms per hectare except as noted. The value is in dollars 
per hectare except as noted. 

Type of cultivation 

Common property resource (public grounds) 
Intensive cultivation, heated hatchery, la rval feeding 
Intensive care, hanging culture 

Intensive care, hanging culture 

Extensive, no fertilizat ion, no feeding 
Very intensive, complete feeding 

Fertilized ponds, sewage ponds 

Fertilized ponds, accessory feeding 
Sewage streams, fast running 
Recirculating water, intensive feeding 

Ponds, no fertilization or feeding 
With fe rtilization and feeding in slowly flowing water 

Brackish ponds, extensive management 
With fertilization and intensive care 

Cement raceways, intensive feeding, rapid flow 

Oyster 

Mussels 

Shrimp 

Carp 

Catfish 

Milkfish 

Trout 

Location 

u.s. 
u.s. 

. Japano:t 

Spain"' 

S.E. Asia 
Japan 

Israel 
S. Germany 
Israel 
Indonesiao:t 
Japan 

Southern U.S. 

Indonesia 

u.s. 

Yield 

9 
5,000 

58,000 

300,000 

1,000 
6,000 

500 
500 

2,100 
125,000 

tOOt 

200 
3,400 

400 
2,000 

170t 

(net 

•Values for raft culture and comparable intensive practices based on 25 percent of the area being occupied. t .Per liter per second. 

Approximate 
wholesale value 
of annual crop 

38 
21,000 
67.000 

49,000 

1,200 
43,000 

600 

114f 

70 
2,400 

profit 300) 

600 

168t 
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plexes for the culture of fish. Mollusk 
production, though limited eventually 
by the suitability of grounds, could be 
expanded, and above all intensified in 
the areas where it is now prevalent. 
Aquaculture is only beginning to de
velop such practices as manipulation of 
the temperature regime to achieve best 
growth, devising simple automated 
feeders that fish can Jearn to activate 
themselves, and building machines that 
simplify harvesting. Several disciplines 
are expected to contribute to the devel
opment of aquaculture. Since intensive . 
husbandry alters the conditions of na
ture, a knowledge of the ecology of the 
cultured organisms in both natural and 
artificial states is essential. Engineering 
can also make increasingly important 
contributions to aquaculture develop
ment as it has in the successful pilot
scale raising of plaice and sole by the 
British Whitefish Authority (40). It was 
the basis for the as yet theoretical 
calculation that "the annual British 
catch of plaice could be housed in 
shallow ponds covering 1 '01 square 
miles in extent" (7). 

Japanese yellowtail fish are now 
raised at high density, and with sequen
tial cropping have already achieved 
yields of 28 kilograms per square meter 
(280 metric tons per hectare) and 
shown that it is economical to use 
small portions of the sea under very 
intensive management. The success with 
this oceanic schooling species and the 
fact that other species of similar habits 
had become adapted to confinement led 
to the speculation that still others, such 
as tuna, might behave similarly and 
that their mass culture under controlled 
conditions might become possible. In 
fact, Inoue of the Fisheries Research 
Laboratory, Tokay University, Japan, 
urged that Japan take the initiative in 
launching a tuna-rearing project in the 
equatorial Pacific, where atolls and la
goons could be used as sea farms (8). 

Such projections say nothing of the 
problems of translating small to modest 
enterprises into much vaster ones-the 
main one likely to be the procurement 
of many millions of tons of suitable 
food. Trashfish, in part now used for 
fish meal, krill and other marine organ
isms lower in the food chain than the 
highiy prized fish to be cultured have 
been thought suitable, provided that 
they can be produced at a low enough 
cost. The theoretical potential of marine 
fish culture also rests on the assump
tion that ;narine fish can be induced to 
function sexually under artificial con
ditions, as have many freshwater fish. 
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Fig. 8. The herbivorous brackish water milkfish of Southeast Asia; the specimen is 
about 6 months old (Department of Fisheries, Taiwan, photo). 

Hormone stimulation is expected to be 
one of the solutions to this p roblem 
along with rearing an initial breeding 
stock born and adjusted to life in arti-· 
ficial environments. 

But even without further advances 
through research, a considerable in
crease of aquacultural yields appears at
tainable soon by consistent application 
of already known techniques on inef
ficiently managed fresh and brackish 
water bodies. It has been advocated (4) 
that millions of hectares of ponds be 
constructed in Asia, Latin America, and 
Africa to help satisfy the protein needs 
of these areas. If local economic and 
socio-political constraints were removed, 
these new waters and the upgrading of 
presently existing ones could yield by 

the year 2000 a harvest of 30 to 40 
million metric tons (3, 41) produced 
near areas of need, which are still likely 
to lack refrigeration. 

Long-term and large-scale projec
tions of yields attainable through prac
ticing aquaculture with marine animals; 
outside the brackish water zone, can 
hardly be attempted; true mariculture 
is in its infancy. However, experiments 
in several locations have established 
that it is technically feasible, and no 
doubt the intensive development and 
success of brackish water aquaculture 
will lead to further efforts to develop 
mariculture on a large scale. It is too 
early, however, to tell where or under 
what conditions such efforts could be
come economically sound. 

Fig. 9. Milkfish pond complexes near the coast of East Java (W. H. Schuster, photo). 
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Summ:try 

The role of aquaculture in producing 
high-grade animal proteins for human 
nutrition is discussed. Raising and tend
ing aquatic animals is mainly practiced 
in fresh and brackish waters although 
there are promising pilot experiments 
and a few commercial applications of 
true mariculture. Yields vary with the 
o rganisms under culture and the inten
sity of the husbanding care bestowed on 
them. The products are now mainly 
luxury foods. but there are some indi
cations that upgrading of the frequently 
.primitive culture methods now in use 
could lead to increasing yields per unit 
of effort and to reduced production 
costs per unit of weight. Under favor
able conditions, production of animal 
flesh from a unit volume of water far 
exceeds that attained from a unit sur
face of ground. With high-density stock
ing of aquatic animals flushing is im
portant, and flowing water or tidal 
exchange is es~ential. Combinations of 
biological and engineering skills are 
necessary for full exploitation of aqua
cultural potentials; these are only par
tially realized because economic incen
tives may be lacking to tend aquatic 
organisms rather than to secure them 
from wild stocks, because of social, cul
tural, and political constraints. Never
theless, a substantial development of 
aquaculture should occur in the next 
three decades and with it a severalfold 
increase in total yield. 

References :1nd Noles 

1. W. M. Chapman, Food Tcclwol. 20, 895 
(1966). 

2. Editorial. Yearb. Fish. Stat . 20 (1965). 
3. President's Science Advisory Council, The 

W orld Food Problem (U.S. Government Print· 

11 01) 

ing Office, Washington, D.C., 1967), vol. 2, 
pp. 345-361. 

4. L. A . W:~lford. Lh·lng Re.Tortrccs of tire Sea 
(Ron:tld, New York, 1958), pp. 121-132. 

S. 1 prefer the spellln!! nqu:tculture to :~qui
culture bec:tuse the former is etymologienlly 
m('lre correct. 

6. In !970. 23.000 metric tons of -ch:~nncl c:ttfish 
:tre expected to be h:trwsted in the lower 
Mississippi River stntes. and this production 

. will double :t!;!:tin in 1972 [editorial, Comm. 
Fish. Rev. 30 (5), 18 (!968)); J . E. B:trdach 
and J. H . Ryther, The Statrts and Potential 
of Aqrtncrt/tllre, Particularly Ftslr Crrltrrre, 
prep:~red for N:~tional Council on Marine 
Resources and Engineering Development 
!967, P B 177768 (Clearinghouse Fed. Sci. 
Tech. I nfo., Springfield. Va.. 1968); 1. H. 
Ryther and J. E. Bardach, Tire Statlls and 
Potemial of Aqrracttlture. Partlcttlarly In· 
1 ertebrate and Algae C ttltrrre, prepared for 
National Council on Marine Resources and 
Engineering Development, PB 177767 (Clear
inghouse Fed. Sci. Tech. Info., Springfield, 
Va., 1968). 

7. J . E. Shelbourne, Ad,•a11. Mar. Bioi. 2, 1 
(1964). 

8. G. 0. Schumann, personal communication. 
9. C. P . Idyll, personal communication. 

10. The study of the status and potential of 
:~quaculture was financed by a contract with 
the National Council on Marine Research and 
Engineering D evelopment, Executive Office of 
the President. 

11. W. A. Dill, Proc. World Symp. Worm Water 
Pond Fislr Crtltrtre, Fi.T!r. Rep. 44 (1), i (1967). 

12. H. P. -Clemens and K. E. Sneed, Bioassay 
and Use of Pitllitary Materials to Spawn 
Warm-Water Fishes, Res. Rep!. 6! (U.S. 
Fish and Wildlife Service, Washington, D.C., 
1962). 30 pp. 

13. W. Steffens, VerTz. i11t. Ver. L immol. 16 (3), 
1441 (1967). 

14. R. Moav and G. Wohlfarth, Bnmidgelz 12 
5 (1960). 

15. Departments of Commerce and L:~bor, Fish
eries of tire U.S. 1908; Special Report (U.S. 
Government Printing Office, Washington, 
D.C., 1911), p. 49. 

16. F. Bregnballe, Progr. Fish. Crtltrrrlst 25 (3), 
115 (1963). 

17. L. R. Donaldson and D. Manasveta, Trans. 
Amer. Fislr. Soc. 90, 160 (1961). 

18. K. D. Carlander, Handbook of Freshwater 
Fislrer_v E:orocy (Brown, Dubuque, Iowa, 1950), 
pp. 30-h 

19. L. R. Donaldson, Proc. Pac. Sci. Co11gr. 
Tok_vo Sci. Counc. lltlr 7, 4 (1966). 

20. N. Fredin, personal communication. 
21. Fislrery Statistics of the United States 1965, 

Statistical Digest No. 59 (U.S. Department 
of Interio r, Washington, D.C., 1967), pp. 541-
547. 

22. C. L. Hubbs, in Vertebrate Speciation, W. 
F . Blair, Ed. (Univ. of Texas Press, Austin, 
1961), pp. 5-23. 

23. L. R. Donaldson, personal communication. 

24. P. S. Gnltsotr, "The American 
U.S. Dept. l11terior Brrl/ . 64, 

25. J . H. Ryther, personal 
26. V. L. Loos:lnoff and H. C. 

B ioi. 1, 1 (1963). 
27. Research on shrimp rearing 

States is c:trricd on :tt 
the Bure:tu of Commercia 
veston, at the Bears Bluff 
South Carolina Wildli 

mission, and at ttlh~~e~ .... ~~~f'"'Jlr• 
Sciences of the l l 
Florida. 

28. S. L. Hora and T . 
orr Fish Culture in tire ••tlo~•clfC 
FAO Fish. Bioi. Tech. 
Agriculture Office, 

29. Yun-An Tang, 
30. F . Gross, S. M. M<uswur, 

Raymont, Proc. 
63, I (1947); F. 
Gauld, J . E. G. 

31. A. Yashouv, Bami,rJl~'h 
Yashouv, 

32. M. Huet, 
Hoeilaart BelJ!ir7tt•rTcri 
(1957). 

33. K. F. Vaas 
Flslr Corrnc. 

34. Th. Rangen, persona l communication. 
35. Whitefish Authority, A111111al Report and 

Accorrllts 1967 (Her Majesty's Stationery 
Office, London, 1967). 

36. L. V. Gribanov, Use of Thermal Waters for 
Commercial Production of Carp in Floats In 
tire U.S.S.R., Working MS 44060. World 
Symposium on Warm Water Pondfish Cul
ture (Foreign Agriculture Office, Rome, 1966). 

37. T. V. R. Pillay, personal communication. 
·38. W. H. Schuster, Fish Cultttre i11 Salt-Water 

Ponds on Java (Dept. of Agriculture and 
Fisheries, Div. of lr>land Fisheries, pub!. 2, 
Bandung. 1949), 277 pp. 

39. Yun-An Tang, Philippines Fislr. Yeorb. (1966), 
p. 82. 

40. The U.S. Atomic Energy Commission Labora
tory at Oak Ridge studies the feasibility of 
agronuclear complexes as shore installations 
in arid regions to produce cheap power, fresh 
water, and fertilizer; see New York Times, 10 
Mar. !968, p. 74. The agronuclear complexes 
will furnish ideal conditions for advanced 
aquacult ure on a large scale. 

41. S. 1. Holt, in Tire B iological Basis of Fres/r. 
water Fislr Prodrrctio11 , S. D. Gerking, Ed. 
(Wiley, New York, 1967), pp. 455-467. 

42. I thank for assistance and information J. H. 
Ryther, G. 0. Schumann, L. R. Donaldson, 
S. J. H olt, T. V. R. Pillay, W. Beckman, 
Th. Rangen, M. Fujiya, A. Yashouv, F. 
Bregnballe, E. Bertelsen, C. Mozzi, K. Kuro· 
numa, S. Y. Lin, S. W. Ling, Y. A. Tang, 
M. 0Ychynnyk, C . F . Hickling, I. Richard
son, S. (f. Swingle, R. V. Pantulu. F. P. 
~eyer, J. Donahue, M. Bohl, M. Delmendo, H. 
H. Reichenbach-Klinke, and D. E. Th:lckrey. 

SCIENCE, VOL. 161 



A and M University. 
vli J lis P-2 CJU(~t10t 

D.:spt. of Oce~nog-.:·aphy 
College Station, Texas 

Dear Mr. Pequenot, 

I am p.r{:":sently a f).f'ch year e.rchitE:ctt.n:t~ stude•~ :: a t 
Texas Ter~h, \·lor}~ing· 011 Iny fir1al tht:; ~js._ A.;:. r~1y t:<)_~.;,ic. 
I arn seek).gg to deve:lop a penar.:tncr:t 1..\:ldcr-:;u.·l:c:c La.bi tat 
\~hen= man could €::f~ectively live a.nd h:u.-vPs t: ·the fish 
and pla.nt g1.·ot•Jth of tho oce<'m. He::ce, man t.:::ould J:;e ·cte.r 
util i ze the resources of the sea .to f2ed a grrniing 
population of: the ,.;orld ~ .. ;>hile avoiding t:ht:: cJ. iml:l tic 
probJ.c:ms of the surface, as well as havin9 a. pe;~r:t<J.nont 
work base. 

Some of my problems in the area are: •,.:he.r'e can this 
habitat be located; what modifications in fishing 
techniqu~s would be needed; and wha t sea plants and 
fish could be effectively 11 domesticat.ed'~ and r ai sed . 
Other problems have arisen, such as demands of living 
spaces and the problems of building techniques~ but 
these latter problems are not. as pressing as t.11e former, 
at least at the moment. Any inforrnation you cou ld 
supply on these p r oblems, or suggestions of sources 
'~·ould be greatly apprecj.ated. Perhaps a p.s:rf30noi-l l 
visit to your Galvc!ston branch '\·muld be h cJ1')f11l ; if 
you could give me any infor~ation on thi s , this t o o 
would be helpful. 

Thank you very much fer your time and effort. 

2319 7'ch st. 
Lubbock, Texas 
79401 



Mr. David Grubbs 
2319 7th. Street 
Lubbock, Texas 79401 

Dear Mr. (;rubbs: 

U. S . NAVAL CIVIL ENGINEERING 

LABORATORY 
PORT HUENEME. CALIFORN I A 93041 IN·REPLY REFER TO : 

L52/HPV/dn 
Y-R001-01-01-058 

! 4 FEB 1970 

Thank you for your letter expressing an interest in our proposed gas 
exchange system for undersea installations. 

Several years ago we performed a few experiments merely to obtain 
some data to support the proposal. The experiments indicated that 
it is possible to extract dissolved air from seawater, but our cost 
analysis indicated that the process is economically unfeasibl~. 

I am sending you a reprint of an article we published in Science. We 
also published four technical notes on the process. The te~hnical 
notes are no l-onger available at this Laboratory, but copies may be 
obtained for a nominal fee from the Clearinghouse for Federal Scien
tific and Technical Information (CFS&TI), U. S. Department of Commerce, 
Springfield, Virginia 22121. When ordering the techn~cal notes, please 
refer to the reports as listed below: 

NCEL Technical Note N-543, 11A Proposed System for Supplying Air to 
a Hypothetical Underocean Seabee Base, 11 by Harold P. Vind and Mary Jane 
Noonan, dated 8 November 1963. AD -424095. Price $3.00. 

NCEL Technical Note N-734, 11 A Proposed System for Supplying Air to 
a Hypothetical Underocean Seabee Base. II. The Venturi Gas Exchanger, 11 

by Harold P. Vind and Arthur Langguth, dated 16 June 1965. AD 467500. 
Price $3.00. 

NCEL Technical Note N-971, 110cean Areas Where Divers' Breath:i,ng 
Mixtures Might be Regenerated by Gaseous Exchange With Seawater, 11 b~ 
Harold P. Vind and Nancy Underwood, dated June 1968. AD 838949. Price, 
$3 . 00. 

NCEL Technical Note N-1002, 11NCEL Underwater Air Supply System, 11 

by D. Pal, C. R. Hoffman, and J . C. King, dated May 1969, AD 687716. 
Price· $3.00. 

IIND.NCEL.I0480/I (REV . 4.801 

Reprinted from Science, August 19, 1966, Vol. 153, No. 3738, pages 873-875 



L52/HPV/dn 

24 FEB1970 -

Popularized descriptions of the NCEL seawater process for purifying 
air underseas appeared in the 21 October 1966 issue of the Camarillo
Port Hueneme Daily News; the 23 October 1966 issue of the Ventura 
County Star-Free Press; .and in the 13 November 1966 issue of the 
Oxnard Press-Courier. We would also refer you to the article "Air 
from Water" in the 5 January 1967 issue_ of Machin~ Design Magazine, 
Penton Building, Cleveland, Ohio 44113. 

The Gastro Intestinal Research Labo-ratory, McGill Univers-ity, is _ 
investigating similar methods for obtaining air' from seawater and 
Dr. Walter Robb, Manager, Chemical Processes Branch, General Electric 
Research and Development Center, Schenectady, New York, has developed 
a related process. Dr. Robb's work was described in Time Magazine on 
16 October 1964 and in Life Magazine on 6 November 19~ 

Another valuable source of information is the file of the U. S. Patent 
Office. The following U. s. patents pertain to processes for removing 
air from seawater: 

3,228,394: Gill-type Breathing Equipment-; to W. A. Ayres; January 
-11, 1966. 

3,318,306: Underwater Brea-thing Apparatus; to L. H. Straus; May 9, 
1967. 

3,333,583: · Artificial Gill; to B. R. Bodell; August 1, 1967. 
3,369,343: Permeable Membrane; toW. L. Robb; February 20, 1968. 
3,377,777: Underwater Gas Exchanger; to S. L. Insomura; April 16, 

1968. 

I wish you a great deal of success in your studies. 

Encl~ 
(i) Reprint, "Undersea 

Air Supply" 

Yours very truly-, 

HAROLD P-. VIND, Ph.D. 
Senior Project Scientist 
Materials Science Division 

Reprinted from Science, August 19, 1966 , Vol. 153, No. 3738, pages 873-875 



Undersea Air ·supply 
Harold P. Vind 
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Undersea Air Supply 

Abstract. The interior air of a simu
lated underwater habitation was con
tinuously washed or scrubbed with sea 
water by means of a gas exchanger 
of the venturi type. The sole method 
for supplying oxygen and removing 
carbon dioxide was the scrubbing proc
ess. A microburner placed inside the 
experimental habitation chamber con
tinued to burn until it was intentionally 
extinguished. Two rat~ maintained in 
the chamber for 8 hours suffered no 
discernible ill effects. 

The gases dissolved in sea water are 
a potential source of air for men to 
breathe underseas. Similarly, the car
bon dioxide-absorbing capacity of sea 
water is a potential means for disposing 
of respiratory wastes. These potentiali
ties were partially verified in experi-

Fig. 1. Apparatus for scrubbing interior 
atmosphere of metabolic combustion 
chamber with sea water, thereby replen
ishing the chamber with oxygen and 
freeing it of carbon dioxide. 

ments at the U.S. Naval Civil Engi
neering Laboratory (NCEL) (1). Stale 
air from a simulated undersea habitation 
was brought in contact with sea water 
in such a way that carbon dioxide 
from the stale air was exchanged for 
dissolved oxygen from the sea water. 
Two rats survived comfortably in the 
habitation chamber for periods of up 
to 8 hours. 

The feasibility of utilizing sea wa
ter to regenerate breathing mixtures 
underseas is confronted by the fact 
that, especially at intermediate depths 
(2), the ocean contains numerous 
pockets of water deficient in oxygen 
and laden with carbon dioxide. How-

2() 

18 

16 

14 

ever, even at extreme depths (3), much 
of the ocean is well oxygenated and 
contains only traces of free carbon 
dioxide. 

Another consideration is that the con
centration of oxygen dissolved in sea 
water (even when air-saturated) is only 
1 I 30 as great as the concentration of 
gaseous oxygen in air. However, the 
partial or diffusion pressures of oxy
gen and carbon dioxide are the same 
in air-saturated sea water as in moist 
air. Hence, approximately equal areas 
of functioning respiratory surface are 
required to collect oxygen at a given 
rate with ei~her gills or lungs, even 
though the volume of water processed 
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Fig. 2. Concentrations of oxygen in the air entering and leaving a chamber in which 
a flame is sustained by oxygen recovered from sea water. 
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~ere constructed from the data of Kathan and Webste'r ( 4). Positions of the oxygen 
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by the gills is many times greater than 
the volume of air processed by the 
lungs (if oxygen-withdrawing efficien
cies are equal). 

One of the earliest attempts to utilize 
sea water for revitalizing breathing mix
tures was made in 1953 when it was 
demonstrated that sea water is an ef
ficient solvent for removing carbon 
dioxide from submarines ( 4). 

A very thin but strong silicone-rub
ber membrane which readily permits 
passage 'of gases and vapors but pre
vents passage of liquids (5) has been 
developed at the General Electric Re
search Laboratory where laboratory ani
mals have been maintained underwater 
for periods of up to 2 weeks in a 
submerged chamber covered with this 
membrane. Independently, Ayres has 
studied membrane processes for revi
talizing breathing mixtures with sea 
water (6). 

The advantages .of the membrane 
processes are simplicity and ec~nomy 
in energy consumption. The sea water 
is merely circulated past a membrane. 
A disadvantage is that the respiratory 
gases must diffuse through a membrane 
-a slow process regardless of how 
thin the membrane is. For example, 
even a monomolecular film of oil on 
the surface of the water markedly re
tards evaporation. 

In the undersea air supply experi
ments at NCEL, no membranes are 
used. Air from the compartment being 
ventilated is brought into intimate and 
agitated contact with sea water in the 
form of a finely dispersed mixture. Un
hampered by membranes, diffusion of 
gases takes place almost instantly, and 
occurs through minute distances and 
over the large ~mriace area of drop
lets and bubbles. Hence, large volumes 
of sea water can be processed with 
relatively compact equipment. 

Apparatus assembled for the NCEL 
studies (Fig. 1) consists of a gas ex
changer of the venturi type, a baffled 
tank for trapping bubbles, and a venti
lated· habitation or combustion cham
ber, as if submerged in the ocean. 
Stale air is pumped from the -ventilated 
chamber through the g~s exchanger 
where it is continuously scrubbed in a 
stream of sea water. The scrubbing 
process consists of washing the air 
by vigorously mixing it with sea water 
and then separatinJt it from the water 
again. 

During the scrubbing, excess car
bon dioxide in the stale air dissolves 
in the stream of sea water; ·oxygen dis-

solved in the sea water diffuses into 
the oxygen-deficient stale air. Before 
being discharged, the sea water passes 
through the baffled tank where en
trained air is recovered. The scrubbed 
air, recharged with oxygen, is returned 
to the combustion chamber where it is 
again used by a flame or by a labora
tory animal. The oxygen concentrations 
of the streams of air entering and leav
ing the chamber are continuously meas
ured with a pair <Jf oxygen analyzers 
(Beckman Model 777). 

A microburner consuming only the 
oxygen confined within the a:pparatus 
burned for 31 minutes (Fig. 2). When 
aerated sea water was supplied at a 
rate of 30 liter/ min, the flow of water 
forced the air to circulate rapidly 
through the apparatus. The concentra
tion of oxygen in the air immediately 
began to increase. The increase having 
been demonstrated, the return to at
mospheric concentration was hastened 
by briefly venting the system to the at
mosphere, and the burner was again 
lighted. The flame burned for a period 
of 4 hours and 15 minutes and was 
then intentionally extinguished. All in
dications were that it would otherwise 
have continued to burn indefinitely. 

An experiment with two small rats 
demonstrated that the air in the habita
tion chamber could sustain life. In one 
of these experiments the rats were 
maintained in the chamber for 8 hours 
without apparent discomfort. They were 
examined 2 weeks later and were in 
good· health. 

In the foregoing experiments, oxygen 
was recovered from the sea water and 
was supplied to the rats (or to the 
flame) at a rate of approximately 0.1 
liter/min. A scuba diver resting in an 
undersea shelter might, if he had been 
working strenuously, require an oxygen 
supply 30 times greater than that; a 
supply only 5 to 1 0 times greater 
should more than satisfy his average 
needs. 

A venturi gas exchanger, operating 
at the same efficiency as the gas ex
changer described, would probably have 
to process 200 to 300 liters of air
saturated sea water per minute to sup
ply one diver with oxygen. To depths 
of approximately 20 m, sea water can 
be pumped economically (I to 3 hp 
per man) at such rates wi·th conven
tional pumps, but at greater depths an 
energy-conserving pumping system (7) 
is required. 

The maximum concentration of oxy
gen that can be maintained in a cham-

2 

ber ventilated by means of a sea-water 
scrubbing process is limited by the 
amount of oxygen dissolved in the wa
ter and the rate at which the water 
is processed and the oxygen is con
sumed (Fig. 3). Similarly, the limit of 
control of carbon dioxide is restricted 
by the absorbing capacity of sea water 
and the rate at which the water is proc
essed and carbon dioxide is produced. 
Actual operating levels should not be 
much different from the theoretical 
limits, since scrubbers are very effi
cient. 

The apparatus described was not de
signed to function underwater. Pres
sures were essentially uniform through
out the apparatus and were approxi
mately equal to that of the atmosphere. 
Different pressures will be required in 
the various compartments of similar 
apparatus designed to function under
water. 

The pressure in an underwater gas 
exchanger (as distinguished from a 
habitation chamber) must not exceed 
1 atm owing to the fact that, since 
sea water and air are in contact only 
at the ocean surface, the total pres
sure of dissolved. gases in sea water is 

· approximately 1 atm at all depths. If 
air and sea water were brought to
gether in the gas exchanger at pres
sures greater than 1 atm, more air 
would dissolve into the sea water than 
would diffuse from it, and the net 
amount of air in the system would 
decrease. 

A net gain in the amount of air 
in the system could be achieved by 
maintaining a partial vacuum in the 
gas exchanger. Air lost as fine bubbles 
in the exhaust sea water (or air used 
for such purposes l;IS operating air 
locks and charging scuba tanks) could 
thereby be replaced. Removal of carbon 
dioxide would be less efficient but, 
nevertheless, would be adequate if the 
vacuum did not exceed a:bout 1h atm. 

For efficient recovery of oxygen, 
pressure in the habitation chamber · must 
be greater (preferably several times 
greater), ·than 1 atm. Since the pur
pose of the scrubbing process is to 
strip fresh air from sea water with 
stale air, the lower the oxygen concen
tration of the stripping air, the more 
efficient the process. The oxygen con
centration of the air in a pressurized 
habitation chamber can be "breatned 
down" to relatively low levels (Fig. 3), 
thereby aiding efficient recovery of oxy
gen from the sea water. 

The interior of the gas exchanger 



of new apparatus under construction 
at NCEL will be maintained under a 
slight vacuum and the habitation or 
combustion chamber will be slightly 
pressurized. The apparatus will be 
tested while submerged. 

HAROLD P. VIND 

Chemistry Division, U.S. Naval Civil 
Engineering Laboratory, 
PorJ flueneme , California 
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THE OCEANIC FOUNDA_I_ION 

William D. Grubbs 
0-6911, NAVOCS 
U. S. Naval Base 
Newport, R.I. 02840 

Dear Mr. Grubbs: 

August 7, 1969 

Thank you for your recent inquiry to Mr . Pryor. 

We are pleased to forward the enclosed material 
which comes out of our offices here, in hope s that it will 
be of some assistan ce as you work on your thesis. 

I also recommend, if possible, that you try to 
obtain a copy of the Report of the National Oceanographic 
Commission entitled "Nation and the Sea" which is available 
through the Government Printing Office in Washington, P. C. 

Good luck. 

Aloha, 

~J~ ' '-------, 
Hiram K. Kamaka 
Assistant to the President 

Encs. 
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Makai Undersea Test Range 
G. H. FAHLMAN 
General Manager, 
Makai Range, Inc., 
Makapuu Point, 
Hawaii. 

The Makai Undersea Test Range is located in Hawaii. It will ultimately offer a variety of 
testing environments from close inshore to depths of neorly 20,000 ft. It will provide 
facilities in support of manned and unmanned test operations of industrial, govern
mentor and academic use. The Makai Undersea Test Range is being developed in 
three phases: Man-In-Sea, Deep Vehicle-, and the Ocean Instrumentation. The Man-In
Sea phase will become operotional early in 1969. It is designed for prolonged under
water operations in Continental Shelf depths. It also provides facilities for reseorch 
projects in the areas of diving physiology and diving psychology. The Man-In-Sea 
phase of the Makai Undersea Test Range is described in this paper. 

Contributed by the Underwater Technology Division of The American Society of Mechanical 
Engineers for prr.sentation at the ASME Winter Annual Meeting-and Energy Systems Exposi
tion, New York, N. Y., December 1-S, 1968. Manuscript received at ASME Headquarters 
July 24, 1968. 

Copies will be available until October 1, 1969. 
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Makai Undersea Test Range 
G. H. FAHLMAN 

LOCATION 

The Makai Undersea Test Range, presently in 
its development stage, i s a part of the Makapuu 
Oceanic Center, located on the easternmost tip oi 
the island of Oahu, Hawaii. 

The tropical water around Hawaii provides 
the Range with an excellent test environment: 
water depths to 600 ft are within 3 . 5 nautical 
miles from shore; the surface temperature is 75-80 
F all year; at 200 ft the temperature is about 75 
F and at 6oo ft about 65 F . Even the visibility 
of the water is very favorable, At 200 ft, for 
example, the horizontal visibility is about 100 ft ; 
and it i s possible at this depth to take photo
graphs without artificial light. Manana Island 
and Bl ock Rock Island, located about three-quarters 
of a nautical mile from shore, create a natural 
breakwater surroundi ng a shallow water basin, a 
situation ideal for pre-testing operations and for 
berthing of ships, barges and other types of 
vessels . 

The industrial area of Honolulu is within a 
30-min drive from the Range ; the University of 
Hawaii is even closer, This makes it convenient 
to cooperate with the industrial and the academic 

Aerial view of the Makapuu Oceanic Center , 
Hawaii. The Makai Rang~ . Inc. sea floor habitat 
complex will operate in the clear and warm water 
outside Manana Island, the l arger island in the 
foreground of the pi cture 
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communities of Hawaii . Modern air transportation 
service provides a similar closeness with the same 
communities of t he West Coast and of _other parts 
of the United States . 

ORGANIZATION 

There are three organizations which consti
tute the Makapuu Oceanic Center: Oceanic Insti
tute , Sea Life Park and Makai Undersea Test Range. 
The parent organization for all of them is The 
Oceanic Foundation. 

The Oceanic Institute is a nonprofit organi
zation devoted primaril y to marine biology and 

ocean engineering programs . The Institute is pres
ently active i n fish culture programs, research 
work with porpoises and whales, and i n the deveiop
ment of a deep ocean research submersible . 

Sea Life Park is a public profit- oriented . 
park where mari ne life and the marine environment 
are exhibited . Demonstrations at.the Park present 
results achieved in the training of. porpoises and 

whales. 
Makai Undersea Test Range , managed by Makai 

Range , Inc ., is the youngest of the three affili 
ated companies . The Range is being developed With 
private financing, and is devoted to supporting 
industry and the academic community of the nation, 
as well as the Federal government, in the explora-

The Makai Undersea Test Range is convenient
ly l ocated for cooperation wi th the industrial, 
Navy and academic areas of Hawaii 



tion and exploit~tion of the ocean environment. underwater. 
Conducting of research programs i n the 

OBJECTIVES OF THE MAKAI UNDERSEA TEST RANGE fields of diving physiology and diving psychology, 
and/or participation in oceanographic, marine geol-

We feel at Makai Range, Inc., that all kinds ogy or marine biology research programs ·. 
of testing should be conducted in an.environment 
and under conditions as similar as possible to the FACILITIES AND EQUIPMENT 
actual environment or to the actual conditions. 
The closest environment you can find for under
water testing is the ocean itself. However, for 
the reasons of personnel safety and proper test re
cording purposes, quite often the environment or 
the conditions must be simulated in laboratories. 
At the Makai Undersea Test Range, we can combine 
most of the requirements for actual environmental 
conditions with most of the requirements for safe
ty and test recording . Nature has provided us 
with an ideal, readily accessible environment 
which makes us believe that this is true. Our 
prime objective, therefore, is to utilize this 
gift from nature to the utmost. 

The Makai Undersea Test Range is being de
veloped for work in the ocean environment . It is 
primarily devoted to the manned aspect of under
water work and will meet a great variety of re
quirements from organizations which are active or 
want to become active in the ocean environment. 

When the Range becomes fully operational--at 
the beginning of 1969--we will be ready to under
take the following types of work assi gnments : 

• Testing of material, equipment, systems, 
procedures for use underwater. 

• Performance evaluation of equipment, sys
tems and procedures for use underwater. 

• Participation in the development of mate
rial, equipment , systems and procedures for us~ 

An artist's rendition of the habitat complex 
being outfitted for an operation at the Makai Range 
pier 

Since nature provides us with an ideal ocean 
environment, .it is our task to develop the facili
ties and the equipment to work in this environment 
for its utmost utilization. Our prime facility 
consists of a Deep Diving System, which makes it · 
possible for man to work and live on t he ocean 
floor at great depths for an extended period of 
time. 

The Deep Diving System is complemented by 
Support Facilities on the surface and on shore re
quired for t he operations of the range. These 
facilities--described in the ·following paragraphs 
--constitute the first phase of the Makai Undersea 
Test Range development . The plans for the develop
ment of the next phase are being prepared and the 
development will be initiated when demands arise. 

Deep Diving System 
The Deep Diving System consists of: 
• A sea floor habitat complex. 
• Diving equipment. 
• Emergency decompression chamber. 
• Operations control center. 

The Sea Floor Habitat Complex. The habitat 

The habitat complex is being· towed to the 
site of submergence by the R. V. Holokai . The 
twin-hulled catamaran pontoon provides a stable 
platform with good towing characteristics . It is 
designed for operations in maximum sea state four 
conditions 
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complex consists of the pressure chamber, the 
catamaran pontoon and the sub-systems. It is de
signed for maximum mobility within the limits of 
the state-of-the-art of present ocean engineering. 
It can easily be moved by towing on the surface 
from one site to another. Emplacement· on the sea 
floor is done by buoyancy controls from inside the 
habitat. 

The habitat serves the double purpose of 
providing housing and working space underwater and 
adequate decompression facility after "saturation" 
dives. This capability of the habitat eliminates 
the need for transfer of men under pressure, an 
operation which is rather complicated and which 
can easily become hazardous. The complex is de
signed for a maximum depth of 580 ft. It carries 
on board all the supplies required to accommodate 
4-6 people on the sea floor for a maximum period 
of 20 days. 

For emergency purposes, the complex also 
carries two Emergency Transfer Chambers. Each one 
of them is capable of accommodating four men for a 
period of 8 hr without outside support. In an em
ergency these chambers can be released from the 
habitat complex and transported to the Emergency 
Decompression Chamber. After mating to this cham
ber, decompression commences. 

The Pressure Chamber--The pressure chamber 
consists of three compartments: living, control 
and laboratory. The living and the laboratory com
partments are identical in shape and size. Each 
is cylindrical with dished heads; the inside diam
eter is 9 ft and the straight length is 15 ft. 
The control compartment is located between the two 
cylinders. It is spherical with an inside diame
ter of 10 ft. The three compart~ents are con
nected by two necks with an inside diameter of 36 
in. The total length of the pressure chamber is 
50 ft; it is designed for a maximum inside pres
sure of 258 psig. The two hatches which separate 
the three compartments from one another are de
signed to withstand maximum pressure on either 
side. The pressure chamber is mounted on a rigid 
frame structure bolted to mounting pads on the 
catamaran pontoon. Each one of the compartments 
has 4-6 viewports 6 in. · in diameter. Each com
partment is designed to operate independently of 
the other two. Entry to the pressure chamber, when 
it is on the surface, is done through a 30-in. top 
hatch into the control compartment. For installa
tion of equipment, instruments, and . so on, there 
is an additional hatch--48 in. in diameter--on top 
of the laboratory compartment. 

For access to the water when the habitat is 
submerged, there are three bottom hatches, one in 
each compartment. The bottom hatch of the control 
compartment--the regular water access--is 48 in. 
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by 36 in. and the bottom hatches of the two cylin
ders are 30 i n . in diameter. Each bottom hatch is 
surrounded by an outside skirt long enough to com
pensate for tide water changes around Hawaii. 

The living compartment is primarily .designed 
for sleeping .and resting. It contains four wall-... 
mounted bunks, a lavatory, a table, cabinets, and 
so on. Provisions are made for the storage o.f .twc 
cots, supplies and equipment. This compartment 
will normally be used for decompression. 

The control com:v~u·tment contains all the 
controls for regulating the buoyancy of the habi
tat complex. It is also equipped with a diving · 
station with the amplifier for divers' communica
tion and control units for divers' mixed gas sup~ 
ply. A shower with cold and warm fresh water is 
located in the control compartment as well as 
racks for wet diving equipment . 

The laboratory compartment provides the oc
cupants with working space. A workbench or labora
tory counter with sink and cabinets .is provided 
for that· purpose. Most of the electric and elec
tronics equipment is also concentrated in this 
compartment. A galley with an infrared oven, ~e
frigerator, deep freezer and a sink is located in 
the laboratory compartment. There are also a 
table, chairs, cabinets and storage space for 
diving equipment in this compartment. 

The Catamaran Pontoon--The pontoon serves 
three purposes: it constitutes a stable platform 
for the habitat with ample storage space for sup
plies like breathing gases, fresh water·, emergency 
batteries, and so on, and with good t owing charac
teristics even in rough seas. The hulls of the 
pontoon are the main ballast tanks which provide 
the habitat complex with great variations in buoy
ancy. The pontoon constitutes the foundation for 
the habitat complex when it is on the sea floor. 

The catamaran pontoon is--as the name indi
cates--a twin-hulled vessel. Each hull i s a cyl
inder, 9 ft in diameter and about 70 ft long. The 
distance between the center lines of the hulls is 
about 25ft. The hulls are kept . t ogether by sev~ 
eral types of trusses and structural members, on 
top of which there is a deck of · expanded metal. 
Each hull is divided into five compartments, sepa
rated by watertight bulkheads • . The pressure capa
bility is 15 psig, inside pressure. The ten com
partments of the two hulls constitute the main 
ballast tanks. Each tank has a flood valve at the 
bottom and a vent valve on to~; which are manually 
operated from the deck of the p'ontoon. Each ef 
the main ballast tanks also has a blow valve which 
is operated from inside the control compartment. 
With all t he ballast tanks blown, the habitat com
plex has a draft of about 6 ft. When the main bal~ 
last tanks are flooded, the habitat complex has a 



positive buoyancy of about 10 tons. 
Breat hing gases and air for ballast tank 

blowi·ng are stored in 54 gas supply tubes, mounted 
thwartships at deck level. Each gas tube has the 
capacity of 1500 SCF when it is charged t o 2400 
psig . 

Fresh water supply is stored in four rubber 
bags, mounted inside the main bal last tanks . Each 
bag contains 1000 gal of fresh water . The total 
fresh water supply thus is 4000 gal. 

An emergency lead acid battery is enclosed 
in a water and pressure- tight contai ner and stored 
on the deck. It provides emergency power for 24 
hr operation .of the habitat . Provisions are made 
for storage of another battery pack which will ex
tend the emergency power supply to 48 hr. 

The pressure chamber is mounted thwartships 
on the pontoon. Thick rubber pads are used for 
the mounting, thus providing sufficient flexibil
ity. The thwarxships mounting has been selected 
because it ' gives the greatest stability at the mo
ment when the complex changes from being a surface 
vessel to ·a submerged vessel. (As i s known, the 
center of gravity and the center of buoyancy 
changes places at that moment, creating a moment 
of temporary instability. ) 

The two emergency transfer chambers are 
mounted on cradles · on the deck, one on the bow, 
and one in the stern. One winch is provided for 
each emergency transfer chamber to winch it down· 
and to control the ascent. With the two winches, 
it is also possible to lower or hoist two weights 
off the pontoon. Each weight weighs 1.5 tons i n 
water. 

Mounted fore and aft on the pontoon deck are 
two variaple ballast tanks. Both of them are 
pressure vessels capable of 258 psig internal and 
external pressure . Each variable ballast tank is 
divided into two sections by bulkheads. The dimen
sions of the variable ballast tanks are 41 ft long, 
5 ft 6 in . id. All the controls and gages for the 

The habitat complex i s submerged .by. con
trolling the water volume in the variable ball~st 
tanks. The submergence i s stopped 30-50 ft above 
the sea floor when the weight hits the bottom. 
The complex can then either be winched down or be 
lowered by slowly pumping more water into the 
variable ballast tanks 

(c) Water is admitted to the variable ballast 
tanks by a pump. This pump is controlled .i nsi de 
the control compartment by means of valves and 
gages . When t he amount of water in the variable 
ballast tanks has provided the habitat with slight 
negative buoyancy, all valves of . the variable bal
last tanks are closed. (d ) · When. the two ·weights 
underneath the pontoon reach t he bottom, the habi
tat complex will become slightly buoyant and will 
stop the descent. (e) The complex is winched 
down to the sea floor or brought down by gradually 
admitting more water into the variable ballast 
tanks. (f) On the sea floor, the variable bal 
las~ tanks are completely flooded, giving the c·om
plex a negative buoyancy of about 40 tons. 

The habitat complex is brought to the sur-
variable ballast tanks are in· the control compart- face by applying the reversed procedure . The main 
ment of the pressure chamber . 

A levelling device consisting of four legs, 
hydraulically operated, is provided. This device 
will be capable of levelling the complex on a 
slope of maximum 10 deg . 

The normal procedure for submer ging is as 
follows: (a) The two 1 . 5 ton weights are lowered 
30- 50 ft below the keels of the pontoon. This op
eration is done by the men inside the pressure 
chamber which at this time is pressurized. (b) . 
The main bal last tanks ar e flooded by opening of 
flood and vent valves . This is done by two men on 
the deck of the pontoon. When the main ballast 
tanks are completely flooded, only about 3 ft of 
the pressure chamber is visible above the surface. 

ballast tanks are not blown until the complex has 
reached the surface . Provisions are made s o that 
an outside air supply can be used for this opera
tion if the air supply on board the pontoon shoul d 
not suffice . 

The Habitat Sub- Systems--The main sub - sys -
terns of t he habitat are: 

• Communications System. 

• Power System. 

• Life Support System • 

• Fresh Water and Sewage System • 

• Buoy System • 

• Emergency Transfer Chamber System • 
In t he development of the sub- systems for 

the habitat complex, it has been necessary to take 
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into consideration the various stages through 
which the habitat passes in an operational cycle. 
The requirements on most of the sub-systems are 
quite different when the habitat complex is on the 
surface than when it is located on the sea floor. 

The communication system must provide contin
uous good communication with the men inside the 
pressure chamber when it is being towed, when it 
is submerging or surfacirig, and when it is moored 
to a pier or a surface vessel for decompression. 

When the habitat is under tow, communication 
between the men inside and the operations control 
center is maintained by radio telephone. An an
tenna on. the pressure chamber and a battery powered 
transceiver inside the control compartment provide 
this communicat~on link. The radio telephone of 
the support vessel of Makai Range, Inc., operates 
on the same channel and ·is consequently included 
in this part of the system. 

While the habitat complex is submerging or 
surfacing, communication is maintained by an 
acoustic underwater telephone. Transceivers are 
installed for that purpose on the top of the con
trol compartment of the habitat and on the surface 
vessel. Provisions are also made for a hardline 
communication link with the vessel through sound 
powered telephones. 

On the sea floor the men inside the habitat 

the communication system. It consists of two TV 
cameras encased in stainless steel housing• The 
camera can be used either inside or outside the 
pressure chamber. ·Used inside, they can be fixed 
in any one of the three compartments . OUtside the 
habitat complex, in the water, the cameras can . 
either be fixed in a pan and tilt unit or can be 
carried around by a diver. 

Each one of the two cameras is controlled 
either from the operati ons control center or from 
the laboratory compartment of the habitat complex. 
There are two TV-monitors included in the system. 
Both are located in the operations control center. 
Obviously it is possible to observe simultaneously 
the activity inside one of the habitat compart
ments and the activity in the water outside the 
habitat complex. Provisions are made to connect 
at a later date a monitor in the laboratory com
partment. 

The cable for communication and TV from 
shore to the habi tat complex on the sea floor con
tains several spare lines. This makes it possible 
to connect recording instruments inside or outside 
the habitat complex and trans~it data from testing 
and research programs to a data control center on 
shore. 

Electric power to the habitat complex is 
provided through an umbilical from either a sup-

can communicate by hardline with the operations port vessel or a spar buoy with diesel generators. 
control center through telephone, sound powered The support vessel or the spar buoy must be an-
telephone or through an electrowriter. The under- chored at the habita~ site during the operation. · 
water telephone can also be used for commUnication At the early stage of operations at Makai Undersea 
with the support vessel when she is in the vicinity Test Range we intend to utilize our support vessel 
of the habitat complex. Communication with divers as the power source for the habitat. However, the 
outside the habitat is provided for by either a development of the spar buoy is underway, and is 
wireless acoustic divers' telephone or a hardline expected to be installed at.the Range early in the 
"diverphone." Hardlines and sound powered tele- summer of 1969. The spar buoy will contain two 
phones make it possible to communicate from the diesel generators of about 35 kw each and fuel 
habitat complex to the two emergency transfer supply for 20 days of. operation. ~t maximum load 
chambers. 

When these chambers are on the surface, com
munication is maintained through radio telephone 
with either the operations control center or the 
support vessel. Moored at a pier or at a surface 
vessel for decompression, any one of the above
mentioned systems--except for the acoustic system 
--can be used for communication. 

The atmosphere inside the habitat Will, to a 
large extent , consist of helium. Due to the low 
density of this gas, voice communication with the 
men in the chambers, particularly at maximum depth, 
might not be very good. We expect, therefore, 
that the electrowriter will prove quite valuable. 
However, provisions are made to include a helium 
voice unscrambler at a later date when such a unit 
will be available. 

A television system is an integral part of 
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the habitat complex requires about 35 kw during 
operation. Two 35-kw generators will consequently 
provide sufficient power for the habitat complex, 
as well as for the tools, instruments or other 
equipment required in -testing or research programs 
on the sea floor. 

Stored on board the habitat complex there is 
a battery pack capable of providing power · for 24-
hr operation of the habitat. Battery power will 
primarily be used ~uring submergence and surfacing 
and in case of emergency. A battery charger is 
included in the system s o that the battery can be 
charged to its full capacity when the habitat .com
plex is submer ged. An additional battery pack with 
the same capacity can later be installed on the 
habitat deck, thus increasing the emergency power 
capability to 48 hr. The batteries are of the lead 
acid type. Each one of the two emergency transfer 



chambers contains a dry cell battery capable of 
supplying power for 8 hrs' operation of the 
chambers. 

We hope that we eventually will be able to 

pressure to decrease from 228 MMHG to 152 MMHG, 
when there are four men inside and no oxygen is 
added to the chamber. 

Carbon dioxide is removed from the chamber 
mount on the habitat complex a power source with atmosphere by carbon dioxide canisters containing 
no umbilicals at all to either the surface or sodalime or baralyme. To _provide for good ventil-
shore. The payload capability of the hab:l.:tat com- ation and circulation, the're is a blower attached 
plex and the storage space available are sufficient to each canister and the circulated gas is di-
for the mounting of a fuel cell or an isotope power rected through ducting. There is one canister-
pack on deck. blower unit in each of the three compartments, and 

The life support system is to provide a com- each unit operates independently of the o~her. 
fortable atmosphere for ·the occupants of the habi- The canister contains pre-packed cartridges of 
tat. The gas mixture of the pressure chamber will sodalime or baralyme. Each cartridge is calcu-
be controlled with respect to the partial ·pres- lated for about 8 hrs'; duration. The control of 
sures of oxygen, carbon dioxide, carbon monoxide the carbon dioxide level will be done by gas trac-
and other contaminants. The oxygen level will be ing tubes. Again, due to the large volume of the 
kept between 152 and 228 MMHG; the carbon dioxide c.hamber, build•up of carbon dioxide partial pres
level below 7.6 MMHG; and the carbon monoxide sure will be rather slow. Carbon monoxide, hydro 
level below 20 ppm (0.0152 MMHG). The temperature carbons and other contaminants will be absorbed by 
inside the habitat will be kept between 80-90 F, purafil filters in the gas circulation system. 
which is a comfortable temperature for helium-rich 
atmosphere. The humidity will be controlled with-· 
in a range of 50-70 percent RH. 

The initial operations of the habitat com
plex will be at the 200 ft ·level, equal to 7 at
mospheres ~bsolute (AA) pressure. The pressure 
chamber and the two emergency transfer chambers 
will first be pressurized to 1.5 AA with air and 
then to 7 AA with helium. This constitutes a gas 
mixture of 4.3 percent oxygen, 17.2 nitrogen and 
78.5 percent helium. For the pressurization, gas 
supplies on a pier, barge or ship will be used. 

On board the habitat complex there is a 
backup supply of the same gas mixture as the pres
surization mixture. This mixture can be bled 
manually into the pressure chamber, thus compen
sating for gas losses through leaks, sea-water 
absorption, and so on. The backup supply will be 
sufficient for 20 days' operation, providing the 
average gas ·loss does not exceed 1 percent per day 
of the total gas volume in the chambers. Pressure 
control is provided for by pressure gages inside 
the chamber and by observation of the water level 
in the skirts surrounding the water hatches. 

The oxygen level in the chambers will be 
maintained by a constant flow of oxygen through 
orifices. Several orifices are provided for _that 
purpose and the people in the habitat can select 
the orifice which corresponds to the number of 
men. A by-pass line with valve is also provided 
in case a higher flow of oxygen is required. The 

Gas tracing tubes w1·11 be used for the control of 
the level of these gases. 

We hope that we will eventually be able to 
install a more automatic atmospheric control sys
tem in the chamber; we know that this will be re
quired when we begin to operate at greater depths. 
Our development efforts in this area ·are directed 
at the present time toward a complete automatic 
atmospheric control system. We hope to have it in 
operation at the end of 1969. Our present control 
system will then be an excellent back-up system. 

The temperature inside the chamber is kept 
at the desired level by electric Tadiators. We do 
not visualize any particular problems in keeping 
the temperature high enough when we are operating 
in Hawaiian waters. Our main problems in this re
spect will probably be to keep the temperature 
down during decompression periods when the habitat 
is on the surface and exposed to hot sunshine. · A 
sprinkler system on the outside of the chamber is 
provided for that purpose. 

The _humidity in the chamber is kept down by 
a chemical regenerative system. There is one sys
tem installed in each compartment of the chamber. 
Recent tests with such a system have shown a capa
bility of removing about 3 lb of water per hoUr. 
The chemical (alumina or silicagel) can be regen
erated while in operation and thus be used again. 

The life support system for the emergency 
transfer chamber is principally the same. However, 
there is no provision for temperature and humidity 

oxygen partial pressure is checked by polarographic control in these chambers. 
oxygen sensors inside the -pressure chamber. 

Due to the pressure chamber's large volume, 
changes in the. partial pressure will be rather 
slow when the total pressure is constant. For. ex· 
ample, it will take 68 hr for the oxygen partial 

Fresh water for washing, showers, and so .on 
is stored in four rubber bags of 1000 gal capacity 
each • . The bags are installed in the main ballast 
tanks. The buoyancy of the submerged habitat will 
therefore remain the same independent of the fresh 
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The habitat complex is moored between the 
two taut moors. The main ballast tanks are floOded 
which provides the complex with a positive buoyancy 
of about ten tons. Power and communication cables 
from the R. V. Holokai are connected 

The semi-closed mixed gas scuba is tested 
at shallow depth. It has very good performance 
characteristics and the operating expenses are 
low. Six of these units are presently in use at 
the Makai Undersea Test Range 

position and will 11land" on the ·sea floor between 
water consumption. A pump inside the chamber pumps the two anchors of the moors. 
fresh water to water tanks; one for cold water, 
one for hot water. The tanks are kept at a pres
sure about 50 psig above the chamber pressure, 
thus providing cold and hot water to wash tubs, 
sinks, shower, and so on. 

The habitat fresh water system is connected 
on the surface to the fresh water system of a pier 
or a ship. A tank on the pier or on the ship will 
be kept at the sufficient overpressure to provide 
the inside of the chamber with fresh water. The 
inside sprinkler system for fire fighting is also 
connected to this shore water supply. Fresh water 
for drinking is stored inside the chamber in cans 
of the same type and size as Coca-Cola cans. 

The waste and sewage from the chamber is 
col~ected in a pressure-proof sewage tank in the 
main ballast tanks. When the s ewage tank becomes 
almost full (which is indicated on a sight glass 
in the chamber), the tank is pressurized and the 
sewage is blown through a 200 ft hose out into the 
water. During decompression the sewage tank can 
be connected to the sewage system of a pier. Then 
the water around the pier will not be polluted. 

The buoy system consists of two taut moors 
provided for the guiding of the habitat during 
submerging and surfacing. The moors are about 200 
ft apart, and the habitat complex is moored on the 
surface between the two buoys. The stern line and 

the bow line from the habitat complex are connect
ed to the anchor lines of the taut moors by steel 
rings. When the habitat complex moves down or up, 
the rings slide along the anchor lines of the taut 
moors. In this way, the habitat will be kept in 
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The emergency transfer chambers are identical 
in all aspects. The main purpose for these cham
bers is to provide an "underwater ambulance" for a 
man who is injured or sick and must be brought 
back to atmospheric pressure for medical care and 
treatment. Each chamber provides room for two men 
(the injured and his attendant). However, under 
extreme emergency conditions each chamber can ac
commodate four men f or a short time (approximately 
8 hr). Each chamber is 10 .ft long and has an in
side diameter of ~l/2 ft. It has a bottom .hatch 
30 in. in diameter for ingress and egress to the 
water and a 27-in. hatch in the stern with a 
flange for mating with t he emergency decompression 
chamber. 

Two bunks with 11seat ·belts" are l ocated in 
the chamber. The bunks are designed like stretch
ers and can easily be removed f rom the chamber 
when a man is lying on it. 

We expect that the sea state conditions in 
the areas in which we are going to operate will 
prevent us from picking up t he chambers on a 
ship's deck. Consequently, the chamber is ~esign
ed for towing . A false bow and stabilizing ar
rangements give the chambers reasonable towing 
characteristics. 

Each chamber always has positive buoyancy of 
between 500 and 1000 l b (depending upon the number 
of men inside). They are kept in position on the 
habitat deck by cradles when the habitat complex 
is on the surface, submerging or surfacing. When 
the habitat complex is · on the sea floor, the wire 
to the anchor winch is connected to the emergency 



The R. v. Holokai is a steel-hull, twin
screw vessel, designed and built for the opera
tions of Makai Undersea Test Range . She i s 70-
ft long, has a beam of 19 ft and a draft of 6 ft 

transfer chamber and it is released from the 
cradle. 

If the emergency transfer chamber must be 
used, the men enter it t hrough the bottom hatch 
and close the hatch . By telephone to the habitat 
chamber they announce when they are ready to as
cend. The remaining men in the habitat chamber 
control the ascent with a winch . If the wire from · 
the winch gets entangled, the men .inside the emer
gency transfer chamber can release the chamber 
from the wire . As it is positively~uoyant it 
will then make a free ascent to the_ surface . Once 
on the surface, the men in the transfer chamber 
can contact the operations control center or the 
support vessel by radio telephone. 

After transfer of the men into the emergency 
decompressi on chamber, the transfer chamber is 
towed back to the habitat s i te, connected to the 
winch wire and hauled down to the habitat compl ex. 

Diving Equipment . The diving equipment of 
Makai Undersea Test Range consists of : 

• Semi-cl osed mixed gas scuba 
• Gas mixing system 
• Open circuit scuba 
• Diving suits 

Semi- Closed Mixed Gas Scuba--OUr semi-closed 
mixed gas scuba is designed for a maximum oper
ating depth of 660 ft . It i~ designed primaril y 
for mixtures of oxygen and hel ium . However, at 
shallower depths it can be used with oxygen
nitrogen mistures or with pure oxygen. 

The apparatus can be used either as a free 
swimming, self-contained unit or as a tethered 

The water environment around Hawaii is 
ideal for underwater test operations . This photo
graph is taken without artif icial light at 200 ft 
through the viewports of a submersible • . The bot
tam is very flat in this area and consists of 
sand . It i s also a very popular .area f or clam 
shells 

unit . When used for free swimmi ng, it has an en
durance of about 90 min at maximum of 330 ft, of 
about 60 min at a maximum of 500 ft, and of about 
45 min at a maximum of 660 ft . When the apparatus 
i s tethered and rece_ives the gas mixture t hrough 
a hose from a gas supply on the habi tat pontoon, 
it has a maximum endurance of 3 hr at any depths 
to 660 ft . 

The gas consumption of this apparatus i s 
low, maki ng it economical t o operate. The gas 
cost f or 1 hr' s diving at 200 ft is only ab.out 
four dollars. If a regular open circuit ·scuba 
were used for 1 hr at 200 ft ,. t he gas consumed 
would cost about 47 dollars . 

Gas Mixing System--For physiol ogical reasons 
it is necessary to use different gas mixt ures for 
different diving depths. The percentage of oxygen 
in this mixture must be within certain limits. At 
Makai Range we will be using three standard mi x
tures: 

t o 330 ft 21 percent oxygen; 79 percent 
helium 

between 300- 500 ft 16 percent oxygen ; 84 
percent helium 

between 470- 660 ft 11 percent oxygen; 89 
percent helium 

We are using a gas mixing system consisting of a 
booster pump, supply gas cylinders, gas f ilters , 
oxygen analyzer, and hoses to produce these mix
tures and t o charge the scuba cylinders. With 
this system we can charge ten scuba cylinders to 
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An artist's rendition of the Makai Range, 
Inc. pier presently under construction. The pier 
extends 650 ft into the water and will constitute 
the base for the operations of Makai Undersea 
Test Range 

200 atmg pressure i n about 1 hr . The gas mixture 
i s checked by the oxygen analyzer before it is 
used for diving. 

Open Circuit Scuba--Conventional open cir
cuit scubas and hookah units are used at Makai 
Undersea Test Range for surface-supplied diving of 
short duration, and to a maximum depth of 180 ft. 

Our support vessel, the R. V. Holokai, is 
especially equipped for the support of such diving 
operations . 

Diving Suits--Since we will be operating 
primarily in Hawaiian waters with comfortable 
water temperatures, we anticipate that we normally 
can use regular wet suits. We will, however, have 
constant volume suits with warm underwear avail
able in the habitat complex in case the wet suits 
do not provide sufficient warmth. 

If we are operating in cold water where 
heated suits must be used, we can easily install 
the equipment required for the heat source of the 
suits in the pressure chamber of the habitat 
complex. 

Emergency Decompression Chamber. As the 
name indicates, this chamber will primarily be 
used in emergency situations. Normally, it will 
be installed in the operations control building on 
the Makai Range pier. However, provisions are 
made so the chamber can be moved and installed on 
deck of the R. V. Holokai if this should be de
sired. 

The chamber is a standard two-lock decom
pression chamber with a working pressure capabil
ity of 105 psig. A portable life support system 
unit will be attached to the chamber. The atmos
phere of the chamber circulates through this unit 
to remove carbon dioxide, carbon monoxide, water 
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vapor and other contaminants. 
The chamber is equipped with a mating flange 

and a tube turn for mating with one of the emer
gency transfer chambers. When the mating is com
pleted, the emergency transfer chamber is placed 
on a cart on rail in front of the decompression 
chamber. The cart is then pushed f orward so that 
the two chambers become aligned and the tube turn 
connects them to one another. 

The emergency decompres sion chamber will 
also be used as a prototype habitat before the 
habitat complex is completed. This will provide 
us with early operational and maint enance experi
ences which will certainly be very valuable. For 
t hat purpose, the chamber is equipped with a bot
tom hatch for egress and i ngress i nto the water. 
As a prototype habitat, the chamber will be i n
stalled on a catamaran pontoon of half the size as 
the large habitat pontoon. 

Support Facilities 
The deep diving system which has been de

scribed i n t he previous paragraphs requires support 
facilities for its operation, maintenance, and 
service. 

Our support facilities are primarily design
ed to support operations with the habitat complex, 
but they are also useful for any other type of 
operations in the ocean. 

Our support facilities consist of : 
• The Makai Range pier 
• The R. V. Holokai 

The Makai Range Pier. The pier, which is 
presently under construction, will be l ocated at 
the northern end of the pr operty which belongs to 
the Oceanic Foundation. It will extend 650 ft 
from shore , with a -perpendicular secti on at t he 
end. This secti on is surrounded by a breakwater 
on the outside. The inside of the pier is thus 
well protected from heavy seas created by the 
tradewinds which prevail for most of the year in 
this area. 

About 400 ft from shore the pier has a sub
marine slip where submersibles can be picked up by 
a travel-lift. Behind t he slip there is a boat 
house with equipment and tools for service, main
tenance, and minor repairs of a submersible. 

The pier is approximately 28 ft wide to the 
submarine slip and 16 ft wide after the slip to 
the perpendicular section. The perpendicular sec.
tion is 40 ft wide and about 215 ft long. The 
turn-around basin inside the pier is 16 ft deep 
and large enough to maneuver the habitat complex 
under tow. 

One part of the perpendicular section of t he 
pier is especially designed for mooring the habi-



tat complex alongside. There are the pipe connec
tions for gas , fresh water, power, communications, 
and sewage when the habitat complex is used for 
decompression. 

The operations control building for Makai 
Undersea Test Range is located on the perpendicu
lar section of the pier. It i s a two-story build
ing including the operations control center, the 
chamber room, the medical locker, the scuba locker 
and the scuba shop on the ground floor and storage 
space, offices, a galley and conference room on 
the upper floor. 

The operation of the habitat complex is con
stantly supervised from the operations control 
center. It is the center for the communications 
and also contains the consoles for atmospheric 
control of the pressure chamber during decompres
sion. 

The emergency decompression chamber with the 
life support system unit is located in the chamber 
room. The high pressure air compressor, as well 
as the major part of the gas manifolding, is also 
located here. 

The medical locker is equipped ·for rendering 
first aid and for physical examination. 

The scuba . locker provides storage space for 
all the personnel diving equipment; the scuba shop 
is equipped for maintenanc~ and service of the 
diving equipment. The gas mixing system is also 
installed in the. scuba shop. 

The R. v. Holokai. The R. v. Holokai is the 
support vessel of Makai Undersea Test Range. The 
name "holokai" is Hawaiian and means "the sea
farer." The vessel has been built and equipped 
for the Makai Range operations. 

She is 70 ft long, about 19 ft wide and has 
a draft of 6 ft. She has two diesel engines of 
250 hp each; her economical speed is 10 knots. 
There are two diesel generators on board, one on 50 
kw, one on 30 kw. In our initial operations, the 
50-kw generator will be used to supply power for 
the vessel. There is a towing winch and an A-frame 

at the stern of the vessel with a lifting capacity 
of six tons. On the fore-deck there is an anchor 
windlass with two anchors. 

For diving purposes, the Holokai is equipped 
with a high pressure air system with compressor, 
air banks, and manifolds. I n the stern of the 
boat there is also a folding platform with a div
ing ladder. A small scuba locker for storage of 
diving equipment for six divers is also provided 
on board. There is also on board the vessel a· 
small medical l.ocker primarily equipped for f i rst 
aid and for simple types of physical examination~ 
of divers. 

The vessel can accommodate six people and 
has fuel supply sufficient for trans-Pacific voy
ages. The vessel was built in New Orleans and 
brought to Hawaii by Makai Range personnel. 

CONCWSIONS 

The development of the first phase of Makai 
Undersea Test Range is well under way at the pres
ent time. It will be completed early in 1969. 

The plans for the development of the next 
·phase are advanced, and development will be ini
tiated whenever needs arise. The next phase will 
provide the range with capabilities to explore 
greater depths of the ocean by utilizing research 
submersibles. In such operation the location in 
Hawaii also is .favorable, since water depths of 
18 ,000 ft are within 80 miles from shore. 

Our goal at Makai Under sea Test Range is to 
participate in the worldwide exploration and ex
ploitation of the oceans. Our contribution to 
every organization working with deep ocean prob
lems will be to furnish: 

• An excellent ocean test environment. 
• Efficient , safe and versatile equip

ment and facilities. 
• An experienced, dedicated, and knowl

edgeable staff of personnel. 
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Honolulu - Oahu Island's Makapuu 
Beach is on the northeast shore of a 
peninsula. It is fronted by deep, clear 
water and backed by high cliffs. 
Nearby is the Makapuu Point light
house, on the easternmost tip of the 
island. And next to that is Koko Head 
Park with its spectacular, wave acti

vated blowhole. Offshore is Manana Island, nick
named Rabbit Islan~I. 

The location is a 20 minute ride from Honolulu, 
which lies on the south shore to the west. Yet it is 
relatively uncluttered by civilization. 

As many Naval Aviators before him, a Marine 
helicopter pilot 10 years a~o admired this area of 
semitropical beauty which is constantly cooled by 
the northeast trade w inds. 

Six years ago a presumptious gradua te student 
leased it. Three years ago a businessman built a 
science-oriented oceanarium on it. This year a re
search and development executive has completed 
laboratories on it. Next year it will be utilized by a 
scientist-planner for deep sea simulators ashore, 
permanent manned underwater modules in conti
nental shelf depths, and a fully instrumented test 
range to 18,000 ft. deep. 

All of these men are one. Taylor A. "Tap" Pryor 
is a 35-year-old businessman-scientist-conservation
ist whose accomplishments in finance, public dis
play and m arine disciplines h ave created an ex
panding combination of ocean facilities and an in
spired staff. Youthful enthusiasm is his trademark. 

Pryor's original approach began as a gradu ate 
student at the University of Hawaii. He was ap
palled by n ational deficiencies in marine research; 
impatient with provincial and compar tmented at
titudes in marine'"' disciplines; convinced that scat
tered tradition al installations had inherent inabili
ties to form "breakthrough" combinations; dissatis
fied with the belief that the subsurface environment 
could be studied without getting into it; and dis
pleased by limited public education which blurred 
national interests and shriveled the goals of marine 
conservation and wise use. 



At top of opposite page is " closeup eerial view of Sea life 
Park and the Oce•nic Institute. Note living sea water lagoon. 
As a tourist •Hrution the Park supports the Institute' s work. 
At right above is the moving spirit behind H•w•ii's Oceanic 
Foundation, Taylor A. "Tap" Pryor beside a model of the 70 
to 200 ft. depth permanent undersea h•bitat which will be 
placed oHshore neilr Rabbit lsl•nd in the bilckground. 

In 1960, then 28 years old, P ryor established the 
Oceanic Foundation. He believed that Hawaii clearly 
was destined to become a center of marine progress 
because of its mid-ocean location, clear, pure, deep 
water, and unique supporting facilities. 

He made the State government a "silent partner" 
by obtaining a long term lease on the 118 acre point 
of State land. The terms of the lease require the 
Foundation to operate a m arine exhibit and research 
facility and devote a percentage of the gross in
come of .the public exhibit to endow the research 
center. The Foundation is also required to be ac
tive in marine conservation and educate Hawaii's 
residents and visitors. 

The Makapuu location was no casual choice. Scien
tist Pryor wanted unlimited and unpolluted seawater, 
plus quick access to great depths (the three thousand 
fathom curve is seventy miles offshore). Busines~
man Pryor wanted a site close to resort and indus
trial centers, enough land for future expansion, quick 
access to academic and computer facilities, and 
a nearby residential area for scientists and em
ployees. 

Artist Pryor wanted a place of unequalled beauty, 
with sea and cliffs and offshore islands in deep blue 
water. Makapuu meets and exceeds these criteria. 

The Oceanic Foundation set aside 20 acres of this 
land in 1962 and subleased it to a commercial op
erating company, Sea Life, Inc. Pryor sold stock in 
this corporation to private investors to build the 
public marine exhibit, Sea Life Park. Stock value 
doubled within one year, and the original $1.8 mil
lion investment is showing a profit after the sec
ond year. 

Sea Life Park superficially resembles mainland 
oceanaria, but from the beginning Pryor departed 
from the traditional. Original designs include a three
story 300,000 gallon coral lagoon circled from top 
to bottom by a wide spiral of glass. It contains 
thousands of reef fish and a living coral reef. 

There is a million gallon pool for trained whales 
and porpoises which includes an island and a 5fs 
scale replica of the old whaling ship, the Essex. 

A large glass walled theater is used for demon-

strations of porpoise training techniques with ani
mals used in open-sea release and recovery. 

A reconstructed Hawaiian fishing village is lo
cated on its original site. There are such ancillary 
facil ities as a restaurant-bar, gift shop, etc. 

Sea Life Park now attracts 300,000 visitors per 
year. The first major new public exhibit planned 
for 1967 is a marine technology center featuring 
closed circuit TV m onitors with offshore underwater 
displays, working models of oceanic hydrodynamic 
pr inciples, submersibles, ocean floor well-heads, a 
variety of instruments and other new undersea de
vices. All of Sea Life Park has a strong scientific 
slant which has proved highly popular. 

Competent, Inspired Staff 
Two associates exert a continuing influence on 

Pryor. His w ife Karen, nat ionally known in por
poise research, the Curator, supervises instruction 
of cetacean trainers, and participates in all major 
activities. 

Dr. Kenneth Norris, naturalist and experimental 
biologist of UCLA, is Vice President of the Oceanic 
Foundation. 

P ryor's next development was the Oceanic In
stitute, the research facility to occupy the rest of the 
Makapuu site. Not unexpectedly, it began before it 
started. Sea Life Park's facilities attracted research 
scientists even before income from the public ex
hibits could build offices and laboratories. These 
early visitors were wedged in wherever there was 
room. Many became staff members when the Oce
anic Institute was formally incorporated this year. 

From the beginning Pryor and Norris were de
termined that the Oceanic Institute would not be 
the huddle of shoreside labs and aquaria which has 
constituted the typical marine station of the past 
fifty years. Makapuu would include a three-stage 
test range beginning with deepsea simulators ashore 
to test and develop undersea instruments, equipment 
and men. 

Moving immediately offshore would be a Conti
nental Shelf depth open r an ge including a series of 
permanent, manned underwater modules where 
diver-scientists would live, work and study in pres-



At top is cutaway drawing of the 70 to 200 ft. undersea permanent 
habitat to be placed off Makapuu Point. PiHsburgh-Des Moines Steel 
Co. designed the module; power and communications by International 
Telephone and Telegraph; life support by Air Reduction Corp.; 
biotechnology assistance, Lockheed Missiles and Space Co. Below is 
the 200 ft. habitat for deeper, calmer water. The 18 ft. sphere will 
have capabilities to 600 ft. depth. Both will be supplied with gases, 
power, water, etc. from shore via umbilical connections. 

sure; where diver-engineers would aid industry in 
the development of efficient oil collection, mining, 
performance of subsurface construction, and the test
ing of submersible vehicles, including underwater 
launch and recovery. 

Moving deeper to a depth of 18,000 ft. would be 
an instrumented range, providing instant readout as 
well as stored data on continuous testing over pro
longed periods of time at any depth. This combina
tion of in-sea facilities the Institute calls "Project 
Makai," meaning in Hawaiian "toward the sea." 

The second aim was to wipe out the traditional 
division between basic researchers and applied re.: 
searchers. This is done by original staffing methods 
and by imposing broad spectrum attitudes upon 
everyone within earshot. 

Wakelin Is Board Chairman 
It was recently announced that 'Dr. James H. 

Wakelin, Jr., has become Chairman of the Board of 
Trustees of the Oceanic Foundation. Wakelin was 
former Assistant Secretary of the Navy for Research 
and Development and is now President of the Marine 
Technology Society. His first task as Board Chair
man of the Oceanic Foundation is to establish a 

nighly responsible National Advisory Committee to 
help guide the programs at Makapuu. 

Untried personnel are also slotted in responsible 
positions when it is believed they ca:n do the job. A 
visiting consultant often stays on to become an acting 
division chief. A secretarial applicant becomes a 
porpoise trainer. Anything can happen. 

The Oceanic Institute is partitioned into two di
visions. Marine Science, the basic science group, has 
icthyologist John Randall as pro-tem director, guided 
by the Oceanic Foundation's Research Committee, 
whose head is Norris. Randall resigned as Director 
of the Institute of Marine Biology, University of 
Puerto Rico, to accept this position. The Ocean, Engi
neering Division is currently headed by Pryor, with 
John Wheaton as Project Director. 

The Marine Science Division had in progress dur
ing the summer of 1966 contracts, grants and pro
grams totalling approximately $500,000. The largest 
of these was a ten year Fish Cuiture Program, the 
first three years funded by the Rockefeller Founda
tion, to increase the productivity of saltwater fish-

. ponds as a source of marine protein. 

The earliest funded research projects at the Oce
anic Institute involved the several unusual species 
of porpoises and whales captured by Sea Life Park. 
In 1964-65 these included experimental use of a 
trained porpoise in the open sea; a definitive series 
of hydrodynamic studies; operational use of por
poises· in association with mannl;!d underwater cham
bers (concurrently with the Navy's experiments with 
porpoise and Sea Lab II); and a series of sonar 
studies. 

The present cetacean research program will in
volve expenditures of about $200,000 in 1966, with 
numerous investigators at work in such areas as 
cetacean sonar, learning, communications, natural 
history and social behavior, physiology, and applied 
uses of porpoises. 

Other Marine Science Division projects underway 
include work by Pryor (behavior of sharks); Norris 
(this summer, mullet studies and ONR-funded tech
niques of field observation of cetaceans);· Randall 
(classification and biology of tropical marine fishes); 
and a variety of research by associated staff mem
bers Roger Sperry of CalTech, Malcolm Gordon of 
UCLA and Sidney Townsley of the University of 
Hawaii, who is a member of the Board of Trustees 
of the Oceanic Foundation. Nobel laureate George 
von Bekesy of Harvard has recently joined the Uni
versity of Hawaii and begun studies at the Institute 
this summer. 

A cooperative program now exists between the 
Institute, University of Hawaii, and the University 
of Wisconsin for studies sponsored by the Britting
ham Foundation. The Marine Science Division also 
has developed broad library facilities and weekly 
multi-discipline seminars well attended by Hawaii's 
academic and medical communities. 

Soon to be announced are several new projects 
including an extensive medical science program with 
internationally recognized authorities for long range 
physiological studies of man under pressure in ex
otic gas combinations. Future plans include the es
tablishment of several Institute annexes in the Pacific 
for field studies; sites being considered are Tahiti, 
Samoa, New Caledonia, Palau and Japan. 



Industry Orientation 

The Ocean Engineering Division and its "Project 
Makai" are mostly industry o.riented. Pryor em
phasizes that the state of ocean. research today "is 
not so much like the beginning of space exploration 
a_t the end of World War Tw.o as the beginning of 
modern aviation at the end of World War One. 
Space is being investigated entirely through gover~
ment financing because there isn't anything up there 
of any apparent value to anybody else. But avia
tion was developed rapidly and is continually re
fined by private industry, because of obvious com
mercial opportunity." 

P roject Makai, or the Makai Range, is intended 
to intermix the needs and capabilities of industry, 
government and academic circles in underwater en- · 
gineering. Specific objectives in underwater tech
nology include new methods of petroleum collec
tion, mineral mining, subs\lrface construction, cable 
laying and inspection, and the development and 
testing of instruments, tools and equipment for 
these and other purposes. 

The Makai Range is jointly managed by the In
stitute and the Range Development . Corporation, the 
latter formed to permit industrial and individual 
participation at the level and extent of specialized 
interests. Minimum corporate membership to par
ticipate in programs at Makapuu and to encourage 
marine progress toward their goals costs $20-thou
sand per annum, and any project proposed for the 
Makai Range must first be screened by qualified 
committees advising the Director. 

John Wheaton says, "This kind of organization 
allows the Institute to support the individual work 
of the scientist as well as making the place useful 
for the complex requirements of large industry. We 
can also accommodate small companies which can
not afford test facilities and non-ocean industries 
which might have a one-time need." 

The Ocean Engineering Division soon will place 
its initial permanent undersea habitats at depths of 
70 ft . and 200 ft. Manipulated atmospheres will be 
at ambient pressure. 

The 70 ft. depth module (see picture) was de
signed by Pittsburgh-DesMoines Steel Company; 
power and communications subsystems designed by 
International Telephone and Telegraph; life support 
systems by Air Reduction Company; biotechnology 
assistance from Lockheed Missile and Space Co.; 
and site development by the Dillingham Corp. 

The 200 ft. habitat, designed for deeper, calmer 
water, is an 18 ft. sphere with a 7 ft. skirt exten
sion and anchored to a slab foundation; subsystems 
are similar to those of the 70 ft. habitat. This 
module is designed for eventual operations to depths 
of 600 ft. as techniques and technology permit. 

Both initial habitats will be supplied with breath
ing gases, electrical power, fresh water and com
munications and data links through an umbilical 
(Samuel Moore Co.) from structures ashore. These 
will include laboratories, simulators, a large decom-

pression chamber and a central control building. An 
ultimate objective is to develop a self-supporting 
habitat system utilizing nuclear power, fuel cells or 
storage batteries for power, and obt:Hnikig fresh water 
and breathing gases from the sea itself. 

Routine transportation between the surface and 
the habitats (and to other bottom work areas in the 
Range) will be by double-sphered work decom
pression chamber. Diving and habitat supervision 
will be provided by Andre Galerne's International 
Underw;:iter Contractors and safety standards will 
be NASA equivalent. 

At each undersea .habitat will be two Emergency 
Transfer Modules, into which men can seal them
selves quickly in ambient pressure, ascend to the 
surface, be transported ashore by specially designed 
vessel and be attached to the large decompression 
chamber for transfer. 

Design phases and cost estimates are completed 
for the initial $3-million development, with con
struction to begin this fall. The 70 ft. depth habitat 
is scheduled for placement in April, 1967. The 200 ft. 
depth habitat will follow in September of 1967. 

Individual projects include the conservation of 
Hawaii's marine resources by encouraging zoning 
and management protection in inshore reef areas 
subject to pollution and overkill; development of 
Hawaii's first public undersea parks; and dramatiz
ing the new era of man in the sea by sending a 
small, fast manned submersible from Hawaii non
stop along the ocean bottom to San Diego. 

" But our real goal is to create an industrial and 
scientific critical-mass," Pryor says. "There is a de
manding opportunity today for a consortium of op
erating companies to link themselves with experi
enced offshore drillers and miners and exploit situa 
tions of wealth. This has long been a hope or even 
a cliche but the time for easy talking is ending. 

"The technology can be developed, right now. 
Somebody can cause companies to create these con
sortiums and exploit the sea. The Institute's three
step facility, with shore simulators, the continental 
shelf depth range with undersea habitats and the 
deep range out to abyssal depths, will be indis
pensable." 

The Oceanic Foundation was charted to encourage 
marine progress, and Pryor and Norris believe the 
stimulation for breakthrough is industrial; that 
when operating companies find it productive to be 
in Hawaii they will expand to the islands and grow 
and depend on local industry for massive support. 

"If as a private institution in these· vacuum
areas of the cceanic spectrum, we stimulate others 
to compet e with us, we're achieving our goal," Pryor 
says. "If companies come here to sample the Oceanic 
Institute's Ocean Engineering Division and stay to 
develop their own facilities, we're achieving our 
goal. We envision Honolulu as an ocean-oriented 
scientific and industrial community with compo
nents mutually supporting and mutually stimulat~ng. 
We envision Hawaii as providing a focal point 
through which the nation will enter the sea." 

Prlnte<l In U.S.A. Reprinted from UnderSea Technology, September, 1966 RlH 9/68 



The newest technique in marine engineering is DAMS ••• · 



DAMS ... 
Design and Analysis 
of Marine Structures ... 

is an extensive computer program developed by the Brown & Root 

Engineering Division's Marine Industries Department. It is a 

comprehensive system which thoroughly and rapidly analyzes data 

pertaining to marine facilities and related structures, resulting in 

speedier and more accurate planning and design. 

DAMS is a three-stage program incorporating 

FRAN, (Framed Structure Analysis) IBM's 

3-dimensional framed structure program, and 

consists of: 

1. PRE-PROCESSOR 

0 Joint classification for efficient analysis 

0 Automatic input of member properties 

0 Convenient grouping of members 

for design 

0 Automatic methods to vary direction, 

amount and combination of loadings 

0 Automatic determination of critical location of wave 

0 Provides resultant forces on structure for preliminary analysis 

0 Selective tabulation for checking data 

0 Estimate of material take-off 

2. FRAN 

0 Modified for reduction of computer time 

0 Outputs joint deflections, support reactions and joint equilibrium check 



3. POST PROCESSOR 

0 Incorporates portions of AISC specifications 

0 Tabulates member forces, stresses, and interaction ratios of 

ends and intermediate points 

0 Selectively tabulates interaction ratios or stresses for members 

in design groups 

0 Provides ability to revise member properties and recalculate stresses 

These functions, and many more, are documented in full detail in the DAMS User's Manual. 

DAMS has evolved over a four year period, as Brown & Root tested and re-tested, defined 

problems and solved them, and developed efficient coding procedures. Coding forms, 

recommended procedures and potential errors are also fully covered in the User's Manual. 

DAMS provides a quick and accurate analysis, the capability to analyze all desired design 

alternatives and differing loading conditions, and a final output which is thoroughly 

organized and easily reviewed. 

DAMS is now available for use by your engineers, or stands ready to be put to work for you 

should you wish to consider Brown & Root as designers and engineers for your total project. 



The unique and proprietary DAMS computer program is another 

pioneer ing innovation of the Brown & Root Marine Industries Depart

ment, which has created and developed a number of " firsts" in the f ield. 

The Marine Industries Department offers a broad variety of services, 

including .Civil, Electrical, Mechanical and Structural Engineering as 

consultant or for total project design and construction, for: 

0 Offshore Structures 

· 0 Offshore Production Facilities 

0 Marine Terminals 

0 Docks 

0 Harbors 

0 Oceanographic Surveys 

~nd virtually any other marine-related project. 

For more detailed information concerning DAMS and other Brown & Root 

marine facilities engineering-consulting services, including additional 

Brown & Root developed computer analysis programs, write: 

DAMS 

Marine Industries Department 

Brown&Root.lnc. 
Engineers / Con structors I Houston, Texas 
P.O. Box 3 I AC 713-672-3011 / Cable: Brownbilt 

SERVING PROGRESS ~ THE WORLD O VER ·. 



September 30 , 1969 

Superintendent of Docwnents 
U. 3 •. Govern!:1ent Print:i.ng Of:f'i ce 
Washinr;ton , D. C. 
20402 

Dear Sir: 

I am an architecture student at Texas Tech Dniversi ty , v10rking 

on my thesis on creating an 1.-:..nC.er~;rater farming environment . 

I visited the '!ioods Hole Insti t.ute this summer Pnd obte.inec1 

the titles of several pamphlets th8.t I fel. t mit;ht be helpful 

to me . These are : 11Effective Use of the Sea", report of the 

Panel of Oce~:mor;raN~hy, President ' s Science P.dvisory Committee ; 

11Nation ~md the Sea" ; an(!. "HevJ Kno'!Jledge f ror1 the Global Sea" , 

ESSA/PI 670017/1967. 

I have enclosed ~~ 3 . 00 to cover the cost !:J.nd mcdling , if this 

is not suf ficient , pl c<:. se advise me and I will cover any 

additional costs . 

Tha_r~.k you for your tiEle . 

Sincerely , 

David Grubbs 
2319 7th . St . 
Lubbock , Texas 
79L~01 



October 3, 1969 

Brovm and Root, Inc. 
Engineers/Contractors 
P . O. Box 3 
Houston , Texas 77001 

Dear Sirs : 

I am an architecture student at 'I·exas 1'ech University, 

working on my thesis on creating an 1.mder water li vin~ 

environment; a place whe:-c f;:! IHBn live and utilize t he re-

sources of the sea, p·articulnry the pl ant and fish life 

as a future food source. 

I noticed your ad in the last issue of Scientific American 

on the ocean and the various steps you have t~ken on this 

topic. If possible , I would like to obtain some informa tion 

from you, particula ry on the three- man sub and the m~rine 

terminals . Any other topics or any other so1.rrces that 

you might have vvould be also greatly apprecia.t ed. 

Thank you for your t i me and trouble . 

Sincerely , 

David Grubbs 
2319 7th. St . 
Lubbock , Texas 79401 
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