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ABSTRACT

The hull lift coefficient is one of the most important
and one of the least tractable components of the dynamic

• straight-line stability and maneuvering equations. An
analysis of the basic flow condition has been made, and
similarities to theories and data for flat plates have been

• examined. The hull flow condition is too complicated to be
ccmpared directly to flat plate flow conditions, but useful
insight still has been gained. Available data for wing
sections and sets of systematic hull series have shown trends
of lift coefficient versus B/L and CB, and have allowed
rudimentary analyses of the effects of skegs, propellers ,
and rudders.
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NOMENCLATUR E

A — aspect ratio = span2/area [treating ship hull as a
double body , A = (2T?/2TL = 2T/L]

B -. ship or section maximum beam

C~ — block coefficient = displaced volume/L•B’T

CL 
- lift coefficient = lift4p U2 (characteristic area)

D — drag or resistance of water-borne body

L — ship length, usually Lbp , but also Lwl for purposes
of this report

T — ship draft

Y — lateral force coefficient on hull due to sway
= — ( L i f t/ ~~p U characteristic area + Drag/~~p U

characteristic area)

—. angle of attack , measured from centerline

— (single prime ) refers to non-dimensionalization by

- (double prime) refers to non-dimensionalization by LT

aJ 
H
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I NTRODOCT ION

Dynamic stability and turning characteristics are

important items in ship design. In recent years , the

course-keeping prohiems of supertankers have made headlines

which have made naval architects more aware of rudder,

skeg, and hull design for maneuvering . Less heralded have

been the studies of turning that warship, patrol craft ,

and high speed containership designers have made . In the

• first two categories , designers have sought “high maneuver-

ability , ” meaning that they want the ships to “tu rn on a

dime” yet still go straight ahead when directed to do so.

The containership designers have been concerned with the

“excessive” straight line stability of their high-powered ,

long and slender ships, since getting the ships to turn

requires enormous control surfaces.

In this report, I had set out with the intention of

studying the maneuvering problem , specifically the derivative

of high speed, long and slender, transom stern vessels.

Although some very nice photographs of flow under a transom

stern patrol. craft wore published by Saunders , very little

quantitative data was available. The net result, in dealing

with the data available, is that  much more study has been

made of mediüm to very full hull forms. A few data points for

S
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individual destroyer-type ships are plotted , but the

general trends and analyses are derived from the full—form

ships.

I
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S
1. THEORY OF LATERAL FORCE ON SHIPS

The generalized equations of motion , as set forth in

Reference 2 , yield a l inear mathematical  model for steering

and maneuvering a surface ship:

(X~~-m )Ci + X U AU 0 ( 1)

(Y~~-m)~ + Y~v + (Y ._mx G)r + (Y -m u 1)r  + Y~~5 = O  ( 2 )

(N
~~
—mx G)~ 

+ N V  + (N
~~
-I

~
)
~ 

+ (N r
_ m x

Gu l )r  + N66 = 0  
( 3)

The criterion for dynamic stability in straight line motion

follows:

Yv (Nr
_ IflX GU 1) - Nv (Y r

_ mu 1) > 0 (4)

Thus , for dynamic stability , the important coefficients are

~~~~ Y~~, N~ . and Nr~ The first , ~~~~~~= lateral force coefficient,

is not easy to calculate by analytic methods. It is one of

the most important coefficients and requires accuracy to be

useful. Jacobs [17 ,18] has shown that N
~ 

can be estimated as

a subsequent operation to the calculat ion of Y~~ The value

for 
~r usually is quite small , hence s impl i f ied  calculation

procedures suffice . The value for Nr s though large , al so can 

- - . - -~~~~~~~ - -
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. be treated by simplified procedures to obtain su f f i c i en t

accuracy .

Attempts have been made in the past to fit empirical

curves for Y,, to existing data. The most commonly cited

effort is Jacobs ’ [17,181 use of the Jones [19] formula to

treat bare hulls, then to add the effect of large area of

deadwood aft. The result was a formula:

ac “

iv” = + D0
1’ ( 5)

where 
~
CL”/ac* = i~A fot the complete ship.

The formula gives values that are “of the right orders of

magnitude and indicate correct trends.” It can be seen

from Figure 11 that the formula always overpredicts the

value of 
~~~~

‘ even without the addition of D0
1 . Inoue [16]

modified the Jacobs formula , making use of the fact that

is quite small in comparison to acL /aa:

Y ‘ = l . 6 T T  (T 2/L2 ) plus a correction multiplier ( 6 )
V for trim

or

= .8i~A (7)

Gerritsma et.al. [12] cited this formula as being principally

based on Bollay ’s [6] low aspect ratio theory and a number

of empirical allowances. However , it very much resembles



V--- -—. --y ~ .--~~~~-—- r”’ ~‘•~~~ - ---— ‘—- - - ~~~~~~~~~ ~~~~~ ‘ ~~~~“ ‘  ~ “~~‘ ~~~~~_ ‘ “~~~~~~ 

~ 
.1

—12—

S.
the Jones formula with a correction multiplier ,

The Jones formula indeed does a fair job of predicting

It takes no account of factors other than aspect

ratio of the basic hull. This objection alone certainly is

not significant , since correction factors easily could be

applied. However , a much more fundamental  objection exists.

The Jones formula was derived from a sound , theoretical

examination of t r iangular  or delta low aspect ratio wings.

Jones considered a long, flat, triangular airfoil travelling

point—foremost at a small angle of attack . The theory

depended on the expansion of sections in a downstream

direction. It is true that ships expand from the bow in a

downstream direction , but this is an expansion in thickness,

not in section width. According to the theory , any par t of

the airfoi l surface having parallel  sides would develop no

lift. Further, sections aft of the section of maximum

width would not develop lift. Jones used an assumption ,

“corresponding to the Kutta condition ,” to show that the

shape of the foil aft of the section of maximum width has

little or no influence on the lift of the foil. Jones

showed that the tip of the foil need not be pointed ; an

elliptic or similar plan—form having expanding section—

width in a downstream direction gives nearly the same

results. The reason can be surmised from the figures below:

L L1_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The evidence of observations of flow ove r the bottom

of ship mode l hulls indicates that the l i f t  on ships depends

heavily on the conditions near the t ra i l ing  edge. An ideal

fluid treatment of a wing-shaped body in unbounded , invis-

cid flow results in the generation of a large moment, often

referred to as the “M unk moment” [21 1, but no l i f t . Exam-

ination of the result of including viscosity reveals that

net l i f t  forces are created (see Appendix 11). “The total

l i f t , as a result of an inertia distribution and a viscous

distribution along the ship length , is generated for the

greater part in the forebody , which means th at the viscous

part counter-balances nearly the inert ia  part in the af ter-

body . The center of the viscous force distr ibution L
the refore lies well a f t  of the center of grav i ty . ” ( 12]

This last point makes it qui te  eviden t that the f i t  of the

Jones formula to ship data is happenstance .

Jones stated that the theory was not good for rectang-

ular planforms. He showed that for such forms, the theory

predicts an infinite concentration of lift at the leading

edge and no lift elsewhere , whereas a more accurate theory

I
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51¼
would show some distribution of the lift rearward. Bol]ay

introduced a theory that could treat rectangular planforms.

Starting with a thin flat rectangular plate having very

low aspect ratio, Bollay treated the lift problem as a 2-D

phenomenon , ignoring leading and trailing edge effects.

For the infinite aspect ratio case, Bollay found that the

wing is hydrodynamical ly equivalent  to a constan t distr ibu-

tion of bound vortices whose axes lie along the span. At

the ends of the span , these vortices separate , flowing

downstream along the resultant velocity vector. Inclination

of the vortices to the wing was assumed to be most important

at the separation point , since the part of the vortex

nearest the wing is the most influential in inducing down-

wash at the wing. The theoretical normal force coefficient

is CN = N4p U
2area = 2 sin 2 a; hence , at ( Z =  0 , CN = 0. For

aspect ratios in the range 0 < A 1, the norma l force

coefficient retains a Sin
2 (z form , except that the slope

~~~~~ 
aCN/a~*O 

becomes increasingly posi tive , so that the coeffi-

cient takes on the form CN = C1sin ~z + C2 sin 2a. At A =  1, CN
vs. ‘~ is near ly  a st raight  line up to the s ta l l  ang le .

Bollay stated that the theory worked for A= 0 and

A — ~~~, and that the low aspect ratio formulation worked

relatively well for 0 < A <  1. The reasons for the gradual

breakdown are that three-dimensional e f fec t s  occur and that

0
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leading edge and trailing edge effects change the lift

distribution. Figures 13 and 15 show this.

The aspect ratio range for ships is about .05<A < .2,

which is well within the range of applicability of the

Bollay theory. Unfortunately , ships do not resemble flat

rectangular plates. The fore portions usually do have a

rectangular planform , while the sterns often are cut away.

The important difference is the thickness variation along

the length and the shape of transverse sections. By virtue

of several factors, including blunt bows, widely varying

sterns, beamy sections, large Reynolds number flow, and bow

wave effects, the end effects become significant. Even flat

• - rectangular plates being operated at the free surface in

water are not directly amenable to treatment by Bollay ’s

theory. Bertrand (31, testing a small plate with A= .26 ,

in ful ly submerged flow in a propeller tunnel , ver i f ied

Bollay ’s theory. But Gerritsma , e t . a l . ,  testing a 3-meters

long plate with A= .114 at the free surface in a towing

tank, obtained a lift coefficient about half that predicted

by Bollay ’s theory. Part of the discrepancy may be attri-

butable to measurement inaccuracy , as admitted by Gerritsma,

et.al. More likely , the differences in testing conditions

account for very different vortex and boundary layer

characteristics due to cavitation , aeration, and free surface
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effects. Crabtree, as cited by Jacobs (17], noted that a

flat rectangular plate showed a pronounced suction peak in

the pressure distribution near the leading edge, with a

consequent steep adverse pressure gradient and laminar

boundary layer separation. Jacobs further noted that “since

the size and form of the separation region or ‘bubble ’ has

a large effect on the lift, Tsakonas cautioned against the

use of the experimental measurements on flat plates to

predict forces in the case of the ship-wing analogy.” (This

caution would seem to apply to Jones’ theory as well as to

Bollay’s theory.)

The net result is that flat plate theories and experi—

mental results have to be modified to suit the realities of

flow around ship hulls. The bow and stern sections of

merchant ship hulls (Mariner, Series 60, etc.) begin to

resemble flat plates with sharp or squared-off edges.

Transom—stern or cutaway-stern ships such as destroyers have

less resemblance to plates at their sterns. The differences

between plates and ship hull mid-bodies are another matter

entirely. However, such differences should not be inter-

preted as being of such nature as to make the flat plate

theories useless. What is necessary is some way to bridge

the gap between the plates and hulls; to show how the hulls

make not very good low aspect ratio, thick wings. To dismiss

0-

_, 
~~,
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S
the flat plate data entirely , to use instead a formula with

an entirely unrelated theoretical origin simply because it

f runs close to the data for some ship hulls, is undesirable .

It is more satisfactory to start from an idealized concept,

then to work toward the reality.

Bertrand ’s study hints at why flat rectangular plate

theory is not useful for directly predicting the lift

characteristics of ship hulls. His data for rectangular

and delta plates showed some decrease in CL when sharp lead-

ing and side edges were rounded off. The shed-vortex sheet

was observed to break away from the bottom edge further

downstream for the rounded edges than for the sharp edges.

This suggests that the rounding off more easily allowed flow

around the bottom edge, from the high pressure side to the

low pressure side, without the need to generate tip vortices

at the forward end. This effect would be magnified by a

ship hull , since bilges are round and the width across the

•bottom increases from the bow to the parallel mid-body .

Saunders [221 presented photographs (Figure 15) of the

underwater portions of ship hulls to illustrate the flow at

the shell. It is easy to see that the rounded bilges and

wide expanses of bottom plating cause the flow to be anything

but two-dimensional across the span (in this case, from free

surface to keel). There is considerable cross flow being
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swept downstream by the forward velocity, so that the flow

on each side is changed considerably from the waterline to

the keel. In the fore portions , there is little evidence

of the trailing vortices that would be formed along the

bottom of a flat plate. Hence, little viscous lift is

produced by the fore portions (supporting the assertion by

Gerritsma, et.al.). The stern skegs or deadwood present a

very different flow problem. They are like flat plates

themselves and do much to help generate t ra i l ing vortex

systems. It is tempting to observe that skegs and large

areas of deadwood aft look like good cases for application

of the Jones formula for delta wings. They are delta shapes,

fitted to the hulls with the hulls acting as groundboards so

that e f fec t ive  aspect ratios are double the measured aspect

ratios. However, it is not apparent from the photographs

that the skegs act as isolated lifting surfaces. The

photographs show that when the flow has reached a skeg,

substantial changes in free-stream flow have occurred. The

shed vortex system has been started by the keel. On hard

chine vessels, the chine itself can be expected to act as a

bottom edge on a very low aspect ratio lifting surface, with

the consequent qencration of its own vortex systems. The

Jones formula may be of some use for predicting the lift

generated by a small skeg on a large, full-bodied ship, such

0

_ -  — _

- 
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.
as a tanker, but the interactions with hull flow make the

Jones formula inappropriate for calculating the lift due to

large skegs or deadwood areas on slender ships such as

destroyers. [Note that Saunders ’ photographs are of ships

in fully developed turns, being tested on a rotating arm.

The angle of attack varies along the length , starting from

about zero at the bow and increasing in a downstream direc-

tion . However , Y~, and aCL/acl are defined for small angles

of attack for the whole ship. Thus , the photographs are

not representative of the flow at the forebody for genera-

ting ~~~ A uniform angle of attack should generate more

cross flow forward and should generate the beginnings of a

shed vortex system further forward than shown.]

0
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2. RESULTS OF BOLLAY’ S THEORY FOR LOW ASPECT RATIO
FLAT RECTANGULAR PLATES [6 )

F force on plate, resultan t of lift and drag

N — normal force component of lift resolved perpendicular

to plate

N/L = cosci

CN ~ normal force coefficient = N4cJ U2area

At A = 0 , CN = 2 s i n 2 c~
At A =  .5 , C~ is nearly linear with ci

At A —  1., C
M 

is linear with a for 0° < a < 20 0

= .~~~
- (2sin 2 cii/cosci ) 

= 0 A = 0

— 4sjncz + 2sin3a/cos2a

= 0.0

for A> 0 takes on increasingly positive values.
0 

~~ _ . _ - ~—- • ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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S
EXPERIMENTAL THEORETICAL

Aspect 
~ @ 300 

~ @ 25° 2 n
Ratio N ~cs N 1 + 2/A

0 0 0 0 0 0

.0333 .14 .267 .08 .183 .103

.134 .34 .649 .20 .458 .393

.20 .42 .802 . .33 .756 .571

.35 .62 1.18 .48 1.10 .936

.50 .90 1.72 .72 1.65 1.257

.66 1.05 2.01 1.00 2 .29  1.559

1.00 1.33 2.54 1.28 2 .93  2 . 0 9 4

1.25 1.40 2.67 1.55 3.55 2.417

1.5 1.50 2.86 1.60 3.67 2.693

2. 1.67 3.19 1.65 3.78 3.142

CM at 30° and CM at 25° are measured from lines tangent

to the curves at c i = 0 .  .

The plots of aCL/~
a versus A have been non-dimensional-

ized on ~ pUL •T rather than ~~1) U L 2 because the f i r s t  shows

up the di f ferences  much better.  The formulae of the form

(coefficient x aspect ratio) plot as straight lines, while

the non—linear  low aspect rati~ and Bollay theories are well

separated.

0
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S 
.

Within the ship aspect ratio range, Bollay ’s plots

(Figure 1) of CN versus a are distinctly non-linear. This

causes no problem with for  the s tabi l i ty  equation , since

= (
~ CL ’/aa O ) + D0 ’ which is defined for small perturba-

tions in a about a = 0 , in Phase 1 and early Phase 2 of a

turn. However, the non-linearity will affect the use of

in the linear maneuvering equation , where substantial values

of a are used in later Phase 2 and Phase 3 of a turn (Figure

16).

Depending on the preferences of the authors, versions

of the non—linear maneuvering equation include the terms

~Y = Y v + Y
V v~v~

or

• 
• 

= •+ Y~~~~v
3 

+ ...

in the Taylor expansions for forces [4].

The Bollay data indicate that the first expression gives a

better f it to f lat plate results. However , a lack of da ta

for ship hulls makes it impossible to choose one form or the

other for the purpose of fitting the data better. The non—

linearities introduced by hull geometry probably complicate

~—.-~--- ~~~

—

~~

---- 

~~~~~~~
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.
the problem so much that any higher order between 2 and 3

would give acceptable results.

Landweber and Johnson [20] also cited a formula ,

L = C 1c z + C2c&
2 .

r
for bodies of revolution , but the exponent could have been

3 as easily as it was 2.

Ii

0

• • .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . .~~ . .~
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3. WING-SHIP ANALOGY

For the wing-ship analogy, the hu l l  is treated as a

very low aspect ratio fin having very large area. Although

the hu l l ’ s performance as a fin is quite poor, the area is

large ; hence , force/unit area x area becomes a signif icant

quantity. As with all wing theories, the primary parameter

for evaluating different lift coefficients for different

hulls is the aspect ratio , span2/area. The free surface of

the water acts as a groundboard or mirror , e f fec tively

doubling the span ’s effect. Hence, span = draft x 2.

Assuming that hulls have nearly rectangular planform , espec-

• ially when rudders and skegs are included , area = draf t  x 2

x length . Then aspect ratio = A = 4T2/2TL = 2T/L.

Other parameters are :

thi ckness/chord = B/L

taper ratio = C
~ /C5 = t ip chord/roo t chord 1

sweepback angle = angle that  trace of chord midpoints makes

with ver t ica l  0

mean section sh~pe = waterplanc at load water l ine

0
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4. BASIC W I NG TH EORIES FOR ELLIP TI CAL PLANFO RM S

For infinite aspect ratio,

= 2ira (8)

where = section lift coefficient .

The Lanchester-Prandtl wing theory (1) applies to wings

having elliptical spanwise distributions of lift and aspect

ratios larger that about 3. To relate f i n i t e  and i n f i n i te

aspect ratios at constant lift coefficient,

a a0 + tCL/~
tA) (9)

where a = angle of attack for finite A

= angle of attack on a section , i n f in i te A

CL = wing lift coefficient

a = + (Ct/nA) = ct (l + ~ ) ( 10)

In the linear range of lift coefficient versus angle of

attack ,

C
L 

— (
~
CL/a

cx)ct , ( a C L/~
ct) = CL/a (11)

3
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C — (~C~/~a0)a0 , 
(~C~/~a~) — C~ / c10 

(12)

At CL 
a Ct

(aCL/aa) a — (
~
C
~
/aa0)a0 

(13)

• (aC
L
/aa)a O

(l + ~ ) (aC t/~
a0)a0 

(14)

(3CL/aa) (1 + ~ ) = (
~
Ct/~

a0) (slopes) (15)

2(CL/a) (1 + = (C
~
/c10) 

(16’

• A t a a0 H

C
L 
- C

~
(a/a0) (l/1 + ~

) = (C~ /l + = I~ + 2/A (17)

The Jones theory , for A less than .5, is

CL = A (18)

Between .5<A < 3., tip vortices give a downward comport-

ent to the inflow velocity, thereby decreasing the inf low

angle a. The expressions for finite aspect ratio lift

coefficient üe applicable only to flat plates with ellipti-

I~
.
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.
cal or similarly shaped planforms. 

•

~ 

L

.

_ _ _ _ _ _ _ _  _________________________________ S -—_-_—— —
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5. EXAMINATION OF WING SECTION PROPERTIES

Although the wing-ship analog y treats the hu l l  as a

low-performance f i n , it is possible that section properties

have similar effects on hulls and on wings. To pursue this

possibility, the ef fec ts  of maximum section thickness ratio

(y/c) and position of maximum section thickness (x/c) were p

examined. The results were compared to data for three

series of ships, and a general agreement was found between

• the effects of y/c on wing sections and the effects of B/L

on hulls.

From section characteristics (1 ,15] (Figure 4),

CL” ~
cL /~

ct = 2n(l.4 — ~~~~~ + .8~~.] (19)

(.03<y/c < .11)

x/c = LCB from bow/L (20)

y/c = ~~D/L (21)

Thus , .

= 2n[1.4 — ~~~~j (.94 + .4~~ ] (22 )

Q

- — ~~~~~~~~~~~~—• —— ~~~~~ ~~~~~~ —•t~~ ~~• ~~~~~~~~
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(.06 < B/L~ .22).

No ship data has been found to prove or disprove the

validity of the factor for LCB location . Only the factor

for section thickness can be examined in this report.

CL
’ = L4~~V

2
L
2 (23)

CL
” - L4PV

2LT (24)

CL
’ — C

L
” 

~ (25)

A mode l series (12] specif ically des igned to yield data

• on variation of maneuvering characteristics with B/L had a

slope of 
~
CL”/acs versus B/L of about l/2i , rather than 0.4

from the section data. Other model series were not consist-

ent, but the general trend wa s to support a posi tive slope

within each series, with roughly the same coefficient.

0

_________ • ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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D A T C O M

— __________

Dcølgnat ion 4. l.~ —A & von Doenhot f y/ cNACA 
Cta(per 

•) C~~(per rad ) 
Cta(per rad)

0006 .108 6.188 6.215 3.001 30
0009 .109 6.245 6.011 4.501 30

63—006 .112 6 .417 6.215 3 .000 35
009 .111 6 .360 6.071 4 .500  35
012 .116 6.646 6.322 6.000 35
015 .117 6.704 6.322 7.500 35
018 .118 6.761 6.366 9.000 35
021 .118 6.761 6.548 10.500 35

64—006 .109 6.245 6.112 2.995 40
009 .110 6 .303 6.388 4 . 4 9 0  40
012 .111 6 .360 6 .548 5.981 40
015 .112 6.417 6.388 7.482 35
018 .111 6.360 6.279 8.979 35
021 .110 6.303 6.433 10.481 35

65—006 .105 6.016 6.051 2.998 40
009 .107 6.131 6.031 4.496 40

• 012 .110 6.303 6.112 5.997 40
015 .110 6.303 6.279 7.498 40
018 .100 5.730 6.011 8.999 40
021 .112 6.417 6.548 10.499 40

66—006 .100 5.730 6.112 3.000 45
009 .103 5.901 6.112 4.499 45
012 .106 6.073 6.112 6.000 45
015 .105 6.016 5.821 7.495 45

63A0].0 .105 6.016 6.011 4.995 35

64A010 .110 6.303 6.011 4.995 40

Data fo r  
~
CL/~~

i Dependence on (~~thickness/chordL and location

of Maximum Section Width

. . . • • • -~~-_ j
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6. versus B/L

Tests by Gerritsma , Beukelman , and Glansdorp (12] on a

special set of Series 60 hulls showed a def ini te increase

of Y,~,’ with increase of B/L beyond a value of about .05

CL/B = 20). Even after the effects of drag were subtracted ,

the tests still showed an increase of 
~
CL ’/

~
c& with increase

of B/L. The slope for 

~c’ versus B/L was about .018 - .014/.2
= .02 at Fn = .15. The slope for 3CL ’/aa versus B/L was

approximately .01. V
The MARAD Series (131 showed little or no increase of

with increase of B/L. Examples were:

• .00670 — .00645/ .200 — 167 = .0075 and

.0126 — .0 124/ .200 — .181818 = .011.

The original Jacobs Series 60 (18] without propellers

or rudders actually showed decrease of 
~v

’ with increase of

B/L. The slope was —(.01387 — .01264)/.l666 — .125 = — .03.

• However, the Jacobs and Eda [11] Series 60 for the same

hulls with propellers and rudders produced a slope of •

.01643 — .01509/.1666 — .125 = .032.

‘0
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7. ~~~~~ versus CB or C,~

Some small increase in ~~~~
‘ is to be expected for

increase in CB~ 
just from the increase in drag on a fuller

form hull. However, the drag contribution to ‘i~~,
’ is small

anyway, so a small addition may not be noticed. Another

contribution to Y
~
’ arises from the change in hull shape.

The MARAD Series (13] best illustrates the effects of

CB variation within a consistent series of hull forms (Figure

6). When CB increases, LM/L (parallel midbody/total length)

increases proportionally. This may cause an increase in V
because it increases the length over which midship

• section bilge radius occurs and it increases the length of

bottom having midship section bottom width. Fore and aft of

the parallel midbody , the curvature from flat bottom to sides

increases in radius , and the width of flat bottom tapers to

zero at the ends. Two effects  then augment each other. The

greater extent of minimum bilge radius makes the hull more

like a thick foil  with small radius edges. The greater

extent of full width bottom creates more skin friction

resistance to cross-flow, since such flow will  have greater

distances to traverse fore and aft of the former ends of

parallel midbody. H
The series of elongated bodies of revolution (201 also

0 
-
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have increasing lift with increasing CBI probably because the

fuller shape has more skin friction resistance to transverse

flow, and presents more lateral area within the confines of

d x t .

The results of several series , when compared series

against series , show that gross increases in CB wi th

accompanying changes in other characteristics , generally

lead to decreases in Y ’ . The fu l l  form tanker hulls , su ch

~s the MARAD Seric - , the HyA tankers [5,8], and the Glansdorp

and Pijfers tankers [14], lie well below the Eda destroyers ,

and below the Series 60 hulls on the Y~ ’ versus A plots.

Furthermore, the finer—formed series are less consistent in

their dependence of Y~ ’ on C8. This may occur because the

increases in CB decrease the slenderness of the ends , cut

down on deadwood area , and decrease lif t generation at the

ends, especially the sterns.

0

___________ --
. 
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8. PROPELL F R ErI~~CTS

Propellers are known to contribute to directional

stability . Their effect on 
~v

’ is measurable , as can be

seen from comparison of powered and non-powered model test

results. One form has been suggested from submarine analysis

by Abkowitz (under the assumption that the propeller is oper-

ating near the point of maximum efficiency,  an/3J=0 , behind

a streamlined body):

= - 
1.8d2 (l_w

f)(~~
.
~
)(KT

_ J  ~~T) (26)

d = propeller diameter

J = advance coefficient VA/nd

= thrust coeff ic ient  = T/pn 2d4

L = ship length (Lbp)

= propeller e f f i c i ency

n = R P M

p = density of seawater

T = thrust of propeller

V = speed of ship .

VA 
- Speed of advance of propeller

W
f 

= wake f rac t ion  = ( V -  VA )/V

Unfortunately  for this study , the data necessary to

calculate 
~~v

’ are not available in the data sets used.

L 

- 
- 

•
- 

. 
~~~~~~~~~~~~ 

• 
~~~~~~~~~~~ ~‘
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• 

.

Thus the formula  is u s e f u l  only as a suggested form w i thou t

experimental verification for shi p hulls.

A formula of this type would be desirable for evalua-

ting the differences in 
~~~~

‘ attributable to various

propeller parameters , such as power per propeller and number

of propellers. It is desirable to have a breakdown of

contributions to 
~v ’ rather than to have some simple formula

for overal l Y ‘ which is invariant with changes in basicV

parameters other than aspect ratio. • •

• 

• 

.

• - -—----—— • •. • —-•- —a ~~~~~~~~~~~~~~ -
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• Sample Calcula t ion for Propel ler  in Fr ee Stream

= - 
l.8d 2 

( 1 - W
f

) (~ -~~ ) (K
T 

- J

L =  450 ft.

T =  27 ft.

d =  .7T

Fn = .20

V = .20 x [32.2 x 450 = 24 ft/sec.

= 14.2 knots

EHP = 2800 hp = RTV/ SSO = (1 - t )TV/ 550

W f . 3

J = V A/nd=24 x .7/1 x 27 x .7 .9

= T/prt2d4 = EUP x 550/(1 - t)Vpn 2d4

= 2b30 x 550/Cl — .2) x 24x 2x 12 x (27x •7)4

= .3

assume — .3

= -1.8 (27x.7)
2 

- 

~~2~~x .6 ) 1.3 - .9 x (-.3)]

= .00034

0
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The propeller operates ii water which has been dis-

turbed by the passage of the hull , and in general the water

around the stern has a forward motion acquired by its

• interaction with the movement of the ship. The forward-

moving water is called the wake, and it results in the

propeller advancing relative to the water at some speed VA

• (speed of advance) which is a lower speed than the ship

speed V.

The difference between ship speed V and speed of

advance VA is called the wake speed. Taylor introduced

“wake fraction s’ wf :

W
f = (V - VA)/V (27)

V
A 

= V ( 1  — W
f

) (28)

The propeller , when developing thrust , accelerates the

water ahead of it , thereby lowering the pressure around the

stern and increasing the velocity of the f low around the

stern. The effect of the propeller in inducing an inflow

velocity reduces the forward wake somewhat below the nominal

wake for bare hull.

When a hull is towed , there is an area of high pressure

over the stern which has a resul tant  forward component

________________  
__________



• reducing the total resistance. With a self-propelled hull,

the pressure is reduced over some of the stern area by the

action of the propeller in accelerating the water flowing

to it. The result is that the forward component of the

pressure is reduced , the resistance is increased , and the

thrust necessary to propel the ship at a given speed is

increased. The common practice is to view this increase

in resistance as a decrease in the thrust available at the

propeller, so that although the screw provides thrust T,

only thrust ~~ is available to overcome resistance. The

“thrust deduction fraction” = t:

• t = CT - R.~)/T (29)

• .
. = (1 - t)T (30)

(1 — t) thrust deduction factor

The net result, the ratio of work done on the ship to

that done by the screw , is hull eff iciency ~~~

“H 
= 

~E~~T 
R.~

V/TVA = (1 - t)/(1 - w) (31)

0

• • •

~ 
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• EFFECT OF BLOCK COEFFICIENT ON
WAKE FRACTION (w) AND THRUST DEDUCTION FRACTION (t)

Series 60 (from [9,25])

LCB 2.5A 2.5A l•5A 1.SA 2.OA .5A .5A .5A

CB .60 .65 .60 .65 .70 60 .65 .70

.285 .310 .246 .263 .316 .230 .252 .274

t .179 .206 .177 .167 .204 .154 .155 .161

1.148 1.151 1.093 1.130 1.164 1.098 1.129 1.156

LCB .5F .4F .5F .5F .8F 1.4F l.5F l.5F l.SF

CB 
.60 .65 .70 .75 .80 .65 .70 .75 .80

w .218 .247 .271 .367 .363 .229 .255 .311 .362

t .140 .160 .180 .227 .330 .136 .156 .171 .238

1.10 1.116 1.125 1.221 1.053 1.121 1.133 1.203 1.195

LCB 2.5F 2.6F 2.5F 3.SF 3.5F

C~ .70 .75 .80 .75 .80

w .259 .297 .355 .288 .355

t .164 .170 .200 .176 .170 
•

1.128 1.181 1.240 1.157 1.287

-— , • •~~



_-.• • •—.~-••_ _ _

—44—

S .

Wake f ract ion and thrus t  deduction f rac t ion  general ly

increase with CB. The hull efficiency generally increases

With C2 since w is more affected than t. Hence, the

anticipated increase in resistance for higher C~ is some-

what offset by increased hull efficiency . But since t

increases with C8, the effect of the propeller in reducing

pressure over the stern and pulling the streamlines more

toward the propeller , increases with C8. The effect of the

streamline modification may be to increase the lateral area

over which the transverse velocity components due to side-

slip can generate lift , thereby increasing transverse lift

and the coefficient

This may help to account for the large augmentation to

Y%~’ by propeller action , as found , by Glansdorp and P i j fe rs

for full tanker models. The AY
~
’ that they foun d was much

larger than the AY V ’ predicted from analysis of propellers

in a free stream . The effect of the thrust deduction

phenomenon may be an explanat ion for the discrepancy .
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9. RUDDER EFFECTS

Jacobs Series 60, Mode l 2 ,1, 1

L = 5.0 f t .  L/B = 7.0

B = .714 ft. B/T = 2.68

T = .267 ft. L/T = 18.75

Rudder span .200 f t .  Area = .021 f t . 2

Rudder chord = .105 f t .  Aspect ratio = 2span/chord = 3.81

.2 x .105/5.0 x .267 = .0157

For this value of A , 3CL/acL 2ir/(l+ 2/A) = 4.12 or 4.

• 
Lift CL x

~~
pAU 2

• CL 
= (

~~
CL/~

ct ) c z  = (aC L/ aa) (V/ us)

= (aC
L’/

~
a) + D0 ’ but D0’ is negligible .

Therefore, using ~Y’ CL’

• 
~~v

’ = CL ’/V 
_

= (~~k) (~~.)(1) ~~~~ ~ 
x T X L [ U  x (1 - w ) ] 2 

•

1 ~~p .2 x .105 (U x (1 — w)]2

(l-w) 1 2
~~p L U

= 
4 x 1 x .2  x .105 x ‘

~ = .00235

0 
• 

_

- -~
_.- ~~~~~~~~~ •~~~~

. 
~~~~~~~~~~~~~~~~~~~~~~~~ ••~~~~~~~~~~
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Model 1, 1,1 2.1,1 2 ,1,2 2 ,1,3 3 ,1,4

Span .2 .2 .2 .2 .2

Chord .105 .105 .167 .080 .105

• L • 5 f e e t

T .267 .267 .267 .267 .267

A 3.81 3.81 2.4 5. 3.81

~
CL/ac~ 

4.1 4.1 3.4 4.5 4.1

.0024 .0024 .0032 .0024

Model 4 ,1,1 5,1,1 6,1,1 7,1,1 8,1, 1

Span .2 .164 .258 .2 .2

Chord .105 .105 .105 .105 .105

L 5 ‘f e e t

T .267 .2175 .345 .267 .267

A 3.81 3.12 4.91 3.81 3.8].

acL/acl 4.1 3.8 4.5 4.1 4.1

~~~~,
‘ .0024 .0018 .0034 .0024 .0024

• 
. Jacobs’ Models, Simplified Calculation for Rudder Effect ~~~ 

‘

~

‘

~~~

0

• —— • • -~~~~~- .~~~~~~~--_- — -— • -~~~~~~~~~ -~~~~~~~~~~~~~ •• 
. ~~~~~~~~~~ —•--— • -_ •~~~~~~~~-~~~~~~~--•- _____ j
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EFFECTS OF RUDDE RS AND PROPELLER S

Comparing a series of bare hul ls  versus a series of

hulls with propellers and rudders , all running at Fn .20 ,

Jacobs Models 2 ,1,1 2 ,1, 2 2 , 1, 3 3 ,1, 1 4 ,1,1

.01627 .01659 .01563 .01643 .01509

2 2 2 3 4

.01307 .01307 .01307 .01264 .01387

.00320 • .00352 • .00256 .00379 .00122

cu ate , .0024 .0032 .0020 .0024 .0024Rudder ~Y
V

Calculated .00034 .00034 .00034 .00034 .00034 HPropeller ~Y• 
V

Total .0027 .0035 .0023 • .0027 
• 

.0027

Jacobs Models 5,1,1 6,1,1 7,1,1 8,1,1

.01130 .02669 .01787 .01723

5 6 7 8

.00943 .02172 .01531 .01365

A Y ’  .00187 .00497 .00256 .00358

.0018 .0034 .0024 .0024Rudder AY
V 

•

CnLe iit•itcd 
, .00034 .00034 .00034 .00034Propeller /W

Total .0021 .0037 .0027 .0027

0

L
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Wi th one exception, the simple rudder calculation

accounts for 70% or more of the total ~~~ measured . In

one case, it overpredicts. The free stream propeller

calculation is inadequate to make up for the difference in

most cases. It is reasonable to state that the formula is

not applicable to cases where propellers operate aft of

blunt sterns. However, there is no~ data available to

examine the applicability of the formula to transom sterns ,

where the propellers have nearly free stream operation.

I.
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10. INTERACTION OF PROPELLERS WITH RUDDERS

Mandel ( 9] and others have shown that the propeller

race makes rudders more effective as ship-turning devices.

The same wake—straightening effect that causes propellers

to develop transverse lift also increases the angle of

attack on a deflected rudder mounted aft of the propeller.

Additionally, the increased flow velocity within the race

helps a rudder to develop more lift. Proof of the effect

on the rudder ’s ship-turning ability can be seen in Figure 10,

where increased propeller RPM increases Y 6.

The wake-straightening effect of the propeller works

to reduce the rudder ’s dynamic stability effectiveness.

With the rudder fixed at zero deflection, any straightening

effect on the inflow due to the propeller race reduces the

angle of attack on the rudder. The situation becomes

complicated by the nature of the wake straightening .

Because the f luid  flow is a continuous phenomenon , the wake

does not stra ighten immediately aft of the propeller. The

effect  is gradual,  increasing wi th  distance af t of the

propeller. Evidence of the confounding nature of the

phenomenon comes from four sources. •

Jacobs found on Series 60 model 2 that L
~
Yv ’ varied

consistently with rudder chord variation. The variation

0 was non-linear; the slope of AY
~
’ versus chord length

• ————-• •• — — -• • - - • • • •‘-~• •~ —•-- —-- • - — ••— ~~~~~~~~~~~~~~~~~~~~~~~~
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decreased with increasinq chord 1 ’nqth. Presumabl y, the

chord length additions wore made to the trailin g edge, where

the wake was more straightened , hence the additions became

less useful.

Eda found on destroyer models tha t Y~~’ decreased wi th

increasing Froude number , hence speed. Destroyers have

nearly free stream flow to the propellers , so the increase

in 
~~~~

‘ due to propellers that occurs for full form ships

will not be as large for destroyers. The high power

destroyers have considerable wake strai ghtening due to

propellers , so the effectiveness of rudders naturally

decreases with increasing Fn , as the wake is fu r the r

straightened.

Glansdorp and Pijfers used two hulls and two sets of

rudders , and found that increasing rudder chord decreased

at corresponding RPM . “ . . incr easin g the rudder area

not necessarily gives a better course stability ,” because

other thinqs rcmaininq fixed , a decrease in 
~~~~~~~

‘ decreases

course stability. Since the propeller RPM did not vary ,

the contribution to 
~v

’ due to a propeller operating behind

a full stern also did not vary. The decrease in ‘
~

‘

~~~~

‘ then

can be attributed to the shift of rudder area aft when the

chord was increased , wh ich sh i f t pu t the ru dder in more

straightened wake and decreased its utility as a course
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•
stabilizing device. Since increased chord length reduced the

aspect ratio of the rudders , a redu ct ion of rudder e f f ective-

ness cou ld have occurred rega rd less of the f low strai ghtening

• effect of the wake.

Surber [24] tested a transom stern patrol craft with

various spade rudder s, and found that the tactical diameter

of scheme 3 (rudder area = 93 ft.~~, A = 1.80) was less than

that of scheme 2 (rudder area = 101 f t .2, A 1.46). The

improved Y6 for the smaller rudder apparently was due to

its higher aspect ra tio and its higher percentage of area

in the propeller slipstream. The scheme 2 rudder had a

long chord and short span , reaching just below the prope ller

shaft. The scheme 3 rudder had a shorter chord and longer

span , reaching well below the propeller shaft. The

improvement in occurred despite the fact that the scheme

2 rudder area was slightly aft of the scheme 3 rudder area,

which should have placed the scheme 2 rudder in more

straightened f low and should have improved its Y 6.
It is evident that a trade-off arises between and

If a designer wan ts a ship with small tactical diameter ,

he shou ld place the rudde r at a point w e l l  aft of the

propeller to take advantage of the 1 10w-strai ghtening . If

instead he wants a dynamically stable ship, he needs as

little flow-straighteninq as possible affecting the rudder ,

0

• ~~~•••- —~ • -- ~~~--~~~~~~~~~ • • -•-
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• 
H

so he should p lace the rudder as close as possible to the

propeller , or he should try another approach by using twin

rudders placed well to the si~..e of the propeller slipstream.

It is not s u f f i c ien t to depend on variations of rudder

area alone to properly effect changes in or Y~. The

designer will need to evaluate the flow conditions to the

rudder and propeller as well as the characteristics of such

devices.

[Note: In the previous discussions of rudders and

their interaction with the hull and with propellers , the

linearized equations of motion from Strom-Tejsen (23] have

been the source for the coefficients and Y~~. In the

non-linear equations, the Taylor expansion would lead to use

of cross—coupled coefficients such as 
~v66 

and since

both 6 (rudder) and v (ship) are involved simultaneously in

a non-linear treatment of maneuvering. ]

0
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S
11. SKEGS

Several authors treat skegs as isolated lifting sur-

faces , using skeg effects as linear additions to the basic

hull stability derivatives . It is to be expected that

rudders and short skegs may act as such lifting devices.

They stick abruptly into the flow , through or beyond the

boundary layer. Because of their small size , they do not

have a profound effect on the boundary layer nor on the

vortices being developed by the hull. However , large,

faired-in skegs or deadwood do have a profound effect on

the basic flow conditions . Saunders ’ photographs show this

well. Jacobs found that large areas of deadwood and fairirtg

could augment the basic hull lift coefficient on Taylor

Series 840 hulls by a factor of 2. However , it is not

likely that such a convenient factor would apply to skegs

on other hulls. Glansdorp and Pijfcrs found a much smaller

• effect on full tanker models. Destroyer hulls might have

even a larger figure because their basic sterns arc so

smoothly cut away from somewhere aft of midship to the

transom stern . Unfortunately, no data has been found to

support this statement. Furthermore , no data has been found

to examine the effects of small changes in existing skegs on

It is likely that the skeg effect on is linear with

• —•—•--~ • - • • • - - • • • • - • • • — -. —•• ---~~-~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ •__
~ -••• • • ~~~~~~~~~~~~~~~~
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skeg changes over a small range , but no proof has been

• found.

0
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12. DATA SETS

• Elongated Body of Revolution [201

The results of experiments on elongated bodies of

revolution show how important bow , stern , and bot tom shape

can be for generation of lift. The hulls had circular

sections, no deadwood, blunt bows, and tapered sterns.

• C~ = V/ (rrd2/4)9.

d = diameter

£ = length

= 3CL’/3cz L4pU
29~

2

L’ + D0’

D0’ = unknown , assumed small

d/P. (taken as aspect ratio) L’ (C~ = .55) L’ (C~ = .65)

.1 .0054 .0063

.125 .0076 .0091

.143 .0096 .0111

.167 .0124 .0141

.2  . 0166 .0189

.25  . 0 2 3 3  .0 2 67

The plots of L’ versu s A f all we ll below the plots for

0
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ships and flat plates , Figure 11. This is to be expected

because there are no lift generation devices at the stern

or the bow and the middlebody presents a shape that the

fluid , flows under very easily . With regard to bow and

stern lift generation , Landweber and Johnson pointed out

that such effects cannot be treated as independent from the

effects of the bare hull. There is too much interaction

effect with the boundary layer to treat skegs and deadwood

as isolated lifting surfaces.

Landweber and Johnson foun d that bodies of revolu tion

have a relation between lift and angle of attack similar to

that found by Bollay for flat rectangular plates ; “At small

angles of attack ~, the li f t of a body of revolution is

• expressible in the form L = C1ct ÷ C2c~
2. It is well known

that a very long cylinder at an angle of attack is subject

to a normal force propor tional to sin2c~, an e f f e ct which

may be explained by assuming tha t the longitudinal and

transverse components of the inci den t f low act independen tly.

• [Bollay ’s two-dimensional flow across the span] It appears

reasonable to suppose that this effect accounts for the

quadratic term at small angles of attack .”

0



• ~pecial Series 60

Gerritsma, Beukelman , and Glansdorp tests on Series 60 [12).

(For original Series 60 (25], 6.5 < L/B < 8.5).

B/L .25 .181818 .14286 .1 .05 0

L/B 4 5.5 7 10 20

L(m) 3.048 3.048 3.048 3.048 3.048 3.048

B(m) .762 .5542 .4354 .3048 .1524 .006

T(m) .1742 .1742 .1742 .1742 .1742 .1742

CB .70 .70 .70 .70 .70 1.0

A = 2T/L .114 
• 

.114 .114 .114 .114 .114

(Fn = .15) .018 .017 .016 .0145 .014 .015

.2) .0185 .0176 .0175 .015 .014 .016

• 
- 

• —Y~
’(Ffl = .3) .0245 .023 .0207 .0176 .0145 .016

Norrbin formula : Y,~,’ = -l.69ii (T2/L2) - .08 (BT/L2)CB

.01734 .01734 .01734 .01734 .01734 .01734

.00080 .00058 .00046 .00032 .00016 .00001

.01814 .01792 .01780 .01766 .01750 .01735

Slope of Y,~,’ (Fn = .15) is about (.018— .014)/(.25— .05) = .02

• Slope of aCL’/
~
cz is assumed to be about .01

•~~~~
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Effect of Drag , D

D = ~~P V 2 S C
D
(R, B/L)

C
D 

= CF + CR

C
F = C~~(R )

For Special Series 60,

Fn .15 .2 .3

V= Fnv’~t 2.69 3.59 5.38 ft/sec

Re=VL/v 2 .69  x 106 3.59 x 5.38 x 106

C~ .0040 .0038 .0036

where CF is non-dimensionalized on surface area.

Roughly, surface area = LT~i .

To non-dimensionalize on projected area, LT , CF must be •

multiplied by IT. Further , to non-dimensionalize on L2, CF

must be multiplied by T/L.

CF
’ = CF1T (T/L)

C~ ’ .00072 .00068 .00065

Approximate C~ ’ .0001 .0003 .0009

CD
’ .0008 .001 .0016

Both CR’ and surf ace are a are increasing functions of B/L.

Thus, CD is a function of speed and B/L (CD(R,B/L) as above).

The slope of CD ’ versus B/L is positive , and 3CL /acz 
~v

’ - CD’

should have lesser slope than Y ,’ .

0
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.
Bare Hull from Jacobs Series 60 (18]

Y “ — L “ + D “
o

MODEL 2 3 4 5 6 7 8

0.015 0.017 0.014 0.017 0.015 0.019 0.021

0.245 0.237 0.260 0.217 0.315 0.287 0.256

0.230 0.220 0.246 0.200 0.300 0.268 0.235

B/T 2.68 3.12 2.34 3.28 2.07 2.68 2.68

BIt 0.1428 0.1667 0.125 0.1428 0.1428 0.1428 0.1428

L/B 7.0 6.0 8.0 7.0 7.0 7.0 7.0

L/T 18.75 18.75 18.75 23.0 145 1.8.75 1.8.75

LcG/L 0.515 0.515 0.515 0.515 0.515 0.505 0.475

C
5 

0.6 0.6 0.6 0.6 0.6 0.7 0.8

• 
C~, 0.614 0.614 0.614 0.616 0.614 0.713 0.807

CA 0.9 772 0.9772 0.9772 0.9740 0 .9772 0.98 18 0.9913

A 0.1067 0.1067 0.1067 0.0870 0.1379 0.1067 0.1067

• Y ‘ .01307 .01264 .01387 .00943 .02172 .01531 .01365
V

— D  ‘ .00080 .000910 .00075 .00074 .00103 .00101 .00112

Si. ’ 0.0L227 0.01)73 0.0U12 0.00870 0.02069 0.0 1429 0.01253

2 3 4 5 6 7 8

A—2T/L 0.1067 0.1067 0.1067 0.0870 0.1379 0.1067 0.1067



• 

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 8: Y ‘ versus  B/L , A , and CB for Jacobs ’ Series 60,
BXre Hulls

L ~~~ •~~~~~~ • _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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S
Hull with Propellers and Rudders f rom Jacobs Series 60 [181

MODEL 1,1,1 2,1,1 2,1,2 2,1,3 3,1,1 4,1,1 5,1,1 6,1,1 7,1,1 8,1,1

CB .6 .6 .6 .6 .6 .6 .6 .6 .7 .8

B/L .1333 .1428 .1428 .1428 .1667 .125 .1428 .1428 .1428 .1428

A— 2T/L .1067 .1067 .1067 .1067 .1067 .1067 .0870 .1379 .1067 .1067

L/T 18.75 18.75 18.75 18.75 18.75 18.75 23.00 14.50 18.75 18.75 H

—D0” .015 .015 .015 .015 .017 .014 .017 .015 .019 .021

.00080 .00080 .00080 .00080 .00091 .00075 .00074 .00103 .00101 .00112

.255 .305 .311 .293 .308 .283 .260 .387 .335 .323

—Y ‘ .0136 .01627 .01659 .01563 .01643 .01509 .01130 .02669 .01787 .01723
V

Rudder .021 .021 .0334 .016 .021 .021 .01722 .02709 .021 .021Area

Eda Series 60 Controllability Models [11]

MODEL 60B2 60 60R1 60R2 60B1 60B3 60H1 60H2 70 80

Rudder .021 .021 .033 .016 .021 .021 .017 .027 .021 .021Area

.270 .305 .311 .293 .308 .283 .260 .349 .324 .354

.01440 .01627 .01659 .01563 .01643 .01509 .01130 .02407 .01728 .01888

C
8 Series 60 70 80 L/T Series 60H2 60 60111

L/B Series 60(13 60 60B1 Rudder Series 60R2 60 60R1

• • —~~~~~~— • • — • ——• - • - •~~~~~ .•—~ -• • • • - •• 
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I i ~j~irt’ 9: V ‘ versus R/L , A , and C
B fo r  Eda ’s Series 60, w i t h

PYopeller s and Rudders
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s , w~i (Ii F’roj~eth ’L~ ; ~u~ 1 Uud.der~;

3 3MODEL 81000 m [ 5 )  190000 m [ 8 1

S 33.82 in 47.5 in

T 12.92 in 18.5 in

L 232.86 m 305 in

CB .80 .84

B/T 2.62 2.57

B/L .145 .156

A .11 1 .121

Y ‘ .01360 .01530
V

r
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Simulated Self-Propelled Destroyer [71

B = 46 ft.

‘1’ 14 ft.

L = 440 ft.

C8 = .494

A 4000 tons

A = .0636

B/L = .1045

B/T = 3.3

= .10149

7)2

This is data for a fictitious destroyer escort “study ship” ,

synthesized from realistic data.

0
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Navy A0177 Fleet Oiler [101

(fully appended and propelled)

L 550

B = 8 8

T = 32.2

B/L = .16

B/T = 2.733

CB = 27400 x 35/550 x 88 x 32.2 = .615

2T/L = .1171

Y ’ = — .0 16046
V

• 
- Mar in er [9 , 231

L 528

B 76

T 2 7

A = l 9000

I . C~3 .61

B/L = .144

B/T = 2.8

2T/L = A = .1023

• Y ‘ = .011604

S

L • - ~~~—~~~--—~-- — _ - ~~~~~~~~~~~ •~~ -~~- - - —~~~ 
‘-
~
- - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-
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Eda Destroyers, Self-Propelled [ill

Ship DL-2 DD-692

S31 031 541 S51 051 Fn = .15 Fn = .38

L/T 34 27 .4

A .059 .073

B/T 3.41 2.89

B/L .1004 .1055

CB .51 .53

Rudder 102 5 x 2 not listed
Area

.r
’ .01049 .009205 .00866 .00819 .007424 .008591 .009389

S31 sonar dome , Fn .20

031 no dome , Fn = .20

S41 sonar dome , Fn .34

S51 sonar dome , Fn = .40

051 no dome , Fn = .40

1’

0
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S
Glansdorp and Pijfers - Full Tanker Models [141

L =  310m  B/L = .152

B=47 .16 m B/T = 2.5

P = 18.90 in A 2T/L = .122

V = 2350 00 m3 V = 232690 in3

Rudders Balanced Balanced Mariner-type Fixed Portion Twin
I II II I IV V

AR 2.87 2.3 3.36 2.3 3.37

AreaR 75.4 115 78.8 115 38x2

AreaR .013 .02 .013 .02 .0065x2

SHIP PROP & RPM RUDDER SKEG

01 .01562

02 Y85 I .01938

03 II .01733

04 Y67 II .01836

05 Y85 II .01821

06 Y102 II .01878

Ml .01438

M2 Yes .01510

Mi Y85 .01600

M4 Y85 Yes .01717

L ____________________ ________
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SHIP PRO P & RPM RUDDER SKEG -Y
V

MS III .01559

M6 I I I  Ye s .0 16 19

• M7 Y85 III .01716

M8 Y85 I I I  Yes .01825

M9 IV Yes .01663

M10 Y85 IV .01762

Mu Y67 IV Yes .01768

M12 ‘Y85 lv Yes .01813

M13 Y102 IV Yes .01829

M14 V Yes .01722

M15 Y85 V Yes .01832 -

•

Bare Hull Fully appended hu ll , average

01 Ml 0 M with skeg

.01562 .01438 .01900 .01750 .01820

V ~i ts

Rudder Propeller RPM

No Prop 67 85 102

I .00072 .00l6~ .00275 .00372 +

II .00124 .00250 .00305 .00377

III .00094 .00217 .00277 .00330

IV .00127 .00275 .00344 .00411

V .00057 .00169 .00208 .00237 0

-
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Contribution AY
~

’ due to propellers is .00162 which is about

10 times the number expected from Abkowitz ’s formula for

propeller in a free stream. Apparently there is much more

- 
effect of a propeller on flow ahead of and behind the pro-

I peller plane on a full form ship than there is in a free

stream.

I
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13. CONCLUSION

A disappointingly small amount of data was available

for analysis of transom stern vessels. Many more data were

available for full form tankers , so most of the results are

more applicable to that class of ships.

Although

= -((aCL/~
cz) + D0’]

Inoue and others have foun d that the two factors follow

similar trends, and have found it expedient to combine the

two. Besides, most datasets present Y~ ’ alone , and may or

may not include resistance data.

Figure 11 shows that Jacobs ’ version of the Jones

formula , (ir/2)A2, always overpredicts the value of 
~~~

‘ ‘
although it may come close to the destroyer data if propellers

and rudders were removed (Figure 12) . Inoue ’s more recent

version runs through the data for Series 60, while it under—

predicts for f ine  destroyers and ove rpred icts for fu l l

tankers (Figure 12).

Bollay ’s theory , expectably,  well overpredicts the value

of Y
~
’ for bare hull. From the beginning , it was obvious

that ship hulls are not good approximations to flat rectangu-

0
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S

lar plates. But the insight into the basic flow phenomena

of vortex sheet generation has been valuable , especially in

light o~ Saunder ’s photographs , showing vortex formation

along a patrol craft underbody .

My conclusion is that the data should be left in the

graphical form , and that data points should be added as they

become available. Eventually , a function

= f ( A , B/L , Fn , CB, . ..)

will become evident; but for now , the graphical form with

supplementary graphs for B/L and CB dependence is clearest

and most useful .

Much more basic experimental work is desirable . Such

things as V form versus 13 form bows; systematic variations

of skeg length ; variations of rudder size, aspect ratio ,

and location rel ative to propeller ; and LCB varia tion have

not been examined because there are no data available. More

• f low studies l ike those of Saunders and Bertrand are

necessary for basic understanding of the vortex phenomena.

o — 
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S
Code for Figures 11 and 12

+ Jacobs Series 60, Figure 11

÷ Eda Series 60, Figure 12

X Mariner

* Glansdorp and Pi jfers  tankers

0 MARAD tankers

Gerritsma , Beukelman , and Glansdorp Special Series 60

D Destroyers

HyA tankers

• Navy fleet oiler

_ _ _ _ _  _ _ _  _ _ _ _ _ _ _
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Figure 13: Pressure Distribution on Suction Side of Thin
Rectangular Fla t P late, A=l , at a 8 °  [3].
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APPENDIX I

Some Established Characteristics of Hydrodynamic Derivatives

1) x~ represents the slope of the curve of the X force

plotted against ttu. Direction of X force is opposite to

direction of drag or resistance force. X~ will be negative

as long as the net drag increases with speed. For displace-

ment ships , X~ will be large . For planing or other non-

displacement ships, at the point of planing or. lift-off the

drag can decrease with an increase in speed , making X~ a

positive quantity , briefly. X as a force represents the

imbalance between drag or resistance force and force pro-

vided by propeller thrust. At equilibrium speed u0, X = 0.

2) X~~i represents the force that the body experiences in

the x-direction as a result of acceleration in the x-

direction. The inertial reaction force of the fluid against

the acceleration tha t the body causes is in the direction

Opposite to the acceleration of the body . X~ is negative

and is 5% to 10% of the mass for normal ship types.

3) ~~~ represents the linear approximation of the Y force

resulting from acceleration in the y-direction . The origin

--

~

-

~

--

~

- - ---~~--~~~~~ - --~~~~—~~~~ -~~~~~~~- - -~~~~ - -
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of the force is similar to that for X~~ . Y~ for  both bow

and stern is strongly negative , the magni tude being close

to that of the mass for normal ship types.

4) N~~ represents the linear approximation of the moment

resulting from angular acceleration about the origin of the

axis system fixed in the body . A positive r produces a

local ~‘ = rdb at each point P(b) forward of the origin and

a local ‘
~~ = -~ d5 

at each point P(s) aft of the origin. The

inertial reaction force of the fluid against the acceleration

is a hydrodynamic force in the d irection opposite to the

acceleration. The moments caused by the forces add to

produce a significant negative value for positive ~~.

5) Y~~ results from the imbalance of the forces which

cause N .r. Bu t for Y~~ , the forces on the bow are in the

direction opposite to the direction of the forces on the

stern. Hence , Y~~ may be (+ ) ,  ( - ) ,  or in iare cases , zero .

The magnitude of Y . will be small. If the bow predominates ,

having greater pressure distribution , Y . will be negative . 
— 

-

6) N~~ arises from the same hydrodynamic iner tial reaction

that causes Y•~’. But since the bow and stern forces are in

the same direction , N•~ wil l result from an imbalance . Hence
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.
the magnitude of N~ may be (+ ) ,  C - ) ,  or zero. The magnitude

of N ,~, will be small. If the bow predominates , N • will be

negative.

~~~ results from the steady-state lift that arises

from the angle of attack of the body as it moves ahead at

velocity u
0 and to the side at velocity v. A positive v

causes forces in the negative y-direction on all sections

along the length of the body. These forces add - to give a

significant negative value to Y~ .

8) N
~

v ar ises from the same hydrodynami c l if t for ces that

cause But as with N~v, the imbalance of bow and stern

forces causes N
~ 

to be (+) ,  C — ) , or zero , and to have small

magnitude. If the bow forces predominate, N
~ 

will be

negative . 
-

9) Yrr arises from the lift generated as the ang le of

attack increases as the body moves ahead at velocity u0 . A

positive r causes negative Y forces on the bow and positive

Y forces on the stern . 
~r 

represen ts the imbalance of these

forces , hence it wil l  be small .  If bow force s predominate ,

will be negative.

~ 

-~~~~-~~~~~ -~~~~~~~~ -
~~~
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.
10) Nrr has the same orig in as Yrr , but now the bow and

stern forces add to make N
r a significant negative value.

I! 

~~ - -~~ - - ~~~~-~~ ~~- - -. ~~ --—~~~~ --~~ -- ~~~~~~~~~~~~~~ - -~~~~~~~--— - - -  - -—  ~~~~~ -~~ - 
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bow and stern ef f e c t s  add , h ave ( — )

bow and stern eftects are opposite , have (+) , (-)

o r O

Y. bow and stern effects are opposite , have (+) , (-)

o r O

bow and stern effects add , have ( - )  Lr

bow and stern effects add , have C-)

bow and stern effects are opposite , have (+) , ( — )

or 0

Y
r bow and stern effects are opposite , have (+) , C— ) ,

o r o

N bow and stern effects add , have (-)r

0

~ làIL ~~~~ .... ~~~~~~~ - -  — ~— — - ~~~~~~ -~~~~~~ -
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S
APPENDIX 11

Munk Moment versus Actual Moment [Emp iricall for Sub:~arines

In non-viscous flow , unstable moment for forward motion

is proportional to (k2 
- k1) where k2 and k1 are coefficients

of added mass in lateral and longitudinal directions .

Munk Moment = moment of instability = (k 2 -k 1
) V p ( V 2 / 2) s i n 2 u

Empirical formula for submarines (roughly, an ellipsoid of

revolution) [201,

M
~
’ = 0.87(k2 — k1)m ’ =

= M 4  p L
3u

= m4p L
3 

= 2V/L3 ; V = displaced volume

For ellipsoid of revolu tion , V = ~ -~iT b2a ; 2a = L, 2b = H

Therefore ,

M
~

’ 0.87(k2 
— k1)~ - ~~~~~~~~~~~~~ = 0.87 (k

2 
— k1

) ~~~~~~~~
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• 2
In this form, (k 2 - k 1)~~~2 = Munk Moment (non-dimensional

derivative w.r . t .  vertical

vel oci ty)

Pressure forces in potential ,

non-viscous f low , due to 2

stagnation points .

u
In potential flow with circulation, the af t  stagnation point

moves to the tai l to satisfy the Kutta condition :

This is brought about by circulation f low about the airfoi l :

I

— — — — —__________

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ __________ — ~
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which, when combined with the incoming f low, creates lif t,
the pressure distribution for which is, typically :

The net effect is to redistribute the forces which cause the

mcment of instability:

and, in the submarine case, to reduce the moment by 13%.

Hence,

(Lift x moment arm) = (Munk Moment) - (Actual Moment)

= (Munk Moment) - .87(Munk Moment)

0.1.3 (Munk Moment)

—O.234m’079 — D’

— + D’ — —O.234m ’079

L
~ 

L
~
’
~
.PL 2u

M
~ ~~

Mw’~~
I)L3U 

~~~~~~~ ..
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Thus,, Munk Moment = (k2 
- k1)~~(~)

2 
~ 
p 8a~u

Lift = _0.234t~.(~)
2)079 x ~

p 4a2u

— 
0.13(k2 — kL)~ n/3)(b/a)

2(1/2 p 8a3u)

0.234Uir/3)(b/a) ] (l/2p 4a u~

= 
(k, — ki) (b/a)2a 

~(b/a) LS

a (k2—k1)(b/a~~
42x1.122a

— (k2—k1)(b/ar
420.561L

(

b/a 1/4 1/5 1/6 1/7 1.8

k2 .862 .895 .917 .933 .945

.082 .060 .046 .035 .029

Mom ent arm .24445L .23828L .23023L .22248L .21457L

Mcment arm — .00555L — .01172L — .01977L — .02752L — .03543L

_ _ _  
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