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The purpose of this report is to provide information

_about the resistance, interaction and scaling of appendages.
A calculation procedure is_develépgd that can be used to
compute the Reynolds number dependent components of appendage
drag. A correlation is made between the calculated valuyers

of drag and data obtained fiom bare hull and zopended
-ship-model resistance tests. This correlation indicates

ttat the mathematical model 1s an effective means of
predicting the viscous drag of app :ndages and that the added
‘drag due to pressure as well as interactlon between appendages
and the hull form is of a small order of ;agnitudg. n
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INTRODUCTION

Ship appendages refer usvally to element. outside the wain hyll, such

as shafting, shaft supporting struts and bossings, power transmissicn 9065
and strurs, bilge keels and control surfaces. It has been common practice
to measure the drag of these a,pendages as the difference in dr:ao whin
conducting resistance tests with a ship-model in the bare hull and che .
appeuded condiltion., These measurerents provi&e a8 gross assessment of the
total drxag of appenqages plus interaction effects foxr a particular design .
but they do not glve detalled drag data for each appendage, nor inter-
actions between hull and appendages,. The designer does not-have Sufdcient
Information to ..mprove designs vhere the combined drag 1s unduly high.
Furthermore the extrapolation, from model to full-scale, of appendage drag

-

1s-questionable at best.

..
-

A procedure for designing appendiges was presented in 1953 by Philip
i ;

Mandel”, In his summary, Mandel statcs that scale effects of appendage-’

"
wresistance .,.aré importaat not only in acccunting for part of any discrep-

.aucle: between model power predictions and full-scale results but also iu

:establishing the valldity of comparative medel testing conducted for the
purposa of evaluating c_ompetitive appendages:” Fundamental studies and tesis
©0f iandividual appendggés over a large range of Reynolds numbers are needed

for this purpose." In 1957, E. P. Clement conducted such'a study using

-appendages from 2 planing boatz.. Clement concluded that the resistance

predictions based on previous nodel. tests-were .too high by-about Z 9% when

Shey were compared with his tests. He-further concluded that t:his eXTOY Wes

a scale effect due to the fact that below a Reyaolds nuzber of 100 the em:rap-
olator used with the Schoepherr friction line was not steep emough.. Im
’966 Hadler3 developed mathematical ewpressions for’ predicting the drag of
planing boat appandagec and used clenent s work to determine the accuracy of

his mechod. . : - - -

References are listed on page 53.

-
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The present task would appear to be to verify 1f the works by Clement
and Hadler can be applied to displacement type surface-ships. The major
problem encounterxced in this arca 1s in predicting the £low in way of.the
appendages. Tlhereas in a planing boat, it may be assumed that the flow 1s
parallel to the bottom of the hull and has the same magnitude as the boat
speed, this is not necessafily the ca2se for displacenecut ships.

This report.will.discuss.ways of estimating the magnitade  and dlrection -
of.the velocity in way of the appendages. Then'a mathematical model will
be developed for estime~ing tha.Reynolds number ‘dependent drag of the -

following.appendage conponents:*

-de
2.
3.
4.

5..
6..

Rudders, .

Shaft support struts,

.Stabilizer fins,

Tatermediate and main shafts,
Stemtube bossings,

Intermediate and main strut barrels,

7. Bilge Keels, and
8. Skegs.

The results obtained from the mathematical model.are then:correlated with
model.test .data and there.is a.discussion.of the:induced forces and the R
interaction between the appendages and the hull:, . T

1

* 1t should be noted that although this report-does- not. cover such appendages
as pover traasmission pods or right angle dr.'ve-units, information regarding
these appendages may be found in References 4-and-5:- It'1s hoped, that at a
later date expressions will be developed for these appendages as there would
appear to be quite a demand for this information in the future.
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: g -+« o%. MATHEMATICAL EXPRESSIONS OF.APPENDAGE DRAG

- - .In.the development.of mathematical expressions-that cas predict the drag

of the aforementioned appendages.it.was.necessary-to’ rake assumptions sq

. that the calculations.could be made-with:relative.ease and still be . e

applicable.. .The first.major.assuzption:is-that:the-appendages can be

. divided .into.their:.component .parts,-the'drag-of-each- component being
calculated separately and.therefore,:the:total-appendage-drag ‘:Ls equal t:o:\
the sun of the drag.of each appendages‘-The ‘second-major-assumption is
that the drag.of.the :opendages 1s considered:to'be viscous im natuyre.

- (These assumptions +AlL be discussed:in- further-dstall later in the text.).

Other assumptions.will be discussed:for-each-case and-specific reféreuces

are -noted next to.each expression. o

THE APPENDAGE COMPONENTS e iml e

3 - S

The appendages.considered.herein are braken down iuto the following

'groups: . - T (

Group I Rudders, struts, and stabillizer fins;

. Group II = Steratube bossings, intermediate shafts, main shafts .-
- . _and intermediate strut barrels; .

Group III = Main strut barrels; - .

Group IV = Bilge keels anii skegs.

- To. - - Y s
H = “ & .

.Grouvps I and II are treated as two-dimensional-svifaces;’Croup-IIL is treated -

-

1ike a body of revolution and Group IV is trested simllar to a flat plate
‘friction plane.. .

« e . - o oe 0

VELOCITY - MAGNITUDE AND DIRECTION

- - - S

Tu the prelimina;ry design stage, more often-than'not; the designer caa

only approximate' the velocity at the‘stemﬁ"At'present;"thera‘are no simple - -
' * -t .
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methods for predicting the flow im way of°a ship's app'endagGS. The Douglass |
Mrcraft Company, Inc. has developed-a’ computer-program-for calculating
potential flow zbout arbitrary three-dimensional-bodies' (Reference 6).

The Douglass program has been used successfully in severzl-cases to predict
the flow about ship hulls, There has been’ somrsuccess’iﬁ'predicting the
pressure distribution over a bow—mountéé‘sonar‘dome.’ ‘However, in the

early stages-of this project, an attempt -was made-to predict the flow at

the stern of a ship, and it .was concluge? that- this-method-was- too expensive,
time consuning, and necessitated-information-which-might' not unecessarily

be available to-the user during the-preliminary-design-stage of the hull,

@
-~. e P T et . L
St een

For simplicity, 1if we restrict'this'invescigéition'to ships with
multiscrew propulsion systems that-have some-type-of-transom stern with a
relatively flat bottom, we may then assume'that-the-wake-fraction, for this
type of ship; will normally range from-zero-to- eight percent. Therefore,
we may use as the local velocity in way of-the appendage ; "~ the freestrea;n
velocity or modify it by a wake fraction' (based -on-data for-a similar ship
which has previously been tested); ‘It 1s felt-that-in-terms-of perxcentages,
the exrror due to-this assumption’'would be- approximately O*r.o 8 percent

(at most) of the velocity as measured from-a wake survey.

As for the direction of the local veloclity; it-is- assumed that the struts,

8kegs, billge keels, stabilizer'fins and' rudders- align-with the flow, Furthe.r.:‘;

the direction of- flow past cylindrical bodles-such®as-shafts, s:ern:ube

- bossings, strut barrels, and fairwaters is assumed- to-be parallel to the y

hull and that there is no transverse crossflow: ~Therefere; the direction
of the flow over these appendages can be estimated-to-be-the angle they
make (locally) with the hull, .

#% This assumes that the velocity error will be'ro greater than the wake
fraction for the hull form. .

i
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THE FRICTION FUIMULATION .o

The Schoenherr friction line, (Reference 8)', has been used for all
friction calculations on the appendages. The.numerical valucs of ("
derived from the Schoenherr formula apply to the viscous component cf
flat surfaces whereas other friction 1ines; commonly used by nhawal
architects in determining the frictional resistance of ships might

incorporate varlous degrees of a form factor.

Therefore, since the Schoenherr formulation is considered to be a
baseline, the expressions used to calculate appendage drag will relate the
geometric parameters of the appendage to the corresponding flat plate
friction coefficient.

The Schoenherr friction formula may be simplified by the following

-expression:

-

*3

Cp = 1/(3.46 log o(Ra) - 5.6) )

ty,

This approximation is considered to be within + 2 percent of the standard

Schoenherr formulation.

The formulations are for turbulent flow. BHowever, a correction sheculd
be made to account for the fact that the appendages experience a local e
flow which may be laminar up to a point and then becomes turbulent
aftervard. The following are the expressions which have been used to

obtain the coefficient of friction for all work discussed in this report:

. o 1.327//f ' (2a)
. yriminar
c e 0242 (R -
Y rurbulent T + log) o (Re -Cp),  (2b)
;] ' ¥
2 & .
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CF - - - %" (2(:)
Transition Turbulent

. .
(c : - ) R

F.Turbulent cPLaminar .
all taken at the chosen n)
RzynoldS'number:?t transitio

where A

It will be shown later that for the-present-work-on' appendages, an
approprlate Reynolds nucher-for transition-is-approximately 5 x 104,
Figures 1 and 2 are provided to-facilitate'the-user in-obtaining Reynolds
numbers and friction coefficients.- -Figure'l:presents a graphical 5
solution for obtaiaing Reynolds numbers;-a-sample-problem'is-shown by the -
indicated arrows: Figure 2 presents-curves-of-the friction coefficient .
previously discussed. Tranmsition-curves-from-laminar to-turbulent flow
are glven for RnIrans;tion = 5 x 104; 1 x'lOS‘and‘S x- 107, Conditions
where "forced turbuience"” would-be used correspond to-the-case where the

turbulent curve is used for all Reynolds numbers-and-would be generated by -
vsing R&Transition = 0.0.

- ’ -

GROUP I - RUDDERS, STRUTS AND STABILIZER FINS

Group I appendazes, as coﬂsideréd herein, are-assumed to have stream-
1ine sections with a waximum thickness located at-30-to 50 percent of the
chord length. They are treated as .two-dimensional-surfaces which for
appendages aligned with the flow appears to be acceptable: - This 15 because
experimental work for rudders, for example; reference-10, has shown that
the effects of aspect ratio, sweepangle; and tip-ending-are small for zero
.angle of attack. Furthermore, it 1s also assumed that there'is no veati-
laiion or cavitation. UWith all of these simplifying assumﬁfions taken into
consideration the total drag can be derived-as-the sum-of the Nariou§
components usually considered in two-dimensional-foil prediction.

Expressions for these components such'as flat-plate friction resistance (R!J’

7
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resistance due to veloclcy augrentation” (R.,.), pressure-or separation
Yoo .
resistance (RP), added resistance due'to'an intersection'with the hull

or a strut barrel (RLNT) and the base drag due" to' 2 bluntness of the
trailing edge (Rs) ‘are presented below.

1 3
{3

Reynolds Number Used to Obtala -

~

The Reynolds nucber used for Group'I‘appendages-1s-a function of
" “welocity, kinematic‘\d.scosicy'and: chord length* or,

ST mevel, - )

Flat Plate Friction Resistamce . e - D

-

- - The expression used to obtaln the flat glate‘frictién resistance
- 48 as follows: B

- LRy =12 qSV?CZCB), e ' . @) ST
A . - . : - -
Resistance Due to Velocity Augcentation
" Zhe mean average velocity around:a symmetrical® foll-sectlion is higher
than that-of-the wudisturbed- flow.” ‘The-added-resistance dus to this
velcclty avgmentatlon 1s given by: .
- e B eplf2 SV (26 (/e L () i
Pressure or Separation Resistance : Co e L .
s R - .,' . . . - »
The pressure or separation resistance is 3°cozmponent originating due to i
¢he lack of pressure recovery'assoclated with boundary-layer-thickness and/
#% For the work presented in this report, the maximum chord length was .
wsed when the drag of tapered appgndage'vas'to‘bt: calculated. . i
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or separation along the afterbody of foil-and-strut-sections. The
expression for approximating the pressure’drag-is-given as follows:

. / R h
R, = 1/205v (2¢) 60 (t/0)% L T (e
Added Resistance Due to Intersection with-Hull-or Strut Barrel

The added resistance due to-an int;rsection'of any of-these appendages
with another surface will be treated as'1f-it-were-an Intersection with
a flat wall. It is speculated that, 'when a'wing or'strut-adjoins a wall
(oxr an end plate), the ﬂéﬁndary layexrs of-both; the wind and the wall,
jJoin each other. Subjected to the pressure-gradient-along the rear of
the fbil'sectiah;‘the'boundary‘layer'is-further retarded;:aid additional
pressure drag (i.e., interference drag) arises."Y- It-should be noted
that for very thin sections (t/e¢ <.08, this interférence'drag might became
negative. The expression for estimating- this-drag component 1is given
below:

Ry = 2oV Lo.75- cerer- i}-obcz/(r/c).zj. Q)

Base Drag Due to Bluntness of Tralling Edge
The base drag of foil section with blunt.trailing‘edges may be
approximated with the following expression.

R, = 2% st2 0.135/3 e e Tey) ,] (8

GROUP 11 - SHAFTING, STERNTUBE BOSSINGS AND INTERMEDIATE STRUT BARRELS
In ozder to estimate the drag of the shafting, 1t was necessary to

divide this appendage into the following sectlons:- (1) Intermediate

shaft (between the sterntube bossing and the intermediate strut barrel),

and (2) maln shaft (between the intermediate strut barral and the wain

9
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strut barrel). The resistance components of Group' II'appendages are the

fricticaal resistance (P?) and the pressure resistance corrected for
exossfloy (Rp)'

Friction Resistance and Reynolds Number : S

The Reynolds nucber. used .in estimating the frictional drag is based

on the 2pperdage length along the longitudinal-axis: Therefors,

B o= VL, ()
v - ’ . e
where ' a . . T .
L = lepgth of zppendag= along the longit:ndiua{lt axis" (for sterrtube
’ Bossings, the length is taken-to-the- interscction-with the hull '
- along che shaft ceaterline), -

The friction resistance pay be determined_t.by‘thé‘follow:!.ng expression

- 2, - .__1/2 pLDV? T Tt . (0

Prassure Reslstance Corrected for Crossflow ) S
The expression used to estimate the pressure-drag has been taken £xom

a derlvation proposed by Hoarmer (reference'11)." The general form of the -

eguztion is: o

B, = 1/2 oLOvZ ¢, SinSQ‘ s A(ll) .

The pressure drag coefficlent (C?) nay be further defired for  non-cavitatiag
@xd cavitating flows. The proposed definition'of‘c‘, follous from work
pPresented In reference 11, page 10-8, Figure 15a: This figure presents

drag coefficients as a function of cavifation nuzber: for flows that are

10 - - : )
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oo above and below the critical Reynolds number for separation. The

parameters used to describe the flow are Reynolds number (Ra) and
cavitation number (o),

Bn = VD (12)

""‘v .
O = (B - P2 0 V) )

where

P = ambient pressure acting at the centroid of the

ambi
appendage,

Pvap = vapor pressure of the surrounding fiuid,
The expressions for the pressure drag coefficient represeni the afore-
mentioned curves in reference 11 in polynomial form and are given below

< for various flow conditions.
. S
! En < 5x10 and 2.5,
C? = 1.17
Rn > 5x 105 and 0>2.5, Bon-Cavitating Flows ) .
¢, = 0.50 _ L
e
: :
Bn <5 x 10 and ¢ <2.5,
c? = 5+ .50 - ,052 az + .046 03 - .061 ol' + .04 05, Tt
Ry >5 x 10°  and 2.1<0 < 2.5, '
CP =6.125 ~ 2,25 O, . ) ~ Cavitating Flows _
Bn >5 x 105 and < 2.1, . -
c’ = os + 050“ 0039 02 + 0006 030
" 11
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. These coxzponarnts together are considered one unit,

‘GROUP XYY ~ MAIN STRUS BARRELS

The corponents of a main strut barrel are:
(2) strut baxrel, ) )
(b) propeller hub,
(e) fairwater.

-

The components of reslstance for these appendages are friction
reslstance (R;)’ press:ure resistance. corrected for crossflow ( and the
base drag due to the b"un..ness of the falrwater trailing tip- (R.). The
expressions used to estirate the resistance due to friction and pressure

are the same as the ones for Group IX appendaoes (Equatious (9) through. i

(-13)) s

Base Drag Due to Bluntness of Faixwater-Ending

-According to Hoerner, the base drag of three' dimensional bodies veiy

«wirilar to the fairwater (projectiles;, fuselages-and: elipsolds' for e*»:amle)

-’38 found to depend largely ov the  length-of" the- forebody, its surface -

eondltions, and the ratio of base to body dlameter:- - The expression used

-
£0.estinate the resist:ance due to the bluntnass: qf"the'fai_mater-endiug 13z )
.;*-...
T Ty 8222 0.0 (/) Y /T @] (1) :
-2 0
shere .
D = paxicum dlameter of appendage, -
) DB = dlazeter of base (see above),
L = length of appendage along the longitudinal axis 1if blunt or
rounded trailing end, use the-extended length-iie., the length -
ghe appendage would be 1f 1t were not blunt, ,
- .. . .‘,h

[

0
[
'
e
e

-
L]
et e




e e e e s - s e G e SR B e i s

7 iy

a GROUP IV - BILGE KEELS AND SKEGS

-

The resistance of dllge keels and skegs 1s-treated similar to the
drag of a flat plate. This assumes th;t these- appendages are aligaed
vith the flow.” It should be noted that, generally, skegs are consldered
88 an integral part of the bare hull form and m;t'as a separaté appendage.
The expressibn for estimatfng the resistance-of-this group of appendages
2s,

2 - 12 s, (s)
where ’ ) o .
: . . ’/' .
S = wetted surface arsza of the appendage minus'the wetted surface
area of that part of the hull that has been'covered up by the
- appendage. By takling the wetted-surface-in this manner, the
’ " loss of bare hull friction drag due to a net-loss of wetted
‘surface on the bare hull can be compensated for,
The Reynolds nuzber to be used to obtain the flat plate friction
coefficient 1s a function of the velocity, length-of sppendage, and kine-
matlc viscosity, as follows:

&

h - E. ., S ae e : . (16) . . . ) oy
v T ' ' o : o
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O R R R = E el S S & R i s e o e oS e e e oy o e T S T R B T S




il Loy s ok va NI RO e - BT A
g 5 .
\ N

o) T R R T e
. - . . A "

YAPPEND" A COMPUTER PROCRAM OF THE MATHEMATICAL MODEL

The expressions derived in the previous®section’for calculating the
drag of varlous appendages have been used as‘the basis for a computer
routine named APPEND. Details of the computer program are presested iﬁ
Appendices I through XII with the routine/alzorithm in-Fortran p}eéented
in Appeadix I; input formzt and’output” format Ila-Appendices IX. and III,
respéctively. ‘ '

CORRELATION OF THE MATHEMATICAL MODEL WITH MODEL TESTS

In the presentation of any calculation method, it-would be most

desirable 1f the expressions could be-proven-out by experimental data,

- For the case of apyandéges., this would-involve the- testing of varlous .
v -slzes-(scale effect),  shzpes, and combinations-with one-znother (inter—-

“cticns), - However, it was not possible to conduct’ such-an experimeptal

progran for this study. It was necessary; therefore; to'simulate a data

e

“base vhich could substitute for the test program,

-

°  The declsion was made to make use cf-the results of previous mo-dal
tests conducted by the Nzval Ship Research-and-Development” Center. This
method Involved the selection of fourteen ship-models-that-had been tesged
.4n the bare hull and appeaded modes for resistance: The drag of the
sppendages-as a group was then obtained fron the difference in zesistance
‘0f the two modes and compared to the results obtalned by using’the express~
fons presented herein.- A falring of the data-has been made i axder to

facilitate-general comparisons. * .

& BRIEF DESCRIPTION OF THE SHIP-NODELS

. -
L]

In general, the fourteen ship-models chosen for-this- study were of the

gwin screw propulsion type and represeﬁt'three‘basi(:‘hull forms wit:h .

e 14 ’ . ‘ - €~
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transom type sterns. Tables I and II present a-more-detalled description
of the hull forms and their appendages,

PRESENTATION OF MODEL DATA

* As stated previously, it 1s‘ most desira$1e‘t0'present'some experi-
mental data in'order to verify a mathematical model; -*Keeping in mind
" ‘that the mathematical- model presented'hervin*iS'Bupposed'to‘represent the
Reynolds number' dependent components-of- the-appendage-drag, then the
data should be presented in such a'maﬁner'SO'as to-describe visually the
‘answers to-the following questions. "First, and'most-important, are the
expressions able'to predict within a‘reasonable‘tolerance the Reynolds
number dependent drag-of the various appendages; and second, what are -
the pcssible sources of error inherent- to-the mathematical -model and how
can they be compensated for? The data'ére'prescnted “therefore, in two
ways in order to determine if the'answers to- the- sbeve- questions are just
a function of-the-individual appendage sult in question or if there are
general trends which' can be- applied to'any appendage suit.

" Flgure 3 presents the values of’ appendage- drag- (in" coefficient form)
a8 calculated from the mathematical model using-both- a-friction line
based on forced turbulence at thre lower'Reﬁnolds numbers and on a
transition- Reynolds number equal to-§ XZIoé'(these'friction”lines may be
seen in Figure 2).- Also presented-in Figure 3-are- the-appendage drag data

‘"obtained from model tests as Previously described:--The differences in
model appendage’drag coefficlent for varifous hull® forms of the same
designation, e.g. three 3-D forms,  are‘due-to differenres in the models
not readily apparent  from the descriptive parameters-1isted in Tables I
and II. The predicted values of Reynolds number-dependent appendage
resistance appear to be in close' agreemeni with'the model data except
where "humps" appear. To further 1avestigate- this phenomena, Figure 4 has

been prepared. It presenis the difference between the calculated values

15
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TABLE X

-

The Hull Foxrms

Hull Name of Coefflclent# TYPE 1%% - “TYPE 2  TYPE 3
Coefficient
: c, Block Coefficlent ' 61 - .66 .48 )
- Cp Longitudinal Prismatic " 63 “ .67 <59
:. Coefficient
cx Maximum Section Coefficient - .97 T .99 - 081
cm> Waterplane Coefficlent .78 "t .84 .73
‘ Cop Forebody Prismatie +60 T tt.67 . .56
Coefficient ' R
-CEA Afterbody Prismatic .67 S Y | 62
Coefficient .
:CPE Entrance Prismatic .60 . % - 458
- Coefficient (
i Cop " Run Prismatic Coeificlent 66 .67 .59
Cop Vertical Prismatic .78 .79 .65
> Coefflcient .
CVP A Afterbody Vertical .72 <69 62
. ) Prismatlc Coefficient . ) T
Cupr ' Forebody Vertical T .88 .93 78
£ ) Prismatic Coefflclent . . "
' -JCW"I-‘ Forebody Waterplane .66 072 .58
1 - Coefficient . S
. C!-IP A Afterbody Waterplane 90 . .96 96
E Coefficient - -
4 * Formulae f&§r the hull coeffi¢ients may be found in Reference 12,
;Q ¥% The numerical values for the hull coefficients for each hull type are .
; the average values for all the designs used. - y
;
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(usiag the transition Reynolds number 5 x 10")' and the model data in the
form: of percent difference and the actual magnitude in pounds, These
absolute and relative differences are presented as a function of the model
speed non-dimensionalized by the design speed value,

Values of appendage resistance as a percentage of bare hull resistance

for the fourteen selected models are presented versus speasd-length ratio
in Figures 4a, 4b, and 4c. '

DISCUSSION OF CORRELATION

In orxder t¢ discuss the correlation of th.e results obtained f.:com the
mathamatical mcdel to the model data, the speed-range will Bg broken dowa
into two components. The filrst spe;ad'range will Le defined to be bel;w
design speed and the second will be above design'speed. ' The design speed
for hull forms 1 and 2 1s approximately equal to a speed-length ratlo of
/8 and for hull form 3 the design speed-length-ratio’is about 1.2. Ig 1s
.assured that the appeéndage drag below design ;peed is for the wmost patrt (
depaendeat-on Reynolds number and that the- contribution of the Fruade depend-

-ent resistance becomes-a factor slightly below and about” design speed.

“, e
-

Figure 4 indicété.s that the agreement between ‘the mathematical model \
-and the model data below design spegci is very gocd. For example, the

_average magnitude of this difference at 80 percent design speed is less than -
0.2 powids. We may, therefore, deduce that thﬁe nathematical model s valid
| in -this speed rangé. The deviation from the mean may be caused by a
misalignment of such appendages as struts, stabillizer fins, bilge keels,
etc., to the flow and will be discussed later in the text. For now, 1t will
be called an induvced drag (RI) that ig, in nature, independent of Reynolds

nuzber. . o . ‘e
The case for the differences between the results from the mathematical

rodel and the model data is similar fox the higher speed range. However,
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the magnitude is larger, which would tend to confirm the second part of our
assumption, 1.e., that the Froude number dependent resistance-has an effect
at the higher spced-values. The shape of the curve through the data is still
wore evidence indicating the Froude number dependénce of this component of

the appendage drag.
INTERACTION BEIWEEN APPENDAGES AND HULL

If it is assumed that part of the difference between the calculated
values and those data deduced from the model resistance tests is due to
the previously rmentioned induced resistance caused by misalignnent to the
flow, then the question arises as to what causes the rest of the difference?
This may be answered by using some deductive reasoning.

It is a well known phenomenonthat an appéndeﬂ modelv&ill not necessar—
ily have the sare trim characteristics as a bafe hull moéel. It is also
known that the trin of a model has an effect on its vave making resistance.
Now, it will be recalled that the model datz used for the verification cof
the mathematical modelwere obtained by subtracting the bare hull model
resistance from the appended hull model resistance.e Furthermcre, since
we were able to predict all but 0.2 pounds of the appendage drag up to 89
percent of design speed (thls being almost totally dependent on Reynolds
nuxzber) there is no reason to believe that we do mot have the same relative

accuracy for predicting Reynolds number dependent drag above the design °

speed. It appears to be reasonable, therefore,'to.deduce that the remainder —

of the difference between the values obtained from the calculation procedure .

and the model data i1s caused by the interaction-of the appendages on the hull
form and that this interaction is a resistance that is:Froude nuzber

dependent aad wave making ia nature.’

-
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CONCLUSIONS . ' {
Surmarizing what has been accomplished in-the preceding chapterxs, the
following conclusions ray be drawm.

3. A mathematical model has been developed-for the prediction
of the viscous compaoneats for agppendage drag. .

2. The predictions obtalned from the mathematical model have
Yeen correlated with wodel appandage'resist'ance'data'obtained from the
results of fourteen ship-rodel resistance tests'and-the mathematical model
was fouad to be an effective means of predictirg-appenddge érag.

-

The differences batween the results from the mathemagical model and
the moc’.ei data appear to be due to two basic resistance compopeats, i.é.,
dnduced drag due to misalignzent of an appendage’to the flow and a Froude
fusber dependent drag due to the interaction-between the appendage. and
.the hull form. These 2ffects will be considered at greater length as™™

- - - ---
- - -
- . . .
- - - .-

3. A Yortran IV computer program, refer to Appendix I, to be
wsed on the Centex's CDC 6700 computer has been'developed using the
wmathanatical expressions pressnted herein. The computer program as presented
herein utilizes excessive cove Space and is presently being modified. The
wodified version will be avallable by 1 March-1972. The program also contains -~
en error In the base drag fomulation;'howéver,'this’error 1s beipg corrected
in the nodified version. The present form will provide correct drag values

as long as base drag terts are not nreeded,
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RECOMMENDATIONS

A procedure for calculating thé.vector 14ft-and-drag" components of the
appendages could be developed, and their-effect-on-the'change- in trim angle
correlated to the added appendage ‘drag due to-change-in-underway trim.
This could be done by assuming that-the- forces-acting-on-the appendages
are located at the centroid of the appendages;‘then-by-taking the sum of
the monents about the center of flotation;‘the‘chanhe‘in‘trim due to the
addition of appendages could be calcuiated:"These'developments would be
very helpful to the designer.

An experimental stud& should be conducted-on-a-set-of carefully
selected geosims to verify the scaling techniquei~-Thls study should also
indicate 1if a correlation allowance for appendages-is-necessary. Since It
may be difficult to conduct some phases:of such-an-experimental program ic
8 towlng tank due to the size of some of-the-larger-geosim" appendages, the
use of a subsonic wind tunnel may be ccomsidered-as-complementing the work

done in a towing tark.

21
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APPENDIX I - LISTING OF COMPUTER PROGRAM

APPEND is a Fortran computer prograim which may be used to calculate
the Reynolds nurber dependent resistance of the  appendages previously

meationed in this text. The program, which-has been-writtea for the Center's

CDC 6700 computer, will calculate appendage drag for- any'size appendage,

i.e., model-scale or full-scale. APPEND consists of  the follouing sub-
routines: RUDDER, STRUT, FIN, SHAFT, BOSS, MAIN, BILGE, SKEG, and FRICI,

2 and the function PRESUR. In general, the first eight subrouatines are used

4 to calculate the various viscous drag- components-of the appendage indicated
by the title. Subroutines FRICT is used’ to-calculate the friction coefficieat
(c ), based on a Reynclds. number of transition of 5 x 104. Function

I’RESbR is used to calculate the basic pressure coefficient described in

: equation(11).
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3 CARD

é 2

S

: &

- -~ '
“THE NEXT
ISPOT CARDS

] “THE NEXT
. NRUD CARIS

ENTRY
NCASE
TITLE
ISroT
S
Y
U

-RHOS

XNUS

LAM
XLSHIP
NRUD
RSTRUT
NSHAFT
¥BOSS

HHAIN
HBILGE
HWSKEG
RFIN

Vs
1-WT

SRUD
TRUD

FORMAT
I5
13A5
15
F10.5
F10.5
F10.5

F10.5
F10.5

F10.5
Fl10.5
15
15

I5
15

15
15

F10.5
F10.F

F10.5
F10.5

( APPENDIX II - INPUT FORMAT FOR COMPUTER PROGRAM APPEND

FIELD
1-5 ,
1-65

1-5

6-15.
16-25
26-35

36-42
46~55

5665
66-75
1-5
6-10
11-15
16-20

21-25
26-30
31-35
36-40

1-10
11-20

1-10
11-20

41

_NJEber of.speeds“co be calculated

Nunber of stabilizer fins - Q0 to 4

N e PTa

REMARKS
Nuober of cases to-be calculated
Used to identify the case

Vetted surface of appeadages, £e2
Model water density, slugs/ft3

quel'waier kinematic viscosity x 103,
£t2/sec

Ship water density, slugs/ft3

Ship 'water kinematic viscosity x 103,
ftzlaec |

Ship;model linear ratio
Ship length, ft .
Number of rudée}s ~-0toh.
Number of struts - 0-16
Number of‘shéfts -0to 8

Number of sterntube bossiags zad
iatermediate strut barrels - Q to 8

Number of main strut barrels - Q to 4
Number- of bilge keels - 0 to 4 -
Number of skegs - Q to &4

Shkip speed in knots

Wake fraction

g

Rudder planform area for.one side, f:z_

Bl

Rudder maximum thickness, ft

e

R B
'

3
ki
3
%
s
i
§
H




R T

INPUT FORMAT FOR APPEND (CON'T) . .-

CARD ENTRY  FORMAT FIELD
CRUD  F10.5 21-30
TBRUD  F10.5 31-40
SBRUD  ¥10.5 41-50
- o . .
THE NEXT )
NSTRUT CARDS SSTRUT F10.5 1-19
TSTRUT  F10.5 11-20
) GSTRUT  F10.5 21-30
TESTEUT  F10.5 31-%0
q SBSTRUT F10.5 41-50
® '.. !- L)
) ? ® -
THE NEXT
¥FIN CARDS  SFIN  FI0.5 1-10
TFI¥  F10.5 11-20
“CFIN  FID.S 21-30
TBFIN  F10.5 . 3-%0 ,
i SBFIN  FIC.5  41-%0
P . . .

RENARKS
Rudder maximum chord, ft

Thickness of tralling edge of - -
rudder, ft . -

Projected area of blunt edge
- of rudder, gtz -

- -
.

Strut planforn area for one side, fe?

Strut maximum thickness, ft

Strut maximum cherd, ft

Thickness of tralling edge of strut,ft

Projectrd area _of-biunt edge of
etrut, ft

L ]
- -
- -

Fin planform area for one side, £t
Fin maximun thickness, ft

Fin maximem chord, ft

Ihicknees‘of trailing edge of fin, ft

Projected area of bl;nt edge of strut,
. f: -

42 .




LTS

CARD

THE NEXT
NSHAFT CARDS

THE NEXT
NBOSS CARDS

THE NEXT
NMALN CARDS

ENTRY

INPUT FORMAT FOR APPEND (CONT'D)
FORMAT FIELD REMARKS

XLSHA¥T F10.5 1-10 Shaft length, ft
RSHAFT F10.5 11-20 Shaft diameter, ft
ASHAFT F10.5 21-30 4Angle of flow, degrees
HSHAFT F10.5 31~40 Depth below waterline to shaft, ft

XLBOS

RBOSS

ABOSS
HBCSS

XLMAIN F10.5 1-10 Main strut barrel length, ft

S F10.5 1-10 Bossing and/or intermediate strut

barrel length, ft

F10.5 11-20 Bossing and/cr intermediate strut

barrel diameter
F10.5 21-30 Angle of flow, degrees

F10.5 31-40 Depth below waterline to bossing and/
or intermediate strut barrel, ft

RMAIN F10.5 11-20 Main strut barrel diameter, ft

AMAIN
HMAIN

F10.5 21-30 Angle of flow, degrees

F10.5 31-40 Depth below water to mein strut bérrel,

ft

RBMAIN F10.5 41-50 Diameter of falrwater ending, ft.

43
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D VP, L e on s .
A T TR, L L O Lot . N e
T Lafest s gt LE e a s

7 INPUT FORMAT FOR APPEND (CONT'D) t ( T
i CARD ENTRY ~ FORMAT FIELD ~REMARKS ' .
i THE NEXT -
: i NBILGE CARDS LBILGE F10.5 1-10 Bilge keel length, ft .
é; SBILGE F10.5 11-20 Bilge keel wetted surface fcz :
g ., -(as described in text) -
%3 ,
. L] L] ]
L ] L L] ’
THE NEXT ’
NSKEG CARDS  LSKEG F10.5 .1-10 Skeg length, ft '
s i SSKEG  F10.5 11-20 Skeg wetted surface, ft2 _
- (as described in text) .
A ( b
<, 5‘ - o

E START THE NEXT CASE BEGINNING WITH CARD f2 2

‘ '
£ .
B
3 T
A ’ b
= R
‘~— .
»
- -
s
- -
e .
. -
% L 3
= . ©
E
[}
44 .
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APPENDIX I1I - OUTPUT

The output formats of "Append” have been written so as to give the
user detailed information about the drag 'of his appendages. First, the
drag cozponents of each individual appendage are printed out, this includes
the speed-length ratio based on the length of the hull and the local
Reynolds number. Next,.the total calculated frictional resistance components

are printed and finally.the total.calculated viscous resistance is priﬁted.

The program will output the above information for both the model and the

full-scale appendages.
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dins
q330x

dInNS
300N

dlms
N300

dINS
T400Un

d1mKS
1300n

dlnS
q340n

dInKS
RE¢] ]

dInS
1300m

dInsS
300m

dIHS
3Q0n

alus
J300n

dINS
300K

alns
q30Cn

dIHS
300N

dlHS
q300n

alus
330N

dIHS
130Um

SlIHS
“13Q0n

dINS
7400k

Cos3L2veC
1o=3112%%

€0+3029°¢
10=33¢C6°¢

€0e309¢L°¢C
10=3969°¢C

€0e3911°C
10=3%5C°C

Cos3L16°2
10=36L1°C

C0e390L°2
19=3256%2

€0+3905°2
10-3€CL 2

€0e3yoL*2
10=322%5%2

€oe3t21°2
10=391¢~2

€037 1
1o=3€21°2

C0v3569L°1
10=3914°1

€0e390y°1
10=-3952°1

CoelLnect
10=-35us5°¢

Cosds6ecl
10=-36(9°t

€0+3651°1
{0-3022°1

€0+3%920°1
10-~3€21°1

2C-30616"8
20-389L°6

20+32CL°L
20-3199%°2

20+3829°9
20-3tneL

WwioL .

‘0
‘0

‘0
‘0

‘0
*0

‘0
*0

‘0
°0
°0

*0
*0

°0
‘0

‘0
‘0

°0
M

*0
‘0

‘0
]

*0
0
°0

‘0
‘0

‘0
0
*0
*0

3s5ve

Coe3lo0!
20~3969°%

Coe3LyL"t
20=3720%0

£oe3cy2et
20-359C°%

£0e3vygI°t
€0=-301L°L

€0e3901°1
20~3561°L

€0e3€20°1
20=3(%9°9

20352%9°6
20-31¢1°9

20¢3v59°0
20~31T9*'S

20+3026°L
29-3251°S

2Qe3912°¢L
20=3769°%

20e3595°9
d0=3us2*”»

20e3L06°S
20-3Ctve°¢

20¢340C*S
20=369°€

coe302L
20=3uL0°¢C

20e3L61°%Y
20=~30€Le

20e3649°€
20-3C0%°2

20e3481°C
20~3740°2

2Qe3€0L%2
20=37¢L°*!

20e3tLC"2
20-3116*1

133544IN2

2043909°¢
20=34006°1

2039t 1
20=37uL*l

20e32¢22°1
20=3096°1%

20+39C1°1
2o-3eme1

20¢3590°1
20=3L9n°l

103506°6
20=359C*1

10¢3941°0
, €0~3192°'1

10e3uyyy°8
20-3¢251°1

10+3918°L
20-3190°1

10+3CL 1%L
€0~362L°%06

1043555°9
£0-3»38°8

104 3196°S
€0~3CL0*Y

10+396C*S
€0-3s62°L

10e3998°
€0~35%5°9

10e3L9C°Y
€0-3998°S

1043858°€
€0=3%61°S

1063248°C
€0-3126%0

10e35¢€6°2
€0~3¥26°¢

10432252
€0~d09€°C

39nSS3Yd

20¢390€C*9 0439101 L1003091°¢ 00e350C° 1
20-3195°¢ 10=3%9061%2 S0e3L81°% 00e360C*T
20¢3468°S €0e3216°¢ L0e3CT0°Y 00+3992°*t
20-3110°8 1o0=3Cs0°*2 $0036E0°Y . 00¢399¢°%
20+398%°§ €oe3909°1 Lye3658°C 00e3222°1
20=32¢%%L 10=-2916*% S0e3988°C 00e¢322¢*1
20+3001°S €0e3L0€C°8 L0e301L°C Q0e26L1°Y
20~3426°9 10-39¢LL°1 S0e39CL°E 00e3521°1
eoe32eL Y Covig922°t 1003995°C 00+35¢1°1
20=396%9 10~34599°( . 803209°¢C Q0e35¢C1It
20¢3Lwny ! £0e30m1Y 10039%9°C 00e3160°1
20=30%0°9 10=-38%5%1 S0+389%°C 00+3160° Y
20es3€ct Y €0e3L50°1 40380C°C 00+3,90°1
20-3009°S 1o=35C%°1} SUe30LCC 00e3L70°1
20¢3118°C 20+339L°% L0e30L1°C 00+3%00°T
c0=39L1°S 10=392¢€°1 S0e31061°¢C 00e3700°1
20+3018°¢C 20+3L66°%Y L0e32€0°C 10=3209*6
2I-3C9L°Yy {o-3t122*1 50¢3250°€ 10=-3209°%6
>
20¢3122°C 20¢3582°8 10435682 10-3591°%
20-389¢€°"% © 10=3021°1 §50+3€16°%2 10-3591°%6
2Qe3C76°2 20e3295°%¢ L0e3L6¢L°2 10~362L%8 -
20-36B6°1 10-3220°*1 SuedsLLce {0=-3s2L°8
2003v.9°2 20430949 20036192 10-3262°8
20=3%29°¢ 20-3062°6 60¢39(9°2 10320628
20632272 20032029 L0e31gne2 10=395y°*L
d0=3yLe*e 20=3L¢C%y LUe3Lo7°2 10=39%5u°L
20+35L1°2 20¢39.%°S L0e31ng"2 10-3612°L°
20=38¢6°2 20=31¢S8°L §0+395¢£°2 10~361%°L
20323561 20+3200°S Lyue3gu2 2 10~3C¥6°9
20=-3CE9°2 c0=3849L°9 §0+3222*2 10-3€86°9
20432CL 2043099y L0+30L0°2 10~3L49%°9
20-32¢C*2 20=3LL6°S Soe3c80%2 . 10-3L9%°9
20+3%v18°1 20+30¥8°¢C LUe3926°1 10-3011°*9
20-32¢0'2 20=3602°S mcoueno.un 10-3011°9
20+381C°%¢ 20e3LLC°E L0e35yL°T 10-34.9°S
20=399.°1 20+3025°% Sue396L°t 10=-34L9°S
20e35C1%L 20+3806°2 L0+3996°% 10-3L8¢°S
20-~3C15°1 20-4L48°F ma.uowo.~ 10-3.€2°5
.9nv 3A 3ivid Lvd SUTIONA3Y Tun

1 43U0Nny 804 IDNVISISIY IT¥IS JINS ONY 300K
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4 dIHS
E 13008

3 alHs
RE[elol]

dINHS
T300n

d1MS
T3qun

dlHS
3005

dINS
A3C0om

alMs
1300k

. dInsS
360N

dius
1300

dIKS
7300

W diNS
il q300m

dINS
F330m

w dIns
N330%

X diHS
; 13q0m

CILH
REL

] al4s
,“ 1300,
1
§
i

dlus
RE[]s ]

- alns
RE o]

dlns
3 * 2300

bl el G L i i

WPREISEIADBIO & wrgoen - .

20+392¢2
20=362%°C

20e3185°2
20-3261°C

20e3C2E%2
20-3296°2

20+3L0e°2
20-3tns*2

2034902
20~3095°¢

20+3526° 1
20~369L°2

20+358L°1
20-3s81°2

20+3059°1
20-3800°2

20+302%°1
20=-31E8°1

20+356C°*1
20-3€29°1

20+3512°1
20-3915°1

20+3651" 1
20=-399C°*1

20+3t%0°1
20~-3C22°%1
10+3929°6
20=~3s80° 1

10°309%°%
€0-3909°¢

10e3115%2
€0-300¢y

10¢3595°9
€0=-36£9°L

10+3912°S
Co-3619°9

10e¢3C20
€0-3€C0°y

vios

"0
*0

‘0
‘0

°0
°0

)
“0

°Q
‘0

°0
*0

*0
]

°0
°o

Y
“0

*0
]

°Q
°0

‘0
*0

*0
°0
*0
]
°0
‘0
‘e

10+301¢C°1
#0-3025°8

10e3012°%%
%0~30€6°L

10e32c1°1
"0=-3LLE°L
10+32%0°1
90-38LL"5

00e302L76
*0-3€2C*9

00e3luo°y
90-39%0*S
00e¢3<u2°8
%Q~384¥€*S

00¢3409°L
90=-3yYn6°”

0030969
20-3L25°Y

00+319C~9
20-3921*%

00+3¢SL°S
¥0-319L°C

00+3161°S
20=-3LLC°C

00+ 30655°
%0-31€0°C

00+3L91%e
70-3469%2

00+3649°¢C
20-306C*2

00e3en2~¢
20-30601°2

00+3108°2
20~-3¢¢8°1

00e3l(9*2
20-3895°1

00¢3050°2
*0-3CLE" L

423%4d4iN1

00¢32u0°1
%0=310%*1

00+3wl0°*Y
”0-390C°1

10-3699°6
%0=-3ul2-}

10-3208°p
90-3021*1

10~-3192"%
#0-3990°1

10-39y9~¢
§0=3089°¢

10-30€Y*2
Su=3ydbTe

10~-3C65°¢
S0-3€02°§

10=25,0°9
S0-3505°L

10-3L1L5°S
50-35¢8°9

10-3460°S
S0-3%61°9

10-30%9°%
$0-3145°S

10-3102°
S0-3L66°%"

10-3522°C
S0«32¢9°y

10=-36yC*C
S0-3926°C

16-3010°¢C
SO-392n°t

10-3€C92
S0=3%21°¢

10-3c62°2
§0-31° %2

10-39%6°1
S0-31¢vte

3unSSJud

10¢3891°%Y
€0=35%C°S

10e3€88°¢
€0-3986°Y

103€19°¢
€0~-3L19°9

10.209€°¢C
€0-3€L2*Y

10e3281°¢€
E0=-3166°C

10e3€C6°2
C0~3€69°C

Tce302L°2
£0-390%°¢

10+3915°2
€0-30€1°€

10+381€°2
cu=3998°2

(0e3821°2
€0~34909*2

10e35%6°1
€0-3€9¢€"2

10+30L4°1
€0-3621°2

10¢30L09°1
€0=-3906"°1

19+¢309%°1
€0-3169°1

10+3€62°1
€0-3L6%°1

10e3041°1
€o=-3L0€"1

1003%900°1
£0=3261°1

00315L°8
£0-3590°1

0031095,
20-362%°6

ony 3a

P

20e30L1°2
20-396L°2

20431€C0°2
20-3L09°2

20v3068°1
20-351%%¢

20~38s8L°1
20-35¢€2°2

20+3699°1
20+-3180°¢

20e39E5°1
20-32€6°1
20«3€en1
20~324L°1
20+391¢€°L
20-3L€9°1

Zoe3212°1
20~-3469°1

2oedCill
20~-399€°1

20e3210°1
20=-39¢€2°1

16+43652°6
20~-3911°1

10+3C8C8
€o=32L6°6

103€€S°¢L
€0-35%8"¥

10¢3%9L°9
£0-30¢€8°L

10438009
€o~-39€8"y
10+3942°9
€0-3%Ce*9

{0+3LL45°%
£0-3695°S

(0e39%6°€
Co~32C6°y

v iVl

1 1NY1S 904 IINVASISIs 3T¥DS 13G0W OnY dINS

L0 92901
Sue3690°1

t0e3In2g*t
$0+31L0°1L

90e3256°6
%0+3916%0

90e31Ln"0
HYe3€CS°6

$0+-38%1°6
20+3L02°6

9Ue396L°8
Y0e3C5y‘w

Q0e3099°8
20+366%°8

9ue3260°8
2003591y

90e31mL°L
oUelbLL

QueeHL L
20e3289°L

90e32£0°L
%0¢3Eu0"L
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