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MODEL EXPERIMENTS TO DETERMINE RUDDER FORCES, NEW MEXICO.

Introduction

In 1918, experiments were made at sea on the NEW MEXICO, fitted with hy-

draulic steering gear, and attempts were made to determine rudder forces and mo-

ments while the vessel was turning under helm. These experiments were only par-

tially successful, and the opinion was expressed that model experiments only

could further clear the problem. Accordingly, the work of developing apparatus,

which would give the desired results, was undertaken at the Model Basin. This work

has been done under many difficulties, and it was not until 1924, that successful

runs were obtained.

Purpose of the Experiments

The object to be obtained, in a model of the NEW MEXICO, pelf propelled at

a given speed and running free, was to turn, at a proper moment, the rudder to a

predetermined angle, in a given time, and to furnish simultaneously continuous

records of rudder force components, torque on the rudder stock, speed of vessel,

curvature of path, helm angle, heel of vessel, and other minor data, all on a time

base. All conditions of the experiments were to be as closely as possible similar

to those of the trials of the full sized vessel. The data obtained, when reduced,

were to be compared with such similar data as were obtained on the ship, and a

basis of comparison was to be established thereby, by which other data, obtainable

in the model but not in the ship, could be extended to ships size for design pur-

poses.

Description of Model

The work was to be done in the Model Basin, and the width of this basin,

about forty feet, precluded the use of a model longer than about ten feet, if any

considerable part of the turning circle was to be included. This was the length

adopted. It involved small displacement, and small forces, the rudder pressure

being of the order of one pound. Considerable difficulty was found in accommo-

dating all the necessary weights within the limits of the displacement, and greater

difficulty was encountered in obtaining the necessary stability, and the G M

finally obtained was somewhat smaller than would be found in the ship.

The model was without bilge or docking keels, but was otherwise complete

with four struts, shafting, and propellers to scale, and was fitted with a rudder

to scale, in the same position as on the ship. A second rudder was made for more

extensive tests; this was identical with the first, except that the balance portion,

forward, was extended so that its area was increased by 92%. The propellers were

driven by two small motors, one connected by gears to each outboard shaft, the

inboard shafts being driven by belts. Three twelve volt, 20 ampere hour, storage
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batteries furnished current for these motors and other apparatus.

Figures 1, 2 and 3, show various views of the assembled model and apparatus.

The Rudder Dynamometer

This dynamometer is shown in figures 4 and 5. A fixed bed plate supported,

on two vertical cantilever springs and two pivot bars, a floating bed plate carry-

ing the steering gear and rudder. The steering gear was adapted to turn the rudder

to the desired angle, at which the current was cut off, and the gear brought up by

a stop. A helm angle indicator was fitted, to be read by the recording apparatus.

The total time of putting the helm over could be regulated by a controller,

to any desired amount, the time corresponding to that in the case of the full

sized ship being considered to be as the square root of the scale, or about 1-1/2

seconds for the model, when it was 12 seconds for the ship.

Although this total time could be made to correspond, the motion of the

model rudder did not quite agree with that of the ship rudder. The model rudder

was accelerated for about the first half of the period, and then turned at about

constant velocity till it was stopped suddenly. The ship's rudder would acceler-

ate more slowly at first, and would be brought to a stop more gradually. Some

small differences in the results should be found, on this account.

The floating bed plate carrying the steering gear was constrained by the

two springs which supported it, and the forces acting on the rudder deflected

these springs. The amount of motion thus obtained was not so great as to mater-

ially disturb the position of the rudder stock, being a maximum of about 0.1 inch.

This deflection was measured by four Ames gauges, two adjacent to each spring,

each pair being arranged to measure the fore and aft and transverse components of

the deflection of the springs. From these deflections, the forces and moment on

the rudder stock were deduced, the spring constants being determined by calibra-

tion of the completely assembled apparatus. A clock showing seconds was included

in the assembly.

The Dummy Observer

In a model towed by the basin carriage, it is possible for a human observer

to read the dials of the gauges directly, though not simultaneously. With the

model running free, however, this is not possible, and the gauges were accordingly

photographed automatically during the run, at definite intervals of time, by a

moving picture camera, whose shutter was operated by a small motor to give expo-

sures at about one second intervals. At first a standard camera was used, with

its axis about horizontal, the camera being secured in the center of the length of

the model, and an inclined mirror over the dynamometer bringing its dials into the

field. This was later supplanted by a small, much lighter camera placed directly

over the dynamometer, as shown in the photographs. The camera was placed in



operation just before the rudder was turned, and operated until the end of the run,

when the model was caught and a cut-out switch in the bow turned off all current.

On account of the great reduction in the size of image in this camera, it

was found desirable to use positive films in the camera, which, though much slower,

gives sharper images than does negative film. As a result, intense illumination of

the dials had to be provided. Head light bulbs with reflectors, and operated con-

siderably over load, were fitted centrally over each dial. A print of a part of

an actual record film is shown in figure 7, an enlargement of one of the exposures

in figure 6. These show the satisfactory definition obtained, and the steadiness

of the dynamometer, which was practically dead beat. The films, for reading, were

projected on a screen.

Vertical Camera

To obtain the path of the model in the horizontal plane, and other data, an

8 x 10 plate camera, with axis vertical, was secured to the roof structure of the

building, about 20 feet above the water. A disc shutter attached was operated at

constant speed by a motor, the plate being thus given short exposures at constant

intervals of about one half second, and thus a record was obtained on the same

plate, of the successive positions of the various points of the model traveling un-

der it. These points were small electric lights, one at a forward masthead, one

immediately below it, another aft on deck, and a fourth, also aft, which was il-

luminated with the starting of the steering motor, and served to connect the rec-

ords obtained above and below. As only the lights were visible in the field, all

the rest being darkened, no difficulty was had with overlapping exposures. A

single plate thus recorded the complete path of each light on the model. The plate

was in addition given an exposure to a grating, to provide convenient reference

lines for measurement. A sample of the plate record is given in figure 8.

Angle of Heel

This is desirable as a record for general purposes, but is also necessary in

these experiments to provide a correction, sometimes considerable, to the forces

measured by the dynamometer. As the vessel heels, the weight of the steering gear

deflects the springs, and this must be allowed for. The angle is measured on the

plate by observing the relative positions of the masthead light and of the light

beneath it, the distance between these being known, and also the horizontal dis-

tance out from the centre of the plate, and the vertical distance of the camera. A

special scale was made to measure the angle directly.

Another correction, though so small as usually to be negligible, is due to

the centrifugal action on the floating steering gear, on account of the motion of

the model in azimuth.



Method of Making the Runs

The model was guided by hand, alongside a platform fixed to the basin car-

riage, making a straight run with the carriage until the point was reached where the

helm was to be put over. The propelling machinery was operated during this run,

regulated to give the desired speed. When the proper point was reached, the lights

were turned on, together with the recording camera, and finally the steering gear

switch was thrown on, and the model instantly released. As it thus proceeded free,

the carriage was maneuvered to avoid it. At the same time, the vertical camera

was operated.

The Results

Runs were made with each of the two rudders, at a speed corresponding nearly

to 21 knots for the vessel, with helm angles of 350, 400, 450 and 500. The results

are shown in the appended sheets, Sheets I to XVII. The two rudders are shown in

the photograph, figure 10; rudder No. 1 corresponding to the NEW MEXICO rudder,

rudder No. 2 being identical except for the added portion of the balance.

Sheets I to XV show, for the different rudders and for the various angles,

on a time base beginning with the start of the steering gear, the vessels azimuth,

rudder torque, lift, drag, and resultant force, position of centre of pressure

horizontally, angle of heel of model, and reduction of speed as the vessel turns;

further, the position of the vessel in the horizontal plane, at each recorded in-

stant, with the resulting diameter of turning circle.

In these experiments, the initial parts of the curves, including the high

peaks, are given by but a few spots, and are thus ill defined. Sheet X-A therefore

shows an attempted improvement on this condition, obtained by running the model

fixed to the carriage, and determining the initial parts of the curves from records

made at ordinary moving picture speeds, in this case at the rate of 15 exposures

per second. The model and dynamometer were however subjected to the vibrations of

the carriage, and the needles of the gauges were much disturbed, so that the re-

sults show much scattering and only unsatisfactory indications were obtained.

Comparison of Model and Ship Results

Sheets XVI and XVII show the comparison of the ship results, at helm angle

350, and speed 21 knots, with results deduced from the model, with normal rudder

at 350, the speed of model corresponding to 21.5 knots.

Sheet XVI shows that the reductions of speed of model and ship are prac-

tically identical, over the azimuths covered. It also shows that the angle of heel

of the model agrees with that of the ship, within the limits of the errors of

measurement, except for the first part. The model shows a heel inward, which is

commonly observed on trials of ships, but was not found on this trial, evidently

because enough spots were not observed.
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This sheet also shows a comparison of torques, the agreement for the maxi-

mum torque, in amount, being excellent; the peak and the following decline are a

little later in the ship, as might be expected, considering that the rudder stops

more gradually. The torque later, when uniform conditions are reached, is less

for the ship, but this ship torque seems to have been considered too low in the

report on the trial. It is believed that the model result gives a more reliable

value.

Sheet XVII shows an excellent agreement of the motion in azimuth of the ship

and the model.

The above agreements seem to make further comment unnecessary. It seems

safe to assume that model results will give reliable values for the ship.

Discussion of Results

For both rudders, and with all angles excepting only the large rudder at 500,

when the speed was reduced below 50%, the final speed was about 55% of the initial

speed. This is confirmed by the results of trial of the ship. This indicates a

uniform turning speed of 11-1/2 knots, which is reached after about a quarter turn.

The initial angle of heel, inward, is from 5 to 7 degrees, except with the

large rudder at 500, and is reached soon after the rudder has reached its maximum

angle. The vessel then rights, heels out about five degrees or more, depending on

the size of the turning circle, and finally steadies on a smaller angle.

The centre of pressure seems somewhat erratic, but in general shifts to a

maximum distance abaft the rudder stock, when the rudder is about half over, and

then reverses, and usually goes to a maximum distance forward as the helm reaches

hard over. With the larger rudder the final position is somewhat forward of the

rudder stock, with the smaller rudder somewhat abaft.

The rudder force and its components go rapidly to a peak at the time the

rudder reaches its full angle, then are reduced more or less rapidly and after

some slight fluctuations settle down to a fairly steady small value. Roughly, the

final values are about half the maximum, and the latter is the value controlling

the design.

It is noteworthy that the small addition to the rudder, at the balance,

amounting to about 16-1/2% of the original rudder area, increases the lift, or

transverse component, at the smaller angles, by a large amount, about 50%, though

not by so much at the larger angles. The drag also increases in proportion. The

total maximum force on the rudder, for which its strength must be designed, is but

little greater on account of the increased balance. This force increases also with

the same rudder, at the larger angles, though the difference is not great.

The torque reaches first a positive maximum, followed by a large reduction,

or a reversal with the larger rudder. Negative torque is indicated for the large

rudder, as the vessel reaches steady turning. The torque is subject to considerable



variation, especially at the larger angles. Note the great fluctuations with

rudder No. 1 at 500. This would indicate unstable flow about it. The maximum

positive torque, at the beginning, is, of course, considerably less when the bal-

ance is increased.

Coming now to turning circles, the normal condition shows a diameter of

three and a half ship lengths. This is slightly reduced with the normal rudder, as

the helm angle is increased, but greatly reduced with the larger rudder, until with

No. 2 rudder at 500 the turning circle diameter is only two and a half lengths.

The time required to turn the first ninety degrees is slightly smaller with the

larger rudder, but does not vary much with the angle.
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Fig. 1. Elevation of U.S.S. NEW MEXICO Model

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 2. Plan of U.S.S. NEW MEXICO Model
C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 3. Plan of U.S.S. NEW MEXICO Model

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 4. Rudder Dynamometer
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Fig. 5. Plan of Rudder Dynamometer

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 6. Enlargement of Recording Film

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 7. Sample of Recording Film

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 8. Sample Turning Circle

C&R Dept., Navy Yard, Wash., D.C. 1924
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Fig. 10. Stern Layout of U.S.S. NEW MEXICO Model

C&R Dept., Navy Yard, Wash., D.C. 1924





TURNING CIRCLES, RUDDER FORCES, ETC.,

for

U.S.S. NEW MEXICO MODEL WITH EXPERIMENTAL RUDDERS

Rudder No. 1:

Rudder No. 2:

NEW MEXICO Model

Same with 92% extra balance

Area 18.59 sq. in.

" 21.67 sq. in.

Contents

Exp. Rudder No. Angle

1 2 35

2 2 40

3 2 45

4 2 50

5 1 35

6 1 40

7 1 50

8 Comparison of model test and ship trial.

Model G.M.:- .88 inches

1" = 58" (on turning circle plot)

Time for 350 helm about 1.5 sec.

Experimental Model Basin

U.S. Navy Yard, Washington, D.C.

Nov. 1924.

Speed

2.73 Kn.
2.80

2.80
2.80

2.77

2.80

2.90

Sheet I
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DIAMETER 33.20 FT.
HELM 35 DEG.
INITIAL SPEED 2.73 KN.
RUDDER NO. 2

TEST NO. 2

SHEET

SHEET I1I
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DIAMETER 27,45 FT.
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0 a ANGLE OF HEEL
aIIJ0 CNTER OF PRESSURE

S_< l 10 RUDDER NO. 2

w . . -560 HELM INITIAL SPEED 2.80 KN.
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DIAMETER 24.80 FT.
HELM 50 DEG.
INITIAL SPEED 2.80 KN.
RUDDER NO. 2

TEST . NO. 4

SHEET 1K
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MODEL TOWED IN STRAIGHT PATH TO
DETERMINE INITIAL PART OF CURVE.

THREE CONDITIONS
NUMBER RUDDER THROW

I 1.35 SEC.
2 1.80 I
3 1. 60 '1

RUDDER NO. I. RUDDER ANGLE 350
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DIAMETER 35.40 FT.
HELM 35 DEG. 6
INITIAL SPEED 2.77 KN.
RUDDER NO. I

TEST NO. 5
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RUDDER NO. I
40 HELM INITIAL SPEED 2.80 KN.

TEST NO. 6
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DIAMETER 35.90 FT. 6
HELM 40 DEG.
INITIAL SPEED 2.80 KN.
RUDDER NO. I

TEST NO. 6

SHEET III
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DIAMETER 30.00 FT. _6

HELM 50 DEG.
INITIAL SPEED 2.90 KN
RUDDER NO. I

TEST NO. 7 4

SHEET XP
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COMPARISON OF SELF- PROPELLED MODEL RESULTS WITH
HIP TRIALS OF THE U.S.S. NEW MEXICO.

SHIP SPEED 21.0 KNOTS. MODEL SPEED 21.5
GM 4.4 FEET. FOUR PROPELLERS.
0 -- - - SHIP TRIAL-RUN NO. 33
0 44 II 44 II 5

--------- MODEL
NOTE: ALL DATA PLOTTED
DATA CARRIED UP TO SHIP
SCALE FACTOR. AVERAGE
ON END OF INTERVAL.

HELM ANGLE
KNOTS. MODEL

TEST NO. 5
AS FOR LEFT RUDDER. MODEL

SIZE BY MEANS OF PROPER
SPEED FOR INTERVAL PLOTTED

TORQUE

0 M
ME, SEC.

100

SA oMUH, oe, MODEL 1o 14

AZIMUTH, DEG., MODEL

35.

i 1 I
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COMPARISON OF TURNING CIRCLES
FOR MODEL TEST AND SHIP TRIALS.

SHIP SPEED 21.0 KNOTS
MODEL SPEED 21.5 KNOTS F
GM, MODEL 4.4 FEET
SOLID CURVE 18 PATH OF CENTER OF MODEL
i SHIP TRIALRUN NO. 33 OBSERVATIONS

0 NO. 34 "

NOTE:
MODEL RESULT PRODUCED TO SHIP SIZE.
ALL DATA PLOTTED AS FOR LEFT RUDDER.

INITIAL
OBSERVATION

FOR THE
THREE CASES

SHEET XVI
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