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1.\ INTRODUCTION ,
The purpose of the subject task is to develop a technical

practice for calculating the rudder and.dlving plane torque

requirements. In the course of this development, the current

NAVSEC procedure for estimating the torque requirements was

updated and documented; the current state of the art was

defined to determine if the current procedure should be re-

vised:; and recommendations were made for future research and

development tc fill gaps in the current technology. |
The scope of this study is restricted to the force and
torque calculation procedure for rudders and diving planes,

although it is realized that this is only a part of the larger
problem of predicting ship maneuverability. The study of ship
’ﬂ hull maneuvering characteristics an& the proper selection of
control surface area, location and shape and other parameters
vhich affect the torque requirements, were covered very briefly
} in this rcport.?i\

Section 2 of this report contains a general discussion
of control surface design considerations which should be made
in their selection and construction. These considerations are
discussed in order tao present the overall scope of the control
surface design problem, although the subject task only deals
with the items outlined above.

Section 3 provides a description of the current method

{ : used by NAVSEC for determining the torque requirements of

surface ship spade and horn rudders and submarine stern planes,
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rudders and fairwater planes. The method assumes the per-
tinent control surface design considerations have. already

been addressed. Detailed menual calculation for the current
method are provided in the Appendix in a step-by-step fashion.

Section 4 contains the updated sections of the NAVSEC
Technical Practices Manual which are pertinent to the subject
task. This has been done to present the current practice used
by NAVSEC for control surface torque calculations. The sections
updated are Section 3 of Part A "Rudder Design'', and Sections 3.4,
L.2, 5.1 and 7.1 of Part B "Submarine Control Surfaces. The material
of other sections of the Technical Practices Manual related to
rudder design are discussed in general terms in Section 2 of
this report.

Section 5 presents the state of'the art of control surface
torque calculations. The material in this scction is baécd on
a literature survey. The complete problem of ship maneuver-
ability and its relationship to control surface torque pre-
diction is considered here.

The sixth and final section presents our recommendations
for possible revision of the current procedure and for future
research and development based on the survey and interpretation
of available literature.

We decided not to revise the current procedure for cal-
culating the control surface torque requirements although we do
recommend modifying the NAVSEC computer programs to properly

reflect the updated procedure outlined herein.

4]
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2, CONTROL SURFACE DESIGN CONSIDERATIONS

2.1 Introduction

This section briefly presenis a general discussion of
considerations necessary for the selection and construction of
contro!l surfaces. Although much of this material appears in
NAVSEC's Technical Practices Manual, this section does not
attempt to describe MAVSEC's design practice for control
surfaces.

2,2 Suirfoce Ship Rudder Design

2.2.1 General
The aim of ruddzr design is to provide tight
turning, directional stability, good ability to initiate and
check swings rapidly and good course-keeping ability. Quanti-
tative measures of these are usually investigated by tactica!l
diameter, Kempf or Z maneuver (zig-zags) and spiral mancuver

(Dieudonn53 model tests.

2.2.2 Rudder Planform and lLocation

Rudder arca is chiefly determined by the re-
quirement for tactical diameter, directional stability, and
maneuverability while the vessel is undergoing replenishment
at sea. With this in mind, the rudder area is proportioned
upon length and draft from similar previous ships. Model
tests are usually run to verify the directional stability

and turning characteristics.
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Rudders are generally moved out of a position
directly in line with propeller shafting in order to avoid the
propeller tail cone vortex. This is even done wherever
possible for single screw ships with high power. However,
the rudder is always placed partially in the propeller race.

Adequate clearance should be provided so the
propeller may be unshipped without unshipping the rudder.

To avoid vibration the minimum distance allowed
between the leading edge of the rudder and a point on the line
of maximum propeller blade thickness, 0.7 radius from the shaft
centerline should equal one-half the propeller diameter.

2.2.3 Rudder Sections

Rudder section shape is definea by the NACA
symmetrical four-digif series with thickness/chord ratios
dependent on stock size and selected rudder profile. The
maximum thickness/chord ratio = 0.23. Normally the maximum
rudder swing permitted is limited to 35 degrees with an
additional two degrces to hard stop. The after edge has
a definite half-breadth and the corﬁers of the trailing edge
are left sharp.

2.2.L4 Rudder Stock Stress Analysis

A stress analysis is usually made during design
and the shipbuilder is usually required to make one based on
actual scantlings. Stresses are limited so as to provide a
minimum factor of safety of 2.0 on yield with loads computed
as indicated in Section 3.2. Where loads are estimated by

less reliable means (e.g. Joessel's formula), the minimum

factor of safety Is taken as 2.5 on yield.
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When a roller bearing is used, the rudder stock
bending stress will be higher than the stress for a sleeve
bearing due to the increase in bending moment resulting from
the distance between the ship shell and bearing for maintenance.

2.2.5 Rudder Stock Material

The minimum yield strength for low carbon
alloy steel rudder stocks of auxiliary ships is 65,000 psi
and for combatant ships 100,000 psi. Where rudder stocks are
required to have little or no magnetic permeability, aluminuq
bronze has worked well on AMS 60 and MSO 421 and MSO 523
classes.

The use of higher strength steels tends to save
weight and permit thinner ruddér sections both of which are
desirable especially if there is difficulty obtaining a
chord/thickness ratio of 0.23. There are however the following
drawbacks.

(a) The deflection of the stock tends to be
greater, involving a potential problem
with seals,.

(b) The natural frequency tends to be lower
which will increase the possibility of
vibration.

2.2.6 Rudder Plating and Framing

Rudder plating is HY 80 and internal members

are HTS or MS.

2*3




2.2.7 Bearings
| The two basic types of bearings which are
used are

(1) FRolling friction or anti-friction.

(2) S1iding.friction or sleeve.

The friction coefficients used are 0.01 for
anti-friction and 6.20 for sleeve types. For roller or hall
bearings, the ratio of the bearing diameter d} to the stock

diameter d = d;/d=1.29,.
4 The bearing material is usually laminated

B‘ phenolic although cobalt base elloy may be used to permit

higher bending stresses.

2.2.8 Bearing Seals and Lubrication

Sleeve and roller bearings within the hull
are usually pressure grease lubricated. Adjustable seals
are provided and made in halves to facilitate shipping and

unshipping.

The most recent practice with roller bearing

scals is to use a gland with packing, adjustable from inside

the ship for the hull seal. This means moving the hull roller
bearing upwards a little with a slight increase in rudder stock
bending moment. This seal design has the advantage of being
repaired when the ship is afloat.

2.3 Submarine Control Surface Design

2.3.1 General
The basic intent of submarine control

surface design is to obtain positive directional stability,

2-4




good depth and course keeping ability and good ability to
initiate and check trajectory changes. The preliminary
design estimate of recquired control surfaces are gecnerally
tested by NSRDC and adjustments made as necessary.

Directional stability and control are
basic design requirements for ahead submerged operation.
Astern operation is quite unstable and generally whatever c
out of the design that has been based on ahead operation is
accepted.

2.3.2 Fairwater Plane Design

Fairwater planes are more commonly called f
than bow planes in current design practice.

Fairwater planes outreach is usually kept
within the maximum beam to allow %or rolling alongside a
dock. The height of the planes is important in relation to
avoiding difficu}ties in periscope-depth control. Position
the planes too high on the sail may cause loss of plane
effectiveness.

The leading edge is usually raked to deflec
mine cables., Tips should be rounded to reduce noise levels

2.3.3 Stern Pltanes and Stabilizers

The area nceded at the stern for stability
the vertical plane is determined by theory and model test.
The area is usually too large to be all moveable so part of

it is installed as a fixed stabilizer.
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The planform and location of stern plane-and=
stabilizer are selected with the following cdnsiderations in
|
addition to conventional hydrodynamic efficiency:
a) The leading edge rake should be such as
to deflect mine cables; for non-rake or
very small rake, cable guards should be
provided,
b) A minimum distance equal to one propeller
radius should be maintained between a
point on the line of maximum blade thickness,
0.7 radius from the shaft centerline to the
nearest edge of the stern plane.
c) The span, which usually exceeds the beam,
should be limiteus so as to facilitate

nesting, coming alongside a dock, and for

larger subs to increase the availability
of the number of drydocks and building
ways that may be employed.

2.3.4 Rudders

The problems associated with submarine rudders

are genecrally similar to those encountered with surface ships.
One special problem associated with the topside rudder of a
submarine is the flow dJdisturbance caused by the sail and
superstructure. Because of this wake disturbance the topside
rudder is not very effective for stability where small angles

are involved even though quite effective for turning.

2-6
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HTS or MS for interior material. Wood with hot vegetable pitch

or foamed-in-place plastic syntactic foam may be used as

filling material.

2.3.% Pracings

Departures from practice listed for surface

ships as follows:

a)

b)

c)

rudder plating is generally HYB80 steel! with

Laminated phenoli:- bearings are not commonly
used on submarines.

Anti-friction (roller) bearings are not
used for radial loads.

Cobalt base alloy is the usual material
for radial lo;ding.

Rudder carrier bearings take thrust in a
free-flooding space. Nickel-copper-sili-

con alleoy is the most common material for

these bearings.
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3. CURRENT CALCULATION PROCEDURE FOR RUDDERS AND DIVING

PLANES FOKCES, TORQULS AND MOMENTS
3.1 Introduction for Calculation Procedure

This section of the report describes the rudder de-
sign work after the rudder configuration and location have been
determined., The hydrodynamic torque is calculated and from this
the structural and mechanical features are determined for re-
liability at low cost,

In the compttation of rudder forces, bending moments

and torques, aerodynamic and hydrodynamic methods are used with

allowances developed from experience. This procedure will be

explained for various types of surface ship and submarine con-

1 trol surfaces.
i © 3.2 Flow Speed and Angle of Attack
3.2.1 FIOE_Specd

The ship speed used is the speed the ship
would attain at full-power plus one knot, with the ship in
a light-displacement clean-bottom condition such as can occur

on builders trials. Any reduction of speed in a turn is an

additional factor of safety and is not calculated. For a
rudder in the propellier race the speed of the water over

the rudder is assumed to be (Ship Speed as defined above)

(1 + Real Propeller Slip). This speed is assumed to occur
uniformly over the complete control surface span. For portions

{ of rudders not in the race, ship speed is used.




surfa

factor times the actual geometric angle.

drift angle allowance based on ship trial

tors

data,

Fatio. In ideal cases this

areca

root

large

Va2 Angle Of_ﬁLLigk

For both surface ship and submarine control

ces the effective attack angle should be taken as some

for various control surfaces are

Factors Used to Obtain Effective

This is an arbitrary

experience. The fac~

in the table below.

Attack Angle

Eggt:wnl Surface
Surface Ship Rudder
Submarine Rudder

Submarine Stern Plane

Submarine Fairwater Plane

Hull Gap and Effective Aspect Ratio

In order to use free

Factor

———

0. 75

571
1.0

150

stream aerodynamic and hydrodynamic

it is necessary to calculate the effective rudder aspect

and is doubled if there

and hull. I1f the hull

is equal

is small

to span squared over
""no gap'" between the rudder

at zero rudder and

at full rudder, the effective aspect ratio is computed
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by multiplyinag the geometric aspect ratio by a coefficient
varying linearly from 2.0 at 0 degree to 1.0 at full rudder
angle. If the gap is large at all angles, the geometric

aspect ratio is used throughout the range of rudder angles.

3.4 Use of VWind Tunnel Data

The calculation of rudder forces and torques is mostly
by aerodynamic methods with some modification for ship ap-
plication. The calculation procedure for Q4 the hydro-
dynamic torque, of each of the control surfaces is described
below. With the exception of the horn rudder, computer pro-
grams exist which can perform thesz torque calculations.

3.4.01 Spade Rudders

The most important source of data for the
torque calculations of spade rudders is DTMB Report 933 'Free-
Strecam Characteristics of a Family of Low-Aspect-Ratio Aill
Moveable Control Surfaces for Application to Ship Design"
(Revised Edition). The data from DTMB Report 933 has been
crossfaired so that the ordinary coefficients (lift, drag,
normal force, chordwise and spanwise center of pressure) are
plotted versus aspect ratio for various angles of attack. This
is done for both squared and r0undca tip shapes and for sweep-
back angles of -8.0, 0.0, and 11.0 degreés. The rudder torque
obtained with this method is called QH' the hydrodynamic
torque. The results of the torque calculation.are presented
in a plot of Qy versus attack angle where negative torque
indicates a trailing tendency (center of pressure aft of the
centerline of the stock).

A detailed example calculation for.spade rudders

is shown in Appendix A. The basic procedure is as follows:

3+3
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Use the design charts fror the DTHMB #933 for the

appropriate sweep angle and tip shape and deter-
L drag CD and

chordwise center of pressure (CP)c for the

mine the coefficients for lift C

desired aspect ratio and angle of attack.
(B) Interpolate the coefficients from step (A)

between these -8.0,0 and 11 degree values

for the values at the actual quarter-chord
sweep angle. Sweepback angles higher than
11 degrees can be interpolated using refer-
ences b6 or 7.

(c) If the taper ratio (defined as tip chord/root
chord) differs from the 0.45 values of Report
933 a taper ratio correction must be made.
This correction is shown in Appendix B.

(D) Add friction and steering allowance torques
to produce the final torque envelope. See
Section 3.5k

The computer program called Rudder Fairwater Plane Design
No. 0305 uses the data from DTMB Report 933 to perform the

torque calculation above.

3.4,2, Horn Rudders

For semi~balanced rudders on a horn, the cal-

{ culation procedure described in DTMB Report 915 is used for

the determination of the normal force and center of pressure.
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4 Evaluation of a considerable amount of model and full scale
rudder torque test data indicated that the height to chord

ratio of each portion of the rudder is the most significant
parameter, Other parameters such as section, aspect ratio,
thickness and percent balance or hull effects such as wake,

drift angle and reduction in speed are assumed to be impli-

citly taken into account in the analysis. The rudder is con-
sidered as two separate portions and the normal force and
center of pressure curves may be obtained from empirical

curves for each portion. A detailed example calculation

for horn rudders is shown in Appendix C.

The basic calculation procedure for predicting the
toréue of horn rudders is as follows:

(A) Determine the height to chord ratios for the
j upper and lower portions of the rudder.

(B) Obtain coefficients for the normal force and

center of pressure for various rudder angles
! using the graphs of Report 915.
(C) Determine the moment arm and normal force for
cach rudder portion.
(D) Determine the torque for each portion of the
rudder.
(E) Sum up the torque values of (D) to yield the
‘ | total hydrodynamic torque QH‘
(F) Add frictional torque (and torque allowance) to

obtain final design torque. (See Section 3.5.1)

3"




I Stern Plane with Stabilizers

A detalled e\ample calculation for stern planes
with sfabillzcrs.is shown In Appendix D, The most important
data fo? this calculation is the NACA WR-L series. The basic
procedure is as follows:

(A) Petermine the effective aspect ratio by
doubling the geometric aspect ratic. |If :
the stern plane hasia vertical stabilizer
fin at the tips, then a correction must be

made to the effective aspect ratio using

P

figure 2 of Appendix D..
(B) Using the taper ratio A find the angle
of attack (crossflow) ratio (c/ce‘l)

from figure 3 Appendix D. This is done

~S

for various sections along the span
Y/(b/2), where y is the distance along the
span starting from the root chord and b

is twice the span of the foil.

! (C) Obtain the 1ift slope Cha for the aspect
ratio from step (A) using EB division
design charts-A-1407 and A-1409. Obtain

the lift slope C for an infinite aspect

l«
ratio. g

(D) Using NACA flapped airfoil data, the lift
slopes CL/e are computed for 15, 35 and 50

percent balance flaps. Using these slopes,

; the 1ift coefficients C may be found.
‘ L B
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(E) Using the results from step (D) the hinge mo-
ment coefficients chf may be found for the
three balanced flaps.

(F) Correct the lift and hinge moment co-
efficients for the actual chord length
along the span. A new flap chord to mean
chord ratio is calculated.

(9) Determine constants Kj.= %%~;3 . (a8)
is defined as the partial o% the attack

* - angle divided by the partial of the flap

angle) and K, = Cth/Chfgaje by using
figures 7 and 8.

(H) Integrate the sections to obtain the
average lift an? hinge moment coefficient
for the entire span, using the K constants
from step (G) and the 1ift and hinge moment
coefficients from step (D) and (E) for each
section along the span. ]

(t) Determine the streamline curvature correction
to the average hinge moment coefficient,
using the data frdm figure 9 Appendix D.

(J) Plot values of lift and hinge moment co-
efficients, which have been calculated
for 15, 35 and 50 percent balance versus

( the ratio of the chord of the fixed plane

to the chord of the flap (Cp/C¢). Using the
correct chord ratlo, the desired lift and

hinge moment coefficients are taken from

d the curves.

, , 3=7
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(K) Calculate the lift using the value of the

lift coefficient from step (J).
(L) Calculate the hydrodynamic torque Qy using
the hinge moment coefficient from step (J).
(M) Determine the normal force coefficient
Cnf using figure 13 Appenaix D and using
this coefficient calculate the normal
force,
(N) Add friction and error (6% of flap chord)
allowance torques to produce the final
torque envelope. See section 3.5.3.
The calculation of forces and torques may be
performed by the computer prog;am titled Stern Plan Calcula-
tion No. 0218.

3.4.4 Fairwater Planes

In computing forces and centers of pressure, the
calculation procedure for fairwater planes is the same as the
procedure for spade rudders (section 3.4.1),

3.5 Steering Cear Torgque

Going from hydrodynamic torque Qy and friction torque Qf
to stecring gear torque (at the tiller), involves additional
allowances. These allowances are d4Sowedsd are discussed below

for cach of the control surfaces.

3-8
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Surface Ship Rudder

A) The first is an error allowance for chordwise
center of pressure. This.SIIowance is gener-
ally + 3 percent of the mean chord., This
allowance multiplied by the normal force
results in + Qg or a torque error allowance.
This is added alebraically to the Qy curve,
and converts it intj a band instead of a
line. This allowance is significant for
a spade rudder with the rudder stock near
the quarter chord point, but is practically

negligible for unbalanced rudders.

B) This band is further modif{cd by adding the
frictional torque of the rudder bearings.
The frictional torque is the result of the
rudder bearing reaction, stock bearing radius |
and bearing friction coefficient. The fric-
tion coefficients used are 0.01 for anti-
friction bearings and 0.20 for sleeve type
bearings.

C) Minimizing the size of the steering gear
requires the balancing of the restoring
and upsetting maximum torque of Qu+ Qgt
Qf. The stock position is adjusted so that
maximum restoring torque is 50 percent greater
than the maximum upsetting torque. The
computer program No. 0305 cannot balance

the torque envelope in this way so this

step in the procedure must be done by hand.

3-9
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submarine
nearly the

3.5.0) wit

Fatrwater

Rudder:

3.5.3

D) Finally, 25 percent of the maximum torque

restoring is added to the torque envelope

as a torque allowance QA'

E) The calculation for the horn rudder

is very

similar to the spade rudder except when

calculating the frictional force, the normal

force Fy is used itnstead of the resultant

N

force FR'

Submarine Rudder and Fairwater Plane

The calculation procedure for determining

rudder and fair water plane torque requirements is
same as that for surface ship rudders (section
h the differences described below.
plane: )) The torque error allowance QE = -2
of the mean chord e.
Z) Restoring torque = Upsectting torque
3) Design torque = 1.20 x restoring torque.
1) The torque error allowance Qp = 1 13

of the mean chord c.
2) Restoring torque = Upsetting torque
3) No additional allowance Qy is added
to the torque envelope.

Submarine Stern Plane

The calculation procedure for determining the




torque requirements for submarine stern planes is described
in section 3.4.3. The torque requirement: ‘or stern planes

are described below.

Stern Plane: 1) Restoring torque = upsetting torque
2) No additional allowance QA is added

to the torqu> envelope.
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. UPDATED TECHNICAL PRACTICES MANUAL, RUDDERS AND s

SUBMARINE CONTROL SURFACES 562 (9220-1) (Code 6136)

Note: Only Section 3 of Part A and Sections
3.4, 4,2, 5.1 and 7.1 of Part B are
updated here. The material of other
sections of the manual are discussed
briefly in Section 2 of this report.

A.  Rudder Design
Section 3 - Calculation of Rudder Forces, Moments
and Balance.
3.1 This section represents recent practice,
as revised, to take advantage of AOE | and AS 33 lessons
from trial data recorded by Puget Sound Naval Shipyard.

Analysis of the data indicated the effective attack angle

should be taken as 0.75 times rudder angle, rather than

5/7 = 0.7} formerly used. From Puget Sound's AS 33 data

some allowance should be made for torque, say 25 percent

of maximum at zero rudder for a rudder in a propeller
race. DTMB Report 060-H-01 of March 1965 reports mcdel
’ tests of AS 33 forces and torque. Forces correlate well
with design theory; torques do not correlate with either
design theory or full scale data. The error allowance
in estimating chordwise center of pressure should be

increased generally (as indicated in paragraph 3.5 which

has new values) for so important a system. Regarding

specifications, the assumed efficiency from steering gear
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hydraulic torque to rudder stock will be stated. In
additien to general performance requirements, NAVSEC
predicted forces and torques will be specified.

Where weight is of more than usual importance,
the design may include more specific requirements than
merely performaence. This essentialiy involves taking some
risk where weight saving makes that course desirable. The
computation i5 by aerodynamic and hydrodynamic methods with
some additional features for ship applications. The publi-

cations for this work are references 2, 6 and 7 as listed in

3.6. Forces and centers of pressure are computed as indicated

below, and additional allowances are made for converting
hydrodynamic torque into steering gear torque.

i g The computation; for forces and centers
of pressures involve finding data for an acceptable range

of Reynolds Numbcr and aspect ratio and correcting for:

(a) Effective aspect ratio:

A.R. Geometric = Span
Chord

= SEan2
Areca

A.R. effective varies from 1.0 to 2.0 times geometric,

depending on the gap between rudder root and hull,

(b) Taper ratio A= tip chord
root chord




(c) Sweepback angle (f=angle that the quarter
chord line makes relative to the stock axis).

(d) Mean chord (6=(Tip Chord + Root Chord)/2)

3.3 The attack angle (a) for surface ship rudders
is usually taken as 0.75 the rudder angle. This is an
arbitrary drift angle allowance, based on the time to get
the rudder over (about 10 secends) and the expectation
that the ship will have started swinging by then. This
arbitrary value transforms a 35 degree rudder angle into
a 26.2 degree attack angle, below stall in most wind-tunnel
data.

3.4 The speed used is that in way of the rudder
during a full-power straight-runn%ng period plus one knot.
The ship should be assumed to be in a minimum operating con-
dition and clean-bottom condition such as can occur on
builders trials. Any reduction of speed in a turn is not
considered. For rudders entirely within a propeller race,
flow speed is taken from data of a similar ship. If a
portion of the rudder is not within the propeller slip
strean, a separate calculation is performed for that portion
of the rudder using ship speed for the inflow velocity.

L With these simplified methods of estimating

flow speed and angle of attack, the ordinary coefficients
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(1ift, drag, normal force, chordwise and spanwise center

of prcssurc) are obtained by cross-fairing as indicated

by Section 3.2. A systematic plot of data by Electric

Boat Division (available in Code 6136) is very useful

for this. The rudder torque so obtained is called Qy the
hydrodynamic torque. Airplane nomenclature is followed with
negative torque indicating a trailing tendency (center
pressure aft of stock). An allowance for uncertainty

in center of pressure is made generally + 3 percent

of the mean chord. This allowance, multiplied by the

force, results in a * Qg, or torque error allowance. This
is added algebraically to the Qy curve, and converts it

into a band in lieu of a line (note that no error allowances
are made for force or spanwise center of pressure). This
band is then further modified to get tiller torque by allow-
ing for the intervening friction torque Qp. This is done by
computing reactions at all bearings, multiplying by a
friction coefficient (see section on Bearings) to get the
frictional force, and multiplying that by the radius of
sleceve or the radius to the center of the rollers to

get frictional torque. Finally, 25% of the maximum restoring

torque at full rudder angle is added to the torque band
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for a torque correlation allowance QA’ The best example of
this systematic procedure and the sources of aerodynamic
data are shown in the Code 6136 rudder file for $SBE(N)
608 Class.

3.6 Rudder balance may be theoretically selected
in this manner: Obtaining the minimum size of steering gear
requires balancing the negative or‘rcstoring and positive
or upsetting torque envelopes of QH 4+ QE i QF * QA‘ Al lowance
can be made for varying mechanical advantage of the steering
gear at different rudder angles. For surface ship rudders,
it is desirable to have the maximum negative torque 50%
greater than the maximum positive torque; this balance is
made before the final torque correlation allowance Qp is
added.

3.7 (a) Report I461 provides the basic procedure

for the torque calculation of ;urface ships with spade rudders.
The computer program titled Rudder, Fairwater Plane Design
uses the method of report 1461 with the data from DTMB
Report No. 933 to perform the torque calculations.

(b) For semi-balanced rudders or horn-type

rudders, Joessel's method is used.
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3.8 Astern Operation

Astern Operation is usually investigated

only for ships having & military requirement for going
astérn (e.g. LCU types which retract astern); Mode 1

tests arce then used for determining controllability, since
there is no rcliable theory.

Astern operation generally does not control

scantlings, but does control steering gear capacity.
Recent practice has been to design the steering gear for

ahead operation and limit sustained astern RPM based on

trials so as not to excced the steering gear capacity.
“"Sustained'" astern RPM is specified so as to still permit
the ship to use full astern RPM for crashback. It should

be noted that for astern operation the rudders tend to

take charge and will move to larger angles, since the center

of pressure is well aft of the rudder stock. Accordingly,

in going astern with a hydraulic system, when the relief
valve opens, the rudder would go to hard over. To avoid
this, usuval practice is to specify that the safe sustained
astern RPM would be determined from sea trials, and that
suitable warning plates be installed.

3.9 Sea Slap

Sec section 7 of Submarine Control Surfaces.

The criteria for submarines also applies to surface ships.

‘o’
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3.10 Zig-Zag Maneuvers

Zig-Zag maneuvers should result in grcater

rudder forces and rudder torques than for simply right
or left turning. Although the zig-zag maneuvers are not
considered during the dcsign stage, the design procedure is

considered conservative enough to cover such maneuvers.

B. Submarine Control Surfaces
Section 3 - Fairwater Planes
3.4 In computing forces and centers of pressure,

the angle of attack is taken as the plane angle (unlike
Rudder Design Practice, Section 3.3, the diving planes

can be operating with no drift angle reduction). The
maximum plane angle is 200. In the balancing of the torque
envelope the maximum value of the upsetting curve is

equal to the maximum value of the restoring curve.

After balancing, a torque correlation allowance (QA) equal

to 207 of the maximum restoring torque is added.

Section & - Stern Planes and Stabilizers
L,2 As with fairwater planes, the angle of attack
is taken equal to the plane angle, without any drift

corrections. The forcc and center of pressure determination

for the stern plane plus stabilizer combination follows
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the same procedure as Section 3.4.1. In the balancing of the

torque envelope for stern pganes, the maximum value of the positive
curve equals the maximum value of the negative curve. No torque
allowance Qp is added. The computer program titled Stern Plane

Calculations is used to perform this calculetion.

Section 5 - Rudders
5.1 The design calculation of submarine rudder forces
is the same as that covered in "Technical Practices A. Rudder
»’ Design."

There are a few differences from the procedure
used in section A. In the balancing of the negative and
positive torque curves for rudders, the maximum value of the
positive curve equals the maximum value of the negative curve.

E No torque correlation allowance Qa is added.

Section 7 - Sea Slap
F 7.1 The practice is to assume that sea waves
acting on exposed control surfaces are equivalent to a

static uniform load of 1000 pounds per square foot.
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Under this loading the Ship Specifications usually indicate
that

(a) Structure may be stressed up to the
yield point (this particularly involves torque keys and
keyways).

(b) The control torque may exceed hydraulic
gear capacity (because of the long lever arm to sea slap
center of pressure).

In that case popping the relief valve is
acceptable. On SS(N) 597 the Electric Boai Division
made a computer analysis of the response of the hydraulic
system to such transient loading. For that purpose NAVSEC
arbitrarily indicated that the loading could be taken as

1000 sin (2rT) Ibs/sq. ft. where T varies from 0 to 0.2
(0.2)

seconds. On newer submarines such as the SSN 688 and
TRIDENT, the hydraulic system is built without relief
valves. The system is sized such that the anticipated loads
(hydraulic or sca slap) will not cause pressures in excess

of 1.5 times the system pressure.

4-9

.
v, ‘\‘!"
7 SR B AT
N

e i i P S G @ - -




L N o L M o AR MR D 514 L 40 AP 1 o

5. STATE OF THE ART

as1 introduction

The problem of predicting the actu&ting gear torque
of a ship control surface involves the following:

(a) Inflow characteristics of the water about

the control surface.

(b) Hydrodynamic characteristics of the control

surface.

(c) Mechanical characteristics of the control surface

actuating gecar mechanism,

The obviously formidable task of exhaustively evalu-
ating the current state of the art of all the areas mentioned
is beyond the scope of the subject task. Although each area
was touched upon, the conly one .investigated to a higher degree
was that of predicting the hydrodynamic characteristics of the
control surfacce. Particular emphasis was given to this area
since it seemed to hold the most promise for an immediate
addition to improving control system torque prediction
capabilities.

Abstracts of many of the books, papers, and articles
reviewed can be found in Appendix E.

5.2 Inflow Characteristics of the Water About A

Contro!l Surface

The angle of attack and velocity of a control surface
with respect to the fluid around it is a function of many

variables. The most important are discussed in the sections

below.
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5.2.1 Ship Maneuvering

5.2.1.1 Introductlion

Whenever a control surface is deflected,
the ship will experience an unbalance of forces, which results
in rigid body motion of the ship.

As the céntrol surface is deflected,
the ship will go into a maneuver which usually has sideslip
and decrease in speed of the vessel as a result. Increased
turbulence around the hull can also be expected. As a result
the water inflow characteristics to the control surface can be
considerably altered from the ship straight ahead condition."
The rate at which the control surface is deflected bears
heavily on the degree to which the above phenomena occur.

Knowledge of the above phenomena would
greatly add to the prediction of the contro! surface inflow
direction and speed. Unfortunately, however, this involves
very accurate experimental or theoretical methods.

5.2.1.2 Equations of Motion

The maneuvering response of a ship is
determined by solving the appropriate equations of motion.
Generally speaking, motion stability and tight mancuvering
response are of interest.

Motion stability considers the response
of the ship after some arbitrary infinitesimal disturbance from
the equilibrium condition of straight ahead motion, to see if
the ship returns to the original position. When considering

this type of motion only the linear terms in the equations

of motion need be considered.
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For dynamically stable ships (stability
in straight line motion) the linear theory holds for moderate
maneuvers and non-linear terms beéomc necessary only for tight
maneuvering. For unstable ships, higher order terms are nec-
essary to determine maneuvering properties.

Although the linear equations of motion
can be solved in a closed form once the coefficients have been
determined by experimental or theoretical techniques, the non-
linear e uations of motion cannot be solved directly, but must
be evaluated in a step by step computer integration procedure.

5.2.1.3 The Hydrodynamic Cocfficients of the

Equations of Motion

The equations of motion include many
hydrodynamic coefficients whic% depend on ship shape, size,
inertia distribution and the equilibrium condition involved
in the analysis. Numerical quantities for these must be
determined for the ship under consideration in order to deter-
mine the response.

Generally, theoretical means are not
available for calculating these coefficients accurately. &
then becomes necessary to obtain these from the results of

special model tests in a towing tank, water tunnel, wind

tunnel, etc., or use the results of a series of model tests

which have a systematic shape variation about a parent form.
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Special equipment and techniques have

been developed for obtaining the required information from

model tests. Such equipment consists of oscillators, planar
motion mechonisms, rotating arm facilities, etc.

5.2.1.4 Conclusions Regarding Ship Maneuvering

Although calculations have shown that

ship maneuvering can be predicted in some instances, this

cannot be generally assumed for all maneuvers and ships. I'n
addition, the predicted maneuvers involve determining the
hydrodynamic coefficients of the subject ship by conducting
expensive mudel tests. Published data giving hydrodynamic
coefficients tor the equations of motion for systematically
varied series are not known to exist.

Therefore, at this time it is difficult
and expensive to predict the maneuvering characteristics of a
ship. In additicon it is not known if all maneuvers will give
realistic results.

L Boundary Layer of the Ship Hu1[

It is well known that the viscosity of water
will cause a boundary layer to form over the ship length with
the effect that the water velocity in way of the control sur-
face will be nonuniform, The degree of nonuniformity will

directly depend on the location of the control surface on the

ship.
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The prediction of the velocity distribution in
this boundary layer is necessary in order to compute the

inflow velocity of water into the control surface.

This subject has been the main topic of investiga-
tion for many research works in the field of naval architecture.
As of the present time these invcsfigalors know of no way to
accurately predict the boundary layer characteristics of the
flow about a ship by theoretical means.

fany experimental model surveys of the wake area
behind the ship exist for a varied amount of ship types.

It is stiil normal procedure to estimate the wake for a new
design from the experimental data of other ships. This
estimated wake may be revised if model tests of the subject
ship are done at a later date.

5.2.3 Propeller Race and Appendage Wake

Many times, particularly in the case of the rudder,
the control surface is located behind a propeller and appen-
dages, such as propeller shafts, struts and bossings. These

alter the direction and speed of the flow into the control

surface.

The appendages affect the boundary layer of the

ship in their vicinity. Since ship wake surveys are performed
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with appendages attached, this aspect need not be considered
independently.

Besides increasing the speed of flow into the control
surface within it, the propeller race contracts and expands
as the loading on the propeller changes. This may cause
the rudder to be completely enveloped by the race in some cases
and not in others. Unfortunately, this phenomena has not been
the subject of many investigations and no general conclusiouns
can be drawn.

5.3 Hydrodynamic Characteristics of the Control Surface

s i Introduction

In the current porocedure assumptions are made wit!

regard to the caracteristics of the flow to the control
surface and an effective angle of attack and flow velocity are
determined. Free stream hydrodynamic characteristics (lift,
drag, center of pressure) from experimental data are then used
to determine the forces and moments on the control surface shaft.
Planforms and section shapes for which test data do not
exist are approximated by interpoleation and extrapolation of
planforms and section shapes for which data does exist.

A survey of the state of the art has shown that two
distinct areas of effort in developing control or lift surface
characteristics have been followed, mainly experimental and

theoretical. The most extensive work has been in the aero-

56 ;




nautical field and in recent times has dealt almost
exclusively with theoretical approaches. Elégant methods
for predicting wing and control surface characteristics now
exist.

Some of the theoretical procedures investigated

allow the calculations to be performed for arbitrary surfaces
with or without th.ckness and also allow for the effects of
a nearby body.

5.3.2 Experimental Methods

5§.3.2.1 Introduction

The most extensive experimental data available
outside of the DTMB 933 report .are found in the aeronautical
literature. Unfortunately many of the section shapes used
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