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capsized. It is also possible that vquililwim!\ ‘;:“-l"|:|t;:‘-::
be reached until the angle of heel hvcv:unv s0 large th :
water would be shipped through topside openings, ant
that the weight of this water, nmnil‘\g to ll.u‘ low side of
the ship, would contribute to capsizing which otherwise
would not have occurred. ‘

Upsetting forces act to incline a «hip in the longitudi-
nal as well as the transverse direction. Sinece a surface
ship is much stiffer; however, in the longitudinal diree-
tion, many forces, such as wind pressure or towline
strain. would not have any signiticant effect in inclining
the ship longitudinally. Shifting of weights aboard in a
longitudinal direction can cause large changes in the
attitude of the ship because the weights can be moved
much farther than in the transverse direction. When
very heavy lifts are to be attempted, as in salvage work,
they are usually made over the bow or stern rather
than over the side, and large longitudinal inclinations
may be involved in these operations. Stranding at the
bow or stern can produce substantial changes in trim.
In each ease, the principles are the same as previously
discussed for transverse inclinations, When a weight is
shifted longitudinally or lifted over the bow or stern, the
G of the ship will move, and the ship will trim until the
center of buovancy is directly below the new position of
the CG. If a ship is grounded at the bow or stern, it will
assume an attitude such that the moments of weight and
buovancy about the point of contact are equal.

In the case of a submerged submarine, the center of
buoyancy is fixed, and a given upsetting moment pro-
duces very nearly the same inclination in the longitudi-
nal direction as it does in the transverse direction (Fig.
12). The only difference, which is trivial, is because of
the effect of liquids aboard which may move to a differ-
ent extent in the two directions. A submerged subma-
rine, however, is comparatively free from large upset-
ting forces. Shifting of the CG as the result of weight
changes is carefully avoided. For example, when a tor-
pedo is fired, its weight is immediately replaced by an
=mal weight of water at the same location.

1.7 Submerged Equilibrivm. Before a submarine
s submerged, considerable effort has been expended,
both in design and operation, to ensure that:

* The weight of the submarine, with its loads and bal-
fzst, will be very nearly equal to the weight of the water
it w i displace when submerged.

* The ( 5 of these weights will be very nearly in the
same longitudinal position as the center of buo ancy of
the submerged submarine. ’ i

o Thao (> 1 i
r’l}h« f.f; of these weights will be lower than the center
o buoyancy of the submerged submarine
im:lI;:y};_;:n-r’:mnuns produce favoralhle conditions that
senbed, respectively, as neutr: . yer
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Fhe effect of this situation is that the submarine, i

¢ :fdr A48 transverse and longitudinal stability are cof
Y aete This

l'r,lu d, acts in the same manner as a pendutum. This

maginary pendulu

aney, has a length equal to the separation of the “he

ters of buo

welght of' g

W is supported at the center of buoy”

yaney and gravity, and a weight equal to the
he submarine.
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. o . : vcry COI“'
fleet of small commercial fishing v “ Selhll-n ;‘h(‘ smaller
plex dynamic environment. For example, &/

P se! litions are.
the boat, the more slgmh(‘:}lll' ::Iﬁ c?lf;‘::cg%l;(ﬁ m seas on
This is shown by contemplating t u]" m offshore lobster
2300 m tanker, a 45 m trawler, or a 1o Do tanker, mini-
boat. The 6 m seas are no concern for the e érn for
mal concern for the trawler, and significant col o not
the lobster boat. The existing stability Cmermv'th the
reflect this conflict due to scalability problems ‘i 1 e
Torremolinos area criteria and the lack of true dynz e
analysis methods. Womack (2002) goes on to outh}'le p
steps required for a satisfactory stability ana'lYSle‘ﬁ‘
evaluation and the equally important presentation o : ne
stability guidance and stability concepts to the crews.

7.6.2 Towboats. Towboats may also be prone to
sea-motion-related capsizing. In addition, these ship
types are characteristically designed with low free-
board, which enhances the danger of taking on sea wa-
ter through topside openings. Other hazards frequently
experienced by tugs are the towline forces generated
by the tug’s own propeller thrust, called self-tripping,
and by the movement of the ship being towed, called
tow-tripping. Towboats must meet the general stabil-
ity criteria, such as the USCG stability criteria (CFR
174.145); however, the heeling arm developed below will
usually dominate.

7.6.2.1 Heeung ArM.  The formula for calculating the
transverse heeling arm curve for tow-line pull, used by
the USCG (CFR 173.095), is as follows (metric units):

2/3
Heeling Arm = 2N(PxD) XSX hxcosg (29)
13.93A

where:

N =number of propellers

P =shaft horsepower per shaft, kilowatts

D =propeller diameter, m

s =effective fraction of propeller slip stream de-
flected by the rudder, assumed to be that frac-
tion of the propeller circle cylinder which would
be intercepted by the rudder if turned to 45 de-
grees from the vessel’s centerline

h =vertical distance from propeller shaft centerline
at rudder to towing bitts, m

A =displacement, t

¢ =angle of inclination

7.6.2.2 CrITERIA FOR ADEQUATE Stapiry. The US
Navy criteria for adequate stability are based on the a.n;
gle of heel and a comparison of the ship’s righting arm
a_nd the heeling arm curve (see Fig. 58). Stability is ;
sidered satisfactory if: on

* The angle of heel, as indicated b
ceed the angle at which unrestricted downfloodj

occur, or/.m degrees, whichever is less. The limit Firane
1S to provide a margin of safety in the event a W'(l)ln et
door or vent duct is open and could he 5 pa!h‘w' r femg}!t
ous downflooding due to wave and hee) :1cli()ndy e

Y point C, does not ex-

e The heeling arm at the mter(?eption. of the Fighs
arm and heeling arm.curVCS-(pO} nt C) is not More tt}:ng
six tenths of the maximum righting arm, an
« The reserve of dynamic stability (shadeq area) i
less than four tenths of thf: to.tal a'rea'm]der the 'ig‘
arm curve. The USCQ criterion is similar to the g,

criterion except that it requires the reserve of dy“amiy
stability to be 0.61 m-degrees (0.01065 m-radiang), "

Not
hling

7.6.3 BuLk CARRIERS CARRYING GRAIN.  Once the Zrain
heeling moment has bgen computegi (see Section 5.19)
the IMO (1991) and national regulations require thg the
angle of heel due to the shift of grain be less thap the
lesser of 12 degrees or thg angle at wh}ch the deck edge
immerses. The grain heeling moment is then applieq as
a heeling arm curve for comparison to the righting arp,
curve. The residual area between the two curyes (as
limited by 40 degrees, the angle of maximum difference
between the righting and heeling righting arms, or angle
of flooding) must be not less than 0.075 m-radians. Fj.
nally, the GM including free-surface effects shall not pe
less than 0.30 m. Recognizing the importance of angle of
repose and trimming the cargo, the vessel is required to
be upright before proceeding to sea.

7.7 Evaluation of Mobile Offshore Drilling Units, Cri-
teria for stability evaluation of mobile offshore drill-
ing units (MODUs) are included in the 2008 IS Code
(IMO, 2008) and updated in classification society rules
for construction (American Bureau of Shipping, 2008).
Semisubmersible drilling platforms obtain static stabil-
ity from surface-piercing columns that connect their
submerged flotation bodies to the above-water platform.
Analysis of their ability to withstand the upsetting forces
of winds and waves (under varying loading conditions)
is similar to the type of analysis made for conventional
ship forms. However, the wind heeling moments applied
include the form drag of the various components of the
structure, such as the drilling derrick, and the increased
exposure of superstructure deck as the MODU heels. In
addition, the overturning moment must be considered
for all axes of heel (see Section 4.12).

Stability must be evaluated for all modes of operation
of the vessel, including transit, operating, and severe
storm conditions. Alternative criteria that take into ac-
count the environmental conditions, dynamic response
(t_hrough wind-tunnel and wave-tank tests or nonlinear
simulation, as appropriate), the potential for flooding, the
susceptibility for capsizing, and adequate margin for un:
certainties may be allowed. The wind speeds associated
with .the MODU severe storm criteria are 100 knot winds
SUrricanes in the Gulf of Mexico in 2005, where winds [af
I excess of 100 knots were experienced (NOAA, 20.00) :
led to the loss of several MODUs indicating that sufficient
MAargins may not be included in these criteria. )
. 78 Evaluation of Stability of Submarines. The o
:ng Danmles apply to a surfaced submarine as “'e[’;m‘il‘
r(i) S.l irface ships, There are some peculiarities of SU

nes, however, which should be mentioned.
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The form of the hull of a submarine is such that the
righting arms in the surfaced conditio;.\ are positive at
angles well beyond 90 degrees, a condition that is sel-
dom found in surface ships other than sailing yachts
and self-righting rescue boats. The only significant
peeling moment to which a surfaced submarine is sub-
jected results from wind and wave action. Unlike sur-
face ships, all topside openings can be closed to prevent
shipping of water during heavy rolling except for the
old diesel-powered submarines that must operate with
open diesel engine manifolds. Consequently, capsizing
of an intact submarine is extremely unlikely. The ma-
jor stability problem is rolling to very large angles with
adverse effects on personnel and the operation of the
ship.

The righting arm curve for a submerged submarine
is equal to the metacentric height, GB, multiplied by
the sine of the angle of inclination. Its maximum value,
therefore, occurs at 90 degrees. Except for the minor ef-
fect of shifting of liquids and loose items in the ship,
the range of positive stability would be 180 degrees. A
submarine is subjected to only minor heeling moments
when submerged. Therefore, there is no danger of cap-
sizing an intact submerged submarine, provided the
metacentric height has at least a small positive value.

During the period while a submarine is submerging
or surfacing, its transverse stability is less than when
either surfaced or submerged because of the free liquid
in the main ballast tanks. On the surface, there is only
a small free-surface effect in the main ballast tanks,
caused by the small quantity of residual water that can-
not be blown whose surface remains above the tops of
the flood openings. When the submarine is submerged,
there is no free surface in the main ballast tanks be-
cause they are completely full.

An approximate evaluation of stability during sub-
merging and surfacing can be made by a series of calcu-
lations of displacement, height of the CG of the ship, and
the free-surface effect, assuming that the main ballast

tanks are filled to successively greater depths. The only
variables in these calculations are the weight, VCG, and
vertical moment of free surface of the water in the main
ballast tanks. The effect of the water in the main bal-
last tanks at each assumed level is added to the weight,
vertical moment, and vertical moment of {ree surface
of the ship in the surfaced condition, after the vertical
moment of free surface of the residual water has been
deducted.

The results of these calculations, consisting of the dis-
placement and height of the CG of the ship, adjusted for
free-surface effect, are plotted in Fig. 59, together with
the height of the metacenter; the minimum metacentric
height is determined as the smallest vertical distance
between the two curves, Stability is satisfactory if the
metacentric height has a small positive value because the
nature of the righting arm curve during submergence is
such that positive values will be developed at small an-
gles of heel when the metacentric height is zero.
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Fig. 59 Submarine slability while submerging.

The height of the metacenter drops as displacement
is increasing from its value in the surfaced condition,
shown to the left of Fig. 59, until it meets the curve of
the height of the center of buoyancy. The vertical sepa-
ration of these two curves, BM, is equal to I7/V, which
has been reduced to zero as the ship submerges, owing
to the disappearance of the waterplane when the hull is
submerged.

The assumption in these calculations that all main
ballast tanks are filled to the same waterline is some-
what unrealistic because the actual levels in the vari-
ous tanks depend on the area of the flood openings, the
shape of the individual tanks, and the depths to which
the openings are submerged. The flood openings are
gized to flood the forward tanks faster than the after
tanks to produce a down angle on the submarine and
expedite submerging. In addition, any rolling of the sub-
marine will increase the depth to which the tanks on the
low side are submerged, causing them to fill faster than
those on the high side.

When the main ballast tanks are arranged in pairs,
the moment of inertia of the individual port and star-
board tanks is used, rather than the moment of inertia
of the pair considered as a single tank because there is
no flow from one side to the other.

7.9 Review of the International Maritime Organiza-
tion Intact Stability Code. Several problems have been
identified in the existing procedures for stability assess-
ment, especially for vessels that deviate from the ship
forms upon which the standards have been based. Op-
erational practice and experience are ways to judge the
effectiveness of current stability criteria. Fortunately,
accidents that are clearly related to a failure of a ship's
intact stability are very rare. The ability to investigate
the origin of such accidents is often severely hampered
by the depth of water in which the lost ship is located.
Those accidents that do avail themselves to full investi-
gation are often associated with several failure events,
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10
Submerged Equilibrium

10.1 Definition. A submerged submarine is in equi-
librium when its weight is equal to the buoyancy of the
total hull and when its CG is in the same longitudinal po-
sition as its center of buoyancy so that it has zero trim.
Actually, there may be very small differences between
the weight and buoyancy and between the longitudinal
positions of the centers of gravity and b\loy'{lll(‘;y. These
differences are overcome by use of submarine’s planes
when underway in a submerged condition. When a sui?-
marine must be dead underwater to maintain silence, it
is important that the weight equals the submerged buoy-
ancy exactly.

On the surface, the weight of the submarine is lighter
than its submerged displacement, and it is necessary to
take on seawater in the ballast tanks to enable the sub-
marine to submerge and be in a condition of equilibrium
with zero trim while submerged. There are certain load-
ing conditions on the surface that tend to make the sub-
marine “heavy” or “light.” In such cases, ballast water
must be carried when on the surface so that upon com-
plete flooding of the main ballast tanks, a submerged
condition of equilibrium and zero trim will result. A sub-
marine that is properly designed with respect to weight,
buoyancy, and variable ballast tank capacity will always
be in diving trim on the surface regardless of the actual
load variations and will be able to successfully dive and
be in equilibrium with zero trim in a submerged condi-
tion with the main ballast tanks full of seawater.

Diving trim, diving ballast, and variable ballast are
discussed in Sections 10.2, 10.3, and 10.4.

10.2 Items of Weight. The items of weight that are
considered in studies of submerged equilibrium are il-
lustrated in Figs. 63 and 64, and are defined as follows:

10.2.1 Submerged Displacement. The submerged
displacement is the displacement of the entire envelope
of the ship minus any free flooding spaces. The sub-
merged displacement is fixed by geometry rather than
by weight. For a given configuration of the ship, the sub-
merged dx’splacemem will vary only with the density of
the sea, \': eight must be adjusted to conform to the sub-
merged displacement.

10.2.2 Lightship. Lightship is calculated by taking
(h«; sum pr the weights of the components making up the
s‘.:'{p'- l }u.-s weight is fixed unless some alteration to the
ship is made.

Solid ballast is the margin i )
welght estimate, In submarine design, ||.:.nvl,:t:::“,l?f ::K
submerged displacement is made larger than ”“.'. " .m
pated weight in the submerged mmdiiitm by a pe I'tl-. icls
margin. Some of this margin is usually ne y '. S erous
et sl Ny needed 1o con.
pensate for inaccuracies in (e welght and dijs
uture S i
ture modifications. When (he ship is completed, zu‘ny

unexpended margin must be installed ag solid by
achieve submerged equilibrium. Solid baljast I\ a

lightship. Lead is most often used as soli h:ull:;s:];nn "y
rial because of its high density and beeayge it (ma'to.
few corrosion problems., ~lises

10.2.4 Load to Submerge. The load to suhm,.,g‘..
the weight that must be added to the lighrship_,’,,,',lf
lead to bring the ship to a condition of submerge( (.,mf
librium. Assuming no changes are made that affect the
geometry or weight of the ship, the load to submorgﬂ
will vary only when there is a change in the density of
the seawater.

10.2.5 Normal Fuel-0il Tanks. Fuel-oil storage
tanks are fitted with a seawater-compensating systerﬁ
so that they are always full of oil or seawater.

10.2.6 Main Ballast Tanks. Main ballast tanks are
tanks that are flooded to submerge and blown to syr.
face. They are fitted with vents at the top, which are
opened to flood the tanks, flood openings at the bottom,
and air connections for blowing.

10.2.7 Fuel Ballast Tanks. Fuel ballast tanks are
tanks that may be rigged either as normal fuel-oil tanks
or as main ballast tanks. When used for fuel, they are
compensating tanks and are handled in the same man-
ner as the normal fuel tanks. After the oil in the fuel
ballast tanks has been burned, they may be converted
to serve as main ballast tanks, and thereafter flooded

”;‘Sl 15}
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upon submerging and blown upon surfacing. Conver-
sjon to main ballast tanks reduces the surface displace-
ment and increases the reserve buoyancy until the
ship is refueled. Fuel ballast tanks are not fitted on nu-
clear—powered submarines because of the small amount
of fuel oil.

10.2.8 Residual Water. Residual water is the water
in main ballast tanks and fuel ballast tanks, located be-
low the top of the flood opening, which cannot be blown
upon surfacing.

10.2.9 Water Seal in Fuel Ballast Tanks. The wa-
ter seal in fuel ballast tanks is the layer of water above
the top of the flood opening and below the bottom of the
compensating water pipe which is maintained when the
fuel ballast tanks are serving as normal fuel—oil tanks
to prevent spilling of oil through the flood openings as
fhe ship rolls. When the tank is nominally full of fuel,
its contents, starting from the top, consist of fuel, water
seal, and residual water.

10.2.10 Diving Ballast. Diving ballast is the term ap-
plied to the water that is admitted to the ship upon diving
and blown to bring the ship to the surface. When the fuel
ballast tanks are used for fuel, the diving ballast is equal
l;{ allhe capacity of the main ballast tanks above the residual
the Z{. When fuel ballast tanks are rigged for main b-allast,
last ll;':]ng ballast is equal to the capacity of the main bal-
ita g‘(“’ and the fuel ballast tanks above the residual
i gn.a:xd )l.ne submarines have a tank near amidshi.ps des-
B0 r)ris;j:;? safety tank, which is blown upon surfacing and
tank s t:)ed to be a part of thp diving ballast. The sz.tfgaty
when thg sl‘:i r){l!}; pflr!ly filled m'the submerged condition
Stalled is‘i lD. is heavily loadcd._ The safety tank, .when in-
the sarne | n,,”.‘ded to be equal in volume and with about

lown wh'(f(.dmn as the topside conning area and may be
ancy in ¢ ; sz the sul_)mm'ine is submerged Lo regain buoy-

10.2 1'1 NOf }Obsul? damage. o
condition of 0 mal Condili on—Surfaced. This is the
of the displacement of the ship on the sur-

ace “,'hc
tanks, n fuel ballast tanks are rigged as main ballast

&7

10.2.12 Maximu : i A
the condition of the ::'is:()ll‘:‘l’('-:‘[x:::-ml,_rh"’:’”r,"d‘ This is
face when fuel ballast l'm'kv ’ n'. 0 the ship on the sur-
oil tanks. anks are rigged as normal fuel

10.2.13 Reserve Buoy This i .
the displacement of lll(il\:(’;lfx"{;n(* (I):'n'-; l? '.hn.m"d"m" of
ship above the waterline in the 'surf'llf?n:i':-\(‘.’(;"N-} b
nus any free-flooding spaces. , N R
_ 10.2.14 Var.iablrf Load. Variable load includes such
1Lem§ as personnel and their effects, missiles, f()r[)l."(-’f)(‘q
provisions, stores, cargo, passengers, potable water rs-
serve feedwater, battery water, reserve reactor coolant
lubricating oil, oxygen, reserve hydraulic oil, contents
of §amtary t.apks and hovering tanks, and fuel oil. The
;/;é‘:]t:)clelload in the normal and maximum conditions is
. al except that the oil in the fuel ballast tanks is
included in the maximum condition.

10.2.15 Variable Ballast. Variable ballast is sea-
water ballast that is adjusted continuously at sea to
compengate for changes in variable load or in seawa-
ter density. Variable water ballast is carried in forward
and after tanks called trim tanks and in midship tanks
called auxiliary tanks to permit adjustment of the lon-
gitudinal moment as well as the weight. Some diesel-
powered boats have variable fuel-oil tanks that are
noncompensating tanks sized so that the weight of oil
that they carry is approximately equal to the increase
in weight that occurs when the oil in the compensating
tanks is replaced by seawater. Burning oil from the vari-
able fuel oil tanks so that the percentage remaining in
these tanks is the same as the percentage remaining in
the compensating tanks will tend to keep the weight of
the contents of all oil tanks nearly constant. Variable
fuel—oil tanks are piped so that oil may be transferred
between them and the compensating tanks. This trans-
fer involves an increase Or decrease in the ship’s weight
as the compensating water is drawn or expelled from
the normal fuel oil tanks. Because of this capability,
they are considered as part of the variable ballast rather
than part of the variable load.

10.3 Relationships Between ltems of Weight, As con-
ditions for submerged equilibrium, each of the bars in
Figs. 63 and 64 must represent the same weight and
each must have its CG in the same longitudinal posi-
tion. Two other equations are indicated by the \'l‘r(ica‘ll
lines in Figs. 63 and 64. First, the reserve buoyancy 15
equal to the diving ballast, and the Jongitudinal posi-
tions of their centroids must coincide. Also, the load to
submerge (the difference between the .~:.ulnncrgcd -dlsi
placement and the lightship with lead) is }‘qllill to.fm(‘
has the same Jongitudinal CG as the sum of the \':lrldh‘h
load, variable ballast, residual water and diving b{‘““;t:
and, in the maximum condition, the water seal in the
fuel ballast tanks.

These necessar
tions in weight an
the lead ballast anc
space, the variable ball

ed by varia-
of the CG of
To conserve
accommo-

y equalities are achiev
1 l(mgitmlinul position
| the variable ballast.

ast tanks are sized to
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date only the probable variat ion il’l the variable load 1;1;;5
the variation in the submerged dlsplacemer}t causec cu)f
changes in seawater density. Lead ballast, 51pc3 it (C;Cu o
pies less space per ton, is used for t!le required ad) ks
ment beyond the capacity of the vzmqble balla'st tanks.
In general, changes in lead are made in thg shlpyi?rd ktlo
compensate for changes in the lightship welght orinthe
volume of the submerged displacement, while the varl-
able ballast is used to compensate for changes that oc-
cur at sea.

10.4 Diving Trim. A submarine on the surface at sea
is normally kept in diving trim, which means that the
weights aboard are adjusted so that completion of flood-
ing of the main ballast tanks, and any fuel ballast te}nlfs
rigged as main ballast tanks, will submerge the ship in
a condition of equilibrium, with the ship’s weight equal
to the submerged displacement and the CG in the same
longitudinal position as the center of buoyancy.

It can be seen from Fig. 63 that the weight and lon-
gitudinal moment of the surfaced ship in diving trim
must be equal to the difference between the figures for
the submerged displacement and those for the reserve
buoyancy, and that the reserve buoyancy corresponds,
in weight and center, to the diving ballast. Since the vol-
ume and moment of both the submerged displacement
and the diving ballast depend only on the configuration
of the ship, the surface drafts in diving trim, in either
the normal or the maximum condition, are determined
by the geometry of the hull.

Diving trim is maintained at sea by adjustment of
water in the variable ballast tanks. Where variable fuel
tanks are fitted, the oil in these tanks may also be ad-
justed. While the submarine is submerged at very low
speeds, variable ballast may be admitted, discharged,
or transferred longitudinally until any fore-and-aft in-
clination is eliminated and any appreciable tendency
to rise or settle disappears. Between such experimen-

L

tal adjustments, the proper quantity and dispositig
variable ballast is maintained by recording a) Char? of
in weight such as the replacement of fuel by Seawaf’:S
ejection of trash or blowing of sanitary tanks, anq malt
ing compensating changes in the variable ballast.

In addition to such gradual or minor chap
weight, there are large and z}l?rul)t changes that may oc-
cur in the submerged condition, due to firing of \\teap.
ons, which require immediate compensation. This is a¢.
complished by admitting a quantity of water, as part of
the firing operation, equal to the weight of the weapop
ejected.

The moment diagram, illustrated in Fig. 65 is a conye.
nience in finding the change in weight that must be made
in the variable ballast to compensate for a change in the
variable load. If a weight, w, is added at some point, p
along the ship’s length, reading the scales directly below
point P will indicate the percentage of the weight, w, to
be removed from the after trim and the auxiliaries, or
from each of the two trim tanks, to compensate for the
added weight. In this diagram, which is usually plotted
below an inboard profile of the ship to which it applies,
points A, B, and C are located, respectively, at the loca-
tions of the centroids of the after trim, auxiliaries, and
the forward trim tanks. The scales are constructed by
dividing the distances between A and B, B and C, and A
and C into 100 equal divisions.

As an example of the use of the moment diagram, if
1000 kg is added at point P in Fig. 65, there will be no
change in the weight or in the longitudinal position of
the CG of the ship if either:

ges in

1. Two hundred and ninety kg of water are blown
from the forward trim tank and 710 kg are blown from
the after trim tank, or

2. Five hundred and thirty kg are blown from the auxil-
lary tanks and 470 kg are blown from the after trim tank.
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Fig. 65 Moment diagram for submarine.
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5 Equilibrium Conditions. Since the variable bal-

10. st be adjusted to compensate for changes in

as mter density and for changes in the variable load,
seawd cessary to evaluate the magnitude of probable
it is :ss in both the weight and the longitudinal moment
Cha:gse two items in order to select the proper size for
oft ariable ballast tanks.
theT‘;J ensure that diving trim can be achieved with any
ossible variation in seawater density and variable load,
?; would be necessary to develop the lightest possible
’ ondition in the heaviest seawater, the heaviest pos-
gible condition in the lightest water, and conditions
with maximum longitudinal moments in each direction
in both heavy and light seawater and to make the vari-
able ballast tanks large enqugh to compensate for these
changes. This would result in very large variable ballast
tanks on a ship having a limited amount of space. By
using judgment to eliminate improbable extreme condi-
tions, the variable ballast tanks can be held to a reason-
able size.

In displacement calculations for surface ships, the
seawater-specific volume is assumed to be 0.975 m® per
ton, and the normal variations from this figure are neg-
ligible, since they would produce only a small change
in draft. A small change in the displacement of a sub-
merged submarine, such as 10 tons, would result in an
unacceptable imbalance between weight and buoyancy.
Since 10 tons is a small percentage of the submerged
displacement, only a small change in the density of the
seawater is required to produce such an unbalance.

The specific volume of seawater has been found to
vary from 0.981 to 0.971 m® per ton. The extreme vari-
ation in variable ballast to compensate for this effect
would occur if the ship were to dive in light water, fill-
ing the main ballast and fuel ballast tanks, and then
pass, submerged, into heavy water. It is customary to
assume that this extreme, or the opposite, will not oc-
cur, and that the diving ballast is of the same density
as that in which the submarine is operating. Under this
assumption, the quantity of variable ballast needed for
variation in seawater density is equal to the submerged
displacement less the diving ballast, in cubic meters,
Multiplied by the change in density. As an example, if
'b*;eusubgnergea displacement is 4000 t and the diving
cOuast 500 t, the quantity of variable ballast needed to

Nteract this effect would be:

(4000 - 500)¢ x 0.975 x (i —_1;0—)

0.971 0981
=3500 x 0.975 x (1.03-1.02)
=3500 x 0.975 x 0.01 =34¢

ins. % M purpose of studying the additional variation

Mvari:
in ‘tﬁgltl;le- ballast necessary to compensate for changes
of (,quu_i;la_ble load, calculations are made for a series
ight wate?vi?h conditions representing heavy loads in
ward ang 1, ight loads in heavy water, and heavy for-
Cavy aft loadings in both light and heavy wa-
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ter. In calculating the lo .
condition, judgmgnt and ?ad;iﬁg?ﬁrd;%\ o ticular
cedures are necessary in decidingyo“l thODeratx!\g pro-
the various items of variable load if \,'erg,'ela?ru s
ba%st t}?nks a;e to be avoided. ge variable
€ feavy forward and heavy aft conditions are
Zf;plllsc;s::;;b;l:liary. (;[‘h_e term heavy forward, for ex-
while ’those aft a?e lci)ahtS }n o Pkl iy vy
the variable load § ght. In a ship that carries most of
be auite % Oad forward, the heavy aft condition might
¢ quite light. In the heavy aft condition, the quanti-
ties of torpedoes and dry cargo, for example, would be
assumed to be zero in the forward portion of the ship
yvhlle a full load of such items would be assumed aft. As
in the ease of the heavy and light conditions, it is advis-
able Lo investigate two heavy forward and two heavy aft
cor}dltlons: one with a large percentage of fuel aboard in
which only the oil in the fuel ballast tanks at the heavy
end has been burned and a condition occurring later
when all oil in the fuel ballast tanks and in the normal
fuel-oil tanks at the heavy end has been burned. Since
the heavy forward and heavy aft conditions are not nec-
essarily either heavy or light, calculations should be
made for both heavy and light seawater.

The final result of the equilibrium-condition calcula-
tions is the weight and longitudinal moment of the vari-
able ballast to balance, which is the variable ballast re-
quired under the assumed loading and seawater density
to bring the ship to diving trim on the surface and to
submerged equilibrium after diving.

As shown in Figs. 63 and 64, the variable ballast to
balance can be established by subtracting the summa-
tion of weight and longitudinal moment of the variable
load from the figures for the load to submerge. Figures
63 and 64 also show the load to submerge may be found
by deducting the weight and longitudinal moment of the
lightship, with lead, from the figures for the submerged
displacement. Two sets of values for the load to sub-
merge are found by using figures for the submerged dis-
placement at both 0.981 and 0.971 m?/t. The load to sub-
merge in light water is used for the heavy conditions, the
figures for heavy water used for the light conditions, and
both are used for the heavy forward and heavy aft con-
ditions. Two summations of variable load are required
for the heavy forward and heavy aft conditions, S0 that
the density of the diving ballast will correspond, in each
ease, to that used for the submerged displacement.

10.6 The Equilibrium Polygon. The e‘l}‘ilib}‘mm poly-
gon of a typical diesel-powered lsubmarm_e, illustrated
in Fig. 66, is a device for presenting graphically the o
velope of variation in weight and longitudinal momen
which can be obtained by adjusting the variable ballast.
In Fig. 66, the weight of variable ballast is Pl()tfcd ‘,Lme
cally and the longitudinal moment, about tl}e t(rl._u_lsx er&;s
reference plane used for the equilibrium con monS‘.

1 horizontally. Each side of the polygon represents
PO o ariable ballast tanks. The
the effect of filling one of the varia boaically and suc-
polygon is constructed by adding, algebraically £
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cessively, the weights and m(?!nents‘(}f e\:(:‘l;( (l)l;g:t( : n‘:}':\
able ballast tanks, starting with the forwz o atarting
and proceeding aft, then repeating the process b;“ .
with the aftermost and proceeding forward. Each sun
mation is plotted as in Fig. 66, where line OA represents
the weight and moment developed as the forward trim
tank is filled, line AB the effect of filling _the forward
variable fuel oil tank after the forward trim tapk has
been filled, and so forth until point E, representing thg
weight and moment of all the variable ballast tanks, is
reached. The same point £ is reached by a different route
by plotting the various stages of the summation starting
with the aftermost tank and proceeding forward. _

The weight in each of the variable ballast tanks is
taken to be equal to the net capacity of the tank at spe-
cific volume of 0.975 m® per ton. This volume is applied
to the variable fuel tanks, even though they contain oil,
because the transfer of 0.975 m® of oil from a variable
fuel tank to a normal fuel tank would force 0.975 m® sea-
water, or 1 ton, overboard. The change in weight is as-
sumed to occur at the location of the variable fuel tank,
although there will also be a small change at the inde-
terminate location of the normal fuel—oil tank to which
the oil is transferred.

The exterior broken line in Fig. 66 shows the effect
of considering the negative tank as part of the variable
ballast. This tank, located forward of the center of buoy-
ancy and normally empty in the surfaced and submerged
conditions, is customarily filled just prior to diving in
order to expedite the operation. This causes the weight
of the ship to exceed the submerged displacement by a

few tons and produces a down angle on the ship, both
e to rapid submerging. The nega-
hen the ship reaches the ordered
tilibrium. If necessary to meet very

of which are favorabl
tive tank is blown w
depth, restoring equ

AUxiARILS

AFTER momgnyg

F

3. 66 Equilibriym po

ygon fo

light equilibrium conditiqns. the negat?ve t
treated as part of the varmblo.bal!ast. if th
advantage of its normal function in the lig
is accepted.

" ‘}l?lfe l\:L.u'ial:ole ballast can be adjusted so that
and moment correspond to the coordinates of
within the polygon. Point P in Fig. 66, for example, cap
be reached by filling the after trim tank, moving from 0
to I; part of the after variable fuel tank, moving from J o
S: then partially filling the auxiliaries, forward variable
fuel tank, and the forward trim tank. Line SR is paral-
lel to and not longer than HG, RQ is parallel to and not
longer than GF, and QP is parallel to and not longer than
FE. This is only one of many ways in which point P ¢
be reached.

Fig. 67 is the polygon of Fig. 66, with the weight and
moment of the variable ballast to balance for the vari
ous equilibrium conditions plotted. It is imm
apparent from Fig. 67 that the ship cannot be brought
to submerged equilibrium in Condition Heavy No. 2 in
light seawater, and that all other conditions can be met
without the use of the negative tank. although there is
but little margin in the ease of Light No. 2.

10.7 Adjustment of Lead and Variable Ballast Tankage.
Under the conditions shown in Fig. 67, it is apparent
from Figs. 63 and 64 that, if some lead ballast were re-
moved, the amount of variable ballast required would be
increased, and Condition Heavy No. 2 in Fig. 67 would
move upward into the polygon. Also, if some lead were
shifted aft with no change in the total amount. this point
would move horizontally to the right into the polygon.
3ul other points in Fig. 67 representing equilibrium con-
dmops would, in either case, move the same distance
and in the same direction. This shows that all points
may be moved, as if they were plotted on a separate

ank may o
e loss of the
ht conditiop,

its Wweight
any point

an

ediately

WLIGHT OF VARIABLE BALLAST

FORwWaRD MOMENTS
rQ Sk:bmqr.v\.e
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Fig. 67 Equilibrium polygon for Fig. 66, with required weight and moment plotted for several loading cond

piece of paper, either fore and aft or up and down, or a
combination of both, by adjustment of the lead ballast.
There may be, of course, some physical limitation on the
adjustment of lead, or its removal may be precluded by
considerations of transverse stability.

In the case shown in Fig. 67, it is apparent that the
spread of the points representing the equilibrium condi-
tions is beyond the capacity of the variable water and
variable fuel tanks, but that the constellation of points
canbe embraced by the polygon that includes the effect
of the negative tank. If the ship were already built, the
loss of complete effectiveness of the negative tank in div-
ingin the light condition in heavy water would probably
be accepted and Light No. 2 allowed to move into the
area representing the effect of the negative tank. Other-
wise, it would be prudent to consider an increase in the
size of the polygon. In this situation, the polygon is use-
fu]_ in deciding which tank or tanks should be enlarged.
Itis apparent from Fig. 67 that no improvement would
result from increasing the capacity of the after variable
f)uel tank or the after trim tank, since this would only
?Xte"d the polygon to the left. The greatest gain, per ton
t?\‘ir::'se In Capacify, would be obtained by increasing
sible ze f)f thf: auxiliary tanks, but if this were not fea-
oy };In(reasmg either the forward trim or the forward

ale fuel tank would be effective.
and b'l'l’osf*fli'y in Depth. While the forces of weight
when 5 g\;‘ll)\ty can I_)c brought very nearly to cq!uhbrmm
no inhe marine is submerged, most submarines have
rent stability with respect to depth since, as the

FORWARD MOMENTS

itions.

ship settles or rises, no force is generated to return the
ship to the original level. A situation may exist in which
the water at greater depths may be appreciably denser
than that near the surface because of differences in
temperature and salinity, which will enable the subma-
rine to rest on the interface if its weight is greater than
its displacement in the less dense water but less than
its displacement in the denser water. Otherwise, unless
some force is applied, as by the planes or a hovering sys-
tem, most submarines would eventually either rise to
the surface or settle to the bottom.

On the normal submarine, the pressure of the sea-
water on the hull tends to produce an unstable condi-
tion. The loss of buoyancy due to compression of the
hull as the ship settles exceeds the gain in buoyancy due
to compression of the seawater and the resulting slight
increase in its density. The net result is that buoyancy is
decreased as the ship settles and increased as the ship
rises. The effect of sea pressure would be aggravated if
there were a partially filled tank open to the sea, since
the air therein would expand and compress readily with
changes in depth, expelling water when the ship was
rising or admitting water settling. ‘

On some very rigid hulls, the effect is reversed, since
the effect of compression of the hull is less than _the el-
fect of the compression of the seawater in in‘crousmg the
water density. This results in a smull‘ gujn in buoyancy
as the ship settles, a small loss when it rises, and hence
a minor stabilizing effect.
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11

The Trim Dive

1.1 Basic Principles.  The trim dive is an experimen-
tal determination of the weight and longitudinal mo-
ment of the load to submerge, as defined in Section 10,

Theoretically, the load to submerge could be ob-
tained, as lustrated in Figs, 63 and 64 by deducting the
lightship with lead, as determined from the inclining ex-
periment, from the caleulated figures for the submerged
displacement. The submerged displacement, however,
cannot be caleulated accurately because of numerous
topside appendages. Also, the load to submerge, deter-
mined in this manner, would represent a small differ-
ence between two large quantities, and therefore be
subjected to a larger error than if it were determined
directly. It is therefore customary to find the load to
submerge experimentally by an inventory of all weights
aboard that comprise the load to submerge, taken while
the ship is in submerged equilibrium.

The load to submerge is used as the basis for cal-
culating the variable ballast to balance in the various
equilibrium conditions, which, in turn, determines the
optimum weight and disposition of the lead ballast.

11.2 Conducting the Trim Dive. The ship is completely
submerged in an area that is free from strong currents
and sharp density gradients. The variable ballast is
carefully adjusted to bring the ship to submerged equi-
librium. The ship is held at rest long enough to ensure
that there is no fore and aft inclination and no appre-
ciable tendency to rise or settle.

While the ship is in submerged equilibrium, a sample
of seawater is taken, preferably from a circulating sys-
tem in operation, and the density determined.

An inventory is taken of the weight and longitudinal
moment of all items aboard (other than lead ballast) that
are not part of the lightship weight. As in the case of the
inclining experiment, this inventory must be based on a
comprehensive definition of the lightship condition. The
total weight and moment resulting from this inventory
are the Joad to submerge and its longitudinal moment
at the seawater density observed concurrently with the
inventory.

11.3 Report of the Trim Dive. The calculations mage
in the report of the trim dive involve converting the log
1o submerge at the density of the seawater in which the
ship was submerged o its values at specific volumes of
0.081, 0.075, and 0.971 m'/t. As mentioned in Section 10,
these values represent the variation in seawater-spe.
cific volume and are used in the equilibrium conditions,
where small variations in specific volume are important,
The value of 0.975 m*/t is used in stability calculations,
as in the case of surface ships.

When the inclining experiment and the trim dive have
been completed, the weights and longitudinal moments
of the lightship with lead and of the load to submerge
are known. Theoretically, the sum of these two items
should correspond to the volumetric calculations for
the submerged displacement, but minor discrepancies
are to be expected due to the inaccuracies involved in
each of the three items. It is customary to regard the
submerged displacement from the inclining experiment
and trim dive as being more accurate than that obtained
from the volumetric calculations.

The values of the load to submerge at the various sea-
water-specific volumes are obtained as follows:

1. The submerged displacement and its longitudinal
moment at the time of the trim dive are obtained by add-
ing the weights and moments of the lightship with lead
from the inclining experiment and the load to submerge
from the trim dive.

2. The submerged displacement and its longitudinal
moment at 0.981, 0.975, or 0.971 m®/t are found by mul-
tiplying the weight and moment obtained in step 1 by
the ratios of 0.981, 0.975, and 0.971 m%t to the specific
volume of the outside seawater.

3. The load to submerge and its longitudinal moment
at specific volume of 0.981, 0.975, and 0.971 m¥t are ob-
tained by subtracting the figures for the lightship with
lead from the submerged displacement at those specific
volumes.
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