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FOREWORD 

-

The Dav i d Tay lor Nava l Ship Research and Development Center (DTNSRDC)

was authorized to assist the Naval Ship Engineering Center (NAVSEC) es-

tablish design practice for the prediction of speed and power. Th i s wo rk
was funded under NAVSEC Project Order Numbers P0 4-0190 and P0 4-0319,

dated 15 May 1974 and 114 June 19714, respective l y. The principa l objec-

tives of this work were to review che current procedures , margins ,

allowances , etc., in lig ht of the most recent literature and to documen t

the procedures (updated , where applicable) in a form suitable for pre-

paring NAVSEC technica l practice. This report provides the documentation

of the work done by NSRDC .

The report has been organized in a manner that will , hopefull y, hel p

to make it easy to use. Essentiall y, the report consists of nine chapters

and two appendices. Chapter 1 presents a genera l discu ssion of the prac-

tice in use for the estimation of powering performance during the various

phases of design . Chapter 2 presents the fundamentals of extrapolating

mode l resistance data up to an estimate of the full-scale ship resistance.

The techni ques for estim at inc7 residuary resistance , appendage resistance ,

wind drag, power marg ins , and shaft power are discussed in Chapter 3,
Chapter 4, Chapter 5, Chapter 6 , and Chapter 7, respective ly. The tech-
ni ques for esti m atir ln the efte . ts of design alterations are presented in

Chapter 8. The various •$cpects of rough water performance are discussed

in Chapter 9.
The nature of this project necessitated a si gnificant amount of back-

ground work. The res u lt s of these investigations have , for the most part ,

been incorpor dt d into the nine chapters. Some supplementary information

on the correlation allowance and the interact ion coefficients has been

Included as A ~
.
~ices i~ arid B , respect ive l y, since It could not be readil y

incorporate .i into the main text.

The servI ce -, of s p e c i a l i s t s  were requ i red for this project due to the

scope of the .~~~~rtr ound work. Contribut ions to this report , particularly

I I I



those by Mr. Hugh V . H. Yeh and Dr. A ll en G. Hansen , which are included

in Chapter 9 and Appendix B , respective l y, are greatfull y acknow l edged.

The authors wish to express their gratitude to Mr. Phil i p  H . Covich

of NAVSEC for his skillful coordination of this project. The technical

and editorial coments , which he gathered from the staff at NAVSEC , were

used to deve l op a better final draft of this report. The feedback he

provided undoubted l y enhanced the utility of this document , since it

reflected the opinions of prospective users.

The authors also wish to thank Dr. Arthur H. Reed , Mr. Kenneth D.

Renriers , and Mr. William G. Day for their technical comments and Mrs.

Elizabeth B. Byrne for her typing of the manuscript and its many revisions .

Lastl y, the authors wish to thank Dr. Wen-Chin Lin , Mr. Raymond Wermter ,

and Mr. Vincent J. Monace lla for their constructive rev i ew of this report ,

which has led to a significantl y improved final draft.
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NOTATION

An attempt has been made to kel p the notation used in this document

consistent with the recommendations of the ABC Navies Standardization

Program (1969 - Reference 2) and the I.T.T.C. Presentation Commi tt ee (1972 -

Reference 20). Differences between the notation used herein and these

standards are denoted by an aste risk (~ ) .  I n those cases where the

not ation is marked by an I~~’~ I I  the notation w i l l  not be found in either of

the standard lists. When the asterisk appears in the description it

denotes supplementary information applicable to this document.

The following notation is subdivided into three categories:

(1) Geometry

(2) Res is ta nce and Prop u l s ion
(3) Rough Water Performance

GEOMETRY

Area of transverse cross-section of a bulb

A
T 

Area of transom

A
v 

Area exposed to wind (~~taken as projected area in a plane
norma l to  the ship centerline )

Ax Area , maximum transverse section

B Beam or breadth , mçulded of ship

Bx ~“ Beam at the waterline at max i mum transverse section

CB 
Block coefficient

C~ Long itudinal prismatic coefficient

C
~ 

Maxi mum transverse section coefficient

C~ Vo lumetr ic c o e f f i c i e n t

D Diameter of a propeller

~BT Tay lor sec t iona l area c o e f f i c i e n t  for bulbous bow

Sect iona l area c o e f f i c ie n t  for transom s tern

FB Longitud i nal center of buoyancy from forward perpendicular

hi



NOTATION - GEOMETRY

‘B 
But tock  slope

Ang le o f en t rance, ha l f

Ang le of run , hal f

L Length of a shi p (~ usua 1ly  re fers  to LW L or L~~~)

~~ Length be tween perpend iculars

LW L Length of v~a t e r li ne in genera l

S Wetted surface (‘~ S 
- for model; S - for shi p)m S

R. E .  Froude 1 s we t ted  sur face c o e f f i c i e n t

T Draf t , moulded of the shi p

Tw Transom width at LWL

T1 
Depth of transom on the cen te r l i ne

T
x 

Draf t at maximum transverse section

Displacemen t wei ght

Displacemen t vo l ume

NOTATIO N - RE S ISTANCE A ND PROPULSION
R. E.  Froude ’ s res is tance c o e f f i c i e n t

CA Incrementa l resis tance coefficient for model -ship correlation

C
M Air or wi nd resistance coefficient

C F S p e c i f i c  f r i c t i o n a l r e s i s t a n c e  or drag c o e f f i c i e n t
(~ ; CF 

- model; CF 
— ship)

C R Spec i f i c  res iduary  re : i stance c o e ff i c ient

S p e c i f i c  t o ta l  r e s i s t a n c e  c o e f f i c i e n t
(~ CT 

- model ;  C T 
- ship)

C Res is tance  eo~~ f f i c i e n t  for  r e l a t i v e  w ind  d i r e c t i o n

J Advance c o e f f i c i e n t  or advance number of p rope l le r , V A /nD
(“ J - open w a t e r )

xl



NOTAT I ON - RESISTANCE AND PROPULSION

J * Advance c o e f f i c i e n t , determ ined from K
Q 

ident i t y
(J~~ - mode l ; J

Q 
- shi p)

J Advance c o e f f i c i e n t , determined from K i d e n t i t y
- model;  - sh ip)

- Apparent or ship speed advance c o e f f i c i e n t , V/nfl

(~~~ R. E.  Froude ’ s speed-d isp lacement c o e f f i c i e n t

K
Q 

Torque coefficient (~:K~~ - model; K
Q 

- shi p; K
Q 

- open w a t e r )

K
T 

Thr ust coefficient ( K
T 

— mode l ; K
T 

- sh ip ;  K1. - open w a t e r )

n Rate of revolution (~~RPM - revolutions per minute)

D e l i v e r e d  powe r at  p rope l le r

Effec tive powe r

‘c Augmentat ion in e f f e c t i v e  power due to RAAwi nd

Sha f t  powe r

Q Torque
R Resistance in general

R
AA Air or wind resistance (~~ 

RAA - at a relative wind direction of y)

RAP Appendage resistance

RF Frictional resistance

Rn Reynolds number

RR Residuary resistance

RT Total resistance (*RT - mo del; RT 
- shi p)

t Thrust deduction fraction (~ (1-t) = thrust-deduct ion factor)

T Thrust

V Speed of ship (~ V5)

V/vt * Speed-length ratio; also V//[
~1i; (knots ft 

1/2)

xii

-- . - --



NOTATIO N - RESISTAN CE AND PROPULS I ON

V A Spee d of advance of p rope l l e r  (* When used in the calculation
of e f f i c i e n c i e s , i t  is  the speed determined from thrust

- identity)

Wind velocity, re la t ive

w Tay lor wake f r a c t i o n  in genera l ;  (V - VA
/V)

(~~(i- w) Tay lor wake fac tor)

W
Q 

Tay lor wake f r a c t  ion de te rmined from torque (~~coe f f i c i e n t )
identity

Tay lor wake f r a c t i o n  determ ined from thrust (;
~coeff i c i e nt )

iden t i ty

Wind di rection , rela t ive

AC
F 

Roug hness allowance (obsolete , see CA)

Efficiency in general

Propeller efficiency beh i nd ship

Propulsive efficiency

Hull efficiency

Propeller efficiency in open water

Relative rotative efficiency

Shafting efficiency (
~~ 

shaft transmission efficiency ; assumed
to be unity)

v Coefficient of kinematic viscos i ty
- model; v5 

- shi p)

Mass identity (*~ - basin water; p 5 
- seawater )

NOTAT ION - ROUGH WATER PERFORMANCE

g Acceleration due to gravity

k
yy 

Rea l radius of gyrat ion about y - axis (transverse)

~AW Mean power increase in waves

RAW Mean resistance increase in waves

xiii
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NOTAT i ON - ROUGH WATER PERFORMA NCE

R(
~~E ) Response ampl i tude operator  (R AW /f 2

)

One di mensiona l spe ctr il dens i ty

T Wave period

F * Bulbous bow factor (
~~ = 1 for a bul b; F = 0 for no bulb)

Wave ampli tude

* Nondimensi ona l frequency of encounter

°AW Coefficient of added resistance

Circular wave frequency

Frequency of encounter (circular)

xiv



Chapter 1.0 POWERING PERFORMANCE , PRACTICES FOR ESTI MATION OF
The prediction of ship performance has traditionall y and deliberatel y

been divided into two distinctl y separate components , which are the calm—

water portion and the rough-water portion . Althoug h the subject of rough-

water performance is addressed briefly in Chapter 9.0 of this document ,

the principa l subject matter covered herein deals with calm-water powering

performance. The discussion in this chapter centers on the ways in which

predictions of powering performance are deve l oped during each of the

three phases of ship design. Since the basic methodology used in the

estimation of powering performance is the same through all three phases

of design , it wi l l  be presented in the discussion of the first phase

(Conceptua l Des i gn) . Variations in the estimating procedures wh i ch are

consistent with the des i gn info rmation available during the later phases

of desi gn (Preliminary Desi gn and Contract Design) will  be presented

in the discussions of these phases .

1. 1 Conceptua l Design Phase

The conceptual des i gn phase is initiated in response to an opera-

tional requirements issued by the Chief of Nava l Operations . This design

phase is composed of two parts , feasibility studies and conceptua l des i gn .

The feasibility stud i es are performed to establish the major character-

istics and cost of the ship. During this portion of the design phase ,

ship concepts are generall y defined and eva l uated using gross parameters

and shipboard experience. The conceptua l des i gn portion is used to

resolve the technical risks associated with the concept and define the

ship in terms of overall geometry , we i ght , type of propulsion p lant ,

speed and endurance .

Feasibility studies generall y utilize the shi p synthesis models to

define the major shi p cha racteristics and cost. During conceptual de-

sign the conventional and more elaborate methods are used to estimate

hydrodynamic performance .

The accuracy of the processes used to estimate the powering per-

formance of each alternative hull form during conceptua l des i gn is

somewhat l imited by the lack of ship definition . Inasmuch as the requ i re—

-4 - ________



ments of th is phase frequentl y d ic ta te  that several a l ternat ive designs

be eva l uated , it is not practical to develop the fine geometric details

of each one. Typicall y, the known features of each design would consist

of at least the principa l dimensions (length , draft , and disp lacement),

the type of hull form (e.g., a destroyer , a tanker) , an estimate of the

maximum sectional area and the wetted surface , and the general propulsion

arrangement (single-screw , twin-screw , quadrup le-screw , and whether-or-

not the shafting w i ll be exposed). Naturall y, the selected techniques

used in the estimation of powering performance should be the best avail-

able that are consistent with the availability of hull-form geometry .

The first step in estimating the powering performance of a shi p

during this phase of desi gn is to determine the bare-hull effective power

for the underwater hull. Following this step the appendage resistance

and the wind drag are estimated. Finally, using an estimate of the pro-

pulsive efficiency , the required shaft power can be estimated .

1 .1. 1 Bare-Hull Effective Power

The bare-h ull effective power of a shi p can be expressed in terms

of a total resistance coefficient , which can be further subdivided into

three component coefficients.* One of these components , the equivalent

flat-plate frictional resistance coefficient (C
F), can be readily deter-

mined from an existing formulation . Standard practice dictates the use

of the 1957 I.T.T.C. Model—Ship Correlation Line .~ Utilization of this

friction line requires only that the full-scale Reynolds ’ number be

known. Another of these components , the correlation allowance (C
A), 

is

assigned a value of 0.0005 for most nava l shi ps. A comp le te desc ri ption

of the physical meaning of the correlation allowance and the p rocedures

by which i ts va lue has been determined is presented in Sect Ion 2 .2 .3
and Appendix A of this manual. The last of these components , the residuary

*A comp lete descri ption of the formulation of effective power is given
in Section 2.1 of Chapter 2.

l .Hadler , Jacques B. ,  “Coef f ic ients  for the I .T .T .C.  1957 Mode l-Ship
Correlation Line ,” TMB Report No. 1 185, 1958.
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resistance coeffic ient (C
R). can be estimated ve ry effectively if a high

leve l of hul l- form def in i t ion  is a v a i l a b l e . *

Althoug h the techniques used to estimate residuary resistance are

discussed at some length in th is  manua l (see Chapter 3.0) , some br ie f

comments regarding a few of these procedures are given here . The estima t-

ing procedure requiring the lowest leve l of hull-form defini tion makes

use of series data and worm curve techni ques , as described in Sections

3.2 and 3.3, respective l y, of Chapter 3.0. The ability to choose an

appropriate worm curve , however , depends heavily upon a greater knowledge

of the eventua l shape of the hull form than would be indicated by the

limited parametric hull-form data available during conceptual des i gn.

If , indeed , this knowledge does exist and estimates of many of the hull-

form parameters can be made , i~ is possible that one of the anal ytical

techni ques described in Section 3.4 of Chapter 3 can be used to estimate

the residuary resistance coefficient. Regardless of the technique(s)

chosen to estimate the residuary resistance coefficient (C
R), 

it must be

added to the other two component coefficients (CF and CA) and expanded

to an estimated bare-hull effective power using the formulation described

in Section 2.1 of Chapter 2.0.

1.1.2 Fully-A ppended Effective Power

A si gnificant increase in the resistance of a hull form gene~ i ll y

occurs when appendages are added. The typica l comp l ement of appendaq s

for a modern twin-screw military shi p, wh i ch would normall y include shaft-

ing and struts , rudde rs , and stabilizer fins , would lead to a resistance

increase in the ne ighborhood of 25-3O~ of the bare-hull resistance. Since

the resistance of the appendages can be such a s ign i f icant  part of the
total resistance , it is quite Important tha t an accurate estimate be

made at this phase of des i gn.

Normal l y, estimates of appendage resistance (RAP) are developed
using data for similar shi ps. While collectin g the data on appendage

*The notation used In this document is , whereve r possible , consistent
wi th Refe rence 2.

2.Arnerican/British/C anadian Navies Standard i zation Program , “Symbols for
Nava l Archi tecture for Use in Technical Writing, ” ABC-NAVY-STD-3OB ,
December 1969.
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r e s i s t a n c e , ot her da ta  can also be c o l l e c t t d , wh ich w i l l  be help ful in

deve lop i n i  other es timates. Dat t on s i m i l i r  shi ps ar’  necessa ry ,  for

examp le , in the deve lopme nt  of estin i tes f hu l l-propulsor interac tion

c o e f f i c ~ients and worm curves .  T he data fron w h i c h  the es t i m a t e s  w i l l  be

deve loped must be se lec ted  w i t h  grea t care , s i n :e  not a l l  shi ps are con-
f i gure d wi th s i m i l a r  appendage irranqeme rts. It is better to base the

estimates on a few , rathe r than many sets of data , i f the smaller sample

of da ta represents ships which have a comp~~ ment of appendages nearl y

iden t i ca l  to that of the conceptual  de ign.

The norma l output f rom thi s procedur e is a r atio of the full y—appe nded

e f f e c t i v e  powe r to the bare-hul l  e f f e c t i v e  power. Th is  r a t i o  is gen-

e r a l l y plotted versus speed-length ratio , for each of the similar shi ps

se lec ted . The es t ima ted  fu l l y-appended e f f e c t i v e  powe r for the conceptual

des i gn is  then obta ined at each speed by muIt pf lcat ion of the bare-hufl

e f f e c t i v e  power by t he app rop r i a te  r a r i e  4 d i s c u s s i o n  in greater de ta i l

of t h i s  procedure and others , a long w i t h  the t i m i t a t i o n s  thereof , is

g i ven in Chapter ~+ . O.

1 ,1.3  S t i l l — A i r E f f e c t i v e Powe r

The st i l l - a i r  effective powe r accounts frr the wind drag (RAA) on

he a bove-water por t ion of the sh ip ,  i n c l u d i n g  the supers t ruc tu re . The

a ir drag is determined for a r e l a t i v e  wi n d ve l ocity equal to but opposi te

in d i rec t ion  from the shi p ve l o c i t y ,  or , in e the r  words , for a t rue-w ind

v e l o c i t y  of zero ( s t i l l  a i r ) . Althoug h a comp le te  de s c r i pt ion and dis-

cussion of the procedure is presented in Chapter 5.0, a brief outline of

t he technique is presented here .

The first requirement is that an es t imate  ot the above water trans-

verse area (Au
) be made . Frequentl y, a sufficient leve l of accuracy

can be obtained by assuming that this area can be estimated using the

following formula.

A
v 0.75 

~

where B
~ 

= the beam of the shi p at the wa te r l i ne  at the s t a t i o n  of maximum

ar ea.
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Althou gh this approxim ation is sufficiently accurate for most nava l

combatant and auxiliary ships , it may not be suitable for cer tain

other shi ps , such as aircraft carriers , heavil y laden tankers , and some

smaller ships and boats.

The sti l l - a i r  eff ective powe r 
~~ 

) may then be determ i ned using
windthe following formulation .

= ________

wind Constant

where , C AA ahead w ind  drag c o e f f i c i e n t  for the ship

( d i m e n s i o n l e s s ) ,

AV above-the-water transverse area of the shi p
2 2(ft or m )

V s h ip  speed (knots or m/sec) ,

and the Constant  96 ,500 for the Eng l i sh  system of un i ts  (A
~ 

in f t 2
.

V in knots , and a mass densi ty for ai r of 0.00237
2 4lb sec /ft ) ,

or the Constant = 1638 for the SI system of units (Av in m2 , V in

rn/sec . and a mass d e n s i t y  for a i r  of 1 . 2 2 1  ~. ~,ec
2/m~ )

I t  has been dete rm ined , per the d iscuss ion  in Chapter 5.0 , that t b  y e

wind  drag c o e f f i c i e nt  (C AA ) is 0.70 for combatant sh ips , 0.45 ~o’ ~ ir-

craf t carriers , and 0.75 fur r v u l  a u x i l i a r i e s .  The t o t a l  e f f e~ ~. v e  p wer

of the ship in zero true wind c n  be determined by merel y adding this

to the full y-appended effective power determined b y t he me~ b d
wind

described in Section 1 .1 .2.

1 .1.4 Margins of Uncertainty

There are many uncertainties which can affect the estimate f the

powering performance of a ship. Since mode l experiments are seldom con-

ducted during the conceptual desi gn phase , the estimates of powering

5
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performance are almos t always based upon the analytical procedures des-

cribed in this chapter. Although satisfactory estimates of performance

can be made using these procedures , the lack of specific definition of

the hull form , the appendages , the propel ler(s), and the superstructure

seve re l y limits this accuracy . Furthermore , the estimates of the wei ghts

of the hull , machine ry , and pay load , etc., are , by the nature of the

pre requisite assumptions , similarly uncertain and subject to change duri ng

the evolution from the conceptual des i gn phase throug h the preliminary

and contract desi gn phases. Occasionally, for example , it is necessary

to increase the beam of the shi p to accommodate a component of the p ro-

pulsion system or some other system , or to achieve acceptable transverse

stability. Changes of this type obviously can affect both the shape and

wei ght of the hull and , consequentl y, the total effective power.

Naturall y, the lack of confidence in the estimate due to the inhere~ t

uncertainties during conceptual desi gn has t ed to the use of a power

marg in to cover these uncertainties . The subject of power margins used

during each phase of des i gn is discu .red it length in Chapter 6.0. The

practice during this phase of desi gn to use a power marg in of l1~~.

This pe rcentage covers not only the uncertainties discussed in this section ,

but also those associated with the esti m at ion of propulsive efficiency ,

wh i ch is discussed in the next section . The marg in is app lied directl y

to the total effective power , which accounts for the resistance of the

bare-hull and appendages and the still-air drag , thereby increasing it by

ll ~~, at this phase of design.

1.1. 5 Shaft Power

The total estimated shaft power (PS) for a shi p can be obtained by

dividing the adjusted (by an 11% marg in) total effectiv e power

by the propulsive efficiency . The propulsive efficiency (n 0) defines

the performance of the propulsor when operating in the environment of

its particular app lication. This efficiency 
~~~ 

is generall y expressed

as the product of four component efficiencies . The first of these , the

6
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open-water efficiency (n..~), defines the performance of the propulsor in

an undisturbed fluid (uniform inflow) . The second component , the hull
efficiency (ni H

), defines the effects of the propulsor on the resistance

of the hull , when the propulsor is ope rating in the wake of the shi p. The

third component , the relative rotative efficiency 
~~~~ 

defines the

di f fe rence in performance a t t r i bu tab le  to the nonun iformi ty  of the i n f l ow

ve l oc i ty . The last component , the shaft transmission efficiency (ri g),

which expresses the loss in power through the line-shaft bearings and

g lands , is defined as the ratio of the actua l torque delivered to the

propeller to the measure d torque during a trial. These brief definitions

of the components of the propulsive efficiency are intended to provide

the reader with a general understanding , rather than a comp lete descrip-

tion , of the meaning of each component. A more detailed discussion of

these efficienc ies is given in Chapter 7.0, with supp l ementary informat ion

in Appendix B.

Although the magnitude of the propulsive efficiency (ri D
) is generall y

determined by estimating the va l ue of each of its component efficiencies ,

occasiona lly, when time and/or data availabi l ity do not permi t an in-depth

analysis of the propulsion problem , an estimate of 
~D 

may be made directl y.

Usuall y, however, each component is estimated individuall y. The shaft

transmission efficiency (ri
5
) is almost always assi gned a va l ue of unity

(1.0), since the torque diffe rence is generally very small (e .5~t) due to
proximity of the tors i on meter to the propeller. This matter , which is

primarily a result o1~ trial ~nd towing tank practice , is discussed in

Section A .3.6 of Appendix A. The hull efficiency 
~~~ 

is defined as

the quotient of the thrust-deduction factor (1-t) over the thrust-wake

factor (l-w
1). In addition to being necessary for the calculation of

these factors are essential to the selection of suitable propeller

geometry . The relative rotative efficiency 
~~~ 

and these two factors

(1-t and l w
T) are generall y estimated from data accumulated during

the search for relevant worm curve and appendage resistance data.

The estimate of the open-water propeller efficiency (n0
) is generall y

developed i ndependen t ly , using the total effective power , the 
thrust-7



wake factor , the thrust-deduction factor , the desi gn speed , and other

re levant power-plant  data as parameters. ” Having once ob ta ined e s t i r n a t c s

of all four component e f f i c i e n c i e s  (n1 5, 
~~H’ ~R’ and n0 ) ,  the p r o p u l s i v e

efficiency (ni 0
) is determined as the product of these four. The t o ta l

estimated shaft power (PS) may then be calculated as the quotient of the

total effective power (P[) over the propulsive efficiency (n 0
) ” .

1 .2 Preliminary Desi gn Phase

The major output from the Conceptua l Desi gn Phase is a tentative

conceptua l baseline (TCBL) stud y for a shi p satisf ying the Top Level Re-

quirements (TLR), which were developed during that phase. The objectives

of the Preliminary Desi gn Phase are to detail and optimize the TCBL within

the constraints i mposed by the TLR . The product of this phase is a pre-

liminary desi gn of the sh ip, complete with its principal dimensions , form

coefficients , long itudinal distributions of immersed vo l ume and waterp lane

area , body plan , appendage confi guration , and motion stabilization system .

Throughout the process of optimization , it is necessary that estimates

of the powering performance of each alternative be determined. Further-

more , at the conclusion of this phase , an estimate must be made for the

selected preliminary design.

E ssentiall y, the me thods employed should fol low the approach outlined

in Sectio ns 1.1.1 through 1 .1.5 . Since greater detail should exist for

r’ost of the steps during this phase of design , it is feasible to use the

more sophisticated estimating techni ques. For examp le , it should be

feasible to use the methods discu s -~ d in Section 3.4 of Chapter 3.0 and

Section 4.2 of Chapter 4.0, to estimate the fully-appended effective powe r

of the ship. Furthermore , the accuracy of the estimate of wind drag may

‘cThe practices employed by the designer of marine propellers are discussed
in Reference 3.

3. ”Design Procedure for Surface Ship Propellers ,” Nava l Ship Eng ineering
Center Technica l Report No. 61144-76-136, January 1976.

**Since the Shaft transmission efficiency (q ) is assumed to be unity,
the shaft power (Ps) and the delivered pow~r at the propeller (E D) are
equal. ConsequentT y the propulsive efficiency (ri D

) may be defined as
either 
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be increased siqnifican tl y due to the av~ i l a b i l i t y  uf superstructure

detailing, since the above- fte-water transverse ar ea may now he cal-

culated , rather than estimated. Regardl ess of the estimate bein g made ,

the sophistication of the techni que employed shou td he at the hi ghes t

leve l that is consistent with the av a i l a b i l i t y  of data. Whenever possibl e ,

an estimate should be r ide using an alternate techni que to supplement

the principal estimate.

The estimate(s) of powering performance developed during p relimin a r y

desiqn also require that a marg i n of un cer ta inty be applied. A l t h ~~~qh

th’~ desi gn is cert a inly s t i l l  subject to change , a greater number of the

des i gn paramete rs are now f i xed , at least temporarily. As a consequence ,

the margin of uncertainty is reduced fro m 11 pe rcen t to 9 percent. Fre-

quentl y, resistance and propulsion experiments are conducted with a model

of t he p rel im inary desi gn . A si gnificant portion of the uncertainty

assoc i ated wi th the accuracy of Powering estimates is eliminated in these

cases. The prima ry uncertainty which remains at this point in tb e des i gn

cycle is due to the fact that desi gn cha nges ca n a nd w i l l , al most cer-

tainly, occur. The mode l , the propel ler  and/or the ex pe r imen t s co nduc ted
therewith w i l l  not precisel y represen t the eventua l shi p opera t ing a~
i ts desi gn condition . Since the propeller used in the propulsion experi -

ments iS a stock propeller and , as s uch , does not represent the fina l

des i gn propeller , and es timate of the diffe rences in performance between

the desi gn and stock propellers mus t be applied as a correction to the

pro pulsion data (after the wind drag estimate has been applied). When

this type of propulsion data is available during preliminary desi gn ,

practice dictates the use of a marg in of 6~~.

1.3 Con tract Desi gn Phase

The last phase of the desi gn process in NAVSEC is the contract design

phase . The output of this phase is comprised of detailed drawings and

specifica tions , which def ine the ship in sufficient de tail to permit an

inte l l i gen t bid by prospective builders on the time and cos t to construct

the ship(s). Detai led anal yses of hydrodynamic performance are performed

during this phase , in most cases.

9
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A comp lete set of model experiments is gen erall y conducted during

the contract desi gn phase , using a stocI~ propeller and , eventuall y, a

model of the contr act design propeller. A suitab le set of experi m ”nts

can be planned using Chapter 2.0 of Reference 14 as a guid e. Althoug h

experiments are being used to predict the powering performance , the

estimate of the effective power augmentation due to sti l l - a i r  drag must

be included in the calculation of total effective power.

Although the margin s of uncertainty during this phase of design are

somewhat reduced by finality of a contract desi gn and the availability

of applicable resistance and propulsion data , they must be used to cover

those uncertainties which remain. A marg in of 3 percent is applied at

the end of contract desi gn , if propulsion data with the contract design

propeller exists. This margin covers minor desi gn changes (appendages ,

propellers , and displacement growth , etc.) and prediction accuracy, in that

order of si gnificance. Prior to the availability of propulsion data with

the desi gn propeller(s), when exper imental data using the stock propeller(s)

ex i s t s , t hese data are to be corrected by an es t ima te  of the performance of

the ‘es i gn prope l l e r ( s ) , and used w i th  a margin of 6 percent.

1. 14 Marq ins ri Service

The techni ques used to estimate the powering performance of a shi p,

as discussed in this chapter , apply to a new shi p operating in a rather

id al environment. It is the except i on , rather than the ru le , that the

shi p wil l  operate under such idea l circumstances. The circumstances which

tend to affect the powering performance of a shi p are frequentl y sub-

divi .~ed into Environmental Factors and Deteriorative Factors. A few

typical examp les of environm enta l factors , which can si gnificantl y affect

the powering performance of a shi p, are the sea state , the prevailing

wind , the current , and the sea-water temperature. The deteriorative

factors , which are generally detrimental to the powering performance , are

generall y sub-divided into two groups , wh i ch are either short-term or long-

14. Cavi ch , P., “Guide for the Preparation of Hydrodynamic and Aerodynamic
Model Test Programs in Support of USN Surface Displacement Shi p Desi gns ,”
Naval Sh i p Eng ineering Center Technical Report No. 6l36 714 17 , 15 May 1975,
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t , r n in nature . The most we l l -known shor t - te rm d et e r i o r a t i v e  fac to r

is the fou li n g of the ship ’ s hull , appendages , and propeller(s). This

phenomenon , which is discussed in Section A. 3.14 of Appendix A , is con-

trolled and partially remedied by periodic refurbishing of the ship in

a d rydock. S ince routine drydock ing procedures do not restore the ship

to its ori ginal “like-new ’ condition , the residual short—term deteriora-

tion remaining after each drydocking becomes the major component of the

l ong-term deteriorative factor. Some typ ica l examples of the long-term

deteriorative factor are the erosion of the hull , appendages , and pro-

peller(s), and a reduction in the maximum deliverable power at the pro-

peller due to machinery system degradation . Although each of these

deteriorative factors (fouling, corrosion , etc.) and environmental factors

(sea state , current , etc.) can significantly affect the powering perfor-~
mance of a sh ip ,  i t  is impossible to rank the i r  si gn i f i c a n c e s  at any

par t i cu la r time unless s u f f i c i e n t  knowledge of the ship ’ s deteriorative

history and operational environment exists.

The consequences of these factors on the powering performance of a

ship is that the max i mum achievable speed during the ship ’s life w i l l  be

reduced f rom that of a new shi p ope rating in a quasi-ideal environment.

The outgrowth of th is  is a need to specif y the speed at some arbitrary

period during its lifetime . The response to this need is a specification

of a Susta ined Sea Speed for a shi p. This speed is defined as the speed

a t t a i n a b l e  with the new shi p, when operating in an environment correspond-

i ng to the condition for which the estimate was made using 8O~ of the
ma ’imum continuous power output. Since it has been determined tha t this

percentage is consistent with the Navys ’ experience , it is the practice

~o use 807, until the effects of all these factors can be addressed

anal yt i ca ll y and spec ified statisticall y.
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~iia pte r 2. 0  - BARE -HULL EFFECTIVE POW[R , ESTIMAT I ON OF

Th~ c t  1 ~ t ive power (P~ ) of a shi p is that amount i f powe r wh i ch

wo u ld  be r e q u i r e d to tow a sh i p  th roug h t h p  water at any part i c u l a r  sp u  1 .

I though the f o r i u l at  io n of th e b a r e — h u l l  e t t r t iv e ~~•ie r is  i d e n t i c a l to

t h a t  r the t u l l y- i ;pe nded s h ip ,  th is c h i t te r  es ser t i a l I~ addresse s  t he

b a r ’ - h r i l  I e f f ,~ t lye power. The bare hul l  i s  nomina l l y d e f i n e d  t i  inc lude

~uch eor p n e n t s  as skegs . w h ich  ire a c r i t i c a l p a rt of the shi ps ’ suppor t i ng

s t r u c t u r e  in a d rv doc ~ ( e .g . , a conven t ion al centerl ne skeg) . and bu lbous

bows and hon s n.i r Ii i s  , w h ch are  fa i red i n t i the s h p s I i nes. i t  does

not , howe ver , i n c l u d e  rui ’le r s , f i n s , sha f t i n g , s t r u t s  and boss ings .

T he h a re - h u l l  eff ct i ye c r/e r of a s h i p  can be a c c u r a t e l y  ( ‘5 t i i L ,~tCd

i f a comp le te  g e om e t r i c a l  I s c r i p t  ion of the hul l  for m is ivai T a b l e .  Short

o f having a comp l e t e  descr i p t i o n , the des ign d i s p l a c € r i r n t  ( 1 ) , the w a t e r -

l i n e  leng th  (L
WL ) .  the  beam B .) a t  t h e  s t a t i o n  of maximum a r e a , the d ra f t

(T) , t he w e t t e d  s u r t n e  (S)  , m d  the irea (i~~~) of the maximum s t a t i o n  must

be known or approx i~~it * d  i f  an e s t i m a t e  of e f f e c t i v e  powe r is  to be made.

The q e r e ra l  ind e r n/ater ~hi~ of The hti l 1 form should a l s o  be known , e .g.

hi ther i t ’ s a c a r ;o  s h ip ,  a d e s t r o y e r , a tank e r , a car r ier , or sonic ot her

t y p e  of sh i p. N at u r a l .I~’ , the accur m / of r h  powering e s t i m a t e  can be

ncr€’ i ed if e r r inf ’> rrna t ion r imrd ng T i  hul l  geo met ry  is a v a i l a b l e .
T h e bes t  Sour ce  for  such inf riria t ion would be a comp le te  set  of p lans for

lie mol led hull f r i . When these p lans  are a v a i l a b l e , i t  is p o s s i b l e  to

Li e~ pe r r i e r t . l  and,~or I f i s t i c a t e d  a n a l y t i c a l  techni ques to estima te

the eff ective ‘mie n of the bare hu l l . Fur thermore , t he e x i s t e n c e  of these

p lans  fad Ii t at co nm pari ri w i t h  s imi tar hul 1—form designs.

2 . 1  E f f e c t i v e  Pi we r , F rmu ia t i o n of

As a cor e r l u er c of t h e  p r i n c i p le  d i s c u s s e d  in S e c t i o n s  1 t h rough 6

of Ch apter VI I  in Refe renc e  5, the fo ll owing formulation is  used to

de te rm ine the ‘ f f t c t i v r  powe r (P 1f of a sh i p .

5. Co mstoc ~~, J. P. , editor , “Princi p les of Nava l Arch i tecture ,” The

Society of Na val Architects and Marine Eng i neers , 1967.
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/2 S V C
S ~. s 1

p ~~~~~~~~~~~~
_ .- - -~~ , (2.1)

II C n ns t  u t
2 2Ib sec N secwhere d e n s i t y  of s i  m i t e r  ( 

~ 
or

f t  in

S = wetted sur ’ a e  of sh ip  ( f t 2 or m2 )

V = ship speed (knots or m/sec ).

= specific total resistance co e ffi c i nt f r  the shi p
s (dimensionless),

and the Constant = 1 1 1 4 . 39 lb-sec 2 -kno t s 3/ 1t 2 -ho rsepowe r ,
for the English system of uni ts ,

= 1000.0 N-rn /sec-kilowatt , for the SI system of units.

Since estimates of powering perfor mance are generall y developed fir the

standard condition , equation 2.1 may be re -written , nc o r p (m r .mt i ng the

standard density of sea water , as follows .

S V 3 C
s s T

= l l 1 4 . 9 4  
~ (horsepower), for the Engli sh system of units ,

S V 3 C
s s  T

or 
~E 

= 
1004.8 

~ (kilowatts) , for the SI system of units.

2.2 Spt c i 4 i c  I t i l  Re sistance Co. fficient , Components of

The specific t o t a l  r e s i s t a n c e  c o e f f i c i e n t  for the ship is compos ed

~f thr r ’#~ component coefficients , as follows .

i
i 

= CR + CF + CA , (2.2)

C
R 

speci fi c residuary resistance coefficient ,

C F 
= ~~c~~~ic frictional resistance coefficient for the ship,

5

and CA incremental resi stance coefficient for model-ship corre-
l a t i o n  ( c o r r e l a t i o n  allowance).

The standard condition for powering predictions is calm deep sea water
at 145° Nort h Latitude having a sali n i t y  of 3.5~ and a temperature of 59°
Fahrenheit (15 ° Celsius), wh ich has a density of 1.9905 lb sec2/ft 4 - or -
1025 .9 N sec 2/m4.
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2.2.1 Specific Res iduary R e s i st a r i ’e Coefficient

The p r c i f i c  r es i d u a r y  r e s i s t a n c e  co e f f i c i e n t  (C R ) accounts for the

e t t r c t s  of wavemaking resist ance and oth er forms of r e sis t a r e , such as

t hat due to f I n  e t r i r i t  ion , which are not related to the ship ’s equivalent

f i a t — p l a t e  f r i c t i o n a l r e s i s t a n c e . The bas ic  assumpt ion  used in the pre-

d ct inn of t i fl eet ive powe r of  a sh ip  is  that  the model and sh i p have

the same specific residuary resistance coefficient at ‘‘ cor~ cspond ing ’’

spee ds , e.g ., same Froude numhr r or speed—length ra tio. Since this

resistance coeff icient Is entirely dependent on the shape of the onior-

water hull form , it can h~ most accuratel y determined by resistance

e~ p r i s n t s  with a qeosim of the ship. During the n arl i er phases of design ,

liov/ei r , it is frequentl y impossible to construct a mod el and conduct

experi m ents , since e ither the specific hull -form geometry has not been

i~. ’ v e i m p e f or the available time and/or fund i ng do not jus tif y an experi-

m e r t~~ l p r i m i r i . Consequentl y, other methods to esti mat e the residuary

r~~~istan ce have been developed us ing va rious sources of data on the

resistance of shi ps. Although th i c r e d i b i l i t y  of an estimate derived by

the w methods is somewhat less than that of a prediction derived from a

r e s i s t a n c e  exper iment , a ‘f a i r ly accu ra te  e s t i m a t e  can be made i f  t h e  h u l l

form is well defined and a good samp le of data for si m i l a r  hull forms is

available. These e stimating techniques are full y described in Chapter 3.0.

2.2.2 Specific Frictiona l Resistance Coefficient

The specific frictional resistance coeffi cient (CF) for both 
model-s cale and

full -sc ale hull forms is required if a prediction of full—scale effective

powe r is to be made us i ng model-scale resistance data . Eve r since it was

postulated many years ago that the frictiona l resistance of a h ul l  form

is dependent on its Reynolds ’ numbe r (R), the efforts of nume rous inve sti-

gators have been directed toward the establishment of a realistic formu-

l u t i o n  for hul l forms relat i ng frictiona l resistance to Reynolds ’ number.
Realizing the need to cover the wide range in Reynolds ’ numbe r dictated

by the numerous comb i nations of length and speed for both ships and models ,

most invest igators have attempted to fit a continuous function of Reynolds ’
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number , based on w a te rline length , through flat-plate friction data

gathered by many experimenters. The resul t of one such inv es ti gat ion ,

wh i ch related the specific frictiona l resistance coefficient to the

Reynolds ’ number , was eventuall y adopted by the Am erican Towing Ta nk
Conference (A.T.T.C.) in 1947.

6 
As experienc e was gain ed w i t h  the A . T .T .C .

formulation , it became obvious to experiment ers , pa r t i c u l a r l y  those who

worked wi th s m a l l e r  models , that thi c 4 r i c r i n  line .iim5 not satisfac tory

for predic tion s of effective power f r ’  re~~istanc e measured on the smaller

models , i.e., it was f requen t l y  neces iry to 1 r ~ a ne t i ve  orr e lat ion

all owance (C
A
) with the “small -model ’ data to obtain agre rer t with the

predic tion of effective pcwe r derived t rom “la rge-model” data using a

orre lation allowance of 0.4 x lO s. ~~n sequent l y, in 1957, the Inter-

national Tow i ng Tank Conference adopted a new , but interim , formulation

in an effort to resolve this dilemma . Althoug h this  d i l em ma has no t been

comp l e t e l y  resolved , the U. S. Navy uses the appropriatel y named I.T.T.C.

1957 Model-Shi p Correla tion Line as formulated be l ow :

— - 
0.075 2

F (log 10 R
n 

—2)

VL WL
wh ere R

n 
= (Reynolds number) , and

where , V = speed ( f t / s e c  or m / s e c ) ,

LWL waterline length (ft or m), and

v = k i n e m a t i c  v i s c o s i t y  ( f t 2
/sec  or m

2
/ s e c ) .

2.2.3 Incremental Resistance Coefficien t for Model-Shi p Correlation

The incremental resis tance coefficient for model-ship correlation ,

which was formerly called the roughness allowance (ACE) is generally

6. Todd , F. H. , “Tables of Coefficients for A.T.T.C. Model-Ship Correlation s
and Kinematic Viscosity and Density of Fresh and Salt Water ,” The Society of
Nava l Architects and Marine Enqineers T&R Bulletin No. 1-25, May 1964.

15

hi



called the correlation allowance (C
A
). Essentially it is a correction

f a c t o r , which accounts for the ef fec t s of many va r i ab les  that are too
small and/or too imprec i sel y known to be i nd i v i dua l l y determ ined. Al-

thoug h a s i gnifican t part of it is attributable to differences in Struc-

tura l and pain t roughnesses between the mode l and the ship , other

i mportan t components include three-dimensional form factors , f low thro ugh
scoops and sea chests , a d  scale effects (e.g. appendages , differences in

flow around the shi p as compared to the model , differe nce between model

and ship propeller performance , differe nces in properties of tank water

and sea water not compensated for in other corrections , etc.).

S ince .it is not presentl y possible to quanti f y the components of the

c o r r e l a t i o n  a l l o wance , i t s  va l ue is determined through correlation experi-

ments. These experiments are desi gned to duplicate the actua l conditions

of the full-scale standard i zation trial. The model , for examp le , must be

fitted wi th a geosim of the full-scale propeller and the experiments are

conducted at conditions corresponding to the trial displacement and trim.

The correla tion allowance for any shi p may then be de termined through a
comparison of the data from the correlation experiment with that from the

standardization trial.

The correla tion allowance for most nava l combatant and auxiliary ships

has been found to be 0.0005, for ships painted with a vinyl resin.  The
da ta for some of the larger ships , such as aircraf t carriers , ind icates

that 0.0005 is too large . Since many variables affect the correlation

allowance , there remains an uncertainty as to whether the greater length

of carr iers is respons ible. It is the practice , never theless , to use

0.0005 for all shi ps unless otherwise specified. A complete discussion

of the correlation allowance is presented as Appendix A .

16
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C h g t e r  3.0 — R ESlD1J/ R~ RES lS J ’~ JC E , ESTIMAT I ON OF
The res iduar y r esistance o t  u h i p  can be tH’ i i t e d , t~~ r ~~m e  : r i e f

discussion in cect ion 2.2 .1 of Chap ter 2.0 , using any one of s’ v e m a l

t w h n i ~~m mu ~~ . E r h  m ’ t hese t e chni ques is discussed i i i  th I s chapt r.

. 1  Ex~m r r  m e n t a l T~ c h n i ’ t imr

Mm dc l t x p e r i I m e n t s  are qene r i l  ly rr coqn i n d  m~. be i ng t h e  Hst source

f r  t h e  rr i i u i ry  r e s i s t i r  cc of a m u l l  form. ~ r, are many o t h e r  qu us i —

a na lyt i c rue ’ hods whi ch , us i r a  three nor hul 1 — f o r m  pa r rmuer rs , in t ’ r —

p o l a t c  b e t n , e n  t i m  experi rmm nt al dat0 0r s i m i l a r  h u l l  f o rms  to a rrive at

an es t I m a t r I Ire res i duary re s S t  ~ . None o1 t hr s rue t ‘ids weve r

a ru ab le  to p u r n  t i f y a ll t ime e f t  m c  t s o f~ ~ ape md anorma 1 i es oh i eh r ,t v

ev o l v e  in the ieve lopmen’ 1 a des i qr

T he sca l in g laws a nd t im er consi r u t  ions wh i ch  are the foundat ior

m~ model experimentation , are d i s c u s ,d  in detail in Sections 2.3 and 6.3

mt Re fer, nce 5. Essentiall y, it is assumed that the specific residuary

res i stance coeffici e nt for the ship and the mode l w i l l  be identica l at

the sarme Froude number . Therefore the resistance experiments are con-

ducted at corresponding (same Froude number) speeds to determine the

total mode l r e s i s t u r m c e .  The se data are reduced to a total resista nce

coeffic ient (C
T

), as follows ,

C
T 

= 1 2 (3.1)
m — p  S V

2 m m  in

where , R T t o t a l m ode l resistance (lb or N)

= mass density of basin w a t e r  ( l b  sec 2 / f t 4 
or

N sec / m )

S = wetted s u r f a c e  mode l (ft
2 or m2), and

V = model speed (ft/sec or m/sec).

and further reduced to the residuary resistance coefficient (C
R
), as

follows
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C
R 

= C
T
m 

— CF , (3 . 2)

where , CF 
= the frict iona l resistance coefficient at the

m model Reynolds ’ number per Equation 2.3 in
Chap ter 2.

3.2 Series Data Techni que

Ex tremely useful sets of resistance data have been collected from

ex peri men t s wi th groups of geometr ically related mode l hull-forms . When

the group of hull-forms has evo l ved from a systematic and methodical

develop ment program encompassing variations in some of the major hull-form

parameters , t he group of models is referred to as a series. The resistance

da ta from experiments may then be catalogued with respect to the hull 
*

parame ters varied in the deve l opment of the series. If the form parameters

of a new design fall wi thin this catalogue , an es t ima te of the res is tance
of the new desi gn may be de termined through interpolation .

Numerous sets of series data have been collected from experiments in

towing tanks throughout the world. A comprehensive index of the various

sets of series data has been comp iled by the Society of Nava l Architects

and Marine Eng i neers (SNAME). 7 This index on a s i ng le page for each
series , g ives the type of ship , th e source of data and a reference , the

range of pr inc i pa l dimensions and proportions (parameters), the speed

range , the method of presentation , the friction formulation used in data

reduction , the mode l size and other pertinent information.

One of the most well-known sets of series data is the Tay lor Standard

Ser ies.  A reana lys is  of th i s  ser ies  is used at  NAVSEC. 8 These data are

presented as contours of the residuary resistance coefficient (CR) versus

spee d- length r a t i o  (V/vT ) for numerous va l ues of the long i t udi nal p r isma t ic
coefficient (ce), the vo l umetric coefficient (C

v
), and the beam-draft

ra t io  (B/T) covering the range of hull va r i a t i ons  in the se r ies .  The

residuary resistance coefficien t , as published , was determined using the

appropriate f r i c t i ona l  res is tance coe f f i c ien ts  from the A . T . T . C .  f r i c t i ona l
resistance formulat ion .6

7. “Index of Method ica l Ser ies Ship Model Resistance Tests ,” SNAME T&R
Bu l le t in  1- 31 , July 1973.
8. Gertler , M., “A Reana l ysis of the Ori g ina l Test Data for the Taylor
Standard Ser ies ,” DTMB Report 806, March 1954.
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Anothe r well-known set of series data is Series 60. The data from

this series 9 arc presented as contours of constant residuary resistance

per uni t disp lac ement (R
R
/A ) versus the block coefficient (C

B
) and the

length-beam ra tio (L/B) for incremental values of the beam-draft ratio

(B/T) and the speed-length ratio (V/~
[ ) .  The da ta are also presented

in a form which replaces R
R
/’ and V//li w i t h  the R. E. Froude resistance

coefficie nt®and the R. E. Froude speed-displacement coefficient® ,

r e s p e c t i v e l y .  It should be mentioned here tha t this ser ies  is p r imar i l y
applicable to merchant-type hull forms.

The available sets of series da ta can be extremel y useful. The only

problems encountered are those rel a ting to the method of presenta tion .

Si nce each i nvesti gato r has used his own preferred coefficients for

resistance and speed , the resulting v a r i a t i o n s  in the presentation tech-

ni que of ten make it rather cumbersome to use the data. Furthermore ,

cau tion should be exercised in the use of series data , since several

differen t frictional resistance formulations have been used over the

years. In many cases , an adjus tment w i l l  have to be made to the residuary

r e s i s t a n c e  to compensate for the d i f f e rence  between the I.T.T.C. line and

whatever friction line had been i n use at the time the series data were

published .

3. Worm Curve Adjustments

When the hu i l — f ’ r r m i  parameters of a desi gn fall wi thin the parametric

li mits of a particular 5er ie , bu t the basic hull shape (e.g., s tern
shape ) and/or the method used to develop the desi gn diffe r(s) from the

series , it is appropriate to use a worm curve to adjust the estimat e

derived from that series. Essentially a worm curve traces the functiona l

rela tionshi p be tween a resistance correction factor and speed. The

appropriate worm curve may be determined by the following techni que :

9. Todd , F. I ., ‘S eries 60-Methodical Experiments with Models of Single-
Screw Me rch ant Sh ip s ,’’ DIMB Report 1712 , July 1963.
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(1) Find a hull form and/or hull forms which ,

(a) have substan ti a l l y the same shape as the desi gn , and

(b) were developed in a manner s i m i la r  to that used in the
desi gn , and

(c) whose hu l l- fo rm parameters f a l l  w i t h i n  the l i m i t s  of
the series.

(2) Determine the ratio of the actua l resistance to the resistance

estimated from the series data at several speed-length ratios

for each of the hull-forms that are applicable.

The informa tion determined in (2) becomes the so called worm curve .

There are several schools of thought regarding the resistance quantity

that should be used to determine the worm curve . The most widely accepted

technique is to use either the ratio of the residuary resistance (RR/RRseries
or its coefficient (C

R/CR 
). When the design itself is para-

series
m e t r i c a l l y  s im i l a r  to the hul l - form(s ) used to determine the worm curve ,

one may use the ratio of the total effective powers at equa l displacements

as the worm curve . This would be permissib le since , for
series

hul ls  that are shape-wise and parametricall y similar , the ratio of residuary

resistance to frictional resistance for each would be similar.

Occas iona l ly ,  it is necessary to apply a correct ion to the worm curve
to account for the effects of a parameter that is not addressed by either

the ser ies  dat . or the worm curve . If , for example , the desi gn wil l  have

a bulbous bow , and ne i ther the ser ies data nor the worm curve expresses
the e f fec t  of a bulbous bow , a correct ion must be appl ied to the worm

curve to account for the bulbous bow . Since th is type of correct ion is
f requent ly based on data for hull forms that are not parametr ica l l y s im i l a r

to the des i gned hull form (e.g., they differ in displacement-length ratio ,

and/or prismatic coefficient , and/or L/B , and/or B/I, etc.), an effort

must be made to determine if the Correction should be transferred , eithe r

directly or with a mod ification , to the desi gn in question .
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3.4 A n a l y t i c a l Techniques

Numerous se ts  of da ta , itt addition to the series data , have been

collected at towing tanks throughout the world. Several organizations

have attempted to determine functiona l relationships between the hull-

form parameters , the speed , and the resistance . The most successful

attempts have been made when the data base consisted of onl y one cype

hull-form . One example of such an attempt is the regression anal ysis

of resistance data for destroyer-type hull forms done at DTNSRDC.

3.4.1 Regression Analysis for Destroyer Resistance

The data base used in the regression analysis consists of hull-form

parameters and bare-hull resistance data for 233 destroyers. The mathe-

matica l expression at each speed derived from this ana l ysis expresses

the resistance as a polynomial function of the 14 hull-form parameters.

The range and mean value of each of the hull-form parameters are g i ven

in Table 3 .1. The credibility of this anal ysis has been investi gated

and it has been demonstrated that the bare—hull ship resistance of 95

percent of the 233 destroyers was estimated to within 5 percent of

that predicted from the mode l exper iments. As further proo f of the

usefulness of this techn que , the bare-hull ship resistance has bee n

estimated for some 15 hull forms which were not included in the or i i ri a l

data base. These estimates agreed wi th the predictions from the model

tes t data to the same accuracy as for hull forms within the ori g ina l

da ta base. One should , however , avoid using this method for hulls

having form pa rameters that are not within the l i m i t s  of the data base.

The acc ur ac y of this method would be degraded considerably when esti-

mating the resistance of hu l l forms that are not of the destroyer tyoe .

21
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TABLE 3.1

DATA BASE FOR DESTROYER RESISTANCE REGRESS I ON ANA LYSIS

(MEAN VALUE AND RANGE OF HULL-FORM PARAMETERS)

PARAMETER MEAN VALUE RANGE

7.63 6.56 - 8.67
LWL/B x 9.54 5.69 - 13.82

3.25 2.29 - 4.69

0.62 0.526 - 0.80

C
> 0.78 0.61 - 0.95

_ _ _ _ _ _  
48.04 34.06 - 89.62

(.01LWL )
3

FB /L WL 0.51 0.49 - 0.55

8.57 ° 2 .0 0 - 25.9°

‘ R 9~~770 3 .0 ° - 35 .7°

4.400 0.00 - 9.6°

~BT 0.008 0.0 - 0.062

f
T 0.08 0.0 - 0.525

TW/BX 0.43 0.0 - 0.84

TT/TX 0.17 0.0 - 0.38
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3.4.2 Historic Da ta Analysis for Shi p Resis tance

A n o t h e r  a n a l ytica l techn i que , which can be applied to a broad data

base , is under develo pment at DTNSR DC. Th is  method , .‘ih ch is re fer red

to 35  the DTNSRDC H i s t o r i c  Data Computer Progra m , can be used to esti-

mate the bare—h ul l  effective power for a target des i gn , as f o l l ows :

(a) It  u t i l i z e s  a data base co ns i s t i ng  of ei ght h u l l - f o r m

parameters and res iduary res i s tance  c o e f f i c i e n t s  at

severa l speed- length ratios for many ship desi gns.

(b) It selects a loca l nei ghborhood of 25 hull -forms based

on the closeness of the hull-form parameters to those

of the target  des i gn.

(c) I t uses a multi -variable i n te rpo la t i on  scheme , ~t

each speed -length ratio , to de termine the relation-

ship be tween the residuary resistance coe fficient

and the parameters.

Cd) I t uses this relationship to compute the resistance

of the target desi gn and extrapolates it to an

estima te of fjll- scale bare-hull effective power.

Al though this techn i que is in the deve l opmental stage , i t has been

success f ull y emp l oyed in the es t ima t i on  of e f f e c t i v e  powe r for a few hu l l

forms . The ori g ina l da ta base utilized by the ~rogram cons i s t ed  of

resis t3rce and hull-form data for nava l a u x i liary and come-cial ;hi ps.

The ranges covered by t h i s  data base for each of th~ o i gh t hull-form

parameters are presented in Table 3 .2 .  I t  rias been de termined that che

best  est Hates of e f f e c t i v e  powe r can be obta ined for hul l  forms which

are parametr ica ll y near the center of the data base , where the density

of data is the greates t .  Consequently , a useable range has been specified

to a le r t  the user of the lower level of confidence associated with the

edge s of the data base , where the data density is  at i t s lowest l eve l .

The f i r s t  documented usage of th is  technique was i t s  a p p l i c a t i o n  itt the

development of a revised hull form for the A0 177 Class.
11 

More recen tly,

11 . Robinson , J. H. and ,J. W. Grant , “Nava l A uxi fl ary Oiler AO 177 Class-
Hull Form Des i gn Development ,” NSRDC Ship Performance Department Report
SPO-544-OZ+ , June 1974.
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jr

after the Jata base had beer expanded to inc l ude aircraf t carriers , t h i s

tec m ~n q ue ~as used in the evaluation of a TCBL in NAVSEC ’ s Continuin ’~ C .’

Conceptual Desi gn study.

TABLE 3 .2

H 1 S T O R I C  DATA PROGRAM - NAVA L A U X I L I A R Y  DATA SA SE

(Ac tual and Useable Ranges of Hull -Form Parameters)

Parame ter Actua l Range J s e a b l e  ~ange

5.690 - 7.939 6.15 - 7 . 3 5

LWL /BX 
5.000 - 9.045 6.40 - 7.70

Bx/Tx 2.104 - 5.307 2.45 - 3.30

C~ 0.534 - 0.863 0.55 - 0.67

i E 2.00 - 47.00 6.50 - I5 .~~O

0.468 - 0.572 0.49 - 0.52

~BT 
0.0 - 0.27 0.0 - 0.07

O i L  )3 53.45 -237.88 80.00 -160 .00
WL

3.5 Theoret ica l Technique

The residuary resis tance of ~ surface shi p is composed of numerous

components , including wave-making resistance , form resista nce , edd y- mak ing

resistance and other small components. Because of this complexity , and

the complexity invo l ved in forming a mathe matica l model of how the com-

ponents intera ct , no theoretica l methods have been developed wh i ch

accurately estima te the residuary resistance for conventional surface
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displacement shi ps. It is possible to estimate the wave-making re-

sis tance for simple hull forms with some degree of accuracy . An

applica tion of such a techni que , as applied to small waterplane areE

tw in-hull forms , is documented in Reference 13 .

13 . Lin , W. C . and W. 0. Day , Jr., “The Still-Water Resistance and
Propulsion Characteristics of Sma ll-Waterplane -Ar ea-Twin -Hul l (SWATH)
Shi ps ,” American Institute of Ae ronautics and Astronautics , February 1 974.
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Ch~ipte r ‘4.0 - APPEN DAGE RESISTANCE , E S T I M A T I O N  OF

4 .1 E x p e r i~ i. n t i l T echn iqu~
fl, rt. s i s t in ’ , ‘‘ t a su i ‘ of ~‘,d, I appenda ’~’ may be i.~ term i ne 1

thr ’’u~ h exe’ r i rn ,’ t s . 1 ,, res is , e of the app eridi~ es (RAP ) is mere 1 y

the di If renee n ,Ieen the r~ s i stance of the f u I I y— app e n le 1 ned ’ 1 and

that f the har e -bu ll model. The method used tn scale the e data up to

a prediction of the f u l l — ~ cale effective powe r 
~~~ 

is is t ell ows :

1 . The total resistance co e fficient is determined f r o m  the
total resistance of the full y-appended hull form us ing a
wett e d surface .vhich includes ,

(a) the bare-hu l l  w e t t e d  sur f ace , and
(b) the surface area added by the rudder(s) and the

s t a b i l i z e r  f i ns  and/or the b i l q e  ke e l s , i f  any.

2.  T he r es idua ry  r e s i s t a n c e  c o e f f i c i e n t  is d e t e r m i n e d  according
to Equa t ion  3.2 in Section 3 .1 of Chapter  3 .0 .

3. The f u l l — s c a l e  effective powe r is then deterrn i ne i acco rdi r iq
to Equat ion  2 . 1  in S e c t i o n  2 . 1  of Chapter  2 . 0 .

The quantity derived from these results that is most c r i t L a l l y ex i ’dned

is t he  r a t i o  of the f u l l y—appended e f f e c t ive power to the hare-h u l l

e ff e ctive power. This ratio is frequently used in comparing one desi gn

w i t h  ano ther .

4.2 Cni~ ’ut atio na l Technique

The res i sti nce of each element of an appendage suit can be estim ated

u siri ,~ a computer prodram developed at DTNSRDC.
14 

A description of this

meth od is p resented  here :

‘ ‘T h i s  ~,e t h ’nl det ermines the resistance of en, h appendage (such i’,

exposed shafting , shafting s t rut s , sha f t  boss ings , power transmission pods

and Struts , b i lq ’ keels , and control surfaces) as a function of the Reynolds ’

numbers appropriat e to each appendage. Appendages are grouped in catego ries

which are treated as two-dimensiona l surfaces , bodies of revolution , or f l a t

pane l friction planes. Resistance formulas were derived for each type of

appendage , based on appendage ph ysica l characteristics and Reynolds ’ number.

The derived formulas were used to develop a computer program , which was

14. Lasky, H. P. , ‘‘An Investigation of Apper id.iqi Drag, ’’ NSRDC Ship Performance
Department Test and Eva l uation Report 458-H-Ol , March 1972.
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written in FORTRAN IV language , to perform the estimates. ’

“The estimates derived by this method were correlated with data f rom

~-~odel te sts f ,r 14 t w i n - s c r e w , transom-stern hull forms and , for this type

of hull  for ’ - , it least , the mathematical model was found to be an e f f e c t i v e

means of pred i c t i n g  appendage r es i s t ance . The d i f fe rences  between the

resu l t s  from the ma t hemat ica l  model and the model test data appear to be

due to two bas ic r e s i s t a n c e  phenomena , i . e . ,  induced drag due to mis-

a l i gnment of on appendage with the flow , and a Froude-number-dependen t

drag due to the interaction between the appendages and the hull . ”

“The major drawback of this method is that i t can onl y be used when

the appendage confi’,urat ion has been well defined (detailed dimensions of

the appendages are required as inputs to the program) . At the earl y s tages

of a new s h i p  des i gn p rogra m , when the appendage confi g u r a t ion i s  u s u a l l y

undete rmined , it w o u l d  not be feasible to use this method .”
4

4.3 Analytical Technique

This techn i que is , essentiall y, the onl y method available during the

early 5t~~ ’s of desi gn , when the dimensions of many components of the

appendage sui t are unknown . Basicall y it Consists of collecting and

ana lyz ing  se ts  of da ta  for s i m i l a r  hul l  forms having s i m i l a r  appendage

con f igurations . The latter should be emphasized since there may be subtle

differences in appendage arrangements. A few of these , wh i ch can si g-

nificantly affect the resistance are as fol l ows :

(I) The resistance of the shafting and struts comensurate with a

con t rollable-reversible p itch propeller system is si gnificantly greater

than tha t of a conventional fixed -pitch propeller system.

(2) The resistance of a shi p fitted with bil ge keels and/or stabilizer

fins is measurabl y greater than that of a shi p fitted with neither. In

general , howeve r , the resistance of these appendages is pr imar il y frictional.

As such , the res is tance (R ’ )  added by a f i n  or a b i l ge keel may be

approximated , as follows :

= Constant 
~ 

RT, (4.1

where RT 
= t o ta l  bare-hul l  res is tance  ( lb or N),
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2 2S wett ed sur face added by the appendage (ft or m
, 2 2S = wetted surface of the bare hull t ft or m

and in genera l , the constant may be t ake n as 1 .2.

(3) The resistances of sim i l a r  bow-mounted and keel-mounted sonar

domes are not generall y s i m i l a r b u t  are a significant component of the

total appendage resistance.

It s usually necessary to reyiew the data for several hull forms ,

selecting those having appendage arrartqements that are quite similar to

the desi gn. After the relevant sets of data are collected , the increase

i n resistance or effective powe r due to appendages can be estimated by

ei ther averag i ng or i nt e r p o l a t i n g  be tween two-or-more of these sets of

da ta. Occasionall y, when a desi gn happens to be a direct offspring of

a par t i c u l a r  paren t h u l l  fo r m , bo th para me t r i c a l l y  a nd i n i t s comp lemen t

of appendages , it is appropriate to use the appendage resistance data of

that hull form alone . Despite the fact tha t this techni que might appear

to be crude , i t can provide a reasonably accurate estimate of appendage

resis tance when used with care .
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Chapter 5.0 - WIND DRAG , ESTIMAT I ON OF

It seem s ap; ropri ate to review several definitions , i.e., true wind

i s  th a t wi nd wh i ch i s due to na t u r a l  causes a nd e x i s ts a t a po i n t above
the sea wheth er or not the ship is there (zero true wind is s t i l l  air);

rela tive wind is the vec torial summation of the velocities and directions

of the shi p and the true wind (zero relative wind is a wind travelin g at

exactly the sante speed and in the same direction as the ship) ; basic wind

dr i ’~ is that due to the passage of the ship through a zero true wind.

Over the years a number of experiments with superstructure models

representing the above water port ion of ships have been conducted in water

f l r s t by H uqhe s 1S
~
16 and then by othe rs i nc l ud i n g  work don e a t the

Experimental Mode l Basin. More recent experiments have been conducted in

the wind tunnels at the Center. The experi ments in water are no longer

c o n s i d e r ed t o be as accu ra te as t hose co nd uc ted i n t he w i n d  tunn e l s  d ue

to problems wi t h  wave-making particularly at ang les other than zero.

Da ta have been published for cargo hulls and tankers by a number of in-

ves t i gato rs at other establishments as listed in the references :

The general experience of investi ga tors has been that Reynolds ’

numbe r sca le  e f f e c t s  a r e  not s i gni f i c a n t .  Models b u i l t  with large cylin-

drical appe ndages such as kingposts and stacks are undoubtedly affected

to a degree , b ut small features such a’; wire ri gg ing are omi tt ed wh ic h

tends to balance the situation.

Recen t l y  there has been an increased interest in the wind drag of

sh ip  h u l l s .  The work by Shearer and Lynn 17 broug ht to a t t e n t i o n  the

fac t that part of the wind forces to which a ship is subjected is due to

the natural wind in the ambient condition . This natural ~ii nd has a

ve l oc i ty gradient which varies with hei gh t above the sea and has been

the source of considerable discussion by every investi gator since Shearer

and Lyn n. It is questioned how significant the problem of the gradient

i s  for  de s i gning shi ps. Since the wind tunnels in which the models have

been tested also have ve l ocity gradients , experimen tal values of wind

15 . Hughes , 0., “Model Expe riments on the Wind Resistance of Ships ,” INA 1930.
16. Hug hes , 0., “The Air Resis tance of Ship ’s Hul l s  with Various Types and
Distribu tions of Superstructures ,’’ lESS (1932).
17. Shearer , K. and W. Lynn , “Wind Tunnel Tests on Models of Merchant
Ships ,” NECI , 76 (1960).
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drag are not as affected as it mi ght appear at first glance. Secondly,

if a prediction of wind drag is be i ng made fo r  zero true wind case , the

p r o b l e m  has no si gn i f i c a nce , since the wind drag is due to the passage

of the ship throug h s t i l l  air which has no qradient. In any case the

difference in wind drag u ing gradient would he about 10 percent of the

to tal wind drag which is normall y 2 to 3 percent of the total resi stance

of the hu l l .  At the preliminar y design staqe 0.2 to 0.3 percent of th.’

t o t a l resistance is presumabl y not significant.

5.1 Formulation of Wind Drag

The formulation adopted for the wind drag of the above-water portion

of a s h i p is~ very s tr ai ghtforward. It has been chosen over t hc’ more time

consu m i ng sc ie n t i f i c  me thods , since the differences be tween the re sults

from this formulation and the results from the more sophi sticated formu-

lation are wit h i n  the accuracy of wind tunne l experiments. A l thouqh a

comp lete description of this meth od is presented in t his chapter , a more

complete discussion of the development of this technique has been published

by Wilson and Roddy .
18

Th e a v a i l a b l e  wi nd drag  da ta have been analyzed and reduc emf to a drag

c o e f f i c i e n t  (C AA) and a headi ng coefficient (C). The drag coefficient

is derived from a wind drag resulting from a relative wind velocity which

is opposite in direction from the ship veloc i ty. The relative heading

in this case , is defined as zero degrees . The drag at headings

other than zero degrees is expressed by the heading coe fficient.

5.1.1 The Wind Drag Coefficient

The wind drag coeffici ent (CAA) for a head w ind N’ = 0°) is expressed

by the fo l  low i ng f o r m u l a

RAA
0

‘AA 2 ’

~ ~A 
A
v VR

where R~~ = w i n d  drag for a head N’ 
= 0

0) wi nd (lb or N),

18. Wilson , C. J. and R. F. Roddy Jr., “Estimating the Wind ResIstance
of Cargo Ships and Tankers ,” NSRDC Dept. of Hydromechan ics Research and
Development Report 3355 (May 1970).
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A
v 

= above-the-water transverse area (ft
2 or m2),

V
R 

= relative wind vel o c i ty (ft/sec or m/sec),

a nd = mass dens i t y  of a i r  (wh ich  is  ge n e r a l l y take n as
2 2lb sec N sec0 .00237 or 1 . 2 2 1  —ç--—-

f t  m
Representative va l ues for the wind drag coefficient have been de-

termined from anal yses of w ind dr ag da ta using Equation 5 .1. An average

w i n d  drag coefficient of 0.45 for aircraft carriers has been determined

from the anal yses of data for CV 9 and CVE 55. Based on the anal yses of

da ta for  t h e  o ther  comba t a nt s h i ps (CA 139 , CL 145, DD 445, DO 692 , and

LST 1156), the average wind drag coefficient for this type of shi p is

0.70. A wind drag coefficient of 0.75 is appropriate for nava l auxili -

ar ies at the full-load condition. lB

5 .1 .2 The Heading Coefficient

The heading coefficient (C) is expressed by the follow i ng formula.

RAA
C ~~~~~~~~~~~~~~~~~~ (5.2)

AA
0

where RAA 
= wi n d drag a t any non-zero r e l a t i v e  w ind  heading

~

‘ 
(lb or N).

The an a l y s i s  of the wi n d d r ag  for a l l  the comba tan t s h i ps , in cluding

the ca r r i e r s , indica tes that the behavior of C , as a function of the

r e l a t i ve  w i n d  head in g ( f ) ,  is essen t i a l l y  the same for all  these shi ps.

Plots of the heading coefficient (C ) versus the real t ive wi nd head ing

(-y) are presented in Figures 5 .1 and 5.2 , for nava l comba tants and

auxiliaries , respectiv ely.

I t should be noted from the plots of the heading coefficient (C)

that the maximum va lue  of C,~ occurs near relative wind headings N’) of
30 degrees and 150 degrees . Also , there is typically a rather flat spo t

in the curve at about 80 degrees. Since r e la t i v e  w inds  from the after

quarter ( 90 degrees through 180 degrees) are not normall y very large
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(unless the true win d speed is very hi gh compared to the shi p speed) ,

the area of greater concern is the forward quarter (0 degrees through

90 degrees). The var iation in C from the average curve for combatant

ships shown in Fi gure 5.1 is about + 10 percent in the range from 0

degrees through 60 degrees. Around the flat spot at 80 degrees the

variation is greater than + 10 percent. However , since the magnitude

of C has decreased substantiall y from tha t at 30 degrees , the absolute

error in this reg ion is not greater than at 30 degrees.

5. 2 Wind Drag and 
~E 

Estimation of
wind

The wind drag and the change in effective power or speed due to tha t

drag can be de termined using the wind drag coefficient (CAA) and the

h e a d i n g  coefficient (C), each of wh i ch are discussed in Sect ion 5 .1  of

this chapter.

5.2.1 Generalized Techni que

The wind drag (R
M) at any relative wind heading N’) for the above-

wa ter portion of a ship can be calculated using the followin g formula tion ,

RAA = -4 C~~ ~~ V R
2 

C . 

2 

(5 .3 )

When the standard densit y of air (.00237 
l b  s~ c ) is used and English

ft
u n i t s  (y R in knots) ,are used , Equation 5.3 may be r e-w r i t t e n  as follows :

C A V 2
C

R AA V R
AA 

296.2

The effective power •
~~E ~ required to overcome the wind drag (RAA ~w i n d

ntay then be written

RAA V
‘r ~ (horsepower) , (5 .4 .1 )

wind 325.9

where R
AA is in pounds , V is in knots ,

Y
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V
or P[ = ~~~~~~~~~ ~ (kilowatts) , (5.4 .2)

wind 1 000

where RAA i s in newtons (N) and V is in metres per second

(ni/sec)

5.2.2 Specialized Technique for Zero True Wind

Gen eral l y, estimat es of powering performance are made for zero true

wind.  S ince the r e l a t i v e  w ind  v e l o c i t y  (V R) i s equa l to t he shi p speed

v )  and the heading coefficient (C) is equa l to unity, the s t i l l - a i r

effec tive power may be determined from the following formula.

C A V 3

= 
AA V ~ (5 .5)

wind Cons tant

where the Constant  = 96,500 for f orsepowe r , using Eng lish units

(A
v 

in f t 2, V i n kno t s , and a mass density

of 0.00237 lb sec /ft ) ,

or where the Constant = 1638 for kil lowats , usi ng SI uni ts (A
v 

in m
2
,

V in m/sec , and a mass density of 1 .221 N
5

sec /m ).

5.2.3 Supplementary Information

Occasionall y it is necessary to convert the effective power due to

wind drag 
~~ 

) to a change in shi p speed (A V5 
). It is necessary

wind wind
in those cases to determine the slope of the relevant speed-powe r curve

at the speed (V) of interest. The change in ship speed can then be

determined from

= 

~E 
/ ~~~ 1’E 

: ~
w i n d  w i n d

where  = the slope of the speed-power curve .
5

When the dimensions necessary to ca l culate the transverse area (A
u
)

are not ava i l ab le , i t  may be est imated for some ships per the discussion

in Section 1 .1 .3 of Chapter 1.
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There is one component of shi p resistance due to wind which has been

la rgel y ig nored to date. If there is a strong wind on the beam , the s h i p

w i l l  nake leeway wh ich  must be overcome by us i ng the rudder. The current

practice in conducting trials on Navy ship s is to try to schedule powering

tria l s  to avoid weather condit i ons which involve average rudder angles

greater than 3 degrees. Wagner 19 has proposed a method for correcting

the resistance of the ship for the effects of beam winds wh i ch should be

inves t i ga ted at greater length. In essence he computes an effective

lonq i tud i na l force wh ich  is composed of the usua l resistance force modified

by the  component  d ue to d r i f t of the h u l l  whe n s ubjec ted to wi nds a t

ang les of attack other than zero .  Th is  component of the force can become

qu i t e  s i z ea b l e  for r e l a t i v e l y low powered sh ips  or those w i t h  large

s u p e r s t r u c t u r e s .

19. Wagner , B. ,  “W indk ra f te  an Uberwassersch i f fen ,” Jahrb. STG 61 , 1967.
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Cha pter 6.0 - MARGINS OF UNCERTAINTY , U T I L I Z A T I O N  OF

6.1 Definition

The re are many uncertainties which can affect an estim ate of the

powering performance of a ship. A lthoug h accurate estimates of the

performance of a shi p can be made using analytical techniques durin g

t he e a r l y phases  of de s i gn , the lack of specific definition of the hull

for m , the appendages , the propeller(s), and the superstructure frequently

li mits the accuracy somewhat. Even after the hull form and its appur-

tena nces have been f u l l y d e f i n e d , changes of some ty pe are  i ne v i ta b l e
up throug h the end of the Contract Desi gn Phase.

The effects of many of the changes (design alterations ) that occur

duri ng the evolution from Conceptual throug h Contract Desi gn a re es t i ma b l e
af ter the details of each- such change become available. A discussion of

some of the app l i c a b l e  techn i ques is presented i n Chapter 8. It is not

po s s i b l e , however , to estimate the effect(s) of a design alteration before

the information regarding the change becomes available. The effects of

a cha nge i n  d i s p l a c e ment , for example , are inestimable i f  the d i r e c t i o n

(increase or decrease) and magnitude of a proposed change are not kn~ ’ n.

I t could be concluded from the preceeding discussion that m ar q ir - +

of uncerta in ty  have been deve loped to cover ~~~~ t he fac t  tha t  the sh ip

is  neve r f u l l y defined until the Contract Desi gn Phase has been c~ f :p l e t ed.

This however , is not the complete story , as there are several ot + +e~
factors accounted for by these margins.

Many mi nor alterations are ‘ado during the norma l ship deciqn pro-

cesses. It is assumed that many of these wi l l  have an i mmeasurable effect

on the powering performance of the ship. Although they may not have a

measurable effect ind i v i d u a l l y ,  collec tively they may have . The conse-

quences of this philosop hy is that the estimates of powering performance

are made for a ship that is not precisej,YL the same as the one eventually

cons tructed. This philosophy is applicable throug hou t the des i g n pr ocess ,

since the effects of many of the minor alterat ions , such as a minor change

in shaf t  angle (‘
~ 

1/2 degree), mi ght not be measurable even with a mode l
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test. Furthermore , sin ce mode l tes ts generall y carry an act uracy ot

about l~~, t here is -vet , an u n c e r t i i n t  con nec ted  with estima t es de rived

~pe r i s n t a l  data. These facts nt cessi tat e the use ,f a iarq in

throughout the d e si gn process , eve n with th e prediction of power using

data fn~ model tests with the contract d~-s i qn propeller.

6.2 Levels of Uncertainty

Dur ing t he e a r l i e s t  phase ~( des i gn ( C + n ce p t u i l  Desi gn) ,  very  l l t t l e

is known about the f ina l sh ip  c h a r a c t e r ~ s t i c s .  A l thoug h a body p lan , and

frequentl y a lines plan , are generall y de .’eloped for each c i n l i d a t e  during

t h i s  phase of des i gn , i t  is  rather u n l i k e l y t ha t the selected desi gn - j i l l

rema in una l te red  dur ing i t s  evolution through the Contract Desi gn Ph ase.

I t is quit e conceive able , for  exa mp le , that a p r i nc ipa l d i mens ion  may

cha nge d ue to subsequen t eng i neering Co .ide dt ions (machinery syste - s ,

weaponry systems , etc.). Consequent l y. ~hc ma rgin of u n c e r t a i n t y  a s s o c i a t e d

w i t h  t h i s  phase is rathe r large .

La ter , as the d e s i g n  mov es i n to th~ Pr e limin a ry Desi gn Phase , the hull-

fo rm and appendage defi n ition -~ an crys 31 l~~~- ’ +t - - - ewhat. The increa sed

availabil ity and permanence of geometrica l - l~~r a i Is makes it possible to

more accuratel y es timate the shi p ’ s powerin g nei~ ormance . E v e n t u a l l y ,  in

the Contract Design Phase , a p rop e l l e r ~ des igned for the sh ip  and

eva l uated through mode l experim entation. At this point , th~’ uncertainty

has been reduced to its l owest level , where a marg in need only ac ount

f r small differenc es between the model and the shi p and experimental

accuracy.

6.3 Selectin g an Appropriate Margin

It is rtecessary that the leve l ot unce~ tainty during the desi gn

process be accounted for by us ing a marg in .  S ince the slope of a speed/

powe r cu rve  v a r i e s  s i g n i f i c a nt l y wi th sp eed , or more pr~ ciselv , wi th Frou ie

numbe r , a sin gle power o a r ’j i n  is app l ied  through the entire speed rin n e .

Natura l ly this power ma rg in should ~ c, trten- u r i t c  w i t h  the a c t e - i l  leve l

o f ore e r ’ a i n t y  and should be appl ied d i - m c t l y  to the est imated ‘we r at

ea ch phase of desi gn.
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*An I nvi s t I got Ion , wh h urs st od of a somp i r i son of t r a l ia ta w i  r P

poo r i n g  p e r f o r m a n c e  pr e d i c t ion , , h ,  r e c e n t l y  been conducted  to det rni in :

w hat the marg in p o l i c y  should he during - , , t h o e  of l f s i ’ l n . The reconinen-

dat ions Ire rn~~~h i ,  i nves t i qo I ion ro ta r i  i nq a powe r so rg i n pr’ Ii c ~ , wh i ch ~-~e re

is sl J , ’,t as i NAVSEC in struction (Shi p Eng ineering m d  Pesi gn De;’ m r t r m - n t

I n s t r u c t  ion 9020.8 of 18 O ctots r 197’~) are m s fol lows :

(a) l1~ a the end of Cone -p i ed Desi gn; p rior ic todm l t e S t S

(b) c) at the end of P r e l i m i n a r y  Des ign ;  p r io r  to mode l tests

(c) 6 ’  at the end of P r e l i m i n a r y  or C o n t r a c t  D e s i s r t ;  hase.d Ott

mode l tes t  data from p r o p u l s i o n  te sts using stock propeller(s),

r e s u l t s  a d j u s t e d  to refl e ct the estimated performance of the

contract design propeller(s).

(d) 3’~ at the end of Contract Design; based on model test data

front propulsion tests using the desi gn propeller(s).

These marg ins are applied to the f u l l y-appended ef f e c t i v e  power which

i ncludes the augmentation due to s t i l l - a i r  drag.

See reference 4, Appendix A nti t  led “Analysis of Speed-Powe r Mar gin-
Sun~ ary ” .
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Chapter  7 .0 - SMAFT POWER , E S T I M A T I O N  OF

7. 1 E x p e r i m e n t a l  Techn i que

Propulsion experimen ts are conducted with ship-models to satisf y

t - r one or bo th  of the following objectives:

(a)  to v e r i f y pre.v ious ly  made anal y t i c a l  e s t i m a t e s  of the power ing

per formance of a sh ip

(b) to d e t e r m i n e  the nature of the environment in wh i ch the propeller

m ust operate

T r te  ‘te t hod used to conduct these exper imen ts  is  p resen ted  in S e c t i o n  15
f Chapter 7 in Reference 5. Esse ntiall y the mode l i s  s e l f - p r o p e l l e d

such that the propeller w i l l  operate at a loading cond i t i on  corresponding

to tha t  of the ship. This procedure is followed for numerous speeds ,

covering the entire range of operating ship speeds. Two other types of

exn rimen ts are ne~ essary to satisf y objec tives (a) and (b), above . Th e
r e - s u i t s  from one of these experiments , the f u l l y-appendaged resistance

ns t , are necessary for the calculation of the fully-appended effective

power 
~~~~ 

the propulsive efficiency (~~ ) and the thrust—deduction

t. ct o r (1— t) , and open-water characterization of the propeller provides

the additiona l data needed to calculate the open-water effici ency (g
0
),

the relative r’ t ati ve efficiency ~~~~ and the thrust-wake factor (1_w
T).

The - ( t h o l s  by .ihich one deterntin m s these coefficients f rom the e x p e r i —

to tal data is discussed in Appendix B.

Al though it is the practice to determine the value of each of these

efficiencies and factors (r~0, ~~ 
‘ R~ 

l—t , and 1_ w
T), 

on ly one of them ,

the p ropu l s i ve  e f f i c i e n c y  
~~~~~ 

is needed to c a l c u l a t e  the shaft powe r

(P 5 ) ,  know ing the fu l l y -appended e f f e c t i v e  power 
~~~~ 

The others are

merely components of tf tt- p ropu l sive ef ficienc y (fl Dh 
as follows :

‘0 
= r I

O ‘H ~R ~ 
(7. 1)

where = open-water propeller efficiency

‘ H 
= hull e f f i c i e n c y  wh ich  is

= (l_ t )/(l_ w
T
) 

‘

See Refe rence ~m , Chapter 2.0 entitled Resist ance and Propulsion Model
Test Programs .’
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relative rotative effi ciency, wh i ch i s

ohere ti B 
= prope l er efficiency behind the hull ,

and ~~~~~~ shaft transmission effi ciency .

I t  is not f e a s i b l e  to a c c u r a t e l y determine the actual power delivered

to the prope l le r  (P
0

) du r ing  a f u l l — s c a l e  t r i a l .  Con eguentl y, the shaft

powe r (P
5 ) is de te rm ined  from measur ements of torque as far a f t  as poss ib le

on the propeller shaft. The ratio of delivered powe r to shaft powe r

is referred to as the shaft transmission efficiency (n
5
). Since

i t has been determined that the differen ces between and P~ are generally

very  smal l  ( < 0 . 5 ) ,  i t  has become the standard p rac t ice to assume that
= 1.0 .

The s tanda rd  def i n it i o n ” for the p r o p u l s i v e  e f f i c i e nc y  is
= 

~E
’
~~D 

(7.2)

Since  i t  has been s t a t e d  tha t  ‘ ,

~~ 

= 1.0 , and there fore t h a t  P0 
=

equat ion 7 .2  may be re-wr i t t e n  as

=

and consequent l y ,

P
5 

= P~ /rt~~. (7 .3)

It should be noted that the fu lly appended effective powe r 
~~~ 

used

in the calculation of P
5 should include an appropriate correlation allow-

ance , a wind drag for s t i l l  air , a nd an app rop r i a te ma rg in of uncertainty.

7.2 Anal ytical Techniques

When experimental data are not avai lable for the desi g n be i ng

cons i dered , es timates of the efficiencies and factors can frequently be

made using sets of data from sim i l a r  shi ps , i n  a ma nn er s i m i l a r  to t ha t

This defi n i t i o n  is documented in Referenc es 2 and 20. Another propulsive
efficie ncy (ri

p) .  as described i n Reference 5, i s  d e f i ned as 
~E
’
~
S• Since

i s  assumed to be unity, = n~ ; the no ta t ion u sed h e r e i n
become s c o n s i s t e n t  w i t h  all t h ree  r e f e r e n c e s .
20. Lackenb y, H., “Report of Presentation Coninittee , 13 th International
Tow ing Tank Conference ,” Berlin/Hamburg, Germany, Sept. 197?.
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described for the estimation of appendage r e s i s t i i , e (see Section 14 .3

of Chapt er 14.0). Although the discussion of this procedure in Section

? . 14.3 .14 0 t  Reference 14 5 q u i t e  a ccur ate , its imp lications , t hat the

p roc ed u re i s  ‘‘simple ’ and that ‘ trends ’ from certain sources can he used

to mod i f y I lo st est i mates , lea d one to t o  I i  eve that these quan t it it ’ s

,,ari be predicted quite accurat e ly using a lim i t e d  amount of data. The

procedure is ct t that good , especially, i I one does not consider a 1 1

those fetors which affect these efficiencies. Althoug h this subject

is di scu ssed at length in Appendix B , it w i l l  be presented briefly here ,

using an excerpt from Re ference 21 as an introduction .

‘Th~’ best source of hull-propeller interaction coefficient (l—t ,

1—w and ~
) data for USN ships are the NSRDC model test reports. Fre-

quently, preliminary estimates of l -t , l-w and ca n be made by .

insp ect ion of the va l ues of these coefficients (as measured in model

te sts) for si m i l a r  hull form/propulso - con f i gurations . . . ‘ ‘ I t  is

c - I  re r ’el y i mportant that thet.~~ da ta he for ship confi gurations that are

very s i m i l a r  to t he new (un tes ted )  shi p des ign. As emphasized in

Section B .3 .3 . of Appendix B , there are many fac tors which must be con-

sid er” d . Among th m- ’e a r e :

1 . The princ i pa l h u l l coeffi cients ,

2. ‘n propell e r/hull clearance(s),

~. The hei qht of the propeller centerline relative to the
shi p ’ s bas e line , (and/or the area of the propeller disc
relative to the midship section),

14 . T he s i z e  and p r o x i m i t y  to the p rope l le r  of appurtenant
structures (struts and rudders),

5. The diameter of the shafting , b e a r i n g s , etc., rela tive
‘ii the propeller diameter ,

6. The direction of propeller rotation ,

7. The rake ,f’ the propeller.

A It }ouq t ’ there are technic iucs (series data and empirica l formulations)

wh i ch  wou ld  permit one to adjust estimates of these efficiencies and

f a c t o r s  ac c o r d i ng to observ ed t r ends , e.g. , vari ations in 1 W
T versus

21. Johnson , R. S. and P . A. Gale. , “The Navy ’s Hy drodyna m ics  P r o b l e ms :
A Desi gners Vi ew ,” NAVSEC Report No. 6114-74-25, July 1 975.
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a particular hull co e ffi cient , caution should be exercised in the use of

such information. For example , the trends which appl y to single-screw

cargo ships cannot be directly applied to twin-screw destroyers.

After the inter ac tion factors (l—t and 1_ w
T) and efficiency (ri R)

have been estimated , the open-water propeller efficiency (ne) must be

estimated. Generall y series data or one of the other methods described

in Reference 3 are used to estimate p0,. Follow i ng the calc u la t~~~n of

the propulsive efficiency (q
0
) using Equation 7.1 , an estimate of the

shaft powe r (P
S
) may be made using Equation 7.3.

7.3 Propeller Cavitation , Effec ts of

“Cavitation is a phenomenon met with in hi ghl y loaded propellers in

w h i c h , beyond certain c r i t i c a l  revolutions , there is a progre s- ive break -

down in the flow and a consequent loss of thrust. In its extr eitc e for , ,

i t  to y pr even t the s h i p from reaching the desired speed. Before this

s tage i s  reached , howeve r , i t manifests itself by no i se , v i b r a t ion a nd
*eros;on of the propeller blades , s t ru ts and r udder s . ..

Al thoug h the consequences o f noise , v i b r a t i o n , and eros ion can be

de trim e ntal to the ship or its mission , the consequence of a thrust loss

ma y mean a s i g n i f i c a n t red uc ti on i n  the a tt a i na b l e  speed for  a s h i p.

Therefore , an effor t should he made , e a r l y  i n  t he d e s i gn process , to

de te rm ine  whe ther-o r- no t  there is a possibility that cavitation w i l l  be

a pro blem. If there is such a p o s s i b i l i t y ,  es t imates of powe r ing per-

for mnance must be adjusted to reflect the effect of cavitation.

Prior to experiments wi t h  a model of the desi gn propeller , estimates

of a possible thrust loss can be made using Refere nce 22. After these

expe r iments have been conducted , the estimates can be refined based on

the results from these experiments.

*From Section 16 , Chapter V II , of Reference 5.
22. Gawn , R. W. L. and L. C. Burrill , “Effect of Cavitation on the Performance
of a Series of 16 Inch Mode l Propellers ,” Institute of Nava l Arch Itects , 1957.
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Chapter 8.0 - EFFECTS OF DESIGN ALTERATIONS , ESTI MA T I O N  OF
The majority of desi gn alterations invo l ve minor changes i n  the

dis placement of a shi p. Consequently, the r- l evancy of the mos t fre-

quently used estimating techni que shall be explored by comparing the

measured d i f f e rences  in powe r w i t h  the e s t i m a t e s .

8 . 1  E f f e c t s  of D isp lacement  V a r i a t i o n s

An emp irical formula tion frequently used to estimate the shaft

powe r ( P~~ t a new displacement (A ’) is as follows :

P
5 

= 

~s 
~~~~~~~ (8.1)

where  M = 1 o r 7/6, depe nd i ng on s h i p  type and
displacement difference ,

and P
5 

= t he sha f t powe r at the ori g inal  dis-
placemen t (A)

An attempt has been made to demonstrate the usefulness of this formula

as app lied to some typ ical military-type ships .

8. 1 .1 S ing le -Screw Combatant Shi ps

R e sis t a n c e  and propulsion experiments were conducted at the desi gn

d i s p lace ment of a typ ical single- screw comba tant -type ship, and a t two

other displacements , w h i c h  were + 1 foo t i n  d raf t f rom the des i gn dra ft.

The h i gher disp Iace men~t was 11 .9~ above the design displacement and the

lower disp lacemen t was 11 .0/ be l ow the desi gn displacement. Although

des i gn al terations do not always y ield such large cha nges in displacement ,

this example should be usefu l in establishing the value of this formulation

for anything less than an extreme case.

The experimentally determined va l ues of shaft powe r ) are com-

pared w i t h the emp i r i c a l l y (M = 7/6) estimated shaft power (P
5 

) i n

Fi gure 8.1. The estimated shaft power ) ,  expressed as a ra t io  of the

expe r imental  P5 at the desi gn d isp lacement , is represented by the s o l i d

curve . The experimental powe r , which is also expressed as a ra tio of
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the experimental P
5 

it the desi gn displac ement , is plotted for several

s,’,” ’ t — l ’ r , q t h rati os for both of the off—design disp lacements. It is

m~ parent I r e  this p r e s t n t m t  ion th at the emp ir i c a l  n,ethod is qui t e good

for est imating the change in F
s 

at the hi ghe r d i s p lacement , espec i ally

mt the hi gher s p , t ,  At the I ’o ’r displacement , however , the empirical

- ‘e l f i t  seems to si gnificantl y over -estimate the change in P~ due to the

fl d i s p l i r  , I’It i t t .

This infor ma tion is also presented in a different manner in Fi g u r e

8 .2 , in wh i ch  the ; r t ’dic t ion error is expressed as a percentage of the

e m p i r i c a l l y determined shaft powe r ‘
~
S
e~ 

at each displacement for the

entire range-of speed-len gth ratios. It can be seen from these curve~
that the empirical estimate is as much as 6~ be l ow the experimental

prediction for the lower displa cement at the l ower speeds. At the hi gher

displac e - n t , however , it is obvious that the error is less than 2/

t hroughout the speed range.

8 .1.2 Twin-Scre w Combatant Ships

Rt sktance and propulsion experiments were conducted at the design

t i s p l me ~”’ent of a typica l twin-screw combatant-type ship , and at three

‘fl -de sign disp l mc ~~ t nt s and three off-desi gn static trim conditions.

The three di sp la cer tents , expressed as a percentage of the desi gn dis-

p l mc er tt nt , ar  95.0 . 102.6 , and 1O 5 .1~~.

The results of these experr ients are presented in Figure 8.3. The

r i-s u I ts for il l  th ree off-desi gn d isplacements are presented as the

prediction error , expressed as a percentage of the empiricall y de te rm i n e d

(M = 7/6) s hm f t  power (P
5 

) ,  for the speed range documented by experi-

m ental data. The three cgrves presented , wh ich cover a disp l acemen t

vari a tion f approx i matel y + 5 from the design , indicate that the pre-

diction error is , in general , less than 2~~. Spec i fically, t he h i gher

displacem ents (l02.6~ and 1O5 .1~~) show predict ion errors tha t are wi t h i n

+ 1 percent , whereas at the l ower displacement (95”) the prediction error

is between 1 and 2/ .
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8.1.3 Summary

It w ould .lpp ,’mr that the empir ical form ul at ion is moderat m I y good

for es t im a t ing the changes in shaft power due to ‘t , , l l  changes in dis-

placement fo r both the single- and the twin -screw combatant -type ships

using an & xponm ri t (N) if either 7/6 or 1. Ce rtainly the data presented

i n it icate that the method could be used to estima t e the changes in

due t i an increase in displacement of up to about 52 wi thout any mea sur

able error being in troduced. If the method were to  be used to estimate

the cha nge in due tO d decrease in disp lacement , the same l i m i t  of ~~
cou l d  be us ed , bea r i n g ~ I1 mind that the method tends , accordi ng to the

data presented her ein , to be sli ghtly less accurate with decreases in

displacement. In general however , when a change in disp lacement greater

than 5; is being considered , it may he desirable to reanal yze the enti re

des i gn problem. The result miqht be a revised hull fornt optimized for

the new desi gn di splacement.

8. 2 E f f e c t s  of Changes in I n it i a l  S t a t i c  T r im

Resistance and propu lsion experiments were conducted at the desi gn

even-keel displacement of a typica l twin -screw combatant-type ship, and

at three non-ze ro in i t i a l  static trim angles. The shaft power (P
5 

) da ta

derived from the experiments at the non-?ero trim angles hmve been
x
comparcd

to the data for the even-kee l (trim angle = 0 degrees) condition . These

comparisons are presented as a percentage change in P
5 

for each of the

trimmed conditions in Figure 8.14. Th~~sc curves revea l  an i n s i g n i f i c a n t

(less than 1~~) change in P~ occurs with an i n i t i a l  static trim of 0.11

degrees by the bow. The experiments conducted with trim by the stern ,

however , do reveal s i gn i f i c a n t  d i f f e r e n c e s .  For examp le , at a speed-

le ngth ratio of 1.05, the ship having an i n i t i a l  static trim of 0.22

degrees (O.14~ of L WL ) by the stern would absorb nearl y 4.52 more shaft

power than its counterpart having an i n i t i a l  static trim of 0.0 degrees .

There was a large change in transom i mmer sion in this case.

Cer tai n l y the ev idence  p r esen ted i n  F i g u r e 8.14 i n d i c a tes a st rong

dependence of the shaft power upon the i n i t i a l  static trim ang le.
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Certainly, from such a ,i ’iall sample of data it would he unre asonable N~

attempt to develop any too l for use in estimating the ef fe ct s of  i n i t i a l

s t a t i c trim. It to,’’ , however , point out that this parameter nay be

c i  i t cal in shi p ;7e ra t ions , and should not be over I ed- e J  . Norm , I I -/

small varl i t ions in trim (less than 1 l/22~ LWL ) do net cause ~ny si g-

nificant v a riations at deep draf ts hut may be si gnif st if the pro-

peller tips ire clo t to the water surf~, — m or if there is a si gnificant

change in t rar sor’ immersion .

8.3 E ffe c ts of Prope ller Changes (Di.~ i ter , P i t ch , etc. )

The effects of tHese types of cli e i q c ’ on shift powe r Ire , i n  ge ne r a l ,

accou nted for by firs t consid ering t b -  n a qni tude of the resul tant change

in open-water pro peller efficiency. Te e mo re sub t le  e f f ect s , such as

changes in the interact ion c oef f i c i e n t s , are f req uent l y small when corn-

i red n t  the effect on the open water efficiency . If the propeller

d i ” r t , r  cr location is changed there w i l l  probabl y be a change in the

thrust- wi~ ,’ t c ( t o r  (1_w
T). As propeller diameter increases , WT 

w i l l
no r ’s , Ilv lecrease as a lar ge r area of comparatively undisturbed water

is ‘r in g swept. As the propeller is moved away from the hull surface to

increase clearance it is normall y an ticipated that W
T 

wi fl decrease . At

th m’ pr m, sn n t  there is some eviden ce that skewed propellers of the latest

desi gn usually re s ult in a change in value of W
T 

compared to more con-

ne n t ionat desi gns. . This is presumabl y due to the fact that the hig h

skew induces a rake in the propeller blades which changes the location

of the propeller with respect the the hull surface . Very recent pro-

pell e r desi gn practice has been to correct for this movement by ra~ m g
the blades forward b certain amount.

I t is bel i eved that variations in propeller load d i s t r i b u t i o n and

in rake are responsibl e to some degree for the differences in the thrust-

wake fraction (w
T) 

measured with different propeller’ (see Fi gu res 14 arid

5 in Reference 21). This is an area which needs to be i n v e s t i ga ted be-

cause i t  i s  One more comp lica tion in an already complica ted situation.

At the pres ent time it is standard pr actice at NSRDC to repeat the pro-

pulsio n experiment with the stock propeller to check minor change-~ in
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inst r ument performance before proceeding with the desi gn propeller. It

is unf or tun ate th at many times minor changes ire made to shafts , struts

and skeqs after the ori g inal stock propeller propulsion experiment which

tend to complicate the picture. This is particularl y true when the

ori g inal appendaaes were sized for a fixed-pitch propeller and then

incre a seil for a controllable-pitch propeller.

8. 14 E f f e c t s  cf A ppendage Changes (Rudders , Bilge Keels , Stabilizer Fins , etc.)

An increase or decrease in the size of any of these appendages may

he accounted for by considering the change in wetted area . For example .

a wetted surface increase of l~ would result in an increase in of ~ about

l~ and a P~ increase of about 1Z . If a new appendage were to be added

to a hull , it is recommended tha t a slightly more conservative method he

used to estimate the change in effective power. It is suggested tha t a

factor of 1.2 be used in conjunction with the wetted surface to account

for the residuary resistance of the new appendage. If . for example , a se t

of b i lge keels , which would increase the shi p ’s wetted surface by 3- - , were

added to the shi p, a crude , but conservative estimate of 3.6’ (1.2 ~‘ 3 .Oc )

would be added to the previousl y determ i ned effective power. The only

case where this procedure might cause a si gnificant error is when the

appendage is in close proximity to the propeller.

In the case of a rudder , located behind a p r o p e l l e r , c e r t a i n  changes

~j i I l  ne st l i k e l y  affect the thrust deduction , while not likely af fe cting

the .iake f r a c t i o n . I f the thickness , fore-and-aft clearance , or the span

are changed , the thrust deduction factor (1-t ) w i l l  chanqe. Althoug h it

is not c u r r e n t l y  poss ib le  to e s t i m a t e  the magn itude of such a change ,

qu a l i t a t i v e l y speaking, the thrust deduction fraction (t) tends to in-

cr m is with either increasing rudder size or decreasing propeller-rudder

c Icar anic ’

8.5 E ff ect s (if Hul l  Form Changes

A major hull form change should he defined as one which is per ceivable

in the sec t ional area curve and/or wh i ch s i g n i f i c a n t l y af f e c t s  the shape

and/or smoothness of the waterlines and buttocks in the area be i ng altered.
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Th ese t y pe s of a l te ra t ions  are o c c a s i o n a l l y neces sa ry  to a ccomoda te a

change in internal arrangements or to obtain improved flow patterns in a

particular region of the hu l l .  If the alteration is a major one , i t i s

suggested tha t its effect be cons i dered to be more than would resul t from

d isp lacement  or trim chan’jes alone. In other words , the residuar’ ,’ re-

sistance characteristics of the ship may change by a measurable amount.

If the alterations are not major , per the definition g iven he n - , the

e f f e c t s  may be determ i ned by cons i d e r i n g  onl y the d isp lacement  and t r i m

changes.

8.6 Effects of Other Changes

Although a change from a conventiona l propulsion system to a CRP

pr op u l s i o n sy s tem wou ld  no t u s u a l l y be con s i d e r e d  to be a m i nor de s i gn

a l t era t ion , i t s h a l l  be b r i e f l y discussed here. The penalty of th~
grea t ly increased appendage drag assoc ia ted  w i t h  the convers ion to a

CRP system is a well documented f a c t .  Th is  penal ty  and the changes in

i n t e r a c t i o n  c o e f f i c i e n t s  are all related to the r e l a t i v e  s i z e s  of the

sha f t i ng , hubs , an d the support ing s t r u t s  commensurate w i t h  the control

mechanism for such a system. When attempting to estimate the powering

p e r f o r mance of a des i gn being altered in this manner , it w o u l d  be be tt er
to start anew , ra ther  t han a t tempt  to co r rec t  a p r e d i c t i o n  made for a

convent ional sys tem . The e s t i m a t e s  should be based on data (appendage

drag , i n t e r a c t i o n  c o e f f i c i e n t s , e t c . )  from some of the recent CRP

app l i c a t i o n s , s p e c i f i c a l l y t he one wh ich  most c lose l y matc hes the

pa rticular desi gn.
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Fi gure 8.4 — Percentage Change in P5 versus Speed-Length Ratio
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Off-Desi gn Initial Static Trim Conditio ns
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Chapter 9.0 - ROUGH WA~ER PERFORMANCE , ESTIMATION OF

The ‘ nt-diction of shi p performance as traditionally and deliberatel y

iw~t n dLvided into t w o  d i s t i n c t l y separa te  p a r t s , one for ca lm water  and one

t i n  roug h wa ter. Althoug h there is much r ent for improvement in the art

of es t i m a t i n g  the calm-water performance of a shi p, t h e N ava l  A r c h i tec t i s
readily able to estimate calm-water perf- srmance and to compare that per—

fi rmance wit h  the p e r ftt n ntine ~ of any othe r shi p . The art of estimating

and descr i b i ng  roug h - w a t e r  per t ’ rm a nce  is not near l y so we l l  d e v e l o ped .

9.1 State-of-the-Art

The cha racteristics t h a t  are needed to describe the roug h-wa ter per-

fo rmance of a sh ip  are the add’ J n ’sis tance , the motions (local velocities

a n d a c c e l e r a ti ons due to p i t c h , he,ri\ e , etc.), and the consequences of

these s,t ions (slamming, deck-t~,, tness , hab i t a b i l i t y ,  e t c . ) .  S ince  t h i s

manual documents onl y the pee rin g performance prediction practice , th i s

chapter w i l l  focus on the speed l i m i t i n g  aspects of roug h wa ter  p e r f o rm a nce ,

rather than other desi gn criteria , such as freeboard , strength , etc.

The added res is t a c r r  in rough water may result in an involuntar y speed

reduct ion i f  there  is c i t  a sufficient amount of powe r to maintain speed.

The e ffects of ship mot ion s on ~er - nn el and/or shi p systems may l ead  to a
vo l u n t a r y  reduct ion in speed an f/o r  a change in heading.  A l though i t  is

within the s t a t e - o f ’ t b r - r t  to e~~t i mate those performance characteristics

whi lea d to voluntary or i vo lunt ry speed reductions , there a r e  some

shortcomings in the m i st wid e ly used techni ques , a few of which ire as

fo I I ow~

(1) The es t - ’ ,ltes o~ performance are for unidirectional long—crested
head sea - , onl y .

(2) The o e-par acn~ t~ - r energy spectrum (Pierson-Moskowitz ) represents

only :

(a) a f u l l i -  leveloped ‘ ‘ i , not a develop i n g  or de cay ing sea
i t  i on , - m d

(b
’t a sing I e .a r’ p ls  of a fully—developed sea having a particular

s iqn~~f ic a n t  wave hei ght , e.g., there are other spectra wh ich
represent a full y-developed sea having the same si gnifica n t
w.i v h ei - j h ’ (Newrnann , measured sea spectra , etc.).
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These limi tati o n s  ‘m d  others m~ y he reduced or el iminat ” d as a result i f

sooe o~ the ongoir.-~ work in this field , as b r i e f l y d i s c u s s ed i n  ‘Tection

9.3 .

9.2 ‘le Estim a ting Techni tp jes

Although the dis cussion in Section 9 .1 i n d i c m t c - s t h m ’ there are

l i m i t a t  ions on the usefulness of the estim ating techni ques , c- an t t m -c h n i ques

ar ,  a v a i l a b l e  for makino e s t i m a t e s  in a f u l l y -d ev e lcc pe’l sea spectrum . The
techn iques w h i c h  may be used t es t H - a t e  s h i p rTo t ions , and the consequeices

of motion , such as s lamming and deck w e t n e s s , e t c . , are d i scussed  b r i e f l y

in Re ference 23. The techni ques wh i c h  c i i ’ ,’ be used to estima te the added

r e s i s t a n c e  in waves are d i scussed  in t h -  f o l l o w i ng sec t io ns .

9 . 2 . 1  Anal yt ica l  Methods

Techni ques have been deve loped to estimate the added resistance in

head seas based on (1) a set of experimental data and (2) a t h e o r e t i c a l

hypothesis. The first of these resulted from a regression anal ysis of

model experimental data for sin g le—screw shi ps , as documented in R, fent ’cc~ r s

24 and 25. The formulation derived therefrom is

~AW [A 0
+ A

1 
(C

B 
-.5)

Cons tant

A k + ~ (A + A L ) + A V 16 7 .  8
~~~

_ j  (9.1)

where A0, A 1 , A
8 

are the regre ssion coefficients g i v e n

in Tab le 9. 1 ;

23 . Hubb le , E. N . and J. B . Hadler , “Predic tion of Ship Motion in Pegular
and Irregular Head Waves ,” DTNSRDC Ship Performance Department Report
SPD- 623-O1 , April 1975.
24. Moo r , D. I. and 0. C. Murdey, ‘ M i t  ions and Propu ls ion  of S ing le S c r e w

Models in Head Seas ,” Tra nsactions , Royal Institution of Nava l Architects ,
Vol. 110 , No. 1+ , October 1968 .
25. Moor , 0. I. and 0. C. Murdey, “Motions and Propulsion of Sing le Screw
Mod e l s  in Head Seas , Part II ,” Transactions , Royal Inst i tution of Nava l
Architects , Vol . 112 , No . 2 , A pril 1970.
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k IL = 0 . 2 5 ,  un less k i s known ;
yy

4Constan t = 5.74 X 10 , for 
~AW in horsepowe r

= 4.28 X lO
u
, for 

~Aw 
in kil owatts;

leng th (L) is in feet;

and a l l ra t i os  and c o e f f i c i e n t s  are per the d e f i n i t i o n s  in the

l ist of notation .

A lthouq h this rr’ethod can he an extreme l y val uable p rocess by w h i c h  one may

e v a l u a t e  ct ’n cep tu al des ign  v a r i a t i o n s , one must be cognizant  of the fac t

t ha t i t  i s  based e n t i r e l y on model data for sing le—screw ships i’ Caut ion

must he exerc i sed in i t s  usage s ince  i t  has not , as y e t , been ver i f i e d

by full-sc ale data. The regression coefficients for Equation 9.1 a re  g i ven
in Tab le  9 .1 .

The second type of techn i que is  based on Maruo ’ s hypothesis. This

hypot h e s i s  s t a t e s  that the added r e s i s t a n c e  of sh ips  in a seaway is pro-

portional to the square of the wave hei ght and to the sni p mo t i o n s  and
the i r  phase re l a t i o n s h i p s  to the wave field. Furthermore , the added

resistance is independent of the calm-water resistance. Several techniques

of th i s  type h ave been developed i n  rece nt years  and are  d i s c u s s e d  i n
Refe rence  27.  S ince , w i th  any of these techniques the accuracy of the

e s t i m a t e  of mot ions is  ex t reme ly important , it can be sa id  that the e s t i m a t e

of  added res i s t ance  w i l l  be no be t t e r  than th~ est imate of s h i p motions.

Consequentl y ,  j ?  is  recommended that these techni ques be used only to

deve lo p the data used in compar isons between d i f f e ren t des i gns. Expe ri-

mental procedures should be used for the numerical eva l uation of any

par t i c u l a r des i gn.

* Some data for twin—screw ships is ava i lable in Reference 26. These data
may be helpful  in e s t i m a t i n g  the e f f e c t s  of v a r i a t i o n s  in a few of the
pr i nc ipa l hu l l- f o rm  parameters for tw in - sc rew  naval a u x i l i a r i e s .
26. Moor , 0. I . , “Effects on Performanc e in S t i l l  Water and Waves of Some
Geometric Changes to the Form of a Large Twin-Screw Ship ,” Transac tions ,
Socie ty of Nava l Architects and Marine Eng i nee rs , Vol . 78 , 1970 .
27. Strom-Tejsen , J., H. Y. H . Yeh , and D. D. Moran , “Added Resis tance
in Waves ,” Transactions , Socie ty of Nava l Architects and Marine Engineers ,
Vol . 81 , 1973.

55

.1



-D
L
r~ Q r-..LI\ r--’._ — ‘.0 — r ’ . . r’~~cN ~O C ) ,~ \ r — ~~r~ -1~C) .-- CJ N.
tJ L C) C) 0 0 C) .— — () CD 0 (N — C) 0 ~ c-~ c’.i .— 0C L  . . . .
(U L ~j c D 0 0 0 0  0 0 0 0 0  0 0 0 00  0 0 00 0
4.)
‘I-

’

C) — -~~ C) — — LI’, 0 (N CT’, — LI’, (N ‘.0 (N — CO N. 0 r~~C) (N O ’ , Lt\ (N .T — C O O N - N. ‘0 N- 0 C J~\C) J~~~ c’.~-.~ LI’, ~) -~~ — C) —— (N -.T —1’ — N. ‘.0 N-. — - ‘7 N. (N — CO —
r O ( N— © C )  -~~~~~~~~c’.i . - O ‘.0 LI’i-~ ’ C’4 -

CO N. — O~ -~~ (N -~~ 0 ‘.0 CO CO Lf~ LI) -~~ C’.~ LI) ‘0 O~ U’) LI’,
N-. r O (N 0 0  N. 0’.Or’.i .- C ) O ) ( N L I )(N 0 0 — 0U ’ ,

N-. 00  0 C) C) — — 0 0 C) (N — .- 0 0 -~~ CO (N — 0
~Z 0 0 0 0 0  0 0 0 00  0 0 0 0 0  0 00 00

o o c o c  c d d d d  d d do d  c ; co c d
I I I I I I I I i I I I

O’,O’ , 0 , OO’) 0N .U’ ),7, (N CO O’,N.COLA — Q L f ,— ( N
‘.0 00  ‘0 (N CD N. O-\N.’ .O C”) LI’) C”’, LJ) LI’. N. ‘.0 (N 00 LI)

— “Z (N — 0 0 0  ..T (N — 0 0  N. LI’, CO — 0 (3 C) ’,C) ro —

C o c c c c  ~~~~~~~~ -0 C) CI

— 
_________________________________________

0

— C ) 0 — r ” )
&J\ Ti’.O N-. .- O -T (N LI) ”.0— N.LI)OGOLI) L4’)N.4(NN. 

C’. l— Q O O Lt) -1 (N00 N.’.OLI)—O 0C)N.-T—
UI — ..— %__ —

— _________________________________________

0
U- O’.O Lf, U’,(N ‘0 C’ . ( NN .N .  O r’4 CO N-.N. 0U)Lr\N.’0

-~~ -T(N 00 N.Lt’c-T -- O —O’)N.CO— LI)(-q O ’.OI-O
C’, ‘Z 0 0 0 0 0  0 0 0 0 0  — 0 0 0 0  — — — 0 0I—
Z 00 0 0 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0 0 cUI

=- — ‘.0 -t -~~~~~ C” C’)O(N N .  LI)(’O—C’,C) -T -- ’0U- C ’ ) C ) N .( N —  N.~~~~-a’ C’) -a’ ( O ( N O ’ )LI) O’) — ( N’ .0 —’. 0
U- CO 00 00 C) .— — .— 00 (N (N — — 0 —T CO (N (N
UI “Z 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0C)
LI 00 000 0 000 0 00 000 0 000 0

LI) C”) -~~ — -~~ N- ‘-.0 — N. LI) -~~ C) — U’, 0’) LI’, .— ‘.0 — -~~— — s O rO -- 0 -T ’O O r O — O’\cX)OC)rO C ) C O ( NN . C )(N .- 0 0 0 0  (N .- — 0 0  (0 (N (N 0 0  LI) -r ro — 0 >-.0’-~ .~ —000 ‘-.) 0 00 0 0 0  0 0 0 0 0  0 0 0 0 0  —
UI I I I I I I I I I I I I I I I

I..- -~~~LA Lt’,’.0C) 0(N00-T 0 — — O ’ ) -T C ) 0 r’.I —T U’)

~~~~~~~~~~~‘0 (N  O r O LI) C’) O’) ‘.C N.CO O’,O - Q ( N c - I O-,
-~~ 

(N ‘— CD ‘.0 —T — (N O’\ N. CO (N 0’, -~~ — N.. (0
4.)

T - ~~~L(\ ‘C ’.0 tr ~’.o C)C)rO’.DO’\ 0~~0 — - T 0~i— 0 0’~ -T .~~‘ — (N C) “.0 LI’) 0 —  O’\ N.. C O C )  CC) C) LI)
C) ‘.O -T — 0 0  0 0’)’. O —  0 ro r0 — -~~ — ‘.0 LI’~ -T (T\-T

C,’
00 0 0 0  — 0 0 0 0  — - - -— 0 0  — — — 0 0
I I I I I I I I I I I I I I I I I I I

0

C.. 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0
~ 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0
-i -~~~U~~’.0C)0 -.t Lf~’0C) 0 -T LO ’.0C) 0 .a’ LI) ’ . O C ) O

c

I’,4-’ a)
L L
O q .j —4- .0 L1’, ‘.0 N. LI)

a) Z

56



r —

A computer program (YF?7CERS) is avai lab le to calculate the added

resistance response curves using the YF 17 mot ion program 28 m o d i f i e d  to

calculate added resistance using the Gerritsm a method. The added resis-

tance response curves thus obtained can then be applied to any desired

sea spectrum to obtain the average added resistance (RAW) at that long-

c res ted  head-sea condi t ion . Since  the details of the calculation method

will not be discussed here , the reader is referred to Reference 27 for a

more detailed description. The input for VF17GER I are the same as for

YF 17 . The output quan t i t i e s  (the added res is tance coe f f i c i en t  (O AW ) and

the nond im ensional frequency of encounter 
~~e~~’ 

wh ich are ca l cu la ted  at

each desired Froude number) are dimensionless and are defined as fo l lows :

R

°AW = 
AW 

, (9.2)

B
2

pg 

~ ~Aand U = W
e ~‘E7~~ , (9 .3)

where RAW 
= added resistance in  regular waves at a

wave encounter frequency, We P

p = mass density of seawater ,

g = gravitation a l acceleration ,

B = ship beam ,

L = ship length ,

= wave amplitude ,

W
e 

= circu lar frequency of wave encounter ,
w (1 + w V/g) ,

w = c i r c u l a r  wave frequency, 2 it/I,

and T = wave period .

The average added resistance (RAW) in a seaway is then obtained using the

following equation :

W =JR (w ) S
r
(w ) dw , (9.4)

AW 0 , e C

28. Frank , W., and N. Sa l veson , “The Frank Close-Fit Shi p Motion Computer
Program ,” DTNSRDC Department of Hydromechanics Research and Development
Report 3289, June 1970.
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where R(W ) = response amp l I tude operat or (R
1~~.’ c

2
) , t~ e respors .’

to  a s i n u s o i da l  e x c i t a t  ion of u n i t  .~rnpl i tude ,

and S~~(.  
e~

”. ‘n’’ di mr ’nç i ’ n l  I spe t ral -~~r’s i ty o 1 t he sea~ .ty -

9.2 .2 Expe rimental Methods

M ndel experiments can be cond uc tt-’~ i n  regular or i rre gu l ’ir W a V ” s .

Regular wave (sinusoidal) experiments are conducted t o  ‘Jete rm ine the

response amplitude operator (P ) at ‘nany frequencies of encounter

These results can be app lied to eany known sea spectrum (Sr (W ))•

The expe riments in irregular waves , having a particular sea spectrum ,

yield the average added resistance (RAW ) in that spectrum. Althoug h

the irregular wave experiments take considerabl y less time to conduct

and are  hence less expensive , the results are currentl y applicable onl y

to the experimental sea spectrum . However , an a na l y tic technique (cross—

b i - spec t ral  anal y s i s ) ,  wh ich is cu r ren t l y  being developed , s h o u l d  enab le

one to de te rm ine the response amp l i t ude  opera tor  (R ) f r o m  a n i r r e g u l a r

wave expe r iment .  If th i s  techn iqu e pro ves to be a v~ ab le too l , t he

irre ~ u l a r wave e x p e r i m e n t may r e p l a c e  ra ther  than j us t serve as a check
-~~ the regular wave experiments , as i t currentl y does .

9.3 Recent P rogress

The limitations mentioned in Section 9.1 have been addressed by

numerous authors in recent years. Certainly those working in the field

are well aware of the shortcomings of app l y ing the Pierson-Ploskowitz

spectral formulation to describe the overall sea environment. This
for mu l a t ion i s  weak i n  tha t i t re p rese nt s on l y  a mean f u l l y-developed

sea having a particular si gnificant wave hei ght, . Chryssos to rn id i s  con-

duc t ed a n i nves t i gat ior1 for NAVSEC 
29 

in which he addr es s - s this prob lerr

and suggested that a two-parameter spectral formulation be used to

represent the seaway . This suggestion is consistent with the recommenda-

tion (that a two-parameter wave spectrum of the general Bretschneider

29. Chryssostomid i s , C. , “Impact on Shi p Speed of Ins t a l l i n g  F i n s ,”
George Sharpe , Inc. , Report , September 1974.
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for m Fe used) adopted by the 12th l n t . ’ r n a t i n , l  Towing Tani’ Conference
(i .T.T .C) in Rome , I t a l y in 1969. Furthermore , Chr yssostom idis recomends

t h a t  existing data he used t ’  determine the f r equ , -n  ies  of occurrence of

various s i qni ~~icant Cave heights and periods in a real sea environment.

Oth er i r’vI - ’ - t iq at o rs feel t ha t the t w o—ç -~~rameter spectr al formulation is

i nadequa ’e , si n,,e it is an i d e a l i ze d  s p’ -  t r a  that is not always repre-

s e n t a t i v e  of the real sea environment. Some investi g a t ors recommend the

use nf the 323 actual sea point spectra measured at Station INDIA in the
30 .

No rth Atlantic. Och i of DTNSRDC is currently working on a six-para m eter

spectral formulation which uses a band width concept to oh ’ain familie s

of spectra hav ing  the same significant wave hei gh t and average period .

Furthermore , he uses a second frequency range to formula te  a spect ra  for

swe II
Chryssos tomidis also presents a scheme by which one could character-

iLe all the aspects of a shi p ’s performance in omnidirectional seas.29

The performance of the sh ip  for a l l  headings ( r e l a t i v e  to the waves)  could

be graphed in  polar coordinates . It is important to remember , however ,

that the techni ques for estimating ship performance in obli que seas have

not been full y developed and validated . It ~..u ld appear that the recentl y

developed me t hod of Lin and Reed w i l l  prove to be a able estimating

techni que .
31 It is hoped that this technique can be full y e v a l u a t ed i n

the very near fu ture .

9. 4 Se rvic e Marg i n

“A service marg i n  i s  a marg in of performance (speed and power) pro-

v i d e d  in the d e s i gn of a sh i p which w i l l  enable i t to move between two or

more points within a g i ven time during some arbitraril y specified future

period during i t s  l i f e . T h i s  imp l i e s  being able to achieve a ce r ta in

average speed over a c e r t a i n  t ime per iod . It is  measured in r e la t i o n  to

30. M i l es , M.,  “Wave Spectra Es t imated  f rom a S t r a t i f i e d  Samp le of ~23
North Atlantic Wave Records ,” N.R .C . Repor t LTR-SH-ll8A , May 1972 .
3 1 .  Lin , U. C. and A. M. Reed , “The Second-Order Stead y Force and Moment
on a Ship Moving i n  an O b l i que Seaway ,” Office of Nava l Research , Eleven th
Symposium/Naval Hydrodyna m i c s , London , April 1976.
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a specified trial condition (displacement and trim) on a new , clean

s h i p in standard sea water wi th no wind and a calm sea “
~~

The servi ce ma rg in , which is accounted for by s pe c i f y i ng a “sus ta i n e d
speed” , may be ve ry log i c a l l y sp l i t  into two di s t i n c t l y differen t parts.

One of these may be referred to as the deteriorative part. It encompasses

the fouling and cor rosion of the hull and propeller and the .jeneral break-

down (wear) of the entire propulsion system. Many of these factors can be

controlled throug h systematic maintenance schedules. The subject of fou l-

i n g  is discussed at some length in Appendix A. The other part of the

s e r v i c e  marg in is due to environmental factors . It includes the effects

of sea s t a t e , t rue w i n d , sea wa ter tempera tu r e , e t c . ,  wh i ch generally cannot

be avoided and certainl y canno t be controlled.

9.4.1 State-of-the-Art

The stud y presented in Reference 32 indicates that a service marg in

must account for a rather large variety of factors. Althoug h i t is possible

to make eng ineering e s t i m a t e s  of the effects of many of these factors , some

of the estimating procedures are crude since very li ttle work has actuall y

been done to quantif y the components of the service ma rg in. For examp le ,

the procedures used to estimate the speed li m i t i n g  effects of rough water

(powe r and motion limits), are no t c u r r e n t l y adequa te for estimates of

speed reduction for a specVied operational profile. The deficiencies

which lead to this inadequ ~~:y are discussed in the preceding sections of

th is chap te r .

9. 4.2 Recorm~ended Procedure

Since the state-of-the-art does not permit accurate estimates of

the components of the service marg in , it is recomended that the NAVSEC

pract ice be rna in ta ined . ** The se rv i ce  marg i n  is  accounted for by specif y i n g

*This defi nition was taken from Reference 32.
32. Levine , G. H. and S. Hawkins , “Comments on Service Marg ins for Ships ,”
Pane l H-2 , Hydrodynamics Comm i ttee , S.N .A.M.E., March 1970.
**The state-of-the-art is fairl y well documented in Reference 33 .
33 G ib lon , R. P. ,  “Serv ice Ma rg ins and Power Plant Selection ,” Transactions ,
“TAR-ALP HA Sympos i um , Washington , D. C. , 1 975
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a “s u s t a i n e d  speed” . This s u s t a i n e d  speed is defined as being that speed

which can be maintained after a certain time at sea in a certain seaway.

That speed is taken to be the attainable speed usin g 8O2~ of the m a x i m u m

conti nuous power for a new ship, wi th a c l e a n  bo t tom , at the desl gn€.d

displacement , i n c a l m  wa te r , where  th e t rue w i n d  ve loc i ty i s  zero kno t s .

U n t i l  s uch  t i me as be tt e r me thods are deve lo ped or da ta i n d i c a te tha t a
f i gure of 8O~ i s  no t a good cho i ce for  a l l , or a subset of , t he s h i p s  of
the Navy , i t is recommended that NAVSEC continue with its current practice .

A trial speed is also specified as 95~ of maximum continuous power before

the standardization tri a l , and lOOt , thereaf ter.
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APPENDIX A

TH U C O R R E L A T I O N  ALLOWANCE

A. l Definition

The correlation allowance , CA , us ed i n  the pr e d i c t io n of powe r i n g  of
sh i p s  i s  the nava l  a r c h i tec t ’ s version of the eng ineering (correction)

factor conwnon to practically al l  branches of enqineerin g. It is normally

a correction to the total resistance coefficient estimated from experiments

with a model whic h w i l l  enable the tow i ng tank to predict the shaft power ,

P5. of the ship at a g iven speed. It compensates for a rather large

number of variables wh i ch influence the flow of water around the surface

of a ship, the magni tudes of wh i ch are too small , or too imprecisel y known

to be de termined i n d i v i d u a l l y. At one time 34 the term roug hness allowa nce ,

was used and was applied to the frictional resistance coefficient.

This desi gnation is no longer considered appropriate because it became

obvious as ship construction improved and hulls became smoother that the

a l l owance  was due in part to scale e f f e c t s  between the ship and its model

rather than being totall y a compensation for surface roug hness and pro-

tuberances of various sorts. The major items covered in the correlation

allowance are usuall y considered to be: structural roughness , anti-fouling

paint roug hness , three dimensional form factors , flow throug h scoops , sea

chests , scale ef fects (e.g. appendages , differences in flow over ship as

compared to model , difference between ship and model propeller performance ,

difference in properties of sea water and tank wa te r not compensated for in

other corrections), etc. Obviously the list of differences be tween ship

and mode l can be extreme l y length y. From the financial and technica l

viewpoints it is not practica l , even if it were possible , to construct

the mode l to exactly , represent the shi p in every detai ’ , and even if this

were done there would st i l l  be corrections. Hence , the correlation

allowance is used as a standard device to account for these differences.

34. Gertler , M ., “The Pr ediction of the E ff t -ctive Horsepowe r of Shi ps by
Methods in Use at the David Tay lor Model Basin ,” DTMB Report ‘ u. 576,
December 1947.
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It has been previously stated that the norma l practice was to corre-

late on shaft power. It is also possibe , of course , to correlate on the

bas is of thrust which is usuall y of interest to the propeller designer.

One of the primary reasons for selecting shaft power for the correlation

is that torsion nieters arc fitted on all standardization (powering) trials

of U. S. Navy shi ps , while thrus tnetc rs are not fitted on all shi ps ,

usually because of the added expense of buy ing , installing and removing

the thrust rneters during the trial availab ility, wh i ch can be considerable.

It is also considered at DTNSRDC that the type of torsionmeter currentl y

in use in the U. S. Navy is more accurate than the present-day thrustmeter

used on trials. It is agreed that the preceding statement is s t i l l  open

to debate.

A .2 Standard Correlation Practice at DTNSRDC

It is the norma l practice at the Center to conduct powering experiments

us i ng a geosim of the actua l propeller desi gn on a model of the ship hull

at the trial displacement and trim condition. Adjustments in CA are made

such that the shaft power (P
5
) predicted from the mode l experiments agrees

with that from shi p trials in the upper speed range. It is usually found

that the agreement is not as good in the l ower speed range due to the

typica l instrument inaccuracies at low levels of measurement. On occasion ,

where mode l data are alread y available at the proper displacment , but at a

different correlation allowance , it is assumed that the propulsion coeffi-

cients from the model experiments w i l l  not change si gnificantl y for minor

changes in correlation allowance . This assumption has been verified on

numerous occasions. When the correlation is made on the basis of P5, the

assumptions are that the residuary resistance coefficient , (CR), and the

propulsive efficiency (r1
~
) predicted from the model experiments appl y to

the full-scale ship without any corrections for scale effects.

The correlation allowance , CA , can then be computed as follows :

X PE / ~S 
= 

~E 
(A.l)
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— 1’
E ((p /2) S v 3) (A.2)

CA CT 
- (C

F 
+ C

R
m
) (A.3)

where the subscri pt s i s  ap p l i e d  to full-scale trial va l ues and the sub-

s c r i pt m applied to va l ues predicted from model experiments. V is the

trial speed corrected to the zero rela tive wind conditions (see Chapter 5

for method of correcting wind) . CF5 is the frictional resistanc e co-

efficient from the I.T .T.C. frictiona l formulation at the Reynolds ’

number for the ship appropriate to the particular va l ue of V .

It is also possible to correlate on the basis of thrust assuming that

the residuary resistance coefficient (CR) and the thrust deduction fraction

(t) are the same for ship and model at corresponding Froude numbers.

T x (l— t) = R (A.4)s m I

c1 
= R

T 
: ((p 12) S

5 
V 2 ) (A.5)

CA 
= C

1 
- (c~ + CR

m
) (A.6)

Typ icall y the correlation allowances derived from shaft power and

thrust do not agree . More often than not the thrust correlation allowance

is l ower than tha t from P5
.35 A direct correlation is not made on RPM; a

comparison is made usuall y at the correlation allowance derived from P
~
.

Most towing tanks also compare propulsion coefficients from trials

with predicted va l ues from mode l experiments. These procedures vary sub-

stantiall y from one tank to another because of the prob l ems of scaling

between the mode l and full—scale hulls , propellers , and the interaction

35. Hadler , J. B., C. J. Wi lson and A . L.  Beal , “Ship Standardization Trial
Performance ~nd Correlation with Model Prediction ,” SNAME Vol. 70, 1962.
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between hulls and ~‘i o-~ e I lers. It is st pu la ’ i - I , therefore , th a t th e

fo l  low ing a sstIr p t ions ari d pro cedure ~re most probabl y in error ~0

degree. They do ‘~~em to g ive moderatel y reasonable 3 ns w e r ’~ 
1or a v a r i e t y

- f  h u l l  f r - s  , pr ’-sumably because t a -  ‘od ’ I size used at t~~e 1~ ’ t e r  is

large enough to accommodate mode l pro~o ’ l le r s  o f rea ’ - o n j l i -  d i a m e t e r . The

prope l le r  Reynolds ’ number is correspond i ng 1 ’ ~ larq ,- .

Assuming tha t the mode l pr .q’ ’ Il er open-water J ara c t , -ristics appl y

to the fu l l - s c a l e  Pr o p e l le r : th í ri j
T 5 

and J
Q

can be d e r i v e d from t he o p E ’ r ~~

wa te r  K1. and K
0 curves using the va lues of KT and K

0 
de te r m ine d on t r i a l s .

can ~ lso be °determined from t r i a l  d a t a .  Th~ re f ore ~he ‘,-~~ik .’ factc -rs

(l
~
w
T 

and l_ w
Q 

) and the relative ro t ative efficiency (rI
R 

) can then be

obta i~ ed from t~ e trial coefHci~~r t s and compared with predicted values.

A .3 Variations in Correlat ton Allowance

A .3 .l Structural Roughness

Unless ship construction methods are watched carefully to minimize

obs t ruc t io n to the f l o w , the hull of a ship can be far from a hydrody-

namicall y smooth surface . It is possible to walk under some ships in

drydock and see a substantial numbe r of clips , padeyes , and other i mpedi-

menta wh i ch may make drydock operations more eff icient , but certainly add

a small increment to the total resis tance. In any case there are rough-

nesses such as zincs , plate laps , and weld beads wh i ch are nearly

unavoidable with the presen t standards of construction .

A.3.2 Anti-Fouling Paint Roughness

Paint roug h ness is probabl y the largest cont ributor to the rr el ation

allowance where U. S. Navy ships are invo l ved. For many years the Navy has

conducted a considerable amount of research on protective coating s for hulls.

There are the i nev i table trade-o ffs between cost of mate n ials and application ,

degree of smoothness , a n t i - f o u l i n g  and a n t i — c o r r o s ion q u a l i t i e s .  Pr ior  to
World War II the Li . S. Navy used an anti-foulin g paint designated 15 RC

wh i ch was very smooth in i t i a l l y but fouled comparatively rapidly. During

66

.4 - - - - -~ ——---———-——-—



World War H hot plastic ant i—fouling paint ao, into use and proved to

be superior in preventing fo’j~ m g .  Th i s paint is app l ed hot , ari d i n

cold weathe r the paint suri ce can be extr i -~ ”l y r ouqf . lh’-re is also a

co l d  p lastic a n t i — f o u l i n g  paint ~ih ich is sprayed on without heating arid

is usua l l y smoother than the hot plastic paint. The p a int system which

is normal ly used today is vi nyl resin which is i n i t i a l l y much smo oTJ -er

than hat p l a s t i c  al though i t  irie - foul somewhat more rap idly 35 (Fi gu re i\- l).

The correlation allowance mus t vary to compensate for the i n i t i a l

roughness of the pa in t  system in question. Fouling is compensated for

i n the service marg i n . The cu r re nt va l ues o f’ C
A 

used for  th e  va r io us
paints are : hot plastic 0.0008 and vin yl resin 0.0005 , when the I. T .1.C

friction formula is used. At the present time vinyl resin is used pr’-

dom i n a n t l y ,  so the usual correlation allowance specified for clean hull

U. S. Na vy shi ps is 0.0005.

It is interesting to no t e some experimental r e s u l t s  f rom t e s t s  with

the 2O-f~~~t fr iction plane at DTNSRDC . rhe plane itself is de~~ r i b e d  i n

Refe rence 36. For th e experiments with Navy paints the side panels of

the p l a n e  ~ere sprayed with several f the var ious Navy pa in t  s y s t e is

previousl y discussed. Thre ,- ~~ ~‘1astic paint systems were e~
at t h~ ti m e . In addition the paint system used on models at DTN’:i~DL ~

-.‘ s

spr.i’,ed on one set of panels. T’~C plane was then run a’ vario r c s” e’u

up to ~is hi gh a speed as ;ern ’issib le with Carriage 2 at DTNSRC - -ic

results are presented in Fi gure A-2. It is usua l pr ’ tice to ~~~~~~~~ f~
the results by stating that t i e  r e s u l t s  ---ay not be t ’~pica l o~ sh ipy ard

paint i ng practice ; t h a t  the f r i c t i o n  p lane is  not sh~~bt’d l ike a ship ’ s

h u l l , etc. I t is interest in it to note that in sp ite of these q u a l i f i c . .’itio ns ,

the incrementa l r es i s t ~ nce c - ~ ’ff i~~~i e - n t  ia lues for the va r i ou s  p a i n t s  are

very nearl y the sane a’. deduced from standardi ~~i ’ ion trial s  with those v a i rL s.

36. Couch , R. B., “Pre l imin a r j Re port of Friction Plane Resistance Tests
of Anti-Fouling Sh ip bottom Paints ,” DTMB Report 789, Aug ust 1951 .

67



A. 3 .3 Length or Smoother Construct ion
There is an apparent decrease in correlation allowance with e ther

length or chronology, or possibly a combination of both as the effects

are difficult to separate. The more recent shi ps are smoother that those

built prior to 1950, which is probabl y attributable to the increase of

welding in shi ps , and in particular with the increase in use of butt

welds. It may also be noted that ship length has increased in recent

years , particularl y commercial ships and Navy auxiliaries. It is quite

possible that the decrease in correlation allowance noted is a combination

of length , better shipbuilding practice , and the fact tha t excrescences

are proportionatel y smaller on a large shi p than a small one. A recent

investi gation was conducted to determ i ne whethe r the correlation allowance

for carriers should be si gnificantly less than that for destroyers. One

of the products of this i nvesti gation is Figure A-337 which illustrates

the proposed v a r i a t i o n  in co r re la t ion  allowance (C
A) with length. As

discussed in a subsequent section , the empirical data supporting this

type of correction are rather scanty. In spite of the last comment the

trend seems to exist and the main question is what should be the recommended

correlation allowance For a g iven length of shi p . At this point it seems

appropriate to point out the obv i ous; better shipbuilding practice which

ends in a smoother hull wi l l  reduce the power required to prope l the shi p,

and thusl y the correlation allowance will be reduced .

A.3.4 Fouling

There is very litt l e  precise information available on the effects of

f ou l i ng  on the po~.ering of ships and , consequently, the correlation allowance .

The problem of foulin ~ is extremely complex , depending on the geographic

location of the ship , the season of the year , the type of paint , how

recentl y the ship has been painted , and what the activity record of the

ship has been , among other v~ riab 1 es. Probably the best study of the

37. Cov i ch , P., “Variation in Correlation Allowance with Ship Size ,”
Nava l Ship Eng i neerin g Center Report 6136-74-20 , December 1974.
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effects of fouling on powering was conducted by DTNSRDC on four destroyers.

Two of the hulls were painted with the hot plastic anti-fouling syst -m and

two with viny l resin pain t. Figure A-4 shows the results in unclassified

form with regard to increase in correlation allowance. Fi gure A-5~
8 shows

the percentage increase in shaft power.

It should be noted that even this rather extensive series of trial s

does not beg in to cover all of the many variab les which affect fouling.

It remains , however , the most complete set of data available to date .

There are other exper imental data available wh i ch are unc las s ified .~
8

The usua l prob l em with these data are that torque and RPM were measured

but speed was not , so it is not possible to compute precisely the change

in correlation allowance.

For the mos t part , wi th the exception of aircraft carriers , most

U. S. Navy standardization trials are conducted with a clean hull l ess

than 4 months out of dock. From Figure A-4 it may be seer that any

correc tions for this length of time out of dock is not reall y war ranted.

A i r c r a f t  c a r r i e r s  are a d i s t i n c t  prob lem because the docking and pa in t i ng

cos ts  are quite large , thus it is rather rare for a carrier to have a

clean h u l l  when t r i als  are run .

A.3.5 Friction Formula

As poin ted out in a previous section the correlation allowan ’ ” i s

dependen t on the friction formula used since C
R 

= C1 
- CF Obviously,

if C
F 

changes due to f r i c t ion  f o r m u l a , then CR 
w i l l mchang~~. Sin :e

C
A 

= CT 
- (C

R + CF ), it is apparent that CA is dependent on the friction

formula.

The A.T.T.C . (Schoenherr) Friction Line , first used at DTNSROC in 1947,

was derived from resistance experiments with flat plates by a numbe r of

experimenters as described on page 297 of Reference 4 (see Fi gure A-6).

It was the successor to a number of fri ctional resistance formulae wh ich

were used as the state-of-the-art progressed start ing with Froude. The

38. Stenson , R., “Hull Fouling ,” NSRDC Report 2509, Jul y 1967.
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A.T. ’T.C . l i n e  h i d  the di sa ch intaqe that it was not steep enough in the low

R e y n o l d s ’ nta iher range to suit the smal Icr towing tanks. They fo is t

t hey ~ierc q ’ t t ing negat  ive c o r r e l a t i o n  a T  lr ,-jarn -s. The formula currently

in u’e .at ‘rNSRDC and at it any other to. in g t inks , for comput ing t h e

fric tion.. l  resistance coefficient is the I . T .T.C. 195] Shi p-Mode l Corr ,- la io n

Lin e .
t 

It is identica l w ithin 4 si gn i t i c a n t  fi gure s to t h e - previous

f o r m u l a , the A.T .T.C. friction l ine , at Reynolds ’ n u m b e r s  abov e 1 x lO~ b ut

de viates significantl y from the, A .LT.C. Friction Line in the range of

Reyno lds ’ n u m b e rs  common to the s m a l l e r  t ow ing  tanks us ing models 5 tn

10 f e e t  in length. The le v iat i o n  in the 20- to 3 0 — f o o t’ mode l range is

small; about 0.00005 is an average value for a typ ica l Navy ship as s hown

in F i gure A-7. The devi ation decreases as Re- y ii - sl d s ’ n umber i ncreases ,

i .e., mode l length , speed or water temperature increases.

As the I.T.T.C. line is now standard for U. S. Navy use , the biggest

concern is in making comparisons of per f u~ :Inc’. of new ship desi gns w i th

those where older frict ion formulae were used. The A.T.T.C. data are readi ly

avail able for computation of the di f fe re r r in L~~; data p r io r  to 1947

were worked up using the Gebers f ricti - ‘ t )rnuIa .

A.3 .6 Towing-Tank Practice

It is not adv isab le  to assur e that c o r r e l a t i o n  a l lowance  w i f l  be the

same for d i f f e r e n t  towing tanks.  There are ,‘ariations be tween ‘ he tanks

which  -ire by no means ins i gn ificant for a variety of reasons.

There are a number of methods of anal ysis used by the towing tanks

throughout the world as described in the I. T .T.C . Proceedin gs. The smaller

tan ks use larger models than desirable to reduce scale effects. In do i ng

so they encounter blockage effects which are compensated for in the

a n a l ysis of resi stan e data by us i ng one of several blockage correction

me thod- - . Ano ther correction that is recommended by the I .1 .T.C. 39 is the
Pr,

use of a t r ’ i ns r i is s io n  efficie nc y c o e f f i c ie n t  rt~~, where = ~~~ 0 .98 fo r
S

39. Pr reiaf in gs of the Ninth Internati onal ow i ng Tank Conference , P a r i s
Fran . i , (1960).
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ships wi th machinery aft and j~~ 0.97 for ships with riach inery ami dships.

The t r a n s m i s s i o n  efficiency coefficient is necessary to compensate f i r  the

losses in bea rings and seals from the point where the shaft torque is

measured to the propeller; therefore , P0 is the horsepower del ivered to

the propeller. DTNSRDC recommends the use of a transmission efficiency

of unity (1.0) because experimental data have been obtained by the U. S.

Navy 4O 
which indicate that the percenta ge losses used by the I.T.T.C. are

too hi gh. Figure A-8 is a summary of pertinent data from Reference 40.

In addition , it should be noted that it is standard Navy practice to p l a io

the to r s i o n m e ters as c lose  to the s ter n tu be b e a r i ng as poss i b l e  ra t h er
than in eng ine rooms as forei gn practice norma lly dictat ’ s.

A number of years ago the A . T . T .C .  sponsored a standard model for re-

sistance testing in the hope that the various towing tanks could conduct

resistance experiments under ide ntica l conditions and exchange data .
41

The varia tions from the mean reported by the tanks  i nvolved  were on the
order of + 2 percent. Thus even the basic experimental data can be so

different tha t large corrections may be required to obtain full-scale

c o r r e l a t i o n .  In summary, do not m i x  c o r r e l a t i o n  data or predictions from

diffe rent tanks unless it has been determined previousl y th a t  t hey a re

compa t ib le .

A. 4 The Influence of Scale Effec ts

Ther e has been a considerable amount of effort expended by the I.T.T.C.

Performance Comm ittee in stud y iny how scale effects affect the prediction

of powering performance from experiments with models. This work is

documented in the I.T.T.C. Proceedings each time they are issued. The

major prob l ems encountered in recent years have been with the very full- t orn

tankers which are so prevalent today. As the U. S. Navy has not shown

any particular interest so far in this type of hull form , most of the

m a t e r i a l  is  not really pertinent to this manual.

40. Pitre , It. Cdr. A. S., “Propulsion Prob l ems of a Destroyer ,”
Experimental Model Basin Report No. 390, (Oct 1934).
41. Gert ler , M. and C. H. Hancock , “Comparative Resistance T,-sts with
the ATTC Standard Mode l ,” David Tay lor Model Basin Report 1357, (Jul 19h~ ).
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One item that should be noted is a correction to the predicted RPM

which should be made after the self propulsion experiments are conducted

at the desired correlation allowance . The reason wh y this correction is

necessary is not clearly understood at this t ime . I t  is qu i te  c e r t a i n

that the boundary laye r around the model is not the same as that around

the shi p which undoubtedl y a f f e c t s  the wake and the RPM .

It is usually the case that the RPM is over-predicted from the mode l

experiments at DTNSROC for rough hulls (hi gh correlation allowance), w h i l e

for very smooth hulls the correction is negligible.

P r i o r  to the compi lation of these data , the relationshi p of ship RPM

to mode l RPM was considered to be essentially a constant. For those

co r re la t i ons  a v a i l a b l e  at  the t ime , a va l ue of 0.98 was a good average.

As more ships were added to the stud y, it became apparent that a constaht

va l ue was not a particularl y good approximation.

This ratio was plotted against a number of variables , including C
B

and C~ . The onl y plot wh i ch seemed to be comparative l y consistent was

RPM /RPM agains t CA~ 
This plot is shown in Figure A-9. It may be seen

that there is a definite tendency for the ratio to decrease as CA in-

creases. A least-square Tine has been drawn throug h the data points

ind i cating a decrease in this ratio of approximately 3 percent in the

range of CA from 0 to 0.0010. Admi ttedly there is a large deviat ion

from this line for a numbe r of the shi ps tested. Attempts have been

made to further isolate shi ps as to numbe r of propellers and paints to

see if any trends could be established . The least—square lines derived

for each of these attempts have been invariably so close to the line

drawn for all the data that the difference was neg li g ible.

The hypothesis that this RPM relationship varies with correlation

factor due to si gnificant changes in wake with growth in boundary-layer

thickness can be advanced. Therefore it would appear that there would

be a d i f f e rence  In the re la t i onsh ip  for s ing le-screw ships as compared

to multi ple-screw shi ps. This is not the case. Further reasoning could

be app lied to rationalize why this anomaly exists , but it does not

appear fruit fu l to do so. It appears , therefore , that the ratio RPM /RPM

var ies  w i t h  CA w i t h i n  cer ta in  l im i ts , and the daia must be viewe d from
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an empirica l standpo int without a ri gorous explana tion . Other than the

c o r r e c t i o n  for RPM , the s t a t e — o f — t h e — a r t  is such that  other s c a l e - e f f e c t

corrections are considered to be so conjectural at this time that they

re not recommended for U. S.  Navy desi gn s.

I
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USS HAMILTON . FRICTIONAL TRANSMISSION LOSSES FOR STARBOARD

SHAFT AB AFT TORS I ONMETER , EXPRESSED IN SHAFT HORSEPOWER

FROM MODEL TESTS AND CALCULATION

BEARINGS AND DUMMY HUB
RPM S T U F F I N G  BOX AND CAP TOTAL
100 5.147 0 . 2 3  5.70

200 5 .55 1. 1+0 6.95

300 9.23 14.02 13.25

1400 1 5 .l 14 9 .12 24.26

500 22.62 17.07 39.69

FROM FULL SCALE SHIP TESTS

36 14 .5
50 14.9

75 5.14

100 5.7

201 8.2

300 13.9

1+00 23.5

1+92 39.4

The tota l loss in power at 100 RPM is approximatel y

0.5 per cent of the delivered powe r , and at 400 RPM

app roxima tel y 0.2 per cent of the delivered power.

Fi gure A-8 - Transmission Losses (Frictional) f~ - t  Is p

Nava l Shi p
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APPENDIX B

THE PROPULS I ON COEFFICIENTS

B. 1 Genera l Discussion

The propulsion coefficients used at DTNSRDC and NAVSEC are the pro

pulsive~effic iency (n0) , the thrust-deduction factor (1—t), the thrust-

wake factor (1-w T), the prope ller efficiency (Ti0
), the hull efficiency

(n
H
), and the relative rotative efficiency 

~~~~ 
Three types of experi-

ments are required to derive the above coefficients : the resistance

experiment , the self-propulsion experiment and the open-water experiment.

The propulsive efficiency and the thrust-deduction factor are derived from

the resistance and propulsion experiments; the thrust-wake factor and

the relative rotative efficiency are derived from the propulsion and open-

water experiments ; the propeller efficiency is der i ved from the open-water

experiment ; and the hull efficiency is derived from all three experiments.

During the past severa l decades a rather large assortmen t of notation

has been used to describe the propulsion coefficients. This has certainl y

been an impediment to the understanding and usage of these coefficients.

Fortunately, although diffe rent names and/or symbols have been used , the

definitions of the coefficients have rema i ned the same. An effort has

been made in this document to standard i ze the symbols used to describe

the powering performance of shi ps. Wherever possible , the symbols and

definitions cited in Reference 20 have been used . Since many readers may

not be familiar with the other notation used In the past , a brief dis-

cussion of each coefficient Is presented :

(1) propulsive efficiency (rID
)

other names: quasi-propulsive coefficien t

other symbols : 
~E
’
~S’ 

EHP/SHP , P.C. ,

(2) relat ive rotative efficiency 
~~~

other names : (none)

other symbols: e

(3) open-water propeller efficiency (rQ

othe r names : (none)

othe r symbols: e , e ,
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(4) shaft transmission efficiency (n5)
not fo rmerl y used - assumed to be 1.0

for all nava l ships (see Chapter 7.0, Section 7.1)

(5) hull efficiency 
~~~

other names : (none)

other symbols : e
h

(6) thrust-deducti on factor (l-t) , and thrust-deduction fraction (t)

other names : (general) thrust deduction may have been used to

descr ibe eithe r the fraction or the factor.

other symbols: (none)

(7) thrust—wake factor (1—w
T), and thrust—wake fraction (wT

)

w is def ined as the Tay lor wake fraction , In general

W
T 

is defined as the Taylor wake fraction determi ned from thrust

identity; hence , the name thrust-wake fraction

other names: effective wake fraction

wake fract ion

wake

thrust wake

other symbols: (none)

B.2 The Propulsive Efficiency, Components of

The propulsive efficiency 
~~~ 

is der i ved from the res i stance and

self- propulsion experiments. In its simplest form

PRV 
— 

E (B 1)
D 2ir Qn

where R is the resistance at a given speed (v) , Q Is the torque , and n is

the rotational speed from the propulsion experiment.

There are severa l popular misconceptions about propulsive efficiency .

One Is that f a change s made In a des ign which results In a higher

propulsive effic iency, the change must be beneficial with regard to power-

ing performance. It may be noted that if P( increases duri ng the change ,
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and P0 remains constant , ~0 will increase. Yet a decrease in P
0 

is what

the designer really wants. The U. S. Navy does not buy to put in its

sh ip s; i t buys P0.

Another popular misconception Is that a re-fairing of open-water

propeller efficiency (n0) must affect propulsive efficiency. This i dea

stems from the usual breakdown of into components:

— 

~H ~0 ~R ~~ 
(See Equation 7.1 and the discussion ;

assumption : n
~ 

— 1.0)

_ R V  
~~
TVA x~~

Q— (82)T V  2 n Q n  Q
A o

where the quantities with the zero subscript denote the va l ues measured

when the propeller is advancing through undisturbed water and those withou t

the subscript are the corresponding values measured when the propeller is

driving the model . It should be noted that V
A i s the speed of advance

determined from thrust i dentity .

As pointed out prev iously, the propulsive eff i ciency can be determ i ned

from the comb i nation of the resistance arid propuisfon experiments. Where

a breakdown of in to i ts con~onents is desired , the addition of the

data from the open-water propeller experiment is needed . if the open-water

curves were refa i red the changed values would affect not just propeller

effic iency, but the hull and relative rotative efficiencies as well. The

value of 
~D 

would not be affected unless the resistance and/or propulsion

data were altered. It Is agreed that in the early stages of preliminary

design , where stock propeller tests are not ava i labl e, that if n0 only is

changed obviously n0 mus t change.

With the accumulation of a considerable amount of experience on

tankery methods at DTNSRDC It has been found that , in cross fairing the pro-

pu ls ion coeff i cien ts from the experi mental data , the propulsive eff i ci ency

should be fa i red firs t as the results are usually less scattered than

thrust—deduction and thrust—wake factors. Thrust deduct i on , In particular

tends to be rather erratic as It ts the ratio of two variables whose
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magni tudes are usuall y very si milar; R/T for a destroyer mi ght be 0.98,
for example. If the measured thrust is one percent hi gher and the

measured resistance one percent lower , the shift In thrus t deduction

would be very nearly two full percentage points . As discussed previousl y

wake Is derived from the open-water and self-propulsion experiments. A

shif t i n thrus t of one percent hi gher during the open-water experiments

and one percent lower in the propulsion experiments will change wake by

abou t one percentage point. The same type of prob l em is encountered in

the sensitivity of relative rotative efficiency to comparatively small

changes in the measurements. On this point of accuracy of measurements

it should be noted that a change of one percentage point in the propulsion

coefficients may not be si gnificant.

Typica l va l ues of for severa l types of Navy ships are as follows :

DESTROYERS (TwIn-Screw) 0.62 - 0.66

DESTROYER ESCORTS (Single-Screw) 0.61 - 0.65

CARRIERS (Quadrup le-Screw) 0.62 - 0.66

As stated by Johnson and Gale in Reference 21 , the problems with

predic t ions usi ng 
~0 

are those involved wi th WT, t , and 
~R’ 

which will

be discussed ind ividually.

B.2.1 Thrust-Wake Fraction (w1)

The thrust-wake fraction is the velocity defect in way of the pro-

peller deduced from the experimental data from an open-water test and a

propulsion test with t~he same propeller. It is determined by computing

K.. and from the propulsion test , and by using the open-water curve at

the experimental va l ue of K.1. to get a va l ue of J1. The thrust-wake frac-

t ion i s then determi ned from

wT 
1 

~~~~~~ 
(8.3)

I t has been the practice for many years to separate wake Into fric-

tional , potential and wave components. The frictional component is

greatest at the surface and In the center of the stern and decreases

downward and outward . The potential component Is due to the veloc i ty

.•.



of the water closing in around the stern , It wi l l also be greates t at

the center and the surface of the water and decrease downward and outward .

The component of wake due to wavemaking will be greatest when there is a

wave crest at the stern and least when there is a wave hollow at the stern .

For furthe r details see Section 149 of Reference 42.

Wake is affected by a rather sizeable number of variables such as:

hull shape (particularl y just forward of the propeller location) , propeller

geometry (including diameter , pitch , rake , loading, tip clearance between

hul l and propeller , distance of propeller ti ps below the surface of the

water , size , shape and location of appendages with respect to the propeller) ,

and roughness of the hull surface .

I n fa i r ing wake data from a pro~ .ilsion test , it is norma l to find tha t

there is a good deal of scatter at the very low speeds; this data should

not be given much wei ght. Wake does not vary much with speed for fine

hulls un til a V/1[’of 1.0 is reached at which point w1, the wake fraction ,

normally decreases , and then l evels off agai n when V/~ft= 1.2 is exceeded .

Since the design speed of most nava l auxiliary hulls will not exceed V//C’

= 1.0, w1 will be very nearly constant through the speed range tested. For

very full forms (C~~ 0.75) a var iation above the V//C’ = 0.85 hump is

usually found.

B.2.2 Thrust-Deduction Fraction (t)

Thrust—deduction fraction (t) can also be separated into frictional

potential and wave components. Thrust deduction is due to the action of

the propeller on the hull in tha t a suction (decrease in pressure) is

created by the propeller. Even the term thrust deduction is controversial.

The British have used the term “resis tance augmentat ion” since it can be

viewed as an addition to resistance instead of a deduct i on from thrust.

One of the sayings of nava l architecture is that the entire hull generates

the wake but the thrust deduction is primarily affected by the hull and

appendages within 1 to 2 propeller diameters of the propeller. It Is

unfortunate that most changes in hu ll form and propelle r locati on that

42. Taylor , D. W., “The Speed and Power of Shi ps ,” Un i ted States Maritime
ConinIssion , 1 943.
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affect wake fraction beneficiall y (higher) also affect thrust deduction

fraction in the same direction such that hull efficiency , l— t , does not

change a great deal. l W
T

The variables which affect thrust deduction are the same , generall y

speaklng, as those listed for wake . In addition , the size and shape of

the rudde r and its proximity to the propeller may have a decided effect

on thrust deduction. Usually wake is expected to change more than thrust

deduction when displacemen t is decreased a significan t amount , e.g., from

full load to ballast condition . Consequentl y hull efficiency is normally

h i gher in the ballast condition . For single-screw ships an inc rease in

prop eller diameter normall y Increases the thrust-deduction fraction . Since

the thrust—wake fraction normall y decreases , hull eff iciency w i ll be ex-

pected to decrease in this case. With twin screw.s both wake (w
1
) and

thrust ~deduction (€) decrease if the d i stance of the prope llers from the

hull is increased .

Thrust deduction fraction is much more sensitive to variations in test

data than wake as it is the small difference between two large variables T-R.

To repeat a point made previously, if a thrust measurement was one per-

cent high and the resistance measurement one percent low for a given data

set the variation in t would be about two percentage points. A fair scatter

of data is normally encountered at the l ower speeds. Again , as for wake,

the lower speed points should be given little weight in fairing the curve .

Unless there is an unmistakable trend below V/IC’ = 0.6, I t is usually

sufficien t to cons i der t as a constant.

Amost all combatant ships and a number of the auxiliaries In the

U. S. Navy are built wi th exposed shaft(s) and employ shaft struts to keep

v ibration at acceptable l evels. The shaft and struts in front of the

propeller are major contributors to the wake and to the thrust ded uction

to a lesser degree . The use of the controllable and reversible pitc h

propeller In recent designs has been a prob l em as far as thrust deduction

is concerned because the method to date of controlling pitch requires a

comparative ly large shaft to contain part of the pitch control mechanism.

Consequently, the struts , bearin gs, etc., w ill be more massive because

ft
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the size and weight of the shaft have increased . It is anticipa ted , there-

fore , tha t the use of a controllable pitch propeller over a fixed pi tch

propeller will general l y result in an increase in thrust deduction even

though the increase may not be large . It should be pointed out that the

effect on P0 from the change in appendage resistance will u sually be much

larger than the effect from the change in thrust deduction .

B.2.3 Relative Rotative Efficiency 
~~~

The relative rotative efficiency (n R
) for a propu lsor/hull combination

is the ratio of the propeller ’s effic iency behind the hull to its efficiency

in open water. Essentially it is a measure of how well—suited the propulsor

is to the ve l oc i ty field in wh i ch it must operate.

As d iscussed in Section B.2, the open-water efficiency is defined by

the expression
T VA (8.4)no =

where all the measured ~uan titi e,~~
are determ i ned In a uniform inflow ve l oc i ty

(V
A
). Si nce the current practice at DTNSRDC does not dictate that the self-

propulsion and open-water experiments be conducted for precisely the same

range of speed and revolu tions per m inu te, the open-water data are generall y

expressed in coefficient form , as follows ,

J KT
Tb 27TK~~~’ 

(8.5)

where the subscri pt “o” means “determined In open-water”.

The efficiency of a propeller behind the hul l 
~~~ 

is generally ex-

pressed , In a manner similar to Equation B.4, as follows ,

T V

2nQn (B.6)

where the torque is the onl y factor which makes rj8 d i ffer from r~0. The

thrust and torque , del i vered and absorbed , respect ively , during the self-

propulsion experImen t may be expressed as the thrust and torque coefficients

(K.. and I(
Q
)~ respectively. One would then determine the advance coefficient
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wh i ch would correspond to the thrust coefficient (K.1.), using the

open-water curve of J versus KT 
. Then , one could determine the K

Q 
that

corresponds to 
~T 

in the open—wave r curve of K
Q 

versus J
0
. Conside? i ng

the foregoing , It is apparen t that the expressi8n for relative rotative

efficiency

= ni8/n0, 
(B.7)

can be reduced to

= K
Q

/K
Q
. (8.8)

There are essentiall y two factors which affect the relative rotative

efficiency 
~~~~ 

each of wh i ch alter the ability of the propeller to delive’r

a particular thrust with a particular torque as input at the same speed and

revolutions per minute. One of these is the amount of homogeneity in the

inflow into the propeller. Not only is the axial component of the wake

non-uniform , but tangential components also exist behind a ship. The othe r

factor is the Increased degree of turbulence in the fluid. Both of these

I tems materially affect the relative rotative efficiency .

The rela tive rotative efficiency generally has a va l ue near un i ty.

I t is between 0.95 and 1.0 for most sing l e-and twin-screw ships with shafts

and struts. There are some data to indicate that the struts are the prima ry

factor tending to reduce 
~R 

A va l ue ;~ excess of 1 .0, and sometimes as

great as 1.10 , is common for single-screw merchant ships .

8.3 The Interaction Coefficients , Est imat ion of

The best method for estimating the thrust-wake fraction , the thrust-

deduc tIon fraction , and the relative rotative efficiency is to conduct

resistance , propulsion , and open-water experIments , and to analyze the

data as discussed in Section 8.2. This Is not , however, always practical ,

and the nava l arch i tect must often resort to another estimating technique .

90 S .

.

.4



8.3.1 Sing le-Screw Cargo Hull Forms

Several techniques have been developed for estimating the thrust-

wake fraction and thrust—deduction fraction of sing le-screw cargo ships .

In 1950, Harva1d
4
~ discussed such techniques in a comprehensive study

of wake fraction and thrust deduction . He evalu ated 2 1 d i f f e ren t me thods
used for conventional sing le-screw cargo ships , and determ i ned that the

methods of Tay lor and Schoenherr were the best available at that time . He

then presented his own method , and concluded tha t h i s method was as accu rate
as the Schoenherr method , but easier to use . His final recommendation

was to use the Taylor method if a simple techn i que was satisfactory , and

to use his own method if more accuracy was needed .

Harva l d also stud ied the thrust—deduction fraction , and p resen ted h i s
own estimation method for conventional single-screw cargo ships . The

Harvald diagrams are shown in Figures B— i and 8-2, and the Tay lor estimation

equa t ions ar e

WT 
-0.05 + 0.50 C8, and (B.9)

t = (i.i)(—O.20 + 0.55 c8),* (B.lo)

where C8 Is the block coefficient.

Sample Estimates

The Taylor formulae’ (Equations 8.9 and 8.10) and the Harvald diagrams

(Fi gures B—i and B-2) were used to estimate the thrust-deduction fraction

and th rust-wake fraction for 150 models of single-screw cargo shi ps tested

at DTMB and DTNSRDC , and the results are shown in Figures 8-3 and 8-4. The

scatter on all the diagrams reveals the poor quality of the methods. Io

further il l ustrate this poor quality, Tabl e B-i was prepared . The average

error and standard deviation of the errors were calculated for the Tay lor
and Harvald methods , and also for the simple method of assuming that every

53. Harvald , S.A., “Wake of Merchan t Ships ,” Danish Technical Press ,
Copenhagen , 1950 .

* The fac tor “1.1” is an estimate based on a qualitative statement.

I
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va lue was equa l to the mean va lue determined from the 150 model studies.

In t Ie case of thrust-dedu ction fraction , choosing the mean value was

better than using either of the published prediction methods , while for

thrust-wake f ract ion the mean value was bet ter  than the comp lex Harvald
method , but not as good as the simple Tay lor equation.

B.3.2 Multi—Screw Military Hull Forms

Unfortunatel y, similar techn i ques do not exist for the estimation of

thrust—wake f ract ion and thrust—deduct ion f ract ion for mu l t i - sc rew m i l i t a r y
hull forms . Schoenherr 5, however , gives a formula for tw in-screw propel lers
supported by struts (w = 2 C

B
5 (1

~~ B) + 0.04), but states that this is for

merchant shi ps of norma l form operating at speed-length ra t ios  below unity .
He states that the wake f ract ion for destroyer forms l i es  between -0.02
and +0.02 when the shi p is equipped with struts.

8 .3 .3 Other Useful Techniques
Since the aforementioned techni ques are frequentl y inadequate , nava l

arch i tects must rely on other methods. Although there is a lot of va l uable

information in some of the series data such as Series 60,~ it is seldom

useful in the design of nava l ships. Consequentl y, the nava l arch i tec t  is
forced to do some research each time he wishes to estima te the thrust-wake

f r a c t i o n , the thrust—deduct ion fract ion , and the re la t i ve  rotat ive e f f i c iency
for a sh ip .

This research wil l consist of collecting and anal yz ing sets of data for
similar ships. If the new design happens to be a direct offspring of a

par t icular  shi p, e.g.,  in i ts  hull form and in i ts  comp lement of appendages ,
it would be appropriate to use the data from that hull form a lone. In mo~ t
cas es , however , it is necessary to rev i ew several sets of data , and to inter-

polate between two or more of the relevant sets of data. Although this

method can provide accurate results , one may misj udge the evidence and , con-

sequently, develop poor estimates.

Since this analytica l process does not lend itself to precise step-

by-step instructions , some basic guidelines are presented here to help

prevent these types of errors. It is rather i mportant that the naval

architect know the precise ship geometry and the nature of the appendages
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of the hull for which he has data . In addit ion to the importance of the

princ i pa l hull coefficients , there are other items , such as the propeller

ti p clearance , the location of the propeller certer line relative to the

shi p ’s b .aseline, the size of the propeller hub compared to its diameter ,
the size of the rudder(s) , the propeller-to-rudder clearance , and othe r

factors that significantl y affect the thrust-wake fraction , the thrust-

deduction fraction and the relative rotative efficiency. Unfortunatel y,

however , the state-of-the-art has not provided any guidelines as to how

these factors mig ht rank in their leve l of i mportance . All that can be

said is that the sets of data should be chosen with these factors in mind .

As an aid to the nava l arch i tect , Figure B-5 and B— 6 and Tables 8-2

and B-3 have been prepared wh i ch show the va l ue of thrust-wake fraction and

thrust deduction fraction determined from a selection of DTMB and DTNSRDC

model tests. Mean , pius-or-minus one standard deviation from the mean , and

maximum and minimum va l ues are given for 10 classes of shi ps. A quick

estimate for a new shi p can be made by choosing the mean va l ue of all pre-

vious ships in that class. If a more accurate figure is desired , the

• value from the ship in the data base which most resembles the new design

can be used. If severa l ships in the data base closel y resemble the

new design , then average values from those ships could be used . Until new

prediction method s are developed , this seems to be the best p rocedure to

follow to estimate t and W
T 

in the earl y stages of desi gn. Since there

are so many parameters involved and their relative influences are ill

def in ed , it is unlikel y that the estimates wil l  be hi ghi y accurate for

all new ships .

8.4 The Interact ion Coe f f ic ients , Sca le Effects
The thrust-wake fraction Is diffe rent for model and full-scale due

In part to the difference in Reynolds ’ number and hull roughness. Due to

the in cr ease in Reynolds ’ numbe r, the bounda r y layer (compared to shi p

length) should be thinner for the full-scale ship, so the propeller should

operate In less of a wake , thereby reducing the va l ue of WT. However ,

the roughness substantially affects the boundary layer , and these roug hness
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effects are the subject of a cont inuing international controversy . Thus ,

noth ing def in i te  can be s ta ted abou t these ef fects at th is  time . For a

“smooth” fu l l -sca le ship,  current DTNSRDC pract ice is to use the model
va l ue . For a rough ship hull , the va l ue is generally increased.

Effective wake can be computed from full—scale tri al results in con-

junction with the model propeller open-water experimental data. There is

still a sizeable cont roversy with regard to this procedure since the mag-

nitudes of the scale effects on both the model-propeller data and the

interaction between mode l hulls and propeller are still very much in ques-

tion . In its simplest form , where scale effects are i gnored ,

Q — 

~~~

En tering the model open water curves at spec i f ic  va lues of K
Q it is

possible to determine va l ues of J
Q 

and to determine the tor~ue-wake

factor

~JQ 101.27 V
l w

Q 
= , where = n D

5 V 5
S

If thrustmeters have been installed in the shi p, wT can be computed .
S

3600 T
S

2 4
s pn 0

is deter r ined from the model open-water (K.1. versus .J) curve .

Then l-w =T J
~S

Relative rotative efficiency for the trials can also be computed If both

torque and thrust values are available , since

914 ;



K
= ~open

K

where K is determined from the model open water curve of K at the
• ~open

va l ue of J1 as previously computed .

Please note again that the use of the model open-water curves in

conjunction with trial values of speed , torque , thrust and RPM to deter-

mine “full-scale ” propulsion coefficients is hi ghl y controversial.

B.5 Summary of the State-of-the-A,rt

It would appear that the experimental method is the onl y accura te way
to estimate the propulsive coefficients for most naval ships. Reasonabi~,’
accurate estimates can be made , however , for some nava l auxiliaries using

Ser ies 6O~ and for those ships which are a direct offspring from another

known ship. The common deficiency of all the existing techniques is tha t

they fail to account for the effects of all the significan t variables .

Since the thrust—wake fraction and thrust—deduction fraction are

dependent on so many factors , it is extremely difficult to determine which

are tru l y significant. Figures 8-7 through B-li are included for twin-

screw destroyer forms to demonstrate the variations with some of the

factors which are presumed to have some influence on these fractions .

Each point represents the fractions at the design speed for one ship model

of a twin-screw destroyer hull form . Some of the trends are obvious

(e.g., with V/IC), where others are not. Certainl y some of the trends may

be masked by the effects of some of the other factors . It would appear

that the si gnificance of these parameters could be determined through

regression analysis techniques . It is also likely that such a procedure

would lead to a useful estimating method .
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TABLE B-I

SUMMARY OF PREDICTIONS FOR 150 CONVEN TIONAL SINGLE-SCREW CARGO SHIPS

THRUST-DEDUCTION FRACTION (t)  I = .182

METHOD AVERAGE ERROR STANDARD DEV I AT ION a
t

Harvald -.026 .040

Tay lor 4.011 .047

t 0 .026

THRUST-WAKE FRACTION (w
T) .277

METHOD AV ERAGE ERROR STA NDARD DEVIAT ION aWT

Harva ld -.010 .070

Taylor 4.004 .0146

0 .063

where

= 
~ 

( x -  x th d)
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TABLE B-’2

W
T 

FOR 10 CLASSES OF S H I P S  TESTED AT DT P4B AND NSRDC

CLASS OF SHIP/NUMBER OF AVERAGE MAXIMUM MINIMUM a
EXPERIMENTS 

____________ - ___________ ___________ _____________

Conventional Sing le-Screw - .277 .571 .170 .063
Cargo (150)

Single-Screw Cargo with .158 .295 .014 .080
Shafts and Struts (20)

Twin-Screw Cargo (74) .110 .256 .007 .060

Sing le-Screw Tankers .345 .523 .229 .079
and Ore Carriers (20)

Sing le-Screw Destroyer .036 .074 .017 .019
Escorts (19)

Twi n-Screw Destroyers .010 .121 .0~49 .030
(65)

Twin-Screw Patrol Craft .049 .167 -.021 .055
(20)

Twin-Screw Catamarans .183 .255 .135 .045
(7)

Four-Screw Cru isers  (13)
Outboard Pair .026 .050 .000 .014
Inboard Pair  .074 .140 .050 .027

Four-Screw Carr iers (16)
Outboard Pair .075 .130 .020 .041
Inboard Pair .069 .170 .030 .043
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TABLE 8-3

t FOR 1 0 CLASSES OF S H I P S  T E S T E D  AT DT MB AND NSRDC

CLASS OF SH I P /N UMBER OF A V E R A G E  M A X I M U M  M I N I M U M
E X P E R I M ENTS 

____________ _____________ _____________ _____________

Conventional Sing le-Screw .182 .260 .070 .026
Cargo (150)

Single-Screw Cargo with! .142 .314 .080 .058
Shafts and Struts (20)

Twin-Screw Cargo .141 .216 .075 .033
(74)

Single-Screw Tankers and .176 .241 .104 .032
Ore Carriers (20)

Sing le-Screw Destroyer .075 .107 .042 .020
Escorts (19)

Twin-Screw Destroyers .054 .215 .003 .033
(65)

Twin-Screw Patro l Craft .117 .269 - .013 .063
(20)

Twin-Screw Catamara ns .178 .285 .098 .070
(7)

Four-Screw Cruisers .100 .130 .075 .019
( 1 3)

Four-Screw Carriers .142 .210 .095 .028
(16)
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