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INTRODUCTION

This handbook is intended to make ‘: - -

essential inf ’ormaf ion available to those plan—
ning and conducting salvage and recovery s
ope rations . Its first objective is to survey
current technology. In the past , sa l vage a nd
r ecovery were accomplished using rud imenta ry
equipment that  was severely l imited by the
crude technology of the age. Figure I is an
example. Today, more comprehensive under- : -

takings are conceivable because of ’ the rapid
advance of science in a variety of’ disciplines. 

.

Metal lurgy has given us steel pipe with a safe
working tensile strength in excess of ’ 100,000
pounds per square inch. Chemistry has given —~~~ -

us synth et ic  polymers with a density approach-
ing tha t  of’ water and a tensile strength /
approaching that  of steel cahlc . Electronics k
has given us underwater  television. Each has - -

had its e f f’ect on salvage and recovery pro- / — -‘

cedures. ‘ 
‘. —

The second objective of this handbook /
is to review and outline safe working practices . 

,
,~~~~~ ~~~~~~~~ —

In the past , a lack of knowledge concerning — — —— - •
~ 

—

sa fe practice , rather than a lack of appropriate -‘

equipment , has sometimes l imited what  could __________________________________________

he accomplished under water. The modern
shallow-water diving helmet had been perfected Figure 1. Nineteenth century diving
by John and Charles Deane in 1828 , and the apparatus.
closed , hardhat diving suit was developed to its
modern form by Augustus Siebe in 1 840. But the “rheumatism ” that crippled so many
nineteenth century divers was not brought un der satisfactory control unti l  the diving tables
of the elder Haldane were introduced in I 906. In our own time , the use of synthetic line
for deep lifts from a heaving vessel has solved one problem and created another , less well
understood , which will he discussed later. Though what constitutes safe practice is a con-
stantly evolving field of understanding, an a t tempt  has been made in this handbook to
construct a conceptual framework in which progress can he discussed.

The final objective of this handbook is to survey possible future extensions of exist- - 
-

ing technology. Ideas under development in the laboratory, or on which work could be
resumed , will be discussed in the context of current capabilities.

This document deals with direct lift b y means of steel cable , synthet ic  cable, and a
string of dril l ing pipe. It addresses pontoons and li f ’t bags , an old salvage technique now
more at tract ive for new materials. Finally, it discusses buoyancy gases, including several
gas generation concepts not yet reduced to practice.

LIFTING LINES

Shallow-water salvage operations are often guided by common sense , experience and
tradition. The approximate weight of the object is generally known. Breakout force is

3
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-i
estimated , o f ten  i n t u m t i ~el~ , Surface J v m i a m n m ~’s p roblems o f t e n  cannot he forecast
accura t eI~ . For a quick recoser~ - nec essm t~ o f t e n dictates  selection of wire ropes from
available stock and the  most su i t ab l e  winch or cable—puller  at the  scene. At t im es , the
range of t ide is used to supp I~ I he l i l t i n g  force. p - .’rh a p’s ss i th  h a l l a s t ing and i feh al last  ing
assist a nt ’t’. Such operations sometimes ‘succeed , In the end , h owever . mit or e scie n t i f i c
method s te m pered with  sophistic ated under standing usuall y must  be used to conclude
t he m ission sLIL ’L’ess t L I f l V ,

(‘onverse l~ , a deep—o cean salvage or reco~ cr Y op erati on Is almost invar iably a race
against the elements.  [his f ’acto r , toget her w i t h  the  high logistical costs and complications
of ge t t ing  on station and remaining there,  demand s a high ly—engineered approach. If wire ‘

rope is used , the actual  safety t act or must he known.  In a ver y deep I if ’t . the sel f ’—wei ght
of the wire rope m a y  make necessary the use of a stepped or tapered line wi th  the  thick e st  - -

line at the top having the necessary s t rength  to support  the  weight of both t h e  suspended
line and t h e  obj ect.  Or. a s n th e t i c  line ma~ he pr e fera b le because of ’ i ts  nearl y neutra l
buoyancy . I lowever , t he greater e las t ic i ty  of s y n t h e t i c  lines can cause other problems.
Under certain condition s , t he ven ica l motions of ’ the sur face p l at t or mu arc amplif ied in the
h if ’t ing line un t i l  i ts  breaking stress is exceeded. l )yn ain ic  loads and snap loads must he
understood , calculated and monitored. In some instances , as will  he seen, recovery of the
obj ect in two or more stages may he desirab le.

STATIC LOA I) C AP ABILITY

A review of ’ manufacture rs’ data on the wei ght and u l t ima te  strength of vario Lis
types of ’ rope , in air and in water , shows tha t  these pr operties are approximate constants
of the line size, That is. the weight per uni t  length , either in air or in water , is equal to
some constant t imes the square of ’ the diameter.  The same is t rue f ’or the u l t imate  tensile
strength. Table I presents the approximate  weight constants for steel wire , ny lon . K er lar ,
polypropylene , and polyester rope. ‘fable 2 lists the approximate  s trength constants f ’or
t h ese sa m e types of lin e , and also I’or dacron . manila and coir.

Normal saf ’e practice on land is to use a sat ’ety factor of five , applied to the maxi-
mum anticipated static load. The max imum static weight is estimated , including the
weight of ’ the l ine itself ’, and a line wi th  a breaking strength of at least five times this
value is selected. Experience has shown that  a safety factor of five is sufficient  to keep
ss m t h i n  the normal working strength of ’ the line whil e allowing for  dvna n t i e  loads and
reductions in strength at splices , a t tac hmen t s , and points of wear.

Tables I and 2 give values of 1 .05 pounds per foot-inch—squared , and 65 ,000
pounds per inch-squared for gal sani zed 6 X 24 fiber core steel wire in water.  Reducing
the la t te r  by a factor of ’ f ive  and then dividing by the former gives 12 ,380 feet as the

• longest length t h a t  should he expected to bear even its own weight in water, A similar
calculation for  6 X 3 7  steel hawser produc es a result of 12 . 167 feet , Thus . 1 0,000 feet
is about the useful l imit  for steel rope if ’ ordinary I an d— sa f ’e practice is t’ollowed .

An al ternat ive  to this  s tandard saf ’e practice is to reduce the saf ’etv factor to three
and proceed with  extreme care. A safety factor of ’ three is the very least tha t  can he
justified , even when all possible precautions are taken. These include the  exact determina-
tion of the in—wat er  we ight of ’ the object: the accurate pred j et ion of breakout  force: the
minimi z ing of weak points by use of new , unsp liced lin e and the  highest quaI it ~ t’i t t i n ” s :
and the calculation and control of dynamic loads. Even if the  l i f t  is successful the line
should be scrapped , its sat’e working load probably having been exceeded .

4 
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[able I .  Approx ima te  weight  CO ns t a m it s  of Propo r t i ona l i t y
(‘or variou s types of ’ cables.

W eight (‘ons tant
ot P1 O~~OI I ional It 

~
‘

Type of Rope f ibs , t t .III )

Material  Construc t ion In an . (‘a In Wj ~t’i , C~

Steel W ire 6 X N E thel (‘ore , f lattened st i ands I .80 I 4~
6 37 Galvani ,ed hawsel I 55 I .20
6 ~ 24 ( 7  f ib er  c o le )  Gaivanwe d 1 ,40 105
6 X 24 (steel core hoisting rope ) I .85 1.6 1

Ny lon Rope Lsir and tow lin e 0.29 0.028
2 -in -I Samson 0 .26 0.026
Un il I ne  0.34 0,033

Kev iar Rope 2-in-I  Samson 0,38 0.057
U n ihi ne 0,39 0,058
Phillys llan 29 0,26

-
~ Polypropylene 2 - in-I Samson (ny lon cover)  0.24 0

Polyester 2 -in ’I Samson 0,32
Urt il ine 0.39

Cable weig ht (weight constant) X d~ -

d = cable diamet er in inches p
.

- -‘I 5
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Table 2. Approximate ul t imate tensile strength constants of proportionali ty.

Tensile Strength
• Constant of Proportionality

Type of Rope (lbs /in 2 )
Mater i al Constru ction In air , Cua In water . (‘uw

Steel Wire 6 X 37 (steel core) galvani zed steel rope 8,8 X i0~
6 X 37 (steel core) galvanized monitor steel hawser 7.3 X 10~
6 X 24 (7 fiber cor e) galvanized monitor steel rope 6,5 X 1 o~6 X 19 (steel core) hoisting rope 9.0 X i0 4

Dacron Rope Plain-lay (3-strand) heavy marine lay 1.85 X iO~ 1 ,85 X iO~
N y lon Rope Plain-lay (3-strand ) regular lay 2.3 X l0~ 2 .1-2 .4 X io~ [1

Plain-lay (3-strand) heavy marine lay 2.3 X l0~ 2.1 X iO~
2 -i n -I Samson 2.9 X iO~ 2. 55 X 1O~
Uni line 4 .0 X 1O~

Kevlar Rope .in~1 Samson 8.7 X iO~
tini l ine 9 .8 X IO~• Phi llystran 24 8.0 X io~ 

-
. -

Polyester 2- in-I Samson 2,6 X iO~
Un il ine 4.0 X iO~

Polypropylene Rope 2-in-i Samson (nylon cover) 2.6 X l0~ 2.5 X IO~
Plain-lay (3 strand) heavy marine lay 1 .80 X IO~ 1, 90 X iO~

• Manila Rope Shroud-lay (4-strand) regular lay 1 .00 X io~Plain-lay (3-strand) regular lay 9 .0 X l0~
Coir Rope Plain ’lay (3-strand) regular lay 2,5 X iO~ 0.23 X iO~

Cable strength (tensile strength constant) X d 2
d cable diameter in inches

6
- I

I
- - 
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I teti res 2 , 3 and 4 give the u l t ima te  tens i le  s t r eng th  of wire rope , ny l on rope and
Ke v lar I. l i l l if le in various stock sites over the  range in depth down to 22 ,000 l’eet . Wire
rope supports i ts  own weight to 18 ,000 feet wi th  a sa f e t ~ f ’aetor  of three , Thus , it  mi ght

- -
- 

he employed down to about I 5 ,000 feet if ’ a ll possible pr ecaut ions are taken. Synt he t i c
tin es are almost indep en dent of depth.

Greater depths can be achieved Ii steel rope , p rovid ed tha -~ sui table lengths  of - -

increasing si/ es are spliced tog eth er. App endix  A g ives  an example  of the ca lculat ions.

~~ ::. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— — — - - .— — .
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DYNAMIC L O A l) ING

An accurate predictio n of dynamic  loading on a I it ’t l ine is beyond the cur ren t
- 

, s ta te—of—the—ar t ,  hut  it is possible to understand the ingredients  of ’ the problem and to
develop a partly numerical  and partly i n t u i t i v e  feel for their  e f fec t s .  ‘Fh~’ 1.ig redi ent s  of

‘ tile problem are what  happens at the top of th e  l in e , what  h app em i s to t lie l in e i t s elf , and
what  happens to t h e  load on the lower cu d.

Forcing Function

Problems originate at t lie u pper end of t lie Ii f ’t l in e . whem’e forced vertical
oscillation is imposed. l’his oscillation is predicta b le only as p r ob ab i l i ty  d i s t r i b u t ions
of ’ d isplacen ients , velocities , am ltl aeeel erat ions.

‘[lie wave energy spectrum can be derived for  soecified we ather  condi t ions  at
sea. it is also possible to calculate a response operator tha t  converts a wave motion
spectrum to a vessel motion spectrum if v essel eiia r actt ’r is ht ’s and heading are known .
Approximat ions  exist in every step of ’ the calculat io n s , h tml  ( ‘or reasonabl y f a i r  weal her
tile results will  l)e su f f ic ient ly  aectir at e for  ti l e mission. Tim e geometry of the boom t i p ’s
location wi th  respect to the vessel ’s ce nter  ol mass then ~m elds  the  m imo t  ion spectrum of
t h e  t ipper end of the line. Appendix 13 is an example.

Figure 5 i l lus t ra tes  the s ta t is t ic a l  nat t ire  ol ’ ocea n wa s t ’s. It should not he con-
strued to he a list of ’ safety f ’actors for operational  use . hut  merely ,I table of ’ odds. l’lie
hig hest wave in a week could occur at any  t ime.
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Resona mice

If aim obj ect on the end of a line is pulled down and then released , t h e  ex t ra  St retc h
put in t o  the line will make the object bob up am id down brief ly,  l ike a weight hangin g On
time end of ’ a spring. ‘lime f requency of ’ t h is motio n is called the  f ’undaim m em it a l  resonant
ireq uen .’ . or nat ura l f ’req uency. ‘l’he vertical m otions of ’ t lie ho om m i t ip  send waves of ’

a l t e rna t ing  tension am id rela xat ion pr opag al ing down the line in exact l y  time same manner
t h a t  sound waves prop agate t h roug h air  as waves oh ’ a l t e rna t ing  compression and exp a mm si o l m.
I ’hus , the speed at whic h t l i sturh anc es propa gate up am i d down time l ine is known as the
speed of sound for time line. If t lie f requen cy of the hooimm lip nm ot ion is the same or nearly

lie same as t lie natural  f ’requency of the line , time l ine will  t ran smi t  en ergy f ’r ommm t lie h oo m m m
t ip  to time object at t i m e lower end. The object will  then oscillat e up and down w i t  I m muie re a s —
ins ampl i tude  ei ther  un t i l  water  resistance dissipates stored energy as fast as energ y is
added at the surh ’ace , or t tn t i l  the line parts.

The natural  frequency depends on t lie len gth of ’ t im e l ine , time t lmick iws s of t ime l ine.
t u e  type of material of ’ which it is made , auitl the type of ’ com i struct i on.  ‘I ’he springiness of
a li m i e is a f fec ted , just  as its s t rem i gt h is , by t ime type of construct  iou . conventional rope ‘ -

laid , braided , or uni l ine (b undled parall e l Fibers ) . ‘l ’hm e um io st in ipor tam i t  d i f ’le remice , h owever .
is in time type of ’ material ,  Timre e typ es must he dis f im i g u is i me d .

Steel cable has the st i f fes t  e las t i c i ty ,  as well as time great est s t rength  for  a g iv em i
price. It h a s  t ime disadvantage , however , tha t  it is s-cry h eavy ,  even in water .  A cable must
carry its own weig ht as well as tim e weight of the object b eiumg I if ’ted , a nd must he sit ed
accordingly. ,~ ll of t h i s  um ia ss cam i resonate. For a thee p l if t  wi t  hi an am ple saf ’et y factor .
t h e mass of ’ the cable is more significant tham i t u e  mass of the obj ect .

Keviar cable . vi r tual ly  as strong as a steel cable of ’ equal diameter , has at ) Ottt im ali ’

time st i f t ’miess in tension (modulus of e las t ic i ty )  as a steel cable , i ts weig h t in water is not
a problem , even for a deep lift , h t m t  i ts mass is s igm i if i eant .

Figure 6 il lustrates the ela stic properties of sleel and Kev lar cable. h 3 o th m obey
I looke ’s Law , wimic hi states tha t  iii an elastic mat erial , str a im i is pro p ortiom ia l to stress.
With in  time elastic l imits of ’ each, slress is proportional to st r a in ~ te m i si on—p er—u ti i t —ol—c r o ss —
sectional—area is proportiommal to fract ional  elongatiom i. Th is proportional constant  is on
th e order of ’ 20 million psi tor steel cable , 12.5 mill ion psi for a s peci a l l y — mmm a mmu fae t t mm ’ ed
K~’vlar 49 cable stic lm as time Remot e t in u m i ann e d Work Syst em ( R I . IWS ) pri m m ia ry t e thm e r ,
and Q_ 7 u m i i l l ion psi f’or of ’t~t iie — shcl f K evlar 29 cable. These numbers are only approxi m at e .
and must he expected to vary du r im i g time service h if ’e of ’ a cable as well as t ’ro m m i one mm m a m i u—
facturer to anot imer au th frot ii batcim to batch.

Polyester ut iii i i ie does not qt i i te coum ’iply wit  Ii ilooke ’s La w. ‘lime te u msile modulus
of elasticity gradually decreases from about 850,000 psi at lit) load to 400,000 psi at a
load equal to half ’ time u l t im n a fe  tensile str em igth .

Nylon does not comply wi th  I looke ’s Law at all , whm e t l mer  rope—laid , braid ed , or
uni l im ie .  N e i th ie r  does rop e—laid polyester (see l’igtire 7) . Thm ese lines stret ch s-cry ea sily at
first , and t h e n  graduall y stif ’f’en as time load increases. ‘this h eim avior  h a s  im p or ta u mt  co n—

~~ uences im i predictin g time not ura l freq tt eul cy.
Figure 8 sh ows time n a t tm ra i  periods of ’ various types of lif t  lines , based on 20 ,000

feet of length. The indepem ident variable is t ime s a f e ty  factor: the rat io of breaking
strengt h to time s tat ic we igh it of ’ t ime object pltis suspei ided line . For t h e  sym i t  het ic h u e s ,
timi s safety factor i s c ommm pu t c d of t h e  tipper end. ‘l ’ime steel cable is ~‘o mif iuitu o r i sI ~ tap ered :
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therefore , the safety factor is constant t’ro imi top to bottom. Subsequent t’igtmres will  siiosv
how the natural  period varies with lengths ot’ l imie fro m tero to 20,000 feet.

Nylon , of ’ whatever t’ortn . pcr f ’ornis very well iii a 20 ,000— f’oot line. (~e natural
fr equency is very how , correspondin g to periods of froiim 35 secoimds to over oiw minute .
‘time mia tura l t re shtmen cy depends on the met h od of ’ comistruction , hut  the sat’ety factor
m atters very l i t t le .
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A 20 ,000-foot Iength i of ’ Kev lar cable may cause trouble. Its natural frequency is ii)

t ime range of ’ wave excitation. The f’requ emicy depends strongly on the safety factor , however.
As time safety factor is increased , the natural frequency of ’ the stronger cable will also
imicrease. This behavior is characteristic of ’ elastic systems. It should he noted , h owever ,
tha t  reduction of the sat ’ety factor to reduce deep resonance is ineffective. A weaker cable
will mne rely resonate at a shallower depth. Th is paradox is discussed by example in
zipp e m i di x C.

A 20,000-t’oot tapered or stepped steel cable may also become resonant. Such) an
extremely long cable has its natural frequency in the range of ’ maximum wave energy for
sc.I s ta tes  3 to 5. Ini t ial ly,  t h e  curve parallels that for Kev lar : as the safety factor increases ,
5 t h ’ tes the natura l t’requency. But the curve reverses direction at a safety f’actor of about
t i se .  Further increase s in the safety factor result in ~i cable so massive that its natural
tre (~Ime ncy decreases.

hgure 9 is a graph of resonance in tapered steel cables ot’ am iy length , showing t h e
resonant period corresponding to the length for a variety of safety factors ranging from

h ’ - - to ten. ( I n  t’igures 9 th iroug h I I , the safety factor is held constant for all lengths of ’
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line. ,‘~s t he le m i gt ii Is imiercase d , a nd t u e  weig h t  im i wa ter  of time h u e  increases , the weig h t of
r h ’  & ‘) , ‘ ‘

~ ‘n t h e  end is decreased b~ th e  5011k’ : I !DOtI f l t .  )*

I ic um L ’ i i )  is  a s i i i n l a m  gr api t  f o r  kev lar 2- rn - I cable. kevla r  is u m i uchm m ore practi cal
tha n \ t e , ’I ~‘aH~’ h a tiei ’ l’  l i f t ,  I t  i~ ~ 

- t ImiR ’ s st ronger in FL ’latI (m It )  i ts weight in wafer .
h u t  t h e  na tur a l l r e ( l u e i m L ’s i s  a f u n c t i o n  of th e  s a I , - t ~ fa c t o r  as well ,ms l i m e length of  th e
l ine .  I - or lm f ’t s t romm i  1 0.000 f ’eet a n d heloss . t h i , ’ no t  t i r al t ’req tiei iey correspomids to ti le I re—
&pmenc ~ band in wh i ch  most of t ime wav e enL ’r ~~ us c om iee m i tr a t ed I’or sea states 3 to 5, () m i hy
f or  len gths  of 6.000 feet or less w i t h  .m s , i f e t ~ ta Ll  ‘i of 10 and 2 .000 feet  svi th a s a f e t y
1oct 1 1 of t hmr t ’e ) m~ the  r eson ant per iod I t )  st’coii ) ls i l l ’ less ,

Fi li a l l y . f i g t m r e  I I presents co m im parabl e  da t a  f or var i ous  f o r m s of ’ nylon - t h ree—
strand mar in e  toss l i ne , ,~— mn — I , and ummi li ime , Saf el  ~ t , i c t o r s  ra m ige f ro m thr ee to te n , htm l
make a lm im o s t  mm t l i f f e r e m l L -e in the  r e sonam it period. As t i me  weig h t and mass of t h e  object
s a rv .  t h e  m m m d u l t m s  of e l a s t i c i t y  of t ime  l ine ( and therefore  t h e  spri m i g eon st am it  . wh ic h in
this  case is riot  a co m i s tamm t ) varies a l r m tos t  in direct pr oport iou . I t ’ it  has been de t e rm ni m ie d
that  the dam igerou s ss ase energy will be e on ee m i t r a t e t l  at  periods of ’ from 3.0 t o 12.0
seconds . t i gt i r e  I i  I nd Ica t e s  tha t  sale lengths  of mm y l om i l in e are 1 .250 feet and over for  

- 
-

t h i r ee — st i Intl  m ar ine  tow lmn e .  I . “~00 feet  ari d over f o r  - im m — I , am i d 2 ,750 t ’eet and over f ’or
t i i i i l i t i e.

() m ie conc lusiom i tha t  might  be d rawn  is t h a t  a deep l i f t  might  best be made in two
stages. i h e  oht e et  m i i ig l i t  f ’irst he raised to a point mi c ar t h e  surface svi tl i  a sy n t h e t i c  l ine ,
Time mu ore elastic t ime l in e . t h e  closer the object could be bro ught  to th ~ surface wi thou t
da nger. * *

Dynamic Loading

I hic weight tn water  of the  object , plus the weigh t in svater of th e lin e , is wha t  - 1
de te r m im ies  time s a f e t y  factor for th e l i f t .  However , t h e  resonam it frequency of t h e  sy s tem u
depe n ds omm t h e o l vm iam m c  mass of t h e  object .  This has three  eonipon emits :

• The u n -ass of t u e  object i tself ’ is proport ional  to its weight  in air , not its weight
in wate r.

• Time object is flooded , and h a s  a com i t a imied mass propor tional to t u e  volume of
contaimied water .

• I’here is an added muas s effect , external  to the object.

As the object is accelerated . t u e  wa te r  aro umi r l  it is al so accelerated , mak ing  way
torward of t u e  object and closing imi be l mi nol .  An e \t  ra fo rce  is required , beyond t h e  force
requir ed for the sam n e acec h o’ra tmo n in a v a c i m o i m u ,  lime e ec t  i~ as if ’ a cer t a im i  body of ’ water .
called the added mass , were a t tached to the  object  an d aeeeher a t im i g  wi t  hi it .  l’lie object
seems more massive th~im i i t  reall y is , it  it is bobbing up and down on an elastic h im i e . it 

) 
-

*As an example of how this  mig ht he emp loyed , suppose that  after t oueca sti ng r u e  weather amid sea state
it appears there will he no dangerous wave energy with periods of ’ 3 ,0 seconds or less, Referring to
figure 0 , it mnay be seemm that  for lengths ot 10 ,500 feet or hess and a sa t e t s  ta c tor  of 10 . oi 5 .000 feet —

or less and a safety factor  of ’ three . the res onam it period is 3,0 seconds oi less,
**Withm nylon 2-m n - i  line , a safe dept h mig h it he 2 ,500 led - TIm e l oad ~‘(l(I Id t hm em i he tra ns$ ’eu ue d i o a st cel

‘ahhe I t ’i t iie t’mii :11 stage of t ’ ~‘t 15dI  ~ , Not &‘ , howevel , iii at spi m L m u g steel end ‘t o—eu md wit ii nv ion dues
m in t sols e t lie ~~l oh 1cm , SI l l  ~‘c m lie i esonami cc will  s t i l l  occur in I t ie ii Ion ss-hi en I t s  ie mig m Ii eaciR ’s I h at
noted iii I dI l l  e I i .
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vibrates at a lower frequ emicy t h mam i  it would vibra te  in air. An exampl e of ’ this is presemited
as app em’i di ~ 1) . I: igt ire 12 presents curves for t Ime calculation of added mass coeft ’i cie n ts
and reference s-olu mn es.
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Figure 1 2. Added mass coeffic ients amid ret ’erence volu m es.

OTHER CONSIDERATIONS 
-

‘

Fatigue life is an important  consideration , particularl y I’or deep lift s r e(ht iir in~ a
nu m ber of ’ hours. An init ially am ple safety t’actor may degrade rapidly with time , due to
internal abrasion of the cable. Tests have shown that  wet, three-strand nylon will only
survive about 600 cycles of loading to 60 percent of ’ ini t ia l  br eaking strength. If th e
average wave period is 6 secomids , there are 600 waves in one hour.

Allowance must also he made for loss ot’ strength at splices and ter m inations. It ’
properly done . th ese should be as strong as the line itself ’, hut in practice th ey may he
only about 80 percent et’tl ci ent . Also , some synthet ic  lines, miv lon in particular , lose
between 5 and 20 percent of t im eir dry strength when wet.

Another peculiarity is rotation , particu larly of ’ wire rope. This is really t h r e e
problems in one. l’he tendency of wire rope to rotate is a problem in many applications . - 

-
and special ropes are available which will exert a m u ini tu al  torque on a suspended load. H
I-however , these ropes will still rotate if allowed to do so. and wil l  lose a considerab le
am ount of strength in the process. Tests OR 1 1 -‘4-inch diameter . 8 X 1 nonrotating wire

18
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ro pe showed losses in strength of 25— 30 percent when the load end was free to spin. In
com imparative tests , regular-lay, six-strand wire rope rotated much mnore wile m ) the end was
t’ree to turn , hut  its s trength increased slightly.

Wire ropes must not be allowed to go slack after lif ’t ing or setting down a suspended
load it ’ time cuid of ’ the rope is fixed from rotating. There is acute dam iger of ’ a kink or a
hirdcag e forming, either of which will significantly reduce the str ength of the line. Syn-
thetic lines with braided or bundled con structiom i are specially manufac tured  to avoid
pro b lem ims of rotation and kinking.

One final caution must he observed when a safety factor is to be determined .
Estimation of ’ time s tat ic load itself is dift icult , part icularly it ’ tI m e object mi i ay be partl y
or f’u lly flooded or tilled with sediment.

A lifting line under tension has stretc h ed and stored a great deal of em me rg \ . If
it breaks , this energy is a haiard to mcmi and equipm n ent  at time surface. Nylon and
sitn ilar h u e s  may more readily handle d ynamic loads because of their vastly greater
energy storage capacity. If they do bre ak , however , time danger is increased in time same
proportion.

~Vhen nylon and polyester h it ’t ing h u e s  fi rs t came into general use , there was
serious concern about the energy stored during hreako omt of the object from n the sedi-
m im ent. It was feared that the object would he catapulted far from tIm e bottom . t h at tI me
line would go slack , and that the subsequent jerk as the line came taut again would part
the line or tear loose the object. However , this has not been a mnajor problem t h us far.

— Similarly, time dynamic loads resultim ig from the suddem starting am mol stopping of
the winch are not generally a problem. A substantial effect occurs , however . it ’ the line
is near a resonam it point.

Dynamic loadim ig would he a much less serious problem if a constant-tension
winch could be developed. Computer studies at the Naval Civil Engine ering Laboratory 

- ‘(reference 4) indicate that  a winch whic h would accommodate line oscillations with a dis- . 
-

placement of plus or minus nine feet, a velocity ot’ plus or minus seven t’eet per second ,
and an acceleration of plus or minus 1/4 g would he adequate for use in sea state four
omi ocean-going tugs and salvage ships. These values are consistetit wi th  those in t h e
table in appendix B.

Costs

Table 3 offers a comparison of ’ tile costs of various types of l it ’t i ng lines iu 1978
dollars. The cost indices can be used with a fair degree of accuracy in determining the
cost of lines ranging from 1/ 2  inch in diameter up to time m aximum mi diamet er produced - 

-

by a given manufacturer. For instance , if 20,000 feet o f - a  2-imi- l miy lon h im ie are desired
with a breaking strength of 120 ,000 pounds , the cost of the line would he , approxi m ately:

3.3(l0~~)(20 ,000)( l20 ,000) $79 ,200

Samson quotes their 2-inch-diameter line (breaking strem igth equals ( 3  i .000 pounds) at
$3.87 per foot , or $77 ,400.

An important point to remember is th at althoug h time cost index of wire is low
• comnpared to the synthetics , the weight of tile suspended wire mnu st he added to time

weight of the load being lifted to determine time required breaking strength.
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[lie use of ’ dr i l l  ~t rmm mgs to perform liea ~ s l i f t s  m u m t ime  o cea um has been eo mms t d er e d since
t l m e first o ee. t mi —g oi t l g rigs appeared m u t im e  la te  f ’i I ’t I L ’S , Iii a report issued iii  I ~)6~

) I r e te rem meL ’ 5 1.
\( ‘ I - 1. mmo ~ ( ‘ i - L comiclu ded fro m a c o ul lp re h l e mms i vL ’ ana ly s i s  of s lmi p am id pipe LI v t l a mml i cs , am id
of v a rious cost amid operat i omia l  cot is ider a tiom is . t h a t  t h e  most feasible s ste in for  h if ’t im i g am i d
r a i s tm mg I oad~ of I 00 am id 600 toIl s in 6,000 f ’eet of w a te r  was through time use of dr i l l  s t r im i gs
mounted on spec~at tlo’ating p lat forms or dri ll ships. More recenth’ , the (U , OM AR
I’ X P L O R L R was gi~ L’f l  t ime de s igmm capa b i l i t y  of raising o~ er 4.000 toi l s f ’ro mim d ep f i ms
c x cced m m ’ig I ‘.OOO t’eet. A h t imoug h i  d r t l h  ships . dr i h l  barges . amid semlm i—subi11L ’m’s ihles could
a ll be used fo r  direct l tf ’t . om il v d r i l l  sh ips Im.u ~ L’ b ee um invest igated to ati s  L’’S t C f l t  for t im e
presem mt stud s - because of t h eir immimerem i t mnob i h i t s  am id t lie ah i l i t s  of sonic to pos It ion t l mem i i—
selves d vt ma t l l lL ’a ll v , Dv m i ammmi c st J t  ionke cp i m m g h a s  proved to be niore practical t i m a m i  deep-
ocean m il o o rm i m g for a s hm or t— t er um i  op erat iom i .  Only one sc m m mi — su h m ne r s i bhe  dr i l l  rig. t h e  SI I)( ’ )
~~~ h a s  a dv m ma m mm ic  posi t iom l in g capabi l i t y .  No dri l l  barges do ,

10 Al) C AP ..~Bh LIlY

Wit h the exception of tIme ( ; [o \ t -~R i Xp U ) R h :R . tIme rat ed load l i f t i ng  c apab i h i t s
of most drill  simi p s amid semn i—su bm ne rsi hh e dr i l l  pl at f ’orm mms of interest  for liea ~ l i f t  oper at i o mms
us in tIme ram ige of 500 to (‘i(sS short tom i s. T lmis is t ime gross l i f t ing  capa b i l i t y  on deck. TIme
weig h t  of ’ t lie d r i l l  s tr im iiz  must  be sub t rac ted  to o h ta i m m time miet l if ’t i r i g  capab ility as a func t i o n
of dept h .  h u m a dd mtio mi . the we ig imt of time co mi m m ect iom i to time oI~;ect m ml ust he sub tracted iii
de te rnmim m im m g tI m e mi ma x imum im weig h t of tim e obj ect to be h if ’t ed . hIe catu se of ’ the i r  si/c and
s t a h t l u t )  . t ime I it ’t im ig  capacity of time larger drill  simi ps is not seriousl y altered i i i weat im er as
bad as sea state f i v e  . Also , sh ock absorbers (called bumper stub s) lm a ~ e h~cmi p rovid ed to
reduce th e eft ’ects ot’ vessel mot ion s on the suspended pipe string s , and rubb er pipe pro- - 

-

tect ors are used by the G h O M A R  ( ‘i l , .~l l FNGI R to dampen vibt’ at ious iii t im e dril l  string ,
io r  deep oper ati otm s , time net l i f t  capahi h i t v  of ’ dri l l  sh ips ramm ges from 50 tons at

20.000 t’cet f ’or tIme ALCOA Sh : ,~l)ROBi ; to 4,250 tons at I ~.000 feet for t ime Gl , O\I ..~ R
i~XP L O R i- .R . A LCOA S l - ,-~P ROBI’ h a s  a 500 -tom m derrick but  is l im m mited  bs a draw works
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~ a f t a ~~i t \ t i t ’ 
~~0 tol ls , She h a s  a net  L’ ap ab ih I t \  of ’ 233 t Ons iii .000 fee t  of ~ a t e r . 2 0() toi l s

in (~.OU() fee t  ( it water , and 50 t o l l s  in 0.000 f e e t  of ~ aid . . -\t pres em mi . hi t i ~ ~~ eu , s h e  i s

o u t f i t t e d  ~% i t lt onl ~ (‘ u m o u g h u  pipe to re aL’I m ~
)
~~5O f~ct.  (‘lie G1U \1 A R I - X P L O R I - R  uses a

st epp ed d r i l l  s t r I n g  of s i \  d i f f e r e n t  pipe d i a m m u e t e r s  r a u i g i umg  I u’oumi I 2 ,~ 5 to 1 5 . 5  inches f o r
u m m a x i m n u m m i  l e um gt l m  ut  I 7 , 3o3 f e e t .  F igure 13 i nd i ca t e s  (t ow tIme  miet  l i t t i u i g  c a l ) a b ih i t y  ~ t
LO\l -\R I - X P1 , OR I -  R varies wi th  d e p t h ,

M A X I MUM PA YL OAD
HANDLING CAPABILITY (lbs x 106)

0 2 4 6 8 10 12 14 16 18
0 ~ I I I~~~

I
1 ,000 LIMITo FHL T~~~ 1

2 ,000~ 
@ 3000 psi

3,000 ’ !

/ LIMIT OF PIPE
4 ,000 - /~ •

‘
~~~

“

PAYLOAD ON

5,000 E N D  OF PIP E

6,000

7 ,000’

8.000’
DEPTH

LU 9,000 

10,000’

11 ,000’

12,000’

13 ,000•

14 ,000 •

15 ,000~
16,000’

17,000-

PIPE STRING

MATL : 4330V MOD (GUN BARREL STL)
YLD: 150 - 165 KS1
ti LT: 160 - 175 KSI
ALLOW TENSILE STR: 106 KSI

• STOWED IN 60 FT DOUBLES

Figure 13. ( LOMAR FXPLOR FR pipe static l i i i  cap~h tI t tv  (Ic p ui ut ed
wi tim p e rummiss iou m h romm m reference 6) .
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l I m e mm cl l i f t  i’ . i p ab i l i t s  of ’ u n t i l  i m m e d i a t e  d r i l l  s h i p s  i m m t i s t  he ~.i l c u l a t e d  . -\ s a u u m p l e

~a l e u l a t i o u m  5 u m lel ided . ts  ap pe n i hix  I -

(‘OST OF OP1~RA I R ) N

a t i e t i e r , t t  ru le ,  t i m e  tas  r a t e  i i i  a ( t r I l l i n g  ,i -ssi ’ I  is a p p r o \ i u i m a t e l s  s l  ,2~~i )  to
\ l , 30() per u u i h h i o u m  do l l a r s  i i  c a p i t a l  i i i ~~i’ s t t l m e u l t  I l l  l iii ’ \ i ’ssL ’I . h o t  \ l  ( ( 1  \ ‘ l  ,- \ I ’R ( ) 13I
t h is is ~i , ’~O0 to Y’.OO() pe r L I a s .  (d  ( ) \ t , - \R I \ I ’ l O R I - k ,  r e p u t e d  to  iia ~~’ i i i ” t  . ih i i u t

~o5 ummi l l i o u m . should re u mt  f o r  ab o u t  ~S( i , U O() per ih , t ~ - ( t ot al ~% t a r i u m e  sh u ts oI t h e
(‘ li-U t I \ ; l - R cl. ’’~ ha~ c a das a t e  ot  ab ou t  520.000 . t h e  uie ~ P ~( i I - l (  Jass . ab ou t

(lit U.

Most d r i l l  sh ips hia ’.e ,t speed c a p a h i l i t s  i t t  ab out  I D  k u m o t s , I l m us . t tii ’v can he
expected to cru i se about  200 t o 2 50 u t l I l i ’s per da s and to r eq u t re  Il i u m  to t i~ c da~ s to

~i’t on site f o r  aim o p e m a t i o n  1 .000 u n i te s  t r o u t  thme i r  i n i t i a l  b eat iou , ( )nce on s i t e , mos t

dr i l l ship s can lofle r  pipe at  40 I i )  oD i’d per i l l i t i t i t i ’. wh ic h means  t h a t  ab o u t  seven
Imour s would he required to k~~ er 20 .000 t’eet of pipe st r i ng ,  l I me ( L( )M -\R I - X PL ( ) R l -  R
ouR lowers p ipe at six fee t  per m i l i u m u t i ’: t h i n s , .t I m l i n i l i m u t m i  of two  d.i~ s is requi r e d  to lower
1 .000 feet of pipe. G enera l ly ,  aim s o pera t ioum tim - a t  i~i.ies wel l  requir e s  about  t\s Ii w e e k s

or more of ’ o t t — s i Ic s h m i p 1 tum id .  l h c  i’Osf i t t ’ r en t  lug  a shi p alone fo r  a I wo— ~ ei’k operat  iou

~ ouId range from im about  SI  00.00() fo r  t t ie  \ l  ( ( ) \  Si APR ( ) l3l ’ to S I .2 u m mi l h ion  for t ime
(, L ( ) M A R  i- \PL OR F R. l i i i ’ t o ta l  cost of t i m e  operat ion wil l  he even c r e a m er  du e to tIme
cost of addi t i om m a l  pers onnel and eq tt i  p i m m eum t req (t i red ,

FIX EI )  -~N l)  V A R I A B L E  BU OYANCY

TIme l i te ra ture  on f ixed amid var ia b le  hu oya t i cv  includes a c om m f u sing var ie t y  of
immeasures of ef ’fect ive mm es s by w lm ie i m to eva lua t e  a f loat ,  l i m e b asi c  mime a sure is t i m e specif i c
i t e n s i t s  ( or  sp ec i f ic  g r a v i t y  ) of t ime f loat , re la t ive  to seawate r ,  ‘[he spec i f i c buoyan cy  is
time d i f f e r e n c e  be tween time spec i f i c  dens i t y  of seawater i tself  of u n i t y )  and t ime s pe c i f i c
de ns i t y  of ’ t he  f loat .  ‘l ’ime e t t , ’et i s  e dens i t y  of a fbo af is i ts  wei ght  per u ml i t  vo b u um me.  wh i le
its ef ’fe c t iv e  boos ane is i ts  boos a ime  per un i t  v o l um m me ,  l i m e  Ll is f l la eet n ent  fac tor  is t ime
inverse of the  speci fi c densit . or t ime d is p l acetm m em fl  of t Ime  f loat mum pounds per pound of
f loat ,  F i mm a l l y .  tIme huovat icy fac to r  is t ime  ui et  boos a u m e v  of t ime float per pound of ’ f loat .
I ’im ese ummea sures are sut u m i m ar i z ed  iim ta b le 4.

Materials  of Imis tor ica l  im i mpor t ammee  inc lude  wood , w i t h  an et ’t ’e e t i ve  b u ovaum ’y of
about  20 pound s per cubic t’oot for c oumstru e t i o mm I u mmmh er  and about  45 pounds i~er cuh ie
toot for  ha Isa wood, Time useftt l  opera 111mg 1e pt }m of wood Is l imi ted  tO al ) OLit  700 feet.
‘~\- o o t  becomes waterlogged \ e r  rapidly at such L l e p t h m s . eve n ml ’ pai nted ,

l ’ime buoyanc y im material  etm ip l oved in tIme t’irst umia tmued  i les eeimts was av i a t i o n
gasoline. ‘Fhme e f f e c t i v e  h u o v a u m e  of a sy s t e m  of t h is type is 10 to 20 pounds per cubic
foot.  Greater buo y ancy  is obta i um e d wi th  time ummore volati le and hazardous hydrocarbons.
Sucim au utmderse a b h im m mp is l imi ted  imi m ima t i euve rab ih i t v  and seaworthim ie ss . resu l t in g  j u l  a
sacrif ’iee of e ffective huoyaumey.

Li t lmiu m meta l , time l ig h test of t ime solid e l emm’ ue m i ts (specifi c d e u m s i t v  0.515 relative
to seawater ) h a s  heemm used , well-potted to prevem it chemical react ion w i t h  water .  The
effect ive buoyanc y,  after pre c a t ut i o um s have beem m t akem i . is 1 7 to 25 p out ids per cub ic
toot .  Time syu m tact ic  t’oa m b locks n ow a’.a i l ah le  are sa f e r  and less costl y,
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-l ablc 4. Buoyancy f ’ac ( ou’ s.

Symbol Name l ’orn iu la

- ,. - Float Weig ht in Air
p Specifi c Density p = — , - 

- -
S Weigh t of Water E)isp laced

B5 Spec ih ’ic Buoyancy B~ = I — i ~

neff Lf t e c i ive  Density 
~efI ’ = 64 p 5

Beft ’ Effec t ive Buoyancy Bet -f = 64 B5

F~ Displacement Factor F D =

P S

F B Buoyancy Factor F B = F D - I

RIGID SHELLS

A rigid shell containing air at atmospheric pressure can provide buoyammcy if it is
sufficiently light and strong. Such a shell is the most eonvem ’i ieu mt f’orm of float , since it
can also serve as a housing for equipment. The strongest shape for such a shell is the
sphere. Figure 14 is a plot of the collapse depth of a spherical shell as a function of ’ the - -

speci l’ic density and the buoyancy factor t’or a variety of m aterials.
Figure 14 applies to near-perf ’ect spheres. It carm be sh own tim - at  t ime collapse

pressure of a theoretically perfect sphere would he 1.44 times that for a near -perf ’eet
sphere. Even the strength implied by figure 14 , while attaiu i ah l e ium practice , cam im i ot be
guaranteed by qual i ty  assurance procedures. Theref ’ore . the calculations have heemi rum i
out to more than twice the deepest depth of the oceami so tim - at  a safety factor of ’ two or
more may be applied.

The collapse pressure of a sphere does not depend on the thickness or time
diameter , hut  only on th e ratio of the two. It is tlmeref ’ore a f’un ct i om i of the specif ’ic
density and independent of size. Each of ’ the curves for a specifi c mu aterial  iii figure 14
has a knee , although in some cases the ku mee is off the graph. For thinner  splmeres ( t h ose
below the knee ), buckling is time pert inent m ode of failure , ami d the um m odulus of ’ e last ici ty
(denoted by E) is the contro lliuig um m aterial property. For t h icker spheres ( t h ose above
the knee of the curve), coun pressive yie ldiu ig is time failure m ode , and time commipressive
yield strength (a) is time contro lling property.

Rib-stiffened cylinders are mmm cli more convenient t l ma n spimeres , a l t h ough uiot
as strong. Figure 1 5 is a plot similar to figure 14 , hut for cylinders , rep h otte d f ’rotn
reference 7. Again , an ample safety factor must he applied.

Characteristics of coin umie rcia lhy available sph eres are given iu m table S . , -\ cot mm-
parison of table 5 with  figure 14 sh ows that time (‘orning Pyrex splmere s are rated w i t h
a safety factor of 2.5 with respect to miear ly -p erf ’ect sph eres am i d 3.6 w i t h  respect to
perfect spheres.

23

•. .a,~~~~ t “a ’, - ,“ ‘ - __________ - ‘

- - - - ‘ -~~ —.-—-‘- - ‘—---‘ .— ‘~ 
“-“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘



________________________ 
_ _ _ _ _  ~~ ~~~~~~~~~~

- - .

BUOYANCY FACTOR (F B I
1 4 : 3 3  1 5  m o  0 6 1  04 3  025 0 1 1  0

_ _  _ _ _  _ _ _  _ _ _  liii— _ _ _  _ _ _  _ _ _  _ _ _

PY ROC ER AM
300 000 p si / FIBERGLASSI 11 3 10” ii’,~ - / / ,i 75 000 it s

6 4 —  —— 0u’ r icu t ~ 163 It, f t  - 

J / ~~~~~~~~
— — u ~ io’ ~Ot~ns, u~ m 30 l b i t ’

No 7740 GLASS (Pyu e~ t
- 300 000 ‘s

~~~ ~~~~~~ ~‘:‘;~ 
- / /

/7
/ _____ T I T AN I U M  

~ — / Z~~;,— 1’  ‘ -  ~ psi
)u ’,,~~t ’, 

~~~~~~~~~~ 
)i’n~~t s  

t
~~l t ~

_:,:;_
__~~

L__ _ _  _ _

~~~~~ 
~~~~~ 000

0 ’ 

~~~~~ v
s 1~~~~~ i

, ~~

0 1  0 .’ 03 O ’t 05 06 0.1 08 09 10
SPECIFIC DENSITY RELATIVE TO SEAWATER (Ps )

cii u e  1 4. i -st uu mm a t ei f  ‘ohi a psi’ di’ p m i m i i  sus spt’ ’iI ie Jeum si I amm d h ~i~’s .1 I I i ’S f a ct o i  t o t  u m e a u  —pci t e ’t spheres.
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I ) u , i i u uc ’u c ’, I )i~pI.uecuu i t ’iii ~
1,i ’ i g hum i1uu ,i ~ .uii i - I ) p e u am uuug

\ l , I l c i I t , k  t i u l e l  ( I u i i h t ~’s) Y~t .iii ’i ij l I - .ucmt ’ i  I - I )  ( f b I  (I S ) Depth i, t t )

t o  ( t.i~ 2 , ’” I I  22 .00(1

lk ’ utuh i c ’ s  I ( l. t ’ ,s 2 4 ’  I ’  2 ” 21 ,000
( ‘o u i i u u i g  I t ’  4. l .is ’. 2 o” 3() 4’’ 1$ 000
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SIN l ACTI C FO AM

S y m m t a c t u e  f ’oain is aum im ie r e as i umglv a t t t . i c t i ~ e l ou - t i m of ’ h t uov am ic y .  l’ht is is resin F ill ed

~ tt hu I mm t ~’r oscopic p lass ~pIue r cs , Time t e m u m u  ‘‘ s v u m t . i c l  Ic ’’ is a im i’\a ~’~’e u’ a t i o ul :  i t  is ue la t e d  to
“ss m i t a x ” amid impli e s aim omdered a i ’ r a m ig emm l e m mt  of ’ t Ime spheres , l i ke a t o m i m s  Il .i c ry st a l  l a t t i c e ,
In r ea f i t s  . t im e spi me i ’es am ’e um o t  of t i u m i l ’o r um m s i /c am i d are r a m i d o u m m l s  packed , l i me t e u m m m . t h u e t m ,
e~ h~u csscs a i m  ide al ,  ‘

Ss u m t a c l i c  f ’o a i m m  is a ~erv sa te  u i m a l e r i . i l  ~ i t h m  wh ic h to work,  II  does u mot  in f a c t
co ll apse at  i I s so— called collapse dept li , ~- ehI be y o m md i t s  r ated s c m\  i i i ’ dept Ii . Its co llapse
dep t lm is m m m e r clv  t h e  dept  h i .it w l i i L ’hm t h e t i ’ru or at  ion s t i i l . , c c  L’u ’ack iulg amid wate m’ ho gg ing
is s igu m ih i caumt  a f t e r  a few h ours of e\posure. l Ime i m m a i m t u h ’act ur i’r ’s m ated se r v i ce d ept  ii is
f l u e ~l epl lu  at  wtu k’iu dct t ’r i or a l u o um is ess cmu i ahly /ero on .m t ime  scale of ’ hu uu m d u’i’ds of ’ iu o i im ’s .
l Ime t rue  I i u m m i t i m m g  ~I e p t l m of ’ a pal ’IiL ’u l am’ loam c au m o imh v  he i h e te t ’ tmm mum ed hs t Ime  user , based
on the type amid dtu ratio um of thm ~’ m ission , For ~‘~ a m m m p h e , 0mm a briel ’, o m m e — t i u m m e . d o w i m — a m i d —
up umm is siom m , sy mm tac t  Ic l’oam m m could perhm a ps f t c  tak eum to or he yomid i t s  r a ted  collapse dept Ii
wi t l m  umo L h a t m g e r.

Figure h~ d ispla ss  t lie I - mmm er sou i  & ( ‘t u u i m i u i g  c o m m m p a u m v ’s r a t cih service dept  hi ers tus
i t c i m s i t  s for f o u r grades am id I we ights  of ’ s t m t a c t i c  f o a m .  l I m e  f i r s t  grade developed for
Full service. h ’( , weig h s j nsf ove r 34 i ouuui ds  per cu b i c too t  whe n rated for 20 .000 feet ,
Flm c superior grade , I -  I , weigims jtust tinder 3 poum i ds f ’om’ t i m e  s a m i m e  com i di t  iot i , I - X weighs
2~
) pounds , amid l’( . t ime  best grade . 2 ’  pou nds I’d ’ cubi c foot  at 10,00() feet scr s ice dept  Ii .

Figure 17 presents the  sam e da t a  rc .urm’amiged as a f ’uum m ~’t i o tm of ’ p rice iii dollars pci
itti tui m si of’ liuoyaum~’y. I’iie uppe i’ p air oh ’ t ’t if lcs refers to the  two s f a m u t h a r t l  grades of I’oamm m .
I- ( ; .itmd F 1.. Ike curious kt m ee iii both cur s ~~ is t Im e r e sult of ’ the  u m m a m i u i f a ~’t t i l e r ’s pr i c imm g
poli cy . lum hot Ii grades . tIme least c\pdmlsivc foaumi is t hm e oume w e i ghmi m mg 34 poumuid s per cub ic
loot.  Bot h t ighmt e r  amid heavier w~’tghm fs are sigumi f ica u t lv m mmor e e\ p em i si~ e. l Im e o t h er curv e .
1mm t I me lower rig h t corner of t I m e  f i g u r e , shi o~ s the  two  p u ’ e u mm i i i m i i  grades of ’ foa m pi ’ogri’ss-
iu ig both in cost a mm d service dept im as t lie ~I eu i s i t v  i i m c u i ’asi ’s,
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VARIABLE BUOYANCY

~‘ariable ht moyam i cy ca um h)e ob taimmed in f o u r  ways: b y co i t mhiumi um g ballas t w i t h  f ’ixed
b uoy aum cy :  b y floodiuig amid dew ateri um g a pressure—res ist aumt shell : b y blowing a rigid po umtooum
or ballast tami k wit im a commipressed gas~ and by imm il at i t ig a f l ex i b le  pontoon.

A imy of ’ the f’ixed buoyancy devices described in tIme precediu m g section c aum be coum-
verted in to  a variable buoyancy systeni by the additio n of droppab le ballast. Iromi slmot
carried iii a iiopper has proved to be ecou iotm iical , e f f ic ien t  (Ps = 7 .66 (‘or iron , relat ive to
seawater) , and t’aih sa f’e. An electromagnet wound around the bot tom open hu mg of t Ime hoppem’
will , as b u g  as it is energized , prevent time shot t’roun lahl i um g out.

A l t e r n a t e l y ,  a pressure-re sistant shell in the f’orm of a sphere (figure 14) or rib-
st iffened cy linder ( figure I S )  may be used as a i)alhast ta iik. TIme tank is filled wi t h  a
specified anmount  of ’ water to make it neutrally buoyant  at the surface. The ballast water
is then p Lunm mpe d out at depth to produce the required bu oyancy.  This is illustr ated in
appe n mdix F.

Pontoons are lightweight , unpressurize d gas tanks or gas bags conta ining air or
sonic oth er gas at ambi eui t pressure. As the  pontoon rises amid time amb ien t  pressure drops .
excess gas is bled oft’ through a low-pressure relief valve or a short st andpipe below t Im e
pontoon.

Pontoons may be either t’lexihle or rigid. Sunall pontoons , up to 10 tons of ’
buoyancy,  cau i he fabricated of rubberized fabric for ease of ’ storage amid Imandlimig.
Larger pontoons are more conveniently fiubr icate d of steel plate than of ’ cloth. h i  t ime
future , imaginat ive use m i g ht he made of ’ oth er rigid materials  such as reinforced plastic,
or evemi reinforced concrete.

Table 6 compares the advantages and disadvantages of rigid shell pontoons.

‘Fable 6, Advaumtages amid di sadvaumtage s of rigid pontoons.

Advantages Disadvantage s

Ease of fabrication Cumbersome to store and handle
Flex ibility of shape Some materials need corrosion protection
Low cost Sensitive to impact

Ancillary equip m ent ca n he h-leavier th man flexible shell pontoons
easily attached

Pontoo n may be compartmentali zed Will not withstand negative pressure
Pontoon volu me does not vary with

pressure
Easily ri gged
Easi ly repaired or modified at sea

I mpervious to gas permeation
High abrasion and puncture resistance
Large range of pressures available

(with acc oum mpa ny ing weight increases)

2Q
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In the fiu ial analysis , imow ever , it will  be miecessary to examine the choice of a
flexible or rigid pont000 troni a systems point ot view. In a deep—ocean recovery sy ste m ,
it u mmay not he co ni veu m ient  tha t  the pom itoon be a sitmmp le hag or taumk wit h a sttm gle lit t po ium t
amid a single poiui t of’ attach meumt , It un ay be desirable t h a t  time p ou mto ou m imicor po r at e a
large mechanmismmi to solidly grapple t h e  object being recovered , It mm iay also be advanta geou s - -

that the pontoon incorporate a complex assembly of’ gas gemieratim ig eqluiprm ieui t wit ii
associated control n iechanisuns , batteries , telemetry equipment . pingers and beacons. ‘F ime
pr imicipa l advau it age of a rigid shell poumtoo ui is t ha t  all these related devices cau i be imm cor-
porated into time structure. While the thi u m walls of tIme pontooui will be susceptible to
damage dur imig rough water dep h u -ynme ui t . time um i a i n disadvam itages of a rigud pontoon wi l l
probably be that its size and wei gh t  preclude air l i f ’t. For example , t im e Large Object Sa l vage
System (LOSS) pontoon has a net capacity of ’ 100 tons and a dry weight of ’ 80 tons.

0mm the oth er hand , the complex nm ec ii amiisms req tu ired t’or a deep-oceamm recovery
operatioum nm i gh m t all he incorporated into a large amid re m ote ly - coumtro hl ed  veh icle. St u c h m a
vehicle , however , may require various amounts of ’ auxil iary buoyanc y tor l i f t i n g  large
objects such as au aircraft.  A tiexib le , air-capable pom itoon would he a nec essary a dj i um i c t
to such a system , part ic u larly if the vc t mic l e  itself were desig umed f or  air  t ransport .

Table 7 (reference 8) provides the j~ar ameters of a range of si/es of f l cx m h te  pout Oofl,
Time pomitoons are si um mi l ar  to the teardrop—s lmaped , I 0—t om i amid I .5 -toum u uni ts  f ’abr icated fr o m m m
Neoprene-coated Kevl ar f ’abric t’or time Naval Oceami Systems Center by time B. I: . Goodrich
Cornpaui y iui fiscal years 1975 amid 1976. Time values i um t ime table are ro tunded.  b ut di ui ie m ’i—
sioul s and stresses are accurate within plus or uni n us  two percemmt : wei ght wit l i imi p lt u s or
ui iinus five percent.

Table 7 shows that a flexible pouitooui providiuig 50 b u g  tons of huoya uic v at the
surface could be constructed from Kev lar fabric. Time lmei gl mt would be 19 t’eet , time diaumm-
eter just under 15 feet , and the total assemiihled weight (wi t h  a saf ’ety  I’acto r of I’ive),
1 ,000 pou umds: all values well wi thin  reason.

Problenis have been experieu m ced dur ing recovery operatio u is iii whic im a po umt oon
and suspended object have been allowed to couiie to time surface wi t h  too u m i uchm speed or
monientum. The pontoon has broach ed , vented an excess of air , and suuik back to time , 

-

bottom. The problems here are complex , alt h ough open to au m alysis amid solution thmrou gh
a study of system dynamics. These unfortummate occurrences . whic lm have imivolved bot h
hard and soft pontoons , do not invalidate the concept of pontoons or preclude t h eir USC
in salvage work. If a pontoon is allowed to broach , the pressure differemit ial  iumsi dc umu st
be sufficient to keep the pontoon filled with air as it settles agaiti imito time water , A pomi -
toon that is merely open at the bottom or has a stand pipe a foot or two imm length does
not develop a safe pressure differential. SLuch a pontoon is safe in a carefully controlled
ascent , hut not otherwise. On the other hand , a soft pontoon wit l m an adj us t a bk ’  relief ’
valve has been tested with pert ’ect saf ’ety under extreme comiditioums (ref ’erence 9) .

Table 7 . Lit ’t h ag parameters.

Lift Diam- Bead Fabric Loading Bag Total Ratio
Capacity Heig ht eter Dia lb. / in , max. Weight Assy Wt , Li I ’m (‘ap.

(Long Tons) In , In. In , Longtitudina l h oop lbs. lbs. ToWt ,

5 107 81 12 350 110 80 120
10 136 102 I S 540 155 140 220 109

25 182 137 2 1 975 270 29 S 500 I I I

_ _ _ _ _ _ _  
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BUOYANCY (;ASES

I t i .  p - u i’  ~~. ~- t u ~ m i dus , ii’,~~’d hj i d  .mn d ‘.~ I I l ) o u i t o O u l S  wi t h o u t t t m e u u l u o u i n u g  how
t h m c ~ m m i i g l u  t -~~‘ iimf l, ii , ’d. l i i i  \ - a i I c \  eases t a l l  i u m t o  two  categories:  those tha t  are p r cscui i ly
a~ a i t j t ’ I . ’ . a m i d  ~~

- h u r ~ ii ummig lm t  b , mva u lab k ’  ss i t h u  f ’w ’tl m er t lc v elo p uneu mt.  l ime ava i la b le
~‘: t ’

.
~
’
~~ . i tc  t h mre c air . mmi t ro ’cn , amid t i me mii i  x l  nr c I h m y drogemi and nut roge um obtained liv t ime

c a t , u h ~ I I C ,  dcconmposi t ion of imydra , i tm e .  \ t  shal lo w depths . L’omnpr essed air  u s l i me  t r a t l m t io u i a l

~h uoicc . It  also has the h i g h est spc c i t i .  d c ims i t v  , a s sh o wum in f igure 1 8. rea c l miu - mg h a l f ’ I h a t
of ’ s ,’ awat c r  at 1 7 ,000 fe e t .  I s - en at  ~im ahIo ~ cm ’ d~-p1 hs . n u t r o g c u m  amid hydra i in e  o t fc r dcf ’i t i i t c
,i ,I s a I ages .
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E’i gui r e 18. Specifi c den sit y C I I  hul vatu ,

There arc also three i~u o \ a i  v , , ’C,’nc r a t i oul  mime ch anu ~m ims iii a laboratory status.
Hydrog en is time idea l b u o v aulC ,’v u~as hce:u u \ c it  lm:i ~ I lie i ’ ~ esi possible spec i f i c  Ctens i t ~- .
Hydrogen coubd he getier ated by time r cact iou i of h i t h i u t i m  h y d r i d e  wi t h  seawater . It could
also he generated by a superc ort’ od imig allo y of m nagn e s i u t mm am m d iron. Finally.  Ol iu i (‘or—
por atioui has developed a potent i a l ly  co umve mm k’ u t ,  nouw x plosive . solid mim on oprop e lla m it
rocket fuel , N—28. Its u m mixtur e  of ’ combusti omi products is more dense tham i t h at produced
by hydra z iu m e , b t ut l ighter than pure m iitroge m m.

COMPRESSED AtR
(‘ompressed air , supplied from (lie surface , is (l ie origina l b t toyancy source and is

still time nmost cotiimofl buoyancy gas iii p r esem it use , Salvage sh ips carry large air coin-
pressors, air banks , hoses , and fi t t l u igs.  F lmes e syste nm s are designed for d ep lo ytmm ent  1w

-



d i s c u s , amid are t h us l im m mi t e d  to at)’ ut 850 f ’eet ,  I however , coi m iune rci ai air compressors
, I cl iv e r i tm g ~~, ~flt i psig and c apab le u t  de l i s  ,‘ r i i m e  a i r  to a dept h  of ’ S .000 f ’eet are u n a m m u —
t a c t  tir ed iii s e t  ~ large si/ cs , I C l i  pI ,,‘ ‘.sLO .5 ab ove .~ .501) ps ig .  on l y  s m i m al l  p t uu mi p s  amid h oses
of ’ l,’ss than  ou m c — im m ~’hi d i a r m u e te r  are av a i la b le .

[lie um ma i ou  , u d v a um t  ages of a cou m ipre ss~’~t air sy st  ,‘ um m are cost ammd eo m l ve u i ie u m c e ,
( ‘ompressed air  is pr~u L ’t i eal l~ fre e commmpared to  a l t e rmia t ive  b t uo yan L ’v gases All com i m—
p l i L ’atcd eq t u ip u mm etm t is located at  t ime s m i r f : u , ’ .’ ‘l ’ ii er u ,’ is  um o s ig um i l ’icam m t  pemma h t y  in ei ’t i ci eumc y :
to E ~lept his  of ‘~.OOO fee t  amid less the  spec i lt c d c u m s m t ~ of air us less t Im a u m 0 . .  Time large .
lo ng, am i d hu , ’~u s au h i t u s , ’ i mma v tmL ’scr t imeless  presem i t pr u ble u mis  t l m a t  ou tweigh t im e  ads-’aum ta ges
of ~‘o u m l p r c ’ SsL ’d air.

I
L I Q UII ) NI TRO ( ; EN

l I m e  1.arge Ob iect Salvage S~ s t c u m m  ( 1. O SS) employs l iquid ui i tr o ge u m to provide
huo~ a i l L V . Time l i q tu i d  n itrogeum is comitaiumed ium pressuriied dewars im i side time pom lt oo im.
I ’hme se are douhI e-wa~led t au mks w i th  aim eva ctu:u ted space bet sv eem m tIme walls w hi ic i m provides
the t hm cr u mm al  i ’ms u l a t i o u i  to pr eveimt ( l ie li quid umitrog e n f r o m  ho ib i u ig a w ay  before time p 0m m —
toou m is at  t acl med to t ime  t arget.  ‘l ime dewars have a w o rkiumg dept h  of 1 .000 f’eet ,  At ’ter
a t t a c i m m i m e i m t . t ime l iquid  u m itroge im is forced t l mro t u g l m a lmeat exchma um ger , wh ere it is waruimed
h i~ sea w a t e r  f ’rot im —3 2(Y F’ to ammm h ie n t  temm iper a ture.  Time l i q u i d  umitrogem i has a de u msi tv  nt
52 .5 p ouuu i~ s per cu bic f ’oot. It hecom imes a gas wi th  a deu isit y of ’ less t hm aum 2. 5 po uum mds per
cubic toot.  Four long toums of ’ t i itrogen expau m d to (‘ill  the pou it ooum amid provide 100 long
to uis of u le t t’C i iov , iu mc v at a deptim of ’ I ,000 feet.

.‘%.s buu o vj nmcv gases ari d cryogen ic liquids , air  am id n itrogen are simi lar. TIme c imoi ce
is not betweem i air amid m iit r og en , hi ut commipressed air ammd liquetied gas. Timere svould be no
pe rc eptible dif ’f ’er e mm c e if LOSS were operated svit im l iquid air rat h mer t h an liquid u mitrogem i .
(‘ou mmmmmercia l  l iquid ni trogen is aum im l e x pe u m s ive  by—product of the  u mm a u’ i t mtacture  ol’ oxyge im . - ‘

but if it imad to be m m iam m uf ’act tured oti site at sea it would be siumipler a mmd jus t as effective
to rn a r i tu t ac t t i r e  l iquid air in stead .

Ttme m i maimi dif ’f lcul ty iii emn p l oyimmg cryogemiic gas at depths  greater tham i 1 .000 t’eet
is i r m time provis ioum of aim adequately iumsu la t ed com itainer. A va cu uu u mm barrier ot’ reasonable
weight would he crushed at st uc h m dept h s. So svotul d au im i su l at immg b lanket , for insulat ion
of aum y ki mm d is a series ot’ mui iumute  air spaces which are h i g h l y  stusceptible to crush ing.

HYI)RALINE

A lt imoug l i  discovered a cem itury ago , hi y dratim i e (N ’  1-14) was a lab oratory cturiosity
un til  World War II .  l) if ’t’icu l t  to prepare f’rom atu iu no n i a as a weak aqueous sol t ut iou m . amid
even m im ore d i f f i C u l t  to ob t a iu i  as the au i lmydride . it was so far fromim practical use t h at its
ph ysical and c h e m m i u c a l  I t r ~~i ’~’ l ie s  h a d  umot been well tm m ea sured _ TIme .‘~IIied occup atiomi
forces were surpri sed . t l ic mi . I t )  discov er Ger m aum railroad tank cars of Im v dr a , im i e h ydrate
N ’114 1120) . W’it l m Imydr o g e ;m p ’r ~’xi  f e  as tIme oxidi zer, and r m m i x e d wi t h  alco h ol , h ydra —

line hydrate was time fuel tuse d i u m I lie i ~~~ et—powere d M F— 163 and Natter in te rceptor
aircraf ’t. I Iydra i. imie h a s  been aim css,’nt  a l par t -‘F t ime U.S. space progr ammi . tised as a
umionopropellamit in time small attitude , ~u i t  rol ro ckets on sp a c e c r a f t .  - 

-

A hmy d ra z ium e— f ’ueled huoyamicy gas generator ss . m - . k’\ ~‘Iop ~’d ti m c o m m j t u u i c t i o m i  wi t h
time LOSS progra m (ref erem ice I 0). Thmis gem m er ator  ..‘ .mn t~r od m i~’e ‘~ - C u i g h m  gas to displace
200 long tons of ’ seawater at a dept h of ’ 1 .000 t’eet. F vcm i at t imis  re lative l~ sha ll ow
dept hm , a hydr a t ine  gas generator has sigm i it ’ic a m m t operati omm a l adv am it  ages as compared
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~ u t h m  a im . i i r  hm os e or a L’r\ oge nu c gas suppl y I Iv dra , im m e gas geumerators are um i der act ive
m m m d u s t r m a l  eons id ,’r , i tn ou mu coumu e~ tj ou ~ wi t h  uu m der se a  oil pru duct io mm at depths of ’ several
tl mo usaum d t ee m , A m dc epe u ’ dept his . h m v dra .’ u mme is ev eu i more a t t r a c t  is -c in ~- o m 1 m p a m i s o u m  w i t  Ii
a i r  and  u m I ( r o e L ’ u m ,  \s  simos ~ ii mum f i g u r e  I S . t i me spec if ic de tms i t ~ of ’ t i me gas produced .uu
~fti ( t n t  f e e t  is m u t Ime  r a t mg e u t  0.1 to 0.14 . ~k -p eu id i u ig  omi tIme i lesig um of t ime  s y s t c m m m ,

I l~ d r aiu m m e is , i mm a l o ~otis to lm v d roge um p ero x ide  . ,~ n mu mm omu i a .  t lie p aren t s t uh s taumce ,
is .i hmug hlv  polar sol~ emit . ,is us water , amid o,’ciu p ies  t ime saumme pos it iomi im i t ime  n i t  roge um
fanmil as s~ .i1~’r , t u t e s  u um t Ime ox~ gen faummil y . 1 h ’~ d r a i t u i c  is related to a u m m u i m o u m i a  in t i m e  s au m uc

a I h a l  h m ~ drogen peru x ide u s related to water.
lii tIme pr~’seticc of .m s tu u ta h ie c,u t a I ~ s ( ,  I m~ d r ai i u ie  dec o m i m poses spo ui tan eo us lv  i n t o

t iu t r o g en au md a i m u u m m o t m i a ,  A great dea l of iu ~ at is l iberated.  S oim m c of ’ t Ime  . u m u m n m o u m i a  t i i e i i
decom m u poses i n t o  n i t ro ge t i  am id h m v dro g~’ni iii t ime e mm do f I m e r mn i c  rea ctioim I ha t  absorbs part
of t lme Rca t t roumm t im e f i r s t  react ion:

.~\~~l l 4 ~x 1  -
~ 4\ h l ~ + l44 ,.~( ) t )  l i l t

4 \ t l  — ~~~ ( i l - — ‘°~~0() l i l t ’

1’ im ~’ I u s t  i~’a ct uo t m goes to L’Ot l lp iC t  m u m , I u t  t ime  second umcs cr does. It is ~‘t is t o i i m a r ~
to let \ r epr escumi l im e reac t ion ef ’f ’k’i etmc ~ tIm e c I t  m c i , ’mics  ss i t h  ss hi L ’l m t i me a u l i u l ionia  dis —
5OL’i , i tc ’S, h o r  buns ancv ap p l i cat iom i s .  X sh ould he .is near  to u n i t \  ,is possib le. Figur e
I~ gis es t lie gas o u t p t u t  mum s t amid ard  cub i c f e e t  per pound of h m v t l r a , i m m e  as .1 f ’umi c t i o i m ot \.
~s \ cart approac h or rea L ’I m SO per cent  i i i  prac t ice . .m tm \  d r a / u m i e  gas gem lera to r  cau i he

C,’ ~ pected to prod tuc e ab otut  ° sta midard en hic fe e t  per pou mid .
l ’h me t~’um mp e ra tu r e  of time gas us ut m ve r s e l~ propo r t io u ia l  to X. since t u e  dissociation

react iou u s emido t i mer u m mic .  l:scn wit ii X equal to 80 perceu it . Imowe s-er , t lie re act I ’ l l  I cmii pera—
nrc is red uk’ed om i h ~ 10 1 , 400 F. .is si mo w ui in f igure 10.

I - itnu rc 10 ,its o s l iC -Css t h a t  . l m , ’ m m m ol e e u l a r  ss ’cight of time gj~ dc~’r,’as cs .is X increases ,
I b i s  is b ecatu s~’ time a m m m o t u n t  of lm ~ dr o g cm m increases ss i t l m  \ m m m t u e h m  fas ter  t h au l t Ime ammi o tu m i t  of ’

u i i t r o g c m i . ,is sho w m i iii t ’ig ture I I .
hh - ilr a ,im’ i c is a clear. t h in h i q t u id  w i t i m  mm m a n v  p l m ys i~’al pr operties s imilar  to wate r

(see ta b le  S ~. lii pa r t i c tu l a r . its  demmsi t v  is eq tu a l to I h a t  ot ’ s~’.mss - a t e r. l’Iius . a b ladde r ut’
I u v d ra , i u i e  is m m eut r a l hv  b u u o v a m m t  imm t h e  oc~’.i ul .

I Ivdr a , i n e umeed not he a liaiard aboard s h m i p ,  it ’ t I me app ropr ia te  saI d ~ preca tu t io mm s
are umid er stood amid obs~’rs cd as t h ey are f ’or o ther  po ten t  st i b s t a t ic es  carried at sea , I l vdra—
z it me does l in t  deter io rate  w lm e u i  stored proper ly , am i d t h ere is  no r tsk  tha t  it wil l  d~’co uiipos e
spommta u ie ousl  and exp losi s-e lv .  It C,’at inot be set off by sh ock or t r i e t i o u m ,  h um short , it  is
saf ’e in a ss a~ I i m a t  most c xp losives are mi o t.  Since m l is a posvc r lu l r e dt u ~’i ng aget it  . however.
special nl e astures mm m u s t  be t akeu m .  I t ’ it is al lowed to come i n t o  cotitact wit  h i rus t .  a tm
exp losio mi u mm a ~ re stu l t .  In storage , it shi ot u ld  be kep t  covered w i t h  a b la umket  of u l i t rogen
to displ ace air. It catu ses a catust ic  b t m r m m i t ’ i t  co mn es imm com i ta c t  ss i t h  tIme skin. ,‘~lso. it canbe absorbed t i mro u ug I m t ime skin w i l i m  da u miage to tIme l iver,  rime pernm issibl e L’omlC ,’ e m m tra t i on  of
ftuu iie s u s one pa r t per m m m i l h i o m m .  All—day expo sture to uu mco u itro ll ed h mydr a z imme f ’u u mu ies.  c~ cmi
a t levels too ss~’ak iou’ d e tec t i om m of ’ t lie ch aracterist ic anm u m l ommia  odor . mna ~ eatuse paim mf ’t tl
i t m t l a u imuuma t i on  ot time eves and t emnpo r arv h i liu id mie ss .

Pure hv dra , imi e is liab le to free ie at I lie low t e u m m p e r a t i u r ~’ amid imi gl i  pressture 01’ t Ime
deep oceamm , amid um ut ust  t h erefore he umm ix e d wit  ii a s mmmal l  percemitage of ’ water . wh ich sets cs
as an ami t i t ’reeie. Tim e t’reetin g point ot ’ hiv~h r at ine is 3 4 .2 5 ” F at omme atmos p lmL’re of ’
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Figure 10. Reaction temperature and nmm ol ecu la r weig ht of gas (reprinted with permission
from im reference h i ) ’

pressure , but increases witim depth to 4 1 °F at 20,000 feet. This elevation of time freezing
point with pressure is r elated thermod ynam n ica hl y to the way that  imyd ra z imie comitracts
while freezing.

As water freezes , it works against the ambient pressure. This work depresses the
fr eeziimg point (see figure 22) . Normal sub stamices helmave in revers e . as shown in figure 13.
They comitract as they ch iarmg e fro m liquid to solid . When th e~’ make t i m is change under
pressure. the pressure works on timem , and this absorption of emmerg y raises the freezing
point. A sum m al l percentage ot’ water mixed into lmydra zimme depresses time freezing point

— significantly. Figture 24 gives tIme freezing poim it ot’ tIme blend as a function of both t h e

35

- rrh—~~~ ~~~~~~~~~~ ~~ - 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~L__~

_
~~~

_ ‘
~~~~~~~~~

‘.. —‘---_ -~ ,,~_ -_~~~~ -~~ ,~~~~~~ , ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-“-.i s.’— .~~~~~~~ . ,L~._ ..... f~ — ~~~~~~ 
‘
~~
‘
~~~~~~~‘



‘1

100 .

90-

80’

70’

:: /
NH 3

U) ° 40’
C, 

____

30

20

10

0 I I I I I I I I I

0 10 20 30 40 50 60 70 80 90 100
PERCENT AMMONIA DISSOCIATION , X

Fi gt m u c I .  (;.~ coin p o s utmo im (u ~pi i r t t ~d wi t I m p e i mu is s i out I u n t i l  mc ci cu icc I I I .

fable 5, Prop erties of aumim ~ C , t FOt s t m vdr a ,’ iu me .

Molecul ar Weigh i  31.04

t~ ns rt y. liquid (t ~ cc~ lhs ’g al ) I 1)253 tO ’ ( ‘ 1 ~.557 132 ’ I )
1 , 0040 (,: :~ I ,’) C) a:’ 7 F )
0.9501 ~50 C) S . ! 7~ ~I 12’ l~) - 

-

t ) cu su i \  , solid I 1 4( ( 5 ’  (‘)  C) ~~4 ( ‘

Boil ing Poin t h i  3 5~(’ (~3’i :

Mcl umn g  Point I 2 5 ( ’ 34 .25’ 1-

Ik ’a4 (‘apac ii ~ 1 l iquid )  23. ( ~ (~~~~~
‘ ( ‘)  0 , 7 37 ( 7~ ” h )

tea l uii ~ i~.’ C’ , Bi t ’  tb ” F )

I fra u ~tt t” tusio n 3015 cal ,- u imotc I k) lif t ’ II ”
Exp losis’e Liuiii us (in air , I a tui l )  4 7 -  iowc i

ioo ’; t ~ppci

Flash and F i i c Point 52 ’ ( ’ 115 c ’ I - F-
Fir e I Iai ard Moderate , ss’licui exposed to bea u ni t i a ce

E x p losion ilaia rd Severe . when exposed to heat . fl am e or ox id u ui ng ag em ims

Fire Fighting Wat er , mist , t’oanm , CO~ . dr~’ ch en mical or carbon t c tr ach i lom id c
Availability 99 5 -  hvd iau in e used as rock et t ’uel~ availabl e iu m 55 gah lou m

(440 pound ) dr t u mi m s arid tamm k e ats

Price S3.40 per ptiuu id in 440 poum id dri um i s . (‘iuve um m n len t  p i ice lou
u uuI ~spee iock ct  I ’t u cl as of I A p i m I  I ’i ~ S
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DEPTH )THOUSANOS OF FEET)

l” mg t uuc 14. Fieciu mm g p o in t  Cci  Iu ~ d u a u m i m ~’.sta t ci  h k ’ i m Lhs ,

t r a c tmo n  of ’ ss-aler am id the  oceaui dept Ii. ‘there wi l l  a lr e ady he o u m e — I m alf  o! omme p er cet it  w ater
in tIme hy dra ,  inc as stupp h ied. Rocket fu el is miot ch m eu mmi c a l l y  p t ur e : i t  mm mav be asst um m me d to
have the i mn p tmm ’ i t i e s  iumd i ca t e th  in t ab le C) Som e of ’ f l m e fo l lowing  c .ml c t ml a t i o tms  are based oil
a ( —pe r cent water b leu m d , w h mic h i  is ade q t ma t e to m ’ mm m ost b r t o v a m m c v  app h icat  i ou ms.

‘fable C) M numo p m n p elhau m t gi :mde Ii~d iai i m m e .

I Iyd r a i iuie  C) 5 C )  7~
Water 0.51’
A n , hm n c t ) 37

Aumm um moumi a 0 14

A h mydrat ium e buoyan cy s y s te u mm is s cry s i u mm plc .  It consists of ’ a t ’tu el bladder \s it  h a
FUII1 P or of Imer ar rau m g et m me u m t to provi de ah o t u t  50 psi o scu ’ auth  i e mm t pu’ t ’ssu ne :  t i m e m’da~’to r ,
a s-er~ xu m m a l l  steel cy l im i der  c o m i ta immi u mg t ime ca t a l ~ st a hemmgt h m of ’ steel t t u h i m i g  to cool the  gas . - I
various s.u Iv e s: arid I hme p oui t ootm.

I ’m gure I ~ sfm oss - s t Ime spe cif ’ic d eu msit t ’or Open amid closed b t i oy au i cy s\ s t t ’tmis . 1mm
a closed s y s t c m m m , all tIme rea ct ion products go u mi to  I hm e pontoon and f u ll  t Ime ava i lab le  space.
In addit ion to  Ilk’ n il  r ogeu m ami d h ydrogen. I h ere are the  t uu m t lisso c u a t e d  a u m m n m o m i i a  . m t m d t Im e
water. lii an op eim sy stem,  the amu mm o mmia a imd wat er  are e l i n i i m mat ed .  If ’ time t’um d of t lie ~.m s
t r ib e is tuui d erw a t er  it is an opeum s % s f t ’m: f li t ’  a t n h m m o n i a  am i d ss- , ml er  wil l  be ~ .iss~’C l O t t  u n t o
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f l i t ’ oc~’. i u i  is th i s ’ c~as bubbles  i i ~ t t ~ t I m e  pou i t oou u .  If t Im e  t u be  s c u l l s  inside the  p011100mm , h t m l
f h i e  , m m mmu ml o uuia  at isi ~s . t t s ’l ,m t e  ~~~~ ii o mit  t h e  1 - C o i t C u m i l  .ts t h i s ’ l o m m t C u o u m  f i l l s , i t  u s s t i l l  .m um C c ps ’i m

s~ sls ’ i u m ,

l Im e opel m s\ s t s ’ui i Ps’ I f O i  m fls be t t e r , , mu id I l i t ’ sp eci f i c  Cl t ’ i ) s t t \  is not peis ’s’p tub I~
.m t l e e t e d  h~ e i t he r t fm s ’ c t i s s o c i . i t i o i m  c l l i c m L ’ c m C  c c i  I I i ~’ ss .mt ~’i I i i  I c t ; ms ’ t m s ’s’ , t h uese oiil ~
a f l e e t  I l ie fu e l  t , m utkaczs ’ I Im , r I  u t i t i s l  l’c j u m i c s  i C IC ’CI ,

l I m c us ’ h i s  bs’s’ tm ,m u s ’ ss ’ u m f  us ’ s o h m t u o m u  i t t  k u m o s t  It ’( I I C ’ cou ) s ’t ’ m m u u i i ’ t h e  f m ’ a c l m o t a . m l
st i s sCceia t u o t i  of , m m u m m t u o u u i . i  .i5 ’ I uue s , ib l ~’ mum .m f m ~ l u , i .  um s ’ u t ’ .Is toi  - l ime C c i  i c ’ i u ia l  s~t ct k :11 f l i t ’
N as. i l  WC ’ , m I - C c u m i s  ( ‘ e imt e i  m u m 1° ‘2 t i s ’ t t ’ i C ’ i ) s C ’ I ) i umt l t s ’atc tl  t h a t  the  C l ) s s C c e u . i t u C uum c f ’ f i s ’ ie m i c y
X % t m c u . ’aSeCl w i t h  t Ime l o g a u t t h m u m i  c i t  t l t ~’ i 5 ’,Is ’ ( C C i  fs ’ i mt ~t Im ss’hi s ’lt , boss- s’s-e r . ss- . is ss’scie h
I iu imi t ~’~I by th i s ’ I um s ’s ” n u c  ~l t o p f , bu t  ds’s i e . i s s ’sI s s t 0m th is ’ h c ) ’ .I i u u l i u m m  of ’ th u s ’ , iu u u h c u e i i t  p m - s’s \ tz r s ’.
Ib i s  s’tu t’ ve of \ , mt ’ , m ui i s t  shs ’ i ’t l t  us shi t l vc ui um i  l t t. ’, t u t C ’ 2s . I l i t ’ s’ m u i s e  ss ’ C ’m f l t ’tl logical bcs : m m i ss ’

it p aral leled ti u ’ f I i t ’t u u ’c l m s ’ , mh s’ m u r s s ’ t ’ased t u im  th us ’u t l l C u d y u i . i m f l i s ’ s’C l t u t h m b r m u u i m  betw s ’s’ t u t l t s ’
auh m u m lou m ia  .um m d th is ’ C I u s ’ . oe m at e CI  g.iss’s . .1 ( 5 C c s I iccs ~ ui i i i t i g m u r e  1” . - \ u i  u m l c t e . ms s ’ i i i  p u s ’ss tu i e
is s’xp ects’cI to ‘Jtmft t I me s’C l t u i l i b ru tu m i i  poi mmt t C t \ V . u i t I  t h u s ’ f u q t m u C h  l~cIhi5s ’. sm u ic s ’ f l i t ’ l t c ( t i i t l
Ot’s’t i h ) t s ’% less 5 C l I t i t h l t ’ .

I . m t s u  ss- sut L ;m t th i s ’ ( ‘ i s m l  I - m m g n m t ’s ’ r mm m) ’  I .m b ~u r ; i t c c i ~ i i i  ~~ ~~c u e t s ’i t ’um e s ’ 141 55 .is t i t i a b i t ’
t O s e i i I ~ t h i s  ch ~’~’r~’.mse i i i  \ ss u t h i  i umt ’rs ’. i s m i u e  p r e s s l i m e ,  l ’h i cm’e s is s’ s s ’n SOi) is ’ u m i c l m c a t i t ’ m m  t h a t

t u u u m c ~l m t gil t h i s ’ c cl  h em ’ ~s

\ h i c s t  u C ’C ’ s ’ u u t l ~ , l~u’ k5 ’h }~ C ’se,n ’ C ’ ) u ( ‘iuJ p c u r . m t i c ) u i . i i i  t u m i p tmbl i s h icd  s~sui’k . Iij s slet e i ’i m muu m c sl
1 11,11 \ h o C ’s i i m tfe es l  in s ’t’e.ise ss il h i , mi mi hi t ’ u mt  prt ’ss um s ’. l’l i a t  is , i t  .up pro as ’I ies the  e q t m i f u l r m m m t m m
s’ t u I v t ’ as\ t i l t - C t  C u t  ic a l l y ,  a mmd C u t i l y  begins to I m i n i chc u svmm at  .m s l e p t h i  of ’ I S .00() to 20 .00() I t ’d
ss- l m s ’u i s eu ~ doss’ I~ c t I me e q t u ih ib i ’ i tm i im v alt ie lo u t f m a t  dep th .

l im e orig im i at  assum um p t iou l  ss .15 t h at  .u buo~ .mu m e ~ sv s te tm m wout sl  u ’e C l t u u m s ’ a t’ t i s t o u l l —

ds’s igum ed us ’, m c to i  w i th  ai m et ’f ’ic is ’ ums ’~ of 0. ‘5 to 0.M at th us ’ s tur f ’as ’e amid C ) . S’~ to ( lb . m t
20 , 0()() t ’s’ t ’ , I t is mmos v a t ’p a n ’e mut t h a t  .mmm o f )  - f h i s ’—s hs’hf ’ to s - k e t  m m m C ) t o t  s’a tm i) t ’ t ISs ’ C I ,  I less ’

are cies ignC ’uI t o i~’hI N - 0, 4 i i i  spate , to u m i a x m m i m u / c  t I me  spes’t t ’u t ’ i i m i p t u l s t ’. ki t  ss - i iemm tised
ii i t f i s ’ ii t ’ i.’aii I his ’~ ~ m e ld closer to N 0,M . f ’h ie m u s e ot ’ a sux’ps ’ i ’ ce um t  ss- .mtc i  b lem isl  Sh i C u t i l t I
Iosv s’r ps’r I ’ou’ i m maumcs ’ ouit ~ b~ .uhoul t I l l s ’s’ pers’s’u mt

I l s  c h m , m i m i m e  i mi ou m c u pi ’ op e l i imm t  rock et u mm ol C l r s  t i : u s s ’ bs’s’u i bu i l t  i i i  , m s a u i s ’t \  01 s i / s ’s .

l Ime su im ahl s ’ s t  us a vernier jet w i l h m  .i th m t ’ tu s t  of ’ .it’ot mt 5( 1 ~‘ r . m umms  a i ms l . m I nt ’l t’o u u s t u u m i p t t o u m  of
(1,0005 lb m m ms . .-\ t  a ds’p t hu  of ’ 20 ,000 feel it s I lOlml C l  c~s’u iC ’m : m t s ’ abo ut a t e t i t f i  of .u po u im d
of b m u o v a u m t ’v per t u i m l u u l s ’, h u t ’ largest avai labl e  ds’s igut km t ’u is 2 .5 lb i l ls  to p i o dt u t ’e
c ) t i . i i  let’ ton of t him ’t ts t .  ,\t 10 ,000 fee t  it sh ou l d gs’uleI ’at e bt i o~ aui ~ ’~ J I  .1 i , i t t ’ C l f  . l h l m iC us t

~O0 pouu m sl s  pet t n i n t m t e .  I u i t e r m m m e d i a t e  s i /s ’s , i i s ’ as -ai labl e to m mm es ’t o t his ’i I’s’d l t l i I ’ s’ u m m s ’u l t s .

,~m u i ’ m m . u i m u . n u u m t  n) I l % c h i . i / m i m C ’ , sc -tO m mhuc ’ \5 , i t C ’I tc hs ’tms l . m m m i  I~’ .I., ’ t , ’t ~I iu m m5 ’ums u~c uis ,i l ’.h ’ ~‘ i S C ’ii , ss mit  1 ’ i , ’ , h t ,

.1 t m \ ~’~l . I m m i ccuumt  c c )  )~,i5 , s~h it ’this ’i t h i s ’ s~ \ ) C ’ u i i  iS cc pcm m c Cl C l C C ’~t ’C I 1mm .m ~~~~ s\ ~R ’ t c c , r im s ’ SS , i t C ’t , mumc , l i i i i c It ~
‘, C ’ , I. i t h ’Cl , n im ulu (c i mia  ss il l iC ’C III C ’ c,’ I l is ’ ic lutus ’ .1% .ii ) .i b h~’ I C ’I t hic ’ ,~, I i i  cc u hus ’ u ss I ’l l! ’., tim e pi~’s~’ ic ~ C ’ ~‘ u lis ’
-Cc m m c i  aui st . m i m u i u m n i i u , m m u m s i c I C ’ th i s’ d ’C i i i t i i i l  %‘ i lhuiufl ( ’ t l i ’ I~I , i i I t ’ ’, t i i C ’ spe~ I i ,  t lc ’ t i s t i ~ - lii .uui c c h u s’i m 55 sts ’i c m , u h u C ’

cca t ’ i  , iumd ciui , lcss ,c ~’ i. mu ~’ cI . i u u m : u u c i u i m . i  p , iss m lu m ic u g h i  t i i iC ’ l ’ i lS ( t i l i t ’CI , s c c  i hm, m i  ,‘\ uc .1 l c i c ’l t . l i t k . i L ’C ’ t I t si h~’

pi ~c5 i~It ’d l i i i  t imc ’mn , tlI hm i ’r svist ’ , ~h is’~ uuiakt ’ no ~u i ’ i m ii ic ’ . t i i t C l i i i  ci C ’ I i c C ’
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Figure 25. Dissociation efficiency for hydrazi ne.

DEVELOPABLE GAS SOURCES

Hydrogen is the ideal buoyancy gas, if a practical delivery method can be found. ‘ -

Even at 20,000 feet it weighs less than two and a half pounds per cubic foot. Two methods
of hydrogen generation are under active investigation at this time.

Lithium Hydride

Certain metal hydrides have long been known as possible hydrogen generators .
In 1 952, Hurd (reference 1 5) identif ied the hydrid es of lithium , sodium , calcium , lithium-
boron , and sodium-boron as potentially usefu l in thi s respect. Recent studies have
eli minated all but lithium hydride. The others are either inferior to hydrazine as a
buoyancy generator , not well-behaved in seawater , or are expensive.

Lithium hydride has a specifi c gravity of 0.78 and a mole weight of 7.95 pounds.
It reacts with water to produce 45.05 standard cubic feet of hydrogen per pound :
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L1H + 11,0 H 2 + LIO U + 47 .560 BTU

At 20,000 feet , 6,97 pounds of displacem eumt per pound of l i t h ium ’um occurs. ‘I here
is a small deduction for the loss of the buoyancy of the reacted l i thium hydrid e , l Im e
weight of the hydrogen , 0.254 pounds , must also be deducted. Time net buoyancy is
6.21 pounds per pound of l ithium im hydride. This may be compared with  3, 17 pou u mds o)
buoyancy per pound of ’ hydrazine in a six-percent water b leumd at 20 ,000 fee t .  Thins ,
l i thium hydride is twice as efficient as hydraz ine at 20,000 feet on a weight basis.

The reaction consumes nearly nine pounds of water to generate one pou um d of
hydrogen. Excess water mnust be supplied if time reaction is to take place at a reasonable
rate. This excess water must be on the order of six to 25 times the normal propor tional
aum m ount , The excess water carries off the lithium hydroxide as fast as it is formed , au msi
serves the additional function of carrying off the large am imou n t of heat liberat ed. The
temperature rise wi ll be over 100° F, even with 25 times excess water.

The Nava l Explosive Ordnance Disposal Facility (NAVE ODFAC ) developed an
experimental system (reference 1 6), using five pounds of l i thium hydride. Re actiou m
time varied from eight to 50 minutes and was a strong function of’ the amount  of excess
water as well as of the geometric arrangement of the fuel. It is possible to build a hy th ro-
gen generator with a very short reaction time , but a design must be proved exper i nm ent ahl v .

Lithium hydride is expensive. The price , for lots of over 500 pounds , is $11 .70
per pound if screened to a maximum particle size of either one inch or 30 mesh: $15.68
per pound if “dust-free. ” screened to a minimum of 40 mesh and a un aximumi m of ’ t lmree
mesh. This may be compared with hydrazine at $3.40 per pound. Lit h iut mm hydride has
several advantages , however. As already imoted , it produces nearly twice as muc lm buoy-
ancy per pound as hydrazine at 20,000 feet. This buoyancy is in time most co ri ve umiem it f orum i
a hydrogen-tilled pontoon is tim e most comn pact form of buoyancy th at can be constructed.
As it rises, a hydrogen-filled pontoon will develop much less incremental buoyancy t hi am i it ’
it were filled with any other gas. Finally, lit imium hydride is sat’e to handle , compared to
hydrazine. Only gloves and a dust mask are necessary, in addition to protectim ig the Ii t h iu u im
hydride from moisture. Additional research is being conducted at this time on BR 1I . a
compound of lithium hydride in a butyl rubber matrix. This compound is expected to hm a s c
mechanical properties superior to the bulk material.

Supercorrod ing Alloy

The Civi l Engineering Laboratory (CEL) has recently developed a n o t h e r  possib le
source of hydrogen for buoyancy generation (reference 1 7). This is a so-called super-
corroding alloy of magnesium and iron. The anodic and cathodic metals imm powdered ‘1

form are mechanically alloyed together in a high-energy ball mill. In seawater , time ahlo~
corrodes away to produce hydrogen and heat. The theoretical yield is 14.72 cubic f’eet
of hydrogen per pound of magnesium under standard conditions. Time sup er corrodimmg
alloy produ ces approximately 90 percent of the theoretical value for its magnesium
content in a very short time. The reaction then tapers off. The fastest reaction rate s
obtained with ten atomic percent of iron. The reaction is substantially complete ii i  a
very few minutes , depending on the temperature.

The alloy was originally developed n sa  self-contained im cat source to relieve t l m s
extreme discomfort of divers in cold water. The heat of reaction is 84.36 kilocaho mue s
per gra m-mole , or 156, 074 BTU per pound-mole. This heat must be controlled it ’ t Ime
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reactiom i us umot to proceed wi t h  a lm m iost explosive speed. In tIme proposed diver h eater , time
reaction takes place in a c imaum iber to wh ic h seawater is admit ted j u l small . caref ’uhiy-regu lated
aum i ouu m ts.  It is assumm ied that a h ydrogen generator would be quite different , with a smm mall
am imount of tIme powdered alloy in a large container of ’ seawater. Time excess water must be
110 ti t h es time umorm mi a l proportional amount if ’ the temperature rise is not to exceed 36° F.

Pressure tests have yet to y ield reproducible results , but  there is some indi c ation
that  tIme reaction rate is appreciably f’aster at pressures , such as those of time deep ocean ,
that  prevent time foru n atioum of ’ microscopic steam bubbles ,

TIme supercorrodimig alloy has a thir i l possible app h icat ioum.  It can he coumipacted
amid sintered to f’ormmm reliable self ’— destructiuig piums amid l i imks. Time con ipactiom i ami d siu ltering
processes, together with the toru mi ulati oi m of ’ the alloy and time d iameter  of ’ time t’in ished piece .
p erum m it con trol of ’ both nu echaumical stre imgth and! release timime. Time des-ices currently used
for anchor releases and such lack d epemmda h i h i ty .

The supercorroding alloy is en t i re ly  safe . It caum he h mam m d l ed wi thout  danger , ami d
can eveum come in contact with l’res im water . since t h e  reaction takes place only in time
presetmce of an electrolyte such as seawater.

Lithium hydride is 3.4 times t imore eI’fici ent as a source of ’ hydro geui , on a weigh t
basis , tham i time alloy. Nev ertimeless , the alloy may mu erit  deve lopmeimt at least through tIme

- , pilot plant stage. It could he relatively econoum m ical , even t h ough time preseumt cost is a
u m ou ni na l SI 00 per pound in one-pound hots. The raw ummaterials are ahunda umt am id inex-
pensive , unl ike  l i thium. And , unl ike the process of’ m anut ’acturi ng anhydrous imy drazine ,
time process could he efticiet it on a suitab le scale.

SOLID MONOPROPELLANT

A final possible source of buoyancy gas is a solid monoprop ell aumt rocket. This - -

colmcept has been carried th roug h tIme laboratory stage. TIme Winch ester Fumgi m m e eri i mg and
l)eveloprnent Group of Oh imi Corporation h a s  comiducted screenimig evaluatiou m s of ’ various
composite monoprope llants at hu gh pressnur e .

- - Most unonoprope ilam its are unsuitable for t h is application unless rapid generatioum
of huoya mi cy is required. The hurm i ing rate starts ot’f as ami expom m ential  t’unctiot m of
chamber pressure:

r a P c~

wh ere Pc is the chamber pressure , and a is a cotistant. TIme reaction teumds to hootstrap
itself to the point where it is controlled ou m ly by the soum ic flow of ’ time exhaust gases. Time
exponent n is of particular interest , If ’ it is greater tham i one , time reacti om i will  a lmmio st
certainly proceed ium this nnam mner . particularly if ’ the iu i i t ia l  pressure is equal to timat at time
ocean dept h . Most solid monoprop ellants do have a pressure expom me nt greater t im a u m omie. ‘

One counposi te, a mix ture  of cellulose acetate and am m mu imo m mi um m u n i t r a t e  called
LFT-6, passed tim e screening test. Its pressure exponent is still positive . but less tham u one.
Formm med into a hollow cylindrical grain five im iehm es in lengt h , wi t h  in t erm ia l  and ex t er na l
diameters of 0.5 inch and 2.8 inches . it pert ’or med well at imressures t ip to 1 0.000 1” s i ,

The solid propellant is not an efficient source of buoyam icy gas. Time avai lable  da ta  on
time volume and composition of time gas, plotted in t’igtur e 18 , indicate that  its densiI ~ is
between nitrogen and decomposed hi y dra z imm e. On time oth er hand , time solid p rope l la mmt h a s
long shelf ’ life , convenient operatiou m , and mmma t iu tac t n ur e tr om it mexpe nsive m um aterials.
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APPENDIX A
STEPPE I) CABLE

l ) et erui u iui e a com nb im m at i o mm of ’ si/ es of ’ wire rope to l it ’t 2 ,000 poutmds from 20 ,000
Is ’ct. \ I m m m u t a i t u  a sal ’et v f ’actor of t h ree based oum u l t i mate  tensile strength aim d time co nu biu m ed
s v eug hm t  in water  of ’ object and cable.

Ike steel-core lm o ist i n g rope. Fro imm table I , (‘w= 1.61. h’rom um table 2 .
( uus s - ( s i = t ) ,() X I o4 . Time w e ig lmts per f’oot and ul t imate  tensi le strengths of various
si ii ’s are ms follosvs:

Diameter Pounds per foot Str cum gt h m , poumids
5 l~~ 0 .157 8,789
3 8 0.226 12 ,656
7 l~ 0.308 17 , 227
1 , 2 0.4025 22 ,500 C

I t u r each seg imme n t, time allowable load! at tIme nipper c u d  i s time strength divided by ti m e
sa fe ty  t ’at ’tor , aumd t ime load at t ime bottom end is known, The dit ’t’erence between the two
lu~m dmi m g s  is time a llo svabl e sveig im t of ’ time segnment . atmd t h is divid eil by time wei ght  per f’oot
L i S s ’s t ime  al l o svah l e length.  St ar t i u m g at time h ottom im :

/ 8789
~ —‘~— - 2000

- ‘ -~~~ - - -— 592 1 feet
0 .157

R on mmmd to 5,000 t’eet of 5 - I  6-i u ic hm wire rope. Th is will weigh 785 poum ids , amid time
load ou m time lower etid of’ tIme uiext segmemit is 2785 ponunds.

/12 , 6 56
~~278 5)

— _ 
- ______ — = 6344 feet

0.226

Round to 6,000 feet of 3/8-inch wire rope , weighing 1356 pounm ds. Time total load
is n o w  41 4 1 pounds.

/ 1 7 ,227
~ 4 14 l )

5 199 feet
0.308

Round to 5.000 feet of 7 / 1  6—in ch wire rope , weighin g 1 540 tiounds. The total load
is tiOS V 5681 pounds.

/ 22.500
I ’  — 5 6 8 1
\ 3

= 4 S l 9 f e e t  1 . -0.4025

R oum md to 4,500 feet of 1 - 2- inc h wire rope , weighin g 18 11 pounds.

We have 20,500 feet of wire rope , al lowing a n extra 500 feet to provide sonic scope
ot m t h e  bottom. ‘l ’hme cable weighs 5.492 pounds in water , 2.75 tit h es as nmu eh as time obj ect
to he recovered.
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APPENDIX B
FORCING FUNCTI ON

The sample vessel is a tug-supply boat with a length of 168 feet , a beam of 40 feet ,
and a draft of 13 feet. Two crane locations are considered. In the first , the crane is 98
feet aft , near the center of mass. In the second location , it is ten feet from the stern. In
both cases, the crane is offset ten feet from the centerline to keep clear of the towing
hawser. The boom is 25 feet long and ten feet above the deck. The centrally-located
crane works over the side , 35 feet from the centerline , where it is affected by roll and
heave. The stern-mounted crane works over the stern , and is affected principally by
pitch.

Table B-I is in terms of the significant wave height , defined as the average wave
height , where the lower two-thirds of the waves are disregarded. Thus , the values in
table B-l are typical of the peak readings measurable at any given instant. A significant
wave height of five feet is almost the upper limit of sea state three , and seven feet almost
the upper limit of sea state four. Significant wave heigh t for sea state five ranges fro m
under eight to thirteen feet; ten feet represents an average sea state five.

The safety factor of the lift line depends on the highest value of boom tip motion
encountered in the course of the lift. This highest value is expected to be a certain number

Table B-I.  Significant vertical motions of boomtip for a
168-foot workboat.

Wave Height Displacement Velocity Acceleration
(Signif icant) (F :) (Ft /Sec) (,g)

1. Crane near centroid . Bows to sea.
5,0 0.76 0.7 1 0.02
7.0 1.61 1 .32 0.04

10.0 3.1 1 2.26 0.06

2. Crane near centroid . Beam sea.

5.0 5.05 5.78 0,22
7.0 6.77 7.33 0.27

10.0 8.53 8.65 0.30

3. Crane on Stern . Bows to sea.
5.0 3.35 3.33 0 .1 1
7.0 5.44 5.03 0.15

10.0 8.02 6.85 0.19

4. Crane on stern. Beam sea.
5.0 2.37 2.47 0.08
7.0 3.60 3.49 0.11

10.0 5.22 4.59 0.14

5. Crane on stern . Quartering sea.
5.0 3.70 3.9 5 0,14
7.0 5.43 5.41 0,18

10.0 7.50 6.86 0.21
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of tiu m mes greater than the typical value in table B— I , depending on ti m e duration of the
operat ion. The mult iple  is given in figure 5 of ’ the main text ,  Thus . for sea state t ’j vs ’ an t i
a su g u mit ’icammt wave heigh t of ’ ten fee t , time peak value in a t h ree-h our period is exp ectes i to
h~ two t imes the value m m  tabl e B—I . i a r  a duration of ’ 24 hours the multipli er is 2. 2 5 .  amidfor a week it is 2.45.

Table B—I is for a particular vessel , hut  the values in it are fairly representative of(lie general category 01’ vessels available for salvage au md recovery operations. Vertical
acceleration of the boom tip is typically iii time range of ’ 0.2 to 0.3 g f’or a variety of
h eadings and weather conditions. Wheu m allowance is made for the duratio n of ’ the  l i t ’

t .the peak values of ’ vertical acceleration umm ay he expected to lie in time general range ot’
0.6 to 0.7 g. in sunmmary, then , even it ’ tIme object to he lifted were two-blocked at time
boom tip, the maxim um dyui amic load to be expected duri n g ti me lift might lie iii timerange of 1.6 to 1 .7 or more times t ime static load.
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APPENDIX C
RESON ANCE

Suppose t h at a 20 .000— t’oot l i l t  is b e t mm g conducted i im t Ime open oceam i using a Kevl ar
cable from a s lmip w m t h m a six — se eoumd ro ll period , It ’ the sat ’et v  factor is calculated as som ime—
ss ’Imere in the  ra nge of eight to t eum , basesl on time assumed stat ic  load , time natural  period of ’

- 
, t i m e object amid line wi ll also be about six sec om i st s . TIme object and h u e  will  go into r esommam ice

aumsl ti m e sat ct v factor will be nul l if ied.
Referrim ig to figures 8 and 10 ot’ t lm s ’ main  tex t . red u ci im g tIme safety factor would

m erely re stult j u t  resom ian ce at a shmall os ver s l ept l m.  ih e  h u e  probably wOUld1 fail bef ore the
- object reached time s t ur t ’aL ’s’. E rommi f’igure I t )  it ma~ be seetm th at the exact h emm g t hu tor
— resonance wi t i u a sa fety factor of three is 7 ,500 feet , In t h is case , the weigh t- u i-water
- 

of ’ the  l itme would be reduced as the object was raised am i d tIme safety factor would increase
slightly. TIme exact l em mg t hm t’or resonance would he 7 ,750 feet . wimere the safefy factor

- 
wotmld he 3.074. Failure would probably occur before this poim i t was reached.

V
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APPENDIX I)

l) YNAM I C MASS

In time reco very of an a i r c r a f t , t ime added um ma ss u m ma v be tIme largest c on mp ou memi t  of time
sI~ u mau m u ic imma ss. (‘oumsi tl er aim a ircraft  f’uselage suspeimded ho r i i o t mt al l y  ium water . Iii t’igure I 2
of ’ time t ex t , adapted f ’ro mm i h olmes reference 2 and Lamb (re ference 3). there is a curve
for time added mmma ss of a c~ hi n der  b eimig accelerated pe rpe mmd i cu l ar  to i ts  axis. Time abscissa
i i i  t l mi s  case u s the ra t io  of tIme hemm g t h m of time cy l iu i der to time diameter.  I ’hie cy h imider  cau m be
comisider e~f to represent a fuselage. If time leui gth of the fuselage is six tim uu es time d iameter ,
f igure I 2 shmo ss s t h a t  t ime added mui ass is a volu m e of ’ water  equal to 0.925 tiu n e s time s’ o lnu mm m e
ol time t’useLmge.

Tim e added m ass is evem i un ore si g t m if ’icant for a w im i g suspe nmded hmo ri i om u t a l l y .  In t ime
fig nure. t h ere is also a curve t’or t h in plates being accelerated broadside . A  wiu m g una y he
coimsidere d j n u st such a t h mium plate. I t ’ tIme aspect rati o of time svi um g u s 8.5 . tIme ad d ed unass is
equal to time ummas s of water imm a cy h immder  of a diameter  equal to the wing cimord and a l em mgt h m
equal to time w im mg span.

Refer to table D-1 . Time effective mass is calculated f’or a C—13 0 tr aumsport .  assu mn esh
to he restim ig imitact  on time oceamu floor. TIme calculations are approximate , based om u sl iu m me m m—
siotis amid drawings published in Jane ’s All time World ’s Aircraft. As time wing can carry 930
cubic feet of fuel , it is assumed to have a f’loodable volum ime ot’ 1 .800 cnuli ic feet t’or time two
wings. With an ass n umm ied cargo we ig imt of ’ 25 ,000 pounds . amid aim assuimied overall density
equal to tha t  of ’ ahumn i n n um (0. hO poumid per cubic inch) . time aircraf ’t is estimated to weigim
63 , I 7 I pounds in seawater. If ’ raised in a level a t t i t u d e , time et’fective nmass is ainmost timirteen
hundred tons , or forty-five times time weig h t imm seawater. Even it ’ raised nose t’irst or tail
first , the eft ’ective mass is fonurtee n tin ues the weigh t in seawater.

Figures 9. 10 and I I  of time text  are easily corrected t’or ti l ls et ’fective m ass. Let
t,o and T~ he tIme resonant lengt h amid period from figure 9. 10 or I I , wh ile I and -r
represent the true resonant lengt h aimd period to be detern u imi e d.  Let tI me sveig imt in water
he M0 and the effective nmass be M. Enter figure 1)—I with M M 0 to read I - L0 agaiumst
T/T 0.

Snuppose t imat the C—I 30 is to he raised in a level a t t i tude  t’rom ii 10 ,000 t’eet , employ-
ing a nylon 2—in— I line. A nylon 2—in — i line of t’our— in ch diameter will have an estimated
static sa fety factor of ’ 6.06. Suppose f’nu rt imer that  twelve seconds is time Iommgest wave period
of concern for time operating area , time seasomi , and tIme eqnui pui i eum t to be deployed. From
lignur e I I . Lo is 1 .650 feet if T0 is 12 secomud s. From um figure D— I .  clmoosim ig 1’ equals T~
and NI M0 is 50, L - L 0 is 0.0225. Timus, L is 37 t’eet. Time aircraft can he raised safely wiUm
tI m e nylon tine to a de ptim of about 65 feet , at wh ich point SCUBA divers caum at tach u tlota—
tion devices to bring it to time surf ’ace.
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Table D- I .  Dynamic mass of C-130 transport.

I .  Dimensions

Wing F uselage Tai lphane

Span 132.5 ft Length 97.75 ft Span 52.7 ft
Root chord 16,0 ft Max Diamete r 13.66 ft Area 381 ft 2
Mean chord 13.75 ft Equiv. Length 71 ft Mean chord 7.23 ft
Area 1745 ft 2 LI D 5.2 11W 7.29
Equivalent 1/W 9.23

2. Weigh t in Air

Wing Fuselage Tailp iane

Operating weight empty 75 ,331 lb.
Assumed weigh t of cargo 25 ,000 lb.
Total 100 ,331 lb.

‘I3. Weight in Seawater

Wing Fuselage Tailpiane

Assume all fuel leaked out ,
and an overall specific
gravity equal to that for
aluminum (2.7 with respect
to seawater)
Assumed weigh t in seawater 63 ,171 lb.

4. Contained Mass

Volume Mass

Wing 1 ,800 115 ,200 lbs.
Fuselage 10,400 665 ,600 lbs.
Tailplane negi. negl .
Total 12 ,200 779 ,800 lbs.

5. Added Mass

Coef ficient Volume Mass
Wing 1 .00 18 ,843 ft. 1,205 ,970 lbs.
Fuselage 0.91 9,464 ft. 605,696 lbs.
Tai lphane 0,99 2 , 142 ft. 137 ,086 lbs.
Total 30 ,449 ft. 1 ,948 ,752 lbs.

6. Totals

I f raised in a nose-first or tail-first attitude ,
the added mass may be neglected. If r aised iii a level attitude ,

Weigh t in air 100 ,33! lbs. 880,131 lbs.
Contained Mass 779 ,800 lbs. 1 ,948,752 lbs.
Effective Mass 880 , 131 lbs. 2 ,828 ,883 lbs.

13.9 X wt. in seawater 44.8 X wt. in seawater
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AP P F NI ) I X F
C ALCUL AT I N(; THE L I l T  (‘AP AH IUl’Y

OF DRILL SHIPS
(‘oum sinl er a dr i l l  st rin g manI c l’r ommi V I  50—g u ’asle ste el w i t h m  a m m m i n i u i m u u m m  y ield st rengt h

of ’ I 50,000 psi. l)ri ll s tr i ng 9 5/8 im m c li es iii n hi a u i me l e m ’ am i d 0.545 iimc h e s th ic k  has a im a l low abl e
te i msil e toad of’ I , I 66.00() pounds , or 583 (oti s , m vit hm a s a f e t y  f a c t o r  of two.  i ’hus is w i t l u i m m
time capabi l i t i es  of such sh ips, l ime string weighs 53 .5 pounds lieu’ loot m u ai m , inc lus h ing
coup lirugs . am i d 46.5 pout id s per foot iii seawatem’ . A st r ium g 20 .000 feet loum g wei g hts 4~ 5 tou t s ,
leavim ig I I S b u ms as I h ue residual allowa b le load out t ime stri m mg. ‘l ’huu s , li me mmcl h i f ’t i u m g capa h i l i t ~will be I I S (oti s , provisicnl t i m e st r ip cart aect i rul  u mmosl a Ic 583 lou is ,

Iii t h is e xa u mmple . I lie umet h i f ’l capab i l i ty  at 20 ,000 l’eel is 20 p e r c eu mt of ’ t lie gross l i f t
c apa b i l i ty ,  t h e  m mcl h i l ’t capabi l i ty  decreases linear ly wit  Ii slept Ii at t ime  rate of f ’on u r  h i e rcemm i
per t h ousand feet. -

This perf ’or uim a m mce ca um l)e unprov ed iii two ways . b ot h  of wh ic h were t l emm m o um s t  m ’atesl
oti ( LOMAR EXPLOR E R.  Thin , d ia um m e t e r  ol time pipe ca u m he stepp ed , amid a st ron ger gradeof steel carm (m e employed. GL OMA R EX P L O R E R  has six si/ s ’s of pipe to ‘eac h 1 7 ,000 feet .‘l ’im e pip e is g rim m b arrel steel , wi t h  arm al lowable ten sile stress of ’ 106.000 Psi at ’te r a sal ’ety
fac tor of ’ 1.5 h a s  been applied to time n u ll  inmate l eu m s ile st mess . l’Ii~’ m m cl l i f t  c apabi l i t y  stc cucascs
wit Ii a logari t hmic nl ecrem m m emi t of ’ to ur perce um t I e r  I h mous am i d feet , II ’ out  f i t  t ed fo r  20.000
feet. ( ;LOMAR FXPL( )R E R ’s n e t  l i f t  capa b i l i ty at this depth would he 3.84() louis iumcl u d -
iu mg t ime weight of thi n ,  at  taci t  m um emit  u n ec h m an ismm i ,  or 45 per ceum I ol ’ t lie gross capabil it ~
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APPENDIX F
SAMPLE CALCULATION FOR SPHERICAL

PRESSURE BALLAST TANK

Assume sphere is to lift one long ton from 20,000 feet. Sphere is titanium with
a tensile strength a 150,000 psi. Design safety factor is 2 based on theory for near-
perfect sphere.

Allow 2% extra buoyancy for the weight of the complete system.

Buoyancy B = 1.2 X 2240 = 2688 lbs. = 42 ft. 3

Pressure at working depth P 8888 psig

Sphere will be bahiasted at surface with 2240 lbs or 35 ft 3 of seawater , then
pressurized with hydrogen gas to some internal pressure Po. Internal pressure will drop
during deployment , first from cooling and then from expansion as ballast is pumped out.

Assume that the final internal pressure is equal to 48% of Po- Then , if the positive
pressure differential on deck is equal to the negative pressure differential when deballasted
at depth ,

p0 P -0.48p 0

p0 = 0.675 P = 6,000 psig.

Multiplying by the safety factor of 2, the collapse pressure is

= 12,000 psig

which is equivalent to designing an unpressurized sphere for a collapse depth of 27 ,000 feet.
Failure will be by yielding. The thickness ratio

k ” —~~” 12 1000 ,,004
2a 3 x 1 0 5 -

,,., 276 (3k - 3k 2 + k 3 ) = 0.497

which checks with figure D- I .

Displacement D = = 5344 lb = 83.5 ft 3 - -

PS

Weight in air = p5D = 2656 lb

Outside diameter d = 5.42 ft. = 65.07 in.

Thickness=k -
~~~~

= 1.30 in. 
—

Internal diameter d 1 = ( l—k )d = 62.47 in. 5 . 2 l  ft.

Internal volume V~ 4d 1
3 = 73.86 ft 3
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After ba llasting, the residua l volume

V 1 = 38.86 ft 3.

After ballasting and prior to deployment, the sphere is charged to 6000 psig, with
— 

hydrogen gas at ambient temperature , assumed to be 70°F. The weight of the gas is about
55 lb.

When t Ine sphere is deployed to 20,000 feet , it cools to the new ambient temperature ,
assumed to be 29° F , and the internal pressure drops to

P 1 = 
~~~~~~~ X 6000 = 5536 psig.

As the sphere is deballasted , the internal pressure drops to a final value of

~~~~~ X 5536 = 29l3psig.

The differential pressure is now 5975 psig, within the margi n of safety

During the deballasting, the internal pressure

V IPi = vl +v
Pl

where V is the volume of ballast water already pumped out. The energy of’ pumping is

V

E f [ P v~~ P I ] d v

=PV-P~
V i ln~ V1

= 8888!~~ X l44~~—X3 5 ft3
in— ft2

— 5536i~~~ X I44-~— X 38.86 ft
3 In (73.86)

in2 ft2 ~38.86

= 44,795,520 ft. lb — 19,894,623 ft. lb.

= 24,900,981 ft. lb.
= 12.58 hp-hr

= 9.38kWh

-
~
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Assuming on overall efficiency of 65% for time electric motor and deba l last ing pu m p,
1 4.43 kWh of electrical energy is require d to deballas t the sphere , or 290 j )ounds of silver-
zinc batteries .

Time allowance for extra system weight was 448 lb. We have

hydrogen gas 55 lb.
batteries 290 lb.
motor pump, misc. 103 lb.

II
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