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ABSTRACT

/$/The effects of hull length on frigate and destroyer performance,
capabilities and relative platform acquisition cost are assessed. Three
hull forms are used as the basis for the study. They can be characterised
by their relation to existing ships as being short and full, long and
slender, and average. A parametric study examines the effects of length,
displacement, topside geometry and propulsion system on performance and
capabilities. Additionally, design candidates are generated for typical
frigate and destroyer design requirements, in order to assess relative
platform acquisition cost and performance. Results indicate that platform
acquisition cost is not necessarily proportional to either length or
displacement. Thus, constraints on length or displacement to minimize
platform acquisition cost can be inappropriate. In particular, the long,
slender ship is best suited for the typical frigate and destroyer missions
considered.

J/

Z oy
RESUME

On évalue les effets de la longueur de la coque sur la
performance et les capacités des frégates et des destroyers, ainsi que le
cofit relatif d'acquisition de plates—formes. L'étude porte sur trois
formes de coque qui peuvent étre caractérisées, en fonction de la forme des
navires existants, comme courtes et larges, longues et étroites, moyennes.
Dans une étude paramétrique, on examine les effets de la longueur, du
. déplacement, de la géométrie en plan et du systéme de propulsion sur la
performance et les capacités. En outre, on établit des modéles possibles
répondant aux exigences de base pour les frégates et les destroyers afin
d'évaluer le colt d'acquisition et la performance relatifs de
plates-formes. Les résultats indiquent que le cofit d'acquisition de
plates-formes n'est pas nécessairement proportionnel ni 3 la longueur ni
au déplacement. Par conséquent, il est possible que les contraintes de
longueur ou de déplacement en vue de minimiser le colt d'acquisition de
plates—formes soit inappropriées. Par exemple, les navires longs et
étroits conviendraient mieux aux missions typiques de frégate et de
destroyer qui sont envisagées.
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NOTATION

AND engine configuration; both cruise and main engines operate for
high power requirements

AP after perpendicular

BM metacentric radius (m)

Cb block coefficient

Cm midship coefficient

Cp prismatic coefficient

CPP Controllable Pitch Propeller

Cw waterplane coefficient

D hull depth (m)

dv./dvg change in combat system volume/change in total internal volume
daw, change in propulsion system weight (t)-
EHP effective power (kW)

FC fuel consumption (t/hr)

Ffp freeboard at forward perpendicular (m)
Fm freeboard at midships (m)

FP forward perpendicular

GM metacentric height (m)

G.T. gas turbine

H significant wave height (m)

KG vertical centre of gravity (m)

KG. combat system vertical centre of gravity (m)
KM height of metacentre above baseline (m)

L length between perpendiculars (m)
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aw

PC

R /Wg

SFC

Froude length/displacement ratio, L/AY /3
complement

engine configuration; only the main engines operate for high
power requirements

added power in waves (kW)

overall propulsive coefficient

required power (kW)

range per tonne of fuel (n. mile/t)
specific fuel consumption (kg/kW hr)

draft (m)

ship speed (kt)

combat system volume, all items in Wc. (m3)
fuel volume (m3)

machinery volume; engine and auxiliary machinery rooms, intakes
and uptakes (m-).

personnel volume; spaces for accomodation, recreation and
sustenance (m3).

outfit volume; offices, workshops, auxiliary spaces not in Vm,
passageways and voids (m3).

superstructure volume (m3)
total enclosed volume (m3)

combat system weight; weapon systems, all electronics,
ammunition and aviation items, including aviation fuel (t).

disposable weight; crew and effects, provisions and potable
water (t)

fuel weight (t)
future growth margin (t)
structural weight (t)

propulsion system weight (t)



electrical system weight (t)
auxiliary systems weight (t)
outfit and furnishings weight (t)
full load displacement (t)

immersed volume (m3)
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1. INTRODUCTION

Modern frigates and destroyers are extremely complex and expensive
systems. As a result, emphasis is placed on obtaining the lowest
acquisition cost ship. 1In practice, this often leads to the imposition of
arbitrary constraints on length and displacement. Additionally, the
traditional design process, whereby new designs are based on variations of
previous ships, may be a source of involuntary constraints.

Constraints on the design process, whether imposed or involuntary,
can have serious consequences. Sug¢h constraints can preclude relatively
inexpensive ships or ships with significantly better capabilities at only
slightly higher cost. A cursory examination of NATO frigates and
destroyers over recent decades shows that combat system capabilities have
been significantly improved, at the expense of rapid growth in internal
volume. This high internal volume has been provided by growth in all
proportions, -except for length.

The effects of hull length on frigate and destroyer performance,
capabilities and platform acquisition cost are assessed. This is done in
an attempt to identify any advantages associated with ship lengths not
commonly considered by the traditional design process. Three hull forms
are used as the basis of this paper, having Froude length/displacement
ratios of 7.5, 8.0 and 8.5. They can be characterized by their relation to
existing ships as being, respectively, short and full, typical, and long
and slender. The short and long hull forms have significantly different
lengths than existing NATO frigates and destroyers. For example, at an
arbitrary displacement of 4,000 tonnes, the three hull forms have lengths
of 118, 126 and 134 metres, respectively.

A parametric study examines the effects of length on propulsive
coefficient, required power, range per tomne of fuel at cruise speed, the
distribution of internal volume components, fuel weight, stability, added
power in waves, and seakeeping. Displacements from 3,000 to 5,000 tonnes
are considered for the three hull forms. Additionally, the effects of
different ship arrangements and operational parameters are evaluated by
examining various topside geometries, propulsion systems, ship speeds, and
sea states. The results of the parametric study are particularly valuable
for assessing the effects of length on required power, fuel consumption,
internal volume available for combat systems, and performance in waves.

The parametric study identifies trends related to length but
cannot determine platform acquisition costs. The platform acquisition cost
includes the design and construction of the ship and systems but does not
include the combat systems nor any lifetime costs. The effects of length
on relative platform acquisition cost ard performance are assessed by
examining design candidates which are generated for four sets of typical
frigate and destroyer design requirements. Design candidates are developed
for each hull form, using a variety of contemporary engine configurations.
These design candidates are examined in a number of ways. First, the
relative merits of each hull form are assessed by comparing the platform



acquisition cest and performance of different hull forms generated for
common requirements. Then, the relative effects of design requirements on
each hull form are assessed by comparing similar ships generated for
different requirements. Finally, the most suitable ship for each set of
design requirements is identified.

Results indicate that platform acquisition cost is not necessarily
proportional to either length or displacement. Thus, constraints on length
or displacement to minimize platform acquisition cost can be
inappropriate. Additionally, such constraints can have unfavourable
effects on future operational costs. In particular, the long, slender hull
form is best suited for the typical frigate and destroyer design
requirements considered in this paper. It is possible to achieve
significant platform acquisition cost reductions and performance
improvements with this hull form, relative to the typical hull form of
existing NATO frigates and destroyers.

2. APPRCACH

2.1 General Methodology

The study is performed using a Concept Exploratlon Model (CEM) for
conventional monohull frigates and destroyers, called SHOPS' SHOPS is a
recently modified and extended version of the CEM for small warships
documented in Reference 2. 1In general, a CEM is a computer-aided design
tool which provides the Naval Architect with a rapid means of evaluating
ship performance, capabilities and relative platform acquisition cost at
the earliest stages of design. A CEM can be used to conduct parametric
studies, in order to assess the effects of design parameters, and to
conduct comparative studies, in order to determine the starting point for
more detailed design. The methods used in SHOPS5 to estimate performance
and capability parameters are discussed as the appropriate topics are
introduced.

SHOP5 offers a significant advantage relative to the traditional
design process: the generality of methods used to estimate ship
characteristics permits examination of ship arrangements that are not
closely related to existing designs. The methods used to estimate
seakeeping, resistance and performance are based on analytic and model test
data bases. The parameters related to machinery performance are derived
from real systems. These methods are valid for a wide range of ship
arrangements, spanning the variation of ship size, hull form and systems
used in this paper. The algorithms for estimating ship weight and volume
components are based closely on existing ships, and so they are difficult
to validate for significantly different hull forms. Weight and volume
estimates are compared with real ship data, to demonstrate their accuracy
for existing ship types. The general form of prediction equations are
discussed, to demonstrate their applicability to different hull forms.



The platform acquisition cost is calculated empirically by SHOPS.
This cost includes shipyard construction, design and engineering,
construction services, shipyard profit and miscellaneous surcharges. This
cost does not include the combat system nor any operational or lifecycle
costs. The shipyard construction cost is calculated from the weight
components, using simple cost factors that relate cost to weight. The
single exception is for propulsion machinery, for which cost is related to
installed power and type of engines. Platform acquisition costs are used
comparatively, so that only normalized data are presented.

2.2 Hull Forms

The general characteristics of the three hull forms used in this
paper are summarized in Table 1. The labels A, B and C shown here are used
throughout the paper. The Froude length/displacement ratio, hereafter
refered to as length/displacement ratio, shows the greatest variation, with
values from 7.5 for type A to 8.5 for type C. These values were selected
to give significant variation of length relative to existing NATO frigates
and destroyers. Hull form B is typical of existing ships, type A is
relatively short and full, and type C is relatively long and slender.

The values of prismatic coefficient, Cp, block coefficient, Cb,
and beam/draft ratio, B/T, approximately span those of existing frigates
and destroyers. These hull coefficients were chosen on the basis of a
comparative study, not presented in this paper. This study considered
common design requirements for the three hull forms, with common propulsion
systems at an arbitrary displacement of 4,000 tonnes. The ships considered
in this comparative study were subject to the seakeeping and stability
criteria discussed later in this paper. The values of Cp, Cb and B/T were
selected to give high fuel efficiency at cruise speed and acceptable
stability. The variation of platform acquisition cost for the hull form
coefficients considered was not significant. The value of midship
coefficient, Cm, is defined by the ratio of Cb/Cp and the waterplane
coefficient, Cw, is estimated empirically from Cp. It must be emphasized
that the values of Cp, Cb and B/T chosen for the three hull forms do not
represent any 'best' combination of hull form coefficients. The parameter
of primary interest is length.

3. PARAMETRIC STUDY

3.1 Propulsive Coefficient and Required Power

The required power is estimated from the effective power, EHP, and
propulsive coefficient. The EHP is calculated from total resistance and
ship speed. The total resistance is separated into three components: skin
friction, residuary and appendage. Skin friction resistance is calculated
using the 1957 ITTC model-ship correlation line with a correlation
allowance of 0.0005, corresponding to six months out of dock® . Residuary
resistance is interpolated from the National Research Council Hull Form



Series for Fast Surface Ships® (NRC FSS). Appendage resistance is
calculated® for the following appendages: a keel mounted sonar dome, a
pair of fin roll stabilizers, a pair of bilge keels, propeller shaft(s)
with "A" bracket supports and one rudder per shaft. Still-air wind
resistance is included with the appendage résistance. The EHP estimate
includes a 10 percent design margin to allow for uncertainty in hull form
definition.

The propulsive coefficient, PC, is estimated from propeller open
water data, hull form and appendages. The open water efficiency is
interpolated from the Wageningen B series® for a five bladed propeller
with pitch/diameter ratio of 1.4 and expanded area ratio of 0.75. These
data are arranged as a function of both propeller loading and cavitation
number. Propeller loading is calculated from the propeller diameter and
the EHP. Propeller diameter is defined by midships draft; for twin shafts,
the diameter is equal to the draft and for a single shaft, it is 10 percent
greater than draft. All ships considered in this paper have controllable
pitch propellers (CPP), so that the series open water data for fixed
propellers must be adjusted. A factor of 5 percent is introduced to
account for the reduced efficiency of the CPP, due to the hub size. The
cavitation number is calculated for a hub immersion equal to 95 percent of
draft, using ambient pressure at the hub. Other effeciency components
(relative rotative, hull, shaft and transmission) are calculated from
empirical equations based on hull form and the number of propeller shafts.

Calculated PC values for the three ship types at 4,000 tonnes
displacement are shown in Figure 1. The variation of speed shown here
spans the range of cruise speeds of existing frigates and destroyers. Two
curves are shown for each hull form, the solid curve for twin shafts and
the dashed curve for single shaft. The PC of twin shaft ships remains
relatively constant with speed, and does not vary greatly with hull form.
The single shaft ships show significant variation of PC with both ship
speed and hull form, due to the variation of propeller loading. The
relatively small diameter of the type C propeller has much higher loading
than hull forms with deeper draft, contributing to lower PC. The variation
of PC with speed is also related to the loading, which increases with speed
relatively rapidly for the single screw ships. The twin screw ships have
relatively low propeller loads and are not affected to the same degree by
either speed or hull form. Cavitation does not have a significant effect
on efficiency at cruise speed, although it may at higher speeds.

The calm water required power is equal to the ratio EHP/PC. The
required power in waves is calculated by including an allowance for the
added power in waves. Figure 2 shows required powers for the three ship
types at 4,000 tonnes displacement. These ships have twin shafts and are
operating in a significant wave height of 1 metre. The required power
varies inversely with ship length, so that type C requires the least power
to achieve a given speed. For example, A, B and C require, respectively,
43,250, 37,300 and 31,330 kW for a speed of 30 knots. Thus, for the same
available power, the maximum speed increases significantly from type A to
type C. Conversely, in the context of a design speed requirement, the
required power decreases significantly from type A to C.



3.2 Range per Tonne of Fuel

The range per tonne of fuel, R/Wg (n.miles/t), combines the
effects of resistance, propulsive coefficient and engine performance.
Range is calculated at full load displacement, with no allowance for
decreasing displacement as fuel is burned. The fuel weight is reduced by 5
percent, to account for fuel trapped in piping and tank bottoms. The
calculation of fuel weight is discussed later, as a separate topic. Fuel
consumption is estimated according to the type and installed power of the
engines and generator sets. The calculated fuel consumption is increased
by 5 percent, to account for engine deterioration in service.

Figure 3 shows R/Wg at cruise speed for the following engines on
a 4,000 tonne, twin shaft, type B ship.

1. A single 18,650 kW turbine driving two shafts.
2. Two 4,800 kW turbines, each driving one shaft.
3. A single 12,000 kW turbine driving two shafts.
4. Two 3,750 kW diesels, each driving omne shaft.

The characteristics of these engines, shown in Table 2, are typical of
commercially available engines fitted in existing frigates and destroyers.

The effects of length on R/Wg at cruise speed have been
evaluated for the three hull forms, with displacements from 3,000 to 5,000
tonnes. For twin shaft ships, type A has approximately 1 to 2 percent
lower R/Wg than type B, while type C has higher R/W¢ than type B,
varying from 3 to 5 percent. For single shaft ships, the variation of
propeller size and loading with draft tends to minimize the differences in
R/Wg due to length. The type A and B ships have approximately equal
R/We and the type C has slightly higher R/Wg, but it is within 1 to 2
percent of the shorter hulls. In general, a 10 percent change in
displacement causes an inverse change in R/Wg of 4.5 percent.

The type of cruise engine has a significant effect on the R/W¢
at cruise speed. The diesel cruise engine has, predictably, higher R/Wg¢
than the gas turbines, because of its relatively low specific fuel
consumption, SFC. The SFC of diesel engines is assumed to remain constant
at 0.23 kg/kW-hr, for power ratios from 1.0 to 0.4. The power ratio is
defined as the ratio of operating power/full power. At lower power ratios,
the fuel consumption remains constant, equal to that at a power ratio of
0.40. The 3,750 kW diesel engine has a maximum R/Wg at a speed of
approximately 15 knots; at lower speeds the fuel consumption is constant
and at higher speeds the SFC is constant. The fuel consumption of a gas
turbine is related to the full power SFC and power ratio. The degradation
of SFC for gas turbines operating at low power ratios is estimated
empirically. For the gas turbines considered in Figure 3, the 18,650 kW
engine is least efficient and the 12,000 kW engine is most efficient. The
difference between these engines is due to their power ratios, since they
have approximately the same full power SFC. The two 4,800 kW engines have
a relatively high power ratio, but this is offset by their high full power



SFC. Comparison of the single 18,650 and the two 4,800 kW engines shows
that the two small engines have significantly higher R/Wg at low speed,

but approximately equal R/Wg at 20 knots. These two crulse engine
configurations are typical of existing NATO frigates and destroyers. It is
apparent that there is no efficiency advantage in having two, small gas
turbine cruise engines for ships with a high cruise speed requirement. The
two, small engines are, however, desirable for lower cruise speeds. Note
that the single 12,000 kW cruise engine is significantly more efficient
than the other gas turbines, at all cruise speeds. This cruise engine is
not, however, used in any existing NATO ships. The 18,650 kW engine has
been evaluated for a single shaft arrangement. It has approximately 1
percent higher R/Wg than the twin shaft, from 14 to 20 knots, for the

three hull forms.

The R/Wg data presented above are for ships with four gas
turbine generators, with an average electrical load equal to 25 percent of
the installed power. In SHOP5, the installed electrical power is
proportional to displacement, with an approximate one-to-one ratio of kW to
tonnes. Thus, a 4,000 tonne ship with 4,000 kW installed electrical power,
has an average electrical load of 1,000 kW. Under these conditions, two
generator sets are operating, each at half capacity. The type of
generators has significant impact on fuel consumption. The typical full
power SFC of gas turbine and diesel generator sets are, respectively, 0.36
and 0.25 kg/kW-hr. Ships with diesel generator sets have higher R/Wg
than those with gas turbines, varying from 14 to 7 percent for speeds from
14 to 20 knots. The effects of average electrical load are also
significant, but, as the average load is determined by ship systems and
. operational procedures, it is not generally possible to improve fuel
efficiency by lowering power requirements.

3.3 Volume Compoments

The distribution of internal volume is of primary importance as it
determines whether the ship can carry the required combat systems and
provide sufficient space for ship systems and personnel. The effects of
ship size and hull form on internal and combat system volumes are examined
for various topside geometries.

The distribution of internal volume components is estimated from
empirical expressions derived from real ship data. The total internal
volume, V¢, is defined from hull form, freeboard and superstructure
volume, all of which are defined as input to SHOP5. The machinery volume,

Vpms> is estimated from midship beam and hull depth. The outfit volume,
Vg is calculated from displacement, complement and total internal volume

less machinery volume. The complement is estimated empirically from
displacement. For the ships considered to this point, the complement
varies from 210 to 295, as the displacement varies from 3,000 to 5,00
tonnes. The perscnne; vu.l.umc, vn, is defined from L.l.lt: LUlllth:lucﬁt and
standard of accomodation, which is constant at 15.6 m /person. A
constant standard of accomodation is used in lieu of the SHOP5 estimating

algorithm, so the variation of other volume components with hull form can



be assessed without introducing additional data. The fuel volume, Vg, is
calculated from the fuel weight and specific gravity, with a 10 percent
margin for tank structure and air space. The balance between total
internal volume and the volume components is achieved through the
definition of combat system volume, V..

Ve = Ve = (Vg + Vg + Vy + Vi)

Table 3 compares SHOPS5 volume estimates with real ship data for
the following NATO frigates and destroyers.

1. Oliver Hazard Perry 'FFG 7' class frigate, USA.
2. Georges Leygues 'C70' class destroyer, France.
3. Kortenaer class 'Standard' frigate, Netherlands.
4. Sheffield class 'Type 42' destroyer, UK.

5. Maestrale class frigate, Italy.

6. Spruance class destroyer 'DD 963', USA.

7. Knox class 'FF 1052' frigate, USA. :

Detailed information on these ships are available in recent
publications’ '®'®'!%, The data shown in Table 3 are the difference
between estimated and real volume groups, expressed as a percent of total
internal volume. A positive quantity indicates that the estimate exceeds
the real value. Ships 1 through 6 were used as data sources for
development of SHOPS5 algorithms, and ship 7 was not considered. The
difference between estimated and real combat system volumes represents the
cumulative error in the overall estimation of volume distribution. Note
that the data shown in Table 3 for personnel volume are based on the
estimating algorithm used by SHOP5, not the constant standard of
accomodation described above. These data are included for comparative
purposes only.

Figure 4 shows the variation of internal and combat system volumes
with displacement for the three ship types. These data are for ships with
freeboard/length ratio, Fm/L, of 0.04 and superstructure/total internal
volume ratio, Vg/Vy, of 0.275. At a displacement of 4,000 tonnes, the
three ship types all have a hull depth of approx1mate1y 9.5 metres. This
implies that an equal amount of internal deck area is associated with an
arbitrary internal volume, for the three ship types. Ship types A, B_and C
have combat system volumes of, respectively, 2,480, 3,540 and 4,530 m
at 4,000 tonnes with the Fm/L and Vg /V. ratios noted above. For an
arbitrary combat system volume requirement of 3,500 m3 and constant hull
depth, ship types A, B and C have superstructure volumes of 5,050, 4,630,
and 4,030 m°>. This illustrates that relatively spacious hull of the long
type C hull form can satsify common volume requirements with significantly
less superstructure than the shorter ships.’

The effects of Fm/L and V,/Vy on internal volume components
are shown in Table 4. These data are generated by considering a low
baseline geometry with Fm/L of 0.038 and Vg/Vy of 0.25. The effects of
freeboard and superstructure volume on internal volume components are



examined by independently increasing Fm/L and V,/V. from the baseline
values. The variation of hull length/hull depth ratios, L/D, associated
with changes in Fm/L are noted in Table 5. The Vg/Vy of existing NATO
frigates and destroyers varies from 0.25 to 0.32, covering a wide range of
design practice. The data in Table 4 show that altering freeboard affects
machinery, outfit and combat system volumes, while altering superstructure
volume affects only outfit and combat system volumes.

The ratio of combat system volume change/total volume change,
dV./dVy, is a measure of the amount of space available for combat
systems associated with an arbitrary change in topside volume. The
dV./dVy ratio is relatively independent of ship type, but does change
with displacement, varying from 3 percent higher at 3,000 tonnes to 4
percent lower at 5,000 tonnes. For a given increase in superstructure
volume, approximately 76 percent of the additional space is available for
combat systems, while only 56 percent of the additional space associated
with increased freeboard is available for combat systems. This indicates
that combat system spaces can be more easily accomodated in the
superstructure than in the hull. This comparison only considers the
effects of combat system spaces on the structural envelope. Unfortunately,
a large number of other design conmsiderations, such as stability,
detectability and main deck arrangeability, favour small superstructures.

Requirements for both high combat system volume and a small
superstructure imply a need for a relatively long hull. It has been shown
that the type C hull form can provide common combat system volume with
significantly less superstructure volume than the shorter ships. The
primary impact of locating spaces within the lower hull is the increase in
platform acquisition cost due to the additiomal hull structure. The
variation of installed power and internal volume with hull form makes it
difficult to assess the platform acquisition cost of the three hull forms
in a parametric manner. The relative acquisition costs of the three hull
forms with common volume requirements are examined in Part 2 of this paper,
through compariscn of design candidates.

The effects of length and displacement on personnel volume have
not been addressed, as the standard of accomodation has been held constant,
at 15.6 m3/per30n. The volume per person for existing NATO frigates and
destroyers varies from approximately 12.2 to 18.0 m3/person, showing that
there is no consistency of accomodation standards among the NATO navies.
There is, however, consistency of personnel volume when compared with
available space. The SHOPS method for estimating personnel volume is based
on the available internal volume. This can be approximated by the internal
volume less machinery spaces, tankage and voids. This available volume is
shared by personnel, combat system and outfit volumes. The data shown in
Table 3 for SHOP5 personnel volume estimates are based on the available
volume.

The effects of topside geometry and length on personnel volume are
analagous to those for combat system volume. In general, the relatively
high standards of accomodation for modern frigates and destroyers require



both high vertical clearance and high deck area. This has a direct and
unfavourable impact on the internal space available for combat systems. It
is possible to minimize the impact of personnel volume on combat systems
with the long, slender hull form. For comparative purposes, consider ship
types B and C at 4,000 tomnes, with _identical superstructure and combat
system volumes of 4,630 and 3,500 m3, respectively. The type C ship has

a personnel volume of 4515 m3, while the type B has 3915 m”. These two
ships have the same hull depth, so the increased personnel volume for the
type C ship corresponds to a 15 percent increase of internal deck area for
personnel.

3.4 Weight Components

The distribution of weight components is estimated from empirical
expressions derived from real ship data. The full load displacement and
combat system weight, W., are defined as input to SHOP5. The structural
weight, Wis is estimated from ship geometry and the structural material.
This paper considers only all-steel construction. The propulsion system
weight, Wy, is separated into two components; the weight of the
propulsion units themselves and remaining items. The propulsion unit
weight is known from the engine characteristics and the remainder is
estimated from the installed power and the number of shafts. The
electrical system weight, W3, is estimated from the installed electrical
power and the type of generators. The auxiliary systems weight, Wsg, is
estimated from displacement, internal volume, complement and installed
electrical power. The outfit and furnishing weight, Wy is estimated from
the internal volume and complement. The disposable weight, Wy, is
estimated from the displacement, complement and fuel weight. The balance
between full load displacement and weight components is achieved through
the definition of fuel weight, Wg.

Weg =02~ (Wg + Wy +Wy+ W3+ Ws+ Wg+ Wy

All ships generated for this paper have a margin for future growth
equal to 2 percent of displacement and also have an allowance for engine
rafting equal to 1.5 percent of the propulsion system weight. The
allowance for rafting is in addition to the average amount found in
existing NATO frigates and destroyers. The primary effect of these
additional weights is to reduce the amount of fuel. Note that, for the
parametric study, any change of weight components for a particular ship
affects fuel weight, not displacement.

A comparison of estimated and real weight components is shown in
Table 6, for the NATO ships described earlier. The differences between the
estimated and real value are expressed as percent of full load
displacement. The future growth margin, W,, and fuel weight are combined
for comparative purposes only. The difference between the estimated and
real combined fuel weight and future growth margin represents the
cumulative error in the estimating algorithms. Note that, for ships 1 and
7, the real values for W3 are used, as the generator sets in these ships
are substantially lighter than would be estimated. Also, for ship 7, the
steam plant propulsion system specific weight is input, as SHOP5 has no
algorithm for steam machinery.



Figure 5 shows the variation of fuel weight with displacement, for
the three ship types with Fm/L of 0.40 and Vg/Vy of 0.25. Ship type A
carries significantly more fuel than types B or C. This is because of the
relation between structural weight, Wi, and length/hull depth ratio,
L/D. A ship with low L/D has less section thickness and less material area
than one of equal displacement with higher L/D?. Ship types A, B and C
have equal hull depth for Fm/L of 0.40, so the variation of length between
the three hull forms gives significant variation of L/D. For example, the
structural weights for ships A, B and C at 4,000 tonnes are 1,250 1,345 and
1,440 tonnes. All of these ships have combat system weight equal to 10
percent of displacement.

The effects of topside geometry on fuel weight are shown in Figure
6, for ship type B at 4,000 tonnes, with three values of Fm/L. The
reduction of fuel weight with both increasing freeboard and superstructure
volume is due to increased auxiliary systems weight, Ws, and outfit and
furnishings, Wg. For small increases in L/D, due to increased Fm/L, the
reduction of structural weight is offset by the increases in Wg and
Wee This trend will tend to have the greatest impact on ship type A,
which needs relatively high freeboard and superstructure volume for
sufficient internal volume.

All of the fuel weight data in Figure 5 are for ships with the
same engine configuration; twin shafts with 4,800 kW cruise engines and
18,650 kW main engines, having a total power of 46,900 kW. This
configuration is used so that the variation of internal volume can be
assessed without introducing the effects of changing engines. 1In reality,
a number of different engines would be used for the variation of ship size
and hull form shown here. The effect of different configurations on fuel
weight can be examined by comparing the change of propulsion system weight
relative to the 46,900 kW system, dW;, in Table 7. Changing the engine
configuration will change the fuel weight by an amount equal to the
difference in Wy. For example, substituting 3,750 kW diesel cruise
engines for the gas turbines increases W, to 451 tons, reducing the fuel
weight by 47 tons.

The combined variation of installed power and topside geometry
with hull form has significant impact on fuel weight. The data in Figure 5
for ship type B are typical of existing frigates and destroyers. The
shorter type A ships will tend to have higher installed power, freeboard
and superstructure volume contributing to lower fuel weight than indicated
in Figure 5. Conversely, ship type C will have relatively low installed
power, freeboard and superstructure volume, and so its fuel weight is
greater than indicated in Figure 5. This is examined in more detail later,
by comparison of design candidates.

The variation of fuel weight with crew size and displacement is
shown in Figure 7, for ship type B with three values of complement/
displacement ratio. The variation of complement for this data
approximately spans the range found in existing NATO frigates and
destroyers. For most displacements, ships with median complement carry the
maximum fuel weight. All three ship types exhibit similar trends.
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The effect of crew size on fuel weight is determined by the
relationship between complement, auxiliary systems weight, Wg, and outfit
and furnishing weight, W,. Changes of these weight components with
complement produce equal and opposite changes in fuel weight. Generally,
Ws increases with decreasing crew size, because of the required high
level of auxiliary machinery support. The relation between complement and
We is not quite so straight-forward. Ships with small crew tend to have
little weight directly associated with the crew, but have relatively high
weight for other items included in Wg. This can be shown more clearly by
examining the personnel and outfit volume groups, V, and V,. The ship
with small crew has relatively few items associated with V,» but has a
high proportion of space and weight devoted to V,. This is because ships
with relatively small crew do not have proportionately less internal
volume. A ship with large crew has a great deal of volume and weight
associated with V,, with proportionately less for V,. So that, the
W, of a ship with small crew is dominated by the outfit items and a ship
with large crew is dominated by the personnel items. The necessity of .
discussing the effects of crew size on weight items in terms of volume
components is a shortcoming of the weight group philosophy used in this
paper, as well as by many navies throughout NATO.

The change in the relation between crew size and fuel weight at
displacements less than 3,500 tonnes is related to internal volume. Ships
with small displacement have less internal volume per tonne than larger
ships. Also, the smaller ships have more personnel volume per tonne than
larger ships. Thus, the smaller ships have a higher proportion of crew
space than the larger ships, and so the effects of other volume groups are
minimized.

3.5 Stability

Two damaged stability criteria are used®: there is adequate
freeboard for reserve buoyancy and the vertical centre of gravity is less
than the maximum for adequate damaged stability. All ships presented in
this paper have satisfied these criteria. The damaged condition is defined
as three adjacent compartments flooded. Compartment size is defined by the
spacing of watertight bulkheads, which is calculated empirically. For
example, a 120 metre ship has an average bulkhead spacing of 7.9 metres.

The vertical centre of gravity/hull depth of the combat system,
KG./D, varies with superstructure volume, with values from 0.8 to 1.1, as
V4/V, increases from 0.25 to 0.325. The centres of gravity of all
other weight groups are a constant fraction of hull depth. The vertical
centre of gravity, KG, is calculated from the sum of moments of the weight
groups. Hydrostatic particulars are derived from hull form, to define the
height of metacentre above the baseline, KM. The metacentric height, GM,
is the difference between KG and KM. All stability data in this paper are
for the fully loaded, solid condition. The SHOP5 empirical calculation of
GM agrees to within 0.2 metres of real ship data for the first five NATO
ships described earlier. The GM of ship 6 is not available and that of
$hip 7 is overestimated, as the SHOPS5 algorithm comnsiders only gas turbine
propulsion systems.
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The metacentric height/beam ratio, GM/B, is a widely used
comparative measure of stability. 'This ratio varies from 0.08 to 0.1l for
existing NATO frigates and destroyers. An optimum value of GM/B is 0.10,
for frigate and destroyer type shipsll. Figure 8 shows the effects of
freeboard and superstructure volume on GM/B, for a displacement of 4,000
tonnes. The three curves shown for ship B are for Fm/L ratios of 0.038,
0.040 and 0.042, with the lowest freeboard associated with the highest
GM/B. The curves for ships A and C are for Fm/L of 0.04. The effects of
varying freeboard for ship types A and C are approximately equal to those
shown for ship type B. In general, GM/B decreases by approximately 6
percent for a displacement of 3,000 tons and increases by 4 percent at
5,000 tons.

The effects of superstructure volume on GM/B are determined by
structural weight, Wi, auxiliary systems weight, Ws, outfit and
furnishings weight, Wg, and the combat system vertical centre of gravity,
KG.. All of these parameters increase with superstructure volume. An
increase of any weight group implies an equal reduction of fuel weight.
This shifting of weight from low to high in the hull increases KG. The
variation of KG./D with Vg/Vy accounts for 40 percent of the GM/B
variation with superstructure volume. The remaining 60 percent is due to
increases in W, Wg and Wg. Changing Vg/Vy from 0.25 to 0.325
decreases GM/B by approximately 0.03, for the three ship types. The
effects of changing freeboard on GM/B are determined by Wi, Wg, W
and hull depth. W; decreases with increasing freeboard, but, for small
changes in L/D, the increase of Wg and Wg gives an overall reduction of
fuel weight. Also, the increase of hull depth with freeboard tends to
shift all weight components upwards. Changing Fm/L from 0.038 to 0.042
reduces GM/B by approximately 0.02 for the three ship types.

It is apparent from Figure 8 that both freeboard and super-

" structure volume have significant impact on stability. The interdependence
of fuel weight, topside geometry and stability makes it very difficult to
parametrically determine the relative stability of the three hull forms.

In general, however, it is possible to define a number of reasonable
combinations of Fm/L and Vg4/Vy, for which the three hull forms have

GM/B of approximately 0.10.

3.6 Added Power in Waves

The added power in waves has a significant impact on both cruise
and design speed operation. The wave height chosen for design calculations
must be representative of expected operating conditions, as considering
added power in relatively calm seas promotes an optimistic appraisal of ship
capabilities. Propulsion data presented earlier includes the added power
in a significant wave height of 1 meter (sea state two). While this may be
consistent with current practice of some navies, it does not necessarily
define a realistic operating environment. A significant wave height of 1
metre is exceeded approximately 92 percent of the time in the North
Atlantic'?. A more realistic definition of operating conditions for the
North Atlantic is sea state five, with a median significant wave height of
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3 metres. Sea state five is exceeded approximately 22 percent of the time
in the North Atlantic. Power and range calculations for a wave height of 3
metres would be correct, or comservative, 78 percent of the time.

Added power data are interpolated from the NRC FSS model series in
regular head seas'?. Figure 9 shows the variation of added power with
wave height, at 20 knots. The zone shown in this figure includes the three
ship types, at 4,000 tonnes. For wave heights up to 3 metres, ship type A
has the least added power and type C has the highest. In higher waves,
ship type B has the highest added power, followed by types C and A. The
relatively high waterplane coefficient and shallow draft of type C
contribute to its added power, even though it is relatively slender. Table
8 shows the added power, total required power and equivalent calm water
speed for 20 and 30 knots in waves. These data are for ship type B at
4,000 tonnes. The added power is relatively insignificant in 1 metre
waves. In higher waves, however, the added power becomes quite
significant. The added power at 20 knots in 3 metre waves is approximately
17 percent of the total required power. The added power at 30 knots is a
smaller percent of total required power, but is still significant.
Calculating required powers for high sea states can limit the choice of
cruise engines. For example, two 3,750 kW diesel engines cannot satisfy
the power requirements at 20 knots in 3 metre waves, although they can for
1 metre waves. The effects of wave height on range can be assessed by
examining R/Wg data. Extrapolation of data shown in Figure 3 indicates
R/Wf is reduced by approximately 5 and 10 percent for wave heights of 3
and 5 metres, at both 20 and 30 knots.

3.7 Seakeeping

The previous discussion considers the effects of waves on
propulsion and assumes that a ship can sustain speed in any sea state for
which it has sufficient power. In practice, speed is often limited by
either deck wetness, vertical acceleration, or slamming. The SHOPS5
seakeeping algorithm is based on a data base of ship responses in head
seas, for a family of hull forms'*. Head seas are most appropriate to
the early stages of design, as the hull form is not defined in sufficient
detail to predict lateral motions. Also, it has been demonstrated!s '8
that lateral motions can be greatly reduced by active fin or rudder control
systems, so that head seas performance is of primary importance.

Seakeeping performance is determined as a function of
displacement, length, hull form, speed and sea state. The sea state is
defined by significant wave height and modal period, using values
appropriate to the North Atlantic. All ships presented to this point have
satisfied the following seakeeping criteria, at 20 knots in 3 metre waves.

- Maximum of 60 deck wetnesses per hour.

- Maximum RMS vertical acceleration of 0.2 g at station 4 (station
0 is at the FP and station 20 at the AP). '

- Maximum slam force/displacement of 0.2.
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