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The Cross-Curves of Stability – To facilitate the design of a new ship, designers calculate a series of

righting arms for various angles of inclination at di!erent displacements. A plot is then made of righting

moment arm (vertical scale) vs. displacement (horizontal scale) at di!erent angles of list. Since this

approach assumes that the center of gravity lies on the centerline of the ship, corrections should be

made for o!set center of gravity’s where they exist.Dead Rise is the rise of the bottom of the ship at midship from the half siding to a given height at the

side line. See Figure A.
Deadweight, Deadweight Tonnage is the di!erence between a ship’s loaded and light displacement.

Total deadweight refers to carrying capacity of a ship; cargo deadweight is the total deadweight minus

fuel, water, stores, dunnage and other items required for the voyage
Depth is the height of the ship at the midship section from the baseline to the moulded line of deck. See

figure.
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Displacement is the total weight of the ship when afloat expressed in tons of sea water (weight of sea

water the ship displaces). The symbol, !, is used to denote the displacement.
Diving trim is that condition in which the submarine is so compensated (with loads and variable ballast)

that completely flooding the main ballast tanks will cause the ship to submerge with neutral buoyancy

and zero trim.
DNV stands for Det Norske Veritas, a marine classification organization.
Draft Marks are numerical markings on the ship’s hull indicating the depth or draft of the ship at that

point. Surface ships generally have forward, aft, and midship draft marks; submarines have forward

and aft marks.
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generic submarine computer model. The model is
made up of circular cross-sections, point volumes for
small appendages (cleats, propeller, etc.), line vol-
umes for small appendages that extend longitudinally
or vertically (periscopes, masts, etc.), and volumes
that are constructed from o!sets in a similar manner
to that of the hull; this is for larger, more complex ap-
pendages or freefloods. All these types of appendages
can be buoyant or non-buoyant.

Figure 16.4: Generic submarine hydrostatics model from the
standard Ship Hull Characteristics Program (SHCP).

Figure 16.5 shows the body plan for a generic sub-
marine. This clearly shows the circular hull cross-
sections and major appendages. The format for this
drawing is that the hull forward of midships is shown
on the right, aft of midships on the left.Figure 16.6 shows the waterlines or half-breadth
plan for our model submarine. One thing to notice
here is that at deeper drafts quite a bit of the hull of
a submarine is underwater. How much depends on
the reserve buoyancy of the submarine which is equal
to the size of the main ballast tanks.2The goal of constructing this model is to determine
the volume and the volumetric properties of the hull,
or the hydrostatics. The details of the hydrostatic2For a boat that is in proper diving trim. The reserve buoy-
ancy for a submarine is in terms of the percentage of the sur-
faced displacement. The formula is:

(!submerged"!surface)!surface !
100

Figure 16.5: Generic submarine body plan.

Figure 16.6: Generic submarine waterlines.

calculations can be found in Reference [3]3, and a
sample output is shown in Table 16.2. The graph-
ical representation of the table is called the Curves
of Form, or often for submarines, Displacement and
Other Curves (D&O for short). See Figure 16.7 on
page 253. In this drawing, the displacement (which
is the volume converted to tons of sea water) and
all other properties are plotted against the draft of
the boat. This drawing is useful in visualizing how
the volumetric properties of a boat change with draft
and showing any kinks in the curves which may be
the result of a faulty model. Details of how to cal-
culate these D&O properties, and calculations using
these properties can be found in Reference [3].

3John P. Comstock, editor. Principles of Naval Architec-
ture. Society of Naval Architects and Marine Engineers, 1986

7.6. WEIGHT AND MOMENT COMPENSATION
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Displacement (tons)
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 (
ft
)

8315 8500
8750

9000 9147 9312 9500

23.0

23.5

24.0

24.5

25.0

Nav Arch KG Limit

Nav Arch
Displ Limit

1. Add 10% Displ

2. Add 1 ft KG

3. Add Ballast
to attain KG Limit

Method of Projecting Service LifeAllowance for Weight and KG

997 tons of S.L. used to meet limits

Available S.L. is 1185 tons

BL

1

2

3

188 tons
available

Figure 7.4: Example of method of projecting service life allowance for weight and KG from current baseline (BL).the point down to position 3 will use up some of the
available weight service life. In other words, the re-
quired weight SLA would have to increase to account
for the additional ballast needed.

7.6 Weight and MomentCompensation
For U.S. Navy ships, the Chief of Naval Operations
(CNO) has directed that all ships will be kept within

naval architectural limits to ensure that essential sur-
vivability features are maintained.For each ship class, the Weight Control and Stabil-
ity Division is to keep track of the weight and stability
status, limiting draft and other limitations including
identification of weight and moment compensation
necessary to adhere to the established limits. This
requires that weight and moment compensation be
obtained for ship alterations, allowance list changes,
and other changes in loading, as found necessary to
protect buoyancy and stability of naval ships. Each
ship is assigned a status, which indicates the nature
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Figure 2.1: Isometric view of surface ship with standard U.S.
coordinate system.

Centers of Gravity and BuoyancyThe distance measured vertically along the z-axis
from the referenced origin to the ship center of grav-
ity is referred to as the Vertical Center of Gravity
(VCG).2 The distance measured longitudinally along
the x-axis from the referenced origin to the ship cen-
ter of gravity is referred to as the Longitudinal Cen-
ter of Gravity (LCG). The distance measured trans-
versely along the y-axis from the referenced origin to
the ship center of gravity is referred to as the Trans-
verse Center of Gravity (TCG).For volumes and displacements, the centers of
buoyancy are measured from the same origin as the
centers of gravity. The analogous terms are the Ver-
tical Center of Buoyancy (VCB or KB), the Longitu-
dinal Center of Buoyancy (LCB), and the Transverse
Center of Buoyancy (TCB).
Referenced Origin
The location of the center of gravity of a surface ship
is defined relative to the three axes shown in Fig-
ure 2.1. Distances are measured along the three axes
from a referenced origin as shown in Figure 2.2. The
recommended referenced origin for a surface ship is
the intersection of the ship’s forward perpendicular
(FP), the ship’s centerline plane and the ship’s base-
line. It is recognized, however, that the origin can2If the distance is measured from the bottom of the keel,
the nomenclature is the KG.

Figure 2.2: Referenced Origins.

also be referenced to the ship’s mid perpendicular
(MP) or the aft perpendicular (AP). The VCG should
have a sign convention of positive for items above
the referenced origin and negative for those below.
For LCG the sign convention should be positive for
all items aft of the referenced origin and negative for
those forward. For TCG the sign convention should
be positive for all items on the port side and nega-
tive for those on the starboard side. However, these
LCG and TCG sign conventions are not an adopted
standard in the marine industry at this time.
Calculation
The weight estimate for a ship at any stage in the
design is composed of a finite number of items. The
weight of each of these items is included in the esti-
mate along with the location of the item’s center of
gravity (CG). This is given as the vertical (z), longi-
tudinal (x) and transverse (y) distance of the center
of gravity from the defined referenced origin. This
data is su!cient to calculate the total weight and
center of gravity of the ship by simply adding the
weights and moments of the items’ centers of gravity
about the referenced origin.

2.1.2 Europe
For ships designed and built in Europe and elsewhere
in the world, the customary reference point (Station
0) is the aft perpendicular and Station numbers in-
crease going forward. In many cases the standard
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CHAPTER 8. WEIGHT ESTIMATING
of C for the parent ship by re-arranging Equation 8.2:

W1 = C ! LBD
100

C = W1p ! 100
LpBpDp

= 952
407! 45! 26.25

= 95200
480769

= 0.198
and then using that C value in the equation for the
new ship:

W1n = C ! LnBnDn

100
= 0.198! 450! 47! 27

100= 1131 tons
Method 2: Here we find the value of G for the parent
ship from Equation 8.3 first:

W1p = G! Lp(Bp + Dp)
G = W1p

Lp(Bp + Dp)
= 952

407(45 + 26.25)
= 0.0328

and then plug the value of G for the new ship into
the equation to find the weight of Group 1 for the
new ship:

W1n = G! Ln(Bn + Dn)
= 0.0328! 450(47 + 27)= 1093 tons

Method 3: In the parent ship the following percent-
age values apply:

Weight varying by length = 952! 0.85 = 809Weight varying by beam = 952! 0.55 = 524Weight varying by depth = 952! 0.30 = 286

The weight of Group 1 for the new design can then
be determined by making the basic estimate based
on the di!erence in beam and depth.

Basic estimate: 809!
!

450
407

"3

= 1, 093 tons
Correction for beam:!

524
45

"
! (47" 45) = +23 tons

Correction for depth:!
286

26.25

"
! (27" 26.25) = +8 tonsEstimated weight for Group 1 = 1124 tonsMethod 4: In the parent ship, total Group 1 is 24.4

percent of full load displacement. Total Group 1 for
the new ship can then be developed by using the same
percentage of the estimated full load displacement in
the new design.

For the present ship:!
952

3900

"
= 0.244

For the new design:
0.244! 4600 = 1122 tons

Ratiocination Equations
As more detail is developed, ratiocination can be used
to develop estimated weights for many three-digit ele-
ments within the hull structure. Of course, the devel-
opment of estimates for three-digit elements requires
that three-digit element totals be available for the
parent ship. In using ratiocination for more detailed
estimating, greater di"culty will be experienced in
locating parent ship data su"ciently characteristic of
the new design. In Table 8.7 on page 112 are some ra-
tiocination equations that can be used in developing
estimates for ESWBS three-digit elements.Other ratios and factors are used in developing de-
tailed estimates for items of hull structures. Most
prevalent are the percentage allowances for weld
metal and mill tolerance. Weld metal in excess of the
grooves in the plating and shapes is approximately

3.2. EARLY REQUIREMENTS DEVELOPMENT AND PLANNING
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Figure 3.2: Defense acquisition management framework as defined in DoD Instruction 5000.2.of the remaining follow ships. At this point, the pro-
gram enters full production.The Operations and Support Phase is where the
engineering support is provided to the ships during
their service lives.

3.2 Early Requirements Devel-opment and Planning
This initial stage of ship acquisition focuses on the
requirements for a future ship or vehicle and deter-
mining what kind of design (and corresponding tech-
nologies) will meet those requirements. Because any
ship design is a long term project, it is important to
completely define these requirements early; changes
in requirements in later stages of acquisition will in-
cur significant costs.

3.2.1 Exploratory Design and ForceArchitecture StudiesExploratory design and force architecture studies are
concerned with far-term programs that are indepen-
dent of planned ship acquisitions. These e!orts ex-
pand the base of knowledge upon which assessments
of the capabilities of naval-based forces are made. In
short, they provide a means to accurately character-
ize the “art of the possible”. Included in these assess-
ments are the potential impacts of specific new naval

technologies on operational capabilities, acquisition,
and operational costs.Little hard engineering or ship design is performed
during these studies, but the results can have a direct
impact on future programs and designs.
3.2.2 Joint Capabilities Integrationand DevelopmentThe objectives of the functional analyses and concept

studies during the joint capabilities integration phase
are:

To support Functional Area Analysis (FAA),Functional Needs Analysis (FNA), and Func-tional Solution Analysis (FSA).
To create and assess whole ship concepts to sup-port a mission need.
To support development and approval of the Ini-tial Capabilities Document (ICD)
To support the Concept Decision (CD) and plan-ning for the Analysis of Alternatives (AOA).These e!orts formulate a mission need validated by

a!ordable ship concepts and documented in an ap-
proved ICD. The Concept of Operations (CONOPS) is
usually developed during this e!ort. It cites approved
scenarios and is an important prerequisite for con-
ducting the AOA. A Design Reference Mission (DRM)
is also developed to characterize the CONOPS in terms
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