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ABSTRACT

Arrangements, which involve the geometrical features of warship design,

v have two aspects. One aspect is the geometrical relationship between
components; the other aspect includes the quantitative geomatrical variables

of length, area, volume, shape, and location. About cne-half of the p.per

e e TS —

is devoted to background inforamation concerning interaction between
arrangements and various ship characteristics. Topics discussed include
items such as seakeeping, sensor location, topside design, weapon location,
habitability, and NBC protection. Several different models can be developed
to assegs arrangements. One approach is to introduce the quantitative

aspect of arrangoments (length, volume, etc.) into the overall ship design
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orocess. The relationship aspect of arrangements is an input made by the

deslignzr. Once the design of a warship has converged and has been optimized,

the ship- can be subjected to combat simulation. During the combat simulationm,

the relationship aspect can be assessed. Two optimized warships differing

in relationship of components fight the same battle. Based on performance

in the combat simulation, one ship will be superior.

An approach hased on subsystems and the interaction between subsystems

has been formulated. The formulation is a useful tool for identification of

interactions; however, the subsystem method seems less direct than the two ?

step process of overall ship design and combat simulationm.

Two appendices are included. One appendix outlines an analytical
model which highlights interaction between a dipole antenna and the metal
7alls of the superstructure. The second appendix discusses use of a linear H
xatrix approach for subsystem srrangement. The approach fails because many :

interactions are nonlinear.
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SHIP ARRANGEMENTS AND COMBAT SYSTEM PYRFORMANCE
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! v I. INTRODUCTION
: E The proness of synthesizing a warship is knowi as design; arrangemente

are & subset of design, Arrangements deusl with geonetry, i.e., &rea, voluane
location, length, and shepe. Arranjements involve the geomctrical relation~
ship haetween components or subsyatums.

In aircraft and missfia design, "configuration" iz syoonymous with
"arrangements'" in naval architecture and marine engineering. See, for example,

Dow [1], Chin [?], Puckett and Ramc [3], and Corning [4}. Many of the

feutures of missile or sircraft configurativn selection have amalogous
; cownterparts in arrangements selection. One example i3 the relation
netween conter of gravity and vel.icle stability.
Looling at some of the stancdard veference texts for the naval architect

aud marive engincer is interasting although not too enlightening. 3hip

Design and Construction [3] has one chapter entitled "General Arrangemeunt."

: Neither rinciples of Nuval Architecture {6] nor Msrine Enginreering [7;

motdlong: arrangenens.s.

Aviangement. iv cne of the basic decisions lovolved wich warship design.
The ali~cation of deck spsce and volume within the hui. and superatructare
i3 3a lwportout function., A figure-of-merit is seeded to ass«ss the merit

of slternative arrasngements. The figura-of-merit wouid he c¢f value in

=~ wceptugl devign witsu many different srvsugements arve scrwesed. Currently

. sngesenment of avracgemenis is a judgmental factor which rests on the opiaion

A Ay L LA, o M g ¥, Pl Ao

*pLatinguaished Professor of Aeronautlca and Physics and Chemistxy.
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K o' the naval architect and marine eugingex. A figure-of-merit for arrange-
wents would make the process gunntitative.

A relatead question to the figure-of-merit ie the engineering bauie for

\ a quantitative measure of "arrangements." Are theve fundawental theorems

e

from topology, diiferantial gaometry, or other sciance whick eatablish a

flgura~of ~marit? The anawer is negative; any figure-of-merit is an

é arbitraxily defined quantity. Nonetheless useful figurss-of-merit can tbe

o defincd.

i Complex definitions bsased on extensive models can be used for the

E‘ figure-of-merit. The speed of tha computer allows us of extensive numeri:al
: models which incorporate the various ramifications of a particular arrange-

i ] went.

3 Certain aspacts of arrangements are well defined and are mathenstically

}
?' precisc. One aspect is ship stability. Arrangements determine the height

of the center of araviry above the keel, KG. 5t

-3

an upper bound for KG. Arrangemenis determine the moment of inertia about

Ml

the roll axis. Considerations of ride quality and stabilization of antennas
impose limits on roll rates which are acceptable.

Other aspects of srrangements are less well defined. An example is the
location of CIC. For convenicence to the ship’s CO, the CIC should be near
the bridge. F¥From vulnsrablliity considerations, CIC should be buried deep

within the hull. DZased on thess two cousiderations--conveniencz 7ersus

veinerabilicy-—arrsngements which specify location of (IC are matters of
judgmen:. The judgmen:t could be wmade quantitative by suitable weighting
values,

. Section II-of this paper dlacussse variswe teples related
to arraugenents. Section 111 outlines several models for an arrangements
figure-of-merit. Secticn IV describes one wodel, which is & Moute Carlo

simulaticn of an engagement.
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II. BACKGROUND DISCUSSION OF ARRANGEMENTS

As a polint of departure in the quest for a rational and unseful figure-
of~mer 't for arrangements, numerous topice invclving ¢ {p design and
performance are discussed relative to arrangements.
SHIPF HULL AND STRUCTURE

The ship hull shape determines numerous ship characteristics and
properties such as ship resistance, self generated flow noise, seakeaping
ability, metacentric height, stability, and manewwering capability. Fvrther,
the ship hull shape and structural philosophy determine the intzrnal volume
available for allocation to numerous components and subsystems. For reasons
of hydrodynamics, the hull {s not & rectangular box. A box is a shape
which is convenient for packaging. The hull complex curvature impcses
contraints . space utiliration.

Ship Stability

of gravity vertically as well as fore and aft and moments >f inertia about
the roll and pitch axes. For damaged stability, the hull 1is subdivided to
limit flooding. Arrangements have a large impact on allowable subdivision
of the huli.

The location of center of gravity his an influence on righting arm,
RA, through the eguation

RA = (KM - KG) ain 6 D

where KM 18 metacentric height about the keel, KG 18 height of center of
gravity above the keel, and 9 is the sngie of hLeel. In addition, KG is one
of the varisbles which determines the angle of heel in a high speed turn.

Arrangemen*ts determine the sail area of a ship. During high winds,

the ship acquires un angle of hecl as a result of the force of the wind.




[
PRI S,

rmgr

During ship design, intact and damaged stability are assessed using

criteria discussed by Sarchin and Goldberg [8]. A well understood interaction

S gE s Wit

between stability and arrangements exists.

Seakeeping
Seakeaping involves the random dynamic motion of a ship in response

i g Sy 5

to 2 random sea condition. Such responses as slamming, shuddering, green

O

vater over tha deck, deck wetness, and maximum speed are part of seakeeping.
' Kehoe [9] discvsses the relative seakeeping characteristics of the
United States Mavy and Scviet ships. Olson [10] provides an evaluation of

seakeeping qualities.

[ ETE e o T e T o g ©

How dces arrangement influence seakeeping?

The random waves acting on a given hull shape provide the forces. é
The ship responds to the forces according to the distribution of mass. The
distribution of mass is directly related to arrangements.

Furthar  the distribution of mass has an influence on the structural |

R g (T e T TE A W T ey r

eomuutt 500 RSt

design and the distribution of strength. This fact leads one to hull

i. flexure.

Hull Flexure

OREY

Due to wave action, a destroyer size hull has milliradian angular

e S

displacements. The angular displacement may be twist between bow and stern

or may be due to hogging or sagging.

The hul! flexure creates problems in the fire control system. A F/C

sensor may be located at one position on the ship and measure a certain
set of values for elevation and azimuth. Orders for a gun in train and
elevation or for a misaile launcher are computed on the basis of a rigid

hull. Bending causes an error. The magnitude of the er r increases with




increasing seraration between component3, e.g., F/C radar and the gun mount.
The error is partially an arrangements factor.

Weiss and Cross [11] discuss the influence of both rigid ship motion
and hul} flexure on gun fire control systems.

SHIP CH. IACTERISTICS

Several ship characteristics such as vulnerability, NBC protection,
shock protection, aand dctectability will now be discussed in regard to

arrangements.

Vulnerability/Survivability

Vulnerability is a ship chavacteristic related to the extent of damage
which a ghip receives zs a result of expssure to a specified weapon under
well defined vonditions. If the weapon is a warhead, the location of the
detonation must be specified. Survivability is the ship characteristic

related to the retention of combat capability in spite of exposure to

oy
]
tr
oo
*-‘
)
34
4
TS
n

weapons. Vulaerability is the ioss of capabilit
the retention of capability.
As discussed by Jolliff {12}, survivability can be enhanced through
two general approaches. The first approach is passive hardening which
involves crmor, torpedo side protectioa, redundancy, reduced observables
(radar cross section, IR signature) ard low profile. The second aprioach
iavolves active hardening associated with EW, deconys, and defensive weapons.
Arrangements play a major role in passive hardening. The profile of a
ship 18 a direct consequence of an arrangement. A low profile implies a
varget which ls difficult to hit. Ship observables such as radar cross

section sre influenced by arrangements. Large flat vertical sides yield

LU SOV
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large cross section; however, radar cross section has subtleties. Hand
railing may be in resonance with a particular vadar frequency greatly
increasing crogs section. Corners and sunarp discontinui;?es can cause a
radar cross section considerably larger than the projected area. ‘rhe
corner reflector is one example.

A gocd arrangement gives low observables and a low profile. The low
profile is easy to quantify; it is merely the projected area. To relate
radar cross section to arrangemeants, mors effort is required. One is
forced to consider basic electromagnetic wava reflection and diffresction.

In some cases, missile guidance aims for the geometric centroid of a
target. If the centrold is, im fact, the uimpoint, then the centroid ie
moet likely to be hit. Arrangements which account for the aimpoint can
enhance survivability.

Depending on the weapon, «ertain locations on a ship are less
vulnerable. For example, a location near the keel is safe relative tco
an alr burst of a fragmentation warhead. Hence location within the ship,
which 18 certainly an arrangements factor, has an important effect om
survivability.

Nuclear weapon effects add to the complexity of designing a survivable
ship. FElectromagnetic pulse, EMP, is an effect caused by an excatmospheric
burst. Electric fields occur at 2000 miles from the burst with sufficieat
magnitude to destroy sensitive solid state electronics. According to
Carsteasen [13], circuits which are internal to the hull or superstructure
are shieldad by the metal bulkheads. The extent of shielding depends on

Jocation; shielding fer EMP is partislly an arrangements factor.
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NBC Protection

A case is made by Haupt [14] that nuclear warfare on high seas is
unlikely, whereas either biological or chemical warfare is to be expected
at sea. For protection, the German Navy uses the "citadel" concept.
within the citadel, the crew is protected from biological or chemical
weapons. Parts of the ship, e.g. engine room and helicopter hangar, ere noct
within the citadel.

Using a citadel for NBC protection has implicetions relative to arrange-
ments. All compartments within the citade® should be adjacent. Spcce
must be allocated for air locks and decontamination stations to permit
transit across the citadel boundaries.

Shock Protection

Arrangements have an infl._ence on shock hardening. Consider an
underwater explosion which accelerates the ship's bottom and Lkeel upward.
The pulse is transmitted upward platform by platform and deck by deck.
The further from the keel, the more the pulse is atteruated by the ship's
structure.

A trade-off exists betwesen location and the amvunt of added material
(springs, dampers, restraining straps) required to achieve the specified

level of shock protection. Arrangements have an impact on shock hardening.

The value of shock protection from the point of view of the fleet has 1
been stated by Read [15) and Pusey [16]. i

Detectability

Naval warfare has changed considerably since the turn of the century. i
Brodie [17] discusses naval tactics and strategy as these evolved during .
World Wa: II. Fioravanzo [18] considers naval tactics from the days of

oared ships to the 1970's. Many technological advances have influenced
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vaval warfare includirg missiles, radar, nuclear power, atomic explosives,
computers, satelliites, emd jet propulsion. During a battle, opposing
fleets are widely separated.
One of the most prsfound changes has been ir the ability to detect
the enemy's warships. The range has increased from the visual horizon with
loockouts to worldwide detection using sea surveillance satellites,
The complete electromagnetic spectrum from megahertz radars to blue-
green lasers is used for detection. Surveillance platforms range from surface
ships and sircraft to satellites. Data bases for target position are used;
the position data base uses'all azvailable informat.ion on a target (your own
ship in this case) location. By correlating the information, future positions
can be calculated although the accuracy degrades in time without updating.
A worldwide data base would not be possible without very lazge computers.
During World Wax TI, the fast carrier task forces in the Pacific frequently
hid in rain squalls. See Dull [19] for an account of the Pacific war as
seen from the Japanese side. Tod. , hiding a *ask fcrce in a rain squall
is outmoded due to the numerous techniques to detect the task force.
One function 5f the ship designer is to reduce ship observables. Radar
cross section has been discussed brieftly. For passive infrared, the
technique is to decresse the temperature of exposed suriaces. The spectral
emissivity »f various surfaces can be exploited occasionally. The exhaust

plume from the propulsion plant needt to be cooled. With use of various

techniques, the IR signature can be reduced greatly; however, the ship remains
a warnm object in a cold sea.

Consider the exhaust stack of a ship. Cousider also a ses skimming
nissile attacking the ship. If the missile uses passive IR homing, the ship

cgn thwart the missile to a degree. The hot spots on the ship can be placed

- b ravere:
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as low 28 possible and shielded for horiszontal line of sight. Some aspects
of intake and exhaust dvctirg ave discussed by Rains, et ai. [20].

detectability is intertwined with arrangements.

SEHSORS
- An array of sensoxrs is essential to a cowmbat syster. The relation

between sensuors and arcangements will nouw be discussed.

Radar

Many different types of antennas compete for gpace topside. Radar

inciudes air search, surface seavch, navigation, and fire centrol. In

addition to radar antevnas, a need exists for electronic warfare, aircraft

navigation, IFF, ship-to-~ship communication, satellite comminication, and

ship-to-shore commumication antennas. As emphosized by Law [21], crowding of

antennas 1s unavoidable.

Ancennas are excluded from many fopside areas such as heiicopter iund-

TTRETY

ing zones, UNRIP deck areas, miusile luunch zoues, gun arc-of-firs rones,

S AR

boat handling areas, and visual navigation zones. Towside design is a

T T

specialized part of arrangements which must provide for all the topside

ment must consider height and shape of the superstructure, masts, aud

stacks.

5Tk o LI 34 i S e ma e

i
|
‘ functions and equipment including ancewmss. The topside design or arrange-

The difficult frequencies for antennss ara in the range 2 to 30 MHs. i

The wavelengths which are obtained from

-5 @ |

sre 150 m to 10 m. In equation (2), A is wavelength, c is speed of electro- 1
wagrietic wave, and v is frequency. Fortunately, the difficult frequencies

can be modeled using brase ship models; see Rockway and DuBrul {22}.
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As an arrivugements problam, antennas are perticularly difficult. Radio

and microwave frequancy currentcs are driven in the ship structure. These

USRS S

currents modify entenna patterns.
In addition to the problem of achieving adequate antenna performance,
the various hazaids and interfersnces must be considered. McEachen and

Mills [23] discuss the shipboard :lectromagnetic compatibility program.

Of considerable interest currently is over-the-horizon, OTH, taxgeting;
g refer to Rimer [24]. Due to auomalous propagation, radar ducts may exist
next to the ocean surface. Height of the anterna atove the water has an

influence on propagation within the duct. Antenna location is an arrange-

. ments problam.
Another approach to OTH targeting is to use remotely piloted vehicles,

RPV. Space must be given for RPV operationa. Deck area for RPV launch and

recovery 18 an arrangemeats problem.

Mentioned sariier in connection with huil flexure was ship motion.

e

Motion of antennas must be accounted for in the fire control solution

é- according to Weiss and Cross [11]. Ship motion depends on arrangements.

Since many antennas are positioned on masts, blockage may occur. 1

a5 At

Mangulis [25] considevs the issue of blockage for fire control antennas.

i Blockage is a geometrical factor and hence is a matter of arrangements.

RS SRPRY RN

Electrc~optical Sensors

] As discussed by Orelup {26], optics always have been used in naval

warfare. The warships of World War II had range finders which used uptics.

e e T B e o

b Optics declined in importance with the advent of radar. Currently optics

»‘ is experiencing a resurgence in interest due to the . r-ance of associated

5




electronics. Imaging infrared semsors, low light level TV, high resolution
TV, laser rangs finders, laser target designators, and laser illuminators
are some of the new electro-optics, EO, developments with important military
applicsations.

The locatioca of an EO sengor has an important influence on performance.
Fortunately most EO sensors are light weight and small in size. As an
example of the importance of location to good performsnce, consider an IR
sensor. Background radiation due to clouds, reflected sunlight from sea
surface, and ship's stacks increases noise. An infrared semsor & i0uld be
located remotely from the exhaust stack and the exhaust plume.

Electronic Warfare/Decoys

Several navies of the world have devzloped chaff dispensers and
infrared decoys. Beulier [2/] describes the Dagaje system developed for the
French Navy as well as for export. Wiod [28] lists the components of the
Seafan System developed for the British Navy a3 well as for export. The
Seafan System uses a 15-barrelled rocket launchei. The launcher launches
the Honeydew infrared decoy or the Seafan cbaff dispens«r rocket. Both
rockets are 105 mm in diameter. The launcher occupies approximately 2 m2 of
deck area.

Part of topside design is the selection of the location for decoy
launchers.

Underwater Sensors

The primary underwater sensor for surface ships is sonar. Non-
acoustic techniques, such as magnetic anomaly detection, are rarely used.
Sonar may use hull mounted transducers or may use a towed array.

In the case of hull mounted transducers, roise generated by the ship

hull and propulsion is important. Further the hydrodynamic shape of the

11
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sonar dome is important. Noise due to flow over the dome can be generated
by separated flow regions, turbulent boundary or shear layers, and cavitation.
To lessen propeller noise, the dome can be located at the bow.

For towed arrays, deck space must be designated for deployment and
recovery of the srray. Towed arrays become another competitor for deck
area.

EMI/RADHAZ /HERO/RF1

A host of hazaerds exist relative to electromagnetic equipment and
antennas. Table I is a summary of electromagnetic terms which describe the
various actions and effects. Table I is ba :d on Read [15], Oller [29],
Gartley [30], Duffy, Cain, and Cown [31], and Hoisington [32].

Serious problems involving electromagnetic effects exist in the fleet;
Oller [29] reports one survey that resulted in eleven volumes listing 600
problems. As an example, according to Oller, it was standard practice to
shut down certain search radars and communications transmitters when missile
alert conditions were set in the Gulf of Tonkin.

The question arises as to what extent arrangements influence the various
electromagnetic effects. At first glance, one would be tempted to state that
there is negligible influence. However, Gartley [30] points out that for a
communications antenna, and presumably more generally for all antennas, the

radiation pattern, feedpcint impedance, and intercoupling of antennas depend

on location of the antenna and the surrounding structure. Three words have
bee~ underlined to =mphasize the relation between arrangements and the
performance of ele..ronic equipment.

Table II indicates the relation between arrangements and electro-

magnet : effects. Table II is not complete.
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To ohtain a persprctive on the in*evaciion between antuinuse and metal
walls, the solution of a dipole in a corner 18 discusssd in Appendix A. Thw
clectromxgnetic theory trss equations formulated by Stratton [33] and Wailt [34).

The nevul srchitect in charge of arrangaments gshould NOT delve into the
‘ntracasies of electromcgnetic wave theory and solutions to the depth of an
satenna specialist; howvever, since antermna peilformance and arrangements are
clogaly interz <‘ve, the naval architect needs inowledge of slectromagnetic
theory. Tke depth >f knowledge should include an understanding of class.iczl
solutiors of the weve equation for the field, the anteans impedance, the

currente induced in structures, and the impact of antenna illuminaticn on

rntenna vatierns.

TOPSIDE DESIGA ,

Aspects of %opside desiga have been discussed earlier. A few additional

comuents are inciuded here.
Seil Ares

Ta» growth in sail area h~s been dincussed by Sarchin and Goldterg [8] on
page 449 »f their paper on atability. Large sail area requires added beam
for stability in high wind. ULarge sall area implies a large radar cross section.
Turge sow) area implies a large target for attacking antiship missiles.
Antennan

The location and performsuce of antéennses is part of topside design. The
topic has been discussced wavliier.

Combat Intormstioy Center, CIC

The details of the layout of CIC, thLe displays within CIC, the commimnica-
tioa networks both external and intarnsl, and the magning levels for CiIC for

different watih conditions are the realm of the human factors ergineers, the
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Naval line officer, and the electronics engineer. Chriztofferson [35] presents

R VU
H
i
L3
H
1

an interssting cosmentary on CIC design from the point of view of the professional

Naval nfficar.

Onca agalu, however, a strong iateraction arists betwacn arrungedents snd

CIC design. The volume requir < CIC depends on design of CTC.

One interaction which was mentioned previously was the location c¢f CIC

relative to2 vulnerability.
{ Bridge B

The introduction of computers and displaye to fuprcve effectivenesc of

conning sud to reduce manning on commercial ships hes bean progressing

e Rttt

rapidly; see the articles by Ware [36], Rinaldi {[37], and Soreunson and St.
Germiin [38]. The United States Navy has initiated work on the iutegrated
bridge design, IBS. Cox, Puckett, and Gowen [39] discuss varfous functiouns

incorpcrated into IBS. Puckett and Sniffin [40] report on "at-sea" tects of

IBS. Read [15] comments on the automated bridge system, ABS; his comments

—— ST T

were NOT favorable. ABS {8 an example of the "Behcmoth Syndrome" accord’ng to
) Read [15;.

The reason to intioduce the discussion of the IBS is that charges in

bridges may ¢ .cur in the United States yavy. The changes have an fwmpact on
arrangement: Direct hanges in arrangements due to IBS include size but
not location. Indirect changes to arrangements result from raduced manning.
Reduced uanning decruases, obvipusly, the space required for crew aloug with
; ‘ the extent of hotel servicas.

Cut Out Zones

Cut out zones arc a geomeirical factor which are datarmined by geometry
of superstructurs and weapon locations. Radar blockage, which wus presented

!
1'f? earlier, i{s analazous to cut out zones.
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Comba” system effactivaness is deg.ud .d b7/ cut cut zones. Fire power at

o e B

I e WA TR W

cartoin relative angles is nonexistent.
Cut out zones should be an easy factor to quantify for an arrangements

figure of merit.

DMetribution of Mass

Besides the geometry nf topside desiga, the distribution of mass 18 a

s g AR

considecratior, KG ard moments of inertia have been discugsed. The distribu- j
! l tion of mass influences the design of the hull structure.
CREW/HABITABILITY/MANNING

Manning requirements have a major impact on arrangenents. A model for 1

vredicting manning requirements has been developed by Platc [41]. The manuing

requirements speclfy aot on’y numbers but rank and rate. Further, specieslities !

are given, i.e., how many boatswain mates, etc.
Habitability 1is reported frequently as a function of the volume per aman

available within the ship. Habitability is lmportant since crew performance

e it .

depends on physical and psychological fitness.

Combining habitability standards with the distribuvtion of rank and rate
within the munning schedule, one obtains the variables important for arrange-
ments. Living quarters ghould be remcte from nuise sources. For senior petty

officers, the habitahility standards are higher.

g e e

The arrangements figure~cf-merit should account for quality of living
apaces. Qualily depunds on noise level, access, air conditioning, and similar

. ctors.

ACCESS

Accers 18 an arvangements factor which has been discussed by Hope and

Carlson [42]}. Accesa has been modeled adequately. In fact, the models

shouid be useful guides for the modaling of other arrangements factors.

17
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Arrangements and maintenance philosophy are interrelated; see the paper
by Guido and Light [43]. Allocation of "in~place" maintenance clearances is
N an arrangements factor which must be monitored and contrulled as the ship
design end construction progresses.

Read [15] gives a report card on arrangements in DD-963 class and LHA~1

class. The waete heat boiler in DD-963 was one item mentioned.

AVIATION SYSTEMS ON SURFACE SHIPS

The combat system performance of surface ships is enhanced greatly by
helicopters. The helicopter 1s a valuable component for ASW. Importance
j of the helicopter is not restricted to ASW. OTH .argeting can be accomplished

) by helicopter. Limited capability exists for airborne early warning.

The heli. pter is not the only aviation system fnr suvface ships. RPV

ﬁ have been discussed in previous sectiors. Vertical .ttitude take—off and
laoding, VATOL, aircraft may someday be commonplace ou surface ships; VATOL
has been discussed by Eilerctson [44]). One advantage of VATOL is the use of
; the edge of the deck. ;
Aviation systerms have an extensive impact on arrangements. Hangar, i

maintenance facilitiee, aviation fuel, living space for aviation depurtment ]

porsonnel, communication and navigation antennas, expanded CIC to accommodate

aviation control, and storage of aviation spares and weapons must be provided.

Although Jolliff's [4S] srticle is oriented towavd CV or CVN design, many

T e e v

comments and facts are transferratble t¢ surface shipa. Many items from Tables

I and IT of Jolliff’'s article apply to a surface ship with an aviation system j

i abeurd.

In regard te helicopier lauach and recovery, the ship's superstructure has
an influence. The wind and sir flow over and uear the helicopter pad is

important. Downatream of the cuperstructure, large turbulent eddies and

18




vortices occur. With the relative wind on the port bow, the turbulent air
moves avay in the starboard querter. The extent and intensity of turbulent
wake depends on superstructure shape and size.
WEAPONS

Destroyer class warships carry a wide variety of weupons to meet the
needs of multimissions. Various weapons sre discussed now from the point of
view of arrangsments.
Guns

Guns play a secondary role to other weapons. In AAW, misailes are the
main defensive weapon. In SUW, the antiship missiles, such as Harpoor ’r

Tomahawk, are the main offensive weapon. Guns are secondary. In ASV, i

torpedoegs launched by the ship or helicopter are the main weapon. ASRIC 1;}*

A )
also a primary ASW weapon. Guns do not play a role in ASW. 1In amphihiougf A

!

support or gunfire support uission, guns beeome a maior weapon.

In the compatition for deck area and enclosed volume, guns ace relegatad
to a secondary priority. Fortunately gun systems have flexibility €for
location.

Three factors should be considered relative to guns. First, the capability
of girst generation guided projectiles greatly enhances gun effectiveness.
Second generation guided and nropelled projectiles will be, in essence, gun
launched missiles., Second, on the first and second day of the BIG war,
nissiles will be fired at a tremendous rate. Destroyers have a limited
magazine capacity for missiles. On the third day of the war, guns may be the
only defensive or offengsive weapon with rounds in the magazine. Third, guns of
the Phalanx vai ~ty provide extremely fast response in the last ditch defense.
Guns wili always be a short raage weapon compared to missiles.

With these comments in mind, guns and guniaery may have a renaissance.
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Some of the factors relative to guns and arrangements are illustrated by

Figure 1, which is reproduced from Eckhart [46].
can identify various inputs influenced by arrangcments.
flexure which has been discunased already.

dependent on arrangements.

Looking at Figure ), one
Cne example is hull

Lever arm velocity is another term

RADAR VELOCITY
MEASUREMENT TARGET REFERENCE
AL
POSITION TARGET
ATTITUDE REF | B TION ol FILTER AND TARGET PREDICTION
SYHCHRO IN INERTIAL TARGET PREDGICTOR WIND
S JLLiALL S
TRANSAISSION COORDINATES RANDGM AR TEMPERATURE
, MOTION 1 BALLISTIC
VISRATION 4 T PRESSURE ) CALCULATION
SHIP VELOCITY INITIAL VELOCITY BIAS
LEVER ARM EFFECTS AND RANDOM ERRORS
FLEXURE AKO VELOCITY
TRANSLAT:ONAL MOTION REFERENCE ®
GUN RECOIL

i PROJECTILE

i [ DISPERSION

4 v

GUN ORDER o] FIRING n MISS

. ™1 compPuTATIO DYNAMICS > cTarisTics
FLEXURE { 3 UNMODELED
SHORT YEAM _ _| TARGEY MOTION

GUN FOLLOWING

LEVER ARM VELOCITY

NOTE: ARRCWSIDENTIFY EAFPOR
COMPONENTS AND POIXTS

GF ENTRY
FLEXURE LONG YEAM | TRANSLATIONAL VELOCITY |
{ALIGNAENT)
Figure 1. Gun Fire Control Mechanization Error Flow.

(From M. Eckhart, Jr., "“A System Engineering State-
of-the-Art Equal to Modern Warship Design,"
ASNE Journal, Vol. 90, Ne. 2, Aprfl, 1978, p. 133.)

Magazines and Hoists

Magazines for gun projectiles should be near the gun mount served Lty the

magazine.

20

i PR abe § g e s S

From the point of view of vulnerability, a magazine should be in a
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protected region of the ship. Mapazines may be located below the waterline.
Hence, hoists are raquired. A magazine should be vertically below the gun
mount 1f a hoist is used.

Likewise for missiles, the magazine should be near the launcher.

Missiles and lavnchers

A veriety of missiles is used by destroyers. The Terrier and Standard
Migsile are current AAW missiles. The NATO Sea Sparrow is another AAW
risgile. Under development is the Rolling Airframe ASMD mis;ile. Sea
Zhoenix was considered seriously at one time; see Tarpgaard [47].

Maniioned previous were Harpcon and Tomahawk. Both missiles strengthen
a surface ship's offensive capability.

Several launchers are used by the Navy. Rail lau. :hers include MK26
with two rails and MK13 with a single rail. Intercept ranges are longer
and intercept times are shorter witl rail launch as compared to verticel
launch system, VLS. The VLS offers significant advantages. Rail laun
are heavy and require considerable volume for the magazine. Rail launchers
impose very large transieunt electrical loads on ships' generators. The VLS is
the magazine and launcher in one module. Volume is reduced. Electrical load
is nesr zero.

Cannister launchers are used for Harpoon and Tomahawk. In this case, the
magazine is located above decks. The warhesds are exposed to light weapons.

In regard to arrangements, rail launchers require large volume and are
heavy. The possible locations for a rail launcher are limited. VLS offer

more flexibiiity im regard to location.

o
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The complete missile system includes fire control radars, computers,

R SRS
|
!
i

weapons displays, weapon control system, magazine, launcher, and atrike-

down apparatus.

As discussed earlier, arrangements influence cut out zones for misgile

laumnching.

Since missiles may be one ¢ the largest items transierred during re-
plenistment at sca, missile size determines the deck area for UNREP or
VERTREP.

Tocpedoes
The major ASW weapon for destroyers is the torpedoc. Torpedoes may be

larger than missiles as an item in underway replemishment. If so, the |

conments rbove about deck area for UNREP apply to torpedoes instead. Torpedces,

as is well known, are launched from torpedo tubes. Torpedoes have limitations

PR

on launch zlevation and speed of launch platform. The height of the torpedo
tubes above the water is an arrangements congtraint.
Incidentally, in regard to torpedo tubes, Read [15] terms some of the

new designs "behemoths."

Advanced Weapons

Not of concern today are the weapons ~f the future. High energy lasers,
HEL, may bacome operational on United 5tates Navy ships. A special set of

arraugement criteria will apply to HEL. Some HEL use toxic gases for fuels.

Fusl storage and handling will require careful considerzi:ion.

Another advanced weapon is chsarged particle beams which have been
Pl discussed negatively by Parmentola and Teipis [48]. A rebuttzl was :rritten by
e Wright [49]. Charged particie weaponsz require pulses n~f very high voltages,

500 to 20000 MeV, and large currents, 105 to 1010 amperes. Instead of current,

%
Eiale 1 VNG

the electrical charge per pulse is frequently used. The charge per pulse is

in the range of 10 to 100,000 microcoulomb/pulse.
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COMPUTERS

Computers are an essential component of a combat system. The relationship
between arrnagements and computers needs discussion.

Computers allow a variety of modular approach;s to weapon system control
and deoigc. 1In lieu of a large centrai computer, smaller computers can be
distributed where the computation load occurs. A series of articles discuss
one option relative to computers; see Carvuthers [50), Kuhns [51], Williams and
Andexson [52], Thomas [33], and Carruthers [S54].

A large central computer requires an appropriate envirc .sentaily con~
trolled space. Distributed computation eliminates the volume and space for
the computer compartment. Arvangemeuts are thereby affected by decisions
about computers.

Many articles have been written about software and software msnagement.

The article Ly Gallant [55] provides considerable insight to check out of

Multiplexing is a method to decrease the amount of cables on board ships.
The shipboard data nultiplex system is discussed by Wapmer [56].

Cables penetrate watertight bulkheads. Cables require conduits which
consume space within the ship. Cables also require terminal boards and
junction boxes. Each of these factors realates to arrangenents.

Multiplexing offern advantages of saving weight, space, and cost. Further,
a8 few redundant cables along with multiplexing provide greatly improved
survivaeoility.

SHIP SIMULATIONS

In the development of combat systems, land based test sices, LBTS,

ara uged. Duke [57] discusses the LBTS for DD-963 class, Dalla Mura [58]

discusses LBTS for AEGIS, and Asher [59], the FFG-7.
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A landi based test site is analogous to a breadboard for an electronic
circuir. For a breadboard, components are wide spaced without concern for
final packaging. Components can be changed easily, and test points are
accessible. The breadbcard provides a tool to develop the functional aspects
of the circuit. Once the electronic circuit functions properly, the design of
the circuit board and packaging can proceed. At this point stray coupling
and interference may become important as components are squeezed together.
iq The final step of designing a circuit board and the packaging 1is

; analogous to arrangements and installation on the ship. Problems can occur.

land based test sites provide a hardware simulation of the combat system.
As stated by Frost [60], the test sites need to simulate all the actions and

stresses which the combat system will encounter later. iIf thia is done, the

problems which occur during operational testing and subsequzut fleet use %

should be reduced. ¥Frost [60] states that LBTS are an absolute requirement

for proofing technical performance, computer software, and integration

techniques of complex systems.

RGN anth Ll A AR LI o

To what extent can LBTS be used to assess arrangements?

Returning to the analogy of the electronic breadboard, a precision

duplicetion of arrangements would reduce flexibility and impede progress. 3
Perhaps a LBTS could be designed with two levels of simulation. The “irst
if' level is for functional testing only. The second level includes arrange-

ments and functionsl testcing.

et R i ot e e ¢ ta b b il

Section II has provided a list of the many variables to be considered

in warship design. The relation between the various quantities and arrangs- ’

ments has been discussed briefly. One should now consider approaches for
analysis of arrangements. The approach should lead to a figure-of-merit, or,

more likely, a set of figures-of-merit for arrangements.
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III. MODELS FOR ANALYTICALLY TESTING ARRANGE.FNTS

Arrangements need to be evaluated during conceptual design and pre-
liminary design. At these points in the cyéle, hardware is far downstream in
time. Hence, an evaluation of arrangements at these points in the daesign
cycle must depend on an analytical technique. By analytical technique, one
includes numerical modeling using computers.

Returning to the mass of information presented in Section II with the
thought of organizing and correlating the various facets and features, some
; observations are relevant.

When confronted with the mass of variables, one should break the
problem into digestible chunks. The nomenclature of "digestible
chunks" is not elegant, but it does avoid any semantic confusion. The next
step is to define interactions between chunks. In many discussions and
technical articles, the interactions are portrayed by block diagrams with

id 1 ines,
k

e ——
o
P
o]
0
B
0
:
1]
1]
(nd
&
o'

~<
-
[
%
re
@
o
-
[
f
o
=]
n
m
-
o
2
<
]
c.
[
[
(-7
[

dotted lines, etc., all with arrowheads. These block diagrams, which are

referred to frequently as "wiring diagrams," are very meaningful to the author.
Block diagrams border on art; art gives an impression and generates an
emotional reasponse.

L The interaction between components needs to be defined quantitatively.

% One really does not understand a problem until a feature or aspect can be
reduced to a number.

3 2 The concept of independent variables and dependent variables is used

3*' extensively in mathematics. The functional relation

z = £(x,y) 3

25

b i el

ke



K T T

illustrates the concept. The dependent variable is z; both x and y are
independent variables. Equation (3) can be rearranged in the form
F(x,y,z) = ¢ C))

The form of equation (4) more closely represents the warship design problem.
A s«t of values of x, y, z existg such.that when-the varicbles ar» related by
& function F, the result is a constant c. In terms of warship design, x, y,
and z represent the design variables, e.g., length, draft, propulsion power,
etc. The equality of eaquation (4) represents convergence of a design to
meet design goals.

Considering arrangements, one wants to make x in equation (3) an
arrangem>nts variable. In that case, z becomes one of the measures of ship

performance; for example, z might be combat system reaction time.

Of particular interest is the ability to differentiate equation (3) to

form
- of of
dz = dx + 3y dy (5)

The quantities 3f/3x and 3f/0y are the design sensitivities. For the example
being “‘scussed here, 3f/3x becomes the change in combat system reaction

time ‘e to a small change in arrangements.

!

Appendix B is one attempt at a formal mathematical apprcach to
quantifying arrangements. If the attempt were successful, the results

would appear at this point; however, since the attempt does not offer mucu

ot ea it ekt ke Lo s

progress, it appears as un appendix.

ARRANGEMENTS FROM OVERAL', SHIP DESIGN i

An evaluation of arrangements nising overall ship design has several

advantages. As the discussion of Section 1II indicates, the design of a ship
involves many interacting parameters which must be balanced. To introduce

arrangrments into overall ship design, variations in arrangements muct be
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introduced as a set of variablea. The advantage of the approach is that
arrangements become one of the design variables. Interaction between
arrangements and other design factors occurs in a logical manunr.

L]

As discussed previously, arrangements consist of two distinct parts. Ome

part involves geometric relationships; for an example of geometric relationshir,
consider which component is placed in frout or behind another component. The
other part of arrangements i3 quantitative, e.g., separstion of two components
is five feet.

If arrangements are introduced as variables, the design procesi:, which
includes techniques of optimization, will yield the optimum set of values for
the arrangements variables.

The concept of convergence of a design merits additional discussion.

To definc convergence of a design, one can define what nonconvergence means.

A warahip has certain design goals such as payload, enduvance, cruise speed,
and flank apeed. A ship with a given length, beam, horsepower, etc¢., may meet
the specification for payload, cruise speed, and flank speed; however, the
design does not meet the specification for endurance. The design is not a
converged design.

By increasing displacement, all four design goals can be satisfied. The
result is a converged design. The designer might stop at this point; however,
a better choice of design independent variables may yield a less costly design
which meets performance spacifications. The process of finding the "better
choice' is known as optimization. Optimization requires a measure of success,
i.e., the design is optimized with respect to some quantity. In this case,
the words "less costly’ imply that the measure of success was cost.
Ortimization also involves constraints. Foxr example, the warship may be designed

with the constraint that radar cross section for the ship cannot exceed 5000 mz.

27




o LSRRG i s AN LRG0, T R O MO YT WO AIE 1) 145 ™ 4 RE TR TR T N bl P emerm—

Relativs to design convergence, assuming koown dasign goals, several

questions occur as foilows:

Whet quantities vary to permi’ convergence?
i #het quantities remain f£ixed?
§= Yhat are the design inputs?

What are the design outputs?

Relative to design optimization, additisval questions occur as foiloww:

e

Whit is the measurc of succeass?

o

What are the design constraints?

Consider these gquestions relative to arrangements. An example best illustrates

TR T T

' how arrangements become part of design,

For simplicity, assume that the warship his cne gur, one searck radar,
and one F/C radar. The design gorls for the warship are as follows: 1
speed %

payload

sndurance
weapon accuracy

roaction time

The design inputs, which are indepsmdent variablas, are as follecws: é

554 lemgch

SPS~48 radar bean

MK~86 F/C draft

LM 2500 gas turbine propeller diemeter
single screw mast heizht, ¥

digtance frow crew living compartment to gun mount, 2

distsnce separating superstructure from gun mount, x
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The varisbles related to arrangements are i, vy, and z. Arrangements consist

TR T TR

of two features. Oue feature is the relationship of parils. In this exsuplae,
the gun mount 18 1o fromt <f the supat;tructure, and the crew coﬁpartmnnt is

below the main deck aft of the gun mount. These are xelationahips ss

AL A . .

B

spec.fied by "in front of," "'beside,” "above," etc. The other feature is

quantitative, f.e., numerical valuea for x, y, and z.

T wm
R R e

Tha design outputs are the valuea of the perfoimance perametars which

are also the deaign goals. The output consiste >f speed, payload, etc.

o e s

Asoume the design has not converged.

Certain inputs remain fixed; for example, the havdware (a.g., 5"/54)

T eain

remaing fized in mass, volume, and location of the center of gravity. ‘fhe

relationship aspect of arrangements remains fixed. The creaiivity of the

liv design is reflected by the relatlionship espect oY ar-angements. All other
i : 4
§ - fnputs, i.2., length of the hull, beRam, %, ¥, &, eic., can be varied to

achieve convergence. 3
Assume reaction time exceeds the specified va'ue. Reaction time

consists of a sum of individual times takemr in .ieries. The time involvas

changing from one readiness conditicn to anothe. readiness condition. The time
for hand off between search and fire control radars is another element in

overall resction time. Suppose the ship is attacked from the stern; to bring

the gua to hear on the threat, the ship must turn. Turning :ime is added to

e T A

the summation of time which becomes resction time.

To decrease reaction timp, each element in the summgtion le examined.

et St

By increasing the distance, x, which is the distance geparating the super-

5 s on e AT

str_cture and the gun mount, the cut out zone 1s made narrower. The mancuver

ki

time 18 reduced. Turning rate can be iacreased by changing hull length;

o

however, a chauge iu huil length is a major decisionm.
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To decrease¢ reaction tima, the leugth z can ts decreascd. The crew for

the sagezine and ammmition ilandling room has a shorter dist.nce to travel.

fhe 3imple axample containe the assence of one approach for introducing
arrangemants into the design procaus.
In gummary, the features of the process are as follows:
- The relationship sspect of «rrangmmence is an input Ly the designer and remains
fixsd during the iterations leading to converguncs,
- The quantitative sspect of arrangements is an input and veries during the
iterations leading to counvergsnce.

- The converged design becones & bazeline from which departurcs are made

ﬂ ' loading to an optimized design; during optimization, relatiocaship remains

3 fixed while quantitative sarrangements vary.
- The design process is repeated for each diffexent perturbation in tkhea

relationship aspect of arrangwmrents.

-~ The key to this approach 1is meaningful description of arrangements through

quantitative variablas.
INE.UENCE OF ARRANGEMENTS ON SUBSYSTEMS
To avaluate arrangements, the Influence of a particulsr arrangement on &
specific major subaystem can be det. rpined. A list of msjor subsystems cap be
written as follows:

1. hull structure

2. wmain propulsion pleat

3. alectric plent

4. helicopter

30. CIC

31. bridga

3
\;4
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Bach subsysten has been agsigned a number. As is doi.a iz Appandix B, define

- - v
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a quantity P1 which is the performance of i'th major subsystum. For example,

P, is the performance of the helicopter; Pb itself may be an array of

4
performance parsameters. P3 is the performance of tha elec’ ¢ plant; Pa

consists of the following: o

£ W

power outpit
freguency stability

geﬁ%rayiug afficlency

s P2 SERI T Mg ane w g e (v e o i ey

: mASy
Define a quantity Aj which charactarizes the arrangemeant of the j'th major
subsystem. Aj i8 composed of several geometrical variables such as arecs,

volume, locacion, shape, and length. Location of certroid can be specified

relative to reference axes. Likewise, location of centeor of gravity ca. be

S P

i‘ § spocified relative to the same axes.

cf

g Define an influence coefficient I,,. The quantity I“A1 is the performance ?

X I : =4 < - ;

'1 of 1'th subgystem as determined by the arrangsment of j'th subsystem. An equa~- 3
E

tion can be written which emphasizes the impact of all subsystems on each

other; the equation is

o

31
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P, ji I, (6)
j=1

P

As shown by Appendix B, equation (6) camnot be interpreted literally as a

TR

Equation (6) emphasizes the fact that performance of

T M il L s i e e il

- linesr matrix equation.

1'th subsystem depends on arrangement of all subsystems. The influence

::! neoefficients” may consist of a verbal description. One would much prefer to

o T Tl gt

quantify Iij'
Expanding equation (6) gives, as an example,

E § . » . * +
Py = IggA) + 1558, ¥ Iyahy 13,318

(7N

G B s e,

31 ;
i

: i
2 ‘v y
hi " :
i, .
(mjﬁx X
B - - LR [ B Ut S U AT PIINE SN LIy e R
fob i




3
E
:
{
b
]
2
t
#
5
i
i
i

T ™ [ TR Y ST ey g ey

ke |V BT 7 oy ey ey : T
I S A b

g T R b et ae L

Tha quentity 131 is the influence of the hull structure on the electric

plant; if no interactior ariats, 131 ia zero. The influence coefficient
132 is the influence of arrangement of thz wain propulsion plant on the

performance of thae eleactric plant. 133 is the performance of the electric

plant as determined by its own location. If the electric plant is near

the keel, pumping from fuel tanks in the bilge is easier. Near the keel,
the alectric plant needs a more sturdy foundation to pass shock tests.
Near the keel, the intake and exhaust ducts are longer; greater pressurs

losses occur decreasiny generating efficiency. 133 should incorporate

the preceding considerations.

The merit of equaticn (6) is that interactions are not overlooked.

Further, equation (6) forcas attention to the various influence coefficients,

Iij; the designer systematically exam/nes each interaction.
Obviously, the Iij' which are 2ssential to the approach, are ill
defined. Considerable additional work is needed.

Using this approach (o arrangements, how does the designer know when

he 1is successful?
The approach yields, in this example, 31 different sets of values

for performance parameter Pi' A figure-of-merit for arrangements, Fa’ can

be based on tho Pi' For example
31
-
F‘ )S Pi (8
i=]
Another figure-of-merit could be defined as
31
- N
Fa pa w:I.P:l (9
i=1

vhere Wi are welghting factors.

32

[P v 0 N
- 3 ot g o e b AN AR " N . "

e —~ i s ’,‘}




- e =

i R N e OB .. IEU— T

| J—

COMBAT S«<STEM PERFORMANCE ANALYSIS

War, battles, and combat are statistical in nature. The probabilistic
nature of combat must be incorporated in the analysis of a combat system.
Having made this statement about combat, two questions arise. First, at
what point in the life cycle should the probabilistic combat analysis be
conducted? Second, what is the connection, if any, between arrangements
and the randomness of combat?

Design is definitive., The length of a ship 1s 459.2 feet. Neglecting
production telerances, che length is not random. Combat is random. Every
battle has a different cutcome. Each event or trial gives a different
result. When events are repeated many times, a pattern evolves. From the
pattern, the statiscician extracts a mean, a standard deviation, and higher
moments. The mezn is a definite number. Likewise, the standard deviation is
a definite number.

For a combat system, can one speclfy definite numbers which characterize
the combat system, the thkreat against the system, and the enviromment in
which the battle is fought? The answer 1s af“irmativz. The combat system

engineer and the combat aystem analyst can specify definite performance

values for tlie combat system. Given the specific weapon suite, three quantities

almost completely specify the combat system. These are

reaction time

accuracy of weapons

ability to handle N multiple targets
Aggume that the weapon suite is specified, the sensors are known, the threat
ig ¢>fined, and the scenario is descriled. Can one arrive at meaningful
values fov the reaction time, required accuracy, and specification on number

of simultaneous targets to be handled?

33
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If the ansver is yes, then one has denied any connection between the

ship platform and the results of the engagement; any connection between

arrangements and combat system perfermsnce is denied. If the answer is no,

as it most assuredly must be, then the interaction between arrangements and

combat system performance must be accounted for.
During the warship design process, the conceptual ship must fight a

conceptual cagigement. Outcomes of the engagement analyses eastablish the

merit of wvarious ship designs.

To determine the influence of arrangements, two different ships having
cifferent arrangements can fight the same threat. Fur example, suppose &
ship bas only one MK 26 missile launcher. In one design, the launcher can

be forward. For the other design, the launcher can be located aft. This is

an example of varying the relationship aspect of arrangements. Any difference

in the performence of the combat system can be traced to arrangements.

One wmodel for testing combat system performaucé will now be dlacuased.
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IV. MODEL FOR ASSESSING THE ROLE OF ARRANGEMENTS IN COMBAT SYSTEM PERFORMANCE

To illustrate the model, a specific example will be described along with
commentary. The model uses a Monte Carlo approach to the engagement; see
Gellert, Justner, Hellwich and Kastner [61]; Considine [62], or Bartlett [63].
SCERARIO

The scenario states the environment and circumstances under which the
engagement or battle occurs. Depending on the scenario, the warship may be
steaming under wartime conditions.

For the example, a DD is an escort to a convoy. The convoy is at acked
by antiship missiles.

THREAT

The outcome of a battle depends on the weapors which the enemy employs.
Details about the threat include the following: number, duration of attack,
speed, flight profile, radar cross section, IR signature, relative attack
azimuth, warhead weight, guidance, evasive maneuvers, and fuzing.

For the example, the convoy zcn4 VD are attacked by 10 AS-6 Kingfish missiles
and 9 SS-N-7. Since the DD is the only AAW ship in the convoy, all missiles
are targeted for the DD,

The random variasbles relative to the threat must be specified. The AS-6
has two flight profiles; one is diving, and the other is sei skiuxrirz. The
probability was assumed to be 50-50 for dive or sea skim. The attick azimuth
was random with a uniform distribution over the 360°. The streamtime is
random; streamtime is the time interval between attacking mirsiles., Stream-
time statistics may be based on a Poisson distribution function. In any
event, a probability distributio. must be specified for strcamtime; see

Johp.on, Whitney, and Nash [64].
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Additional random aspects of the threat include statistics of mass
distance, probability of fuzing, and probability of detonation. Warheads
may disintegrate without exploding upon impact against a girder, rib, or
other sturdy member of the hull.

SENSORS; RADAR

. conunnt @V RIERINER i,
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The information necessary for the engagement is probability of detection,

P For a given radar, P, depends on cross section of the threat, height of

da’ d
the antenna above the water, and atmospheric effects. Atmospheric effects
may caus: radar "holes" and radar "ducts." 1In certain areas of the world, ducting
occurs more often than one might first estimate. Rimer [24] discusses ducting
relative to OTH targeting.

The radar horizon is determined by the altitude of the target and the
height of the antemna. Frequently Pd jumps from zero to unity when a sea

skimming migsile emerges over the horizon.

SENSORS ; ELECTRO-OPTICAL

Once again the Pd curves are needed for the various EO sensors which
may be used. Pd depends on the IR signature of the target. Due to aeio-
dynamic heating, high-Mach number targets have a large infrared sijuature.
The Pd curves depend on background noise. The ship can generate background
noise in the infrared; consequently, performance of an IR system d:. pends on
location of the IR sensor.

IR search and track systems are important when conditions of emission
control, EMCON, are imposed. The scenario determines whether or not EMCON
is in effact.

EO sen ora other than irfrared sensors may be used.
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BAND OFF FROM SEARCH RADAR TO F/C RADAR

;o ] Typically the antenna pattern of a search radar is a large fan beam.
The F/C radar uses a circular antemna of sufficient size to give a very

? § " na:rov pencil beam. The search radar can locate the target only within the
"‘ bounds of the antennz pattern. The F/C radar with a much smaller beam

?iE must search within the secarch radar antenna pattern. A probability of

.
successful hand off from search to F/C radar can be calculated.

ey

A o

Pulsed array radar serves both functions of gsearch and track. A

trecision track i{s necessary for the fire control solution. Phased array

f'i . radars have greater capability and more flexibility than combined search

. and F/C radars. See Duffy, Cain, and Cown [31].

ELECTRONIC WARFARE

;'i Uge of chaff cr IR decoys is one form ¢f electronic warfare. In the

%Li event one of the threats leeks through the cefense, chaff and IR deccys can
be deployed. The probability of spoufing is a function which is needed
for the engagemenc. A variety of modes can be used for chaff including the

dilution mode, centroid (sedu:tion) mode, and dump mode.

If the attacking missile 1s spoofed, the miss distance will be large

enough to prevent damage to the ship. t

s ek ade vag e Rt

WEAPONS; GUNS

] The kill probability, Pk’ of three types of projectiles needs to be

@ i calculuted. There are as follows:

unguided AAW rounds; 5", 76 mm

guided projectiles; 5" ]
unguided penetrators; 30 mm, 20 mm

The guided projectiles aie used with 5"/54 gun mounts as are the unguided

AM projectiles. 1
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For each threat, a separate Pk curve is needed. One can think of a
matrix. The rows of the matrix are the different gun projectiles; for the
case being discussad here, there are five different projectiles. The columns
of the matrix are the different threats; for the case at hand, there are two
threats, AS-6 and SS-N-7.

The unguided penetrators that have kinetic energy as a kill mechanism
use closed-loop spotting. The miss distance for closed-loop spotting needs
to be modeled.

For guided projectiles, the miss distance depends on guidance scheme
and the remaining kinetic energy of the projectile. Projectile kinetic
energy decays as range increases. Kinetic energy is consumed by

maneuvers. Hence, as range increases, the ability to maneuver decreases.

WEAPONS; MISSILES

Once again P, for the missiles must be determined. Two missiles were

k
considered. One was characteristic of Standard Missile-2, SM-2, and the
other was characteristic of the Rolling Airframe Missile, RAM. RAM has a
5" diameter warhead. -

Pk depends on miss distance and warhead size. Pk’ of course, depends
on the target. For miss distance statistics, the missile guidance method

18 considered.

For both gun projectiles and missiles, the time-~of-flight to intercept

is an impo-tant quantity. For a simple model, an average flight velocity ~-n

be used. For a wn>re realistic model, the changes in velocity due to drag

and changing altitude ."an be modaeled.
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WEAPONS; LAUNCHERS

Time is important. The time to load, the time between launchas, and
the time to slew are included in the model of the launcher. A small
probes ility of launcher failure is insarted.

For vertical launch system, VLS, the time to intercept is complicated
by the vertical climb and initial turn. Also, thé VLS causes a loass of
energy due to the initial turnm.

PROBABILITY OF SURVIVAL

Consider a raid with N attacking missilea. The probability of survival,
P., is given by

N
P6 1~ Pt + Pth - PtPnPw] (10)

vhere Pt is the probability that the threat kills own ship, Pw is the

probability that own ship weapons kill the threat, and P 1s the probability
of a threat leaking through to own ship. Equation (10) is discussed by Johnson,

Whitney, and Nash [64].

AR e =

The probability of leak, Pn’ can be modeled; an equatior for Pn is

o 1/N

B =L+ grm)] (1)

vhere T is the average total engagement time for N threats and T* is the
average reaction time for tke combat system.

Equatione (10) and (1l1) are useful for gaining insight to saturatior

R ST Sy A e e g

L | attacks. However, the model is too simple. For example, use of Pt requires
an assumption that the ship is or is not killed by a threat. Gradation in

damage may occur.
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SURVIVABILITY/VULNERABILITY SIMULATION

In a saturation attack some of the attacking missiles will leak through
the defenses. A method for assessing the damage is required. A model for
survivability/vulnerability simulation consists of the following steps:

= hit location-—random

penetration/breakup

-~ explosion damage

{

functional impairment

4

probability of loss of capability
Hit location i3 random. Frequently, the migsile guidance system aims for the
centroid of the projected area. A Gaussian distribution can be used for
migs distance from the aim point. The point of iwpact is determined for a
particular case by use of the miss-distance distribution function and random
number c<emneration.
the pefnt of impact and missile trajectory are known, penetration

is ' ~srmined. If the warhead hits a frame or girder, it may disintegrate.
If the warhead does not disintegrate, hitting a frame will cause deflection
of the path of the warhead.

A modern antiship migsile will pass completely through a ship if it
does not hit a substantfal item of machinery. The article by Meller [65]
shows the ... .oran 7 .s.ie emerging from the other side of the target ship.
The warhead can be detonated by a variety of fuzing techuiques. Fuszing has
a set of its own statis ~ -,

Based on the pene .ation and fuzing model, the locatiou of the warhead

detonation is known. The Kormoran warhead uses a P-charge warhead. Omn
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detonation of the main charge, thick, cup-shaped eel plates welded into
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the warhead casing are propelled outward at high velocity. The steal plates
can penetrate up to seven bulkheads; during tests some plates were found in
compartments separated by seven bulkheads from the charges. The paths of
the steel plates are utatistical.

A P-charge is similar to a shaped-charge except chat the cone anglas is

large, giving an almost flat plate.
1 . In assessing explosion damage, a variety of possibilities aexist.
- Equipment within the compartment may be uselsss due to blast, shock,
A fragments, or heating. Cables may be severed. Piping may be ruptured.

Ventilation ducts may collapse or may be punctured.

For tha P-charge, a certain number of steel plates are projected out- £

ward. If a cable happens to coincide with or intersect the path of one of

_L the steel plates, the cable can “e considered to be cut. Projected area of
components as seen from the warhead can be used to estimate probgbility ‘
LT of damage. :

Once damage has been established, the impairment of function must be

assessed. If the waveguide is cut, the assoclated radar is removed from

act.on. Search or track function is degraded. For the remainder of the

B L b e L Sl Lo R bt

engagement, the ship operates in a degraded mode.
1f the damage included one diesel geuerator set, the ship must adjust
use of power to match generation capacity. Saveral such items with loss
of capability are factorad into the consideration of functional impairment.
The probability of lose of capability can be determined if the engagement
is repeated many, many times. A probability that the wavegulde will be cut

can be generated.

NGRS R
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COMPUTERS

Computexrs are gpeclfied {u terms of throuchput, which is the =sugber of
calculations per unit time. Other gpecifications include memory size and
clock time for the central procesaing unit,

To select a computer, the combat systems engineer lists all components
vhich require computational capability. The type of calculations to be
performed is identified. Examples of type of calculations include matrix
inversion, fast Fourler transform, matched filter, and numerical integratiom.
The allowable time for the calculation is determined. Using this .nforma-
tion, an estimate of space in the processor, in bytes, is made. Memory
requirements, given in bytes, are also estimated.

The computer must provide real time computation during «n engagement
without becoming saturated. As shown in the peper Ly Johnson, Whitney, and

Noah {éln‘ 1

auances of
...... HS gqulances o2

thrauts to be cslgnlated ia
eN! for an attack with N threats. Stated in different words, if one wants
to calculate all possible ways of engaging N threats, the wmsber of
engagements to be calculated i1a eM! Real time, explicit, calculation becomes
impossibie even for small N,
SEQUENCE OF EVENTS

With the informstion described above, one can proceed with the cngage-
ment. ‘The sequence of events is listed /p Table III.

Tha engagement 8 deacr:ibed here has not been programmed for the
computer. The engagement has been exercised meny tires manuaily. 4s ¢
side coument, the human being is a very good computer; the only difficulty

1s that the human 1s glow, makes mistakes, and gets hored after a few

engagements!
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Table III. Sequence of Events for an Engagewent

CHANGE OPERATING CONDITION
Change to general quarters
INITIATION OF ATTACK

Datecmine streamtime for threats; use distribution curves
Determine azimuth
Determine dive or gea skim

SEARCH

Detection (radar); use P, curves
Detection (IR); use P, curves
Eastablish coarse trac
i{dentification/IFF
Evaluate/prioritize/threat assessment
Asgigmment of F/C radar

Desigration of weapon

Hand off to P/C radar

ACQUISITION

Eatabiish fine track

Genezate F/C solution

Logd/slew launcher

Praset missile/select nissile mode

LAUNCH/FIRE

Verify engegeability of weapon
Verify operability of weapon
Boost

Midcourse command
Terminal/target illur:.pation

INTERCEPT

Damage assessgment; use Pk curves
Register kill/miss

Release weapons/F/C radar

(OR for miss)

Select wveapon

Launch
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Table III Continued. Sequence of Evants for an Engagement

LEAKING THREAT

Attempt spoof using IR decoy o:. chaff; use curves for probadbility of
spuof

Successful apoof/ignore threat

Unsuccassful spoof

Determine hit locatciou

Determine penetration

Explosion damage

Determine functional impairment

Factor impairment into ship capability for remaining threats

CYCLE THROUGH REMAINING THREATS

When exercised manually, the engagement model requires several diagrams.
One diagram shows range as a function of time. Own ship 1s placed at range

equal to zero. On the range/time diagram, all threats cen be shown along

with weapons in the ~ir. The intercept range follows grapnically from the

4

i
9? ' ' diagranm.

Another diagram tracks the various components as a2 function of time.

The diagram shows when a weapon or a radar is busy and when it is availsble ﬁ

for use. The diagram showa time to reload, time to slew, etc.

To obtain probability of survival, probability for out-of~action, etc.,

the engagement must be repeated many times.. This camnot be done mamually.

T L At s K it it et T i

Returning to the arrangements figure-of-merit, the probability of

;‘ '~ survival becomes a figure-of-merit.

The model described in this section treats only AAW. All other missions

of the ship must be exercised, i.e., ASW, GFS, and SUW. Also the model is

.W,,q),r..;,.‘..

for a defenzive scenaric. The ship must be exercised when on the offemnsive. ' {

et e

When the ship has the offensa, the probability of kill of the target

Yecomés a3 figure-of-merit.
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V. SUMMARY AND CONCLUSIONS

Arrangerants, which are geomeatrical quantities, bave two aspects. Ome
aspect deals with relationship between compouents, e.g., component A is in
front of component B ind ULelow component C. The other aspect of arrangemants,
which can be made quantitative, involves the geomatrical quantities of area,
volume, location, length, and sghape.

Certain consecuences of an arrangement lend themselves to precise
formulation. An example is stability which involves the distribution of
mass. Other consequences of arrangeuments are less precisely described.

An example is the location of CIC. Antennas are a special case in arrange-

ments. A sirong interaction occurs between antenna performance and arrange-
marts; see Appendix A. The equations for the interaction are well known;
solution of the equations requires extensive numerical calculation or
precise brass models. Geomatric detail must be well defined.

Any figure-of-merit for arrangements is an arbitrarily dofined quantity.
This does not mean useful figures-of-merit cannot be defined. 1t does mean

any figure-of-merit does not have the impact of the first low of thermodynam-

ics.

Several approaches exist to avaluate arrangements. One approach is to

T

define and quantify certain arrangement variables. The arrangetient %

variables are introduced into the overall gship design process. Arrangements ;

have two geometricsl aspects: relationship and quantitative features such

as area. The overall ship design approach traats the quantitative aspect.
Another approach is to consider interaction among subsystemas. The inter-

’ action 1g due to arrangements. A method for systematically examining the

numerous interactions has been suggested. The methcd uses the influence

h g
coefficienta, gy

45

et D

o2t nai by L S et G TR R e \..A_\d



ERE 2 Rt it S i S IR

T

A third method of evaluating arrangements along with the other facets
of deaign is to simulate couwbat engagements. The probabilistic nature of
combat forms the core of the model. A simulation of a combat engagement
permits comparison of two warships. The relationship aspect of arrangements
can be evaluated. When comparing two warship dasigns, both designs are pre-
sumad to have incorporated the quantitative aspect of arrangements in the
design process. Each design is optimized. The difference in the two designs
is one ¢ relationship of components.

The comuents in this paper are more in the nature of suggestions. The
model for simulation of a combat engagement has been exercised several times
manually. The model treats only AAW. The other mcdels and approaches

for arrangements are more in the nature of proposals for a new techniquae.
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APPENDIX A. AXIAL DIPOLE ANTENNA WITHIN A CORNER REFLECTOR
One of the problems which can be solved 18 a dipole antenna located

near a corner reflector. The corner reflector is comprised of two lz e

) flat metal sheets which form a "V." The z-axis lies along the intersection
of the metal plates. The metal plates could be a corner formed by super-
; structure.

The dipole antenna is located at point Q(po, ¢o, zo); the axis of the

b dipole i3 parallel with the z-axis. The double arrows in Figure 2 represent

the dipole. Any typical field point is represented by point P(p,9,2).

The electromagnetic fleld is wanted in the volume O < & < ¢. Within i
the volume the electrical properties are uniform with values € for electrical
permittivity and y for permegbility. The dipole antenna has an electric

moment of Idzo.

The electromagnetic fields can be expressed in terms of the Hertz

vector, wvhich in this problem has only a z-c mponent. The z-component of

avosest 0 S,

the Hertz vector is designated as II. For a discussion of Hertz vector
and boundary conditions for electromagnetic waves at a metal wall, see

Chapter 1 of Stratton [33].

The following development follows closely that of Wait [34].
Since the excitation 1s due to a dipole, the electric field compoments

of the wave are given by

&
{ E, = 9p oz (12)
1
Oy vy (13)
and
&
A7

k| | S |
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Figure 2. Corne. reflector formed by two metal plates at an angle Y.
A typical field point is P,

A dipole antenna is loc: ‘ed at Q.

48

St




;. ORRp 2B T 4 T o A, A B . AT 5. b
: i biedl” 2a" ol T L S S IR A 1 L W E TV okt e e ————r . e e v e e aael s

vhere k = 27/A. The wavelength of the radiation is A. The inhomogeneous

’

equation for Il 1is

z
i
t
5
b
'

ﬁ (V 4+ T = -%f—:' 8(r —r,) s)

; vhere 6(; - ;6) is the three-dimensional Dirac function, and T is the

é vector from the origin to point P, and ;0, to point (.

g At the metal walls, which have very large electrical conductivity,

E é the elactric field must be zerc. To satisfy the boundary condition at the

? { walls, il 18 zero at ¢ = 0 and ¢ = ), Symmetry relative to the plane contain-

i ing the dipole also requires I to be zero when ¢ = ¢0.

3 A Fourier series can be used for Il in the ¢ direction which will

; satisfy the conditions at ¢ = 0, ¢;, and y. The series is

s -

; | n-;a.n..(p.z) sm"§¢-m’§¢. (16) e
E\‘ vhere € " 1 and €, 2 when.%'is not zero. The function IIm is given by ]
t Mulp, 2) = -l-fﬂsin 77 6 sin r ¢, dé (1n |
i v, ¥ v |

For the problem at hand, z extends to + ® and to - ®; that gives a big

ik e A

superstructu~e! A Fourier integral is used for the z direction

+®
1
Matp, ) = 5= [ Tlule) exp[—ihte — )] b (18)

R T R T TR Y

with tbhe inverse pair

+eo i
n..(p) = I ITu(p, z) exp [ik(z — z,)] d2 (19) ‘

Continuing, Wait [34] shows the solution to be

b { -
, g (h——d:’) 'ﬁ;z.my-p-inws,
4+
X f E®(op),(opy) exp [—ih(z — 2,)] dh (20)
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2 2. Y2 (9
vhere v = o/ and v = k° -~ ") . Hv ia a Hankel function of order v.

Jv is Besgals function of order v,

For %he case where Y = 1/N, the solution reduces to

Tdey 4=V rexn (—ikRY .
=225 P (—ikRy)  exp {~ikR,)
: 25 [ ‘ " Ra ] (21)

R

vhere
Ry = [(BaP + (z — N

and
Ry = [(7a) + (z — 212

The definitions of 6n aud‘B; are

p.a{p3+p’—2w"°'[¢“(%vz+‘.‘)]}m

and

ne ot o -4

Equation (21) is a solution by images.

From this example, one recognizes the .ssential parts of an analytical
approach. The wave equation, which 18 equation (15) is solved subject to
boundary conditions imposed by metal walls. Tne resulting elsctromagnetic
field is modificd significantly by the presence of the metal walis.

The Hertz vector for a single isolated dipole antenna in free space is

Idz .
I - 0 exp(~ 1kR) (22)

4driew R

One can conpare equations (21) and (22) to see the modification due to the
meral walls.
Obvicusly the solution of equation (20) or equation (21) is of little

practical use since ship superstructurss are notr two mctal plates of infiaite

R e et W OO A et b i i o e, it il ol o0 B a5




extent. Amalytical approaches are of limited value for complex geometrical
shapes; numericel solutions to the wave equation using computers is the
practical maethod for obtaining antenna patterms, coupling tetween antemnas,
feodpoint impedances, etc. Rockway and DuBrul [22] discuss the nuwerical

approach using the method of moments.
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APPENDIX B. LINEAR ALGEBRAIC FORMULATION OF INFLUENCE OF ARRANGEMENTS ON

el e i e S

SUBSYSTEMS
One formulation for influence of arrangements on subsystems is linear
algabra. The concept, which has considerab’e appeal, is to use an equation

of the form

; ‘} I, I, Lg- -1 ( Aﬂ
: Py Iy Ipp - A,
’ P 1

31 * * ¢ A3

= - | {. -

Pn} Inl Lom ; \AmJ‘
PERFORMANCE INFLUENCE ARRANGEMENTS
VECTOR MATRIX VECTOR

The arrangements vector consists solely of a geometric description of a

subsystem. Possible geometrical variables include the following:

shape of item . . . « « o . . P
locationof CG. . . . « « . . P
volume. . « o ¢ o ¢ ¢ o o o
surface area. . . ¢« . . . . .
cheracteristic dimension. . . P1
} , The symbols Pl . . Pb are components of the performance vector and will
| "be discussed shortly.
To determine the applicability of equation (23) as a tool to quantify
arrangements, ccnsider the interactions invclved in radar. As a model to

tect equation (23), consider two conical masts located uon a barge. Each

magt has an antenna at its tip as shown in Figure 3.
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The performance paramgters selected are as follows:

T eale

" P, = range to radar horizon

N e

P, = weight of antenna stabilization mechanism

P, = angles blocked by other subsystems

w

! P, = electromagnatic wave distortion caused by adjacert structure;

&

antenna pattern degradation

Euch of the performance pai-. .at¢..; «ill now be discussed.

| The range to the rs'~r hor.: uu is given by

P, = R = 1.23[/H + /h) (24)

1
vhere
R = range to horizon, nm, in 2 4/3 atmosphere 1
H = antenna height above waterline, feet

h = target height above water, feet

Application of rules for evaluation of equation (1) gives

Pl - IllA1 + 112A2 + Il3A3 + ... (25)

Comparison of equations (2! and (25) suggests the definitions

; o -

Lp=?

| -

1 I..=0

21 © *31

Due to the square root of H, the linear formulation is not applicable. 1
The weight of the antenna stabilization mechanism depends on roll rates

a8 vel) as antenna weight itself. The interaction between roll rate and

antenn. characteristics follows from a series of equations. The shift ir

- the center of gravity, AKG, due to the antenna is given by

m‘(xa - xs) + mm(xm - xs)

+
ma ms + mm

ARG = (26)
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vhere
B, © nass of antenna
& = mass of mast
n_ = zass of ship less antemna and mast
x, = distance from keel to CG of antenna
x, = distance from keel CG of ship

x_ = distance from keel to CG of mast

‘Addition of antenna weight and mast weight changes ship draft, D. The

distance from keel to metacenter is in general a function of draft. Hence,
KM = £(D) (27)
where D 18 ship draft.
The roll rate follows from the differential equation for roll
16 + k20 = 0 (28)
where I is the moment of inertia of the complete ship about the axis of

roll. The quantity kze is equal to

k2

6 = A(NM ~ KOO (29)
For small angles sin6 - 0; this assumption has been used in equation (29).

The period of roll, T, is related to k by

1/2

1/2 1

fe= g - )

T = 271 (30)

In the preceding equations, A is the displacement. Addition of the

antenna and mast changes A, I, KM, and KG. The roll rate i3 related to 7.

The antenna stabilization need not act faster than that required by roll rate.
The variables are interacting through equations (26) to (30). P2 is not
formulated here.
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Consider now the angles btlocked by other subsyotems. Refersace to

Figure 3 ahows that antenta 1 is blocked by antenna 2. The blockage needs

to be expressed differently for 2D and 3D radars. For 2D radar, only the

angle is significant; for 3D radars, the solid angle, steradian, which is

blocked is the significant quantity. Assume radar 1 is a 2D radar.

By straightforvard geometrical considerations, one can show

(h2 - hl) tanfl
a = 2 arcsin — =T (31)

2 1

wvhere hl, hz, Ly» L2 and B are defined by Figure 3. The angle & is the

angle of radar 1 hlocked by conical mast 2. The performance parameter is

3% - a
Py ™ 7366 (32)
From equation (23)
Poow LoaAy + Ip,A, + LA + 18, + 0 0 .. (33

Equation (33) auggests A& - hl' AB - hz, AB - Ll’ A7 - Lz, etc. Further,

131 - 132 - 133 = 0, However, comparing equations (31) to (33) indicates,

cnce again, a linear forwulation 18 not possible.

Although equation (23) haa an appeal, the problem at hand is not linear.
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