Hydrodynamic Design of Planing Hulls
By Daniel Savitsky’

The elemental hydrodynamic characteristics of prismatic planing surfaces are discussed
and empirical planing equations are given which describe the lift, drag, wetted areq,
center of pressure, and porpoising stability limits of planing surfaces as a function of

speed, trim angle, deadrise angle, and loading.
predict the horsepower requirements, running
trim, draft, and porpoising stability of prismatic planing hulls.

late simple computational procedures to

These results are combined to formu-

lllustrative examples are

included for demonstrate the application of the computational procedures.

FUNDAMENTAL research on the hydrodynamics of
planing surfaces has been actively pursued in both this
country and abroad for well over 40 years. The original
impetus for this planing research was primarily motivated
by the hydrodynamic design requirements of water-
based aircraft and to a somewhat lesser extent by the
development of planing boats. In recent years, how-
ever, the research emphasis has been on planing forms
with application to planing boats and hydrofoil craft.

Some of the earliest experimental studies on pris-
matic planing surfaces were made by Baker [1]2in 1910
but the first comprehensive experiments which received
wide attention were those of Sottorf [2]. These were
followed by investigations of Shoemalker [3], Sambraus
[4], Sedov [5], and Locke [6]. The efforts of these
researchers resulted in a large accumulation of test data
describing the hydrodynamic characteristics of constant-
deadrise prismatic planing surfaces operating at fixed
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trim, fixed mean wetted length, and constant speed.
To make these data suitable for practical use it was de-
sirable to establish empirical equations which would ex-
press the relations between the many
and the hydrodynamic lift, drag, pitching moment, and
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planing variables

Nomenclature
C; = friction-drag coefficient = D 7 cos g = acceleration due to gravity, = J = distance between 7 and GG
/_P 720D ' 32.2 ft/sec? (measured normal to ), ft
B 5" L. = wetted chine length, ft T = propeller thrust, 1b
Cry = lift coeflicient, zero deadrise, = Li = wetted keel length, ft S ¢ = inclination of thrust line relative
D s [, = distance from transom to point to keelline, deg .
875 Vi of intersection of hydrody- ¢ = distance between N and CG
Crg = lift coefficient, deadrise surface, namic-force vector with keel (measured normal to N), £t
(measured along keel), ft L. = differ betwe etted  keel
= A /g Vb V = hofmzonfal velocity of planing sur- r= la nldelz;fine ?e;;gi?l?s ?te =e (L e_(i
@ . ace, fps ?
CL, = dynamic component of lift coeffi- V. = mean ’vglocity over bottom of L) ]
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C buoyant component of lift coeffi planing surface, f(T’IM’ fps lengths wetted by level water
L, = Y m at ol Lit coetfl- = angle of deadrise of planing sur-
clent face, de surface, ft
Cp = distance of center of pressure A = load on witer, b Ln = mean wetted length, ft = (L, +
(hydrodyna}mc force) measured v = kinematic viscosity of fluid, ft2/ Le)/2
along keel forward of transom sec . w = specific weight of water, pef
= dl;:/ K?ﬁ . . ° p = mass dens_;ty of water, w/g v = angle between spray root line and
g > = %é’»;mﬁz ngfgﬁ(; ¥ é (IQ% /“ Ls = hydrostaticlift component, 1b keel line measured in plane
e 3 = 1 vV A
= mean wetted lengjch—beam ratio = also _ “'p‘malklal to keeel, .deg
(Le + L) = total horizontal hydrodynamic - txxm'ang‘eofp‘iamng area, deg
e wis 21’) drag component, 15 LCG = longitudinal distance of center of
} : drag \ oA o
M = mean wetted length-beam ratio Dy = resistance fcom%gnent due  to %Eggiﬂgﬁ%fﬁmcm (meas
based on area below undis- bressure force, PR e
tu:bed water surface d = vertical depth of trailing edge of P = z«mgl}e between the keel and spray
: boat (atfkeel) below level water f?ge (Ii'neasured in plane of bot-
where surface, ft 0m, deg
b = beam of planing surface, ft N = component of resistance force As = total wetted spray area, sq ft
D; = frictional drag-force component normal to bottom, Ib VCG = distance of center of gravity above
along bottom surface, b, = Dr a = distance between D; and CG keel line, measured normal to
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Fig. 1 Wave rise on a flat planing surface

Research, U.S. Navy, the Davidson Laboratory of
Stevens Institute of Technology, in 1947, undertook
a theorctical study and empirical-data analysis of the
phenomenon of planing. This study produced 16 tech-
nical reports (listed in the Appendix), which consider
planing-surface lift, drag, wetted area, pressure distribu-
tions, impact forces, wake shape, spray formation,
dynamic stability, and parallel planing surfaces. Where
possible the ONR sponsored research utilized existing
planing data and theoretical results but in many areas
additional experimental results and new theoretical
analysis were provided by the Davidson Laboratory.

In 1949, Korvin-Kroukovsky and Savitsky [7] pub-
lished a summary report on the then completed studies
of planing lift, drag, and wetted area and, in 1950,
Murray (8] utilized these results in developing a compu-
tational procedure for predicting planing performance.
In 1954, Savitsky and Neidinger [9], continuing the
ONR study, developed an extensive set of empirical
planing equations which increased the range of applica-
bility to parametric planing variables well beyond those
developed in [7].

The purpose of the present paper is to utilize the re-
sults of the studies of [9] to describe the elemental
hydrodynamic characteristics of prismatic planing sur-
faces and then to combine these results to formulate
simple computational procedures to predict the horse-
power requirements and porpoising stability of pris-
matic planing hulls. Some of the material of [9] is re-
peated in this paper since [9] had a limited distribution
and is currently out of print.

Hydrodynamics of Prismatic Planing Surfaces

A knowledge of the elemental hydrodynamic character-
istics of simple planing surfaces is necessary prior to
undertaking the design of specific geometric planing
boats. In this section of the paper attention will be
given to the development of equations for wetted area,
lift, drag, center of pressure and stability limits of hard-
chine prismatic surfaces in terms of deadvise angle, trim
angle, and forward speed. The prismatic planing sur-
face is assumed to have constant deadrise, constant
beam and a constant running trim for the entire wetted
planing area. Variations from these conditions will be
discussed in the section on design procedurc. Only
hard-chine planing forms are considered in this paper
since, at present there is a scarcity of basic planing data
on round-bottom forms.
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Fig. 2 Typical pressure distribution on flat planing surface

The planing cocfficients and-symbols used in the sub-
sequent analysis are based on Froude’s law of similitude
and are the same as those used in the analysis of water-
based aircraft and hydroskis. Each symbol is specifi-
cally defined in the section on nomenclature. It will
be noted that the beam is the prime nondimensionalizing
dimension rather than the length of the boat which
is usually considered by the naval architect. The
justification for this is that for planing hulls, the wetted
length of the boat varies with trim, loading, and speed
while the wetted beam is essentially constant. More-
over, it is possible to change the overall length of a plan-
ing boat without changing its hydrodynamic character-
istics at high speed.

Shape of Wetted Area of Planing Surfaces

A separate analysis is given of the shape of the wetted
area for flat-bottom and deadrise planing surfaces.

Wave Rise for Flat Plcmin‘g Surfaces

In the case of planing surfaces with no deadrise (flat-
bottom planing surfaces), water rises in front of the sur-
face, thereby causing the running wetted length [ to be
larger than the length defined by the undisturbed water-
level intersection with the bottom I, Tig. 1. Wagner
[10] had made a mathematical study of the flow at the
leading edge of a planing surface of infinite length and
found that the rising water surface, mentioned in the fore-
going, blends into a thin sheet of water flowing forward
along the planing surface. This sheet is the source of
spray in a planing surface and the region of its origin has
been designated by Wagner as the “spray-root” region.
Fig. 2 shows the spray root and the pressure distribu-
tion resulting from it. The term wetted area, as used
in this paper, designates that portion of the wetted area
over which water pressure is exerted and: excludes t}'ae
forward thrown spray sheet. The wetted arca used in
this sense is often designated in the literature as the
“pressure area’’ and geometrically, includes all the wetted
bottom area, aft of a line drawn normal to the planing
bottom and tangent to the curve of the spray root. This
line is clearly discernible from underwater photographs.
As seen in IFig. 2, the stagnation pressure is developed
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Fig. 3 Wave-rise variation for flat planing surfaces

at a short distance aft of the spray-root line. At very
small values of trim angle the stagnation line and spray-
root line are nearly coincident. As the trim angle in-
creases, the stagnation line moves farther aft of the spray-
root line.

Flat-plate, wetted-length data from all available
~ sSources are shown plotted in the form of \ versus A, in
Fig. 3. Here represents the running mean wetted
length-beam ratio (1/b) and A, represents the calm-water
length-beam ratio obtained from the relation Ay = d/b
Sin7, where d is the depth of the trailing edge of the
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planing surface below the level water surface during a
planing run. Tt is seen, from Fig. 3, that, for the range
of test parameters considered, the wave rise on a fat-
bottom planing surface is only a function of the running
wetted length. The mean curve fitted through the test
data is defined by the following empirical equations:

A= 1.60 Ay — 0.30 A2 0< <1
and €))
A=A -+ 0.30 1< <9

The empirical wave-rise relation is given in the form of
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Fig. 5 Underwater photograph showing arrangem

ent of tufts over bottom illustrating
direction of fluid flow

MARINE TECHNOLOGY



300

— SPRAY ROOT LINE
2.50
- =~
z.oo_ .
" n
= |
N
o P
o 150
.J N
|
_xx B Q
I.OO— \\
0.50 AN &\
: \\\\\\\\\
55
: e
Ll T TT T
0 4 8 2 16 20

TRIM ANGLE, DEGREES

two equations since, for the average planing case, \; is
usually larger than unity and thus the equations are re-
duced to the very simple form of A = A; + 0.30. An
empirical wave-rise equation similar in form to (1) was
also developed by Smiley [11].

As with all empirically developed equations, some
bound must be placed on the parametric range of ap-
plicability of the results. The discussions in [9] con-

- clude that (1) is applicable in the trim range from 2 to
24 deg; A < 4.0; and 0.60 < ¢, < 25.00.

Wetied Pressure Area of Deadrise Planing Surfaces

In the case of Vee-shaped planing swfaces, the inter-
section of the bottom surface with the undisturbed water
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Fig. 6 L — L, versus trim and deadrise

surface is along two oblique lines (0-C) between the keel
and chines, Fig. 4. Up to a trim angle of approximately
15 deg there appears to be no noticeable pile-up of water
at the keel line. TFor larger trim angles Chambliss and
Boyd [12] indicate a slight pile-up of water at the keel.
Aft of the initial point of contact, O, there is a rise of the
water surface along the spray root line (0-B) located
ahead of the line of calm water intersection. The loca-
tion of the spray-root line is easily seen from underwater
photographs such as that shown in Fig. 5. Tt is gener-
ally found that the spray-root line is slightly convex, but
since the curvature is small, it is neglected. Thus the
mean wetted length of a deadrise surface is defined as
the average of the keel and chine lengths measured from
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20°% 6 =9 in, r = 4°

the transom to the intersection with the spray-root line.  is defined by
The difference between the wetted kel length and the

chine length measured to the calm-water intersection

with the chine (L) is a function of trin and deadrize and
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Fig. 7 Variation of shape of leading edge of wetted area with speed coefficient. 8
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The wave rise in the spray-root area is accounted for by
the following consideration. Wagner computed the
wave rise for a two-dimensional wedge penetrating a
fluid surface vertically, and found that the actual wetted
width of the wedge was 7/2 times the wetted width de-
fined by the calm-water intersection with the bottom.
The motion of a deadrise planing surface can be repre-
sented as a two-dimensional problem by considering the
water flow between two vertical planes normal to the
plane of symmetry of the planing surface. To an ob-
server located between these two planes, the passage of

the prismatic Vee planing surface will appear identical .

to the vertical immersion of a wedge. This being the
case, the =/2 wave-rise factor computed by Wagner is
applicable, and the difference between actual wetted
keel length and chine length for a prismatic planing sur-
faceis given by

_ g tangs

Ly — L. = 7 tanr )

It is seen that this length is a factor 2/« times the cor-
responding length defined by the level-water intersection
with the Vee planing surface. A plot of this relationship
is given in Fig. 6. Since the wetted keel length can be
defined in terms of the draft of the aft end of the keel as

L, = d/sinr 4)

then the mean wetted length-beam ratio, A, which de-
fines the pressure area is given as

]: d b tanpg
\ = Lsin7

2 tanr] _ Lp+ L,
b 2b

Experimental evidence indicates that (3) is applicable
for all deadrise and trim combinations when the speed
coefficient is greater than C, = 2.0. This indicates a
full development of the spray-root and water pile-up
as predicted by Wagner. TFor deadrise surfaces of 10
deg or less, (3) continues to be applicable at ¢, = 1.0.
For the 20-deg deadrise surface, at ¢, = 1.0 and r < 4°,
experimental values of L, — I, are larger than those
predicted by (3), indicating a partial breakdown of the
spray-root formation. Iixperimental evidence for 30-
deg deadrise surfaces showed similar effects except that,
at ¢, = 1.0, the spray-root formation breaks down
when 7 < 6°. It appears that, for C, = 1.0, the spray-
root formation will begin to break down when, for a
given deadrise, the trim is reduced to a value such that
the theoretical value of L, — L. is approximately equal to
1.66b. This quantity (L, — L.)/b can actually be con-
sidered to be a measure of the angle (v) between the
spray-root line and the keel line measured in a plane
along the keel. Hence, it may be generalized that the
spray-roof formation at ¢, = 1.0 will begin to break-
down when the theoretical value of v is less than ap-
proximately 17 deg for a given trim—dea‘grise combina-
tion. It is easily shown that v = tan=! (tan/2 tang).

A series of photographs illustrating the breakdown in
the spray-root line is given in Fig. 7 where bottom arcas
are shown for a 20-deg-deadrise swrface planing at a

(5)
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root line forward to the spray edge.

trim angle of 4 deg and at five values of ¢,. The calcu-
lated angle y = 17°. It is seen that, at ¢, = 2.01, 3.02
and 4.00, the spray-root line is one continuous line and
the value of L, — L, is in agreement with that com-
puted by equation (3). At C, = 1.0, the leading edge
of the wetted area is now defined by a broken line made
up of two straight segments. The forward segment is
the usual spray-root line formation and makes an angle
of approximately 17 deg with the keel. The after seg-
ment of the leading-edge line makes an angle with the
keel which would correspond to the calm-water inter-
section with the bottom. At ¢, = 0.6, the same
phenomenon is in evidence except that the length of the
spray-root portion of the line is reduced.

Wetted-Spray Area of Deadrise Planing Surfaces

The total wetted bottom area of a planing surface is
actually divided into two regions. One is aft of the
spray-root line, commonly referred to as the pressure
area and the other is forward of the spray-root line, re-
ferred to as the spray area. The pressure area, which
has been defined in the preceding sections of this paper,
is the load-carrying area of the planing bottom. The
forward spray area contributes to the total drag but is not
considered to support any portion of the load.

The flow directions in both wetted areas have been
determined by underwater photographs of tufts such
as shown by Pierson and Leshnover in Figs. 4 and 5
of reference [13]. An enlarged sketch of the flow direc-
tions on a deadrise surface is given in Fig. 8 of this
paper. It is found that the flow in the pressuré-areha is
predominantly aft with some transverse flow along the
chines. The flow along the spray-root line is primarily
along the direction of the stagnation line. In the spray
wetted area the directions of the fluid flow are such that
the space angle between the oncoming fluid particles
and the stagnation line is equal to the angle between the
direction of the spray jets and the stagnation line; i.e.,
any line of motion in the spray area is nearly a reflection
about the stagnation line of the incident velocity direc-
tion. Since the pressure in the spray area is nearly at-
mospheric, then, by Bernoulli, the spray velocity can be
assumed to be equal to the planing speed.

Equations defining the spray direction in terms of trim
and deadrise angle are given by Pierson and Leshnover
(13]. The actual spray area extends from the spray-
The angle ® be-
tween the keel and spray edge measured in the plane
of the bottom is

‘/1 ‘;L ]Ll

tand = 1“"—-—~“ ir,

(6)

where:
A4 =
{sin®r(1 — 2K) + K?tan’r[(1/sin28) — sin?r]}"2
cost + K tanr sinr

K tans
sing
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KT <1 3tan?Bcos 8 tanp sin%)
) 1.77° 3.37

Z

The. total spray area, both sides, projected on a plane
along the keel line is given by

b/ tang 1
A s = 3 -
2 \ wtanr 4 tand cosB

)

In making visual observations of the wetted chine length
during a planing run, it is important to distinguish be-
tween the spray-root intersection and the spray-edge
intersection with the chine. Fig. 9 illustrates the two
Intersection points. It is seen that the spray edge is
always ahead of the spray-root intersection with the
bottom.

Lift of Planing Surfaces

The following discussions will first develop the lift
equations for flat planing surfaces and then show how
these results are modified to account for finite deadyise.
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Lift of Flat Planing Surfaces

The lift on a planing swface (at fixed draft and trim)
can be attributed to two separate effects; i.e., one is the
dynamic reaction of the fluid against the moving surface,
and the second is the so-called buoyant contribution to
lift which is associated with the static pressures cor-
responding to a given draft and hull trim. In effect,
the buoyant contribution represents the influence of
gravity. At very low-speed coefficients, the buoyant
lift component predominates. As speeds are increased,
the dynamic-lift effects begin to develop. At first the
dynamic effects tend to decrease the load which a given
prismatic surface can support and then, as the speed is
further increased, the load on a given surface will in-
crease. At very high-speed coefficients the dynamic
contribution to 1ift predominates and the static-pressure
effects can be neglected. The formulation of an empiri-
cal planing lift equation was based on a combination of
the dynamic and static effects. -

It will be recalled that the fluid-flow directions over
the pressure area of a planing surface were a combination
of longitudinal flow and some transverse flow across both
chine lines.  I'rom aerodynamic theory it is known that
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Fig.-9 Characteristic features of vee-bottom planing surface.
D—chine; E—whisker spray;

wedge; B—transom; C—keel;

A—model of planing
F—reflection of spray

edge; G—spray-root region

lifting surfaces of high aspect ratio (small \) have a pre-
dominantly longitudinal (chordwise) flow and that the
lift is directly proportional to 7. Tor surfaces of very
small span and infinite length, ie., A = o, the flow is
in a transverse direction and lift is proportional to 72
Hence for a normal low aspect-ratio planing surface, the
lift can be expressed in the form

Cp =4+ + Bs? (8)

For the range of A-values applicable to planing surfaces,
the second term takes the form of a small correction to
the first term and it is found that equation (8) can be
approximated by using r to the 1.1 power. Hence

Cr/rtt = f(\, C) ()

Sottorf’s analysis of high-speed planing data, where the
hydrostatic term is negligible, showed that, for a given
trim angle, the dynamic component of the lift coefficient
varied as "%, Hence we can consider this component
to be of the form:

CLd = eN/epld

(10)

where ¢ is a constant to be determined.

The hydrostatic component of lift for a flat plate of
beam, b, mean wetted length-bcam ratio, A, and angle
of trim r can be written as follows:

Ly = § pgb*0\ — 0.30) tanr ay

Dividing both sides by 14,1722 and assuming that (A —
0.30)% can be replaced by AA* where D and 7 are con-
stants to be determined, results in

OCTOBER; 1964

Dxn ¢
0 anr
If the difference between tanr and ! is neglected C Iy
can be written ‘

Cr, = (12)

DA?Z
CLz: = Oz

Combining equations (10) and (13) gives a form of an
empirical equation for the lift coefficient of a planing

surface, i.e.
' , . D
Cp = 7t <c/\ 4 C})

As with any empirical equation there are several ways
to formulate the equation for planing lift. The form
of relation given in (14) has the advantage of readily
illustrating the effect of the prime variables on planing
lift and also is easily applied in design of planing hulls.

The constants C, D, and n are evaluated by applying
the foregoing formula to the large collection of planing
data contained in the existing literature. The mechan-
ics of this evaluation are described in [9]. As a result
of this analysis the empirical planing lift equation for a
zero deadrise swrface takes the following final form:

0.0055 )\
cr

11 (13)

(14)

CL = 1 [O.OIQOAW -+ (15)

where 7 is in degrees.
This empirical equation is applicable for 0.60 < Cy <
13.00; 2° < » < 15°; and A < 4.
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Fig. 10 Lift coefficient of a flat planing surface; g = o0

For convenience in use, equation (15) is plotted in
Fig. 10 in the form €./ versus \ for a wide range of
Cy-values. Examining this plot at a fixed value of )\
it is clear that the buoyant contribution to 1ift is signifi-
cant up to speed coefficients as high as approximately
10. At C, > 10, the dynamic lift is predominant and
the lift coefficient is then independent of speed. In fact,
for C, > 10.0 the flat-plate lift coefficient can be simply
expressed as C'r = 0.0120 \'/2711,

To illustrate the loss in lift experienced by a planing
surface at very low speeds (¢, < 1.0), Fig. 12 presents

80

a comparison between the resultant lift and that cor-
responding to the purely static lift (buoyancy) for a given
draft and trim of the planing surface. A form of load
coefficient is plotted against speed coefficient for three
wetted lengths at three trim angles. The solid curves
are the planing loads as predicted by (15) and are seen
to vary with C,. The dotted curves are the buoyant
loads computed by (11). This hypothetical load is inde-
pendent of C,. The comparison between the planing
load and calculated buoyant load is limited to ¢, > 0.60
since this is the range of applicability of (15). As C,

MARINE TECHNOLOGY
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Fig..11 Lift coefficient of a deadrise planing surface

approaches zero, it is naturally expected that the calcu-
lated load should approach the buoyant load. It is
interesting to note from Fig. 12 that in the range 0.60 <
C, < 1.00, the motion of the planing surface reduces
the 1ift below the value which would be expected on a
purely displacement basis. This effect is somewhat
similar to the sinkage experienced by displacement vessels
at low speeds. At C, = 1.0, the total planing load is
approximately equal to the hypothetical buoyant load.
At C, > 1.0 the positive dynamic reaction of the fluid
on the planing bottom increases rapidly as the speed
increases. :
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Lift of Deadrise Planing Surfaces

For a given trim and mean wetted length-beam ratio,
the effect of increasing the deadrise angle is to reduce the
planing lift. This lift reduction is caused primarily
from a reduction in the stagnation pressure at the lead-
ing edge of the wetted area. It will be recalled from the
discussion of wetted areas that the angle between the
St-agnai}i,‘on line and keel is given by the equation y =
tan=! (tan /2 tan 8). When g = 0 the stagnation line
1s normal to the keel and normal to the free-stream
velocity so that full stagnation pressure 14,7°? is de-
veloped. Tor increasing values of 8, the angle v de-
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Fig. 12 Planing load versus calculated displacement load for a flat planing surface at various velocity coefficients

creases so that full stagnation pressures are no longer
developed; hence the planing lift is reduced. In effect
then, the presence of deadrisé causes the stagnation line
to be “swept”” aft and leads to a lift reduction not unlike
that on a swept-back wing. ‘

To formulate an empirical equation for the planing lift
of a deadrise surface, the lift coefficient of a Vee surface
was compared with that of a flat plate at identical values
of 7, X, and C,. Tt was found in [7] and [9] that the
lift of a deadrise surface can be represented by the fol-
lowing equation:

OLﬁ = (1, — 0.006583 Cre (16)
where :
C 1y = lift coeﬁibient for a deadrise surface
B = deadrise angle, deg

82

Cr, = lift coefficient of a flat plate operating at the same
7, A, and C, as deadrise surface

For convenience in use, equation (16) is plotted in
Fig. 11.

Drag of Planing Surfaces

The total hydrodynamic drag of a planing surface is
composed of pressure drag developed by pressures acting
normal to the inclined bottom and viscous drag acting
tangential to the bottom in both the pressure area and
spray area. If there is side wetting then, of course, this
additional component of viscous drag must be added to
the hydrodynamic drag acting on the bottom of the plan-
ing surface. For the present analysis, it will be assumed -
that there is no side wetting of the hull.

For a frictionless fluid, the tangential force is zero.
Hence for a trim angle +, a load A, and a force N normal
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to the bottom the resistance component D, due to
pressure forces is shown in Fig. 13 to be

D, = Atanr 7
When the viscous drag D, acting tangential to the bottom
is added, the total drag, D, is shown in Tig. 13 to be

Dy
D = Atanr + P (18)

The friction component D, is shown in [9] to be com-
puted by the following equation:

CrpV13 (2% .
D/ = 2 cosf 4 ,/’/?5g (19> !
< L
where
C; = Schoenherr [14] turbulent friction coefficient
V1 = average bottom velocity
The average bottom velocity (V1) is less than the

forward planing velocity (V) owing to the fact that the
planing bottom pressure is larger than the free-stream
.pressure. Sottorf, Parkinson [15] and Locke [16] have
presented data and analytical expressions for defining
the average bottom velocity at very high-speed coeffi-
cients where the buoyant contribution to lift is negligible.
Savitsky and Ross [17] developed an expression for the
mean bottom velocity which is applicable over a speed
range from C, = 1.0 to C, = 13.0. This development
was based on the following considerations: Taking
first, the case of a zero deadrise hull, the dynamic con-
tribution to planing lift is given by the first term in (15)
to be

Cry = 0.012007271 (20)
The dynamic load on the bottom is
Ad = % pV%*0.01200\ /2711 21n
The average dynamic pressure is
A 0.0120711 V2p
D = - 2
P4 = \b% cos - 2\Y2 cosT (22)

Applying Bernoulli’s equation between the free-stream
conditions and the average pressure and velocity condi-
tions on the bottom of the planing surface:

2pa \"?
Vi=V <1 - ;%%) (23)
substituting (22) into (23) gives
0.0120711\ .
7= ———— A = 9
Vi=17V (1 N T) forg =0 (24)

The average bottom velocity for specific deadrise angles
is computed in an analogous manner using the lift co-
efficient for deadrise surfaces given by (16). The ratios
V1/V have been computed for four deadrise angles and
the results are plotted in Tig. 14 in a convenient form
for use by the designer.

It will be noted that the wetted area used in (19) is
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Fig. 13 Drag components on a planing surface

the bottom pressure area, \b?>. In previously published
Davidson Laboratory reports [9, 17] consideration vas
given to the friction drag developed by the spray area,
equation (7), ahead of the spray-root line. The analysis

of [9] and [17], which were based on certain assumptions

as to the spray thickness and the friction drag coefficient
in the spray area, resulted in a simple formulation for an
additional increment, ANb2, in wetted areas to be added
to the pressure arvea \b% These results were based
mainly on data obtained at planing trim angles greater
than 4 deg. Recent studies at the Davidson Laboratory
have indicated that at trim angles less than 4 deg (usual
for planing boats) the spray thickness is considerably
less than had been assumed previously. In fact, the
spray sheet appears to be much thinner than the dis-
placement thickness of a normal boundary layer at the
same Reynolds number. Hence, until this effect is more
fully studied, it is recommended that at trim angles less
than 4 deg, the area used for computing the viscous drag
be ab%  Tor larger trim angles the results of [9] and
[17] should be used.

In summary then, the hydrodynamic drag of a planing
surface is given by the following equation:
pVﬁC fi\\b?‘

D = Atans + -
2 cosB cost

(25)
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where V1 is plotted in Fig. 12, and ¢ 7 1s the Schoenherr
turbulent-friction coefficient. The Reynolds number is
defined, R, = V1 A\b/», where »is the kinematic viscosity.

Drag-Lift Ratio of Planing Surfaces

Prior to computing the drag-lift ratio of planing sur-
faces it would be advantageous to examine the typical
variations in drag-lift ratio as a function of speed, wetted
length, and trim angle. Tor this purpose the experi-
mental data for a 9-in. beam, 20 deg deadrise surface
(given in reference [9]) are plotted in Tig. 15 for sepa-
rate values of trim angle. The abscissa for these plots
is a form of speed coefficient based on wetted length,
defined as C,/\" which will be recognized as being
the well-known Froude number V/ (g)'>.  Other forms
of IFroude number representation could have been used
(e.g., based on load), but the ratio Co/N" is used since
it is identical in form and equal to 0.296 times the speed-
length ratio. It is emphasized that the drag-lift ratios
given in Fig. 15 apply only to the 9-in. test model and
are not to be directly applied to full-scale boats. The
plots are given merely to indicate typical variations in
the drag-lift ratio of planing surfaces.

It is seen from Tig. 15 that the ratio D/A plotted
against C,/\"* generally collapse onto a single curve for
each test trim over the test ranges of A and C,. It is
also seen that, up to a ratio of C,/\"* ~ 1 there is a very
rapid increase in the ratio D/A for all test trims. At
7> 2°and at C,/\"* > 1, the ratio D/A is nearly con-
stant for any combination of speed and wetted length.
For + = 2° the curve of D/A appears to approach a
constant value for ratios of ¢',/\"* > 2.

The above variations of D/A can be associated with
observed changes of the flow conditions around the
planing surface. It was found that, at €, > 2.0 there
was a clean separation of the fluid from the chines and
the transom. Turther, at ¢, < 1.00 the degree of flow
separation from the transom was, at a given trim angle,
a function of the wetted length, the shorter the wetted
length, the greater the flow separation. With increasing
degree of flow separation from the transom, the drag
force is increased and hence the ratio D/A is increased
until complete flow separation has occurred along the
chines and transom.

If planing is defined to exist when the fuid breaks
away from the transom and chines, then, using Fig. 15,
the inception of planing can be defined to oceur when
Co/ N = 1for 7 > 4° and at C,/\" = 2 for r = 9°
In essence then, planing occurs when the drag-lift ratio
at a given trim angle is essentially constant. Other defi-
nitions of planing can be found in the literature. For
example, Locke [6] defines the inception of planing to
oceur when, at a given ) and r, the load carried by the
planing surface varies as the square of the speed. This
implies that the buoyant component of the Lift is neg-
ligible. In both definitions only the bottora of the
planing swface is wetted. The use of the ratio ¢ /N =
1 defines the point at which this phenomenon first oceurs.
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An exact definition of the inception of planing is, of
course, not important. The foregoing criterion appear
to be a convenient guide in classifying boats. It is clear
from Fig. 15 that when a boat does start to “plane” it
has the largest resistance for a fixed trim angle. The
resistance decreases sharply when the ratio C/A" s
reduced to values less than 1.0.

From equation (25) the drag-lift ratio of a planing
surface can be calculated as follows:

D . p‘Vl‘ZCf)\bQ ”
AT T e cos (26)

Multiplying and dividing the second term of the right-
hand side by V2 and substituting C'y for 2A/p V22 results
in

tanr + 14 @7)

A ('L cosT cosB
In the foregoing expression ¢, = Crpif =0and ¢ =
Crgif f 5 0. The ratio V,/V is given in Iig. 14. The
friction coeficient C; is a function of Reynolds number
which in turn increases with Increasing size of the planing
boat. Since, as shown by Schoenherr, the turbulent
friction coefficient decreases with increasing Reynolds
number, the ratio D/A will decrease slightly with in-
creasing boat size for a given combination of A, 7, 8, and

o

Equation (27) has been used to compute the ratio
D/A for 0°, 10° and 20° deadrise surfaces at trim angles
of 2°,4°, 6° and 8°. Mean wetted length-beam ratios,
A, were varied from 1 to 4, and speed coefficients up to
C, = 10 were used in various combinations. The com-
putations were made for a beam, b, of 5 ft and 10 f. As
expected, for 7 = 4°, the D/A ratio was essentially con-
stant when C,/A"* > 1.0. TFor » = 2°, the D/A ratio
was essentially constant when C,/N" > 2.0. The re-
sults of this computation are given in Fig. 16 to illustrate
the effect of trim, deadrise, and size of boat on the drag-
lift ratio. TEach computed point represents the average
of five different combinations of C,/A”. On the aver-
age, there was approximately a 5 percent spread in the
computed values for any trim-deadrise combination.
For more exact values of D/A it is recommended that
detailed evaluations of equation (27) be carried out for
specific cases.

It is evident from Fig. 16 that for any given deadrise,
there is an optimum trim angle for lowest ratios of D/A.
Small decreases in trim angle below the optimum cause
large increases in resistance. Small increases in trim .
angle above the optimum result in moderate increases
In resistance. Increasing deadrise angle increases the
resistance for a given trim angle. For a deadrise of 0°,
the lowest resistance that can be expected is approxi-
mately 12 percent of the load at a trim angle of approxi-
mately 4.5°. It will be noted that the optimum trim
angle increases slightly with increasing deadrise angle.
The effect of increasing the size of the boat beam from
5 to 10 ft is to reduce the D/A ratios by nearly 4 percent.

MARINE TECHNOLOGY



V, AVERAGE BOTTOM VELOCITY
V FORWARD PLANING VELOCITY

100 -
T= Ao -
2
-
— 6
> — 8"/‘7’//#—"“'“"’_“
<090 ]
> 110
- e B=0°
14 '
080 L1 RN L]
1.00 I=§§,..,
| 60/‘"— —
3 Ogo - 12?//
> {__
153’////
B B=20°
O‘eomiifilllli!i!il!l
1.00 200 3.00
X

8]
w/v=\/4—~99%§lz-~ﬂﬁ)
\Z COST

Fig. 14 Magaitude of average botton velocity for a planing surface

Included in Fig. 16 is a plot of tanr which is the
pressure component of the total drag. The difference
between tanr and the curves D/A represents the drag
component due to viscous (friction) drag. It is seen
that at low trim angles the total drag is predominantly
friction drag while at Ligh trim angles it is predominantly
pressure drag. At 7 = 4° the total drag for 8 = 0 is
nearly one half pressure drag and one half friction drag.

The foregoing trends in resistance variation with trim
and deadrise have been shown by many experimenters
In cross plots of their specific test data. Fig. 16 presents
the results of computations and includes a recognition
of the fact that D/A ratios for a given trim angle, are
essentially independent of various combinations of ', and
A providing that C',/A* > 2 for 7 = 2°, and C,/2\"* > 1
for - > 4°.

Center of Pressure of Planing Surfaces

It has been shown in [9] that the resultant center of
pressure of planing surfaces can be fairly accurately
evaluated by separate considerations of the buoyant
and dynamic force components of the lift. The center
of pressure of the dynamic component is taken to be at
75 percent of the mean wetted length forward of the tran-
som, while the center of pressure of the buoyant force
1s assumed to be 33 percent forward of the transom.
These distances are, of course, approximations but are
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acceptable in the empirical development of this paper.
Adding the moments taken about the transom for each
of the two components of the total load and then dividing
by the total load gives an expression for the distance of
the center of pressure forward of the transom. By using
the values of the buoyant and dynamic force components
given in (15), the center of pressure, (,, is found to be a
distance forward of the transom equal to
l 1
= ig = 0.75 — — 5

C, ——
521 2% + 2.
5.21 <5 + 2.39

(28)

where C, is the ratio of the longitudinal distance from
the transom to the center of pressure divided by the
mean wetted length.

A comparison between (28) and actual test data is
given in Fig. 17 of reference [9]. Excellent agreement
exists between the formula and data. Tt is seen that
C, is essentially independent of trim angle and/or dead-
rise angle. A working plot of equation (28) is given in
Tig. 17 of this paper. When the wetted length and speed
coefficient are known, the value of (', can be quickly
determined from this chart.

Porpoising Sta bﬂh‘y Limits

Porpoising is defined as the combined oscillations of a
boat in pitch and in heave, of sustained or increasing
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Fig. 15 Variation of drag-lift ratio with speed coefficient

amplitude, occurring while planing on smooth water.
It is peculiar to high-speed planing hulls and will lead
to structural damage when the motions become so severe
that the hull is thrown entirely out of the water. It
may also result in diving (tripping over the bow) when
the low trim angles, reached in the lower part of the por-
poising cycle cause the bow to digin. This longitudinal
instability has been responsible for many serious boating
accidents, and at one time, was considered to be a rather
mysterious unknown phenomenon. With the constantly
increasing speed of modern planing boats, porpoising is
becoming a major problem in planing-boat design.
Designers of water-based aircraft were faced with the
problem of porpoising instability early in 1930. Perring
and Glauert [18] in England developed a theory of por-
poising instability in 1933. The practical application
of this theory to seaplane design problems was not suc-
cessful since the theory required an accurate knowledge
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of certain hydrodynamic derivatives which could only
be obtained experimentally. In fact, the experimental
determination of these derivatives were more time-
consuming and more involved than a direct measure of
the actual porpoising limits. In 1942, Sottorf [19], in
Germany, conducted a systematic model study on the
stability limits of a series of float designs suitable for
float seaplanes. Sottorf’s experimental work showed
that porpoising limits for-seaplane floats could be easily
predicted in terms of the basic planing coefficients
Cy Cr, and 7. In the United States, Davidson, and
Locke [20], Benson [21], Parkinson [22] also conducted
systematic experimental studies of porpoising limits for
water-based aircraft and also showed that the inception
of porpoising could be predicted in terms of the basic
planing coefficients.

With the water-based aircraft experience as a guide,
Day and Haag [23]in 1952 undertook a systematic series

MARINE TECHNOLOGY



—
=20°
020 - ,
BEAM=10'
B= TOTAL DRAG
0.16 =
< B
~ —' | -
[}
o 012+ —
= T x
e - VISCOUS DR{V — VISCOUS DRAG
= o008l —
l
© B TAN< L TANT
5 |
[an}
004 |- PRESSURE DRAG ~ PRESSURE DRAG
- | L |
ol 1 b N IR R R
0 20 4.0 60 80 O 2.0 4.0 6.0

TRIM ANGLE, DEGREES

8.0
TRIM ANGLE, DEGREES
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of tests of constant deadrise prismatic planing surfaces
to determine porpoising limits for planing-hull forms.
The purpose of their study was to provide the boat de-
signer with useful data on the inception of porpoising
in terms of the boat trim, speed, weight, and deadrise.
The results of the research by Day and Haag are pre-
sented in this paper in a graphical form which can be
easily used by the designer of planing boats. These
results are constantly used by the Davidson Laboratory
as a guide in estimating the porpoising limits of planing
hulls. ‘

Briefly the results of the porpoising study showed that

for a given deadrise angle, there was a specific relation-

ship between trim angle, 7, and lift coefficient, C';, which
defined the inception of porpoising. These relations are
shown graphically in Fig. 18 for 0°, 10° and 20° dead-
rise prismatic planing surfaces. The combinations of
7 and Cp which fall below the limit curves indicate stable
operation while those above the line indicate the existence
of porpoising. ‘

It is seen that, as the lift coefficient is decreased, indi-
cating a lightly loaded hull and/or a high planing speed,
the trim limit for stability is decreased. Frurther, the
effect of increasing deadrise is to increase the trim angle
before the inception of porpoising. In any ecase, if a
boat is porpoising at a given speed and load, the rule is to
lower the trim angle to avoid porpoising. The lower

- trim angle can be achieved in several ways. One method

is to move the longitudinal center of gravity forward.
If this cannot be done and if the boat dimensions are
fixed, the addition of a small transverse wedge across the
bottom at the transom will lower the running trim at
only a small cost in added resistance.

It may be of interest at this point to compare the trim
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requirements to avoid porpoising with the trim angle
which results in minimum resistance. It was shown in
Fig. 16 that a trim angle of approximately 4° to 5° re-
sulted in minimum drag-lift ratio. The porpoising limits
in Iig. 18 require a trim angle as low as 1° 4o 2° to
achieve stable operation of a high-speed boat. Hence,
because of porpoising considerations it is necessary to
operate the boat at an unfavorably low trim angle where
the resistance is high. Increasing the hull deadrise
alleviates this situation since as shown in Fig. 18 the trim
angle required to avoid porpoising increases with increas-
ing deadrise angle. Hence, increasing the deadrise will

- enable a planing surface to operate at trim angles more

closely approaching those required for minimum drag-
Iift ratios: Methods for computing the running trim
angle for planing surfaces will be discussed in a subse-
quent section of this paper.

It will be noted that the porpoising limits are not de-
pendent upon the pitch moment of inertia of the boat.
Experimental studies by Locke [24] wherein the moment
of inertia was increased and decreased by significant
amounts showed a negligible effect on the porpoising
inception boundary. What was observed was a change
in frequency of oscillatory motion ; increasing frequency
for small values of pitch inertia and lower frequency for
large inertias.

Method for Evaluating Performance
of Prismatic Planing Forms

The preceding sections of this paper have presented
the results of elemental studies of the fundamentals of
planing and have summarized the results in terms of
equations and design charts. To be of use to the de-
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igner, it is important tha,t.these data be combined ‘to
ormulate simple computational procedures to predict
he horsepower requirements and porpoising stability of
rismatic planing hulls. This section of the paper pre-
ents a method for computing the running trim, wetted
length, resistance, power requirements and stability of a
given planing hull over wide speed ranges and for arbi-
trary locations and inclinations of the propeller shaft
- line relative to the center of gravity of the hull.

In 1950, Murray [8] presented a computational pro-
cedure for predicting resistance which was based on the
elemental planing data available at that time, reference
[7]. No consideration was given to the effect of pro-
peller thrust on the hull lift and pitching moment and,
since porpoising information was not, at that time avail-
able, porpoising stability limits were not defined. The
new planing equations presented in this paper (based on
[9]) are applicable for much lower speed coefficients
than those used in Mwrray’s paper and, in addition, the
new expression for center of pressure is much simpler
in form than that used by Murray. DuCane [25] pre-
sents a computational procedure which is based on the
early planing equations and which is essentially similar
to that presented by Murray. In 1959, Clement and
Pope [26] presented a series of graphs for predicting the
resistance of planing hulls at high speeds. The lift
and moment equations used by these authors were those
developed by Shuford [27] and are applicable only at
C, > 10 where the buoyant forces are negligible. Most
planing surfaces operate at lower speed coefficients
wherein the buoyant contribution to lift is important.
In 1963, Koelbel [28] used the new Davidson Laboratory
planing relations, reference [9], to develop a simple
graphical procedure for predicting the powering require-
ments of planing hulls when the effect of propeller thrust

on lift and pitching moment is neglected and when it -

can be assumed that the viscous component of drag
passes through the center of gravity. The relative sim-
plicity of Koebel’s design charts are so attractive that
they are included in this paper.

There are in the literature test results on related series
of planing boats which provide excellent design informa-
tion on families of specific hull designs. Davidson and
Suarez [29] present the results for EMB Series 50, a
family of planing boats designed by DTMB. Clement
and Blount [30] have developed a new hull series desig-
nated TMB Series 62 and their results are presented in
[30]. These series data can be used to predict the per-
formance of projected new designs which are similar in
geometry, loading, and operating conditions to those
hull forms investigated in the series.

Performance Prediction Methods—Analysis

In the present paper the object is to utilize basic plan-
Ing equations to formulate methods for predicting the
performance of a prismatic planing hull whether or not
1t be a member of a tested series. The computational
method involves the determination of the running trim
and resistance which will provide for equilibrinm condi-
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tions of the hull at a given running speed, load, and center
of gravity location. The accompanying sketch shows the
forces and moments acting on a planing hull.

LC
e LC6—
—g—TANB f
L i
T = ’
T ¥,
BmEaE
> 7ang L, |
where
T = propeller thrust, Ib
Ap = weight of boat, 1b

D, = viscous component of drag, (assumed as acting
parallel to keel line, midway between keel and
chine lines), 1b

= trim angle of keel, deg

-
LCG = longitudinal distance of center of gravity from
transom, measured along keel, ft
CG = center of gravity
¢ = inclination of thrust line relative to keel, deg
N = resultant of pressure forces acting normal to
bottom, 1b
a = distance between D, and CG (measured normal
to D), ft
f = distance between 7' and CG (measured normal
to shaft line), ft
¢ = distance between N and CG (measured normal
to N), ft ’
B = deadrise angle, deg
b = beam, ft
Ly = wetted keel length, ft
L, = wetted chine length (from transom to spray root
intersection with chine), ft
V = planing speed, fps

d = draft of keel at transom, ft

For Vertical Equilibrium of Forces:

Ao = N cosr + T sin(r + ¢) — D,sinr  (29)

For Horizontal Equilibrium of Forces:
T cos(r + ¢ = D,cosr -+ N sinr (30)

For Equilibrium of Piiching Moments:
Ne+D,a—Tf=0 (31)

For a given boat design the quantities A4, a, b, ¢, LCG,
f, and g are specified. The unknowns in the foregoing
equations of equilibrium are evaluated by a solution of
these simultaneous equations together with the planing
formulas for lift, drag, and center of pressure. An
analytical solution of these equations is extremely tedious
and cumbersome and hence a numerical computational
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Table 1

Planing Hull {General Case)

EQUILIBRIUM TRIM [7.)

Trim at which (30) = 0
Assume line AR interpolation between
7 =2%and r = 3° ’

149,960 ~
149,960 + 336,600
Horizontal Drag Force
D 0424 — (9434 — 8304)—1-35
D 9095 1b

Effective Horsepower
_ DXV 9095 X 67.5
BHP = =5 =~ 380

Equilibrium Mean Wetted Length-Beam Ratio
M = 3.85 — (3.85 — 2.60)% - 329

T = 2° + 2.3°

It

I

= 1115 hp

Wetted Keel Length

. btang
Le =2+ 5 ons
14 tan 10°
Ly = 46 + 5rtano3® = 55.9 ft
Wetted Chine Length
Lo= b — 2 B8 _ 56,
: 27 tan 7

Draft of Keel at .Trcmsom
d = Ly sint. = 55.9 X tan 2.3°
d = 2241t

Porpoising Stability
1,2 0.069\ 12
(e}~ (bg2)"-
0.03451/2 =0.186

From Fig. 18, porpoising will .occur if
7c74.5°; hence, present planing boat is stable.

ﬁm

e <

OCTOBER, 1964

Computational Procedure Hy-
drodynamic Performance of Prismatic

p-g

D 7ANS

GIVEN:

A =60,000 LB
LCG=29.0FT
VCG=20 FT

b AN B
&

a=|39FT
f=0.50FT

€=4°

b =14 FT (AVERAGE)

A =10°

(AVERAGE)

V. =40KNQTS (67.5 FT/SEC)
PLANING COEFFICIENTS:

REQUIRED:
POWER REQUIREMENT
PORPOISING LIMIT

POWER REQUIREMENT

V=40 KNOTS

Cy =V/¥/gb=40x1.69//32.2x14 =3.18
2 2
€L =A/%p Vib'260,000/0.97x 67.5%14°=0.069
Lg .

L Row Quantlity Source 1 =2° 1 =3° 1 =4°
) <! Fhourg—to 2.1k 1.35 4 59
2, Cig Figure 11 . 085 .08s .085
3 Cp/el.d (2)7(1 .0397 025k .0185
4 A Flgure 10 3.85 2.60 1,86
5 Y Flgurs 14 67.0 66.6 66.2
6 Ry VAb/y 3.61 x 108 {242 % 108 [1.73 x 108
7 o Schoenherr 0017k , 00184 .00192
8 At ATIC Standard 0004 .000% 000k
9 Cg + ACE (7) + (8) .00214 ©.0022h .00232
10 o RUPb(Cs + 6 C)) 7.340 5.160 3.760

2 cosB
1 tant .0349 L0524 . 0698
12 sinT 034y L0528, L0698
13 cosT L9994 .9986 .9976
14 A tant 2094 - 3144 4188
15 D¢/cost (10) /cost 7340 5160 3760
16 D (15) + (15) 9u3k 8304 7948
17 Cp Flgure 17 .59 .65 .70
18 CoAb 31.6 23.5 18.2
19 c LCG - (18) -2.6 5.5 10.8
20 (b/1) tanp , 616 616 616
21 a VeG - (20) 1.39 1.39 1.39
22 sin(t + ¢) L1045 1219 L1392
23 1 - sint sin(t + ¢) 1 - (12)(22) .996k .9964 .9903
2. (23) (z5%) -2.59 5.46 10,70
25 f sint L017h | .0z2 . 0349
% (24) - (29) -2.6 5.53 10.73
27 & (26) -156,500 | 332,000 645,000
28 (a-F) (21) - f 89 | .89 .89
29 D¢ (s - ) (10) (28) 6540 | 1600 3350
19 (27) + (29) Eq 35 -149,960 | 336,600 648,350
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Table 2 Computational Procedure Hydrodynamic Performance of Prismatic Pi‘un-s
ing Hull (Case When all Forces Pass Through CG)

S
GIVEN: REQUIRED:
A =60,000 LB POWER REQUIREMENT
LCG=29.0FT PORPOISING STABILITY
VCG=20 FT
b =14 FT (AVERAGE)

8 =10° (AVERAGE)
V =40 KNOTS POWER REQUIREMENT
a=¢=f=¢€=0 V=40 KNOTS (67.5 FT/SEC)

PLANING COEFFICIENTS:
Cy =¥/ gb=40x169//322x14 = 3.18

C_ =A/%p V'b'=60,000/0.97x 67.5%141=0.089
B

Row Quantlty Source Yalue
1 CLg Flgure 1 .085
2 Lp/b LCG/b 2.07
3 N . Flgure 19 3.45
L CLO/T]'i Flgure 19 .035
5 Tl . (1 7(1) 2.42
8 x 2.23°
7 tant .039
8 Astant A 2,340
3 Ab2 (3)b° 675
10 Ve Figure 14 65.9
1 Re Verb/v 13,20 % 10
i2 Ce : Schoenherr ,00177
. ATTC Standard
13 i Rmmhnlpﬁs - 0004
14 Cf + A CF (12) + (13) .00217
VAR (C + A Cp)
15 D¢ 3 cosB 6670
16 Df/cost 6670
17 D (8 + (17) 9010
18 EHP D x V/550 1100
19 VoG 186
4 .
20 T porpoising Figure 18 £ 5° Boat Is Stable
procedure is recomumended. To simplify the computa- T cose = Asinr + D, (32)
tional procedure the equilibrium equations are rearranged ‘ :
as follows: Substituting (32) into (29) and assuming that cos € = 1
It can be shown that results in
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Fig. 17 Center of pressure of planing surfaces
A = N cosr + Asinr sin(r -+ &) (33) equal to zero and e = 0. This is the condition analyzed
that by Murray, Clement, and Koelbel in their respective
SO tha computational procedures. The moment equation (31)
All — sinr sin(r + €)] R 1s hence satisfied since a, f, and ¢ are equal to zero. It
N = coST (34) 1s, of course, implicitly specified that AOb = LCG.
: . Hence combining (29) and (30)
Substituting (32) and (34) into (31) z
N = Afeosr - 37)

R { [I — sinrsin(r + €)]c _ sinr}
COST

+ Dia—f) =0 (35)

When 7, ¢, and D, satisfy equation (35) the planing hull
in equilibrium and the resistance, power, and stability
are then easily evaluated.

Case When Thrust Axis is Parallel to Keel

In many boat designs the shaft axis is nearly parallel
to the keel line. If it is assumed that ¢ = 0, equation
(35) simplifies to

Alc cosr — bsing] + Dyla — f) = 0 (36)
Case When Thrust Axis and Viscous Force Coincide and Pass
Through Center of Gravity

This case is the simplest to evaluate since, to achieve
equilibrium in pitch, the hydrodynamic pressure force
must pass through the center of gravity. It is assumed
In this condition that the distances @ and fand ¢ are
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\Cpb = LCG -

These two equations will satisfy the conditions of equilib-
rium for the case whena = f = ¢ = ¢ = 0. There are
many practical planing-boat designs wherein these
conditions are very nearly applicable.

Performance Prediction Methods—Computational Procedures

The computational technique for the general case is
developed in the form of tabulations which can be com-
pleted as a routine procedure. By setting ¢ = 0 the
computations can be made applicable to Case 2 ; by
settinga = f = ¢ = ¢ = 0 and \C,b = LCG, the com-
putations can be made applicable to Case 3. Tor the
relatively simple Case 3, the detailed computations can
be replaced by a design nomogram.

General Case

It is asswmed that the hull geometry and loading condi-
tions are known and that the trim angle, wetted length,
power requirement, and measure of porpoising stability
ave required over a range of design speeds. Specifically
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Fig. 18 Porpoising laimits for prismatic planing hulls

the following initial information is required:
Given:
Dimensions and lines of boat 8, b)
Weight of boat, A
Propeller shaft line location (f, ©
Center of gravity location (a, ¢, LCG)
Speed of boat, (V)
Required :
Running trim angle (7)
Wetted length (L, L)
Total resistance (D)
Draft of keel (d)
Power
Porpoising stability limit
The detailed computational procedure for determining
the required values is given in Table 1 where a specific
" example is worked out. The procedure, at each speed,
1s to assume several values of trim angle and, for each
trim, compute the quantities required to substitute into
equation (35). It will be recalled that (35) contains all
the conditions for force and moment equilibrium. The
value of trim angle that makes equation (35) equal to
zero is the required solution.
Column 1 in Table 1 is the quantity to be evaluated;
Column 2 is the source for evaluating this quantity
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(either by a mathematical formulation or by summary ‘
plots contained in this paper); and Columns 3, 4 and
5 are the computed value for each of three assumed trim
angles. The last line of this tabulation contains the
value of equation (35) for each of the assumed trim
angles. By interpolating between the negative and
positive values a trim angle is obtained which results .
in a zero value of this last quantity [equation 35) = 01.
This derived trim angle is then used to calculate the
required values of wetted area, resistance and power
requirements. .

Also included in Table 1 is the procedure for estimat-
ing the porpoising stability of the planing boat. The
ratio (C'r/2)"* is evaluated and substituted into the
porpoising-stability curve appropriate for the given
deadrise, Fig. 18. If the trim angle obtained from these
curves Is greater than the equilibrium trim angle com-
puted in the foregoing, the planing boat is stable.

The foregoing proceduresare carried out for the entire
speed range of interest (with the restriction that ¢/, >
1.0) and plots made of the resistance versus speed.

Case When Thrust Axis is Parallel to Keel

The general procedure described in the foregoing is
applied with the exception that ¢ = 0.

MARINE TECHNOLOGY
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Fig. 19 Nomogram for equilibrium conditions when all forces act through CG

Case When Thrust Axis and Viscous Force Coincide and Pass
Through Center of Gravity

For this relatively simple planing condition the em-
pirical equations for planing lift, wetted area, and center
of pressure can be combined into one summary plot.
Koelbe] has developed such a plot which is reproduced
as Iig. 19 of this paper. From this plot, the equilibrium
trim and wetted area are directly obtained without the
necessity for interpolating between assumed values of
trim (as for the general case). Table 2 presents the
computational procedure which illustrates the use of I'ig.
19 by a specific example.
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The porpoising stability is determined in the manner
previously described for the general planing case.

Representation of Specific Planing Form
by Simple Prismatic Surface

The empirical planing equations developed herein are
for a geometric form having constant deadrise, constant
beam, and constant trim angle over the entire wetted
planing area. Most practical planing-hull designs do
have some longitudinal variation in these dimensions. Tt
has been the experience at the Davidson Laboratory
that, for a particular hull design, the deadrise angle and
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beam should be taken as the average in the stagnation line
area of the hull. The trim angle should be taken as the
average of the keel and chine buttock lines.

Care should be taken to assure that the caleulated trim
and wetted lengths do not result in wetted arcas extend-
ing into the forward pulled-up bow sections of the hull.
The empirical planing relations are not applicable for
the bow wetted condition where there are extreme vari-
ations in deadrise angle and buttock lines. In fact, a
necessary area of planing research is to define the forces
on bow forms over a range of trim angles. These data
will be of particular importance in the design of hulls for
hydrofoil-boat application.
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