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ABSTRACT

A yawed surface-piercing plate of aspect ratio 0.787 was towed in water
at a high Froude number. It is shown that the flow near the plate is similar
to a class of flows near mov ing ship bows and that the free-surface elevation
may be expressed as a high Froude number expansion with the initial term
independent of speed. Measured values of side force, yaw moment , and roll
moment indicate that slender body theory accurately predicts the forces and
moments induced by an angle of attack for the conditions tested. This is
confirmed by experimental free-surface contours measured by stereographic
photogrammetry. The experimental elevations generally conform to a
theoretica l prediction which superimposes the contribution of angle of attack
calculated from slender body theory w ith the effect of thickness calculated
from thin ship theory .

ADMINISTRATIVE INFORMATION

This work was supported by the General Hydromechanics Research Program at the
David W. Taylor Naval Ship Research and Development Center , Element Number 61 1 53N.
Work Unit 1552-052.

INTRODUCTION

The free-surface characteristics of the flow near a high-speed yawed surface-piercing
plate arc similar to those of a class of flows near the bows of ships. A yawed plate can, in
fact , serve as a model for the fine bow of a turn ing ship.

If the Froude number based on body draft, h, is not too small , gravity should have little
effect on the flow produced by a moving surf ace-piercing body in a restricted area near the
leading edge, even if the Froude number based on total body length is small . The flow near
a ship ’s bow is, under certain cond itions , simi lar to flow past a body at high Froude number.
This point of view , first advocated by Ogilvie’ may be. perhaps, illustrated by the following
huer istic considerations.

A body moves with steady speed U in the negative x-direct ion. Let E(x , y) represent the
steady linear free-surface elevation . The a-axis starts at the leading edge and is positive down ’
stream. The steady elevation may be writ ten as

‘OgiMe, T.P., “The Wave Generated by a Fine Ship Bow,” University of Michigan, I~pt. of Navel
Architecture and Marine Engineering, Report 127 (Oct 19fl).
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where V5 I E’(x . y. tt is the elevation caused by impulsive motion of the body with speed V
from t ot o t 6t as 5t approaches ,cro .

Two assumption s will be made concerning the effe ct of body draft h on the free surface .
First. ii is assumed that the wave elevation effectively vanishes some dis tance XA <h ahead
of the leading edge. Further. it is assumed that r ix . y. n is composed primarily of wave-
lengths of order 2h. The corresponding frequencies are of order ~,/‘ 7i . If t 2 gh~ is small.
then ~~~ y. t ) may be expanded as

~~ ~
‘. t ) = rix. y. o) — E~’(x .  y~ + 0 (!.~~

)

2

Thus. whenever ~x + x
~~ 

u’’~/ji = t.Jj 7i ’ is small, the elevatiou may be expressed as 
•

or 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

g(x +X A )2 I g( x + X A ) 2
a, (x . y )+0  —

h u 2 hu 2

This form of an expansion in powers of g Q u ’2 with an initia l term independent of speed and
gravity is characteristic of the surf ace elevation prod uced by a body moving at a high Froude -:

number if the length parameter Q is replaced by (x + x
~ 

)2 h’~ . If the nondimensiona l
parameters

= x u ’~ ~,iii i;
and

are both sufficiently small, the expansion is valid. Of course, practical limits on these
parameters cannot be determi ned from this typ e of argument alone. Numerical results in
Reference 2 suggest , however , that the high Froude number expansion remains valid for g as
large as two.

~~~~~~~ LB., “Free Surface Effects for Yawed Surface Piercing Plates,” Journal of Ship Research
(Sep 1976).
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A theoretical solution for the free-surface flow generated by a moving body should , in

general. require th ree dimensional analytic methods. Bodies which can be considered slender
are an exception. Solutions for surface-piercing slender bodies have been developed for
wedge-shaped bows in Reference I and yawed flat plates in Reference 2.

The slenderness of a body may be characte rized by its slenderness ratio e representing
the ratio of body dimensions , in the plane transverse to the flow, to the body length. When
e is small , the three-dimensiona proble m may be treated as a ser ies of two-dimens ional
problems in the transverse plane coupled throug h the free surface . The flow in each plane is

t dependent of conditions downstream. Consequently , no disturbance is predicted ahead of
the leading edge of the body.

When slender body solutions are applied to the high Froude number flows discussed
above , the slenderness criterion requires t hat

li<0(~e)

This condition , combined with the limit on g restricts application to very high Froude
numbers based on draft. In many practical cases, the body is thin but not slender. That is
all transverse dimensions except draft are small compared to x , but the aspect ratio blx is
not small. There are indications that slender body theo ry for a yawed plate is valid at fairl y
high aspect ratios. Theoretical forces and moments in Reference 2 are in good agreement
with experimental values for an aspect ratio of 0.50.

To further test the limitations of slender body theory for a yawed plate , side force , yaw
moment , and roll moment were measured on a towed plate with an aspect ratio of 0.787.
Contours of surface elevation were recorded and analyzed by photogrammetry . These data
are in good general agreement with theoretical values based on slender body theor y.

EXPERIMENTAL PARAMETERS

Plate geometry is illustrated in Figure 1. The length is 30.5 inches (77.5 cm) with a’
maximum thickness of 1.0 inches (2.54 cm). Bottom and leading edges are rounded to half
circles. The tail section is a wedge extendin g 3.5 inches (8.9 cm) forward of the trailing edge.
The plate was tested with a submer ged depth of 24.0 inches (61.0 cm) at positive and
negative angles of attack ranging fro m up to five degrees. Plate speeds of 4.0, 5.0, and 6.0
knots corresponding to values of E and ~ at the trailin g edge given in TABLE 1.

—— ~~~~~~~~~~~~~~~~~~~ -~~—
- —~:~ -- ________
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TABLE I — Values of K and i (Trailing Edge) at Three Speeds

4.0 knots 5.0 Kno ts 6.0 Knots

1 1.51 l .2 l 1.0 1
h 1.19 0.95 0.79

The plate was towed in the Deep-Water Basin at the David W . Taylor Naval Shir R&D Center.
This basin has a width of 51 feet (15.5 meters) and a depth of 22 feet (6.7 meters . These
dime nsions are large enoug h to assure the absence of wall or depth effects .

FORCES AND MOMENTS

Side force , yaw moment , and roll moment were measured twice at each test condition.
All are linear with angle of attack over the range tested. Measured va lues of side force Y at
the three speeds are plotted against angle of attack in Figures 2 through 4. Note that side
force is zero at 8 = 0.7. This indicates some unintentional plate asymmet ry such as twist or
misali gnment. The slopes of the data may be used to compute the side force coefficient
defined as

c 
_ l80 dY/dO

Y T I ~ 2 2
~~P n U

where p is the density of the water. This side-force coefficient is shown plotted against ~
over the range investig ated in Figure 5. Also shown in Figure 5 is the theoretical prediction
from Reference 2. Ag reement between the prediction based on slender body theo ry and
experiment is much better than one might exp ect for an aspect ratio of 0.787.

Measure d values of yaw moment M about the leading edge of the plate at three speeds
are plotted against angle of attack in Figures 6 throug h 8. Note that the 0 intercepts are
slig htly larger than 0.7 degrees. This indicates that the force due to plate asymmetry acts
further aft than the force induced by angle of attack. The slopes of these data were used to
compute a yaw moment coefficient defined as

c — 
180 dM/dO

M iph2 u2 Q

where 2 is the chord length of the plate.

4
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The experimental values of the yaw moment coefficient are plotted against ~ along with the
theoretical values from Reference 2 in Figure 9. It should be noted that the above definition
computes yaw moment , whereas it is computed about the midchord in Reference 2. Yaw
moment data may also be expressed by the horizontal positions from the leading edge of the
center of force.

Mxf - Y
Experimental values of Xf /chord at positive and negative five degrees are plotted against g in
Figure 10. Differences between values of at positive and negative five degrees are largely
due to the unintentional asym met ry in t he plate mentioned above. Also shown in Figure 10
is the theoretical prediction fro m Reference 2. Note that the experimental positions of the
center of force are forward of those predicted by slender body theory. This must be a free
surface effect since in the absence of a free surface , slender body theo ry places the center of
force at the leading edge while experiments at finite aspect ratio show the center of force to
be aft of the leading edge.

Experimental values of roll moment may also be expressed in terms of the vertical
position of t he center force

— 
roll moment (about waterline )

Zf — y

Measured values of Zr/h at positive and negative angles of five degrees are plotted in
Figure II against ~ along with theoretical predictions from Reference 2. Theoretical and
experimental values agree within the limits of experimental error. Perhaps this is because

Zf/h is only weakly dependent on Froude number and aspect ratio over the range tested.
Overall , the side force and moment data indicate that slender body theory is valid at an

aspect ratio of nearly 0.8. A more critical test is provided by measured wave height elevations.

FREE-SURFACE ELEVATIONS

Free-surface elevations near the plate were recorded with a pair of Hasselblad MK 70
cameras mounted approximatel y 0.9 meters above the flow on a bracket perpendicular to the
plate. The field of view of the inboard camera was partiall y blocked by a beam connecting
the plate to force gauges so that stereoscopic data are not available directly adjacent to the
plate. The unobs t ructed stereoscopic region extended from about 2-1/2 cm outboard of the
plate centerline to about 23.0 cm and from slig htly ahead of the leading edge to approximately
26 cm aft .

5 1 -
- - - - ~~~~~- .~~~~~—~~~
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To photograph the water surface , it was necessa ry to spread small paper markers
(computer card punches) over a patch of water and take the photographs as the plate passed

• throug h the patch. Free-surface elevations have been succe ssfully analyzed at positive five
degrees angle of attack (pressu re side ).

Contours at 3 millimeter interva ls measured at 4.0, 5.0. and 6.0 knots are shown in
Figures 12. 13, and 14. respectively. These figures show that elevations are not strongly
dependent on speed over much of the flow. The elevations at 5 knots are shifted somewha t,
due possibly to a transient wave in the tank at the time of the photograph. The speed
independent term in the high Froude number expansion appears to dominate. Only in the
far downstream flow near the plate is strong speed dependence evident.

Theoretical free-surface contours were calculated for comparison with experiment. The
effects of angle of attack and of plate thickness were calculated separately and superimposed.
The wave elevation due to angle of attack was calculated from slender body theory for a
yawe d flat plate as in Reference 2. To this component of elevation is added the effect of
finite thickness.

The wave elevation due to the plate thickness was calculated from a simplified thin ship
formulation. The nose section was represented by a line source of constant density u t/4 v
located at 0.25 t aft of the leading edge, where t is the plate thickness, extending from the
waterline to depth h. The wave elevation due to this line source was calculated by numerical
integration of a double integra l at each Froude number of interest. To this was added the
effect of the tail section represented by a rectang ular surface of sinks . Only the high Froude
number limited was used for the tail section, however, since the region of interest is entire ly
upstream.

Figures 15 and 16 show the theoretical wave elevations at 4.0 and 6.0 knots for zero
angle of attack ; i.e., the elevations due to the thickness effect alone.

The combined effects of thickness and a positive angle of attack of f ive degrees are
shown in Figures 17, 18, and 19 for speeds of 4.0, 5.0. and 6.0 knots. The contribution of
the ang le of attack vanishes ahead of the leading edge since it is derived from slender body
theory.

These results may be most easily inte rpreted if presented in the form of longitudinal and
transverse cuts. A series of such cuts at 4.0, 5.0, and 6.0 knots are shown in Figures 20
thro ugh 45. In these figures, the points where the experimental wave elevations cross the
3.0 millimeter contours are indicated by asterisks. Interpolation was used between the

9~hoto~ammetrlc analysis was performed by Photo Services Incorporated of Gaithersburg, Mary land.

6
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3.0 millimeter intervals when contours were far apart . The lines represent the theoretical
prediction. Coordinates (x y, z) shown in Figure I are defined with the origin at the inter-
section of the plate centerline, the leading edge, and the static waterline with the x-axis
parallel to the plate and positive downstream, the y-ax is perpendicul ar to the plate and x
positive upwards. The longitudinal cuts are located at y 4 cm, 8 cm, and 12 cm. The
transverse cuts are at 4 cm, 8 cm, 12 cm. 16 cm. and at 5.0 and 6.0 knots, 23 cm. The
scale of these elevations has been doubled relatIve to the horizontal scales x and y so that
the free-surface slopes are twice as steep in the plots than actually measured .

These results show good general agreement between the measured elevations and the
theoretical line. it is expected that the component of wave elevation due to plate thickness
would be in agreement since the theory is three-dimensional in this case , and the thin ship
approximation should be valid. However , a large part of the theoretica l wave elevation is
the component due to angle of attack, which has been calcu lated from slender body theory.
It can be inferred that this component is in good agreement with the experiment data for a
plate aspect ratio of nearly 0.8. One possible explanation for why slender body theory holds
at such a large aspect ratio is that an angle of attack induces a dipole distribution normal to
the plate which , in turn , induces a flow largely in the transverse plane, so that the slender
body assumption itself is sat isfied esen thoug h the plate is not slender. The thickness
compone nt , on the ot her hand, induces a source dist ribution which induces velocities of
equal magnitude in the transverse and longitudinal directions , satisfying thin ship approxima-
tion but not the slender body approx imation.

CONCLUSIONS

Force and moment data for a high-speed yawed plate indica te that slender body theo ry
provides a valid estimation of the effects induced by the angle of attac k of an aspect ratio as
large as 0.787. A theoretical prediction of wave elevation which superimposes a three-
dimensional estimate of the effect of finite thic kness with a slender body estimate fo r the J I
effect of angle of attac k is in good agreement with experimental wave elevations for a plate
wit h an aspect ratio of 0.787 at an angle of attack of five degrees.

7
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Figure 27 — Transverse Cut, 5 Knots. x = 12 Centimeters

5 -

:: ~
~~ I I . l . I _ I . .  I. I. I. I. 1. 1 . 1 .  I I . 1 J~~. J . J ~~~~~~~~~ I . l .  1 . 1

0 2 I S I IS 12 Ii iS II 20 22 24 25 25 30 33 34 10 10 is 42 a as

Figure 28 — Transverse Cut , 6 Knots, x 12 CentImeters

_ _  

24

I,_ _ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ------ --- - -- - “— --~~ •_- -~ .--—

- —•--
~~~-



—-- .-_- - -—•_-_• _ . _—- --_ .7— —•--- -- - - — — - —.-- _.-_ n_-___-_-- -•_—--———.--_ ,., .
- ~~~~~~~~~~~- -~~~

— -- -

_ I _ I I II . I . I _ I I I . I . [ . f . I . 4  . i . I I . 1 1
• 3 4 S S IS 11 Ii IS IS 30 27 25 25 25 10 32 34 20 21 40 42 44 ii

Figure 29— Transvene Cut, 4 Knots , x 16 CentImeters

7 .

S .

S .

5 3 4 $ S 10 12 Ii IS IS 25 32 35 ~ 10 30 32 34 10 21 40 42 a 45

5-

Figure 30- Transverse Cut, 5 Knots, x = 16 Centimeters
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FIgute 31 — Transverse Cut, 6 Knots , x 16 Centimeters
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Figure 32— Transverse Cut, 4 Knots, x - 20 CentImeters
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Figure 34— Transverse Cut, 6 Knot s , x 20 Centimeters
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Figure 37— Longitudinal Cut, 4 Knots, y 4 CentImeters

7 .

S .

U

Figure 38— Longitudinal Cut, S Knots, y 4 Centimeters

1 .

S I

FIgure 39 — Longitudinal Cut, 6 Knots, y - 4 Centimeters

28 

-- - -- - ~~~~~~~- --~~-~~~~~~~
- - -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~ ‘v ~~~ 
-— 

~~~~~~ -~~~~~~~~~~- .r~ - -—

— ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 1 1 _ I _ I _ & I I . I. I . I_ I . II . I  • I . I . I. I . 1 1 . j p
S 3 4 S S IS II 14 IS IS 30 22 34 21 30 30 32 31 30 30 45 12 44 45

FIgure 40— LongitudInal Cut , 4 Knots, y 8 Centimeters

7 ,

S .

4 .

—

~~ ~~~~~~~~~~~~~~~~~~~~~~• I • I . I I I
• 0 3 a s s is is is is ii 20 33 ~s a a is 20 is is is 4~ 44 45

• Figure 41 — Longitudinal Cut , S Knots, y = 8 CentImeters

7 .

S .

B .

4 ,

• 2 . 4 5 $ 10 12 14 IS IS 2 0 2 0 3 1 2 1 2 5 3 0 2 0 3 4 2 $ 3 0 4 0 4 3  44 45
II.,)

FIgure 42- Longitudinal Cut, 6 Knots, y - 8  Centimeters

a

29

— -- - - - -  - - —-— —

~~~~~

- 

~~
_ __ 

-
- —— — - — —-- - ~~---

-
~~-



~ --~ ----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~ - - -

• 3 4 5 S IS IS 14 IS IS 25 23 35 35 25 30 33 34 30 25 ~ a a.
I—
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