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INTRODUCTION

The need for the investigation of ship's maneuvefability
in shallow water and narrow channels such as in the Great Lakes
area and in seaports has long been recognized; however, only
limited full scale measurement or ship model studies have been
performed for this pu'rpose° ‘In view of the importance of this .
problem, the Ship Hydrodynamitshlaboratory Of The University of
Michigan is presently carrying out a wide range program of
research in this field.

The initial full scale experiments were made on the Great
Lakes ore carrier S.S. BENJAMIN FATIRLESS followed by model
experiments on a model of the same ship by means of a forced
yawing technique. The comparison of the results from these
tests showed a reasonable agreement; therefore, the authors
were encouraged to carry out additional model experiments in
shallow water and in narrow channels. Because it is impractical
to carry out full scale tests in narrow channels, we hope that
the results from these model experiments will be of value.

In this paper we have given déscriptions of the full scale
tests and the model experiments followed by an evaluation of the
accuracy and reliability of fhe forced yawing technique,

Further information concerning the analysis of restricted

water effects wlll be reported at a later date.



CHAPTER 1
TYPES OF FULL SCALE MANEUVERING TESTS EMPLOYED

C
The following test techﬁiques were used to obtain information

about the maneuverability of a full scale ship.

1,1 §pira1 Test

This test was initiated by Deudonné (1) for evaluating
the directional stability of ships., The test 15 performed in
the following manner: the ship is first set on a straight course,
then the rudder is turned to the right to a specified angle. ‘
When the ship attains a stationary turn, the rudder angle is
reduced by a small angle and kept in this position until the
ship again attains a stationary turn. The rudder angle iscthanged
step by step in this manner until a certain left rudder angle
is obtained. The same procedure is repeated starting with a
specified left rudder angle. The headling angle and the rudder angle
are measured at given time intervals during the complete tesﬁ,
and the rate of change of heading of the ship can be computed
from these results and plotted versus the rudder angle,

This plot obtained from_the spiral test can be of two dif-
ferent types, depending on the directional stability of the shilp.
If the ship is directionally stable, the dlagram will be of the
form shown in Fig. l.a. It 1s seen from the plot that the ship
has only one turning rate for a given rudder angle, and that
the direction of turning is always the same as the rudder angle.

On the other hand, if the diagram is as given in Fig. 1l.b, the

-o-
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ship is said to be directionally unstable. Thls diagram shows
that when the rudder angle is reduced from A to B (at B, rudder
angle is zero) the ship gtill has a certain amount of tuéning
rate at B, and will theréfore continue to turn to the right even
after the rudder is turned to the left. When the rudder is put
as far to the left as point C, the ship will suddenly reverse
its direction of turn, The jump £ rom point C to D on the diagram;A
indicates this. The same phenomenbn will occur when the rudder
angle is changed from point E towards F, and the ship will turn
against the‘$udder from F to G and then reverse the direction
of turn at G, This shows that the ship has two different ways
of turning for the same rudder angle depending on the initial
conditions.

This phenomenon can be explained somewhat theoretically
as follows: 1In Appendix I it is shown that the turning rate
versus rudder angle diagram at zero rudder angle, C%%)ats=o
has a special correlation with the directional stability of the
ship; if a ship is directionally stable, then the angle of the
tangent is positive as shown in Fig. 2.a; if a ship has neutral
stability, the angle of the tangent is vertical as in Fig, 2.b;
and 1f a ship is unstable, the angle of the tangént is negative
as in Fig. 2.c. When assuming that the hydrodynamic forcés and
moments acting on the ship are linear, the diagram of the turming
rate versus the rudder angle should be. a straight line which co-

incides with the tangent at the origin., In such an assumed tase
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no stationary turn ex;sts in the direction of the rudder angle
when a ship is directionally unstable, as seen iIn Fig. 2.¢. In
actual cases the diagrams will be as indicated by the broken lines
in FPig. 2, because the hydrodynamic forces and moments are nén—
linear,

Fig. 3 is an enlarged view of Flg., 2.c¢c. Between point C
and G there exists, theoretically, an infinite number of solutions
which satisfy the equations of motion (A:8); however, these
solutions have been proved to be in unstable equilibrium (2) in
actual cases, There will therefore be jumps in the diégram from
C to D and from G to H and these jumps will form a hysteresis
loop in the diagram for an actual test as shown in Fig. 1l.b.
It should be noticed that the more unstable the ship, in other
words the less steep the tangent at the origin, the larger the
size of the loop.

This phenomenon is quite similar to the case of the équili—

brium of a ship which has a negative GM. The similarity can be

seen from Fig., U4,

1.2 Zig-Zag Test (Serpentine Test)

This test was initiated by Kempf (3) to obtain general in-
formation on maneuverability: The test is performed in the
following manner: The ship is first set on a straight course,
then the rudder is turned to a predetermined angle (say 20°
right). Whgn the heading angle of the ship has changed the same
amount as the rgdder“angle (20° right), the rudder is immediately
reversed to the opposite side (20O left) and kept constant., As
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soon as the heading anglg,attains the same angle as the rudder
angle (20° left), the rudder is again reversed (to 20° right).
This cycle 1is repeéted about twice.

During this test the heading angle and the rudder angle are
recorded and plotted versus the‘time elapsed as shown in Fig. 5.
One of the measures of maneuverability is the total distance
run to complete the test. According to Kempf (3), the total
distance run of a ship which has adequate maneuverability
should lie between 6 to 10 times ~the' - 1ength’of the ship. A
éistribution diagram of the total disfance run given by Kempf
is shown in Fig. 6.

The overshoot angle (see Fig. 5) is another measure of the
%maneuverability and the 1arger the overshoot angle the less
stable the ship. |
| It has been shown by Nomoto (4) that the\méneuverability
of a ship can be(bxprgssed”analytically by twgi;ndices, and that
these two indiceé caﬁ;be obtained'anélyﬁécaily from the zig-zag
test data. The one index K represents_@hg turn;ng~ability and
the other index T.the quickness of respoﬁse. Ph&sical meaning
of these indices will be explaihed as follows: If we plot the
change of heading angle (y¥) due to'steering'versus the time
glapsed, the curve will have.the form shown in Fig. 7. This

.\ ,
curve can in general be simulated by a simple exponential curve:

Y = Ks-T + Ks(l—€%F)

where ¥ = heading angle
§ = rudder angle
t = time L
[ A\
-~ R £ e = T"‘
7-) = - ’L\'- }:' T + '(‘ < - * [ < -! ‘\. e
LT e £ 4y
- /’\:74(%7’%6“’—"—] ™ - _‘%—-‘___T‘ |
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Therefore it follows that T 1s the time lag to reach a stationary
turn, and that K times § is the slope of the curve ap statlonary
condition. The larger the T, the m@re‘sluggish the response to
the rudder, and the larger the K, the bet;er the turning abiliﬁy
of the ship. It can also be easily verified that T has a close
relationship to the directional stability’and the larger the T
the less stable the ship (4).

1.3 Continuous Recording of Headlng Angle aiid Rudder Angle

Thlis test gives correlations between the rudder angle as
an input and the heéading angle as an output when considering the ship
as an. open loop servo system, This test is suitable for re-

stricted areas where spiral or'éigézag tests are not practigable,



CHAPTER 2

FULL SCALE MANEUVERING TESTS ON
S.S8."BENJAMIN FAIRLESS"

2.1 Description of the Ship and Test Conditions

The Great Lakes ore carrier S.S. BENJAMIN FAIRLESS was pro-
vided as a representative ship by the Pittsburgh Steamship Division
of United States Steel Corp, Tests were conducted on two occa-
sions, the first in October 1960 on the Detroit River and Lake
Erie,and the second in July 1961 on Lake Michigan.,

The dimensions of the ship are given in Table 1, while types
of tests, location of the teétiné areayand the conditions of the
ship are given in Table 2. The right hand column in Table 2 in-
dicates in which figure the results of each test are shown.

Following are short descriptions and discussions of the
results shown in Figs. 8 to 15,

Fig. 8 Spiral test in shallow water,
Stationary turning rate in degrees per second is
plotted versus the rudder angle in degrees. The hysteresis

loop is fairly large which indicates that the ship has a

typical tendency toward instability, Plots A and C in Fig. 8

are bellieved to be of the shape given in plots B and D if

measurements were continued-until motion became stationary.
Fig. 9 20°-20° Zig-zag test in shallow water.
The heading angle in degrees and the rudder angle in

degrees are plotted versus the elapsed time in minutes,

-10-



TABLE 1

SHIP DIMENSIONS

LOA
LBP
LWL,
Breadth molded
Depth molded
dmax
bgadweighp
aroés Tonnage
Displaceﬁent
SHP normal
SHP max
RPM normal
RPM max
Rudder size
Propeller:
Diameter
Pitch
Area
Elades
Rake

~-11~-

639! 6"
g22' 9"
pe1t 7"
67' O
35! o"
2Lt o"
18,000 L.T.
10,450

23,960 L,T., 2uyz3-3 %

k4,000

4, 400

90

93

10! 8" x 22! 13"

l'ZI §" )
141977

109.5 sq. f%.
4

6 3/4"



TABLE 2a

FIRST FULL SCALE TRIALS

(df=21 feet, d,=23 feet)
Test Noi| 1 2 3. [ 5 6
mype of |Spiral |200-20° | 200-20° | 20°-20° | 10°-10° |30°-30°
.Test test in|zig-zag | zlg-zag | zig-zag | zig-zag |zig-zag
shallow|test in | test in| test in | test in |[test in
water shallow | medium | deep deep deep
water depth water water water
Time 7:30- |8:20- | 7:00- | 8:50- |T7:l0- |8:20-
8:00 8:40 7320 9:10 8:40 8:40
PM PM AM AM AM AM
Date, Oct. 4 |Oct. 4 | Oct., 5 | Oct. 5 |Oet. 5 |Oct. 5
1960
Position|5 miles|same 330°, 5| 320°, 5 |325°, 10|320°, 15
N. of € miles | miles miles miles
"IMiddle off off off off
Sister Gonneautl Conneaut) Conneaut| Conneaut,
Is. Ohilo Ohio Ohio Ohio
Depth 30 £ft. |30 ft. 36-48 72 £t. 48-60 72 ft,
of Water i i ft.
RPM 8l 84 88 84 86 83
MPH 13 13 13.6 13 13.5 13.2
Figure 8 9 10 11 - -
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TABLE 2b

SECOND FULL SCALE TRTALS

(dp=23 feet, du=23 feet 6 inches)

Test No. 7 8,9 10 11

Type of |Continucdus Spiral test 20°-200 Continuous

i Test recording in deep zig-zag recording 1in
in channel water test in deep water

deep water

Time T:00-7:30 10:20-11:40 | 11:50 AM- 12%20—12:50
PM AM 12:10 PM PM
Date, June 29 June 30 June 30 June 30
1961 ]
Position|#4 channel |308°, 24 same same
down the Soo|miles off “« -
Pt. Betsie,
Lake Mich.,
Depth 27 ft. 306- £+, same same
of Water €«
RPM 70 oL o4 oL
MPH 10 14,2 14,2 14,2
12 13 14 15

Figure

-13-




The data should be compared with the data from the deep
water test, Figs, 11 and 14.
Fig, 10. Zig-zag test in medium depth water.
The wind was strong and the depth of water varied from
36 feet to 48 feet; therefore this datum gives only rough
information.
Fig, 11 20° -20° zlg-zag test in deep water,
The wind was somewhat strong during this test and this
might have had some effect on the results.

Fig, 12 Continuous measurement of the helm angle and the
heading angle in the channel.

Records were taken over 30 minutes, but records over
only 3 minutes are shown as an example. Excessive right
rudder should be noted. This might have been caused partly\
by the right hand rotation of the propeller, and partly by
the off-center position of the ship in the channel.

ﬁig. 13 Spiral test in deep water,

This test was conducted over a longer period so that
the ship would attain a stationary motion, . These data
should be quite reliable because wind was light and the sur-

face was calm during this test. Shallow water results are

added for comparison.
Fig. 14 20°-20° zig-zag test.
These data are also thought to be quite reliable.
Fig. 15 Continuous record of helm angle and heading angle.

Excessive right rudder should be noted.

-14-



2,2 Analysis of Data

2,2.1 Analysis of spiral tests,

From Fig. 8 and Fig. 13, it is seen that the ship has a
typlcal tendency toward instability both in deep and in shalilow
water, and comparing Fig, 8 and Fig., 13, it is noted that the
effect of shallow water is to make a ship more nearly stable
“than in deep water.

For comparison with other ships, height and width of the
hysteresis loops are measured and plotted in Fig. 16 and Fig., 17
together with data from Gertler and Gover (5). From Fig. 16 and
Fig, 17, 1t can be seen that the ship is quite unstable in'déep
water and fairly unstable in shallow water in comparison with
the general average of other ships.

2.2,2 Analysis of zig-zag test.

Remarkable differences,'especially in overshddt angle will
be noticed when comparing shallow water test data (Fig. 9) to
deep water tests data (Figs°—11 and 14). In Fig. 18, the over-
shoot angle for each test is plofted and compared with data from
Gertler and Gover (5)., 1In Fig. 18, the remarkable change in the
overshoot angle due to the change of water depth should be
noticed.

Maneuverability indices T and K are also calculated from
the data and shown in mon-dimensional form (P =T x U/) and
K' = KxL/U) in Fig. 19. The base of Fig., 19 is 1/T' which is

proportional to the éuickness of response, and the ordinate is

-15=-



1/K!' which is proportional to the inverse of turning abillity;
therefor;, the right side of Fig. 19 indicates- quicker response
and the lower part of Fig, 19 indicates better turning ability.
From Flg. 19, it can be seen that the ship is more responsive
to the rudder but less turnable in shallow water than in deep

water,

-16-~
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CHAPTER 3
MODEL EXPERIMENTS

3.1 Set-Up of the Instrumentation

A forced yawing technique was employed in this project,
and a yawing oscillator and a dynamometer were designed and
constructed at The University of Michigan machine shop for this
purpose, In the forced yawing technique, an oscillator yaws the
model about the vertical axis through its center of gravity
while the model is towed on a straight course at a constant
épeedo The side force and the moment applied to the model by
the oscillator are measured during this test.

A schematic of the setnﬁp of the oscillator and the dynamo-
meter is shown in Fig. 20.8 and a photo of the whole arrangement
is shown in Fig; 20.b. As seen in Fig., 20.a, a vertical shaft
F is attached vertically to the towing carriage and is oscillated
by a driving motor A through an arm D and a connecting rod C.
The amplitude of yaw is adjusted by the eccentricity at tﬁe disc
B. To the shaft F, an arm G is fixed, and two thin aluminum pipes
H and I are attached to the arm thfough slide bearings so the
model is allowed to heave and trim. Pipes H agd I-are fixed to
the model through pivots L and M to allow the model to roll and
pitch. - ( ’

) To the rods H and I, three sets of wire strain gauges are
attached from which the drag, the side force and the yawing mo-

ment applied to the model can be measured. The amplitude of
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yaw is adjustable from zero to ten degrees and the freguency of
yaw is adjustable from zero to one per second; and the maximuam
angular velocity attained is comparable to that of the full
scale ship turning with 40 degrees rudder angle.

The forces and the moment picked up by the wire strain
gauges are recorded by Sanborn recorders together with the
motion of the model and time signals. Examples of two sets of
records are sﬁown in Fig. 21; the upper one shows static test
data with two degrees drift angle, and the lower shows oscii%
lating test data with four degrees amplitude and 17 seconds
period, Owing to practical reasons, two side forces Y2 and Yig
one at the C.,G. of the model and one at 1.25 feet forward of
the C.G, are méasured instead of measuring the side force and
the yawing momento' Thereforé, the yawing moment is obtained
ass N=1°25Y1
and the total side force is: Y=Y 47,

Detailed procedure for obtained stability derivatives is shown
in Appendix 2.

3.2 Description of the Model

A 1/64 scale wooden model of S.S., BENJAMIN FAIRLESS was
used., The model is self propelled and the rudder angle can be
controlled from the towing carriage., Dimensions of the model

are as shown in Table 3,

=98 =
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FIG. 20.b., PICTURES OF THE SET-UP OF THE INSTRUMENTATION
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TABLE 3
MODEL DIMENSIONS

LOA 91-11.93" Trim Aft 0,313"
LBP 01-8.77" 444> Radius of 1/4,32 of
| gyration the &hip'
D 1+-0,563" length
s& 2@ r2! v

/ ;
d (tested) 4 125" Azpat Wl = 007048

LG e Q0502 by

3.3 Results.of Model Experimeﬁts

The yawing oscillator was completed in May 1961 and the
model experiments have been conducted “s_z.incethen°

Tests were cafried out at the same draft as full scale tests,
and the speed of the model was chosen as ?;OO feet per second
which corresponds to 10.8 MPH in the fuliwg;;iz>ship# Effects
of change of speed and change of yawing frequency were also
examined,

3.3.1 Static tests, |

The side force and the yawing moment were measured while
the modéllwas towed on a straight course with specified angle
of yaw (drift angle) with and without propeller ﬁorking and also
with various rudder angles. \ﬁ \

Fig. 22 shows the results of tests -in deep water. 1In this
figure the side force coefficient Y'(B) and the yawing moment
coeffilcient N'(ﬁ) are plotted versus the drift angle;‘-The slopes
of the tangents of Y'(p) and N'(B) curves at the origin give
the stability derivatives,

: BN
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thence we get; Y =7.35% 103, Nk = 2,31 x 10-3
Rudder force and moment coefficiént Y'6§5) and N'¢ " can be also
obtained from Y'($§) and N'(§) curve versus rudder angle, and we
get; Yy = -1.69 x 1073, NL = +0.813 x 1073/rad.
ﬂ”mﬁlSimiiarutests were carried out in shallow water where the
depth of watér was 1.36 times o'the:- ship's draft. The results
are shown in Fig. 23 together with the deep water data. The

stability derivatives are also obtained from Fig., 23 as follows;

it

Yy =15.95 x 10 ~3, Nig = 9.58 x 10-3

1.019 x 1073

YL I -3.16 x 10 T3, "N

A remarkable difference will be noticed when these figures
are compared with tpose for“deep water,
36?333;avoeééillagingp@ests .

From the_osciliating_teéts, the side force and the yawing
moment caused by turning of éhe model are obtained. The effects
of changes in the frequency of os@;llation are checked by testing
with different combinations of the frequency aﬁd the amplitude‘
of oscillation; and it was ascertalned from these tests that if
the frequency of yaw is lower than 1/13, or 1ln other words, the
period of.oscillagﬁon is longer than 13 seconds, then the effect
of the frequency 6% @easured»valueslis practically negligible.
Since measurement of force and moment becomes more difficult .
when the period of osclllation becomes longer, a period of 13
seconds is used as}a standard period,

The results of the tests in déep water are given in Fig., 24
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N'(8)x103  Y'(8)x103

FIG. 22 SIDE FORCE AND YAWING MOMENT COEFFICIENT VERSUS DRIFT ANGLE
( IN DEEP WATER )
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where side force coefficient Y'(r) in the form of -m'r' + Y'(r)
and the yawing moment coefficient N'(r") are plétted versus turning
rate r. Both N' and -m'r' # Y' in Fig. 24 show a fairly remark-
able trend toward nonnlinearity. %rom Fig. 24 we can obtain N',
and -m'+Y', as the slopes of the tangents to N! éurve and

'-m'r'+Y' curve at the origin;

NI -
Thence we get; -m' +Y'. = -5.33 x 10~3
| N', = -0.877 x110%3

Similar tests were carried out in shallow water and results
are shown in Fig. 25 togethef with the deep water data., Stability
derivatives are also obtained framfFig, 25 as follows; |

-m" ;7§%; = -8.21 x 103

N', = -3.44 x 1073

!

-3
m = ({\52?/((0
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CHAPTER 4
COMPARISON OF FULL SCALE AND MODEL DATA

To evaluate the accuracy and reliability of the model ex-
periment data, comparison with the full scale data was made from
vartous viewpoints,

4,1 Stabllity Criterion

As shown in formula (A715) of Appendix 1, a discriminant
to show whether a ship 1s dynamically stable or unstable on

étraight course 1s given as follows:

. -

For stable ship a3 = N (-mtsy')) - Y% N'.> O
For unstable ship a3 = " £ 0

Using the stability derivatives obtalned from the model experi-

ments, we get;

In deep water a3 = -5.93x 10’6< 0
In shallow water a3 = -2.39 x 105 <0
This result means that the ship is directionally unstable

in both deep and shallow water. The degree of instabllity depends
on the absolute value of the real bart of equation (A<13) of Ap-
pendix 1, and 1s calculated to be as follows;

In deep water L/T!' = 0.508

In shallow water Ay, _— o0.217
" From these results we can see that the ship is less unstable

in shallow waper than in deep water. This agrees with the full
gsedle spiral test results (Fig. 8 and Fig. 13).
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FIG. 24 SIDE FORCE AND YAWING MOMENT COEFFICIENT VERSUS TURNING RATE.
(IN DEEP WATER) )
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-m'r'+Y' (r)x O3 N'(r)xlO3
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(RIGHT)
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WATLCR

)

FIG. 25 SIDE FORCE COEFr{CIENT AND YAWING MOMENT COEFFICIENT VERSUS
ANGULAR VELOCITY (SHALLOW WATER)
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4.2 Slope of the r- § Curve at the Origin

The slope of turning rate versus rudder angle curve 1s one
of the measures of the directional stabllity of ships. As the
tested ship is directionally unstable, the slope is negative;
therefore, it is impossible to obtain the slope from the full
scale tests. But from Figs. 8 and 13, we can estimate the tan-
gent at the origin.

On the other hand, the slope of the r- § curve is easily
calculated as shown in Appendix 1 fising stability derivatives
obtained by model experiments. Results of calculation are shown

in Table 4 with the comparison of estimated full scale data.

TABLE 4

Full Scale Model
Deep Water 0.042 'deg/sec/deg .| 0.0433 deg/sec/deg.
Shallow Water | 0,05 " 0.0547 "

Results of calculation based on the model experiment data
show good agreement with full scale data.

4,3 Rate of Change of Heading versus Rudder Angle (r- § Diagram)

From model experiment data we can calculate the approximate
stationary turning rate for any specified rudder angle., Detail
of procedure of the calculation is given in Appendix 3.

Results are shown in Figs. 26 and 27 together with the full
scale spiral tests data, From Figs. 26 and 27 we see that the

calculated curves show fairly good agreément with the full scale

=40~
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data in a quantitative sense. Qualitatively, the calculated values
afewalways larger than the fﬁll scale data, especially at large
rudder angle. This deviation is believed to be mainly caused
by elimination of highér order terms in the equation of motion,

To compare the calculated values with the full scale data
numerically, the height and width of the hysteresis loocp and the

turning rate at 10° rudder angle are calculated and shown in Table 5,

TABLE 5
Shallow" Deep J‘E&Eﬁ@ Shallow Water/
. Water Water e Deep Water
elight of |[Full scale test | 0,39 deg/sec|0.55 O.71
he Loop  [Model experiment OOEE 0.7k 0.73
idth of |Full scale test |3 .ie- dego 5.0 0.60
he Loop |(Model experiment|4.0 6,5 0,615
arning |[Full scale test |0.39 deg/sec|0.50 0.78
ate at  [Model experiment|O. ﬁS 0.6 0,75

3 ~From Table 5, it is seen that calculated values are always
ii;éer than full scaie datag hoﬁéver, the ratios of shallow water
data to deep water data show good agreement between calculated
and full scale data.

Summarizing the results of Chapter 4, it can be said that
the model experiment data are-in quite good agreement with full
écéle trial data for motions of small deviation from a stralght
‘courseo Results given in 4.1 and 4.2 show this. For the motion

of large deviation from a straight éourse, the turning rates de-

- rived from the model experiment data are always larger than the
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\

full scale data; but as\far as the percentage increase or decrsase
of the maneuvering quality due to restricted water effect 18 con-

cerned, it appears that model experiment data may be used with

satisfactory accuracy.
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APPENDIX 1

EQUATION OF MOTION AND STABILITY DISCRIMINANT

A.1,1 Equation of Motion E
o -

2" Fig. A.1

The co-ordinate is chosen as Fig, A.1 Viz,; the origin is
taken at the C.G. of the shlp, and x and y axes are taken to be
longitudinal a;ﬁ transverse axes of the ship. Ship's heading
angle }0 is me&sured from a space fixed axis oé .

Then the equation of motion i1s written as follows ;
Y(v,7,v,r,§,8)

} (A.1)

N(V,?,v,7,6,6)

0
mv + mur

I,r
Y and N can be expanded as a linear function of G,%,v,r,é and §.

Yev + Yor # Y v ¢ Y r + Y36 + Y58

Y

N } (A.2)

NgV + NpP ¢ Nyv + Nr + N;§ + Ns§
Substituting (A.2) into (A.1) we get;
(m—Yg)G - Yi% = Y v + (-mut+¥,)r + Ygé + Y;S} (1.3)
(I,-Np)P - No¥ = Nov + Nr + N3§ + Ng§ °

On the other hand, the equation of motion in an ideal fluid is

47~



given as follows (7),(8):

(m + my)v'@ mg o T

-(m + mdur + ¥ } (A1)

(IZ+JZ)1‘~ + mycu? = (mxjwmy)uv + N
where & is distance between the C,G, of the:!ship to the center
of transverse added mass my° Since the effect of viscosity on
the added mass 1s very small, we cannassume the acceleration terms,

of the eq. (A.4) are the same; therefore we get:

-Yeo = Yo = o= ..'\Y'o 0
v my } r ) my \'4 } ( A, 5 )
-Nr - Jz ""‘N{r o= myx = -Y‘; x

Moreover, letting N v of (A.3) includes (mx-my)uv of (A.4), and
Y r of (As3) includes -myur of (A.3), we get!

(m -Y})G - Ygarf (-mu + Yp)r & Y .v + Y6 + Ys§)

(I,-Np)r - Yy v = N 4 N o+ NES 4 Ngs}(A'6)
It is verified that if the origin is taken at the point which
is the center of gravity of éhip“sAmass m and the'transverse added
mass my (-Ys), the coupling terms in eq. (A.6) will disappear.
This point 1s supposed to be very close to the C.G, of the ship
since the center of my is generally very close to the C.G,. There-
fore, we may be ab\lel to neglect Yvoé r and Y;ro(,\'r without unreason-
able error.
Thus we get; (m-Y6?6 = (-mu + Yp)r ¢ Y,v + ¥i8 + Y56 } (A7)
(I,-N,)p= Npr & Nyv o+ Nib + Ns§
Since i w:a B, V\B'-IUKB and U£U for small deviation from a straight
course, we can convert the variable from v to ﬁ ’
-(m -i{{,)Ué
(Iz-Nﬁ)ﬁ

(-mU ¢+ Y)r + ¥ + Y28 4+ Yg8
i kP : } (A.8)
NI,,I' 4 Npﬁ 4 Ns '9' NS
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Moreover, (A.7) can be nmormalized by using the following non-

dimensional variables.

_ 2 U
t = t]r
V=¥ B=p §'=s
oy » Z op . o (A'Q)
RN Y I N ¥
Y4 ° 2
T = r(z,‘-’-)
Then (A.7) becomes:
-(m’-—Y),e (—m+Yr~)7‘“+),’a,6+Y58+Yga}
f{f£ ’J)
(]é—N}:)r‘= /\/,..7k +N'3‘3+M55+Ng*3 )
where
y m ’ I
m = = — X
—szls Iz'! 'é—fls \ﬁ
AR ¢ v = — N
Yo zf L3 N# 905
’ _ Y- — N
ks % PAU N> =To170
> (A 11)
YA % Ng = Ne
ZPARU? - 3eLU?
‘Y.’ : Ys'a Nf _ Ns
§ T FPLU T L4 U
' Y ’ _
YS"'_Lffzug Ns "le:ﬂ,z?’Uz )
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A.1.2 Stability Discriminant

Putting  §=

§=0 in the eq. (A.9), we can obtain a solution
for r' when slightly deviate from a straight .course.

’

_t _¥
=AeT + peT (A-12)
KA /22 — 499
_i } - ZZ ( ) 29, = (A-13)
'15'
where -
§ = (m' = Yy )X I7 - K§)
82 = V(I = Nf) —(m’ - YINF (A-14)

Fa = Mg (=m’+ %) = Y NY

Since aq and q, are always positive, the sign of l/Tl and I/TQ
are determined by the sign of q3; therefore,

Q3<03

-1/T4 '{ Odirectionally stable ( )
A.15
-1/T; "> 0directionally unstable - ~

A.1.3 Relationship Between Slope of r-§ Diagram at the Origin
and the Directional Stability

¢

Ship's steady rate of change of heading r, for specified

rudder ‘angle will be obtained from the eq. (A.10) putting ac-
celerations é and r to be zero., . -

Therefore we get!

= Ys N5 — Y5 Na

-8 (A-16)
1s

Slope of this diagram at § =0 is:
o1 — Y Ns - YENg .
'aSats_o ?3 (A I7)
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Since the denominator of the.eq. (A.17) is the same as the dis-
eriminant (A.15), which decildes the directional stability of a ship,

and the numerator is always positive; therefore, it follows:

%%EL 1s positive when the ship is directionally stable,
%%g— is zero when the ship 1s neutral,
%%%l 1s negative when the ship is directionally unstable,
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APPENDIX 2
ARALYSIS OF FORCED YAWING TEST DATA

The side force and moment measured by the dynamometer when

the model is forced.to yaw by the oscillator are obtained by the

|

f

eq. (A.5) putting Y5 = Y§ = Ng = N§ = 0,

A,19)

TL10)

Total side force Y= (m -Y¥)v - Yga r - ¥,v + (-mu+¥Yp)r } 5

Total moment N= (Iszf.)fa - va,ow} =IN,v - Npr

In this particular casé, the C.G, of the model i‘)s traveling on a
straight course; therefore: B=Y, B'rﬂl:“-’ r

and hence: ~UBF v, usU,

we can rewrite (A.19) as follows:

Y

-(m-Y.‘;.)ﬁr - Yoar - Ygp - (-mU ¢ Yp)r (4-20)
N = (I,-Na)r ¢ Yoo Ur - Ng8 - Npr } "
Since the motion of the model 1s sinusoidal:
B = Bsinwt B=7=-Buwsinwt =—w
were () 1ls the circular frequency of the yawling,
Therefore we gets

Y

(Yo w2 + Yg )B - (-Y‘.’U + Y } (r.21)
. 5

-{ (1, - Npw? + Np} B - (-YgalU + N)r
If we measure the values of Y and N at B=0(straight course)

and at r=0(maximum deflection), and denote them as Ye=gs Ng=gs

Yr;d’ and Nr;g, we gets
“Ya.o = (»Y;;U 4 YI.,)I"° -Np,_o =<(=Y-‘;oc U%Nr,)ro }(A 22)
~Yp_, = (-Ygx wZ4Yp ), “No,_o = (I,-Np)weNp} B.
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As Yg and Nﬁ are obtained by statical tests, we can obtain Y.,
Nn, Ys,cand I, -N; from the eq. (A.22) provided either Y; or «
is known, '

In the practical case, Y, and Y, are measured at 8=0 and at

2
r=0 instead of measuring Y and N, (refer Fig, 21).
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APPENDIX 3
CALCULATION OF THE RATE OF CHANGE OF COURSE
VERSUS RUDDER ANGLE DIAGRAM
As shown in A,1l.3, turning rate for specified rudder angle
is easily calculatéd by eq. (A.16) using stability derivatives
when the hydrodynamic forces and moments are linear. However,
in actual cases, hydrodynamiec forces and moments are non-linear
for the motion of large deviation from a straight course; there-
fore such simplified calculations are not practieable,
While the hydrodynamic force Y and moment N are assumed to
be linear funetions of g ,r, BsTs §, and Sin. eq. (A.2), we may
assume as a second order approximation that Y ;énci N are the sum-

i

mations of higher order functions of é;.“...o o3
Y(B) + Y(F) + ¥(B) + ¥(r) +Y (§) + Y (8)
N(B) + N() + N(B) ¢ N(r) ¢ N (§) ¢+ N (6)
Therefore, eq. (A.8) can be rewritten as follows:

wUg + Y(B) = -mUr & Y(r) + Y(E) + v(§) + ¥(6) } (ho

I,r - N(r) = N(r) + N(B) + N(8) + N(&)
Putting accelerationsé,fvg and éto be zero, we get:

-mUr + Y(r) 4 Y(B) + ¥(8) =0

N(r) + N(B) + N(§) =0 } (8.25)

The solution of eq, (A.25) gives the steady turning rate r

]

Y

} (A.23)

N

89

i

and corresponding drift ang]leﬁfor any specified rudder angle § .
Y(r), Y(B), N(r) and N(8) are as shown in Figs, 22 through 25,
and it is possible to approximate them by polinomials of r and@
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as was shown by Strandhagen (6): However, in this paper, a - '
simpler graphical method was employed to obtain the solutions
and Y(B)soo....N(12) are used in their original shapes as shown
in Figs. 22 through 25,
Solutions are obtained in the following manners:
(1) A certain value of r is assumed to be a solution, and
the value of N(r) is read from Fig. 25. _
(2) From the second eq. of (A.25), N(B) is calculated, and
correspondingﬁ is read from Fig. 23,
(3) Using the above value of 8, the corresponding value of
?(ﬁ» is taken from Fig, 23,
(4) From the first eq. of (A.25), ¥(r) is ecalculated, and
corresponding r 1s ob@ained from Fig., 25,

This procedure is repeated until the final P coincides with the

assumed r, in which case the final r satisfies eq. (A.25).
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