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ABSTRACT

Propellier induced vibratory forces acting on the rudder of a water
tunnel simulation of the SEA CONTROL SHIP are measured as a function of
longitudinal and transverse clearance in jrder to determine an optimum
location. The influence of propeller-ruider clearance on steady state
propulsion and rudder effectiveness is obtained.

It is found that vibratory forces measured at a cavitation number
correspending to full power are three times the corresponding values mea-
sured without cavitation. A significant reduction in vibratory force at
zero rudder angle appears tc be possible by moving the rudder from the
present design location. The present transverse propeller-rudder clearance

appears to be optim.~
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arise even: if the propeller operates. in a steady £1ow.

1. INTRODUCTION

Thére are two. main- types -of vibratory forces induced by-a propeller.
The first type is known as ‘bedring forces, and consists of induced vibratory 1

forcés -on the propeller caused by the incoming non-unhiform wake of the ship.

These forces are delivered to the hull shrough. the stérn bearing. The
second type, known as surface forces, consists of indueced vibratory loads

through water on a structure near the propeller such as the hull or the
rudder; They are caused by time dependent variations of the flow field, -due

to the rotation 6f the propeller. AS a result, these latter forces may

‘One -should: néte at this point that the term forces is used in this
-context in & broader sensé and should-be interpreted as meaning any

Ty ‘3

type -of hydrodynamic excitation arising from the :propeller whether this

is a force or- a.moment.. 3

. _gg

It is elear from-the above definitions that in thé context -of this
report only surface forces are of intérest. The abové Subdivision of

propellér forces is by no:means universal: Different authors use dif-

ferent terms. F.M.Lewis [ 2,3 7, for-example , distinguishes between’ . 3
surface -(acting on the hull surface éxcluding thé rudder) and rudder forces.

A further distinction is -often-made among surface forces. by -Subdividing
tl;;afm into. piteh unbalance forces and:blade frequency forces.

Had we had 3 perfectly shaped: propeller opevating at constant r.p.m. ]

in.a uniform- axial wake then Symmetry would require the generation of

constant torque, cofistant thrust; zero lateral f£ovce variation, and- zerd 5




moment variation about any axis normal to its shaft axis.

Pitch unbalance forces and moments are generated by non-uniformities
embodied in the propeller blades during manufacturing or due to blade
damage occurred as a result of the propeller running into an obstruction.

The effect of such irregularities is the introduction of first order
(frequency ssme as that of the pr.péller shaft) forces and moments at the
propeller shaft bearing. If the propeller operates in a non-uniform wake
as is usually the case with surface ships, opitch unbalance would also result
in the introduction of superimposed variation effect with a first order
fundamental frequency but which may have harmonic components depending
on which frequencies are excited by the non-uniform flow.

Blade frequency forces exist regardless of the degree of perfection
in the manufacture of the propeller. As one would expect they vary at
blade frequency (equal to propeller r.p.m. X no. of blades) or at one of
its harmonics.

The rill surfaces on which surface forces act are classified as tip-
clearance swr-faces and axtal clearance surfaces. In single screw ships tip
cl2arance surfaces are the hull surfaces above the propeller whilst axial

clearance surfaces include struts, bossings, and the rudder.

The operation of the propeller in a non-uniform wake tends to increase -

the surface forces above the level they would have, had the inflow been
uniform. These wake-induced force movements are known as wake-reflection
forces,

The rudder in a single screw ship extends inside the vortex sheet
flow behind the propeller, the various components of which produce vibratory

forces of frequency equal to propeller blade frequency.




‘c§§ The study of propeller-induced rudder viﬁ?atibn'has.much more- recently
been develop2d. Its importance has been augmented as ship speeds and
propeller thrust loadings have increased. Most of the relevant research

‘ - has been c¢onducted ovér the last decade and has frequently been related

L

to the field of hydroelasticity.

Vibration -of the rudder aboveé a certain levél may either cause local
failure or may in- turn excite vibration -of the -entire hull ('"spring mass
effect™). Prediction of dynamsc response characteristics of the rudder
%ﬁ to hydrodynamic loads can be of great assistance to the designer.

f@ Although the present experiments -carried out at M:I.T.'s water
tunnel wére trying to simulate conditions behind a particular-ship; the

. results may be valid for othér vessels too.

SO

The ship in question," the Sea Contrcl Ship,. is .a single

e

screw, high speed, transom stern type ship. It also comprises

[T

the additional feature (which is getting quite common nowadays) of
having the design location of the rudder moved slightly to the starboard
of the center line-of the propeller shaft axis.

The reason behind this is twofold. It.causes the rudder to miss

the hub vortex of the propeller and enables: the propeller shaft to be

é L vremoved without needing to unship the pruddér -every time this
is desired.

In such a case maintenance or repair time can be reduced considerably
which is an important advantage to ships with high availability requirements.

; As aresult, one-of the objects of the experiment was to examine whether this -

AR v




-4 -

special feature has a detrimental effect on the level of induced vibration

or not.

-~

One may note, however, that this feature which is getting quite usual

it 'l" ‘l,x‘,wix\i “A\ i ",:r‘,‘”m;‘l”.'[ il it M i,‘l!‘i“u‘»!‘i ik i uf‘h“';u:'l!“m‘;ll i ‘\‘ f

practice on single screw ships is even more common to twin screw ships
where the two rudders are not aligned with the propeller axes. Thus, the
results of this experiment can be of some use to twin screw ships by giving
some indication of the effect on vibrations of various transverse positions.

Since longitudinal propelier-rudder clearance is a critical parame{:er

il

in determining vibratory force levels on the rudder, it is important to
establish a precise definition at the outset. In accordance with current
NAVSEC practice, this clearance is defined as the distance between the center

of the blade when it is at its uppermost position and the leading edge

T T
LI R

i

of the rudder measured on a lire parallel to the propeller shaft at a

distance equal to 70% of the propeller radius. This definition differs

i A

from that used by F. M. Lewis [2], [3], where the distance is measured at

the shaft centerline, rather than at the 70% radius.
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2. 8HiP SIMULATION IN THE WATER TUNNEL

Since in our experiment we were trying to investigate what happens
beh?nd a given ship, it was necessary for us to make maximum use of the
information we had been given on the ship's design features and its opera-
tional characteristics.

To facilitate our task, the project sponsor provided us with drawings
of the stern part of the ship, specifying the limits of the permissible
changes of rudder longitudinal and transverse positions. The ship operating
conditions were also given to us in non-~dimensional form (by providing
values of J, 0, and KT) together with the results of the ship's wake

survey.

In addition to all this information, we were given the model of the
propeller. This immediately determined the model/ship scale ratio, ap-
proximately .0410, and took care of the K, requirement.

To be able to satisfy both the J and ¢ requirements we made use of
dimensional analysis (see Appendix V) and came forward with a set of
tunnel operating conditions' options. Deciding which of these options was
to be selected was left to the results of the natural frequency analysis.

Combining all the above information as well as information obtained
from close examination of the ship's drawings, the design requirements of
the model may be summarized as follows:

1) The model must satisfy the rudder lateral movement requirements. In
other words, the rig must be such as to enable the accurate location of

the dynamometer-rudder subassembly at exactly the seven predetermined

positions,




P

il

il

s

iy

Wi L e

2) It nust also be able to simulate the slight flow inclination (~4.5°)
relative to the "vertical" (i.e. normal to baseline) rudder stock (here
modelled by the dynamometer). At present, however, the tunnel's propeller
drive system does not allew for changes in the shaft angle. As a result,
the propeller shaft must be horizontal and the rudder dynamometer must bear
the inclination. Either way would produce similar results. - v
3) The supporting rig must permit <hanges in the angle of attack (rudder
deflection).
4) The model must allow for variations in the axial propeller-to-rudder
clearance. One should note that "clearance” here is defined as the distance
between the centre of a blade, where it is at its uppermost positions, and
the leading edge of the rudder measured on a line parallel to the propeller
shaft centerline and at a distance equal to 70% of the propeller radius, R.
5) It must alsoc be made watertight whenever leak paths are anticipated.
6) The supporting rig must be rigid enough to allow for very small axial
and lateral displacement of the assembly.
7) The model must incorporate certain appendages (in the form of screens)
which will simulate the ship's axial wake as closely as possible.
8) All positions and angular changes must involve a minimum number of
adjustments.
¢) Finally, the model must have a natural frequency lying above the an-
ticipated operating blade frequency.

A description of the final version of the model is given irn the
following section. The various considerations that led to it however,

are discussed in more detail in Appendix 1.




R —
P A A

b o

i
i

bl

P WO

Kl i b ) . T )
L s

TN

!‘|H;‘I‘|||]I| k‘).l.x‘l I .;‘|‘ i .‘|‘,|"|

L]

Description of the Model

A view of the model is given in fig.{1). The aluminum
window is bolted down to position on the tunnel. A thick steel plate

(the "infinite mass") is bonded unto the window by means of a 9/16" thick
layer of ECCOBOND epoxy mixture (2 parts ECCCBOND to 3 parts of catalyst

by weight). This method of attaching plate to window was chosen as our
final attempt to decrease the system's natural frequency by lowering its
stiffness,

The dynamometer is held into position by a massive aluminum clamp

bolted on top of the steel plate. Lateral movement can be achieved by

allowing the clamp to move inside a groove cut out in the plate. The

clamp must be sufficiently large to cover the entire groove at all positions.
Note that the groove is large enough to ensure access to 1/2 the lateral

positions required. The other half can be obtained by rotating the window

180°. This method,although time consuming, has two great advantages.
It wastes a minimum amount of steel mass and requires a smaller clamp.

The rudder is held tight against the tapered bottom end of the sensor.
A "tiller" used for angular adjustments is fixed on top of the dynamometer.
Whenever a change in angle of attack is to be made, the clamp is slightly
loosened and the rudder assembly is rotated to its desired position. A
tapered pin sliding through two holes on the tiller and the clamp, prevents
any further movement.

Sealing is provided by an O-ring between the steel plate and the
clamp and another O-ring and a gasket between the jaws of the clamp.

To further simulate the ship's hull by providing the proper propeller

tip clearance, it was found necessary t: use a splitter plate. This is
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held into position 1 3/4 inches from the top of the test section by means
of an aluminum streamlined boat. Like the steel plate, both splitter plate
and boat have a transverse grocove cut into them to allow for sideways move-
ment of the clamp-dynamometer subassembly. The splitter plate extends
across the whole width of the test section leaving practically zero-clear-
ance at the sides to ensure the complete splitting of the flow above and
under the plate.

Although the splitter plate is longer than the previous one used for
other experiments in the tunnel[9], it still extends less upstream than
the test section wall and thus manages to reduce the boundary layer thick-
ness (see Appendix III). Finally, to avoid flow separation, the leading
edge was faired as shown in fig.(1).

The groove in the splitter plate is covered by means of a set of inter-
changeable coverplates, one of which caries the rudder skeg (fixed part
of the rudder). The skeg proportions had to be altered slightly to make
it possible for the dynamometer to go through it with clearance.

The vee-strut assembly slipping over the propeller shaft is used to
simulate the strut on the ship. Three set screws holding it tightly ageinst
the drive shaft housing make sure that it remains at a constant distance
from the propeller as the longitudinal position of the latter is changed.

Finally, to simulate the non-uniform wake behind the ship, it was de-
cided to introduce in the flow a wake screen, attached near the leading
edge of the splitter plate, capable of creating a velocity profile similar
to that of the ship. The variable solidity of the screen as a function of

distance from the propeller shaft centreline was developed in a wake survey

arried out in the tunnel described in Appendixz IIXI,

2]
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3. EXPERIMENTAL PROCEDURE

Although we were primarily interested in examining the effect of pro-
peller to vudder orientation on the vibratory loading of the rudder (dynamic
tests), it was found worthwhile to extend the investigation a step further
to include the effect on the steady state characteristics of both propeller
and rudder (steady-state tests).

This decision was taken in order to ensure that the longitudinal and
lateral position of the rudder, with respect to the propeller, the dynamic'
tests would indicate as being the "optimal", would not have a detrimental
effect on the steady state performance characteristics.

Thus, the overall experiment was divided into two main parts, the first
dealing with dynamic tests and the second with steady state tests. For sim-

plicity these are treated here separately.

Dynamic Tests - Modifications to the Original Plan

By the time we started the first tests, in early July 1974, we had alreacdy
decided to modifv our original testing plans. It was then that we decided
to examine only the centreline and starboard lateral positions of the

rudder,based on indications obtained after the first test runs, that the
ptimum lateral position was near the design value (which corresponds with
1" +o +he starhoard on the model). This decision was also enforced by
another consideration. Obtaining the port lateral positions (as already
descrited) meant rotating the window by 180° and vrefastening it
on the boat, Because of the absence of symmetry in the shape of the

boat this last step would inevitably involve drilling a new set of
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holes into the window, thus increasiusi the numhor of possible air-leak
paths into the system which we knew wouls hinder cur zxperiment.

After a number of trial runs, we discov-red that there was little
advantage gained by using a smaller increment .f longitudinal movement
of the propeller near the design position (st a clearance raticocf about .57).

Instead, one centimeter intervals were used throughouot the travel of the

propeller with the only exception that in the three last points (at very

b
0
£
ot
[

4
4]
:
.

large clearance ratios) the increment wes in.res
The final change involved tne investigation of the effect of changes

in angle of attack on the vibratory loading of the rudder. For r=ssoins

explained in Appendix II, we were not able to get any resuli. 2t augles

of attack greater than 5°. As a result, our original plans for a thorough

investigation of this effect had to be abandoned.

Dynamic Test Procedure

With the rudder, at one of the four lateral locations *o i= investi-
zated, the tunnel was first run at a low water speed and a static pressure
close to the desired testing value (236-mmHg) in zn effort to drive as
much air out of solution as possible. The air thus released was gathered
in the vacuum chamber at the top of the tunnel, and upon further reductions
I7 pressure, was driven completely out of +the system.

After a period of time varying between 20 minutes and 1 hour, both the
prcpeller r.p.m. and the tunnel water speed were increased until the desired

-

ng values were attained (1500 r.p.m. and 17.3 ft/sec respectively).

pees

test
Some additional time was then allowed for the tunnel to reach equilibrium

at these new conditions during which freguent adjustments were necessary.
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fiuctuations in the level of the "blue

were able to start taking readings.

For all the dynamic tests involving 0° angle of attach

amplifiers' gain was set at its maximmm value. Thiswasdé

P are

the fact that the expected steady state loads at 0° rudder
enough to cause saturationof the amplifiers.

response signals F, ana Bx were examineé prior to being

.
11 ing

on an oscilloscope (TEKTRONTX model 561B) and a bias

whenever necessarv. After this check for saturation

a time (via a six-way switch

),

43 3

on, the two response signal

by the lack of

the manometer, we

the dynamoneter

1

. 3 nirat] e
¥ 1n anticipationof

e

angle, were not large

Kevertheless, the two dynamometer

averaged, were viewed
voltage was applied

=

=

"signal input" jack. A detailed description of the dyvnamumeter and the
waveform eductor is given in Apperdix II.)

A switch on the eductor's front panel is used to select one of the
three possible operating modes of the instruments. In the "analyze and
readout” mode the instrument simuitaneously samples the input signal, stores
the recetitive synchronized component of the signal in its memory and sup-
plies the contents thereof to the output. With a haracteristic time con-

+he educ

L 2y

the input signal. At the end of the

In

s ithe "readou* only" position.

tor an‘\rox,mate

ly 2 minutes to

2 minutes, the mode

his mcde no

was us~? to drive the aucilloscope which was
"are signal", wil. - i, 3 pesitive pulse avzilab
sweep, at the gate jazl sn the eductor's front panel.




camera (TEKTRONIX =odel C-59) was then used to make a permanent record
of the output response. After the picture was taken, the signal was
erased (by turning the mode switch to the"erase™ position) and then the
whole cycle was repeated for the second dynamometer signal.

In order for the eductor averaging sweeps to be synchronized with the
rotation of the propeller an external trigger pulse had to be supplied to
the "trigger in" iack. is was accoeplished using a magnetic pick-up,
located at the rear end of the propeller drive, which activated 2 - ke
generator everytime a tooth of the five-tooth gear rotati-- - shafe,
pa~sed over it. With a five-tooth gear and an appropria’e sw.  surati
(about 7.8msecs) it can be arranged so that the eductor examines the input
signal five times per propeller revolution. This provides a better system
response criterion since the eductor will, at each sweep, integrate the
input signal with a different blade at a particular positizn so
vidual blade non-uniformities will be removed in the averagri.ap process.
One should note that the two pulses, the one triggering the eductor and
the one availihle at the "gate" fack are perfectly synchronized.

Afzer one full run was completed (there were approximately 17 long:i-

tudinal positions per run) a check for repeatability was undertaken. This

nothing more than z repetition of the readings previously taken,

5

o
10
1

chosen points, It was during one of these checks that

cho

change the lateral position of the rudder.
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In the first part, the program makés use of thé results obtained in
the dynamic calibration (see Appendix IV) to develop a matrix of the com- e
plex influence coefficients. This matrix is then used in the second part
of the program in the reduction of the data obtained during the experiment. E
The final output is given in non-dimensional form as force and moment ‘]
coefficients. In both parts of the program the input consists of tﬁefampli— ;
tude and -phase values of the recorded signals -of the two. channels obtained
at a .given point.

The amplitude of the signal is equal to half the peak to peak value
directly measured on the photograph multiplied by the sensitivity of the :;i

scale.

The phase, on the other hand, is taken as. the fraction of the cycle
in degrees by which the positive peak of the signal leads "zero phase".
This "zero phase" is arbitrarily taken as occuring exactly at half the
interval between two consecutive triggering spikes. At this instant (it
was arranged by carefully setting the five-tooth gear position, relative to
the propeller) a propeller blade is always located at its uppermost posi-

tion., The way phase is measured is better illustrated in fig.(2).

All the dynamic test reduced data is given in graphical form in the

]

{" next section whilst a listing and a sample output of the "dynamic data reduc-

- tion program" is given in Appendix VI..

Ralii i

Por Steady State Tests

: a As already stated, the steady state tests were carried out more as a

complement to the dymamic tests than to investigate in detail the steady

s

_|ee
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state characteristics of both propeller and rudder.

The main reason behind such an attitude towards steady state tests was
that with the dynamometer at its present form, there was not much more that
wé could do. A further reduction in gain, which would have undoubtedly in-
creased our testing possibilities, involved tampering with the electronics
of the dynamometér which was not feasiblé under the present project.

Thus, as soon as we discovered that the steady loading on both rudder
and propeller was unaffected by changes in clearance the steady state tests
were discontinued and we concentrated on effects on dynamic testing.

The testing conditions during these tests were also quite different from
the ones just described. First, the cavitation number being so low, even at
the smallest amplifier gain, it was impossible to -obtain results at rudder
angles greater than 10°. Furthermore the amount of cavitation appearing on
the leading edge of the rudder indicated that changes in the tunnel pressure
would have no measurable effect on the steady state loading. Thus, our first
decision was to increase the pressure in the tunnel to "atmospheric" where we
knew ‘that no- cavitation would occur and as a result the dynamic loads on the
rudder would be greatly reduced.

Even at a pressure as high as this, however, we were still unable to take
any readings when the angle of attack exceeded 20°, without saturating the ampli-
iers. As a result, at such angles, in order to decrease the rudder loading,
we decided to reduce the values of both n and VT » keeping their ratios
constant (for constant J) but effectively changing once again the value of 0.

The second testing condition that was altered was the fact that no wake
screen was used. There are two main reasons behind this decision. The first
one is that at the time we carried out these +tests there was no

one is that at the time we carried out these tests there was no




wake screen available; the prototype had failed and we were in the process
of constructing the second (handwoven) version (see Appendix IIT). The -
second reason was that we felt that the presence of a screen would not

significantly alter the influence of propeller to rudder clearance on the

steady loading

Rudder Tests

Had it not been for the significant reduction in the amplifier gain,
the input signals used in the steady load analysis would have been in no
way different from the ones used for the dvnamic tests. In fact, if we
had performed a static calibration of the strain gauges, with the various
amplifiers set at their maximum gain, nothing (except probably lack of
time) would have prevented us from carrying out dynamic and steady state
tests simultaneously.

The differences in the two tests lie in tte way these signals are
analyzed as well as on the fact that for steady state tests we examined
the output of five rather than two dynamometer channels.

The instrument used to measure steady loads on the rudder was a di-
gital indicator (LEBOW ASSOCIATES model 7521). This instrument was origi-
naily purchased fo be used :n coniunction with the load cells which are part
of another steady state dynamometer used in propeller tunnel as well as
open water tests at M.I.T. To analyze these steady state loads this instru-
ment incorporates a transducer unit which provides the excitation volt-

age to the load cells and later amplifies and filters their output signals
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prior to digitizing them. The filter and the digital voltmeter were the

-

WS SN OO % 0,

only parts necessary in our case and we had the instrument modified by

Wil |\‘|

the addition of another unit (essentially a two-way switch) to allow us

Gy By ey

to by-pass the transducer circuit. Thus, the indicator could be used as
a digital voltmeter with the additional feature of being able to filter
the input signal prior to6 digitizing it. Thus, by allow.ng a very narrow
band of freauencies to pass through the filter, the fluctuation of the

readings would be kept to a minimum and we had no problem isolating

the steady components of the dvnamometer output signals. A high degree

of filtering, however, required a lot of damping which in turn meant that

bt
Y

a considerable amount of time had to be allowed before being able to take

any readings.

There was one additional consideration we had to take into account

before using this instrument for the analysis of the signals. This is the

%] volt limitation on the input signal voltage imposed by the instrument's

P— P
S GLR e L It

: circuitry. On the other hand, we knew that the output from the amplifiers

bl
L

could be as much as 15 volts (the saturation voltage which is independent

of pain). Thus allowing for a safety margin we introduced a voltage divider

into the circuit in the six-way switch capable of reducing the amplifier's

U

E : output voltage to 1/17 of the original value. The reduced signal was then
'é ? . presented tc the digital indicator at the "J, " inlet located at the rear
% ; panel of the instrument.

Rudder steady state tests involved measuring the output of five out
of the six dynamometer channels for thirteen values of rudder angle (from

+30° to -30° at 5° intervals) and at four longitudinal clearances between




propeller and rudder. Only one lateral position was examined (the design
position). The output of the sixth dynamometer channel was of no interest
to us because it measured vertical forces on the rudder which for all prac-
tical purposes are negligible. Prior to doing any testing a sta*ic cali-
bration was performed to evaluate a matrix of influence coefficients re-
lating the applied to the read values of the various loads (see Appendix IV).
To be able to obtain readings at large angles of attack the no-load
input voltage to the amplifiers had to be biased. Because of the reversal
in algebraic sign of three out of the five loads, we were measuring,
(Fz,Bx, and By), as we moved from positive to negative rudder angles it
was clear that the same no-ioad bias could not be used throughout the test
without saturating the amplifiers. As a result the rudder steady state
tests had to be divided into two groups, one dealing with positive angles
and the other with negative. 1In order to move from one group of tests to
the other both n and VT had to be turned all the way down to zero and the
no-load values of the voltage inputs to the amplifiers of the three channels
were reversed.
The amount of bias corresponding to each amplifier was read on the

digital indicator and constituted the "zero reading" value of each channel

as used in the "steady state data reduction program" (see Appendix VI).

Propeller Steady-State Tests

These tests were ccrried out simultaneously with the rudder tests and
for the same tunnel conditions and number of points. The propeller thrust
and torgue were measured by two different load cells coming as one package

designed and built to be used in this propeller tunnel. Due to the pro-
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peller rotation the load cells output signal is transmitted to the digital

strain gauge indicators (LFBOW ASSOCIATES model 66) through slip rings.
These indicators are calibrated so that they measure thrust and torque
directly so that no further calibration was needed. A computer program
program (not included here) is then used to reduce the data obtained

giving as output a set of ncn dimensional coefficients including KT’ KQ,

and efficiency n.

albdaie
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4, EXPERIMERTAL RESULTS

Steady State Tests

The results obtained in the steady rudder experiments were very much -
like we had expected. There was no change to speak of, in the steadv state
loading at any of the four longitudinal clearances we investigated. The

1ift and drag coefficients C, and CD are plotted against rudder angle at

L
four clearance ratios. The four curves almost completely coincide (see
figs.(3,%)). As already stated in the preceding chapter onl- the design
lateral location of rudder was investigated (design lateral corresponds to
a displacement ratio, DR, equal to .102).

One should note that both plots indicate quite distinctly that zero

1ift, and hence minimum drag, do not occur at exactly 0° rudder angle but

at some other negative angle. This is not unusual but actually cuite common

-

+

o all ships with an odd number of propellers or any number of unirotating
propellers. These ships in order to be able to sail a straight course
must set their rudder at some angle other than 0°.

Similar conclusions can be derived from the propeller steady state

tests. Propeller thrust coefficient, K _, torgue coefficient, X,, and ef-
13 T? H T

L

ficiency,n , are all plotted versus clearance ratio. None of these -

el

uantities appears to have changed to anv observable degree with propeller

~t

o rudder clearance, (fig.( 5))

We can thus conclude at this point that whatever the decision on the

final position of the rudder, it will have to be made on the basis of the
results of the dvnamic tests alone since no constraints appear to be imposed

s

by steady state loads.

wn
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Dynamic Test

The results obtained in the dynamic tests are given graphically on

The first four plots, one at each lateral location, are for

L]

fips.( 6-12).

the same tunnel operating conditions and in all of them the model to ship

dynamic similarity reguirements are satisfied.

The air content of the water is kept to as low & value as possible by going

e described previously under Dynamic Test Procedure. It

t
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was, however, impossible Tor this deaeration procedure to have exactly the same

results each time, so that reservations to compare the results of these runs

at face value may be justifiable. MNevertheless we did try to keep the air-

content tc a minirum each time sc that compariscn is possible. As a result

we see that there is an overall drop in magnitude of the loads as we dis~

place the rudder laterally from directly behind the propeller (DR=0).

These loads reach a minimum somewhere between 1" and 2" off the model centre-~

line (,102<DR<,2N3) and then start again increasing as we move farther to

the side.

This change in the loading may be interpreted as follows. Exactly

e propeller, the rudder is swept by the propeller ~“huh vortex

Ly
o]

wr
e
o}

fa ¥
o
'

snd the induced velocities greate a fluctuating pressure field which in—

creases the vibratory loading on the rudder. The farther away we are from

smailer its effect on the resulting loads "until we

f the tip vortex envelope causes 2 simi-

]
e}
<
b n
]
e
(a4
<
o

rzach a point where the p

lar effect.

When we consider each run separatelv we see that the probability of

the air-ceatent of the water chaneing within its duration is very small.
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Nevertneless, we Zecided to reduce this probability even more by the add-
ition of about two inches of water to the top of the tunnel, thus covering
entirely the top window. This was done because earlier tests had indicated
that this window was the major source of air-leak path<s into the tunnel.

It is quite clear from the graphs that there is a substantial variation
of both the force and the moment coefficients (K. and K respectively)
with changes in the longitudinal clearance ratio, CR. One may note at this
point that these curves agree guite well with those of previous experimental
work. [5,6]

Close inspection of the curves indicates that the peaks of the forces
and moments occur 3t more or less constant intervals, a fact suggesting that
there is a definite relationship between these values and the pitch of the
tip vortex helix. The fact that all four curves agree in 7That respect
strengthens this view. The pitch/no. of blades of the helix as measured
on a photograph (fig. 13) is approximately 5.1 cas, which corresponds to the
size of the interval between consecutive peaks on the curves.

In other words, maximum vibratory loading on the rudder appears to
occur whenever the tip vortex helix "cuts" the rudder at a particular point.
Where exactly this point is located it is hard to tell. Had we taken a
series ¢f photographs of the tip vortex impinging on the rudder at all
the clearance ratios It might have probably been possible to deter=ine the
exact correlation between the point of incidence and the peaks of the curves.
Unfortunately, this was not done.

Trere is, however, an additional consideration apparently not satisfied
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by this interpretation, which suggests that there aight be an additional

source of excitation of these loads. This is the fact that the phase of

the response signal appears to be nearnly independent of the distance between

propeller and rudder (see Fig 12 ).

Another very likely source of wibration is the passage of a blade be-

hind the wake screen Five ti: per prooeller revolution (i.e. at hlade

frequency). This means that five times per revcliution the loading on the

propeller changes due to the different ¥elocizy field

wzke screen. As a1 1t of this, a oressure wave i< ge
blade which travels at acoustic speed and induces vibes

rudder. Because of such high speed, the few centimeters

— >
between the various
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occurs when the tunnel static pressure equals

the barometric pressure
plus the hydrostatic pressure of 5 feet of water (the distance from the top
of the tunnel to the centreline of the test section). The results obtained
at this pressure are shown in fig.(10)., From this graph we can immediately
observe that the overall shape of the curve has changed considerably, there
is now only one peak much less pronounced than before, and that the mean
level of vibration has dropped to about 1/3 of its value at low pressure
fc.f. Fig. 6).

The photographs of the response signal also show another difference.

Now the phase changes with clearance [see fig. (11)]., It actually appears
that the phase goes through a complete cycle for a change in longitudinal

clearance of approximately 5cms (equal to pitch/no. of blades of the helix
of the tip-vortex),

One can <hus conclude that at increased cavitution numbers the vibratory
loads generated by the blades crossing the variable wake field are no
longer predominant and as a result of that the contribution of the tip-vortex
induced forces has increased.

One should note at this point, that even though it is not visible
at high pressure, the tip vortex is always present, except when the propeller
is delivering no thrust. With increasing propeller loading the vortex
Increases in intensity and its core starts becoming visible when the pressure
at the certre is reduced until it reaches vapcur pressure.

An extreme case of the effect of high air-content in the water can
Both runs

be observed from direct comparison of fig. (7) and (12),

were carried out under the same tunnel operating conditions but in the
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later case the air-content was so high that the propeller was barely visible

in the tunnel. Even though the peaks and troughs occur at approximately
the same values of clearance ratio the plots show considerable differences
in the overall shape of the response curves.

Further insight can be obtained from the photographs of the response
signals. There we noticed that the repetitive part of the signal, when
the air-content was high, was almost completely devoid of higher order
harmonics of blade frequency and the resulting repetitive waveform was al-
most a pure sinusoid. This, however, was not the case when the air-content
was low, suggesting that air tends to dampen higher harmonics and that the
results of fig.(12) are essentially the pure blade frequency components
of the signal, at the different clearance ratios. We do not know, however,
to what extent this is true, and the idea of pursuing this study to find
out what happens at intermediate values of air-cont.:nt was almost immedistely
abandoned © on the grounds that we had no means to either control or mea-
sure the quantity of air in the tunnel. As a result we concentrated our
efforts to operate at as low an air-content as possible thus obtaining the
response of the dynamometer to all the components of the propeller excita-
tion.

Higher order harmonics of blade freguency, however, introduce an ad-
Aftinnal problar. Due tc their presence the response signal was frequently
distorted to an extent where phase was not always easy to determine. This
was particulary the case at clearance ratios corresponding to the two smallest
clearance ratios (CR equal to .33 and .37) and the two largest (CR equal

to 1.01 and 1.09). In all these cases the signal was considerably distorted
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to the point that the location of the positive peak (to which phase was

measured) was not well defined. More than once the response signal had

two positive peaks. This probably explains the differences in the shape
of the four curves at these extreme points.

The results from the dynamic tests investigating the effect of changes
in rudc r angle are not very instructive. Due to amplifier saturation, which
was caused by a considerable increase in the dynamic loading of the rudder,
we had the opportunity of examining only three rudder angles (+5° and 0°) at

two clearance ratios (.57 and .77). At both positions a minimum occurred at

0°,
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5. CONRCLUSIONS

1. The results of these experiments indicate clearly that propeller induced
vibratory forces are strongly influenced by propeller cavitation. The growth
and collapse of cavitation on each blade as its passes through the high wake
region generates a pressure field which increases the rudder vitratory force
by a factor of three, and completely alters its phase. Kcalistic design
estimates of vibratory force levels must therefore be based on experiments
or theory in which the unsteadv cavitation characteristics of the propeller

are properly accounted for.

2. The vibratory force on the rudder is critically dependent on the longi-
tudinal clearance between the propeller and rudder. For the particular design
studied, the design clearance ratio of 0.57 coincided with a local maximum.
A reduction in vibratory force by a factor of ten could be achieved either by

reducing the clearance ratio to 0.41 or increasing it to 0.68.

3. Transverse clearance between the propeller and rudder also influences
the vibratory force level. In this case the design value of DR= (.102 appears
to be a good choice. Vibratory forces are increased both for smaller and

larger values of the transverse clearance.

4, The vibratory force on the rudder at zero angle of attack at full power
has an amplitude of approximat-ly 14,000 1lbs. at the design location. In
the abgsence of a ziructural rewonance, this force is not likely to cause

problems since il magnitude is only about 2% of the maximum :teady designed
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force on the rudder. Hcwever, any structural resonances of the rudder itself,
of the steering system or of the adjacent hull structure at blade frequency

or twice blade frequency could result in vibration problems.

5. Steady state propeller and rudder characteristics are relatively insensitive
to longitudinal clearance within the range of practical possibility. Conse-
quently, a reduction in clearance ratio to 0.41 to reduce the vibratory force
can be accomplished without reduction in propulsive efficiency or steering

effectiveness.

6. There is reason to believe that the vibratory force on the rudder may
increase by an order of magnitude at large rudder angles. We were just at

the point of acquiring data under these conditions when the strain gage water-
proofing failed. Repairing the waterproofing and setting the experiment up

in the tunnel was unfortunately not feasible within the existing project.

7. The shaft inclination of the actual ship was not modelled in this experi-
ment since the existing propeller drive can only be located along the tunnel
centerline. It was anticipated that this would introduce some uncertainty

in interpreting longitudinal clearance. However, there is a further problem
associated with effect of shaft inclination on unsteady propeller cavitation.
Zince we now find that unsteady propeller cavitation is a major variable,

the present data, run with zero shaft inclination, may underestimate vibratory

forces.
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APPENDI¥ I

Testing Facilities and Resulting Design Considerations

The various tests to be described were conducted in the M.I.T. variable
pressure water tunnel. The tunnel is of the closed circuit type having
a test cross-section of 20 inches square and is capable of providing water
speeds of about 10m/sec (33ft/sec) and can operate at pressures varying
from atmospheric (760mm Hg) to about 100mm Hg.

All thie information is relevant since it provides additional restric-
tions to the degree of simulation which can be achieved in the experiment.

Considerations such as tunnel wall interferenze and longitudinal travel
of the propeller drive had to be investigated at this stage and the fol-
lowing decisions were made.

The transverse positions of rudder to be examined were to be restric-
ted to 3 inches each way of the centre line at 1 inch intervals. This
would provide sufficient points to enable us to reach acceptable conclu-
sions. This decision was taken to satisfy the wall interference consider-
ations as well as practical design problems which would have arisen other-
wise.

Longitudinally, the restriction is imposed only in the aft movement
of the rudder. Tn fact, it was decided that it would be much more simple
to move the propeller longitudinally relative to the rudder, rather than
the other way around. TF's3 is true because the tunnel is bailt to make
provision for longitudinal movement of the propeller. Thus, although there
is a physical 1limit to the length of travel of the drive shaft in the tunnel,
it is such that it did not interfere with any of the positions we wanted

to examine. OQuarter inch spacing near the design location and half inch
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intervals farther away, were found to be more than adequate.

An additional provision was also to be made in the design of the
rudder mounting. This was to allow for variation of angle of attack of
the rudder, 30° each way at 5° intervals.

Finally, we were to try to test at as high a propeller r.p.m. as
prssible. This would enable us to operate 2t high Reynold's numbers and,
hence, reduce the scale effect on both propeller and rudder. It has also
been noticed that better results are obtained when the tunnel is operated
at higher pressures.

Natural Frequency Problems

About 30 different mounting configurations were exanined in order to
determine which one provided the "best" natural frequency characteristics
on the rudder. One should note, however, that none of these bore all the
features required for the final design, since, at that time, we were only
interested in dynamic properties.

The experimental determination of the natural frequency of each con-
figuration was quite simple. Essentially, the method used was the same
as for the dynamic calibration (see Appendix IV) with the difference that
the frequency of excitation was varied to scan the entire range of feasible
operating values (0-300 Hz). Since we were not interested in quantitative
results, the output signal from the sensor was fed into an ordinary oscil-
loscope where amplitude peaks could easily be seen.

In conjunctinn with the experimental investigation of the system's
dynamic properties, attempts were made to use a theoretical approach to
check the results. Most of these attempts, however, failed. The number

of approximations as well as the fact that in most cases the boundary
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conditions were ill defined, lead to results which were seldom verifieg
experimentally.

The experience gathered from the various tests can be summarized as
follows:

1) The natural frequency of the system was considerably increased when the
dynamometer was clamped tight at more than one location, one of which was
as close to the rudder as possible.

2) In most cases an increase in the mass on which the clamp was attached
raised the natural frequency (not considerably however).

3) An increase in damping would almost always result in a drop in the

peak response of the system although this would also increase the spread
of the peak. The degree to which the natural frequency would be affected
by damping was very much dependent on the overall configuration.

4) The window boundary conditions can have little or great effect on the
dynamic properties of the entire system depending on the way the dynamometer
is held.

Unfortunately, this piece of valuable information was not perceived
until the final design was built. Most of the testing until then had been
carried out with the window sitting on a bench rather than the tunnel.

This was decided after our first few sets of results obtained on the tun-
nel were duplica*ed on the bench.

Bearing in mind (1), (2), and (3) above and ignoring (4) we went on
and built our apparatus, an assembly of which is shown in fig.l. The effect
of the window's boundary conditions showed up immediately after the first
test. The natural frequency of the window just resting on top of the tunnel

was 210 Hz (not far from what we were enpecting).
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However, as soon as the window was bolted down tight, the same
E . 7 natural frequency dropped to 93Hz. Unfortunately, to avoid leakage through
the window sides, it was in this latter way that the experiment had to be
= carried out. One should note that both values quoted above were for tests
in air, In water the'"added mass effect" reduced these values even further.
This sudden drop in the first natural frequency, it was later decided,
was due to the entire rig vibrating on top of the window about a horizontal

axis passing through the centre of the plate (see fig.l). This mode of

i

vibration was present only when the window was constrained so as not to

move on the tunnel. The second natural frequency, however, was due to the

i

2-noded flexural vibration of the sensor-rudder subassembly acting as a

very flexible cantilevered beam carrying a heavy mass at its end.

Thus our original aim of operating at a frequency below the first
natural had to be abandoned and we had to live with the fact that we had
to operate between the first and second modes.

Operating between two natural frequencies is frequently avoided be-
cause of instabilities in amplitude and mainly phase which may occur in
the output response. Having established, however, that the first natural
frequency was not due to the rudder-sensor subassembly but rather due to
the entire rig, we anticipated 1little variation in either amplitude or
phase provided the distance between the two peaks was sufficiently large.

To ensure an even larger spacing, we decided to lower the stiffness
of the system by soft mounting the steel plates onto the window.

This decision was proved correct. When we scanned the range of pos-
sible operating frequencies we observed that the first natural frequency

had dropped to 76Hz (in water) whilst the second had been pushed up to 275 Hz.




i

e

E
E
g
%

)

We also discovered that between 120 and 200 Hz there existed a band in
which neither amplitude nor phase appeared to change at all.

Additional tests, using a ubiquitous spectrum analyzer (FEDERAL SCIEK-
TIFIC MODEL VA-15A), to scan the frequencies between these two values made
us decide to fix our operating blade frequency for the experiment at 125 Hz
which corresponds to a shaft frequency, N, equal to 1500 R.P.M.

Having fixed one of the tunnel operatihg parameters, dynamic simila-
rity considerations immediately determine the remaining two, namely water
speed, VT, and static pressure, PST (see Appendix V ). From Fig.(22)

and (23 ) we see that the resulting final values of these two parameters

are 17.3 ft/sec and 236mmHg respectively.
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he Six Component Dynamometer

The six degrees of freedom dynamometer was desigred and built between
169 and 1970, as part of a proiect sponsored by the National Science
Foundation. Its original purpose was to measure unstealy forces and moments
on & propeller. A description of the senszor and the strain guages' mounting
and wiring is given in great detail in refs. (11-13) and is beyond the scope

of this report.

+h

It is, however, necessary to outlire the few alterations on the original

design that had toc be made to enable its use as a rudder dynamoreter capable

of measuring both steady and vibratory loads. A couple more polnts relevant
to this experiment are also brought up for the benefit of similar tests in

the future.
The most important modification on the original design was the intro-
5

Guction of potentiometers in the amplifier circuits. These are essen Y

ot
*..l -
m

|‘-¢l
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additional sources of input to the amplifiers which can be controlled ex-

,.

LI+
iv

P

ternally and can be used to alter the net amplifier cutput voltage.

their addition, the no-load input vcltage can be biased in such a way so

oads are applied, the net output voltage will be below the ampli-

|..u

(1o

fier's saturation value. Therefore, depending on the value of the potentio-
meTer resisters, the span of the nossible voltages which may be ohtained

from the amplifier, can be increased to as much as twice the value without

*he pctentiometers.
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At present, the potentiometers for each strain gauge bridge are
capable of causing, at minimum gain, the bias shown on the table below.
Clearly, voltages greater than 15 + |bias| will always saturate the amp-
lifier (this was frequently the case when the rudder angle of attack was
greater than 5°); it should also be noted that the higher the amplifier .

gain the smaller the voltage needed to cause saturation. A schematic of

the strain gauge bridge circuit is shown in fig.( 15).
BRIDGE F F B B F B
x z X z y y
BIAS #14.7 $11.0 k.6 .6 *17.7 2.7

The amount of bias which can be achieved by the individual potentio-
meters can be further increased by reducing the value of R, . There is,
however, no easv access to this resistor so that whenever possible such a
change should Le left as a last resort.

Lowering the amplifier gain is another way of avoiding saturation.
This is a function of the ratio RAB/RBC and the feedback network resistor

R... A reduction in either of these quantities will result in lowering

[R2]

Ly

)

the gain. The easier one to reduce is RAB by simply adding another resistor

R across the terminals 1 and 2 (see fig. 15). The minimum gain which can

<4
<2
%

be achieved in this way is 1/10 of the original value. Further reductions

n gain are much harder to accomplish and require, a major overhaul of the

i

pre

dynamometer.

es nad to be care-
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To prevent damage to the circuitr

fully waterproofed {previous experiments, using this dynarmoreter, had failed
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because of unsuccessful waterproofing). This was accomplished by lowering

= the bottom part of th: sensor into molten bee's wax until a thick protective
= layer was buillt up on the gawges. Excess wax was machined off on a lathe.
The wax itself was coated with a layer of M-COAT G resin (M-LINE ACCESSORIES)
which although it proved out to adhere poorly on either wax or steel, it

nevertheless provided some additional shock protection of the gauges.
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time the repetitive waveform occurs, sepérately integrating to suppress

the noise, and finally s*oring each integrated sample in its memory. With
each sweep the contents of the memory are reviewed and asymptotically
approach the point by point value of the repetitive part of the signal even
though at the input the repetitive part of the signal might have been com-
pletely buried in noise.

Synchronizing the sweep with the external event can be achieved by
supplying a trigger pulse to the Eductor either automatically (externally
or internally) or manually. (Since in the experiment to be described ex-
ternal triggering was used there is no need at this point to elaborate any
further on the other triggering methods.)

An important feature of the Fductor is that it allows the user to .
choose both the sweep duration and the instrument's characteristic time
constant. In fact these quantities are interrelated and it is possible
by combining them in a proper way to optimize the efficiency of a run.

The importance of this feature is evident when one considers the number
of points that had to be investigated in each run.

By sweep duration one means that fraction of the sweep period (or
time between two consecutive triggering spikes) the machine examines the
input signal and adds information to its memory. Vor efficient runs one
should arrange so that the sweep duration is just less than the sweep per-
iod. The reason behind this can best be illustrated by considering the
following

For a 5-bladed propeller the period of the repetitive waveform is
given by (1l/blade frequency) and is essentially the time it takes for one

blade to cover 1/5 of a revolution (i.e. 72°). For a blade frequency of
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125Hz this period is thus 8msecs. Assuming row that we are interested in
viewing only one period of this wave, (i.e. we want the sweep period to

be equal to the waveform period). If the swee, duration is set to 7.8msecs,
say, the Eductor will be adding to its memory ~=ver 97% of the signal dura-
tion having to wait for only 2msecs for the next trigger. On the scope

the signal will look as on fig.(18) case a.

Had the sweep duration been a fraction larger than the waveform period,
8.2msecs say, then the Eductor would miss completely one triggering spike
taking, thus, twice as much time to extract the complete signal. On the
scope the signal would now look as on fig.(18) case b. Another reason why
the sweep duration in case a should be preferred to the one in case b is
strictly qualitative. It is essentially due to the fact that during "off"
time there is a tendency for significant quantities of charge to leak off
the memory capacitors and correspondingly a greater likelihood of distor-
tion in the stored waveform. It is evident that in the second case the
"off" time of the instrument is greater. f

The ratio (sweep duration/sweep period) is known as the duty factor
(D.F.) and its knowledge is important in estimating the real time required
to charge the memory to within 1% of the applied voltage.

The characteristic time constant (1) determines directly the time
reguired for the Eductor to store the repetitive waveform component of
the input signal in its memory. One should note, however, that this time
is actual instrument integrating (or sweeping) time and differs from the
veal or "eloek time™ by the duty factor.

The instrument ' active time required to charse the memory to 1% ol
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CASE B
WP WAYE PERIOD
SP= SWEEP PERIOD
SO = SWEEP DURATION
DF = DUTY FACTOR

Fip.18: Typical effect on the Fductor output =ignil

due to chanring "-weep avcration"

w;




- 60 -

N O
R A i ;lriuh it ;"\ i ”‘l' i 4[‘[(5'5

m

the applied voltage is 5x1. Therefore, real time is given by

5%t

Real Time = D.F. -

In choosing the operating value of T one should give equal ccnsidera-
tion to both the efficiency of the run and to the fact that increasing
T gives a slightly better resolution. For :xample, for a signal with large
noise to signal ratio a larger value of 1 should be preferred even though
this may penalize the efficiency. An idea of how to pick an "optimum"
value of 1 may be taken from the instrument's operating manual where 7

is plotted vs. D.F., sweep duration and noise to signal ratio.

Measurement of the Model Testing Parameters

Having already decided on the final values of the operating parameters
N, V_, and PSt it is worth mentioning the way they were measured in the

i
tunnel.

Shaft frequency is measured by means of a magnetic pick-up sending

out pulses, everytime a tooth of a 60-tooth gear passes underneath it.

This gear which rotates with a shaft, comes as part of the propeller thrust .

2und torgque transducer package, located at the rear end of the tunnel. The

1t

3 number of pulscs thus generated is measured by an electronic counter (HP -
g

. model 5321B) over a given period of time which for the particular case

=1 was set to one second. Clearly the number of pulses per second received

=

4

- by the counter corresponds to the shalt frequency measured in r.p.m.

§ Water speea can be determined from the difference in the pressures

BB A R
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obtained at two points located at the entry to the test section. This
pressure difference, in this particular test, was measured on a 3 vard long
differential manometer which uses "blue fluid" as the working fluid instead
of mercury. This last decision was made in anticipation of the fact that,
in order to increase the sensitivitv of the manometer readings, a low spe-
cific gravity fluid shoulc be used. The fluid chosen (MERIAM D-8325 indi-
cator fluid) is considerably less dense than mercury, having a specific
gravity of 1.75 at 55°F. The relationship between the height of the '"blue
fluid" column, H , and the water speed at the entry to the test section,

b
V, is given by

Hb = 4,11 x C' x v2-026 (1)

where C' is a temperature correction factor.

In our case, however, the desired water speed >f 17.2 ft/sec is the
value at the middle of the test section which due to the presence of the
splitter plate and the resulting decrease in cross sectional area, is dif-
ferent from the value at the entry. Measuremenis with a pitot static probe

indicated that the former value was 1.091 x V so that equation (1) above

can be rewritten as
Hb = 4,11 x C*' x (VT/1.991)2'026 (2)

Substituting 17.31 ft/sec for VT and 1.35264 for C' we get from (2)

the value of Hb corresponds to the speed in the middle of the test
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section is 1506mm.

Finally, static pressure at the centreline of the propeller is measured
at two points, one at the entry and the other one at the exit of the test
section. The two pressures transmitted through tubes are averaged at a

merging point, and the resulting mean value is read on a mercury manometer

(reading absolute rather than gauge pressure).
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APPENDIX III

Water Tunnel Wake Survey

To achieve an even higher degree of simulation it was decided to

reproduce in the tunnel the variable wake obtained behind the ship. Such

a wake can be generated by inserting at the entrance to the test section

a screen of variable solidity capable of creating a velocity profile having

a variation in the axial velocity component.
The wake behind the ship was investigated in a wake survey carried out

on a model in a towing tank. The results of this wake survey were given

to us as ratios of the axial velocity of the flow behind the ship to the
average free stream velocity, plotted against angular position at 4 different

radial distances from the propeller shaft centreline.

From these results we were able to make the following observations:
1) A significant reduction of the axial velocity component was evident at
all radii and at angles varying from +20 to -20 degrees to the upward ver-

tical. This reduction, caused by potential flow pressure gradient inter-

acting with hull viscosity effects as well as the pressure of the propeller

relative to the flow, was more pro-~

shaft the axis of which was inclined

nounced at the smaller radii.

2) At all radii there existed a *ransition zone between angles of *20-35°
where the flow was evidently affected by the presence of the vee-strut.
3) At the largest radius, 1l.17uxpropeller radius the flow did not appear
This

to recover from this transition zone, until the angle reached #60°.

fact and close inspection of the ship's drawings suggested that at such a
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large radius the proximity of the hull is a critical factor.

4) At large angles the longitudinal velocity-component ratio appeared to

be fairly constant for all radii.

In the tunnel matching the wake of the ship presented certain problrms.
Bared upon the observations above, it was decided to build a screen which
would essentially consist of a frame of trapezoidal shape (see fig.20 )
on which a wire mesh whose variable solidity was to be evaluated experi-
mentally was wéided (solidity being defined as blocked area, Ab, divided
by total area, Ab + Ao, where Ab is the projected area of the screen elements
and Ao that of the openings). -

We thus started with a screen of given solidity (, 272) and carried
out a wake survey in the tunnel in which we measured the veélocity distribu-
tion behind the screen at four radii (corresponding to the foﬁr radii used in
the towing tank survey). The water speed was measured by means of a pitot static
probe, attached to the propelier drive shaft and thus ablé to assume any
angular position by merely moving the drive belts at the back of the tunnel
(see fig.l9 ). The angle obtained was read to the nearest degree on a pro-
tractor fixed at the end of the shaft.

At each radius the water speed was measured at several angles within
the region influenced by the screen and the ratio of each of ‘these values
to the fully developed "free" stream velocity was computed. Finally, the
average of all these ratios, at each radius, was obtained and compared to
the one obtained in the towing tank survey.

Depending on the diffarence between the 2 averages, the solidity of

‘the screen was either decreased by removing some of the wire, or increased
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by adding bits of wire mesh wherever necessary. This procedure was repeated
until obtained and desired velocity distributions bore satisfactorily close
resemblance. -

X The drawbacks of this method became apparent during the first test :

runs. Satisfying the high velocity requirements at certain radii meant

reducing the solidity of the screen to a point where many and sometimes

s i smlgrmsren g

all of the transverse members of the mesh had to be removed. Besides weak-
ening the screen as a whole, this meant that the remaining longitudinal
wires were now free to deflect and reach larger curvatures than before
with the result of being subjected to higher  stresses. ;
. This combined with the increase in the loading due to the reduction
in pressure was sufficient to cause fatigue failure in a number of screen
wires.
All this prompted us to find some other way of obtaining the requireéd
variable solidity and so we finally decided to handweave a screen on the

frame. To do so we drilled a large number of closely spaced holes on all

P o

four sides of the frame through which long pieces of wire were weaved

forming a mesh of longitudinal and transverse wires which now had consider-

LELRL BT TR ]

ably greater strength. -
The first version of the screen was deliberately made less solid than .

what we anticipated the final version (after the wake survey) would be, to -

make sure that any changes would involve additions rather than removal of :

wire. The final version of theé screen is shown on fig. (20).

Koo

The resulting wake behind the final screen bore a satisfactory resem-

blance with the wake obtained behind the model in the towing tank survey.

The results of the two surveys are given in the following teble (I).




Fig.20: (2) Handwoven wake screen and (b) zomplete model

scale simulation of ship configuration.
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Splitter Plate Boundary Layer

The introduction of the splitter plate, as already stated, was decided
with 2 considerations in mind. Firstly, it was to serve the purpose of
simulating the ship's hull by providing the proper propeller tip clear-
ance. Secondly, it was hoped that by making it extend less upstream than
the test section wall, the resulting boundary layer would be of smaller

thickness than the one that would have developed on the wall otherwise.

For this, however, to bs the case, it was estzhlished in previous

1]

#periments, that the leading edge had to e slightiy curved upwards. The

derree of this inclination was decided empirically based on the experience
btained with an earlier splitter plate used in the tunnel [9], whose

32° leading edge angle had managed to create a boundary layer of relatively
small thickness.

¥easuring the boundary leyer thickness on the tunnel was rela:ively

simple, invoiving a method quite similar to that used in tic weke survey.

5

e pitot static probe was raised until it almost touched the splitter
plate at 9° to the vertical.. The water speed was measured at this radius
and, 2s it was expected, was found to be very small . The probe was then

rctated by small angular movements until a point was reached from 3.°-0

on the velocity read was constant. This point marked the end of the bound-

T Taver, Ther Yta oelar coorviirates (r,8) of fhis ooint ~ne fan ovaliate
+he houndary laver thickness using the expression
- - E“ -

6 = r(l-cos8) + h

where h is the 1/16 of an inch clearance between the probe at its upper-

TR T

"

i
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~3
[

zost position and the splitter pate.

For r = 7.5625 inches and 9 = 16° the boundary layer thickness was
found to be .355 inches which is indeed a very satisfactory value. This
result also happens to agree remarkably well with the one obtained if the
following expression for a turbulent boundary layer on a flat plate is

used

5= G.37x_
1/5
R

where p- ¥d is the Heynolds' number

o

v

x=d is the distance of the axis of rotation of the ruider from
the leading edge of the splitter plate. (ft)

v is water speed (ft/sec).

v is kinematic wiscosity of wazer at 21°0 §t2lsec.

Substituting then in the above equation V = 12.76 f¢/sec, x=4=19/12 €2

LT

and v = 1.353119'5, we get that the boundary layer thicimess on the tlate

should be .357 inches.
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APPENDIX IV

Dynamic Calibration

As already stated, a dynamic calibration was carried out to determine
the complex coefficients relating the true vibratory force and the moment
(FZ and BX respectively) on the rudder to the output of the corresponding
strain gauges.

A desired calibration force was produced by a known alternating cur-
rent in a coil placed in the air gap of a permanent horseshoe shaped magnet
and attached to the rudder at given locatioms.

The coil-magnet combination was first calibrated by measuring the
steady force produced by a known direct current in the coil. The constant
of the particular coil we used had been found by F.M. Lewis [6) to be
.775 lbs/amp. Recalibration using a chemical scale with weights balancing
out the steady magnetic force, yielded a constant equal to .75 lbs/amp.

The difference between the two values was attributed to the fact that the
magnet had been left for lengthy periods without its keeper with the result
of losing part of the strength of its magnetic field.

The strain gauge calibration procedure was as follows. The coil was

first bolted onto the rudder at some point Y., inches from the splitter

1
plate (which was used as datum) as shown in fig. ( 21). With the magnet

in position an alternating current from a signal generator (HP model 20uC)
of known frequency was passed through the coil via an amplifier (MC INTOSH

model 200). The amplitude of the field current was Aetermined by r~asuring

V, the R.M.S. voltage drop across a 4.6Q resistor placed in series wich the
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Fig.?1: Photographs of (a) dynamic calibration rig

and (b) static calibration rig.
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coil. (V was measured with an HP vacuum tube voltmeter model 400D). Such
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an arrangement zllowed the operator to keep the current input to the coil
at a constant value independent of the exciting frequency.

The resulting peak force on the rudder was thus:

F . Vex . 75 xV
CAL — 1bs.

The response of {the strain gauges, F?R and BXR’ to this force was
then fed through the waveform eductor onto an oscilloscope. A Polaroid
picture of this output signal was then taken, on which the amplitude and
phase were read.

This procedure was then repeaiecd for another position of the coil, Y2
inches from the splitter plate. Given the amplitude and phase of the sensor
responses the complex coefficients, aij, can be evaluated from the following

equations;

= = F
at ¥, F, ® Fear % %1 * %128
=F x Y = F + B
By = Fear ¥ N1 ®21°zr1 T %20°%R1
at ¥, F2 = Foar =01 R0 T %12Bkro
B =F xY = a _F + a_ B
X CAL 2 21 7R? 22 XR2

The solution of these four equations, which involves complex algebra,
is carried out in the first part of the "dvnamic data reduction program'

(see Appendix VI).

Static Calibration

A static calibration of the sensor gauges was carried out *o determine

their response to steady loads. Although in theory it could have been carried
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out in much the same way as the dynamic calibration (by passing a direct

current through the coil) a different method was used. This was done in
anticipation of the fact that during actual testing the steady loads acting
on the rudder would be of a much greater order of magnitude than the ones
that would possibly be applied through the coil. -
The method used essentially consisted of hanging weights from a speci-
ally designed calibration rig holted to the dynamometer in place of the
rudder (fig.(21)). The rig makes provision for hanging weights from a
number of different points at various distances from the gauges so that,
depending on the point of application, a net forze or a net moment may be
applied. Since it was already decided that the vertically upward force
on the rudder, Fv, was not go be measured, the corresponding channel was
not calibrated.
Having a fairly good idea of the expected maximum values of the various
loads we adjusted the amplifiers' gain accordingly bv introducing resis-

tances, R_, across the terminals 1 and 2 of each bridge circuit (see fig.lZ).

g
The values of these resistors and the resulting reduction in gain (as a

fraction of maximum possible gain) is given below.

BRIDGE F F Bx Bz By
z
b, suK 4, 64K shorted 3.32K 1.82K

GAIN 1/5 1/5 1/10 1/5 1/5

With the pain of each remaining channel adjusted to these final values

the response of the strain gauges to various loads was read on a digital
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indicator (LEBOW ASSOC. model 7521).
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As in the case of the dynamic calib-

ration the net force (or moment) on the dynamometer in one direction was

an algebraic combination of the readings of the force and moment channels

in the same direction.

The results of the calibration, namely the matrix of the coefficients

relating actual to read values, are shown below.

F -0.077 0
*®
F 0 0.072
z
B = 0 -0.051
x
B -0.0u43 0
g z
1 B 0 0
- Y_ L

These results are used in the

0.137

0.455

~-0.063

0.223

-.65

"steady state data reduction program"

in the evaluation of the different forces and moments acting on the

rudder (see Appendix VI).
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APPENDIX V

Model to Ship Dynamic Similarity Considerations

In order for the results of the model experiments to be of any value
to the actual ship, there are certain laws governing model to ship simili-
tude which need to be obeyed. These laws are determined by making use of
dimensional analysis.

If we apply dimensional analysis in examining the thrust on a propeller

we come up with an equation for the thrust coefficient of tne form

T _ D v nD
DDQVAQ_f %AQ, WY °_$A2 ) f{F"’ fns J> @ ]

This equation states that for similar flow patterns and thrust coeffi-
cients for the model and the ship, the values of the non-dimensional groups
on the right-hand side in the two cases must .be the same.

Satisfying both the froude number and the Reynolds number equality
constraints s nct possible. In water tunnel experiments, (as opposed to
open water tests) it is common practice to satisfy the Reynolds number re-
quirement, being prepared to accept differences in the local pressure dis-
tritutions across the disk, for the benefit of avoiding more critical prob-

lems of scale effect. Thus, water tunnel experiments are run at high
speeds and the Trictlon scale effect is small. The two remaining require-

ments concerning similarity of advance coefficient, J, and cavitation number,

g, can easily be satisfied in the water tunnel as shown below.

|
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In general, the cavitation number is defined as

Pstatic - Pvapour
1/20v?

In the case of the ship, the expression above becomes

Patm ~ Phyd - Pvap

gg =
1/20V,2
where
Patm = atmospheric pressure 2116 lb/ft2
Phyd = hydrostatic pressure = pgh
. 3

p = salt water density 1.99 slugs/ft

g = gravitational acceleration 32.2 ft/sec’

h = depth to propeller centreline 29 fr.
2

P = vapour pressure (from tables) b4 .56 1b/ft

vap

VA = advance speed = (1-wp) x V_

VS = ship speed 42.23 ft/sec

W = Taylor's wake fraction 0.025 i

-

If we substitute all the above values in the equation for cs We get that

for the particular ship
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For the water tunnel the cavitation number expression becomes

P -
. o = st Pvap 1
= T~ 1/2 p_V .3591
E / P Vr2 35
E where
E P, = static pressure (in mmHg)’
5 pvap = vapour pressure (from tables) 26mmHg
¥ : . tunnel water density 1.93 slugs/5t3
,% V_ = tunnel water speed (in ft/sec)
‘f Fquating the two cavitation nuvhers for the tunnel and the ship, we obtain
:é a relationship between VT and Pqt in the form
= P
B st = avi + B Q)

where a and B are known constants.

A second equation can be obtained by equating the values for § for

the ship and the model

where
J = advance coefficient for the ship .85
s
D = model propeller diameter .8205ft.
JT = advance coefficient for the model
i
-t T - - T I e g-
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N = model propeller r.p.m.

Thus we have a second relationship between the tunnel parameters in the

form

V.= X (2)

where Yy 1is again a constant.

A graphical representation of equations (1) and (2) is given in

values of VT and

A limitation to the

fig. (22 and 23). Clearly, by choosing a value for N,

P can immediately be obtained from these graphs.
minimum value of VT is irposed by the high Reynolds number reguirement and
so values below 11ft/sec are not very desirable. The final choice of tunnel

ing parameters used in the experiment was based upon the natural fr

yod

F 3z
o lch
25 :.fe H e 54

racteristics of the system as emphasized in 4p

¥ater Tunnel Wall Interference Correction

Due to the rresence of the boundary it is not possible to develop free

stream fiow in the tunnel. As a result, any information related to rudder

characteristics obtained in the experiment must be corrected for wall inter-

to be'ng made applicable to the ship itself.

Pe.

Tor a closed working section tunnel the condition that needs to be

that the normal to the wall component of the

This boundary condition can be satisfioed analytically

by the introduction of a suitable series of images of the model,

uced velocity corresponding to

.
na

ference experienced being the ind

svstem of these images [1lu].

bl
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In the case of a tunnel with rectangular cross section of breadth "b"

and height "h" the upward inclination of the stream caused by the combined

effect of the whole system of images is given by

2 .22

L T o n m-in = S (1)
€= > LI DT S 8
gsp " (=" +1°27) -

C.,= 1lift coefficient
€ = cross sectionsl area of the tunnel = h x h
bur - n 2 22 -
., .- .
Ii(-1) =-i= I L) 2 = &
i 2 222 - 3 1=} 2xzi
I+t
(s +i n )

Sufrficiently accurate results may be ohtained by retaining only the first

term of the last exponent series and, hence,

(2)

L)
2

?
~

= +
¢ 3 22w
l1+e
&né therefore,
S x r
o L % o s- 6£x S x "L (3)
€ = — é = —_—
aghi S
where h 1 (%)
- b 4 4
§=4 fx
The drag C, needs also to be corrected for wall interference

o)
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‘The corrections in both angle of incidence, €, and drag coefficient, ACy;

are incorporated in the”stecady -state data reduction: progran”.(see Appendix VI).




APPEYDIY VI

Data Peduction Camouter Programs

1. TFuwxtional Description - Steady-State Data Peduction Program

This program accepts as inpet raw data recorded. directly from

the water tunnel instrurents during a steady-state rudder performance

test. The data are then convertsd to appropriate plfsical wnits shich

are then corbined to produce the output non-dimensional coefficients.

A detailed description of each segment of the program is as follows:

150-1%0

2:0-270

Fonetion

Reac input constants

TWIST = Torsional stiffress of rudder shaft (used to
correct angle of attack for deflection unler
icagd)

SHAET = Shaft diameter (used to correct verticzi force
for tumnel presmre éifference; not used in

this application)

RT,NIT = Room and tunnel temperatire = deg. T

>
ARFA = Fudder arez
SPA¥ = ™  span
VAC = Iongitudinal position of mean aerodynamic
center From rudier shaft

AZi, = Insbtrument zevo reading Sor angle of attack

VTELR = Velocity increrent due to hlockage effect of

- -
spiitier plate

Corpute water density (740) from tunnel tecperature,
therval expansion of manometer scales (SCAID) and
ranometer fluid densities (FM)

oo Sl I covesmled for by assiminge 2 Tineas il

¢ering the experiment.

Read insirmment o readings before and after the .
H
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580 Read run input data

e wammmmmmm@

NTAP = Tunnel velocity manometer pressure tap identification
NFLD = Manometer fluid identification
ANGL = Angle of attack 3
R = Six component s*rain gage dynamometer output - 3;*
700-800 Correct input data for zero drift %
960-1310 Non-dimensionalized forces and moments

1540-1580 Correct non-dimensional coefficients for tunnel wall effect
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2. Functional Description - Dynamic Data Reduction Program

This program perfoms two functions:

(a) Obtains the dynamic response of the strain-gage dynamometer at

. the test frequency;

(b) Reduces the test data using the dynamic calibration obtained

in (a).

A detailed description of each segment of the program is as follows:

Lines

180

200

210

250-310

Function
]

Read input constants
COIL
ECAL = Voltage drop across calibrating resistor (RMS volts)
RCAL = Calibration resistor value (OHMS)
DIAM = Propeller diameter

RPM = " RPM

RO = Fluid mass density

Calibration coil constant (1bs/ampere)

Y1,Y2 = Spanwise points of application of electromagnetic
shaker

KSTOP = Control parameter to stop calculation

Compute calibrator force FCAL

Read response of dynamometer channels FA and BX to the
calibrator force applied at the two spanwise points of
application (index I=1 or 2). These are supplied in the
form of an amplitude (J=1) and a phase (J-2).

Convert input FZ and BX amplitude/phase representation
to real/imaginary representation (FZMAG,BXMAG). The
latter are then converted to FORTRAN complex variables
CFZ, CBX.




i
Rt .‘T, i

kg
i

8

Tty

B o T BT b et

B AT o A

b
ettt

" "
VP Iyt

BT R S .S

-~

320-380

560
620

650-700

74G6-850

920-940

Compute dynamic influence coefficient matrix CA-CD using
built-in FORTRAN complex arithmetic

Force coefficient normalizing factor pn?D"

Read amplitude and phase of dynamometer output during test

Convert to complex variables CRUNFZ, CRUMBX as in lines
250-310
Convert input to forces by applying dynamic calibration i
values, non-dimensionalize and convert from complex to
amplitude/phase representation
Write results and transfer to 210 for next set of test
, data




Ly

00010
00020
00030
00040
00050
00060
00070
00080
00090
00100
00110
00120
00130
00140
00150
001693
00170
00180
00190
00200
00210
00220
00230
00240
00250
00260
00270
00280
00290
00300
00310
00320
00330
00340
00350
00360
00370
00380
00390
00400
00410
00420
00430
oo4u0
00450
00460
onu70
00480
00490
00500

c STEADY STATE DATA REDUCTION PROGRAM
INTEGER RS,S,BLANK
REAL MX,MY,MZ,LIFT, MAC
DIMENSION IDENT(18),2M(2),Z21(7,2),ZF(2),NTAP(L0) ,NFLD(L0),ANDM(LO)
1,ANGL(L0),R(40,7),D21(7),TL(4%0),CD(40),CM(40),CPL(LO),CY(LO),
2VC(5),VE(5),FM(2),C(7),CLD(40),CLSQ(40),RN(40),S1(4),CO(40)
3,RHS (&), ANGD(40)
DATA K1/5/,X0/6/

C VC AND VE ARE CONSTANTS RELATED WITH THE CONVERSION OF THE

C MANOMETER READING INTO WATER SPEED, WHICH OF THE 5 VALUES

c G{VEN SHOULD BE USED 1S DETERMINED BY THE CHOICE OF THE

C PRESSURE TAPS AT WHICH PRESSURE WAS MEASURED
DATA VC/4.11447,2.60088,0.9016,0.6214,4.7381/,VE/.49353,.5,.4724,0
1.50638,.5/
READ (KI,*)TWIST, SHAFT

104 FORMAT(6F8.5,2F12,5)

READ (Xt,#) NRT,NTT,AREA, SPAM,MAC,AZL,VELINC
100 FORMAT(IL,I4,F9,2,F8.3,F9.4,F8.2,F9,4)
IF(AREA,LE.0) GO TO 99
RHO CORRECTS THE VALUE OF THE TUNNEL WATER DENSITY FOR CHANGES
1% TUNNEL TEMPERATURE.FM AND SCALE TAKE CARE OF THE EXPAMSION OF
THE FLUID AND THE MANOMETER SCA_F RESPECTIVELY, DUE TO CHANGES IN
THE RNOM TEMPERATURE.,
RHO=1,9574~0,00028«NTT
SCALE«]1,000952-13.3E~6«NRT
FM(1)=1,4875-,00071eNRT
FM(2)=24,5054-,00236«NRT
WRITE (K0,200)
200 FORMAT (*1',//17X,'RUDDER INPUT DATA'//2X,
1'TR',2X, "TTY, 54X, "AREA', LY, 'SPAN',5X, *MAC',5X, *AZL",3X, 'VELING®)
WRITE (KO, 150)NRY, NTT, AREA, SPAN,MAC,AZL, VELINC
150 FORMAT(I4,14,F9.2,F8.3,F8,.4,F8,2,58.4)
30  READ (KI1,103)CIDENT(N) N=1,18)
103  FORMAY (18A%)

[2 Xz ExX2]

c AT THIS POINT THE MANOMETER AHND STRAIN GAUGES 'ZEROD REANINGS®,
c (Z AND Z1 RESPECTIVELY),BEFORE AND AFTER A RUN ARE READ.IN THE
C SUBSENUENT STEPS THE PROGRAM DECIDES THE DEGREE TO WHICH THE DIF-
C FERENCE BETWEEN THE 'ZEROES' BEFORE ANN AFTER A RUN, SHOULD AFFECT
C THE READINGS TAKEN DURING THIS RUN,
READ(K), ) (ZM(K),(Z1(M,K) ,M=1,6),K=1,2)
101 FORMAT(FS.0,10%,5(2X,F5.0))

WRITE (KN,600)(IDENT(N), N=1,18)

600 FORMAT(//,1X,18A4//)
WRITE (X0, 201)

201 FORMAT(/,' ZERD READINGS BEFORE AND AFTER'/' MAN  FX F1
1BX 82 FY RZ')
WRITE(KO, 204)(ZM(K), (Z1 (M, K), M=1,6) ,K=1,2)

204 FORMAY(2(F4.0,6(2X,F5.0)/))
WRITE(KO,212)THIST, SHAFT

212 FORMAT (! THiST=',F7.1,"' SHAFT DEA,=',F7.2,' 1IN ")

Tatle 7.: "mdder sieady <tate data reduction progranm

© e e r—————— e Sy e




00510
00520
00530
00540
00550
005690
00570
00580
00590
00600
00610
00620
00630
00640
060650
00660
00670
00680
00690
00700
00710
00720
0073¢C
00740
00750
00760
00770
00780
00790
00800
00810
00820
00830
00840
00850
00860
00870
008890
00890
00900
00910
00920
30930
00940
00950
00960
00970
00980
00990
61000

[

o000

00 2 J=1,40
JT=g-1
Jd=y
NTAP AND NFLD ARE THE CODE NUMBERS OF THE TAP AND FLUID CHOSEN
ANOM(J) 1S THE MANOMETER READING AT SOME ANGLE OF ATTACK DENOTED
BY THE INDEX J. R(J,M) ARE THE OUTPUTS OF THE STRAIN GAUGES AT
THE SAME ANGLE,
READ(KI, € )NTAP(J),NFLD(J),ANOM(J),ANGL(J), (R(J,M) ,M=1,6)

102 FORMAT(!4,41,F5.0,F7.2,2X,F8,2,F8,2,F8,2,F8,.2,F8,.2,F8.2)
IF(ANOM(J),.LE.0.0) GO TO 3

2 CONTINUE

203 FORMAT(1X,12,11,F7,0,F5.1,2X,F6.0,3X,F6.0,3X,F6.0,3X,F6,0,3X,F€.0,
13X,F6.0)
GO TO 99

3 WRITE(KN,202)

202 FORMAT( /' INPUT DATA AS RECORDED'/®' TF ANOM ANGLE FX
1 FZ BX .Y 4 FY BY %)
WRITE(KD, 203) INTAP(J),NFLD(J), ANOM(J},ANGLLY), (R- 4, M), H=1,6),d=1,.
1J)

BUG=1,0/(JT-1)
DZM=(ZM{2)-2ZM(1))*RUG
DO & M=1,6
L DZI(M)=(Z1(M,2)-21(M,1))+BUG
DO 7 Jel,JdT
IF(J.EN,1) GO TO 6
IF(NTAP(J).EN.0) NTAP(J)=NTAP(J-1)
1F(NFLD(J).EQ.0) NFLDCJ)=NFLD(J-1)
6 BUG=J-1
ANOM(J)wANOM(J)-ZM(1)-RUGeDZM
ANGL(J) sANGL(J)-AZL
DO 7 M=1,6
R(J,M)®R(J,M)-Z1(M,1)-BUG=DZ1(M)
7 CONTINUE
WRITE(KN,205) (1DENT(N),N=1,18)

205 FORMAT(///,1X,18AK//)

WRITE(KO, 705)INTAP(J),NFLD(J),ANNM(J) ,ANGL(J), (R(J, M), tel,6),d21,d
m

795 FORMAT(' INPUT DATA CORRECTED FOR ZERO REANINGS 7013,
111,F6.0,F7.2,2X,6F9.2))

33 WRITE (rn,207)CIDENT(N),N=1,18)

207 FORMAT(///,1X,18A4//)

607 WRITE(KD,707)

707 FORMAT!' o« RUDDER DATA REDUCTION es' /' ALPHA FX-L8
1 FZ-LR BX-INLB BZ-INLR DRAG-LB LIFT-LB  VER-LB MX-INLR M
2Z-INLB  MY-INLB VEL-FPS')

BEAR®MAC/(12¢3.9739+EXP(67,6832/NTT))
Do 9 Js1,4T

I =NTAP(J)

1E(1.LT.1.0R.1.6T7.5) Gn TO 99
K«NFLD(J)

IT7 (zon't)
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61010
01020
01030
01040
01050
01060
01070
01080
01096
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
01240
01250
01260
01270
0128¢
01290
01300
01310
01320
01330
01340
83350
01350
01370
o138¢
01390
01400
01410
01420
01430
01440
01450
01460
01470
014¢

01490
01500

OO0 OO0O0O0

9

206

208
608

1F(K.tT.1.0R.¥.GT.2) GO TO 99

BUG=VE(1)

THE WATER SPEED 1S COMPUTEN AT THIS POINT FROM THE KNOWLEDNGE
OF THE VARIOUS CONSTANTS RELATEN TO THE MANOMETER FLUID AND
THE FACTOR CORRECTING FOR THE INTRODUCTION OF THE SPLITTER
PLATE IN THE FLOW (VELINC),

V= (ANOM(J) #FM(K)«SCALE/(VC(1)*RHO ) )esBUG*(1, 0+ VELINC)

AT THIS POINT THE PROGRAM MAKES USE OF THE STATIC CALIBRATION
RESULTS TO CONVERT THE FORCES INTY LBS. AND THE MOMENTS INTO
IN-LBS TAKING ALSO CARE OF THE €70SS-TALK BETHEEN THE DIFFERENT
GAUGES.

FX=-0,076768795+R(J,1)-0.063365711+R(J, &)

F2=0,072369465+R(J, 2)+0.137756°R(J, 3)
BX=-0,051182352«R(J,2)+0.455205523+R(J,3)
BZ=-0,042513862%R(J,1)+0,22310536*R(J, &)

FY=0,0

BY==-0.64935+R(J,6)

RAT=(ANGL(J)+AZL)*0,0174532

S1{J)=SIN(RAT)

CO(J)=COS(RAT)

HERE THE LOANS MEASURED ARE RESOLVED IN THE LIFT AND DRAG DIREC-
TIONS. THE TUNNEL WALL SNTERFERENCE CORRECTION HAS NOT YET BEEN
MADE.

LIFT=FZ«CO(J)-FX2SI(J)

DRAG=FX*CO(J)+FZoSt(d)

MX=BXeCO(J)+BZeSI(J)

MZ=BZeCO(J)~BX*SI(J)

VER=FY

My=RY

ANGD (J) =ANGL(J)+nY/TUIST

WRITE (KD, 206)ANGD(J),FX,FZ,BX,BZ,0RAG, LIFT, VER,MX, M2, MY,V
FORMAT(11F9,2,F8.2)

RVSe0,5#RHO®AREA®V«e2/14L.0

HERE THE "UIFFERENT FORCES AMD MOMENTS ARE NON-DIMENSIONALIZED
CL(J)=LIFT/RVS

CLSQ(J)=CL(J) 002

CD(J)=DRAG/RVS

CLN(J)=CL(J)/CN(J}

CH(J)sMY/RVS/MAC

CPL(S)=(MX/LIFT)/SPAN

CY(J)=VER/RVS

RH(<}aVeBEAR

WRITE (KO,208)(IDENT(N), N=1,18)

FORMAT(///,3%,318AL/7)

WRITE(KC,708)

708 FORMAT(® «sRUNDDER DATA IN NON-DIMENSIONAL FORMeel//? ALPHA

2cL cD cH cPL cY /0 RNe10ee-§ cLsn')

HRITE(KO,209)(ANGD(J),CL(J),CD(J),CM(J),CP}(J),C?(J),CLD(J),RN(J),

1cLsaly), d=1,47)

209 FORMAT(F8.2,F7.3,2F8.4,3F7.3,F8.3,5X,F7.4)

Table II (con't)
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01510 00 15 J=1,4J7T

01520 C HERE THE RUDDER ANGLE AND THE DRAG COEFFICIENT ARE BOTH

01530 C CORRECTED FOR TUNNEL WALL 1% ZRFEMENCE,

01540 ANGD(J)=ANGD(J)+0.02045*AREASCE (J)

01550 CN(JI=CN{J)+0,00035702AREA=CLLJ)#e2

01550 15 CLD(JY=CL(J)/CD(J)

01570 WRITEIKC,211) (IDENT(N), =1 18)

01580 211 FORMAT(///,1X,18Ak//)

01590 6£11 WRITE(KD,711)

01600 711 FORMAT(' PRIOR DATA CORRECTED FOR TUNNEL INTERFERENCE'//' AL
01610 1PHA cL co cr cPL cY L/0 RN#10ee-6 cLsn
01620 2¢)

01630 HRITE(KD,209)(ANGD(J),CL(J),CO(J),CH(J),CPL(J),CY(J),CLD(J),RN(J),
01640 1CLSQ{J), J=l1,dT)

01650 GO 7O 30

01660 99 sSTOP

01670 END

Table II (con't)
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82

85

RUDGER $HPUT DATA

AREA

74.19

SPAY

MAC

9.354 7.96790

AZL

VELING

0.0 0.0910

THE FOLLOMIHNG RESULTS ARE FOR A CLEARANCE RATIO OF .37

ZERO REANINGS BEFORE A%D AFTER

AN
0.
0.

THE

11
11
11
11
11
11
11

Table

FX FZ

G. 500.
-3C. 49,
T1ST=10000.0

AHON
150€.
1506.
1506.
1505,
1506.
971.
S71.
=100,

0.C
5.0
10.0
15.0
4.9
25.9
30.0
0.0

BX

-650.
-G4g.

INPUT DATA AS RECORDED

ANGLE FX

-16.
-39,
-65.

-15%.

-236.

-278.

-~y

G.

BZ
0.
-h.

SHAFT DIA.=

622.
99.
-4&0,
-97%.
~1505.
-115¢.
-1472.
0.

FOLLOWING RESULTS ART FOR A CLEAQACEZ

87

0. 0.
0. 6.
2.00 11,

BY 87
-GeF, -(8.
=25, ~£7.
£32, 36.
1315, 25¢.
1964, 590,
1477, 67C.
1356, 1929,

0. G.

1HPUT DATA CORRECTED FOR ZFPO SEAN(577

1506.
1506.
1506.
1506.
1506.

971.
971.

9.0

5.00
10.00
15.00
29.0¢0
25.00
30.00

-16.00
-13.05
-53.00
-136.00
-262.03
-258.00
-408.909

program

122,02
~409.00
-938.910

=15475.90
-2009.02
-1£53,37
~1875,0"

-17.00
€25.87
1201.33
107,00
203267
21" 77
255,00

RATID OF 37

-C2.9C
-FE.33
37.33
o600
502.67
7 .2

1924.08

ODOIOODOODL

-38.3¢0
~-79.83
-3%.0¢C
-192.0"
~-¢6. NS
-52.02
-20.60

III: Sample output of rudder steady state data reduction
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THE FOLLOWING RESULTS ARE FOR A CLEARANCE RATIO OF,37

ZERO READINGS BEFORE AND AFTER

MAN  FX FI BX B FY 8z
0. 0. -506. 530, 0, . 0.
6. -28. k2. 630, 5. o. 0.
o THIST=10900.0 SHAFT RiA.=  2.00 I,

IKPUT DATA AS RECORDED

TF  AHOM ANGLE 24 FZ BY 174 Fy RY
11 1506. 9.0 -3. ~400, 616, ~72. 0. -37.
00 1506. -5.9 -2€. 12¢. E, 18, 0. -fF.
90 1506.-10.0 -85. 69¢e. -35%, 204, 0. 12.
00 1506.-15.0 -156. 131z, -1320. 4Gk, S. 12.
00 1506.-20.0 -210. 199¢. =-2320, 71s. n. -2.
00 971.-25.0 -227. 1432, ~1432. 724, 0. -25.
00 971.-30.0 -234. 2n3s. -2032. r70. 0. -i0.
00 -~100. 0.C 0. 9. o, 2. 6. - 1.

THE FOLLOUWIHG RESULTS ARE FOR A CLEARATCE 24%10 nF, 37

IHIPGT DATA CORRECTER FOR ZEPD REARpC~

11 1506. 0.0 -3.00 19€.00 -14.90 -72.°70 f.0 -37.5°
11 1536. -5.C0 ~2Y,33 628,00 -€24.20 17.23 f.e -€.77
11 150€. -19.99 =747 115(.00 -3264.00 292.07 £ 12.27
11 1506. -15.900 =162,02 1806.09 -1359.00 452,00 2.1 12,07
11 159€. -21,.39 ~161,33 248R,0n -2650.00 711,33 n.g -2.89
11 371, -25.3¢0 =-202,.67 1978£.00 -2122.00 729.€7 2.2 -2%,.00
11 971, -30.90 -206.00 2517.00 -2612.00  PC6.N0 n.n -60,00

Ta>le III (con't)
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00010 C
03020 C
00830 C
0380 C
03058 C
63060 C
60e7¢ C
88088 C
g00% C
as1ee C
go11e
98128
ac13e
301s¢
cg1s5e
GCies
0g170 ¢
63180 1
Gi19%
80200
80210
88228 €
65236 C
S32s8 €
co2se
8268
9e278
88212
9290
34308
54316 15
08320
8338 C
8esss C
9358
Je36e
se3re
28388
60394
20908 29
[ 2138
80428
SCs38
oessC
98458 2}
o9%ee
08Nz
0480
00480 25
20508

ODYNAIC DAYX RERUCTION PROGZAM

THE FIRSY PARY OF THIS PROGEAM 1S USED TO CALISRATE TME

THO CYSAMOMETER CHANNELS WE 22 EXXMINING_A KNONN FORCE °FCALS,
IS APPLIED AND THE RESPANSE OF £ACH CHANNEL Yo THIS FORCE,'F2°,
ANG °BX' RESPECTIVELY, IS COMPUTER AT TWO SIFFEPENT LOIaTiONS
OF THE APPLIED FORCE,THESE RESULTS CAN BRE COMSINED TO GIVE AX
INFLUENCE COEFFICIENT MATRIY CONTAININS THE SLEFENTS °CA®,°Ce°,
'CCT,TCnt WHICH ARE USER LATER OK OURING THE CYPERIVENT TO
EVALUATE THE AMPLITUDE ANT PHASE ANGLE OF THE TvO RESPONSES,
AS INDICATED |K THE SECAND PAZT GF THI PROGIN,

COMPLEY CFZ(2),CRX(2),CRYUNEZ, CIUNRY, CA,C8,CC, CO, CFORCE, CIPLY, P00

17, CoExam

DIMENSION F2(2,2),RX(2,2), FIa5(2,2), 5308502, 2], RUMAX(2), MiRFZ{2)

1,RFZ(2), A8X(2), LAZEL(1S}

OATA K1/57,%0/€7

WRITE(S,EC)

FOIMATLLY, *EXECUTION BEGINS®//)

REAS (X§,0)CO1L,ECAL, RCAL, BIA®, 2P, BD, Y1, Y2, KSTOP

IF (KSTOP . £4.C) GO TO S3

FCAL=COILeECAL] 313 21%/RCAL

REAG(KE,») ((FZ(1,J),3=1,2),121,2),((2X(1,J),3+2,2),11,2)
KEXT THE PROGEAY READS THE CALISRATION VALUES. YME FIAST IwDEY
REFERS TO LOCATION OK THE BUDDER 2%0 THE SECOMY IF 1 1S THE MrPLI-
TUNE OF THE SIGKAL AXD IF 2.1S THE PHASE.

03 15 Ke1,2

FIRL{K, 1) oFZ(K,1)o08S(9. . €1765329eF1(K,2))

SYRGIK,1)=0X(K, 1)eCaS(8.5178532%02X({K, 2))

EDaniy, 2)=FZIK, 1)eSINC2 _S17AS32%eF2(K,2))
APMAL(K,2)=BX(K, 13eSINCG. €374532%2X(K,2))
CFI(R)eCPLI(F PRGN, 1), FIMAS(E,2))
CEX(K)aOPLX(BXAS(K, 1), BYMASIKR 2} )
COENMtCAX(])oCF2(2)-CRX(2)CFIE])

AT THIS POINT THE PROGRA® MAS REUZITTEN THE INPUT REACINGS I
COMPLEX FORNM AMD 1S REANY Th OMEPITE THE INFLUEYCE ONESFICIENTS
CAl{CRY(1)-CBX(2))/COENN) oF CAL
C2e((CFI(2)-CFI(]1))/COEXM)FCAL
CCo{(28X(2)oY2-CRX{2) oY) )/COENDM)eFCAL
Com({CFZ(2)eY1-CFZ(1)*V2)}/COEND) oFCAL

NRITE {X0_20) COtU, ECAL, RCAL, DIA RP 20, Y1, Y2, FCAL

FORMAT( 17 &X, *COIL=" FS .3, IX,"(LR/APP)°, /, SX, "ESAL " 5.3,
1X,°(veLYS)", 7, SX, "RCAL", FS 3, 1K, *(OM S]" /7,51, "PROP DIAM"*
2,F6.3, X, (M), 7, 5K, "Rmee® F6.1,/, 5K, *DENSITYC" F16.5,1X,
3°(L8S/FTee3)t, /,5X,"L1=" FS 3, 1X, (1N}, 7 SX, *1L2=" FS. 3,1X,
SU(IN)", /777,55, "CALIARATION FORCEe" _F1€.5,1X,.°CL8S)°*)
FORMAT(///, 28X, *CALIBRATION REABINGS®, 7/7,25K, "ANPL® X, "PMASE",
TI3X, CAMPLY 8K, *PMASE®, //,2X, "FORCE AT i1°,2X,"FIREANS" F
218.5.0X,FB.8, 2K, "SXREAD="_ FI0.5,0X,FB. A, /7,20, "FORCE AT L2°,
32X, "FIREAD=*,F18.5,4X,F8. &, 2X, "EXREAS", F13.5, 82, FR.0/)
WRITECED,21) (F201,1),FZ(1,2),8X(1,1),8%(1,2),1=1,2)
MRITECKN,22) (FIMAG(I, 1), FIMAG(E,2), BI0AG(T, 1), 8XmA0(s,2)

le IV: Fudder dvnamic 4date reduciion progranm
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00510
00520
00530
00540
00550
005560
00570
00580
00590
00600
00610
10620
03630
00640
00650
00660
00670
00580
00690
00700
00710
00720
00730
00740
00750
00760
00770
00780
00790
00800
00810
00820
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00530
00940
00950
00960
00970
00980

- gy -

1,1s1,2)

FORMAT(///,1X, 'AT L1',3X, 'REALFZ=',F10.5,1X, ' INAGFZ=",F10,5,
11X, '"REALBX=',F10.5,1X, ' IMAGBX=",F10.5,//,1X, "AT L2',3X,
2'RCALFZ=',F10.5,1X, ' IMAGFZ=',F10.5,1X, 'REALBL=",F10.5,1X,

3'{MAGBX=',F10.5/)

BUG=12,0%e4/(RO*((RPM/60,0)s«2)*(D|AMwek))

READ(K!,40) (LABEL(N),N+1,18)

FORMAT (18A4)

AT THIS POINT THE PROGRAM READS THE VALUES OF THE LOADS MEASURED
{N THE ACTUAL EXPERIMENT, THE INDEX AS BEFORE DIFFERENTIATES
BETWEEN AMPLITUDE AND PHASE,

READ(KI,*) RFZ(1),RFZ(2),RBX(1),RBX{2),NCODE

FORMAT(4F10,5,110)

IF (NCODE.EQ.0) GO TO 1

RUNBX(1)=3BX(1)+*COS(0.01745329«RBX(2))
RUNBX(2)=xBX(1)*SIN(0.01745329+RRX(2))
RUNFZ(1)=RFZ(1)#C05(0.01745329+RF2(2))
RUNFZ(2)=RFZ(1)*SIN(0.01745329«RFZ(2))

CRUNFZ=CHPLX (KUNFZ(1),RUNFZ(2})

CRUNBX=CHPLX (RUNBX(1),RUNBX(2))

CFORCE AND CMOMNT ARE THE FORCE AND MOMENT VALUES OF THE READINGS
CORRECTED FOR THE CROSS TALK BETWEEN THE TWO GAUGES., THEY ARE (N
COMPLEX FORM AND THEIR AMPLITUDES ARE IN LBS.
CFORCE=CRUNFZ+CA+CRUNBX#(CB

CHMOMNT=CRUNFZ#CC+CRUNRX+CD

FREAL=REAL(CFORCE)

FIMAG=AIMAG(CFORCE)

BREAL=REAL (CMOMNT)

BIMAG=AIMAG (CMOMNT)

FAHP AND BAMP ARE THE FORCE AND MOMENT AMPLITUDES IN NON-DIMENSIO-~
NAL FORM, THEY CORRESPOND TO 'KF«1000' AND 'KB#1000' OM THE GRAPHS
FAMP=SORT(FREAL#«z+F {MAG#*2)+BUG*1000.0
BAMP=S(RT(BREAL#**2+BIMAG#*2)+BUG*1000,9/D1AM

FPHASE=ATAN(F IMAG/FREAL)#57,2958
BPHASE=ATAN(BIMAG/BREAL)*57,2958

FORMAT(//,1X,18A4,//,28X, 'EXPERIMENT READINGS®,///,20%, tAMPL!,
16X, 'PHASE', 23X, 'AMPL",6X, ' PHASE',//,5X, 'RF2',7X,F10.5, 3X,
2F8.4,7X, 'RBX', 7%X,F10.5,3%X,F8,4,//,5X, '"FREALs',F10.5,//,

35X, 'FIMAG=',F10,5,//,5X, 'BREAL=",F10.5,//,5X, 'BIMAG=",F10.5,/
4/,5X, "FAMP«1000=',F10.5,9X, 'FPHASE=",F10,5,//,5X, 'BAMP+1000='
5,F10.5,9X, 'RPHASE=',F10,5)

WRITE(XO,46) CLABEL(N),N=1,18),RFZ(1),RFZ(2),RBX{1),RBX(2),
1FREAL, FIMAG, BREAL, BIMAG, FAMP, FPHASE, BAMP, BPHASE

Go TO 2

WRITE(X0,55)

FORMAT ('1")

STOP

END

Table IV ‘con't)
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CO1L=0,750 (LB/AMP)
ECAL=4,000 (VOLTS)
RCAL=L,600 (OHMS)
PROP.DIAN= 9,846 (IN)
4 RPM=1500.0
DENSITYs=
L1=3,000 (IN)
L2=9,000 (IN)

N CALIBRATINN FORCEs=
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1.93780 (SLUGS/FT#e3)

0,92231 (LRS)

CALIBRATION READINGS

ANPL
FORCE AT L1 FZREAD=»  0,20500
FORCE AT L2 FZREAD= 0.u6n00

AT L1  REALFZ= -0.09307 IMAGFZ=

AT L2  REALFZ= 0.00000 IMAGFZ=

PHASE

117.0000 BaREAD=
90,0600 BRXREAN=

0.18266 REALRX=
0.06000 REALBX=

AMPL

0.12500
0.60000

PHASE

270.0
270.0

-0.00000 iIMAGBX=

-0.00000 IMAGRXs=

000
000

-0.12500
-0.60000

lable V: Sample output of dynamic data reduction program
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RUDNEP AT 1 INCH OFF CENTRELINE (DESIGN PDSITION), CLEARANCE RATIO ,33
EXPERIMENT READINGS

AMPL PHASFE AMPL PHASE

IR B S L A a4

RFZ 0.32000 284,0000 RBX 0.65000 36.0000

i
oy

.

FREAL= -1,72153
FiMAG= 0,87087

T
REPTLTE AL K 15

RREAL= =-6.89750

BIMAG=  7.36398 .
FAMPe1000=  3.51471 FPHASE= -26.83350
BAMF21000=  1.86689 RPHASE= -46.87341

==
£23
=
.
b=
=

KUDDER AT 1 INCH OFF CENTRELINE (NESIGN POSITION), CLEARANCE RATIO .37
‘EXPERIMENT RFEADINGS

ANPL PHASE AMPL PHASE
RFZ 0.38500 252,0000 RBX 1.15000 45.0000
* FREAL= -2.12280

FIMAGs  1,88896
BREAL= -12,49031
BIMAG=  12,15800
FAMP#1NON=  5.17670 FPHASE= -u41.h64L14
BAMPe1000=  3,22514 RPHASE= -44,22762

i

Table V (con't)
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RUDDER AT 1

RFZ

FREAL=
FIMAG=
BREAL=
BIMAG=

INCH OFF CENTRELINE (NDESIGN PNSITION). CLEARANCE RATIO .41

EXPERIMENT REANINGS

AMPL PHASE
0.12500 288.0000 RBX
~0.41909
-0.20247
-n.59555
~3.08378

FAMP«1000=  0.84793 FPHASE= 25,78540

RAMP«100N=  (.58113 BPHASE= 79,06931

RFZ

FREAL=
FINAG=
BREAL=
BIMAG=

RUNDER AT 1 INCH OFF CENTRELINE (DESIGM POSITION). CLEARANCE RATID .45

EYPERIMENT READINGS

AMPL PHASE
0.31500 252.0000 RBX
-0.98530
2,00929
-1,40015
13,92307

FAMP«1000=  4,.07690 FPHASE= -63.87798

BAMP#1000N=  2,58915 RPHASE= -84,25746

Table V (con't)
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RUDNDER AT 1 INCH OFF CEMTPELINE (DESIGN POSITION), CLEARANCE RATIO ,49
EXPERIMENT READINGS

AMPL PHASE AMPL PHASE

RFZ 0.34500  243.0000 RBX 0.90000 18.n0000
FREAL= ~1.22266

FIMAG=  2,05548

BREAL= ~4,97760

BIMAG= 12.89301

FAMP«1000=  4.35702 FPHASE= -59,25436

BAMP=1000=  2,55717 RPHASE= -68.88991

RUNPDER AT 1 INCH OFF CENTRELINE (DESIGH POSITION). CLEARANCE RATIO .53
EXPERIMENT READINGS

ANPL PHASE AMPL PHASE
RFZ 0.45500  243.0000 RBX 1,32500 18.0000
FREAL= -1,68770
FIMAG=  2,86159
RRCAL= ~7,.16850
BINAG= 18.7475h

FAMP#1000=  6.05233 FPHASE= -59.46878

BANP#1000=  3,71375 RPHASE= -69.07466

PR

Table V (con't)
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ANPL
RFZ 0.52500
FREAL= -3,19651
FIMAG=  2,39540
BREAL= -20.56535
BINAG= 15,0L4536
FANP+1000= 7.27701
BAMP#1000s 4 71474

AMPL
RFZ 0.39000
FREAL= =~-2,91310
FIMAG=  0.97610
BREAL= -19.09775
BIMAG=  6.24727
FAMP#1NN0= 5.59702
BAMP#1N00= 3,71787

Table V (con't)
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EXPERIMENT READINGS

PHASE

252,0000 RBX

FPHASE= -36.84721
RPHASE= - 36,18387:

EXPEPIMENT READINGS

PHASE

270.0000 RBX

FPHASE= -18,52466
RPHASE= -18.11400

RUDDER AT 1 INCH OFF CENTRELINE (DESIGN POSITION), CLEARANCE RATIO .57

AMPL PHASE
1.70000 S4.0000

RUDPER AT 1 IMCH OFF CENTRELINE (DESIGN PNSITION). CLEARANCE RATIO .61

AMPL PHASE
1,3500G 72.0000
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RUDDER AT 1 INCH OFF CENTRELINE (DESIGN PNSITION), CLEARANCE RATIO .65

RFZ

FREAL=
FliiAGs
BREAL=
BIMAG=

AMPL
0.19500
-1,30840
n.21919
-9,05>109
-N.82759

FAMP«1000= 2,641684

BANMP«100N= 1.68169

EXPERIMENT READINGS

PHASE AMPL PHASE
2€1.0000 RBX 0.62500 99.0000

FPHASE= -9.51000
BPHASE=  5.22434

RUDDER AT 1 (NCH OFF CENTRELINF (DESIGN POSITION)., CLEARANCE RATIO .69

RFZ

FREAL=
Fit*AG=
BREAL=

BINAG=

AMPL
0.12500
-0.48947
n.57579
-1.93851
3.25764

FAMP#100N= 1.37676

BAI'C«1N0N= 0.70140

Table V (con't)

EXPERIMENT READINGS

PHASE AMPL PHASE

252.0n00 RRY 0.23500 27.n000

FPHASE= -LQ,63249
BPHASE= -59,24L58

P




- 101 -

RUDNER AT 1 INCH OFF CENTRELINE (DESIGN PNSITION), CLEARANCE R.T10 .73

EXPERIMENT READPINGS

AMPL PHASE AMPL PHASE

RFZ 0.23000 225.0000 RAX 0.55000 18,0000
FREAL= =-0.54299

FIMAG=  1,43159

AREAL= =~2,75169

BIMAG=  8,12841

FANP+1000=  2,78935 FPHASE= -69,22874

8AMP+100N0=  1,58782 RPHASE= -71,29758

RUDDER AT 1 INCH OFF CNTRELINE (DESIGN POSITION), CLEARANCE RATIO .77

EYPERIMENT READINGS

AMPL PHASE At'pL PHASE

RFZ 0.30060  243.0000 RRX 0.73800 45,0000
FREAL= -1,36093

FINAGs 1.46830
BREAL= =-83,01360
BIHAN~ 8.16617
FAMP+1000=  3.64723 FPHASE= -47.17331
BAMP+10N0= 2.11696 BPHASE= -45,54n25

Table V (con't)
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AMPL

g RFZ 0.27000

% FREAL= ~-1.73683

. FIMAG=  0.62921

% BREAL= -11.25936

é RIMAG=  2,28652

% FAIMPe1000=  3.36536

}: BAMP1000=  2.12582

i RUDDER AT 1

[ AMPL

= RFZ 0.18900

é FREAL= -1.30647

é FIMAG=  0.15409

E EREAL= -8.82014

3 BIMAG= -0,39026

4 FANPe10N0=  2.39661
BAMP#1000=  1.63357

= Takle V (con't)
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RUNDER AT 1 I!CH OFF CENTRELINE (DESIGN POSITION). CLEARANCE RATIO .81

EXPERINENT READINGS

PHASE AMPL PHASE

261.0000 RBX 0.76400 81,0000

FPHASE= -19.91405
BPHASFE= ~11.47938

140H OFF CENTRELINE (DESIGN POSITION), CLEARANCE RATID .35

EXPERIMENT READINGS

PHASE AMPL PHASE

270.0000 RAYX 0.60000 95.0000
FPHASE= -F_72673
BPHASE= 2.53347
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RUDDER AT 1 INC:t OFF CENTRELINE (DESIGN POSITION). CLEARANCE RATIO .93
EXPERIMERT READINGS

>

AMPL PHASE AMPL PHASE
RFZ 0.12000 252.0000 RBX 0.43800 117,0000
FREAL= =0.74505
FINAG=  0.01817

BREAL= -5.60540

BIMAG= -2,29081

FAnfFe100n= 1.35772 FPHASE= ~1.39727
RANP#1000=  1.12042 BPHASE= 22.22878

RUDDER AT 1 1HCH OFF CENTRELINE (DESIGH POSITION). CLEARSUCE RATIO 1.01
EXPERIENT REAPINGS

=
23
=
=

AMPL PHASE AmpL PHASE
£1.0000

g

RFZ 0.20000 243.0000 RBX' 0.49000

: FREAL= -1.02251
H FINAG= 0.62692

kil Akl

SREAL= -7.09139

< BIMAG=  1.78392
FAMPe1000s  2.1850k FPHASEs -31.51349
RAMP#1000=  1.35298 BPHASE= -14.12039

Table V (con't)
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RUDDER AT 1 INCH OFF CENTRELINE (DESIGN PNSITION). CLEARANCE RATIO 1.09 e
EXPERIMENT READINGS

AMPL PHASE APL UHASE -

RFZ 0.23500 315.0000 RBX 0.5080¢ 126.0000

FREALs -1.3711%

FIMAGs -~0,76199

BREAL= -7.6037%

BIHAGe -5_.1915%

FA 221000= 2,.35781 FPHASE= 29.96151

BANP=1000= 1,7035k BPHASE= 3&.32390

Table V (con't)
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