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1. GENERAL

Resistance in the present context may be defined as the force
tending to resist the motion of a body through a fluid., Stated differ-
ently, the resistance is the component in the direction of motion of the
total force acting on a body. Ships and small craft usually operate at
the interface of two fluids, the air and the water. The major exception
would be deeply submerged submarines. Air cushion vehicles and hydro-
foil craft operate at the interface but will be specifically excluded
from this treatise. We shall confine our attention to surface type dis-
Placement or planing craft. In these vessels, hydrodynamic forces pre-
dominate and will be given appropriate emphasis here.

In order to examine resistance in detail we shall comsider two
concepts: a) the forces acting on the body, and b) the modes by which
energy is dissipated in the water. More simply, what is the effect of
the water on the vehicle and what is the effect of the vehicle on the
water?

Although it is not explicit in the title to this section, we
shall be looking at lifting forces as well as resistance forces. Lift
may be defined as the resultant force component that acts at right angles
to the resistance force. The vector sum of resistance and 1ift is the
total force. '

For the typical boat, proceeding at a constant speed on a
straight line in smooth water, the resistance force will be in the hori-
zontal plane and the 1lift force will be in the transverse plane. More-
over, the 1lift force will be vertical if the boat gecmetry is symmetric
port and starboard. We shall confine our discussion to this case, but
there are other cases of importance. These include steady-state turning
(where the 1ift force may no longer be vertical) and the non-steady-state
case of the boat proceeding in waves.

2. HYDRODYNAMIC FORCES ACTING ON A BODY

Referring to Figure 1.1, the total hydrodynamic force, F, is
acting on the elemental surface area, dA. The orientation-in space of
the force F is arbitrary relative to the coordinate system. The posi-
tive x-axis is in the direction of motion of the body of which dA is
a part. The positive y-axis is to port and the positive z-axis is ver-
tical upwards.



The total force, F, may be decomposed into two mutually
orthogonal forces, T and N, where T 1is the component tangential
to the surface, dA, and N is normal to the surface.

- X
direction of motion

Figure 1.1. Tangential and Normal Force Components.

The sum of the components of N and T in the direction of motion
integrated over the body must equal the resistance, R.

R = f(Tx + Ny )dA (1.1)
A

'.1,"
For the symmetric case, the hydrodynamic 1lift becomes

r.



3. FORMS OF RESISTANCE: MODES OF ENERGY DISSIPATION
3.1 GENERAL

The concept of forces acting on a body being either tangential
or normal to the body lends itself to an understanding of the modes of
energy dissipation. The force associated with a particular energy loss,
taken in the direction of motion, is the resistance component of concern.

Resistance components may be listed as:

1. Eddy resistance: the force associated with the energy
lost in generating eddies which move into the downstream
flow.

2. Frictional resistance: the force associated with the
shearing action of the water within the boundary layer.

3. Wave resistance: the force associated with the energy
that is continuously supplied to the free wave system
left behind by the boat.

Both the eddy and frictional resistances are due to the viscous proper-
ties of the water.

3.2 EDDY RESISTANCE

Eddies are shed abaft exposed appendages such as open shafts
on power boats and may also be generated by too drastic a curvature or
a discontinuity in hull form in the direction of the flow. The flow
behind a transom stern on a conventional power boat proceeding at low
speed is a good example of eddying.

In an ideal fluid,* Figure 1l.2a, a body experiences only normal
pressure forces. The components of pressure on the forebody taken in
the direction of motion resist the motion while those on the afterbody
assist the motion. When the pressures on both the forebody and afterbody
are integrated, the result is that no net force opposes or assists the
motion. That is, in an ideal infinite fluid it can be shown that the body
experiences no resistance to motion. This is known as D'Alembert's para-
dox. However, when the viscous properties of the real fluid, Figure 1.2b,
are taken into account, we find that a modification of the pressure field
around the body takes place. A boundary layer is formed and possibly
some eddies are shed. The effect of these viscous alternations to the
pressure field is generally to reduce the pressures acting on the after-
body. The forebody pressures are altered only insignificantly. With
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direction of motion
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Figure 1.2a. Flow around a body in an ideal fluid.

streamlines

Figure 1.2b. Fiow around a body in a real fluid.



reduced pressures on the afterbody and only small changes in pressures
on the forebody, the integrated pressure component in the direction of
motion leads to a resultant force tending to resist the motion of the
body. This force is commonly called form drag or viscous pressure drag.

3.3 FRICTICNAL RESISTANCE

The force associated with the shearing flow in the boundary
layer on an arbitrary body is difficult to obtain Precisely. Simplifying
assumptions and empirical equations are used to estimate the frictional
or skin-friction resistance. These equations are based on measurements
of forces on flat plates at zero angle of incidence to the flow and have
been largely substantiated by comparison with frictional forces obtained
theoretically. Since boundary layers on ships and small craft are known
to be turbulent, only turbulent boundary layers need to be considered.

The skin friction force may be calculated by the method of
von Kéfmén, using the principle that the shear force at the wall must
equal the change in momentum within the control volume bounded by abed in
Figure 1.3. The result for steady flow on the flat plate is

B
v = 2o [u(v - way] (1.4)

(@)

is the shearing stress at the wall

is the density of water

is the distance along the plate from the leading edge
is the free stream velocity

is the velocity within the bocundary layer at a distance
¥y from the wall

8o 1s the thickness of the boundary layer

where

£ X oA

It is clear that in order to solve Equation (1.lL) the relation-
ship between u and y, or the boundary layer velocity gradient, is
required. Measurements of flat plate boundary layer velocity gradients
have been made by many investigators in the past (Shultz-Grunow, Froude,
Kempf, Gebers.) A comprehensive set of modern data was obtained by Smith
and Walker (Reference 1) and was found to be in good agreement with the
earlier data of Shultz-Grunow and Kempf. In using the Smith and Walker
data one should make slight corrections, as recommended by Landweber
(Reference 2).

Boundary layer theory has also provided functional relationships
for the velocity gradient close to and farther away from the wall. These
are known as the inner and outer laws of the boundary layer. For the
inner law we have



Ur v
and for the outer law

U-u = F/s) (1.6)

U}
where
%
T
u, = (/e)
v = kinematic viscosity
;S s

Vor Karman assumed a velocity distribution function that satisfied both
The inner and outer laws when the right conditions were imposed on the
functions f, Equation (1.5) and F,Equation (1.6). With von Kirmaf's
velocity distribution substituted into the momentum integral of Eqution
(1.4) the expression for the skin friction resistance of a flat plate
under turbulent flow becomes

1
ng = A+ B log, (RngF) (1.7)
U
et c
b/
/ 1
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where A and B are constants to be determined experimentally,

Cp = frictimal resistance coefficient = RF/g-SUe
Rp = frictional resistance

S = wetted area of the plate

Ry = UL/v

L = length of the plate

The significance of the Reynolds number will be discussed in a later
section.

Schoenherr (Reference 3) found that the data available in 1932
could fit Equation (1.7) well if A =0 and B = 4.13. Accordingly,
the now famous Schoenherr friction formulation is

0.2k
?fiFe = 1log)y (RyCr) (1.8)

Other fricticnal resistance formulas have been proposed, but the Schoen-
herr formula is much used in ship and small craft design.

3.4 WAVE RESISTANCE

The subject of wave resistance has received intensive research
for many years, going back to the now-classic work of Froude in the 1870's
and the classical paper on the linear theory of Michell published in
1898. Wave resistance is the component of resistance over which the
naval architect has the most control. On high speed craft, wave resis-
tance often contributes the major share of the total resistance. There-
fore, the incentive is great to find means of reducing this resistance
component.

The nature of ship produced waves needs to be understood before
one can analyze the resistance caused by the energy lost in these
waves. Kelvin's classical explanation for the formation of ship-produced
waves is as follows. Consider a pressure point moving on a straight line
across the water surface. A wave pattern as shown in Figure 1.4 will
result. In the figure, the pressure point is located at the origin of the
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Figure 1.k. Xelvin Wave Pattern

coordinate system, the solid curved lines represent wave crests and the
spaces between the lines are wave hollows. Two types of waves are
present; the transverse waves which cross the x-axis at right angles,

and the diverging waves. The intersections of the transverse and diverging
waves form cusps, points at which the highest wave elevations occur. The
cusp line, or dotted line in Figure l.4jis oriented at an angle of 19°28!
with the x-axis according to‘Kelvin's theory. The distance between
successive cresis on the x-axis, i.e. the transverse wave- length, is the
seme as that for a free wave uravellng in deep water at the velocity

of the moving pressure point.

LW = _— (1’9)
Kelvin's theory also showed that the amplitudes of each wave crest

decrease proportionally to the square root of the distance from the
pressure point.



Observations of the actual wave formations largely substantiate
the theory of Kelvin, but with some modifications. First, = er

berne craft is not a pressure point moving on the free surface. t is
rather, a pressure surface at and below the free surface. For conventional
displacement hulls, such as cargo ships and passenger liners, waves are
considered to emanate from four general areas of the hull; the extreme
bow, the fore shoulder, the aft shoulder and the extreme stern. The
resulting total wave system is confused. Nevertheless, the Kelvin

wave pattern is often easily «@iscernible, particularly in the waves
generated by the bow and, to a somewhat lesser extent, in the waves
generated by the stern. Wave observations also show that the relative
predominance of the divergent and tranverse components is a function

of hull speed and form. Slow -speed barges generate tranverse waves

almost exclusively and high speed ‘hulls generate predominatly divergent
waves. Angles as great as Kelvin's 29°28' are rarely observed.

Higher speeds usually produce smaller angies. Taylor (Reference
L) tells of Hovgaard's observations of angies as low as 11° for a
nign speed Lorpedo boat. Detailed measurments of the waves produced by
prismatic planing -urfaces have beenmade at the Davidson Laboratory
(Reference ») trom which Figure 1.5 is typical. 1In the figure, the
elevations are given only for the area a*t of the step,but other waves
produced by planing ~raft are usually ‘insignificant by comparison. An
intuitive feeling for the tremendous significance: or the wave resistance
of fast boats can be obtained from the figure when one considers that
totai wuve amplitudes of nearly one-half beam are typical. For moderate
sized boats this can amount to a wave several feét in height and a
correspondingly great amount of energy that must be imparted to the
water to produce such a wave. :

There are four independent means of-determining the wave re-
sistance: ’

1. Determine the energy lost in the free wave system. Free
waves are those that are left behind by the boat, which
must do work upon the water in order to continuously
supply the energy expended in the waves. There afe also
local waves, which are distortions of the free surface
by the pressure field generated by the boat. These
waves travel with the boat and do not require a continuous
replenishment of energy. Therefore, the local waves
do not contribute to the wave resistance. The energy
lost in the free wave system can be determined experimentally,
by measurement of the elevations of waves produced by

a . .. -
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2. Calculate the wave r851stance using singularities. such
as sources and sinks to express the shape of the hull.
The most simple example of a body generated by sources
and sinks is the ovoid shown in Figure 1.6. The source
and sink are of equal intensity, or strength. That is,
all of the fluid emitted by the source is taken in by the
sink. When superimposed on the uniform veloeity, the
streamlines take the form shown in the figure where the
heavy line indicates the boundary cf the resulting
closed body. One form of a wave resistance calculation
is the equation of Havelock

1/2
= :rpv2 é 22 (8) cos~ 9 de (1.10)

where A(6) is an amplitude function determined by

the singularity distribution which expresses the hull.

The integration variable, 6 is oriented as shown in
Figure 1.k. Calculations of this type are extremely
difficult to perform even for simplified hull forms. They
continue as the subject of extensive research.

3. Integrate measured pressures on the hull. We have seen
that in an ideal fluid the value of the integral will

be zero Tfor the deeply submerged case. However, when the
hull is on, or in the vicinity of the free surface, the
integral will have a finite value to account for the wave
eénergy being supplied. In a real fluid the value of the
integral will also account for the €ddy resistance, or
Viscous pressure resistance, as was shown in Figure 1.2.
Therefore, in practice one determines. not only the wave
resistance but the viscous pressure resistance as well.
Both teken tecgether are known as the total pressure re-
sistance and correspond to the N contribution in the
integral in Equation(l.l). For the simplified planing:
hull, or planing Prism, the total pressure resistance

can be determined directly from our knowledge of planirg
mechanics. This point will be elaborated upon in the
discussion of prismaticplaning surfaces in Chapter 3.

For more complicated hull forms, as most displacement craft
are, it is necessary to conduct an experiment whereby

a complete pressure survey is made over the underwater hulil

* . . . PR . c 7 - . .

A source is an imaginary point that emits fluid in ail directions
simulvaneously and =zt a uniform rate. A sink is the opposite of
a source in that it takes in fluid uniformly from 21l directions.
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Figure 1.6. Source and Sink Superposed in a uniform siream

form. Normally such experimenis are made cn models and
are expensive owing to the numerous measurements reguired
to map the whole pressure field. As a result, only a
relative handful of experiments of this type have been
run in ail model testing history. See for instance,
Reference 16.

Deduce the wave resistance component from measurements
of the total resistance on models. The means of ac-
complishing this will be discussed along with the subject
of model testing in Section 5. For now, though,we can
say that this method is the most common. It is the
easiest, but it may also be the least accurate method

in many cases and can lead to misinterpretations of

model test results.
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3.5 OTHER FORMS OF RESISTANCE
5.5.1L AIR AND WIND RESISTANCE:

Boats experience resistance forces due to air as well as those
due to water. Since the density of water is roughly one thousand times
that of air, we might expect the air resistance to be relatively small,
which it usually is. Hewever, when one considers that the above water
hull and superstructures of most craft present a rather awkward appearance
in comparison tc the more streamlined appearance of the underwater ll,
we mignt expect that resistance due to air ought to be considered.

Air resistance can be thought of in terms of three components:

i) resistance due to motion through still air
ii) resistance due to wind
iii) resistance due to the waves created by the wind (treated
in Chapter &)

Resistance in air is nearly all caused by eddies. Therefore,
it is proportional to the square of the velocity, a fact that can be
demonstrated using the principles of dimensional analysis. Eddy re-
sistance can as well be related to fluigd density and the area of the
above water configuration projected onto . the plane normal to the
direction of motion.

R, = constant pAj v (1.11)
The velocity term in Equation (1.11) is the velocity of the air reiative
© the boat, i.e.: the boat speed plus any wind velocity component in the
irection of motion. The wind's velocity gradient in the vertical
irection is not accounted for in Equation (1.11). See Pigure 1.7 which is
taken from Reference 8.

Q2 0 ct ¢

The veriation in wind velocity over the relatively small vep
trical distance a small craft extends above the water may not be too
important, but for large ships the gradient may be significant. For
instance, modern high speed corntzinerships typically have superstructure
elements about one hundred feet above the water surface. At such heights
the wind velocity may be half again that found only a few feet above the
water surface.
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Taylor (Reference h) gives an alternative form of Equation
(1.11)

2 2 .
RA = 0.002 BV (L.12)
where the area projected on to the transverse plane is assumed to be
equivalent to a rectangle one beam of the ship wide and one-half beam
high. The constant in Egution (1.12) is derived from experimental
measurements.

Although the influence of air resistance on high speed planing
craft is not ordinarily accounted for in powering calculations, there
is the possibility that this may be an important effect. Particularly
for planing - craft with tall superstructures, such as sport fishermen,
the relatively high position of the aerodynamic forces may induce
trimming moments large enough to influence hydrodynamic torces.
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3.5.2 RESISTANCE IN RESTRICTED WATER

Although, strictly speaking, the =ffects of restricted water
do not introduce another forwm of resistance, they do modifyv the forms
of resistance already discusseg. Waterways of limited width and depth
cause two basic Gifferences in flow, hence resistance changes. First,
considering the boat to be stationary in a channel with the water in
motion, it is necessary ror the water to speed up in passing around
the boat in order to satisfy continuity considerations. Also, there
must be e corresponding decrease in pressures on the hull in order to
satisfy the Bernoulli equation. The boat will tend to settle slightly
due to the decreased bressures. 1In the case of the planing boat, the
¢ffects on boat attitude are most dramatic through the medium, or hump,
speed rangs. Trim angles can be affected Dy a factor of two or more
with a correspondingly large alteration in resistance, since the resistance
of a planing boat is sensitive to trimming angle.Figure 1.8 (keference 6)
shows typical resistance, trim and CG rise for = Series 62% model in
various depths of water.

In shallow water there is also a significant alteration in the
wave patterns. The usual Xelvin pattern is markedly changed, this being
related tc the eilementary wave speed as a function of water depth.
Equation (1.9) gives the relationship between wave length and speed in
water of unlimited depth. Solving for the wave speed, or wave celerity

c= (8w )2 (1.13)
211
Ire more general expression for water of finite depth is
g L & 2mh (&
¢ =(E )% (tann 2 3 (1.1%)

an

"Series 62 is a family of planing hulls model tested at the David
Taylor Model Basin {now NSRDC). The results were published in
Reference 7.
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where h is the water depth. TFor deep w ater, or large values of r/L ,
Equation (i.1kh) degenerates to Equation {(1.13) since the hyperbolic '
tangenu approaches unity. In s ;i ter, or for small values of

r/L,, the value of the hyperbolic tangent t approaches that of its argument,
2uh/L , and Eguation (1.14%) becomes

‘Ngn = 1

re cAlgh 1is called the depth Froude number. At a value of unity
iv is called the critical depth Froude number.

At a depth Froude number considerably below unity the usual
Kelvin wave pattern is maintained. Diverging and transverse wave
components are present and the cusp line angle is about 19 degrees,
or leoss, Tor high speed hulls. As the boat velocity approaches a speed
corresponding to the critical speed, the wave pattern tends to orient
itself at 90 degrees to the course of the boat. A single, rather Large
wave forms and is called variously the wave of translation, the critical
wave, or the bore. Observations of this wave :attest. to its large size,
which should be anticiapted since this single wave contains nearly
all the energy associated with the wave resistance

At supercritical speeds, transverse wave components largely
disappear. The leading crest of the divergent waves tends to reorient
itself back toward the Kelvin angle.

It is at the critical speed that the greatest effect on resis-
tance occurs. Figure 1.91is taken from Reference 6 and shows the residual
resistance (Which is the total resistance minus the frictional resistance,
or the wave resistance plus the viscous pressure resistance) in shallow
water comparsd to that in deep water. A% the critical speed, the planing
boat experiences greatly increased resistance, but at supercritical
speeds there is an appreciable reduction in resistance. It is at the
higher speeds where planing boats usually operate and normally have
sufficient power available to accelerate through the hump at the
critical speeds.
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The mechanisms of the individual components of resistance
have been examined in a qualitative sense. It remains to discuss how
we can quantitatively express the magnitudes of the resistance components.
This will be the subject of the next section.

4. DIMENSIONAL ANALYSIS

4,1 GCENERAL

Dimensional analysis is a method which allows us to determine
groups of physical parameters that govern a particular physical system.
In order to employ the analysis a prior knowledge of which physical
quantities are to be included is required. This in turn leads to the
definition of a functional relationship which the system must obey. The
exact form of the function is not provided by the analysis. It does,
however, give us the non-dimensional variables which should be used in
the evaluation of the performance of the system, both to model scale as
well as full scale. Dimensional analysis relies upon the principle that
if a mathematical description is to be universally true it must be dimen-
sionless. For the ship resistance problem the dimensional analysis is
performed as follows:

R=1(p, V, L, 1, 8 Db, ky, kp, k3: - )

where units*
p = mass density of water M L3
V = velocity L7l
L = length, measure of hull size L
p = viscosity of water M1l
g = acceleration of gravity L T
P = pressure in the fluid MLl 72
ky, k5, . . . = hull shape factors

The shape factors are quantities that describe the geometry of the hull.
For a ship they may be prismatic coefficient, length-beam ratio, etec.
For a given hull form we can assume that they are taken care of by
geometric similitude.

X
=
Il

mass
L = length

m _ +3mo
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The resistance is assumed to be proporticnal to the product
of ail the variables each raised o0 & different exponentizi power.

R p? P 10 9 ge of (1.25)
R must have units MLT'2 and since dimensional homogeneity must
exist
DET2) = Da31e[rriibrnicnpol polid

-2

x [Lr2)ep~t r2if

From this equation three others can be determined, one each for
M, L and T.

for M: 1 = a+d+*¢f
for L: l = <3z+b+c-d+e-7f
T 2 = b+4d+ 2 + 2f

for

Solving for a, b and ¢ gives

a = 1 -48-7°F
b 2 -4 - 28 - 2¢
c = 2~-4 + e

Substitution of the terms for &, b and ¢ into Eguation (1.15) gives
(1-G- 2-G-2e-2 -

Collecting terms of like exponent gives

2.2 Ld_Iﬁe f
R<p VL () G8) <5};7)

or, taking into account that wetted area, S , is proportional to
L2 that kirematic viscosity, v » is equivalent to u/p » using
the fraction 1/2 for the sake of convention and rearranging some terms

LT L S (1.16)
Fps VT TN NTL p W '




Each term in the equation is dimensionless. Therefore, Equation (1.16)
ates that when the resistance is made non-dimensional by the factor

ol SV2* it is a function of cnly the three parameters on the right side
of the equation. We stated that shape factors could be accounted for by
keeping these invariant, but we did not require the hull form o be of any
'particular shape of size. Therefore, Eguation (1.16) also' states that
when two hull forms are geometrically similar, 'such as model and full
scale hull, the flow around the two hulls will be similar and the left
hand side of the equation will be the same for each hull when all terms
in the right hand side are the same. This important principle is the
basis of all model testing. Since nearly all our knowledge of ship
hydrodynamics is based on model testing, careful consideration of
Equation (1.16) is required. That then will be the subject of the next

several sections.

a
+
v

E
s
1
2

L.2 FRICTIONAL RESISTANCE - REYNOLDS ' LAW

The first term in the right hand side of Equation (1.16)
VL/v, is the only term dependent on the viscosity of the fluid. There-
fore, the frictional  resistance coefficient, Cp = R'/% P SV2, will be
the same for geometrically similar bodies of different size when VL/v
is the sameX* This statement is known as Reynolds' Law since it was
Osborne Reynolds who first explained the significance of VL/v, in 1883.
VL/v is known as Reynolds' number, Rn’ the influence of which on flat
late flow we have already seen in Equations (1.7) and (1L.8). For the
arbitrary three-dimensional body Reynolds' Law governs the tangential
forces illustrated in Figure 1.1 and expressed in Equations (1.1)
through (1.3).

L.3 RESIDUARY RESISTANCE - FROUDE'S LAW

William Froude stated his law of comparison in 1868, by
considering the resistance of ship hulls in the absence of frictional
resistance, i.e., the second term in +he right hand side of Equation
(1.16) ignoring the third term temporarily. He arrived at his conclusions
through observations of ships models of similar geometry, but .of
different sizes. He noted that the wave patterns generated were geo-
metrically similar when the models were moving at identical values
of V/JéL, or Froude number F, . Froude's Law then, is that the residuary
resistance coefficient, Cr = RR/% p SV~ will be the same for geometri-
cally similar bodies when ¥, is the same.

%*¥ R/L A QUE Sa mrT1ma dre e o= A
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Other forms of ihe Froude number are in commorn use. Trne
most common is the speed-length ratio, Vkau , where speed is in
snois end the gravitational acceleration term is dropped Values of
V. ﬁxd are approximately three times those of F,

VAL = 3.355 F, F,=0.208 v, AL

¥or nigh speed planing craft, wetted length, L, varies with speed so

at Froude number expressed in terms of length is not a particularly
signilicant parameter since length variations with speed will be

ent from boat to boat. Therefore, two other types of Frcuae

rumbers for use with planing boats have come into popular acceptance.
T Tirst is known simply as a speed coefficient where beam replaces
ieénguh in the usual Froude number. Accordingly

Cv = V/féb

However, few planing craft have a constant beam so that the gliection
of some average value must be made. A second variats s '
volume Frouds number

i/3

Fo= VANV

where Vv 1s the static volumetric displacement of the boat the cube
root of which gives a linear éimension.

An interesting aside to the discussion of various types cf
Froude numbers is that perhaps none is universally applicable to
planing craft. F; suffers when comparing planing catamarans, or
other multihulls, with monohulls. One normally wishes to compare com-
retitive designs at the same Froude nuricer, in which case the total
digplacement of the catamaran would be 1sed. However, in evaluating t: -
performance of the catamaran as a planing device, one ought to use a
Froude number based on half the displacement.

Note that the residuary resistance is equivalent to the wave
resistance plus the eddy resistance. Also, Froude's Law governs the
normal forces illustrated in Figure 1.1 and expressed in Equations
(1.1) through (1.3).



Since model test results are an important ingredient of nearly
any successful small craft design, it is important to have a basic
knowledge of model testing methods. Equation (1.16) shows that complete
similarity between model and full scale requires simultaneous szstisfaction
of Froude's and Reynolds' Laws. This is impossible, however. With
Froude, increasing length corresponds to increasing velocity. With
Reynolds', the opposite is true. These two requirements quite obviously
cannot be simultaneously accommodated. If the ratic between ship and
model size is A

then the velocity must vary as 1/ to satisfy Reynolds' Law and as
A2 to satisfy Froude's Law.

The pressure term in Equation (1.16), p/pVe, demands thzt the
total pressure in the filuid be in proportion to the scale, ratio, A,
which would be the case if the atmospheric pressure were ignored. However,
the atmospheric pressure is relatively much greater on the model.
Fortunately, hydrodynamic forces are generalily dependent on pressure
differences, not total pressures, so that as long as the flow remains
similar on model and ship it is not necessary to satisfy the pressure
term. When the total pressure in the water drops to approximately water
vapor pressure, cavitation occurs and gross flow dissimiiarities develop.
Therefore, we may no longer disregard the pressure term for purposes of
model testing when cavitation may occur full scale. A more thorough
discussion of cavitation is given in Section 5 of Chapter 2.

5.2 FROUDE METHOD

To avoid the seeming paradox of not being able to satisfy the
conditions set forth by Equation (1.1€), Froude proposed z method of
extrapolating model resistance to full scale. Tt is based on separating
from the total resistance the frictional resistance and extrapolating
each to full scale according to different laws. In coefficient form

+ C

Cp=Cp+ G
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cefficient is the same for mndel and full
3in

i nce e
scale at identical Froude numbers according to Froude's Law.

Frouae assumed that if the frictional resistance of both model and ship
culd be calcuisted, then the tutal resistance coefficient for *
ship could be determined as

0
ct
L3
™

which is snown graphically in Figure 1.10 , ignoring the factor CA
temporarily. 1In order to determine the frictional resistance, the hull
is assumed to nave the same frictional resistance as a flat plate of
equal wetted area, length and velocity. The hull and flat plate are
assumed to be smooth. In order to facilitate computation of frictioumal
resistance, Froude towed a series of flat plates of different lengths
and surface textures and measured their total resistance, which ks
assumed was due only to skin ;rlctlon. He assumed the resistance to
oe of the form

R = £8 Vv

where f and n varied according to the length of plate and surface
texture. The value of the maximum Reynolds number of the original

roude experiments was only about 5 x lO7 which is considerabley less
than appiicable for most ships and high speed small boats. Froude'
formulation has since been modified. In 1935 the International Con-
Tference ¢f Ship Tank Superintendents adopted the Froude method, the
essence of which is given in Equation (1.17) as well as the following
equations for the frictional resistance of ship hull forms.

for frecsh water

” 1082
Rp ={0.00849 + 0.0516/(8.8 + 1)] s Vy 2

for salt water (1.18)

] .82
R, = [0.00871 + 0.0530/(8.8 + L)Is vkl 825 ~/}

Theece Ffarmmlatimne nf Frirtinnal recictanre are c+511 4n 11ee in cerme
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n 1GLT the American Towing Tank Conference, officially adopted
the Schoenherr frictional resistance formula for use with the Froude
method. Eguation (1.8)° gives the formula and it is repeated here.

0.242

s

This Formula was considered to be the best representation of the fric-
i

= logyg (RnCF) (1.8)

Lional resistance of smooth flat plates with fully turbulent boundary
iayer fiow. To account for the relatively rougher ship surface, roughness
;a.owance was also recommended by the ATTC. ACF = 0.0004 was recommenaed

newly painted ships.

In truth, the use cf a roughness allowance was merely & means
of bringing into betier agreement model test resistance orecdictions and
resistance deduced from full scale trials. There was no scientific

L]

2vidence to support an increment of frictional resistance cosfficient

due to roughness of exactly 0.000% at high Reynolds numbers. Consequznily
the International Towing Tank Conference later acknowledged the rougnnuess
ariowance as a means of correlation and renamed it the correlztion
allowance, CA’ Values of C, in use today differ widely according to

ship type and huil coating.” Some representative values are given

ir. the following table.

SHIP TYPE CA
Cargo ships 0.000k
Super tanker 0 - 0.0002
Barge 0.0004
Naval vessels with special anti-fouling
coatings 0.0005 - 0.0012
Naval vessels with conventional coatings  0.000k
Small commercial craft 0.0004
Small high speed craft 0

In 1957 the ITIC also adopted a so-called model-ship correlation
line as a better engineering solution to the resistance prediction
problem than the 1947 ATTC line. Its formula is

C.075
C = 7 (1.19)
¥ (loglORn -2 )
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ATTZ Line

ATTC. li»/qa*r 0.0004

— "\$~.

S—
Hughes line - —~  — ———

' —
Blasivs line (laminar {low)
0" o o " o) 0

Rn

Figure 1.11. Friction coefficient formulations.

At Reynolds numbers greater than about 5 x lO7 the 1947 ATTC ang
1957 ITTC lines are virtually equivalent. At low Reynolds numbers
the 1957 ITIC iline gives somewhat higher values of frictional
resistance. See Figure 1.11.

It is at these lower Reynolds numbers that mos: model tests
are run. The ITTC was careful to explain that their recommendation was
not propcsed as a more accurate flat plate friction formula, but rather
&s a more accurate engineering solution to the problem of model resis-

tance extrapolatlon to fuil scale.

An interesting narrative of the various towing tank confer-
euces’ actions regarding model testing procecures and extrapolation methods

is given by Todd in Reference 8.
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[JGHES METHOD

o

N
.
bt

In 195% Hughes (Reference §) proposed a variation on the
Froude method of extrapolation. Whereas the Froude method subdivides

vi:e Toval resistance into two components one of which is due to the
taigential force component and the other to the normal component, the

S

[

Hugnes method subdivides the resistance into components of energy lo
due to viscous properties of the water and to making waves. The wave
resistance conforms to Froude's Law or

See Figure 1..2. Hughes reasoned that the wave resistance ought to

be extrapolated by Froude's Law, and that the total viscous resistance

is made up of the skir friction, analogous to that of a flat plate,

plus the viscous pressure resistance which is caused by the three

2 hape of the body. In order to establish a truly twe

iimensioral frictional resistance formula, he tested pontoons and

~z2tes with proportions that were varied systematically sco that correc-
s rendered the results two éimensional Wétnout edge and end effects.

The maximum Reynolds number was about 3 x 10 The resulting formuia

{Reference 10) is

-
£
1%
o]
0
[N
@]
o
jo)
|
R

0.065

- y /= \
- = ~ \.L.CO,
fo (log, R, - 2.03)°
where Cp, = frictional resistance coefficient for two dimensional
turbulent fiow over a smooth flat surface. See Figure 11.
The Hughes method may be written as
Cpg = Cpy = (1+k)Cpoy, + (1+k )Cpog (1.21)
where :
(i+k)C = C__+C 1.22
) ( ) Fo PV Fo ('L )
where Cpy = viscous pressure resistance coefficient
k = form factor representing a constant percentage increase

over the two dimensional frictional resistance, accounting
for the viscous pressure resistance.
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it provides & means of dete rm*nlng the wave resistance by deduction from
the totei resistance measurement. ZXHowever, the rather low velues of Cio
compared to accepteé vaiues of Cy has been criticised. Hughes'

friction coefficients are almost uniformly 12 percen:t less than those

of the 1857 ITTC line. Therefore, many researchers have used the method
for estimates of the wave resistance, but usually by applying a form
factor to the 1947 ATTC coefflc_vnts, which are more generally acceptiable
as reprasenting flat plate Tiow.

For purposes of full scale predictions, the Hughes method

iz2lds lower values of resistance than those of the Froude method.
iz 15 true even when the same friction coefficients are used, since
there i1s an adjustment to a greater portion of the total resistance

with the Hughes method than with the Froude method. Therefore, it would
be necessary vo.devise larger correlation allowances in order to wae
the Hughes method and predict the same full scale resistance. Never-
Theless, the Hughes method has supplied reséarchers  with a valuable tooO.
with which to estimate the three components of total resistance.

-‘-] ‘d

5.4 TURBULENT FLOW

When conducting model resistance or propulsion experimz=nts,
it is necessary to stimulate turbulent boundary layer flow. As
iliustrated in Figure 1.11, &ll the model-ship correlstion lines
assume the Tlow to be fully turbulent. However, at fairly low Keynolés
numobers the flow may be partially laminar, or transitional. Fuily
laminar bos da*y layer fricticnal resistance follows the formula set
fortn by Biasius as indicated in the figure.

1.327

C = —_—l ﬁ.25
oy (1.23)

Various frictional resistance formulas for transitionsl flow
on fiat plates have been proposed, but large discrepancies between
them exist. Besides, the degree of laminar or turbulent flow on arbitrary
three dimensional forms is probably not a predictabile quantltya Hypo-
heticgily, if laminar flow could be maintained on the model,’ accurate
ull scale predictions could be made even though the full scale boundary
igyer flow would be fully burbulent.  However, practical difficulties
prevent this. On reasonably sized models fully laminar flow is virtually
impossible to maintain. There will always be some transitional, if not
fully turbulent, flow. Also, the nature of separation is different
under the influence of laminar or turbulent boundary layer flow. For

S rl“



6. METHODS OF MODEL RESISTANCE TEST DATA PRESENTATION

So far all the figures used to iliustrate model resistance

have employed the C - R, system of presentation. For purposes of
®Emonstrating the principies being explained in previous sections, this
system is the most appropriate and it is non-dimensional, which is a
prime requisite of any presentation system: For purposes of evaiuating
the relative merits of the resistmees of competing hull forms, the
system used thus far is hardly suitable at least without modification.
To understand this one reeqd orly consider that the coefficient form cof
expressing resistance which has weited area ir the denomirator, cannot
correctly reflect the relative merit of two hulls of different wetted
areas. Also, we are usually interested in using the Froude number as

& speed parameter, since it reflects the wavemaking characteristics of

a hull, rather than using the Reynolds number.

The resistance parameters in most common use when merit
comparisons are desired are based on resistance per unit of displacement
RT /W, where displacement is usbhally measured in pounds for small
high speed craft and in long tons for large ships, RT/A . That is,
superior hulls are generally considered to be those which have low
resistance per unit displacement. This is equivalent +o havirng hi

ifs ~drag ratios, terminolégy common to planing hulls. Therefore,
we often use RT/W vs Froude number in making merit comparisons between
nulls. If the wave making characteristics are io be demonstrated
adequately, the resistance parameter should be divided by a term invelving
the sguare of velocity as was demonstrated in the derivation of Bguation
(1.16). 1In order to preserve non-dimensionality, a division by the
Froude number squared would be appropriate. One such parameter has been
proposed by Telfer on various occasions (e.g. Reference 11) and has

been designated CTL by the ITTC.

gh

Cpp = 21T , (1.24)
AV,

Telfer has also shown that erroneous merit comparisons can
be made if the data presentation systems are incompatible. If the
resistance parameter chosen is to be a function of speed, such as Cors
then the speed must be non-dimensionalized by the same quantities a5 those
used on the abscissa of the graph. For instance, when plotting Cpr,, the
abscissa must be the speed-length ratio or Froude number based on length.
Use o Froude number based on volume would result in an incompatible
presentation.



An example iilustrating compatisle and incompatible systems
compares a round bottom boat (Reference 12) to a hard chine boat
(Reference 13) and is given in Figure 1.13. The upper portion of the
figure shows Cpr, plotted against F,, but since CTL is based on
length, not volume as is F;, there is an incompatibility. The upper
portion of the figure shcws the hard chine boat to be superior above
K = 2.L. But when basing the comparison on RT/W the hard chine
bcat does not become superior until F; = 3.0. Therefore, the choice
o &n incompatible presentation system led to an erroneous conclusion.

Had speed-lengih ratio (or Froude number based on length)
teen used on the abscissa, then the presentation would have been
compatible. But, as we have already mentioned, speed parameters based
or: length are not particularly useful for planing craft. Therefore,

it is logical o introduce e resistance parameter anaiogous to Telfer's
CmL’ outl based on displacement, i.e.,
1/3
Rp gV

A Ve

Converting volumetric displacement to pounds displacemént, velocity
n feet/second to velocity in knots ang dropping the acceleration of

i
grevity term

R
- B L.on
CIIIW' b Q/% 2 (.L.L/)
W=/ Vi

This parameter is no: in common use in planing craft litersture. Hagd
it been used in place of Cpr, in Figure 1.13, the speed at which
ine curves crossed would have been the same in both presentations.

All the foregoing discussion on data presentation has assumed
that the most suitable way to compare competing hull forms is on the
basis of RT/W. However, this may not always be the case. For
example, modern container ships carry cargoes of very low density such
that optimization of %the design may be on the basis of internal volume
or deck area. Even so, these quantities are not normally taken into
account when evaluating the resistance of a hull form, probably since
they are directliy related to the economics of transportation, and
somewhat less directly to hydrodynamic problems. '
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Figure 1.13. Compatible and Incompatible Data Presentation.
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There are other commonly used data presentation systems.
Instead of RT/W, RR/W plotted against a Froude number is ofien used
wh=2n it ig desired to exami the relative residuary resistances of
two or more hulls. Since each hull being compared may have a different
wetted area, hence frictional resistance, an erroneous impression

of the total resistance comparison may be obtained.

The data presentation systems mentioned so far have all been
non-dimensional except for constants such as the conversion of
locity from feet per second to knots or perhaps the elimination of
the gravity acceleration term. In another sense, data presentation
methods that combine total resistance with other gquantities are not
non~dimensional. The actual numerical values of RT/W for 2 particu.ar
hull vary according to the size of the hull. As the size increases
Rm becomes relatively smaller compared to W since W is related
to model and full scale by the scale ratio cubed. 3But the effect
of the frictional resistance correction in extrapolating Rp from oue
size to another is equivalent to scaling Rp by the scale ratio raised to
some power less than three. Therefore, when using a resistance para
eter involving R , it is important to state the hull size. With
p.Laning craft, spgcification of an aribtrary total weight, suck as
10,000 1bs or 100,000 1lbs is usual practice. With larges ships, lengths
of LOO or 600 feet are commonly specified.

Another commonly used method of data presentation is the
so-called circular notation devised by R. E. Froude. Its principal
advantage is that the designer can make merit comparisons on the
basis of the ability of different hull forms to carry the same dis-
piacement at the same speed. Froude non-dimensionsiized speed by div-
iding it by the speed of a free wave of length one half the length of
the side of z cube having the same volume as the hull. Accordingly

the wave speed is
- 1

| 21 / \ I
Dividing this quantity into the hulL speed gives

hH

U gk

\'
5I/6



where (:) (called circular K) is the des signation given by Froude to his
speed parameter. If velocity is expressed in knots and displacement

in long tons
V‘_.
0.583L _X 1.26
o3 AL/6 (1.26)

Froude's resistance parameter was obtained by dividing Rm/A

by which yields a compatible system. A factor of 1000 was also
introduced to avoid small numerical values. Hence
R 1000
=T (1.27)

A €95

where (:) is the resistance parameter symbcl. Wren RT ané & are
expressed in long tons

R
<:>= 2938 T
R

which, except for a constant, is equivalent to the previcusly proposed
Cry- (C) is normally expressed in terms of effective horsepower, PE’
where

_Rp V

= 0.00307 Ry V
550 7T Tk

e}

Therefore

©

As previousiy explained, values of'<:> will be subject to %th
length since the frictional resistance component varies according
to the length. Therefore in the notation a subscript is usually
added to indicate the length of hull for which the resistance was

computed, e.g., ©lOO or@oo.

P
527.1 E 1.28
s e

k

We have examined the more common data presentation methods,
out there are many less commonly used symbols§. For instance, in a

previous section the speed coefficient Cy = V/fé b was mentioned.
Also, res;suance coe flﬂwents of the form R/3 p SV 5, but with S
substituted by L 75 are sometimes used. The reader can readily:

find it tedius to conver:i data from one source to the same form as th-+
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vresented as T and have been ext ranolatvd differently. One of the

goals of the ¢*%C is to try to standarize on the procedures and it hzas
estabiished its Committee on the Presentation of Data for that purposs
However, the committee has not found any Presentation system acceptable
to all and may never do so since the preference of the individual often
dictates the method employed.

7. RESISTANCE OF METHODICAL SERIES OF HULL FORMS

A methodical series of hull forms is one in which geometric
rameters have been varied in a systematic manner. By mzintaining
1l significant parameters constani, such as u/B B/T and LCB position,
put systematically changing prismatic coefficient would constitute a
limited series designed to reveal the reiationship between resistance
&nd C, for the type of hull form in question. A series may be generaied
from one parent hull form, or several, as long as all parent hulls are
systematically related to each other.

Iy en earlier section, when performing a dimensional analysis

of ship resistance, factors expressive of the geometry, ki, kp . . .,

were eliminated from the first equation with the unaantandl ng that the
reésulting analysis would pertain to only one hull form, albeit an arbi-
Trary one. It was necessary to make such z simplification since the
intricate relatiocnshir between resistance and ail possible geometrwc
barameters is not fully understood and cannot be expressed analytically.
Attempts have been made to find such relationships statistically using
resistance data from model tests of loosely related hull forms oFf the
same general type. The most notable of these attempts is Doust's work
with trawlers (References ik and 15.)

Over the years many methodical series of mcdels have besn

tested. Recently the H-2 Panel of SNAME reviewea the open literature and

non-proprietary model basin reports and found that results of approxi~
mately 150 series had been published. One of the main functionz of
Chapter 3 is to illustrate the use of such series, so that no further
detailc need to be presented here. However, a bibliography of series
publications that should be helpful to the small craft designer is
included as an appendix to this chapter. It includes not only planing
hulls, but also series of trawlers, coasters (on which there is a
great deal of literature), nigh speed displacement ships andé large
conventional ships, all of which should be useful to the small craft
designer.
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CHAPTER 2: FUNDAMENTALS OF PROPULSION

1. GENERAL

In Chapter 1, we discussed the resistance forces arising from
moving the hull through the water, In this chapter we will deal with the

means of supplying the propulsive force, or thrust needed to counteract
the resistance,.

Usually the hydrodynamic properties of the hull and propulsive
device are easily separable. Normal screw propellers may be viewed as
one hydrodynamic system and the hull as another. There are interactions
between the two systems when they are brought together which may be
quantified. Figure 2.1 shows this schematically.

Hull Propeller
System System

Figure 2.1. Schematic Diagram of Hull and Propulsion Systems.

The individual features of the diagram may be discussed sepa-
rately as was the "hull system" in Chapter 1. However, there are occa-
sions when the small craft designer may be confronted with a situation
where the resistive and propulsive properties are not easily separable.
This would be true whenever buoyancy and propulsive force arise from the
same part of the vehicle. For instance, the Archimedian screw shown in
Figure 2.2 has a relatively large hub to supply buoyancy and the rela-
tively small blades supply propulsive thrust.

T ¢=BQSG helix cxngle,
\
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Two such pontoons with blades, spanned by a deck, would have
resisvance associated with the pontoons which could not easily be
measured since the flow on the pontoons could be expected to be
radically altered by the blades. Neither could the blade thrust
be easily determined since the flow on the blades alone could be
expected to be radically altered by the pontoon. Therefore, the
resistence and propulsion systems cannot realistically be considered
separately. However, we shall confine our discussion to arrangements
as those depicted in Figure 2.1. Moreover, the discussion of propulsive
devices will be confined exclusively to conventional screw propellers.

Achieving the maximum overall efficiency from the combinatic -
of huil and propulsive device is important. If the power deveiopea
by the propellier is denoted by PD > then the overall efficiency, or
propulsive coefficient, in the absence of mechanical losses in trar. -
mission of the power to the propeller is

P
Pp
where
27Qn
P =
D 550
Q = torque absorbed by the propeller.
n = rotary speed of the propeller (R.P.S.)

and all quantities are in the ft-lb-sec units system. In addition,
the propeller produces a thrust horsepower so that the efficiency
of the propeller behind the boat, cr in the behind condition, is

. TV
Ny = —2 . (2.2)
2lIgn
where
T = propeller thrust output
V, = velocity of advance = average flow

velocity through the propelier disc
behind the boat.



The hull should have an efficiency associated with it, Ny » SUCh
that the product of the efficiencies of the iwo systems, hull and
propeller, will egual the overall efficiency.

X J

That is

7 (2.3)

= Mg e

D IB T'IH

Hull efficiency has to do with the interaction mechanisms between
the hull and preopeller, which will be covered in a later section.

2. SCREW PROPELLER GEOMETRY

This discussion of propeller geometry is largely a matter
of establishing defintions so that subsequent material may be more
readily understandable.

2.1 SECTION GEOMETRY

The most important characteristics of the blade section are
the chord-thickness distribution and camber. The chord is measured
between nose and tail along the helical line that has a radius and
pitch equal to that of the blade section. The following :definitions
refer to Figure 2.3.

Section types:

1) The segmental section has a flat face so that the chord
line and face line coincide. The geometric pitch is
measured from the same line. The maximum thickness is at
the mid-chord point. The backs may be shaped parabolically,
elliptically, or in the form of a circular arc (which is the
most common and in which case the sections are known as
ogival sections.)

2) Airfoil sections generelly have curved faces as well as
curved backs. Thepitch datum line may be arbitrarily
established. The face and back lines are established
by measurements from the pitch datum line. The maximum
thickness may occur at any point along the chord length.
As with all blade sections, the thickness-chord ratio is
defined as the ratio of the maximum thickness toc the chord
length, t/c.
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Figure Z.3. Types of Propeller blade sections.



3) Composite sections may be similar in appearance to airfoil
sections, but they are laid out in a different fashion
and have basis in the theory of thin airfoils. tarting
from the chord line a camber line is defined. The maximum
offset from the chord line, m, is called the camber. The
face line and back line offsets from the camber line
are equal. Wind tunnel test results on many types of
composite sections have been published by NACA and ex-
cellent summary of which is given in Reference 1. Among
those sections, some are particularly suitable for marine
propeller use.

NACA 63, 64,65 - all have a camber-chord ratio, m/c,
of 6 percent. The maximum camber, m, occurs
at 0.3, 0.4, and 0.5 of the chord length from
the nose, respectively.

NACA a =1.0 and a=0.8 mean lines - have chord-wise camber
distribution theoretically derived to yield a
constant flow velocity along the choré under
conditions of shock-free entry. Shock-free
envry implies that a section is working at
the ideal angle of incidence. The stagnation
Pressure occurs at the nose of the section
where the flow divides evenly over the face and
back. The uniform velocity is a desirable
feature fcr propellers that may cavitate. The
a=1.0 mean line has constant velocity over the
whole chord and the a=0.8 mean line for 0.8
of the chord.

NACA 16-06 to 16-21 - have constant velocity over 0.6
of the chord and thickness-chord ratios
of from 0.06 to 0.21.
2.2 BLADE GEOMETRY

Definitions of the geometry of the complete propeller
blade are given in the following list and in Figure 2.k4.
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diameter

pitch

P/D

meximum radius = D/2

radial distance from axis toc section of interest
hub racius-.

r/R=0.2, u.3, . . . . etc. Used as a sub-
script to denote a value at a particular radial
location, e.g., Po.7 is the pitch 0.7.0f the-dis-
tance from the axis to the tip.

number of blades

maximum blade thickness projected to axis.
blade-thickness fraction = t_/D .

disk area = IR®.

Projected area = area of all blades outside the
kub when simply projected onto the piane of
the propeller disk.

developed area = area of all blades resulting
from rotstion of the blade outline in the pro-
jected view .onto the plane of the disk.
expanded area = area of all blades resulting from
expansion of circular arc lengths at each radii
in the developed view onto straight iines. On
ropeller drawings blade sections are normally
shown in the expanded view. Note that by first
rotating the sections onto: the plane of the
disk and then "unwrapping. (or expanding.)
them, the helical chord iengths are preserved.
AD/AO = developed area ratio

Ag/A, = expeanded area ratio

blade area ratio and may equal DAR or EAR

mean width ratio

mean blade width/diamete:z

blade area/blade length (root tc tip)

diameter

(usually based on developed blade area)

term used to describe sweep, or curvature, of
the maximum thickness line in expanded view. A
symmetric blade has no skew. A blade. may have
either forward skew (unccmmon) or backward skew
(common) as is shown in Figure 2.4. A blade
with skewback has greater rake than one with no
skew owing to the effect of pitch.

angle subtended from plane of propeller disk
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3. PROPELLER THEORIES
5.1 GENERAL

Early explanations of their behavior ilikened screw propelliers
O a bolit being threaded into a nut, in which case the propelier
should advance through the water at a speed equal to its pitch times
i ctary speed, Pn' However, the advance speed, V5, was observed
to be somewhat less, the difference being accounted for by the
propeiler slip, s.

ch

ts r

At this point it is appropriate to digress some in order to
efine the two commonly used slips. The first, real siip, S 33 is
the ratio of the dirference in the ideal advance speed, Pn, and the
a i

ctual advance speed, VA, compared to the ideal speed.
Va
- 122
SR= 1 - = \.’.‘..‘—)
Pn

The second, apparent slip, Sp, 1s the slip usually measured on toats
and assumes that.the speed of water through the propeller plane is
the same as the speed of the boat, V ,

SA = 1 - ‘;n—' (2.5)

Since the actual advance speed is usually less than the boat speed,
the apparent slip is an erroneous medsure of the propeller behavior.
However, apparent slip is much more easily measured on full scale
boats and comparison of different propellers of the same diameter on
the same boat using apparent slip is a generally valid procedure.

The efficiency of a propeller might be defined as the ratio
of the oauput thrust horsepowers at the two different speeds. Accord-
ingly

T

Sﬁ

=1-5 (2.6)

=

P

[

and n = 1.0 when there is mno: slip.



Initiall&. Propellier theories developed along two lines.
One considered the momentum imparted to the water by the propeller.
The momentum theory expiains efficiency dependency on propeller loading,
but does not give the shape of the propeller. The blade element
theory considers ' the forces acting on the propeiler based on its
geometry, but has produced unrealistic results for design purposes,
Probably because the theory fails to account for the flow modifications
due to the propeller.

Modern theories are based on the concept of circulation,
or vortex action, and hence the term circulation theory. The relation
between the forces on the blades and the momentum changes in the
fluid are treated. The latest refinements in the theory have made it
Possible to employ it in Practical design work although the comp-
utations are rather complicated and usually done by digital computer.
Introduction of some simplifications makes the calculations manageable
by hand. Some numerical eéxample can be found in Reference 2.

3.2 MOMENTUM THEORY

The propeller is regarded as a disk and imparts a change in’
Pressure to the fluid as it flows vhrough a circular column of
changing diameter. In order to maintain continuity, the velocity
in the column must increase in the downstream direction as the column
shrinks. in size. See Figure 2.5.

The forces at the disk, or propeller thrust, must equeal the
change in pressure times the aresa

T = 8p 4, (2.7)
This reaction force must also equal the change in momentum
T = p.q*dV (2.8)

where q is the volume of fluigd flowing through the disk per unit
time. If the pressure across the disk is constant, then so is the

velocity and

Q=4 -V (2.9)
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.the pressure in the fiuid far downstream must be that of

Noting that I
the free stream and the same as that far upstream, and applying the
Bernoulli equation from the disk to a downstream point and from the

disk 10 an upstream point we get

for upstream of the disk

2
1 1
?PVi *p,=3pPV, *p (2.10).
for downstream of the disk
2 2 ' .
oV +08 V) +p,=4p V] +p, (2.11)
‘ = 4

Solving Egquations (2.10) and (2.11) for P, - Py =0 p yields

& p-=

-
©
(o4
<
~~
n
:x><:
¥
o
<
A
~~
no
’.‘
no
L

Also from Equations (2.7), (2.8) and (2.9)
& p=p-Vy-dV (2.13)
Eliminating & p from Equations (2.12) and (2.13) gives
{rl=v +38 vV (2.1%)
or at the disk the increase in velocity is half the total increase.
Using Equations (2.8), (2.9) and (2.14) the thrust becomes
T=pBy (Vg +385V)B YV (2.15)
In the absence of frictional losses, the efficiency of the propeller

may be defined’as the thrust horsepower delivered by the screw, T Va,
divided by the power absorbed by the screw, T Vi,
TV v
ne=_B8 = __A (2.16)

1
TV, Vy+367V
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From Equation (2.16) it follows that propellers of high efficiescy
acce.erate the water as little as possible ( small B V), while
acceierating as large a mass as possible (large VA). This last
statement seems to suggest that large, slow turning propslliers
wouid be more efficient than small, high speed ones, a fact that is
porne out in practice.

Later developments in the momentum theory include the effect
of rotary velocities in the. screw race, which deteriorate the efficiency
somewhat, but do not detract from the overall conclusions just drawn..

As with the induced axial velocity, the induced rotary velocity at
the screw disk is half the total.

3.3 BLADE ELEMENT THECRY

In the blade element theory each blade of the propeller is
divided into a number of annular strips and each is assumed to act
as a two dimensional foil of infinite span. The lift and drag
forces are obtained from data such as that available from KACA
(mentioned in Sectiom 2.1). A velocity and force vector diagram for
a typical element is shown in Figure 2.5.

For a blade element with span dr the drag force on the foil
will be dR and the 1lift 4L, where &R is the same direction as thre
flow velocity V. V is the vector summation of the rotary and advance
velocities. The total force, dF, acting on the foil is the vector
summation of the 1lift and drag. In turn dF can be decomposed intc
the force vectors dS and dM where d4S is the thrusi supplied by the
blade element and dM is the force giving rise to the torque absorbed.

The total thrust output of the propeller is
R R
T=2/ dS*dr =2 ] (4L cosB - 4R sinB) dr (2.17)
o] o]
and the total torgue is

R
Q=2] dM-rrdr =2 fR (dL sinp + dR cosB) r dr  (2.18)
o o
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Figure 2.6. Section forces and velocities without induced velocities.

Figure 2.7. 1Induced velocities and angles of attack.
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ions (2.17) and (2.18) in conjunction with Figure 2.5
T primitive blade element theory. The effect of the
induced velocities has been ignored, which can have a drametic effecs
on the angle of incidence. Figure 2.7 shows the velocity vector
Giagram including both the axial and rotary induced velocities., The
argle o' is considerably dess than the angle @, and since the 1ift
and drag properties of foil sections are highly dependent on in-
cidence angle, neglect of the induced veiocities in the blade

element theory can lead to sericus inaccuracies. This is true even
though the induced velocities are small relative to the advance

and rotary speeds of the propeller.

The improved blade element theory takes into account the
induced velocities that are a product cf the momentum theory, but
three dimensional effects such as "spilling" of the 1ift at the
biade tips and mutual interference between the blades are noi
accounted for. The basic: circulation thecry and its meny refine-

ments do however, largely accoun: for these factors.
3.4 CIRCULATION THEORY

The circulation theory, or vortex theory, is the basis for
modern theoretical propeller design methods. Circuiation is the
value of the line integral on a closed curve in a flow field. As
an example consider the streamlines in Figure 2.8 where rv = constant
and each streamline is circular. The innermost radius, r,, defines
8 cylinder with its axis normal to the streamlines V. If ro is
very small, the cylinder is called a vortex tube or filament. If
we perform the line integration around any closed path in the flow
field we have the circulation,

o P,
I é Vs s

It can be shown that I has a finite value only if the path of
integration encloses the origin, 0. Otherwise I is zero.

For the cylinder and when the free stream velocity U is
superimposed, the total velocity 6n the top of the cylinder is
U+ YV and on the bottom U - V. According to the Bernoulli theorem
the pressure will decrease where the velocity has increased and vice
versa. The difference in pressure is

8p=123p [(U+ v)g-(U -2 =2 p-U.V



Figure 2.8. Vortex Filament.

The 1ift per unit length of the cylinder will be the integrated
Pressure difference around half the ¢ylinder, top or bottom, or
half the value of the line integral of the pressure difference
around the complete cylinder.

L=%¢ op:dS = pUFVas
or
L= pJU (2.19)
Equation (2.19) is known as the Kutta-Joukowsky equation and is
of fundamental importance for the calculation of the 1lift on a

foil section. If the 1ift is to be calculated, the circulation
must be known.



Circulation is generated by a foil. We may therefore replace
the actual propeller blade by a vortex line called the lifting line.
This is the core of the vortex and for a finite foil is called the bound
or lifting vortex. Along the length of the bound vortex the circulation
could be constant and indeed it is if the foil span is infinite. But
for the finite aspect ratio foil, such as a prop blade, there is a flow
component along the span causing a variation in 1ift along the span
(from hub to blade tip). This produces a free vortex sheet which in-
fluences the angle of attack of the sections of the propeller blade.

Not only is an actual foil of finite length, but its chord is
finite in width. Therefore, an actual foil is made up of a series of
bound vortices, the sum of the circulations of which, at any span-wise
location, equals the circulations of the entire foil at that point on
the span. Each of these new bound vortices generates its own free
vortices along the span.

L~ DIMENSIONAL ANALYSIS AND PROPELLER MODEL TESTING

© In Section 4 of Chapter 1 the detailed dimensional
analysis was carried out for the resistance of any given hull
form. For propellers, knowledge of the parameters that influence
beth thrust and torque is desired. In a manner analogous to that
for resistance, the thrust could be a function of the following:

a) density of water, p

b) viscosity of water, u

c) acceleration due to gravity, g

d) pressure in the water, p

e) propeller size represented by the diameter, D
f) 1inflow speed represented by V, and n

As with resistance

-

a i c Q& e, f 8
T«p,po,g,p,D,VA,n

or

T v v VD D .
> =< A s A , A~ , > (2.2u)
o) D‘?'VA Vg D nD v o) VA
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where the propeller thrust coefficient is

C. = _:-“_2_.2 (2.21)
oD VA
Similarly for torgue
—
e VA VA VAP D
"““__—2=f : J / > (2.22)"
s I}JV‘._,‘L Vg D nhD v o} VA
and —
Q
C = - = (2.25)
2
Q o D VAQ

Equations (2.20) and (2,22) state that, if the Four
quantities on the right-hand side of each equavion are equivalent
for two geometrically similar bropeliers of different sizes, then
vhe Tlow patterns will be similar and the.values of CT a;@ CQ_ )
identical for botl propellers. This Statement applies to propellers
vesved in open water, i.e., without the hull model in proximity
v0 the propeller model. The first term, VA/Jé D, is a Froude
number based on diameter end the third term, VaD/v, is a Reynolds’
number. As with ship model vésing, ooth Froude's Law and Reynolds'
Law cannot be satisifisgd simultantously. However, in contrast to
ship model testing, a correction is seldom required for failure
Tto satisfy Reynolds' Law., This is because at a Reynolds’' number of
about

2 2
MWR.D + (0.7 nD
R = Vg~ ¥ (0.7 )=5x105

Il
v

the values of Cp and C, are observed 4o be constant. Therefore,
model vests are run atthgh Reynolds! numbers where compliance
with Reynolds' Law is safely neglected.

The fourth verm, p/p VAE, can pe neglected as long as
cavitation will not occur on the full scale oropeller for the
Seme reason cited in the discussion of ship models, i.e., the Forces
on the propeller are due to pressure differences in the water, not
total pressure, However, many high speed propellers may be expected
to cavitate in which case the model must be tested in & wager
tunnel where the total pressure in the water can be regulated oy

partially evacuating the atmosphere from the tunnel.
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The second term in Equations (2.20) and (2.22) states
1

what the slip of both model and Fuil scaie must be the same since

Sp=1- 'a =12
h P-n P/p

where J = V,/n'D= advance coefficient and, since the two propeilers
ars geometrically simiiar, P/D must be the same.

If the model test resulis are plovted as Cp and CQ
asainst a base of J the values would be applicavle te¢ the full
scale propeller in open water provided that the model Reynolds
number was sufficiently high an » further, that the full scale
propeller does not cavitate. Should cavitation oceur, an zdditionzi
requirement is that the pressure ove regulated in the model test.

In practice Froude's Law seldom needs to be satisfied since
the propellier is sufficiently immersed to avoid wavemaking due to
the propeller. For this reascn, when model propeliers ars oper
waler tested, they are at a depth of two or three diameiers.
However, since cavitationm must mearly alwsys be taken Inth account..
in designing propellers for igh speed crafi, model propeller data
obtaired in water tunnels are required, Usually, propeller tests
in water tunnels are conducted in the absence of a free surface
so that Froude's Law may be ignored if the full scale propeller is
nov expecied to operate in the vieinity of the free surface., For
most boatvs this will be the case, but in cases such as some race
boats, the propeliers will coperate near the free surface. Reference
12 contains test data on four fully cavitating propellers operating
only partly submerged as well as deeply submerged, The torgue
and thrust characteristics were found to be greatly dependent on_
depth of submergence. When the propellers were partially out of Shs
water, however, the torgue and thrust coefficients were essentially
constant above a Froude number of 3.0 based on diameter. TFor a
two-foot diameter propeller F = 3.0 corresponds to a boat speed of
about 15 knots, a very low speed for a race boat. Therefore, when
model testing propellers to be used near the free surface, it is
necessary to simulate the water depth to obtain the correct torgue
and thrust coefficients, out it appears that Frounde's Law may be
violated if the Froude number is kept high enocugh.



5. FPROPELLER CAVITATION
5.1 (ENERAL

Cavitation is a flow phenomenon caused Dy reduced pressure
in the water, 1If the local pressure is reduced to = sufficiently
low value, cavities or bubbles of water vapor will form. Some
of these may be shed downstream but others may coliapse on she
surfare of the propellsr blades, Whnen this happens over a period
of time, physical errosion of the blade meterial may resuls., In
severe cases the propeller stfength may be reduced to the point
of blade failure.

Cavitation occurs on highly loaded propellers, i.e.,
propeliers thet are required to produce a great deal of thrust,
considering their size, The immediate effect is a breakdown in
thrust and a resulting less in efficiency. In severe cases a boat
may nov attain the desired speed. Even though the buvbles formed
contained water vapor, the local pressure in the water need not
necessarily be reduced to that of water vapor. 8mall parfticles in
the water or small air bubbles can serve as nuclei to encourgge
bubblé Formation.” The following table shows vapor pressure for
distilled water ai varicus temperatures:

Temperature Vapor Pressure

Degrees F psia psfa
>2 0.09 1.3
Lo 0.12 1.8
50 0.18 2.6
60 0.26 3.7
70 0.36 5.2
80 0.51 7.5
Q0 0.70 10.1
212 1k, 70 2117

However, vpropeller cavitation mav occcur when the local pressure is

as great as 2.5 psia, As the table shows, one atmosphere of
pressure, 14,70 psia, is about 50 times thne vapor pressure of

water, 0.26 psia, at normal ambient temperatures. Therefore, the
common occurance of air drawing by propellers when the local pressure
would be 14,70 psia cannot be & phenomenon similar to cavitation.
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Besides bliade damage and loss of propeller efficiency,
ovher deleterious effects of cavitation arz noise, vibravion, and

errosion damage to rudders and struts upon vwhich cavitities may
impinge and collapse.

5.2 TYPES OF CAVITATIORN

There are several types of cavitation each of which is
calied by a fairly descriptive name. They are listed and described
here in the order of increasing propeller loading.

Face cavitavion - occurs on lightly iamded propellers con
the face and near the leading wdge when the angle of
attack vecomes negative due to an adverse local velocisty
component in the wake,

Tip cavitation - appears as a helical spiral shed from the
blade tips and is caused by intense tip vortices, the
pressure in the core of which is sufficiently reduced,.

- Sheet cavitation - ocours @z the loading increéases z2nd the
tip cavities spread along the leading edge. Ths sheets
are generated from the leading sdge across the backs
of the blades.

Bubble cavitation - forms on the backs downstream from the
sheet cavitites,

Hub cavitation - is similar +to tip cavitation since a
vortex must form at the hub end of each blade.

¥inally, if the loading is severe enouvgh, the sheeti com-

letely envelopes the blade backs and the propeller is said to be

ully cavitating, Propellers designed to be fully cavitating ave
discussed in Section 7. ) -

|»-|, 4

5.2 CAVITATION NUMBERS

In general there are two types of cavitation numbers, or
indices that suggest the likelihood of cavity flow. One deals
with local pressures and is called the section cavitation number. The
other considers the propeller as a whole and is usually simply
calied the cavitation number. In order to éistinguish between the
wwe, we shall call the latter the propeller cavitation number.
Each Type of number has more than one definition. In fact, O'Brien
(Reference 2) points out seven different defintions. We shall be
concerned with only two, one for each type.
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change 1o vhe {luid to the stagration pressure. They can be derived
oy considering Figure 2.5.

w0

Vo, Po

Figure 2.9, Streamlines around a foil.

On any streamline the Bernoulli equation gives

2 :
+3p V¥ = constant
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At any poiat P on the streamline with pressure p» and velocity V

2 2
S = X v
P+tzp =D, Fz PV,

and the change in pressure will be
8p =P -p,=z eV, -V) (2.24)
Av the stagnation point S8 the velocity is zero so that the

stagnation pressure is

2

From HEquation {(2.24)
pP=p,+ 5p

Czvitation will occur when p 1is equal to the vapor pressurs Dy

T Py T Bo + 8p
Or, cavitation will begin when
8P 2 Py - Py

Dividing by the stagnation pressure gives the expression for cavitation
number

¢ =2 " Py (2.26)

2.3.1 [FROPELLER CAVITATION NUMBER, %5

The propelier cavitation number is useful for the pre-
sentation of model data and for use in empirical methods to determine
the likelihood of cavitation. It is not particularly useful for
determining local cavitation conditions. It is based on the stag-
nation pressure of the speed of ddvance and the hydrostatic pressure
at the propeller axis.

Pa + PEh - py . (2.27)

o) 2
5 V4

Oy =



-U )=

Figure 2.10 gives the relation between O, and advance spzed in

knots in salt water for pgh << (pa - pv), which is usual Tor high-
speed craft.

Ao \
3.0
8.
2.0
’ \
lo] 20 30 A0 5b

Vi (krots)

Figure 2.10. Approximate relationship between

o, angd Vh.
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2.2 BSECTION CAVITATION NUMBER |, o,
The section cavitaiion number is based on the local inflow
velocity, ignoring the induced velocity. Therefore, it is useful
for determining cavitation conditions for individuzl blade elsmests.
The hydrostatic pressure term is based on the depth of water to <he
bilede section of interest when the blade is in the upright position.

_ p, *pglh-xR)-p
6, = Z& v (2.28)

2 2
5 [Vy~ + (2 xR)"]

o

where bk = the depih of submergence of the xR radius when the biads
is uprighs

For deeply submerged propeliers { h >> R )

%
o, o '
J
where J = VA/HD

Commonly, x = C.7 is used as the design radius since the
greavest thrust is produced at the section located about O.7R from
the propelier axis. Hence, Oy = 0.7 is commonly the section
cavitation number of interest.

5.4 CAVITATION CRITERIA

It is Important to know the likelihocd of cavitation
when designing blade sections or seleciing a propeller type from
among those available in the literature. There are in the 1i-
terature numerous charts that give some guidance to the extent and
type of cavitaticn thal may be expected as functions of thrust
loading, cavitation number, blade area ratio and slip. Moss
o these charts are empirically derived from observations of
cavitation patterns on model propellers and .other practical
experience. Of these, perhaps the most widely known is the Burrill
chart, first published in 1943 and subsequently widely reproduced
in the literature. See Figure 2.11.
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Figure 2.12. Design ranges for high speed propellers.
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Most of the empirical charts make little or no allowance
for propellsr section type that may be a mandatory reguirenent of
any cavitavion criveria for propellers to be used on planing crafi.
For extremely hign speeds, fully cavitating sections may ©e reguired
because severe cevitavion is unaveidable. TFor lower speeds, there
may b2 The possibility of some cavitation and at even lowsr speed
fully wetted conditions may be assured. Kruppa (Reference 4) has
devised a2 chart based on assumptions of unisorm inflow conditions
and relationships veiween pressure differences and section properties
from thin airfoil theory. The chart is reproduced in Figure 2.12.
In the upper left-hand region of the figure, fully cavitating pro-
pellers will be required while in the lower right-hand region there is
little chance of any cavity flow. The section cavitation pumber
must have a value less than about 9. = 0.12 for cavitation to
oceur. IT 9. £0.05, fully cavitating conditions may be expected.
in the central region on the chart in Figure 2.12, one may have 1o
tolerave some cavitation and may select a propeller type designed
©0 maintain efficiency under such conditions.

6.0 PROPELLER TEST DATA PRESENTATION
&.l X - J SYSTEM

In Section 4 it was noted that open water test datia or
water junnel test data could be presented as CT and CQ against J.
However, at iow advance speeds the denominator of these coefficients
cecomes smail and the values of the coefficients correspondingly
very large. For tugboat bollard conditions the advance velocity is
zero and the coefficients are infinitely large. To avoid this dis-
advantage we can replace VA by nD since J = Vh/nD is the same for

model and full scale. New coefficients result.

For thrust

T £
Km = \C'BO)
T o neDh
tor torque
Q
K = e (2.31)
Q o] n=pd
Tne efficiency in oven water is
T VA
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When the quanitities in Eguations (2.30), (2.31) and (2.32) are
plotted against J we have a graph of the "open water cnaracteristics”
in probably the most common format, called the X-J syscem. An
illustration is given in Figure 2.13 for the NSMB B-Series with

4 piades ~nd 0.55 area ratio. (See section 7 for a deseription of
the NSMB B-Series). As the figure shows, one of the priacipal
advantages of the K-J system is the apparenv display of the aeffecus
et pivch-diamster ratio. . When design conditions are reliaved to
vaiues of torque or thrust, instead of delivered or thrust horse--
powers, the K-J sysvem is quite suitable.

The effects oi cavitation on thrust and torgus character-
istics of a singie propeiler operating at different cavluaulon
numbers are easily seern in the K-J data presentation format. An
i1llustration for cne of the KCD series propelliers (description
given in Section 7) is given in Figure 2.14k. For higher values
of slip, or lower velues of J, when the propsller is mors heavily
loaded, the thrusy coefficient decreases for lower values of ¢
more than for less severe cavitation conditions. This quuv-a“ulaueo
the remarks made in earlier sections to the effect That caviation

causes thrust breakdown.
6.2 B - & SYSTEM

Another common data presentation sysvem is the B-® system
Tirst used by Tayior. +s chief advantage is that design conditions
related to horsepower valuss, either thrusti or delivered, are
accommodated by the B-& system. Eguations for the pertinent
auantities zare

For thrust

K Uo'.5 ' .
Bu= —Z.5 (2.33)
Va
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Troost Type B-It.55 propeller open water chart.

Figure 2315.
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For torgue

y 07
B, = _ 2.34)
P Vae.D
For slip
KD
& = {2.35)
Va
The open efficiency is
Bu .2
e~ (5. ) (2.36)
15
where
N = revolutions per minute
U = thrust horsepower
P = gdelivered horsepower
V. = advance sgpeed in knots - .

1t

Figure 2.15 shows the BD - & chert for the data of the same
preopellers used for Figure 2.13

Tnere are alternative presentation systems to those
mentioned, but usually the data of propeller series is presentéd in
either the K-J or B-% system auc possivly in a second system. One
example is the p - 0 system where

p D3.%

- e Y
pevy 53 (X )°
_ e F
w=a(Ty T (X
G = D é _ K _ Jo
21 21K J

Convenient conversions beiween the X-J and B-B systems are:

1
B_= 33.00 (% )2
P J5
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7. BSYSTEMATIC SERIES OF PROPELLERS

Over the years many methodical series of model propellers
have been tested. Mainly the effects on thrust and torque of pro-
peller blade area ratio and Pitch-diameter ratio have been invest-
igated, but some series work has included limited systematic
studies of the effects due to variations in skew, blade thickness,
radial pitch distribution, etc. The data from these series are

"applicable only for the cavitation conditions that existed during
the tests. Therefore, the designer cannot apply data from a series
of models tested at Oo = atm (the pressure on the surface of the
water for ths tests was one atmosphere ) if he anticipates cavitation
will occur on the full scale propeller, at least not without some
empirical adjustment of the data. Most proveller-series have been
model tested at O, = aim, but some have been tested over a range
of values of o

No systematic series of models of fily cavitating
propellers has yet been tested. Howaver, some isolated test
results are in the literature. See, for example, Referencs 12.
Theoretical methods of designing supercavitating, or fully cavi-
tating, propellers have proved to be reasonably accurate. Thrust
and torque characteristic for a series of theoretically derived
supercavitating propellers may be found in Reference 13 while
Reference 1% explains a design method based on theory.

Table 1 lists some of the more useful model series in the
literature. The data from the first Two series, ABW and NSMB, can
be applied only when there are assurances of no cavitaetion. The
KCD series data are applicable to boat speeds of about 25 to 30
knots according to the curve in Figure 2.10. Similarly, the KGaA
series datz may be used for boat speeds up to L0 knots and the
NewtonHadar ' seriés data up to perhaps 60 knots. TFor higher speeds,
supercavitating propellers will be required.

The Newton- Radar propellers are of special interest to
The high speed boat designer since they were specially designed to
uperate under cavitating conditions even though they zre not
supgrcavitating propellers in the usuyal sense of the term. Norma



fully cavitating sections are somewhat wedge-shaped. They have very
sharp leading edges, required to induce *he cavity, and blunt, squared-
off tails, required mainly so that the section will have enough material
for adegquate strength. The requirement of a sharp leading edge eliminates
the possibility of much material in thig region and this is a problem as
far as strength is concerned, Owing to the blunt trailing edge, the
propeller blades have very high form drag at speeds less than required
for the fully developed cavity. Consequently supercavitating propellers
have inferior efficiency at low speeds. Since the Newton-Rader Pro-
peller sectims are similar to those used in the design of non~cavitatbing
propellers the efficiency is acceptable over a broad speed range. As
noted in Table 1, Reference 11 contains only a tabulation of the test
results for the Newton-Rader series. To serve as a degign aid, Figures
2.16 and 2.17 show the Newton-Rader data in the K-J presentation system.



t

SOSDU
i PatyIpow pue wioy
PS4y 2 13di )9
-1seab yrrm! quy
ueatt g*p = »| {(dyy qe jooy )
‘wie VIVH woay pado B3I | ~tiDY ) Iy pars
11 PV Ige: -GZ°0 56°0-84°0 WotZ-50" ~|2A3p suo|1das 0900 £ |auopu ) 1s0dwod { o ¥y Alteraedd FAPEY Ok ]
1
‘wie sajtas (umey ) Jeaur |eruanbas fiviyey jaen
0l r- *05701 0171-050] 00°2-09'd May o1 te s Sh0'0 £ [ouon SEAER LIVN IEYRT-TRTE Attegraed {urrey Jydy
MINE 40 Funowe . | tped sapan
Pue uojing|irsp dgau | o | TIvanbas
N 8- S y211d jejpas jo 05900 ‘11ped Jauyy Bupyergaes
I 67y r -3 SZ°1| 0B0-§S D 097189 s133)j2 s3pn|ou) - 0%0°0 9-4% tZi-g Y oltoyase Poma g Aljerniseil i
3 .
‘uo(jey .
-{ABD O3 2iq|3dos
“|-ns aJow reymawos
SEM YD iym 53 14as
oo -y Aq papasard 1eoug | Liped ._umac
-4 -SBM atal pag|Jad 550°g .m._.._ ﬁu:wﬁcmw
{109 r- ‘el Gpti-0€ o Oh' 1-05q -53p sa|Jps-g - 0400 £-z | 51 ,_wv_ [$04d1p PAHAAS, PaYIdM L) png {15404] J9uSN
g r-y IRl 0tti-0z'0 0D"Z-0Kr'0 ' Jeaun | |etGawbas .
0900 £ fouov CETTRS T3 2radr 3] paiiam &)y { e My
' Uo | 3aq 110
"GN wRisds uojren obuey abuey abupy 7 uney ‘Bap add) BULIIRD [ Ay 1qearddy
oy -uasadagd ele) co Hyg ad/d Sydenay, $53uyI Yy mﬁm_m Z B ey Ua | ¥2a5 ape (g eye 531435
HNo 1 L 4 1 w93 s i

+

S91J28 JS113d0Id D TTeim15AS 40 STs5a] 19pG
1 3189yl

H j¢ ATcoing




Figure 2.16 (a). Kp vs J for Newton and Rader propellers in open water (Reference 11).
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Figure 2.16 (b). Xp vs J for Newbon and Radar provellers in open water (Reference 11).
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Figure 2.16 (c}. Kp vs J for Newton and Radar propellers in open water (Reference 11}.
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Figure 2.16 (d). Kp vs J for Newton and Radar propellers in open water (Reference 11)}.
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Figure 2.16 (e). Kp vs J for Newton and Radar propellers in cpen water (Reference 11).



gure 2.16 (f). Kp vs J for Newton and Radar propellers in open water (Reference 11).
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Figure 2.16 {(g). vs J for Newton and Radar propellers in open water (Reference 11).
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Figurs 2.17 (a). 10 Ky vs J for Newton and Radar propellers in open water {(Reference 1),



Figure 2.17 (b). 10 Ky ¥s J for Newton and Radar propellers in open water (Reference 11).
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Figure 2.17 (c). 10 Kg vs J for Newton and Rader propellers in open water (Reference 11).
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Figure 2.17 {d). 20 KQ vs J for Newton and Radar propellers in open water (Reference i1).
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Figure 2,17 (e). 10 KQ vs J for Newton and Radar propellers in open water (Reference 11).
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Figure 2.17 (f). 10 KQ vs J for Newbon snd Radar propellers in open water (Reference 11).
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Figure 2,17 {g). 10 K vs J Ffor Newton and Radar propellers in open water (Reference 11).
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Figure 2,17 (R}. 10 KQ vs J for Newton and Radar propellers in open waiter (Reference 11).
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Figure 2.17 {i}. 10 K, vs J for Newton and Radar propellers in cpen water (Refersnce 11).
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HULL-PROPELLER INTERACTIONS

o

So far in this chapter we have discussed only propeliers,
wherezs Chapter 1 was devoted exclusively to the hull. The two
sysvems, hull and propulsive device, may be expected to interszct.
Specifically, the flow the propeller sxperiences when placed
oeiiind the hull is non-uniform and has an average speed usually
—ess vhan thal of the boat. In this new flow Field the propsiler
vorgue and thrust properties difrer from those in open water. The
resistance of the hull form is alsc modified somewhat Gus to the
influence cof the propeller on the flow arocund the hull. Usually
vhe effect is to increase the resistance, hence the ierm resistance
augmensv. Viewed from the standpoint of the propeller, the thruss
outpui must be greater than the resistance of the hull without the
propeller, hence the term thrust deduction fraction.

CI

6.1 WVAKE

T~ — ——--The—differenceimthe “hullspeed;—V; “erd-the - sverage
speed orf advance into tThe propeller behind the boat, Vu, is
called the wake speed. The wake fraction is the ratioc of the
wake speed to boat speed.

w=_""Ya
v
or
v
1~y =2
v

If the wake speed exceeds that of the boat speed, the wake is said
to be negative. This rarely occurs in practice and when it does,
the wake is only slightly negative. Wake Ifractions may be as

high as 0.50 on some types of ships, but on high speed planing
boats with exposed shafis the wake fraction is usually small.

Wake flows on hull forms consist of three components.

a) The frictional wake is the fluid slowdown caused by
the boundary layer dowusuream from the hull,

b) The potential weke is caused by the streamline flow
eround the hull. According to the Bernoulli theorem
reduced pressures cause increased velocities and

vice-versa.
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c) The wave wake is caused by The orbital wvslocities
contained within %the waves created by the hull form.
Crests create forward velocties and trxroughs stern-
ward wvelocities.

The propellers on high speed planing craft are usually only slightly
within the boundary layer and are not near waves so that the wake

is iargely a2 potential wake due to the pressure disiribution

on the hull. However, the influence of the pressures a short
distance from the hull is relativeiy small, whichk accounts for

the low weke fraction values associated with the planing hull.

There are two commonly used types of wakes: nominal
and effective. The nominal wake is obtained by actual measurements
of velocities either point-by-point with a multi-hole pitot tube or
oy an impeller with vanes at some radius. The impeller gives the
average velocity in the axial direction whereas the pitot tube gives
iocal velocity components in thr2e dimensional space. See Relerence
15 for pitot tube data on a2 planing craft. ‘

The effective wake is obtained with the propeller in
place and from measurements of torque or thrust and RPM on the pro-
peller. From these measurements we can calculate Kp and Xq-
Corresponding advance coefficient values, dJdmp Or JQ, can be determined
from the open water characteristic curves. Finally, effective
wakes based on thrust or torgue can he calcualted.

g
wg = 1= 22 (2.37)
J
J,
w‘-Q: L --....g (2-38)
J
where
J = V/ob
and
V = TDboat spead.

Hadler (Reference 16) gives values of effective wakes and bther
propulsive guantities for two different planing hulls as follows:



* e
R -
Tt ) (LJQ) Ty R S Tig
Hall No. 1 0.99 0.97 0.95 0.90 0.65 0.5%
Hull Ko. 2 0.96 0.98 0.93 1.08 0.69 0.59

* Dbased on resistance with appendages
T based on bare hall resistance

8.2 RELATIVE ROTATIVE EFFICIENCY

The fact that 2fTective wakes based on thrust and on
worque are not identical should come as no surprise since
propelisrs many be expscied to behave differently in different
flow fields. The propeller efficiency in the behind conditicnh,
Tps is not identical To that in dpen water, Mg, and the ratio
of the two is known as the:relafi@ﬁa rovavive erficiency, 7y,

-;]R = T]B - m == T Q’O '\2 . 39 )
7o) O
EHQOn

wnen thrust and torgue are measured at the same slip. Relative
rctavive efficisencies rarely deviate more than severzl percent
from unity. Values of relative rotative efficiency from Referernce
16 are given in the table in Section 8.1.

8.3 THRUST DEDUCTION

When the propeller is placed behind the hull, the Tlow
is accelerated as was explained by the momentum theory of propellers.
Modificaticns to the boundary layer, the potential field and the
wave inQuced velocities result and thers .isa corresponding change
in resistance. For equilibrium to exist, the new resistance
must be equal to the propeller thrust output, or the component in
the dirzction of motion in the case of inclined shafting and or
boat trim. Normally the thrust is greater than the resistance
measured in the absence of the propeller. The difference in thrust
and resistance is called the resistance augment. The resistance
angment fraction is
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Viewing the problem in the reverse fashion, we say that
we must make a deduction from the thrust equal %o the resistance
augment. Or, the thrust dszduction fraction is

t = T~ Rr (2.40)
T

. Rr
T

1
_—

8.4 HULL EFFICIENCY

In view of the remarks in the preceding section we may define
the efficiency of the hull as the resistance horsepower, or effective
horsepower, Pp, required to tow the hull as a ratio to a thrust horse-
power, DPp, bDased on the "average" velocity of flow in the plane of the

propeliler, Thus RV
L
550 R \i
Mg = v - )
YA T Va
550
or i £
L -
= (E‘L‘Ll)
"H 1 - 4

Values of hull efficiency from Reference 16 are given in the table
in Section 8.1.

8.5 FPROPULSIVE COEFFICIENT

The introductory paragraphs to this chapter defined
overall efficiency, or propulsive coefficient as the produci of
the efficiencies of the propeller and hull.

D~ BTN
But

iy # MR*No
So

ip = T]o"rlH'ﬂR (2'1“2)
which is also

R
Pp



~98-

The reader is caution=d to distinguish between the
sigtance of the appended and unappended hull. Since the
delivered horsepower is thet reguired to overcome: the resistance

i the appendages as well as that of the hull, and since most

H
L

o3

resistance data avzilable to the planing hull designer are for the
bare hull, the table in Section 8.1 contains nD‘s based un boih
resistahce messurements. Chapber 3 contains much more useful
information in this regard for the small craft designer.

6. GSELF-PROPELLED MCDEL TESTS

There are two reasons for conducting seli-propelled
model tests. They are a) ©0 zain an accurate prediciion of the
rorsepower developsd by the propeller, and o) to determine the
wake fraction and hence the velocity of advance into the propeller.
Without the aid ol propelled model tests, the propeller designer
can only esvimate the wake fraction. There are several nelpiul
empirical eguations for wake fraction, but model tests axe re-
quired for accurate estimates. For example, see Referesrce 3'for
eguations developed by Taylor and Schoenherx, and others. Common
Pracivice is to base & preliminary model propeller selaciion,
from among the stock of the medel testing establishment, on em-
pirical means of determining wake fraetion. Once the tesi results
are in hand the propeller design can be refined if reguired.

The similitude eonditicns“that must.be satisfied for the
zeli-propelled test are the same as for resistance testing since
the model moves through the water in the same way except that is
is propelled rather than towed. Cavity flow conditions cannot
be accurately represented. Therefore, models of high speed crafi
with propellers that are likely to cavitate cannot be accurately
self-propelled. TFortunatély, wake fractions are usually low on
planing nulls so that the absence of self-propelled model data
does not seriocusly affect {he accuracy of the advance spsed used
in propeller design. More appended planing hull model resistance
tests should be conducted however, since the lack of knowledge
of appendage resistance probably creates more inaccuracies in planing
boat powering predictions than lack of knowledge of wake speed.

In spite of The difficulties of conducting high spzeé self-pro-
pelled model tests, many small craft can still be so teshed if
no cavivation on the full scale propeller is expected.

If the model was completely propelled by its propsiler
then it would supply a specific thrust egquivalent to the model
specific resistance plus augmentation. This would reguire a
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specific propeller thrust loading, KT’ cn the model greater than

on the ship and s corresponding inferior model propeller efficiency
would result. The full sczle specific resistance is less than

that for the mcdel according to the equation

Crg = Cpy = [Cry - (Cpg + Cn)3 (?-1@5)

wiiere the terms in the bracket are the null friction correction. The
rigit-hand side of Eguation (2.43) when evaluated for the model,

is termed the “ideal resistance.” Possibly this term is a misnomer
since it connotes an ideal fluid, rather than a2 viscous fluid that
does not regquire a friction correction for model tests. (Admittedly,
he lztter case would be an ideal situation.) Therefore, in order for
the model propeller to have the correct spesecific thrust loading, it
need overcome only the ideal resistance plus augmentation. The

towing carriage supplies the balance of the force required to maintain
vhe desired speed. The towing force is

Dy = ; sV [(cFM ~ {Cpg ¥ CI1

evaluated for the model.
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CHAPTER 3: PERFORMANCE PREDICTION
1.0 PERFORMANCE PREDICTION
1.1 GENERATL

This chapter will be devoted almost entirely to planing
boats. Virtually every bottom type, round, V, etec., will be con-
sidered, and information on the resistance of some & these at semi-
planing and displacement speeds will be glven. The calculation of
appendage and wind resistance is the same Ffor all Types under
consideration.

In a broad sense performance prediction encompasses the
determination of not only the resistance, running attitude, and
spray formation in steady state planing, but also motions and
acceleration in six degrees of freedom, as well as the stability of
rotation about the three axes. Moreover, this shouwld all be done
for smooth and rough water, in symmetrical and unsymetrical
planing conditions.

Not many of these matters are subject to numerical
evaluation. The mathematical techniques are available but in many
cases there is little or no experimental evidence with which to
work. Therefore, some of the factors which influence the perform~
-ance of planing boats depend solely on the designer's experience and
Judgment. Examples of items in this category are roll stability
vitile planing, and bank angle in turns. There are some factors
which are subject to varying degrees of approximation such as turn-
ing radius, resistance and trim of non~planing boats, etc. The
calculations in which we have the greatest confidence are those for
resistance and trim in the full planing condition of prismatic or
neaxly prismatic hulls, and predictions Ffrom model tests, and even
these, of course are not really exact.

Many of the references present experimental data. Some of
the authors fit cwrves to the data and derive equations; others draw
conclusions regarding the relative merits of designs. The reader is
urged not to take too much on face value, including this chapter.

Fe should examine the references, their data, and their conclusions
very carefully. There is scatbter in the data, and sometimes more
than one curve can be drawn with equal justification. Tn addition
there are other problems with model testing as well as full scale
testing., TUnexpected model results are sonetimes charged to improper
turbulence stimulation, for example, and trim prediction from
small and large models differ. Model testing people have spoken
seriously of "tank storms" and "Monday morning results”, the latter
rresumably because turbulence in the water is at 2 minimum afier o
week~end of inactivity. Pactors of this type contribute to the
need for careful examination and interpretation of data, no matter
how meticulously it was gathered. However, it should be emphasized
that much useful data has been gathered from model tests including
prismatic planing surface data which is widely applicable to
planing boat power prediction.
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But the reader is not left completely on his own in these
mavters. Many of the references discuss these problems, some
rexumine old date and correlate it with new dzata, ete. A great deal
of the recommended examination and interpretation has been done by
experienced men, and most of the material in the refererices is trust-
worthy., Nevertheless there are differences of opinion among the
expercs, and there is still much to be learned. It is goed to see
the subject in cerspective, and tc have a true appreciation of the
present state-of-the-art of performance prediction.

Therve is a great deal of controversy over the relative
merits of round and V-bottcems. This is 2 good example of why the
reader must use good Jjudgment in interpreting the material presented.
In Referencze 37, Marwood sud Silverleef give the results of model
tasts which compare a round bottom boat and a V-bottom beat for smooth
water resistance and rough water behavior. Their conclusion was that
the round bottom design was superior. It didn't require thousands of
dollars worth of tank time ©o find that they are comparing a good
rownd bottom design with a poor V-bottow design. As pointed out by
Savitsky in his discussion of the paper, the performance differences
are due, not to round versus hard-chine per se, but to other factors
such as fireness of the buw and deadrise distribution which could be
the same for either type. Tn general, as a round bottom type is
developed for greater spesd, and as a V-bottom type is developed for
hetter seakeeping, the two become very much alike, This will be
ilIvstyated datey, -~ -7 - T oTmoo-v ' '

Ouwr intenticn is not te go into great detail in covering
meterial which has been adequately presented before. Instead, this
chapter will primsrily be a gunide to the use of the references.

Reference 16 is a good one to start with because of its
approach to the subject, while Beferences 1 and 12 are essential
because of thelr treatment of the subject. Four different viewpoints
or. the understanding and calculation of planing phenomena are pre-
sented in these works. For other calculations, such as appendage
resistance, Reference 3 is necessary and Reference 9 provides much
additional data. Referencd 3 is also essential because cf its broad
and thorough treatment of hydrodynamics and the many references it
cites. I addition to the above, it is very important to have Refer-
ences 4, 5, 131, 15, 20, 21, 22, 25, 30, 57, 60, 61, €3 and 70. The
relative importance of each of the remaining references depends to
some extent on the designer’s needs. For numerical data the various
series reports are a great help, particularly Sexries 62, Reference 6,
Series 63, Reference T, and %he patrol boat series, Reference 27.

From the standpoint of the practicing small craft designer
ibe works wvhich are least important to have at hand are References 2,
18, 34, 35, 39, 43, 45, 46, 50, 53, 54, 55, 62 and 63. The reader
should consider vhe references and bibliographies cited in this
chapter’s references for further informetion. The most complete list
of works on power boat design (more than 1000 titles) is given in
Reference 76 and its companion volume, Reference T77. ’



2.0 DISCUSSION
Z.1 ELEMENTS OF TRIM

2.1.1 Basic Planing

The mechanics of planing have been treated in great detail
in the references, and no more of it will be repeated than necessary.
There is no uniform definition of planing, and in practice there are
many borderline cases in which it is difficult to decide on the basis
of any definition. For the purpose of performance prrediction by means
of the planing equaticns, (there are other means of performance pre-
diction which will also be covered) we are concerned with prismatic
or nearly prismatic surfaces. That is, the buttocks must be straight,
and the variation of the beam and deadrise in the vlaning area must
not be great. Wken a surface of this type moves with a rositive
angle of attack and the flow separates cleanly from the chines and
transcm, it is planing. Ancther criterion, given in Reference 1,
considers a beat to be planing when Cy/AfA\>1. This a good critericn
but is not practical for ficld observation.

For steady state planing all the forces and moments acting
on the boat nust be in eguilibrium, The simplest case is that of a
flat vlate planing at trim angle, T » oo a frictionless fluid. See
Figure 3.)a. The only force acting on the surface is the normal force
Ny-which is made up of hydrodynaemie and hydrostatic pressures, Its
vertical component is the 1ift,/\, and its horizontal compongnt is
the presswre drag, D,. In this case D, =AtanT. When friction is
added the foreces are as shown in Figure 3.1b. There is still a
normal force as befors but there is also a tangential force, the
friction drag, Df. HNow the total drag is Iﬁ=£§'tanq?f(Df/bos. ).

In the cawe of a planing boat with & fixed longitudinal
center of gravity location, the trim angle will adjust itself to place
the center of pressure under the center of gravity. We need, there-
fore, o determine the trim angle which produces equilibrium. There
are two methods of direct calculation. Ope was developed by Clement
from the equation of Shuford (Reference 18) and is Presented in .
References 12 and 13. This method is suitable only for high speeds
where the buoyant contribution to 1ift is negligible. The informa-
tion is presented in the form of design charts for easy application,
Reference 13 applies only to planing catamarsns. The other method was
developed by Savitsky, Reference 1, and takes into account the buoyant
forces and is therefore applicable to very low speeds. The resistance
prediction is not quite as accurate at semi-planing speeds as at full
planing speeds, primerily because of side wetting, but the srim pre-
diction is good through the applicuble speed renge. This is a signifi-
cant fact because in many practical design problems itrim in the hump
region is much more important than resistance. There is usually ample
vower to get over the hump but excessive trim car block the helmsman's
visiou, vreate a dangerous wake, and aggravate cbher problems, The
use or this material will be explained in Section 3, but Zcor the
veesent it will suffice to explain that the basic trim calceulation -
assumes thz forces to act as shown in Figure 3.2. These assumptions
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are implicit in the work of Clement, Murray (Reference 15), and Koelbel
(Reference 16), znd in many cases they provide & sufficiently close
appreximation. In Reference 71, Peter Brown of the Davidson Labora-
tory has modified the Shuford eguation for planing 1ift to provide
greater accuracy, that is, better agreement with experimental data.
This new work has not yet come into gereral use.

L.CG = CpbA
Figure 3.2. Forces acting through center of gravity

2.1.2 Pactors Which Influence Trim

There are additional factors which influence trim besides
N, Df, A and T (the thrust). Saviisky has developed a computational
procedure which takes most of these inito accowat. &4s shown in Figure
3.3, Tthey are:

a) The thrust does not usually act through the
center of gravity, ard it is not always parallel
to the keel, This creates an additional verti-
cal force and 2 trimmisg moment.
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b} The fricticnal drag force does not act through

the center of gravity and therefore creates
a trimming moment,

¢) Because of these trimwing moments the normal
Torces on the bottom cannot 2ct through the
zenter of grevity, in order to maintain
equilibrivm,
As well:

d) The Savitsky calculations have been programed
for the comouter by a number of pecple, and in
at least some of thre programs, an additional
Tactor s considered. It is the frictionsl
drag on the centeriine skeg and its trimming
moment.

e) Wind resistance has not been included in the
Planing boat program. It is usually considered
as an additional drag item, but in some cases
of very high superstructures it could have a
noticeable trimming moment.

f) The propulsion device has two influences on
the boal's trim in addition %o that of the -
thrust line, One is due to the pressure field
around the propeller. The reduced pressure
caused by the increased velocity tends to drop
the stern. The second, for propellers inclinded
to the flcw, is an additional blade Tforce acting
at right angles to the shaft line, in an upward
direction. Tn the case of a jet pump installa-
tion, only the influence of the inlet will be
Telt. There is no guantitative information on
the effects of jet pumps but the case of screw
propellers has bsen investigated by Hadler and
reported in Reference 11, complete with design
charis.

2.1.3. Longitudinal Stability

This refers primarily to porpeising. In his calculation
method, Clement gives no criteria for determining longitudinal atability
but in his report on Series 62, Reference &, he presents a chart which
gives porpoising limits for boats of that series, Savitsky, Reference
1, gives anmother chart of porpoising limits for Prismatic surfaces of
several deadrise angles. Both are useful guides and should be checked.
Porpoising is an important consideration because it is the Principal
feature which limits the speed potentiel of a stepless planing hull.
This matter is further discussed by Stoltz in Reference 16, and by
Clement in Reference 17, '
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2.2 ELEMENTS OF RESISTANCE

2.2:.1 Frictional Resistance

In calculating the frictional resistence of a planing boat,
it is necessary to make the same assunptions as described in Chapter
1 for displacemeni vessels, except that the actual wetted area is
ceiculated at each speed, instead of using the static wetted area.
However, we assume the frictionzl resistance i the same as that of a
rectangulaxr flet plate the length of which is equal to the average of
‘the wetted keel and wetlted chine lengths. It is also tacitly assumed
that the frictional resistance acts horizontaily, except in the case
of the detailed calculations described by Savitsky in Reference 1.
Plots and/or tables of the frictional resistance coefficient versus
Reynolds number may be found in References 2, 3, 4, 5 and 16. The
usual roughness {or correlation) allowance is 0.000k, although there
are other opinions on this, e.g. Baier's discussion of Reference 15.
There should be some increase for shorter surfaces and decrease for
longer suwrfaces but usually the smealler the boat the betier chance
there is for a wniformly smooth surface so in the absence of specific
and accurate information for a particvlar case, the standard allow-
ance is satisfactory.

In the planing celculation ¢f Reference 1 the spray resist-
goce 1s treated as an _increment of the wetted area. It has been
demnnstrated that the water in the whisker spray {forward of the sprey
roct) comes from a thin film on the still water surface ahead of the
beat, and that its direction of flow across the bottom is a reflection
of' the directicn of inflow tc the spray root. It was therefore simply
a matter of geometry to determine the sprey wetted area and the
direction of flow, which depend only on the deadrise and trim angle.
{Bee Figure 3.k). It is only the aft comporent of the spray velocity
vhich contributes to the drag. Using the assumptions that the friction
coefficient of the spray is the same as that of the solid wetted area,
and thal the velocity across the sprzy webtted aresa is equal to the
inflow velocity to the spray root (that is, the speed of the boat)
then the spray contribution to the resistance is easily calculated.
This contribution becomes smaller with a reduction in deadrise and
increase in trim. For these combinabions of trim and deadrise which
cause the direction of the spray velocity tc be transverse, A, the
effective increase in wetted area, is zero {even though there may be
a large spray wetted area) because there is no additional drag from
the spray. In some cases spray drag can be negatiie because the
velocity vecltor has a forward ccmponent. When using these calcula-
tion methods, which are derived from prismatic data, for warped bottoms
the local values of deadrise and trim (mean buttock angle of attack)
in the spray area should be used rather than the afterbody values
used in the principal planing calceulations. The derivation of this
methad of calculation is given in References 1 and 5k, Additional
information is contained in the discussion of Reference 6. This
method of calculating spray drag has been criticized because of the
assumptions regarding friction drag coefficient and velocity. It is
nevertheless a good approximation and may be the best we can do at -
the present time. However, it seems probable that the energy.
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required to maintein the spray formation comes from the Atan U com-
ponent of resistance, 8o verbhaps the spray drag should be Froude
scaled. Reference 1 has a good picture of spray formation on a
prismatic model and Reference 16 has a number of pictures of spray
formation on a non-prismatic hull.

It showld be mentioned thet the flow directions shown in
Figure 3.4 are for o heavily loaded model at high trim. Full scale
observations of the Llow under a relatively lightly loaded planing
hull (with a translucent bottcm) running at “rim angles of 2 - 3
degrees show flow linas just ebout parallel tc the keel over the
entire bottom, except perhaps within a few inches of the chine,

2.,2.2 Wave Resistance

For the full planing conditions of & prismatic (or nearly
prismatic) surface, calculstion of the wave resistance, Dp, is &
simple mavter because the pressure force, N, acts normally to the
Yottom and it must necessarily be of such magnitude that its vertical
ccmponent is equal to the weight, A , of the boat. The normal force
itself can be eliminated by geometric considerations, and the wave
resistance is Dy I AtenT, as shown in Figures 3.la and 3.1b.

Woen the curved portion of the bow is immersed, particularly
at lower speeds and heavy loadings, the wave resistance is a much
more complicated matter and is not subject to direct czloulaticsh. Tt
must be estimated from the results of model tests cor other empirical

o
Il

Wave resistence is sometimes called residual resistance
because of the standard procedvre in mcdel testing of measuring the
total resistance and subtracting from this the calculated friciional
resistance of the model. based on the wetted area. What remains is
the residual resistance and the usual practice is to scale according
to roude s Law, the eniire regidusl resistance,

Ir the cese of some imporient model datae, e.g. Series 63,
References 7 and 8, no spray rails were fitted (it is a round bilge
dexigu) and at the higher speeds ths bow sprey runs right to the
shzer before separating. These large wetted areas szbove the static
wateriine are nct given 1n the model data and therefore it is not
possible to accurately determine how much of ths medel resistance *o
seale sccording Vo Froude’s Lew and how much to scale by Reynelds's
Law. Irn addition, a Tull size boat of this type would be Titted
with spray rails near the design waterline and most of the topside
webiing would be eliminated. It is impossible to estimasie the trua
wvetted area from the phetographs of the medels, and in addition the
friction coefficient and flow dirvection in the spray area sre not
known. This is further complicated by the fact that, even if the
spray worntribution to model drag couwdd be eliminated on the assump-
tion that the full size boat will have spray strips, the presence
of the spray strips will cause a change in rumning trim and con-
sequently in the wave resistance of the boai, thereby introducing
another unknown of perhaps greater magnitude. So it seems that
for the present we must use the standard method of expansion. The
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spray resistance ie therefore iacluded in the residusl resistance and
considered proporticnal to the displacement. Probably it would have
been better o apply spray strips te the mcdels. However, at lower
epeeds, below & o of abouh 1.3, depanding on loading, the bow weve
is not so high and the residuel resistance calculation is satisfactory.
Some further informsition on this problem, irn connection with hard
chine models, is contained in Eoelbel.'s discussion of Reference &.
Additicnal information on spray strips is given in Feference 19,

The use of trim flaps has an influence on the residual
resigtance. They have a direct pressure dvag of their own but by far
their greatest influence on drag is through their influence on +he
Turning trim of the huwll, Edwin Monk published the resulis of sone
evrly Tull scale experiments with trim flaps. See Reference 56.

While interesting and irformative, the material cammot be used to pre-
dict the effects of flaps on other boats. In 1970 John C. Angeli
wrote a technical. note, Rzference 72, on an investigation ke masde into
the uge of trim fla2ps on boats of his owa design. Tt includes both
experimental and analytical work and is generally appliceble to boats
in the full plaring condition, provided they are sgimilar in degign to
the models Mr, Angeli tested. This work has not yet been published,

A more recent invesigation by Peter Brown was published
thiz yezr. Sez Feference 7i. The use of this maiterizl will be
covered below under “"Methods of Caleuwlation”,

2.2.3 Appendags Resistance

Appendages which have their greatest dimention in the direc-
wion of ship molion, and which are thin and lie substantially in the
£low lines with the bogi in steady motion, such as ths external keel
or skeg, can be considered to have primarily frictional resistance and
can be simply included in the wetted area. Other appendages of hipher
aspect vatlo, zuch as rudders, struts and shafits have more pressurs
drag than frictional drag and their resistance should bhe caleulated
zecording to methods given in References 3 or $. Additional informa~
tion can he foumd in References 5 and 10,

The prediction of appendags resistance from model tests is
rot easy because the size and speed of the hull are scaled by Froude's
Law, whereas the appendeges, which create no gravity waves, should be
Reynolds scalad. This, of course, is out of the question bacause it
would requive the model appendages to be larzer than the full scale
aprente#es. So model appendages are always made to the same scale as
the hull., DMethods of predicting full scale resistance vary and the
designer should rely on the establishment doing his testing for the
best prediciion methods. A raport on the scale effect of model
appendages is given in Refersnce 42,

In making direct calcwlations of the appendage resistance
they should be considered in fairly small parts but thers is a prec-
tical 1imit to the detail ithat is useful. For shafts, strut arms,
and rudders the free stream velocity can be used for the whole pert,
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but flor the strut palms, scoops, otc., consideration csn be given to
the velocity gradient in “he boundsry layer, Velocity augment dus to
the propeller slip strecam should alsc be taken inte account when
appendages are inflveanced by it.

In caleculuting the drag of projecting intake scoops, it is
satisfactory to consider the stagnation yressure of the average local
velocity to act over the exposed frontel ares, but for flush inlets it
1s necessary to consider the change of momentum in the intake water.

2.2.% Air Resictsnce

Because of its relatively low magnitude air resistance does
not require the care given to appendage or hull resistance (except in
very high speed Loats) but it is worthwhile %o consider separately the
above water hull, the superstructure, and items such as large masts or
tuna towers, using appropriate drag coefficients for sach, The trimming
moment of the air drag on very high structures should be checked
because its effect on the trim angle of the hull could have largs
effect on the hull resistance, If the boat is required to make its
deswgn speed in a specified sea state, the wind speed required to pro-
duce that sea state shouwld be added to the boat speed in calculating
air drag. Usually no allowance is made for the variation in wind
relocity with distance =bove the water., References 3, 4 and 9 give
wseful design information.

Z.2.5 Rough Water Resistance Increment

This subject will be treated in Chapter 4. In addition,
some gualitative remarks on the effects of hull shape will be made in
Section 2,3 of this chapter.,

2.2.5 Influence of Propulsicn Device on Resistance

On sny vessel with upward or inward slooing bottom surfaces
forward of the propeller, such ag ships and displacement boats, there
is an increase in resistance because the low pressure field shead of
the prepeller reduces the forward acling pressure force oa the sfter-
body. In a plening boat afierbody surfaces are practically horizontal
80 this change in resistance is virtually zero, BSut the rressure
field of the propeller has an indirect effest on resistance becsuse of
its effect on the trim. In addition thers is a vertical side Force
(on & propeller at an angle to tre flow) which tends to reduce the trim
angle. Whether the net effect of these influences will be an increase

r reduction in resistance depends on whether the change in trim is
tovard or away from the cptimum, This matter has been investigated by
Hadler ard a complete discussicn including design charts is given in
Reference 11,

When outboard motors or sterndrive units are used, the trim
of th= boat can be altered by chenging the tilt angle of the lower
unit., This not cnly changes the direction of thrust but there is a
significant lift force on the cazvitation Plate. It is principally
through the effect on trim that sterndrive wnits influsnce the spesd
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of beats relative to that obtained with conventional inbosrd installa-
tions of equal power. Hadler has shown that a propeller inclined to the
flow does not lose efficiency. Basically, thrust lost by the upward
moving blads is gained by the downward moving blade. In addition, because
of the 1ift to drag ratio common in planing boats, the reduction in

the horizonial componsnt of thrust due to the shaft angle is more than
offset by the reduced load on the water duzx to the upward component of
thrust.

In comparing The performsnce of various propulsion systems one
cannct agsume equal hull resistance because the change in 1l.c.g. from
ong installstion to another will have a large effect on the resistance
curve., Alsc, the complete weights of wvarious installations are important
considerations. These must include, for example, such items as the
weight of ipnlet apd exhaust silencing systems for gas turbine engines,
the fuel load required for a given range or gas turbine engines, the
fuel load required for a given range or endurence, which depends on
the efficiency of the propulsion device (and on the specific fuel
consumption of the engine).

There zre other effects of the propulsion device which influsnce
the resistance. The torgue (of a single.propeller) causes the boat td
heel and the off cehter thrust (if the! inflow velocity is at an angle to
the shaft centerline, as in the case of conventionsl inboards) tends to
turn the boat, which requires some rudder sugle to keep the boat on course.
The jnduced drag due to the side force on the rudder, and the increased
rzgistance due to the resulting yswed attitude of the hull, are not
uswvally calculated bub their existence should be recognized. Reference
55 gives test results of flat and 20° deadrise prismatic surfaces planing
in rclled and yawed ettitudes bub the lowest trim angle invesiizgated was
€9, Tt is good background material but more work must be done befcre
it becomes useful to the praciicing designer.

2.3. HULL CHARACTERISTICS WHICH AFFECT PLANTNG PERFORMANCE

As with the other sections of this chapber, it is possible to
glve only a brief coverview of the subject., Further information and other
spinizns are presenied in References 20 through 31, as well as Refersnces
3. 5, 15 and 16. Particularly recommendable are References 20, 21 and 25.

2.3.1 Section Shaps

A, V-Bottom. 7The most freguently used section shape is the
V-Bottom, ranging from a few degrees of deadrise to around 30 degrees.
In general, increasing deadrise reduces rough water pounding, improves
directional stability, increases bark argle in turns, increases trim
and reduces efficiency. There is cne exception to the last point in the
case high speed stepless becats, with more or less fixed l,.,c.g. positions;
when the low dsadrise hulls have “flattened out” Ho %rim angles below
the optimum, the deep V-hull ruming nearer the optimum trim will bhave
less resistance, Ixcessive deadrise at the stern mekes handling diffi-
cult at low speeds znd reduces transverse stability while planing.



V-bottom hulls utilize a2 wide variety of section shapes.

a) Convex. This is inherently s wet section but by the proper
use of spray rails the hoat can be kept dry. The secticn pounds less than
others of egual deadrise becauss there is less likelihood of i#s contact-
ing the water on a large arez at once. See Figure 3.5.

Pigure 3.5. Convex sections

b) Concave. This is inherently a dry section but it is
very hard riding because the hollow areas almost always "pocket"
the water and produce impacts, sometimes over large areas at once.
See Figure 3.6. ‘



Figure 3.6. Cancave sections

¢) Straight. Straight sections are considered by some to
be about as good as any, and when considering only a itransverse sec-
tion this cpinion has some degree of merit. But when considering the
entive forebody surface produced by straight sections, it becomes
apparent that they have all the faults and none of the virtues of both

convex and concave sections. That is they produce a wet, pounding
hoat.
O

1}
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gure 3.7. Btraisht sections
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d) Inverted Bell. These sections were designed as a “consbtant
Porce® section and in an analysis of a two dimensional section immersing
at constant rate into still water, they are. But a three dimensional
heat operating in an irregular sea, especially bow seas, slaps very badly
under the chine flare, The rounded keel does not pound, but produces a
strong tendency to directioral instability. It needs an external center-
line keel or low spray strips to break up the cross flow when the fore-
foot becomes immersed in cross seas., Sse Figure 3.8.

e) An important aspect of the V-bottom design is the poss-
ibility, in high deadrise boats, of using spray strips on +the bottom to
separate the flow. In this way the boat can plane on a wide bobtom at
low speeds and a narrow bottom at high speeds. The same can be accom-
plished by means of a knuckle in the bottom withgreater deadrise out-
board and less inboard. In a double chine design of this type an
effective spray strip is required at the knuckle. These designs work
out moderately well in practice, but notperfectly because the spray can-
not be kept off the bottom as well as it appears on the drawing board.
See Figure 3.9.

Pigure 3.9. Deep V sections with spray strips
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B) TInverted V-Bottom. This configuration has been popular
with some dasigners ever since Hickman first introduced it, because of
expected dryness and air cushioning of the ride. While the form has
good hydrostatic stability, it also has an inherent tendency to cap-
size outboard on tuwrns and therefore must be modified by beveling the
chines. ©See Figure 3.10, The hull form provides some cushioning
effect on the larger ripples, but in seas of any significance it is a
hard pounder. Reference 32 presents test data on the planing charac-
teristics of an inverted V prismatic surface with minus 10 degrees
deadrise. Reference 33 reports that an inverted V model of minus 20
degrees deadrise has "significauntly larger” impact loadings than a
Tlat plate at some trim angles (high trims for a planing boat), but
8ls0; for nearly flat impacts, "a trend toward smeller loads relative
te the flat bottom model®. Additional test results are given in
given in References 20, 2L and 2k,

%)
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Figure 3.10. Inverted V sections
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C) Variations of the Inverted V-Bottom. There are many
varigtions of the inverted V besides the beveled or "non~-trip"
chines, such as the W-bottom and, with the addition of a second V
on the centerline, an inverted W-bottom. Cathedral hulls and
"whaler" hulls are good examples, Some of the configurations are
incredibly complex and appear o have little engineering or archi-
tectural justification. One of the better of these forms is
basically a moderately deep V hull with recurving chine flare which
1s designed to throw the spray down. In some of these designs it has
has been observed that the spray is thrown down with such foree
that the rebound causes more spray to come aboard than if horizontal
chine flare bad been used.

These boats all have generally rectangular deck plans, and
have, in varying degrees, the same virtues, and faults as the in-
verted V-bottom boat, namely static stability and a hard ride in
rough water. The only guantitative information which is available
for boats of this type gives little or no reason to suspect any
superiority in load carrying or efficiency. See Reference 20. Ap-
Parently, no lines have been published on these designs.

D) Catemarans. The twin hull configuration offers an
opportunity to increase the efficiency of a stepless hull., Porpois-
ing stahility limits the reduction in wetted zres possible through an
el's shift of the center of gravity, and, in @ single hull, transverse -
stabllity limits the possible reduction in beam. But the catamaran
€orm makes it possible to run on. Hwo very narrow hulls which together
provide both longitudinal and transverse stability, Reference 13
gives a method for predicting the ideal bigh speed resistance of
planing catamarans, It does not account for any interference effectis
between the hulls. The catamaran, like most of the hulls discussed
in the previous section, provides a soft ride in small waves. But
in waves large enough to contact the wing structure, the impacting is
severe, This configuration is discussed in References 20 and 21,
See Figure 3.11.

. | /——_'_ -

Fizure 3.11. Catamaran sections
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E) Rournd Bottom Boats. The performance of round bottom
boats can be predicted with the planing equations when spray strips
can be located to effectively separate the flow fairly low on the
turn of the bilge. There are several reports of model tests on
specific round bottom hull forms. Some of these are given in
References T%, 8, 27%, 28, 33, 34%, 35%, 36%, 39, 40 and 41. The
references with asterisks present results for variations in the
proprotions of the hull lines, in other words, a systematic series.
The basic hull form for References 7 and 8 is shown in Figure 3.12.
References 34 and 35 present a high speed displacement hull form
(Figure 3.13) and Reference 36 presents a moderate speed displace-
ment bhull form,

There is a great deal of powering information which does
not refer to specific hull forms. It is good for preliminary
estimates of power and with experience can be falrly reliable.
Sometimes it is the omly informstion available. Same of the best
sources of this information are References 3, 4, 15, 37, 38. It is
in the form of equations or simple charts relating power to the speed,
weight and perhaps z dimension of the boat. Rach designer should make
his own collection of this sort of information, constantly checking
it against the most reliable information he can get. Some of this
information, derived from some of +the references and s number of
uopublished sources will be presented in Section 3 of this chaptexr.
Aside from the problem of predicting resistance, spray
rails are a necessity for a rownd bottom boat. One entirely con-
ventional round bottom boat was observed in high speed turns to
roll outboard and go down by the head badly. When spray strips
were fitted along the waterline the boat banked inboard on turns
and mainained normal trinm,

TMB Model N0.4777
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Figure 3.12. Round bottom sections
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The typical round bottom boat (Figure 3.12) is guite flat on
the bottom and pounds badly when driven hard in rough water. Getting
the turn of the bilge higher to increase the deadrise is a help. See
Figure 3.1k, However, excessively Fine lines forward are to be
avoided because of their tendency to dive and cause broaching in a
following sea.
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Figure 3.1k, High deadrise, round bottom sections

An apparent aromally ir round bottom boat resistence has
been noted in Reference 27 and discussed in Reference 20. This is
the faect that at high planing speeds a round bottom model was found
to have less resistance in smooth water than a comparable V-bottom
model. The reason for this is that the round bottom model ran at
more nearly optimum trim which was higher than for the V-bottom
model. However, this fact was a detriment at hump speeds and in
rough water, particularly from the standpoint of accelerations.

2+3.2 Longitudine]l Shape

4. Stepless. This form is the easiest for which to Pre-
dict resistance and the easiest to bwild but has speed limitations
because the trim is paturally reduced as speed is increased. It is
often difficult to make a good compromise between the best dimensions
for hump speeds and the best dimensions for high speed. In order to
predict the trim the buttock lines must be straight in the afterbody,
but when the meximum speed of the boat is in the hump region the trim
and resistance can be reduced by hooking the buttock lines down .
slightly at the transom or by the use of wedges or trim flaps. But
experience indicates that boats with hooked buttocks terd to broach
more than boats with straight bubtocks, although there is little or no
quantitative information on this point. '
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The buttock shape at the bow deserves some consideration
because it influences rough water bebavior, as well as ruoning trim
at low speed. There are a number of NACA reports on seaplanes which
can be used for guidance. Reference 43 is representative of these
and Reference 25 is especially recommended. A systematic investiga-
tion of the influence of bow shape on planing boat performance is
Just beginning and this work will be covered in Chapter ki,

B. Stepped Hulls. Stepped hulls offer an opportunity to
reduce wetted area, control trim angle, and increase the aspect ratio,
but fixed stepped boats are not entirely free of stability prdblems . -
fixed stepped boats are not entirely free of stability problems
because the afier planing surface rides on the wake of the forebody
and this wake changes shape with speed and loading. Collins Radio
Company, in an unpublished report (Reference 4L), describes the develcp-
ment of a single step rumabout with a deep-V forsbody and flat-V
afterbody arranged so that only the outhoard area of the af"terbody
would plane on the bow wave of the forebody, only a narrow portion of
which was immersed. This seemed to produce better longitudinal
stability.

The use of an adjustable stabilizer on a single step hull,
the Plum-boat, is reported by Clement in References 17, 45 and 46,
The conecept has promise, Although a prototype has been built, testing
bes nesn Zimited and there has been no oppartunity. to see if it will .
produce a practical full scale boat. Clement has also investigated
the use of botiom camber on stepped hulls to further improve their
efficiency. This work is reported in References 47, 48 and 49. The
effect of the bottom camber is to increase the pressure toward the
trailing edge where it normelly drops off, thereby creating greater
total 1ift on a given wetted area.

Hobbs has discussed stepped boats in Referencd 31, and has
had some success with two-step, moderately deep-V hulls. The claims
Tor this type of hull compared with a stepless deep-V ocean racer
type, are speed equivalent to 30 percent more power, controlled trim
broducing & softer ride in rough water, and greatexr maneuverablility.
While there is still little documentary evidence ; his experience and
that of a few others, going back to the British CMB's, indicates
that the stepped hull can make an excellent rough water boat.

The two step hull eliminates some of the stability problems
of single step boats, but there seems to be no additional benefit
from more than two steps, although multiple steps and "shingled"
bottoms, multiple longitudinal and diagonal shingles, etc,, have been
used. Reference 2k gives the results of model tests on several con-
Tigurations of this type.

C. Warped Bottoms. The variation of deadrise with length,
that is twist or warp in the bottom, reduces the planing efficiency,
but only to a small degree for reasonsble smounts of twist. It is a
swall penalty to pay when compared to the advantege gained. If the
high deadrise required in the forebody is carried all the way to the
stern, the boat will be difficult to maneuver at low speeds, and
sometimes also at high speeds, Also, if an amount of deadrise which
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is reasopable at the stern is carried forward of amidships, the boat
will pound badly. So, some twist is good but excessive twist is very
bad because it causes the forefoot to drag in the water, reducing
directional stability and increasing skin friction. Fortunately,
with convex sections a good compromise can be reached whereby a
nearly prismatic surface can be used aft of the high speed stagnation
line vhile the area outboard of and forward of this line can have in-
creased deadrise and curvature, both of which help to reduce impact
bressures. One such example, teken from Reference 25, is shown in
Figure 3.15. This is obviously not the ideal solution to every design
problem but for a small boat which must operate in a wide range of sea
conditions and with a large variation in l.c.g. and displacement it
has been very good. As with other designs, it is unfortunate that
these claims are not better docimented.

D. Forefoot Contour. As stated in other sections, a deep,
fine forefoot will produce a strong tendency toward broaching.
Usually, in a planing or semi-planing boat the fairbody line (the
Profile of the hull without appendages or hollow garboards) runs in
a straight line forward from the transom. This line should begin
curving up toward the stem at about 60 or TO percent of the IWL Ffor-
ward of the transom. This, of course, is not a hard and fast rule
and varies widely with the initial trlm of the fairbody line, the
expected running trim, and the amount of external skeg to be used.

The problem is to achleve directional stability not only in smooth
water, but also in a cross sea which has a tendency to throw the bow
eround, and in following seas, especially breaking surf, when it is
uﬂperatlve that the bow 1ift when being driven down the face of a wave.
It is also important that the hull be directionally stable at dis-
placement speeds. This tywpe of forefoot is one of the features which
contributes to the good directional stability of most of the cathedral
and whaler type hulls. There is no guantitative information available
for evaluvating the effect of forefoot shape on boat performance. As
with many other features, the designer must develop his own judgment
based on careful observation of the performance of existing boats.
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B. Trim Control. In many designs the variety of operating
conditions imposes a large fore-and-aft shift of the center of gravity
and/or a large variation in displacement, Usually the limitations on
the principal dimensions preclude having the boat trim properly at all
loads and speeds. In some ocean racers bow ballast tanks, the f£illing
and draining of which can be controlied from the helmsman's station,
are used for trim control, both in getting over the hump with a full
load of fuel in the stern, and to reduce ruomning trim in rough water.
In many types of boats transom flaps are used for trim control. In
very fast boats aerodynamic trim control is sometimes used, principally
1o keep the bow from lifting =nd flipping over. Aerodypnamics, other
chan wind drag, are beyond the scope of this work, aund fixed trim
control devices, such as wedges and hooked buttocks are discussed
under longitudinal shape. The prineipal point to make is that we have
the tools for predicting the speed-trim curve for many boats. If it
is known that cerfain combinations of speed, weight and center of grav-
ity result in unacceptably bhigh trims, and, if the dimensions of the
boat cannot be changed to correct this, then there is good engineering
Justification for using trim control devices. In the case of ballast
tapks, which may be free flooding, static trim and stability must
also be considered. This is one area in which we are sble to make
good performeance predicticns. Calculations for the effect of trim
flaps will be given below.

Limited trim control is also achieved by the use of two
or more planing surfaces in tandem, that is, & stepped hull., A
specialized version of the stepped hull is the Flum-boat with an
adjustable stern stabilizer (References 17, 45 and 46).

The use of hydrofoils, either forward or afi, to control
trim and damppitch motions bas been proposed. It is believed some of
these concepis have been experimented with, but there is no design
information generally available. Reference 50 gives a little infor-
mation on smooth water tests of a boat with partial hydrofoil support
{the Poils located near the bow).

Other means of controlling trim, which should at least be
mentioned, are prop-riding for hydroplanes, and simply tilting the
lower unit of outboard motors and sterndrives,

The principal features which characterize the planform of
a lifting surface are aspect ratio, taper ratio and sweep-back. But
these features of a planing surface cannot be determined simply by
drawing an outline, as for an airplane wing or hydrofoil, becaguse
some of them are mutually dependent. The span of the lifting sur-
face is equal to the chine beam. If the beam is fixed, the area
and aspect ratio are simultaneously determined by the l.c.g. and for
a given step shape, the taper ratic and sweep-back are boti determined
by the deadrise and trim angle. With all the foregoing fixed, the
trim angle is determined by the weight and the speed. Actually,
each factor is not fixed in the order stated, and in the preliminary
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desigr stage there is some latitude in choosing a planform, but in
a2 practical way ihe designer seldom has complete freedom of choice.
Although a lifting surface approach is possible (one very good
method is described in Reference 14), the usual treatment is con-
cerned principally with beam and l.c.g, position, the rest of the
factors falling out raturally. Nevertheless the designer should be
familiar with the effects of the various factors. In the follow-
ing discussion of planform the entire boat will be considered and
not just the wetted (Lifting) area.

Ao Chine Shape., The length, and particularly +the beam,
of the chine area are determined by considerations of the space re~
gquirements of the boat's mission, buoyancy, stability, and hydro-
dynamic efficiency. In a boat which will operate in the hump
region, or which will have difficulty getting over the hvmp, the
chire beam at the transom should be wide to provide as much bucyant
1lift at the stern as possible. See the picture on page 9 of Refw
erence 16. At full planing speeds, when dynamic 1ift predominates,
the transom can be narrowed considerably to reduce frictional drag,
without a rnoticeable loss in 1ift. The narrow stern also improves
handling in a following sea, although with moderate deadrise (say
15°) the wide stern is not bad. The chine shape forward in plan
view should not be very full because it reduces the deadrise and
pakes the bow blunt with conscquent pounding and wetness. At speeds
nezy the resistance hump, where so many boats operate, the bow makes a
a slgnificant contribution to the resistance and should therefore be
made as fine as practicable, consistent with other requirements
such as prevention of "routing" in & followirg sea. If the chine line
is made narrvow it is possible to develop a bow which does not pound
badly, is dry (becanse of spray strips) and which will not bury in
& Tollowing sea. Figure 3.16 shows a fair example of the application
of these ideas. Photographs of this boat are shown on pages T
through 20 of Reference 16.

B. BStep Shape. Whatever the transom shape in planview,
its intersection with the mean buttocks should be used in locating
the center of pressure in the trim calculations. Pointed steps have
been designed for better rough water handling, and re-entrant v-
steps bave been used in the lifting surface approach to planing hull
design. None of these has & large effect on Planing efficiency
except perbhaps through side effects such as improved step ventilation.

There are, of course, other considerations such as appear-~
ance, structure, arrangement, low speed drag, directional stability
and turning which are all influenced by the planform of the steps and
transom. References 24 and 26 give the results of model tests on
-stepped hulls., The latbter shows that, from the standpoint of planing
efficiency, the transverse step is as good as anything,
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Figure 3.16, Recommended chine shape

NCTE THAT 1IN THE FCREBODY THIS IS VIRTUALLY
A ROUND BOTTCM BOAT

C. Aspect Batio. In general the higher the aspect ratio
(the wider the surface with respect to its length) the better the
1i?% to drag ratic; but for planing surfaces there is little increase
1t I/D for aspect ratios above about 1., .For a fixed aspect ratio,
there is an optimum wetted area, the one which produces the optimum
trim, Bubt if one dimension of a planing surfacé is held constant and
the other varied (such as in finding the best beam for fixzed L.c.g.
or the best l.c.g, for fixed beam}, it will be found that the L/D does
not necessarily increase with increasing aspect ratio. The best
dimension will be the cne which produces the cptimum trim angle, The
optimun trim angle varies with aspect ratio and deadrise. The effect
on planing performance of variations in the aspect ratio are well
documinted and easily evaluated. See in particular References 1, 12
and 14,

2.3.4 Appendages

A. Ixternal keel, skeg, or fin. These appendages are used
primarily to control directional stability and turning qualities and
as usual, compromises are necessary, but there is seldom any difficulty
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in getting a boat to be reasonably good in both course keeping and
turning. For small fast cruisers and rumabouts, the proper distribu-
tion of deadrise gives the boat the desired handling gqualities with-
out any appendages, except rudders and siruts if inboard powered.
For heavier, slower boats, which usually tend to have the grestest
falrbody draft well forward, and for light, low-deadrise boats, a
long skeg is essential. It is also a good idea in conventional in-
board boats, to make the skeg deep enough to protect the propellers
in case of grounding. The skeg should be long enough to get the
center of lateral area aft of the center of gravity but it should
nevertheless be cut away enough aft to permit the rudders to kick
tae stern around when maneuvering. Sometimes too large a skeg will
brevent the side slipping in a turn to the extent that it will

cause the boat to heel outboard. Reducing the skeg area in these
cases restores the boat to proper banking on turns. Because of
excessive side slipping of some racing runabouts, a fin is used
forward to improve turning.

B, Spray Rails. Spray rails are perhaps the most important
appendage on a planing bost because the essence of planing is flow
separation. Spray rails, whether added on or built in, must be used
along the chines anrd they must be sharp. Additional sitrips can be
used above the chine forward for rough water operation, and below the
chire to remove some of the whisker spray. References 51 and 52
present results of the analysis and testing of bottom spray strip’
locations,

A conventional spray strip has no effect on the main spray
blister which can be eliminated only by a vertical "spray dam"
(Figure 3.17) which would seldom be practical on a boat, primarily
because of its vulnersbility to damage, and because of its increased
drag under all conditions except straight shead motion of & prismatic
surface with the chine parallel to the keel, Background information
is conteined in Reference 53. Reference 25 gives the results of
some full scale experiments on the effects of varying the cross
section (bottom angle) and location of spray strips. One important
finding was that a steep angle (45°), Figure 3.18a, would throw the
water down sharply causing it to splash back into the boat (as
found with some cathedral hulls) whereas a small angle (15°),

Figure 3.18b, will throw the water down and out, @issipating the
energy horizontally, and meking a much drier boat.

2.3.5 Loading

When the lcading of a planing surface is changed from ﬁ&l
to [lg, all pther factors constant, the trim e,‘nglvaries as
(Ns/A1)° 9%, and the pressure drvag D, as (A5 fﬁl)l° ; as shown by
the following analysis: :

Referring to the calcuwlation method described on pages 60
through 63 of Reference 16 {cited in Reference 1), and in particular
to the charts and equations on page 61 of Reference 16, reproduced .
here as Figure 3,19, it can be seen that each of the factors on which
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the resistance depends varies with a change in displacement as shown
in Table T.

These simple relationships are useful when the trim and
resistance curves of a boat must be corrected for a change in displace-
ment, because they save running through the entire calculation for
each point. It is necessary only to correct the wave resistance and
add the previously calculated friction resistance to get the new total
resistance., It does not matter if the curve was calculated from plan-
ing surface data or from model tests; the corrections are still velid
for speed coefficients above 1.0. TIn the latter case (model test
results) this will save time only if the expansion calculations are
available.

The displacement of every boat changes with time, even if
only by the weight of fuel consumed. Sometimes the varisble weights
(fuel and other consumables, payload, etc) are a large percentage of
the displacement. TIn every design dve consideration wmust be given to
the placement of variable weights. In boats which normally operate
at full planing speeds it is desirable to have the center of gravity
move forward as weight is added, provided thet static trim and low
speed handling are not adversely affected. In the case of very light
boats which plane at a very flat +trim angle at high speeds, it
usually is good to have the weight added in the stern. Boats which
will operate at displacement speeds im rough water should not be loaded -
heavily by the bow, even if this might be an advantage at planing
speeds. In general a boat can stand to be out of trim more by the
stern than the bow before becoming tmsafe or unmanageable, but either
extreme is bad. The compleie range of displacement and lecegZe's
should be checked for performance at all speeds from zerc to maximum.

3.0 METHODS OF CALCULATION
3.1 GENERAL
Basically, there are three methods of rerformance calcutation:

a) The use of simple charts or equations which relate the
weight, the power, the spsed and perhaps the length or beam of the boat.
This method is quick and easy but has a nuber of drawbacks which will
be explained in Section 3,2.

b) Direct calculation from planing equations which wvere
derived from tests of prismatic (constant cross section) models. This
method has the advantage of taking into account 21l the important factors
which inflvence planing performance., It has the disadvantage that for
boats with large variations in cross section with length and for condi-
tions where much of the curved portion of the bow is in the water, the
predictions are not exact. For most design work these disadvantages
have not proven to be serious as long as care is taken in Judging the
effects of the variations from a constant section.

c) Prediction from tests of boat shaped (rather than pris—
matic) models, either a systematic series or en individual hull. In
the latter case it may be a model of the new design or a similar design.
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It is only in the case of a model that is geometrically similar to the
full scale boat that the prediction is a straight forward matter, and
even then there are some questions about how to scale some components
of resistance. When the model is different from the boat, care must
be exercised to assurs good results., As far as possible, guidelines
will be given to assist the designer in exercising the required “care’.

3.2 CHARTS AND EQUATIONS FOR PRELIMINARY DESIGN

There are a nuiber of simplified methods in common use for the
prediction of power boat pesrformance., They consider only a few of the
zctors which affect a boat's performance and consequently cannot be used
to good advantage except with a family of designs in which the missing
factors are similar in all boats. For general performance predictions
they are inadequate. This inadequacy has been illustrated for a number
of these methods in Keference 58.

The methods compared in Reference 59 are all given in, or
can be reduced to, the form of a curve of weight-horsepower ratio.
plotted against either the speed or the speed-length ratio. With these
Plots, not only is the basic comperison inadequate for most work but
the method of plotting it is not the best. However, there are occasions
in preliminary design work and in work on existing boats, when only
limited information is available., For these cases it is desirable to
have an easy method of estimating speed or power, but for best accuracy
the information must be handléd in a dimensionally correct manmer.
This matter will be taken up after brief discussion of the aquations in
coumon use for making speed-power estimates.

Bob Hobbs, in an ugpublished report, lists 8 of these equations,
Most of them can be found ia References k, 5 and 58. These equations
can be put in the form V = C(FY//\ The value of m varies from .333
to 572 and of n from .222 to 1, 00. A brief study ¢of the resistance
curves presented in the references shows that they all have irregulari-
ties in them which would cause the exponents m and n to vary with
speed, and from boat to boat. In fact, the speed-power curve of any
given hull varies with loading. The oxnly hope for an equation of this
kind then, lies in the possibility that a nwber of boats considered
normal for their type, the data will lie on & narrow enough band to
vermit a curve to be faired through it. The desirability of meking
guick preliminary powering estimates, the lack of good design data for
many boat types, and the hope of finding some sort of hull efficiency
index for judging the quality of a design, have prompted some recent
investigations into this matter. Clement, in an unpublished report,
compares the perrormance of 7 boats. The data for these bhoats is given
in Table II. This information has been plotted in several ways, shown
here as Figures 3.20 through 3.24, The figures show the difference in
results produced by the different methods of plotting. In Figures
3.20 and 3,21 the data collapse well and a curve is faired through the
points. Because of the simplicity of the functions used, Figure 3.21
is the more useful of the two, and the equation for its curve is
shown in the figure. When put into the "standard” form it is:
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v = 2,74
7 Zxo.#?6

Most of the data points lie within 10 percent of the curve. I more data
Points had been used, particularly at the ends, a different equation
would have resulted. The fallacies in the assumptions of this approach
are illustrated by plotting on Figures 3.20 and 3.21 the speed~power
curves for boat 3, Table IT, and for the parent form of Series 62 (from
References 23 and 57 respectively). These 9 boats are all much the

same type. To illustrate how far off the equation would be for ancther
type, the curve for a 67-foot by 10-foot round bottwmm patrol boat
(Reference 28) has also been added. In using the model data BHP/EHP

was assumed equal to 2,0, In the opinion of the writer the equations
are of little value but graphs such as Figure 3.21, when loaded with
accurate data can be useful for preliminary design. Actually, the data
collapse just as well in Figure 3.24, and the coefficients used there
(BHP/AYV and'V/4§;/6) are probably much more suitable for the coliection
and presentation of this kind of data.

Some of the best work that has been done in this area is
presented in Reference 73. This work provides not only a tool for
meking preliminary power estimates but also a "yardstick" for evaluating
& design. It is one of the few dimensionally correct methods that have
been published. It also contains accurate full scale trial data on a
" large number of Boats of many types irom swall rumdbouts to PT boats.

Once again, it is strongly suggested that the designer colliect
as much accurate data as he can, both model and Ffull scale, and plot
them on a suitable grid. In the case of model data it is necessary to
keep notes on the assumwed propulsive coefficient if BAP is plotted, aund
in both cases the size of the boat should be noted. The references will
provide much useful information. Reference 66 (three volumes) will be
especially helpful for low speed results. Reference 66 includes Ref-
erence 33.

3.3 DIRECT CALCULATION

Direct calculation means the determination of performance of
2 design directly from its dimensions, teking into account all of the
important factors which influence planing performance: Prinecipaliy,
displacement, beam, l.c.g. and deadrise. The charts discussed in
Section 3.2 consider only displacement and perhaps length.

3+3.1 Clement

The design charts which Clement has developed from the
equations of Shuford are very handy and permit easy visualization of
the effect on performance of the various parsmeters. Their use is
restricted to the full planing speeds. This method is presented in
Reference 12, which alsoc presents charts for the optimization of
performance, The use of these charts is fully explained in the
reference, The optimization charts are most useful when a stepped.
hull is to be designed and this approach is further developed in
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several references, Reference 12 presents a lifting surface approach
©o planing boat design, Reference 17 compares the 16 boats of the
SNAME Small Craft Data Sheets (Refences 60 and 61) and 4 of the Series
62 models (Reference 6) with the Dynaplane; Reference 45 presents the
results of extensive testing (variations in s l.c.g., step depth,
ete.) of a stepped hull with a (adjustable) Plum-stabilizer (named
after the inventor John Pium); and Reference 46 investigates the
effects of varying the length-beam ratic and the l.c.g. of the Plum-
stabilized Dynaplane.

3.3.2 Savitsky

For most planing bhoat designs there is a need to calculate
performance at low speeds and in the hump region. The planing equa-
tions developed by Savitsky from the results of many model tests,
are valid down to speeds in the semi-planing range. They utilize the
seaplane coefficients which is a very satisfactory way of handiing
planing phencmena.

It was seen, in Figure 3.21, that some powering data became
more manageable when normalized on displacement in a dimensionally
correct manner. Any dimension of the boat can be used for this pure
pose. In ‘the case of the planing phenomena the beam has proven to
be best. The reasons for, and use of, dimensionless coefficients
have been explained by Stoltz in Reference 16, in- References 3, L
and 6k, and in Chapter 1 of this volume.

In Reference 1 Savitsky details the derivation of the
equations which give the 1ift, wetted area, and center of pressure
of flat and V-bottom surfaces, and presents curves which greatly
simplify their use. In addition he outlines the procedure for
using the material and gives sample caleulations. '

A. Savitsky Short Form. Contact with the small boat com-
munity reveals that there are a number of well known designers and
many unknown ones who feel that this approach is too complicated,
and who fall back on the methods discussed in secion 3.2 above. I%
is hoped that after expiaining the inadequacy of the simple powering
equations we can now point out that the planing material is not only
a powerful design tool but is also easy to apply. Hven if the
designer does not wish to understand the derivation of the equations
he should study the design procedures well encugh o see that most
of the work has been taken out of them, particularly for the simple
case which assumes all the forces to act through the center of
gravity. :

The forerumners of these equations were published in 1949
ia Reference 62. The present equations, which vere developed in
vrder to get better agreement with the experimentsl data at low speeds
were presented 195k in Reference 63. Not only were the new equg-
tions more accurate but they were simpler in form enabling a direet
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discussed in Section 2.3.5. Awxiliary charts necessary and/or useful
ror making these calculations {referred to by foot notes on the
cauculation sheet, Table IIT) are shown in Figure 3.32.

In addition to plotting the resulis as the usual trim and
pover vs., speed, cross plots of trim and power vs. l.c.g. for several
beams were drawn for each of the speeds. Plots for 4 speeds are
shown in Pigure 3,27 and Figure 3.28. This method seemed best to
show the effects of varying these dimensions. Of course, the resulis
can be plotted in any way that suits the particular problem best.

It can be seen that up to 25 mph it is good to keep the cen-
ter of gravity forward and that in general the wide bottom has least
resistance and the narrow bottom the greatest resistance. It can
also be seen that there are crossovers (that is, as the c.g. goes ..
forward the narrow beam becomes better) and that there are trends
toward the optimum dimensions. Here we are not really concerned with
optimizing the design but simply to do the best we can within the
limitations of the design.

It was desirable not to have the rumning trim greater than
about 6 degrees at any speed. This precluded putting the engine in
the stern. The desirability of keeping a moderately fire bow pre-
vented shifting the center of buoyancy much more than 13 feet for-
ward, without lengthening the boat. For the narrow_range of 1,c.g.
remaining, it 1s apparent that the narrowest beam is out of the
guestion because it produces an incresse in trim and EHP over the entire
speed range. Except at 25 mph, 10 feet is just about the best beam,
It was thought that most boats built to this design would be 30-milers
and probably cruise at about 25 mph. There was then a conflict between
widening the beam for cruising economy or narrowing it for better
top speed. This was resolved by the additionzl consideration that most
of the builder's customers are fishermen who regularly make long runs
in the ocean., It was known, qualitatively, that increased beam would
produce a larger rough waiter resistance increment which would at least
partially offset the reduction in hull resistance. Also the wider
boat would pound more in rough water., In addition to these considera-
tions, the wider beam loses its advantage even in smooth water at the
lighter displacement as shown by the dotted lines on the curves for
25 mph., Therefore a decision was made to keep the chine beam ss neaxr
10 feet as practicable. After that it was a matter of checking the
reguirements of bucyancy, stability and accomodations.

In other design problems there might be little interest in
varying the beam (for instance) but it might be importent to study
the effects of large variations in displacemnt, or perhaps deadrise.

Another method of plotting boat performance for a wide range
of parameters i1s shown in Figures 3.29, 3+30, and 3.31l. It is inter-
esting to note that at low speeds boat weight has a predominant
inflvence, whereas at high speeds the weight makes less difference and
beam has the greater imfluence,
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Figure 3.29. EHP vs speed in MPH for = 159, several beams and displace-
ments, and with LCG located 5 feet forward of station 10.
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B. Bavitsky Long Form. This is the basic method of Refer-
ence 1, which does not meke the simplifying assumptions of the "Short
Form". As noted gbove, it accounts for the effects of trimming moments
due to the thrust line and the frictiornal drag. If the calculations
are to be made by hand the method is too laborious. But with the use
of a computer program it is an inexpensive and easy calculation to make,

t i1s not necessary to know anything about computers or
Programming to make use of this service, There are a number of men
who are in a position to do computer work for the designer. The
designer can send in one page of input data and get back dozens or
hundreds of pages of output datae. The computer service can handle
all data preparation, key punching, ete, Figure 3.33, is a sample
form that might be filled out., Actually no form is necessary.

The information can be phoned in, Referring to Pigure 3.33, water
density, kinematic viscosity, and roughness allowance will almost
always be constant for all conditions. Usually vertical center of
gravity, shaft angle, depth of skeg, rudder clearance, and skeg drag
lever arm, are also constant. The thrust vector lever arm will wvary
only with l.c.g. The designer can specify as many values of any

of the factors as he chooses. For example, if 3 seights, 3 beams,

5 lac.g.’'s, and 2 deadrise angles are to be investigated at 5 speeds,
the total number of cases will be 3x3x3x2x5 = 270.

- The naval architeet who handles the author's computer work-

has revised the basic NAVSEC program to make the output easier to
use. A sample output sheet is shown in Figure 3.34. It will be
noted that the input for each case is shown on the output sheet;
this is helpful for the convenient use of the output sheets. The
output data are given in great detail: +the trim angle, total drag
and all components of drag, EHP, wetbed area, wettel keel length,
wetted chine length, draft at center of ttansom, and the porpoising
1imit parameter. For those cases where the wetted chine length
becomes negative the program has been corrected to handle it as a
chines dry case.

C. Flap Effect. As mentioned before, Reference 7l gives a
complete calculation method for the 1lift and center of pressure of
Planing surfaces including the effect of transom flaps. The method
is too laborious for practical hand calculations, even though six of
the functions have been pre-calculated and tabulated in the report.
However, the increment of 1ift and trimming moment due to the flaps
is a separate and simple calculation which can, for the present, be
applied to the basic 1ift calculations done according to Savitsky's
method.,

In cases where the trim of the unflapped model is too high
the desigrer may wish to determine the regquired size and deflection
of flaps to produce a certain reduction in trim. At present his can
only be done in Brown's method by trial and error. One possible pro-
cedure is as follows:

1. Calculate the 1ift and center of pressure of the
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Figure 3.33

COMPUTER PROGRAM
INPUT FCRM

PRiSMATIC PLANTNG IULL DESIGH CALCULATIONS

DATT

TITLE

WATER DENSITY (1b-sec?/sth)
CLMEMALIC VISCOSTRY  (£48/sec)
ROUGHNESS ALLOWANCE

HULL WEIGHT (1lbs) —_ .
LONGITUDINAL C.G. {It)
VERTICAL C.G. (1)

AVERAGE BEAM (f£t)

DEADRISE ARGLE (deg)

HULL VELOCITY (knots)

THRUST VECTOR LEVE® ‘™M (ft)
SHAFT ANGLE (deg)

TRIM ANGIE (deg)

DEPTH OF SKEG (£1)

RUDDER CLEARANCE ()

SKEG DRAG LEVER ARM (ft)
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O HYDRTE AN DESIGN NF PRISHMATIC PLANING HULLS APRIL 4, 1969
COMPITER PROGRAM ADAPTEQD FROM NAVSHIPS 0900-006— 531C

ARTHUR'S 2uAal WORKS INC. — DESIGN NO. 124 BY JOSEPH KLGELBEL
CASLE Ny Les

I NP UT . oA T &~

.. DENSITY OF wATER 1 G3840 LB.(SEC,*#2) /FT.#%x4
TUKINEMATIC VISCUSITY 7 0L122880E- 04 FT.x%2/SEC.
RUUGHNESS ALLUWANCE c NG040
AULL WRIGHT ' L0000.0 PIXUNDS
_. LONGITUDINAL C. G, _ 12.000 FEET FROM TRANSOM i
T OVERTILAL G ive o 2.530 FEET FROM KEFEL
AVERAGF 5FaM 10.0090 FEFT
CEADR IS ANGLE ‘ 15.000 DLGREES
HULL VELOCITY ’ 30.000 KNOTS
THRUST VECTOR LEVER ARM 2.750 FEET L
TTSHAFT anule 0. | DEGREES
SKEG DEPTH Ca FEET
RUDGTR CLEARAMCE . 0. FEET FROM THANSOM o
T UUSKEG GRAG LEVER ARM T T T g T OFEFRT TR

puTeunT DATA - e e

SPLE COUFFICIENT 2.824 {GREATER THAN 1)
e IFT EOZCFICLENT (DEADRISE SURFACE) . .9.040
CRULL FATTT. ORAG TLEVER ARM ABT C.G. 1.830 FEET

TRIN MOWENT ALOUT CENTER OF GRAVITY  0.20280lE O3 FOOT POUNDS.

TRIM ANGLE {TAU) 2.85%9 DEGREES
TTOTAL HULL oRAGT T ' T 1892.636 PUUNDS
FRICTIOMNAL DRAG 1105.614 POUNDS
SPHAY ORAG 287.553 POUNDS
SKES DRAD ’ h Q. POUNDS
PRE3ZSURE URAG 499.470 PDUNDS
EFFECTIVF HORSEPUWER ' 174.353 H. P.
WETTEYD fKEA, SOLID 175.500 FEET*#%2
WETiLe KUFL LENGTH 25.4%0 FEET
WETTED CHINE LENGTH 8.%14 FEET
HRAET, AFT AT CONTER OF TRANSOM ... ..1e272 FEET _ L
MEAN WETIED LINGTH TU S3EA™M RATIO 1.695 {LESS THAN &)
PIMPOISING LiMIT PARAMETER 0.142
PRUGHAM pdfn.| o ALFRED f. RAFF, NAVAL ARCHITECT

Pigure 5.34. Typical prismatic planing hull computer program output.
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unflapped model using the same wetted length but the new, lower trim
angle.

2. Find a flap size and deflection which will have a lift
increment egual to the loss in 1ift due to the reduction in trim.

3. Check the resulting center of pressure location.

_ L. Try a new wetted length {using the same desired trim
aagle), longer if the c.p. was too far aft, shorter if the CePe WS
too far forward. With the longer wetted length the hull 1ift will be
greater, requiring less 1ift from the flap and therefore the c.p. will
move forward. The opposite will ocewr with a2 shorter wetted length.

2« Continve until the eguilibrium wetted length is found.
If the increments of wetted length and flap size and/or deflection are
chosen systematically the results of a few trials can be plotted ang
the equilibrium conditions read off.

In due course this whole procedure will be computerized and
will then be entirely practical for design purposes. In the meantime,
there is a simple approximation which will be good enough for most
purposes. It is essentially a simplification of the first two steps
of the above procedure with an adjustment to prevent the usual over-
estimation of the required flap size or angle, This wiil be given in
detall during the lecture, and a sample calculation will be passed
out.

The other method of flap calculation which has been men-
tioned is that of Angeli, Reference 72. This method may be somewhat
limited in application because the flap effectiveness was evaluated
on specific models of warped bottom boats, But the calculation
method is certainly much simpler and easier to use., It is based on
the use of a longitudinal stability index for the boat in the plan-
ing condition., From this, and the boat's dimensions, the required
trimming moment is calculated. From this and the assumed point of
application of flap 1ift the magnitude of the flap 1ift is calculated.
Finally, from this and the assumed flap dimensions the flap deflection
is calculated. It is hoped that this work, or some development of
it will be made available in the near future.

Both of {these methods are, in the opinion of the writer,
still in tkhe formative stages, but the approximation they make
possible is an important step ahead in planing boat performance
rrediction.

3.k MODEL TESTS

Prediction of performance from model tests is treated in
References 3, 4, 5, &6, 7, 30, 64 and in Chapter 1. Particular
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attention is drawn to the statements on pages 128 and 129 of Reference
> regarding prediction of planing boat performance from tests of smal
models. Many of the references cited in this chapter and in Chapter 1
are model test reports from which the designer can select those of
comparable characteristics (the appropriate size-weight paramenter,
length-beam ratio, section shape, etec.). Tests of sixtesn of %he .
models reported in these references have been grouped together and
presented in a uniform manner in Reference 60, the SNAME Small Craft
Data Sheets, which are available singly or in a set. Their use is
explained in Reference 61, which also gives the reasons for choosing
the system of coefficients used.

When making a performsnce prediction from tests of a model
geometrically similar to the full size boat there is no particular
problem. But if the resistance of & new design is to be predicted
from test results of a model of different design, some precautions
must be observed. 1In general, they stem from the need to have the
features which affect the performance prediction the same for both
the Tull size boat and the model. A couple of exemples will help
iilustrate the point.

If the resistance of a boat is to be predicted from Series
63, it must be noted that the total resistance coefficient, Cmp, is
based on the wetted srea and the wetted ares is that of the_bare hull.
The models had no appendages. Since turbulence was stimulated on the
models, the Schoenherr friction coefficient, Cpr, for fully turbulect
Tlow corresponding to the model Reynolds number can be subtracted
from the total resistance cosfficient to obtain the residual resist-~
ance coefficient, CR, for the model. Cgr is the same for the full

size boat, but only if it is based on a comparable wetted area. The
new design may have a skeg or S-frames or other Festures which
influence the wetted area but which would not influence the wave-
making, In fact, the basic assumption of this type of prediction is
thet the full size boat will have the same wave-making chargcteristics
as the model. Therefore, in computing the residual resistance of the
full size boat z fictitious wetted area equal to A< times the model
wetted ares must be used., Here M\ is the ratio of ship sigze to model
size, for example (IWLgpin/IWLy.ge1). The full size frictional
resistance can be calculated from actual wetted area of the new design.
Although there are othzr ways of handling the arithmetic, such as
correcting the Crship for the difference in wetted area, the method
cutlined here is a satisfactory way to carry out the work snd it
Provides a physical explanation which should illustrate the orinciple.

If a resistance prediction is to be made from Series 62
additional precautions have to be taken. The DTMB notation, used in
the Series 62 report, as well as in all other planing model data
published by the model basin is as follows:

Ap - projected planing bottom area,
exclusing area of external spray
strips, £t.2
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Bp - beam over chines, excluding
external spray strips, ft.

Ip ~ length of planing bottom, ft.
V ~ volume of displacement, £t.3
LCG - longitudinal center of gravity

location

i

The loading of the model is expressed as the area coefficient

Ap/ Ve/ 3.

If the new design is geocmetrically similar to the Series
€2 model, there is nc problem and the coefficients are satisfactory.
But the hull form characteristics are based on the plan form of the
chine, that is, parts of the hull vwhich are out of the water, par-
ticularly at high speed, and have no influence on egmooth water.
Planing behavior. For example, in a given design the bow overhang
and flare, forward of amidships, could arbitrarily be filled out
from the narrow slab-sided shape o the early plywood runabouts to
the full flaring form of some recent fiberglass models without
changing the chine beam aft, the weight or the l.c.g. The actual
smooth water planing performence of the boat would not be affected
but, because the chine ares would be incressed and the centroid of
the chine area moved forward, both the loading and l.c.g. coeffic-
ients would be changed in the DTMB notation. Consequently, two
different predictions would be made for what is essentially the
same boat. Therefore, to make an accurate prediction certain
characteristics must be the same for model and ship; the ratio
LCG/o, Cp =A/wb3, and Cy = V/(gb)i. Perhops the easiest way to
accompliéi this is to construect a fictitious Series 62 planform
viicn has approximately the same length as the chine length of the
new design, with some adjustments as shown in Figure 3.35, and the
same average beam in the afterbody (at about sta. 7 or 8), and then
calculate its area and spot in the position of its centroid. {(The
drawing does not actually have to be made because of the known
relationships between Iy, Bp, Ap, and the centroid, but its easier
to visualize this way.) Now the actual position of the new design’s
l.c.g. can be located relative to the centroid of the fictitious
ares A and the area coefficient can be caleculated based on the new
design’s displacement and the Ffictitious area Ap. Resistance values
for the new design can now be determined as if it were geometricaliy
similar to the series design, but still requires a three way inter-
polation for length-beam ratio, area (or loading) coefficient, and
l.c.g. position. For the higher speeds Reference 6 gives a simple
prediction chart using the seaplane coefficients which makes the
calculation easy. 3But for the lower speeds the model data must bs
used. .
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TABLE IV

CONSTANTS: A= 15,000 1b; V= 23k £13; ¢2/3 = 38 ££2, ©1/3 = g.15 r4

V = 65 £ps; Vo= L230; Fy = v/p/gvl;3 = b7

LCG = 8% aft of

cantroid of AP

4/ V23 = 1.0 /v =65 | ay/g?/3 <5
Lp/Bp~= ' Ay Bpa 266 Ft< , 9.3 ft 209 8.25
3.06 L, , Lca 28.4 £t , 11.6 £t 25.2  10.3
P/b Cry 1.25 , <Okl 1.25 .052
Crs Oy | .22 3.7h o L7 3.95
LP/BPX; . Ap 5 By, 266 8.75 247 8.4 . 209 Te7
3.5 | Ly, Lee 30.7 12,5 ! 29.4 12,0 27.0 .11.0
P/, Cry | 1.43 .0k6 ? 1.43 .050 1.43  ,0%0
Cu» Cy 2350  3.86 5 .395  3.9h4 512 L.11
Lo/Bpx :f Ap , By, | 266 8.05 209 Tolh
k.09 L, , LCG 32.9 13.h 29.2 1l.9
P/b cﬁb 1.67 .055 1.67  .O70
A :
] Co s Cp 450 k.02 645 L, 26

NOTE: Cpr, =A/ 1/2 pv22 =2 ¢, /c§

Lee

P,

Bpg = b,

f+. fwd. of transom

£t
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- Illustration of how the bow of 2 design might vary with-
out any significant effect on the smooth water planing characteristics.
The forward end of Lp varies with chine height and bow overhang. A
fictitious L, must be chosen to define a Series 62 hull which will
have an underwater form as much like the new design as possible,
particularly in the afterbody, without regard to the dissimilarity
in the chine planform. The average beam BPM of the Series 62 hull
should be taken equal to the average chine beam in the afterbody of the
now design. AP = LP b BPA' For interpolation between length-beam
ratios, use LP;'BPX to be consistent with the models.

Figure 3.35: Various modifications of Series 62
bow . :
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It may be noted when making the interpolations for Series
62, that the models whose length-beam ratios and area coefficients
bracket the new design will not have the same LCG/b, Ca » and Cy,
as the new design., This is illustrated in Table IV. The interpola-
tions, however, will give a resistance curve for a model with the
correct coefficients, The values of resistance of the other models,
if cress plotted, will show the trends with variation in these
parameters. When making a performance prediction from tests of a
single model, such as one of the SNAME Data Sheets, Reference 60, all
the above recommendations must be observed. All the differences
between the new design and the model must be considered and the nec-
essary corrsctions and adjustments made, Por any predictions from
model tesis it is necessary to be certain about how trim is defined
and measured. For example, srim at any spz2ed may be either the
change from static trim ox the angle of incidence of the mean
buttock; in either of these cases the initial trim (at zero speed)
of the mean buttock relative to the still water surface should be
known to help relate the model to the full scale boat.

3.2 OTHER CALCULATIONS

The calculations referred to in Sections 3.1 through 3.%
pertain to the resistzance of the hull only. Some specific models
may have one or more appendages, and occasicnally tests are for a
Fully appended model,.” "Tt is necéssary To cdlc@late all the other
components of resistance as well as that of the bare huwll. These
items are discussed in Sections 2.2.3 through 2.2,6.

3.5.1 Appendage Besistance

A, Keels and Skegs

Appendages of low aspect ratio, and which lie substantially
in the flow lines of the boat in steady motion are considered +to ha
have onmly frictional resgistance and their ar2a is siwply added o
the bull wetted zrea.

B. Rudders and Struts

Appendages such as rudders and struts have both frictional
resistance and form resistance. The following equation, adapted
from Reference 9, for the usual range of t/c and type of section (not
too blunt a leading edge and maximum t at 0.4t %o 0.5c) can be used
for struts and rudders:

DAP - Cp g.APF v2

Where: DAP - appendage drag
0y - appendage drag coefficient based on planform area
= 2 (Cg+ .0008) [(1.2 t/e) + 1]
Cp - Schoenherr friction coefficient based on total

wetted area of appendages, and Bn based on chord
of appendage
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.0008 - roughness allowance for short bodies
t/¢ - thickness to chord ratio of appendage
[(l.Et/c)1~l] separation drag factor
App - planform area, T8

w

speed, fps

Additional appendage drag information will be Ffound in the
references cited in Section 2.2.3. Reference 9 is especialiy useful.

C. BShafts

For exposed circular shafts inclined to the flow the drag
is calculated on the basis of the drag coefficient for a cylinder and
the component of veloecity normal to the shaft. The effect of rotation
is ginored. The formulas are:

Cp 1ave sin3 o
Cp 1dve sinZ2 @ cos ©
drag of shaft in direction of flow
1ift of shaft normal to flow
drag coefficient of circular cylinder = 1.2
exposed length of shaft, f£t.
diameter of shaft, ft.
_free stream veloecity, ft./sec. = ... .
angle of shaft imclination to flow

- Ds
Ly
Where: Dg

odpHTe
[ N N AN A T N |

D. Boundary Layer

For those appendages close to the hul?, such as scoops and
strut palms, the effect of the boundary layer may be considered. The
thickness of the boundary layer is given by the following formula .
(2ruong others):

For 5 x th < Re < 106
g = 0.37 Re-1/5
For 108 < Re < 5 x 108

0.22 Re~1/6

Where: thickness of turbulent boundary layer
distance from leading edge

Reynolds Number vx/y

® N or KI

References 3 and % give information on the thickness and
velocity profiles of turbulent boundary layers. Reference 4
suggests that the average velocity can be taken as 0.75 times the
free stream velocity.

There is an additional reduction in velocity under a planing
boat due to the increased pressure under the hull, This is treated in
References 1, Sk and 71. However, the magnitude of this reduction is
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small and its extent from the surface is not well established. It
is conservative to ignore this effect in plening boats. The phenom-
enon is the same as the change in local velocity around a displace-
ment ship due to the pressure changes. This type of flow is known as
potential flow and is treated in References 3 and 6k,

E. Inlet Openings

The whole subject of inlet and outlet operings is treated
at length in Reference 9. This will apply to cooling water inlets
for the engines, outlets for underwater exhausts, air intakes wherever
they are a definite projection on an otherwise streamlined structure.

It should be noted that an inlet can be flush with the skin
and still have drag because of the energy required to accelerate. the
air or water up to the speed of the boat, assuming the fluid mskes
a 90° turn as it enters the boat, i.e. the intake pipe is normal to
the skin,

To provide a gulde to the importance of calculating cool-
ing water inlet resistance an approximate analysis was made which
reveals that the resistance amounts to one percent of the total resist-
ance at about 40 knots. The cooling water requirements and dvag
coefficient are based on data collected by Mr. John C. Angeli. The
flow rate used is a low.average for diesel engines. Manufactuvers'’
recommendations vary from about 3 x 10-% to about 8 x 10-L £t3/sec/BEP.
The acual rate for the specific engine should be used when available.
substituting the values 3 and 8 into the derivation yields speeds at
which the inlet drag equals one percent of the total drag of 33 knois
for high flow rates and Sk knots for low flow rates. The derivation,
using the low average flow rate is as follows:

The cooling water flow rate, @, £t3/sec is:
Q = 4.6 x 10~k BEP (1)

Assuming a propulsive coefficient of 0.50:
BEP = 2 Ryv/550 (2)

For the typical inlet scoop with strainer the cooling
water resistance, Rgy, 1b, is:

Roy = C.6 P Qv (3)
Substituting (1) and (2) into (3) and with Pz (we) =2
Ry = 2 x 1076 Ry v2 (%)

It is considered that although most resistance calcu-
lations are not accurate to anything like one percent,
any known item of resistance should be calculated if
it will be more than about one percent of the total,
To solve for the speed at which Roy becomes 1 percent
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of Rp let Repg = 0.0L Ry and substitute
into (&)
0.01 Rp = 2 x 106 Ry v2
v& = 5 x 103
v z 70 fps = 40 knots

Therefore it seems that for boat speeds below 35 knots the
cooling water scoops do ‘not constitute a large increment
of drag. The desigrer should use his own discretion
depending on the accuracy of his data and of the remainder
of kis calculations,

3.5.2 Air Resgistance

The calculation of air resistance is well covered in Refer-
ences 3, 4 and 9, and these should be consulted for detailed informa-
tion. The air resistance is based on the above water frontal area aund
the speed of the boat through the air. The latter is the sum of the
speed through the water and the wind epeed. The frontal area should
be divided into hidl and superstructure. The hull area should consider
the bull in its runrning attitude at the speed in question, but no
credit should be taken for avy blanketing of the superstructure by
the bow. A good formula to use is that of G. S. Baker guoted in
Reference 3:

For superstructure:
Raip = .00k &4 Vi 2

For the hull there is a reduction in drag coefficient
because of the sharp bow:

- 2
Rair - 0012 Ah Vk
These can Be combined and written:

Rair = 40012 (3.3Ag + Ay) Vi, Vi in knots

Formulas such as that given in Chapter 1 may also be used.

Except in extreme cases, air scoops should simply be con-
sidered in the frontal area and not calculated separately. An analysis
similar to that for cooling water indicates that the resistance due o
taking in the scavenging and combusion air of s typical diesel amounts
to one percent of the total resistance at a speed of about 150 knohs,

3+5.3 Rough Water Resistance Increment

A general discussion of rough water performance of power
boats will be found in References 5, 20, 21, 25, 30 and 66. Some
interesting results pertaining to a yacht hull and a +rawler hull; are
given in Reference 75, Numerical data on some specific models will
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be found in Reference 27 and 28 and other works listed in References 76
and 77. This subject will be treated in detail in Chapter 4. When
making compsrisons with model test data to approximate the reugh
waler resistance increment, care must be taken in how this is done.
For example, References 27, 28, 29 and 67 were used to estimste this
increment for a 36-foot, 25 knot V-bottom design. The models all
differed from the new in a number of ways. Depending on
whether the comparison was made on a basis of equal L, V/A'L, V/+/E,
or Fy =(v/g71/3)1/2, the resistence increment varied from .29 to
.32, +35 to .38, .25 to .26,.17 to .33, ete. All the references were
good for guidance. Reference 27 was chosern as most useful becaunse
results are given for two hull forms under identical conditions Pro-
viding an opportunity to make some allowance for this parameter. In
this type of comparison V/+/L was found to provide good results,
whenever L/B was the same or could be interpolated. Because of the
high displacement-length ratio of the particular design, Fv was low
and the resistance increment was lower than when using eg V/ﬁ[i;

This is admittedly a very rough cut and does not properly
neccuy for all effects, But it indicates that the resistance
increment will probably be between 25 and 35 percent of the smooth
water resistance. This is for sea state 3 and z 36-foot boat. The
relation between the sea state and the boat size should be the same
for model and full scale., This kind of approach requires judgment
and irngenvity.

If the rough water resistance is +to be determined from =z
model test of the new design, then the matter becomes very simple,
The frictional resistaence is assumed not to change with wave height,
S0 any change in resistance is Froude scaled {proportioned to dis-
Placement),

A great deal of recent work on a systematic series of
models with bow shapes in rough water is reported in Reference Th
and Chapter 4.

3.5.4 Shoal Water Effects

A, BShoal Water Resistence

This can be a very important consideration in small craft
design. Trials are often run in water shosl enough to affect the
speecd. The speed is not always reduced by shoal weber but under
many conditions it is increased. There also appears to be an
optimum depth for least resistence and this depth varies with speed.
At low speeds, however, there is always an increase in resistance
ard trim due to shallow water. This occurs because in the presence
of the bottom, the water passing under the boat experiences an
increase in aftward speed (because of the restricted area through
which it moves) and consequently a reduction in static pressure.

The reduction in pressure allows the stern to settle thereby in-
creasing the trim angle and wave making resistance. The sebttling of
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the stern further reduces the area through whizh the water flows,
thereby inecreasing the aftward speed of the water and further reducing
the pressure. This causes the stern to settle further. This seguence
docs not continue indefinitely because the increasing irim angle
builds up dynamic pressure in the forward planing area and a new
position of equilibrium is soon reached. Even in very shoal water
where the relative reduction in area is greater, the increase in trim
has & 1limit because the flow under the boat "chokes up". That is, the
velocity reaches the maximum possible with the available pressure
differentisl between the bow and the steran. Any additional water

that mist Tlow past the boat goes around the sides, csusing a large
elteration in wave pattern.

Fast boats which have no large projections below +he hull,
for example boats propelled by a jet pump, are an interesting case of
shoal water effects. A 2h-footer, for example, (with a static draft
of 8 to 10 inches) traveling at a specd of azboubt 20 knots experienced
a sudden acceleration when the water depth changed rapidly from a few
feet to a few inches. This occurred because the water became too shoal
for any appreciable waves to form thus eliminating this component of
resistance., The boat was in effect running on a smooth water-lubricated
surface.

Reference 70 provides the only available information on
shallow =ffects fer planing type boats. ' & series 62 hull with represw
entative proportions was towed in several water depchs and several
l.c.g. positions, The resistance, trim, and heave (C.G. rise) are
given over a wide range of speeds for each of the model conditions.
The shallow water effects become very apparent and sufficient infor-
mation is given to meke numerical evaluations for new designs. The
key results are shown in Figures 1.8 and 1.9 of Chapter 1.

B. Degign for Shoal Water

The average runabout is not the ideal shosl water boat.
Most small jet propelled beats have the inlet on the centerline,
When such a boat runs aground the inlet becomes blocked, thereby
preventing the development of thrust. For shallow water operation
there should be two inlets, one on each side of the keel. The bottom
should have a small amount of deadrise so the inlets will be off
the bottom when the boat is hard aground, thus providing a contdinuous
supply of water to the propulsion pump. The same principle applies
to tunnel stern hoats, but is more difficult to put into practice.
The boat should float at rest with the greatest draft forward of amid-
ships so that when run aground at slow speed she will contact the
mud on a small forward ares, permitting the stern to be swung around
and the boat headed back toward deeper water. This type of keel
profile requires shallow skegs for both directional stability and
steering. The skege should be locatsd outboard so they will not
increase the draft of the hull. This type of design has been very
successful in practice.
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3.5.5 Stability

The stability of planing boats has been investigated in
recent years. Reference 69, for example derives equations for
planing characteristics of flat ard deadrise surfaces in steady
trimmed, rolled, and yawed attitudes, and thess are compared with
test results presented in Reference 55. Reference 69 also discusses
the turning and stability of planing craft on the basis of long period
period motions of infinitesimal amplitude. Unfortunately, test data
necessary to eveluate the coefficients for practical ranges of
values are not aveilable. For example, the smallest trim angle
investigated in Reference 55 is 6 degrees, There are no dynamic data
availeble against which to check the stability equations. But this
work is progressing and will eventually be reduced to a usezable
design tool.

A, Porpoising Stability

Virtually all that is known about this is referenced in
Segction 2.1.3. Basically it is a matter of caleuwlating the por-
poising parameter and checking to see if it Ffallg above or below
a line on a chart. Reference 1 gives results for prismatic surfaces
of various deadrise angles, and Reference § gives results for Series 62
© with 12-5 degrees deadvise., C T T T ' o

B, Transverse Stability

Thigs is a subject about which almost nothing is knowm.
Some boats have & serious stability problem at high speed, occasion-
ally leaning over on cne half of the bottom. Some boats have been
known to exhibit a sort of transverse porpoising, at speeds over
60 M.P.H., Some pleasure boats seem to be less stable while planing
than when at rest, but there is perhaps a great deal of psychology
in this. The case of one boat with rounded chines is discussed in
Reference 25. A few of the pleasure boat builders have conducted
experiments to find the roll angle versus roll moment for scme
boats but the results are propristary. The ocean racing people
have stability problems and have made meny experiments %o solve
them but, naturally, have not published any design information,
Devices that have been used include tapered wedges, the length and
depth both increasing uniformly from the centerline toward the
chinz, and hydro-skis mounted varisusly from amidships to the
trvanscs. When on the transom, outboard, they are like long narrow
trim flaps.

C. Directional Stability

This subject has been discussed above., See, for example,
Section 2.3.2 D, There is practically no guantitative information
available for small crafv on directional stability, or course keeping.
At the present time no meaningful caleulaticns can be made.,
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3.5.6 Turning

This is another area in which there is very little infor-
mation available, The best report seems %o be Refernce &8 which
gives the resulis of self propelled tests on a T6-foot by 21-foot
by k-foot twin serew, twin rudder, high speed, rough water boat.
While the report can give caly an approximation of turning radius for
e design that differs from the one tested, there is a great deal of
otier valuable information in it. Tests wers conducted to find:

a) dincreass in tactical diameter with speed

b) optimum rudder area

c) optimm aspect ratio

d) maximum effective rudder angle

e) optimm rudder position relative to propeller
f) best skeg shape and size

g} effect on turning of reversing one propeller

Additional information on turning and rudder design can
be found in References 3, 4, 5, 10 and &k,

3:5.7 Unsymmetrical Planing Conditions

As pointed out at the beginning of Section 3+5.4 there is
not yet a uszable way to treat this subject numerically. The
designer's own experience is his best help in producing a boat that
will "handle well" under all conditions, "bank nicely" on turns, etc.

3.5.8 Hydrostatics

This is an area where, fortunately, there is no essential
difference between a planing boat and a displacement boat. But,
while the principles are idsutical, the treatment can be varied to
suit the case. One of the boats. used as an example in the perform-
ance calculations, was to be marketed with a very wide range of
voverplants from a single outboard to twin sterndrives, with varying
fuel loads and arrangement plang, all of course in identical hulls.
Therefore, after the hull lines were drawn for this boat it was
necesgary to see how it would float under a wide range of loading
conditicas. Because the wsual 1b./in. and MTL inch caleulations
are not accurste for large changes in draft or trim, a different
method was devised. Bonjean Curves were calculated and plotted
in the usuel faghion. Then the displacement and 1.c.b. were
calculated at four mean drafts and four trims for each draft--one
by the bow and two by the stern plus level trim., The displacement
and center buoyancy for each combination of trim and draft were then
plotted and curves of constant draft and trim were drawn through
these polnts. This plot is shown in Figure 3.36. This seeme like
a2 lot of work but in many cases such as this one it saves a great
deal of time. Instead of finding the flotation waterline by trial
and error for sach new configuration, it is necessary only to enter
the chart with the and center of gravity and read immediately
the mean draft and trim.
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It was alrc desireble to know how stable the boat would
be in each configuration. This was facilitaied by caleuvlating XK
at each cowbination of trim and mean draft and muking preliminary
plots of KM against trim for each mean draft, and against mesn draft
for each trim. It was then possible to spot in points for even
values of KM along the lines of constanl 4rim and also along the
lines of constant draft., Ther Llike points were joined to produce
the contours of constant KM shown by the dashed lines in the figure.
Now for any displacement and L.,C.G. the height of the metacenter
above the keel, KM, can be read immediately. Subtracting KG, the
height of the v.c.g. above the keel, from KM gives (M, the metra-
centric height., (The construction and use of Bonjean Curves is
described Reference 4, which gives the British method, References

64 and 65.)
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BEHAVIOR 1N A SEAWAY
by

Paniel Savitsky

1} General

In past years hydrodynamic research on planing hulls has been mainly
directed to problems of smooth water resistance and stability. As a re-
sult.th ~e are now available to designers basic elemental planing daeta (Refs.
1-4, “or axample) and several laboratory developed hull serie55’6 which,
when cor ined with the practical knowledge of the small boat naval architect,
can produce excellent smooth water designs. The combination of ithese hydro-
dynamically efficient hulls with the presently available large horsepower
engines has resu]té& in the evolution of high-performance, high-speed craft.

The modern, fast, planing hull, however, is mostly exposed to a
rough water environment and, as is usually the case, a good smooth water
boat is not necessarily a good performer in a seaway. Unfortunately, our
present analytical capabilities for evaluating hull performance in a
- seaway a-e not sufficiently developed to guantitize rough water behavior,

A summary of published small craft seakeeping studies available through

1968 appears in Ref. 7. That summary was necessarily a qualitative des-
cription relating the hydrodynamic characteristics of planing hulls in

rough water to boat speed, trim, and hull section. Since publicatieon of

Ref, 7, new systematic seakeeping studies of prismatic hulls have been under-
taken by the Davidson Laboratory, Stevens institute of Technology (Refs. 8

and 9) which provide quantitative data useful to the small boat designer.

“Assistant Director
Davidson Laberatory, St =zns Inst ¥ Techr ogy
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The objectives of a study of boat behavior in a seaway are to seek
the following performance improvements in waves:
3: Power requirements
2. Craft motions

3. lmpact loads on hull structure

L, Course-keeping abiliity

Items (2} to {4) can also be described as the ability of a craft to
maintain speed within acceptable safety timits. In the present chapter,
tem (4) will not be considered and the discussion will be limited to
resistance increase, pitching and heaving motions, accelerations, and
bottom pressures in head seas. The results of Refs. 8 and 9 are basically
the sou#ﬁe of technology fér | tems (i) and (2). Existing hydrodxnamic im-
pact theories (borrowed from the seaplane technology) and full-scale
bottom pressure measurements on a PT hull form are used in the analysis
of ttem (3). These subjects together with a mathematical description of

the sea surtace are essentially the contents of the present chapter.
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2} The Seaway

2.1 General

The logical starting point for this subject is a description of
the sea from the point of view of the naval architect rather than the
oceanographer. As typically described by Lewiéﬁ, Basccmll, Fierson, et a!Tz
simple regular waves are not representative of normal sea conditions,
although they may approximate a smooth regular swell -~ a condition often
encountered after a storm has passed or as & result of 2 distant storm.
The usual and more serious operational sea environments for a small craft
are in aieas where the sea is characterized by apparent great irregu-
larity and incessant change of appearance. The sea is observed to be
short-crested”" i.e., looking along a cCrest, it may seem that the crest
d§s§ppear§ at a short di§tance;_perhaps‘in a hollow or_in another wave
and other crests suddenly appear not far away.

A sample record of the ocean surface at a fixed point is shown
in Figure 1. The record is typical of a short crested irregular sea
where the wind has bzen blowing for some length of time. It is
characterized by an appearance of great irregularity and confusion with
wide fluctuations in the interval betwsen crests (apparent or visible
period ‘?w) and in the vertical distance batween a successive trough and
crest (apparent wave height 'Fw). it has bzen observed that over a large
area of the sea and for pericds of hours, the ocean surface may maintain
a characteristic appearance which seems to defy precise description but
which, nevertheless, is constant or "steady." At other times or places,
the sea condition will be different but will still have a characteristi?
appearance. These observations suggest the feasibility of statistical

description of the sez wnich wil scusse  iter,
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Pierson, et al {Ref 12) have found that the short crested sea
surface can be represented as an infinite number of infinitesimal regular
Sine waves superposed in a random fashion, so that all of the crests
never coincide. As a practical matter the wave elevation at any instant
ﬁay be considered as the sum of points on a large number -~ instead of
an infinite number -- of sine waves of very small amplitude. Usually,
there are several trains of sinusoidal waves with different wave lengths,
heights, directions, and relative phases present at the same time and
their intersection creates a random or short crested diamond pattern.
This process of superposition is graphically i]]uﬁtrated in Figure 2
where, for simplicity, several wave elements are represented. [t is
seen the addition of these and many ather separate trains results in
apparent confusion as represented by an actual photograph of the sea
surface. The pattern becomes so complex that statistical methods must

be used to analyze the waves and predict their height.

2.2 Regular Waves

Since an irregular wave can be represented by a summation of
simple regular waves it is well to discuss the characteristics of these
elementai waves. A simple regular wave train {Figure 3) can be described
by its period {the time it takes two successive crests to pass a point),
by its wave length (the distance betwszen wave crests ér troughs), and
its height (the vertical distance betwean a trough and a succeeding crest).
In the theory of simple gravity surface waves it is assumed that the
crests are straight, infinitely lcng, parallel, equally spaced, and that
the wave heights are constant. The wave form advances in a direction

perpendicular to the line of crests at s constant velocity, € , referread
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to as “celerity"to distinguish it from the water particle velocity, u ,
which 1s usually much smaller than € . The motions of such simple waves
can be described in a plane perpendic;]ar to the crest lines and are
usually referred to as two-dimensional waves., Classical mathematical
developments of the properties of simple harmonic {sinusoidal) gravity
waves appear in many books on hydrodynamics (i.e., Refs 13, ). These
results are summarized herein following the discussion by Lewis in

Ref 15,

th

2.2.1 Simple Gravity Waves in Water of Any Depth

The surface wave is the visible manifestation of pressure
changes and water particle motions affecting the entire body of fluid --
theoretically to infinite depth. Since the wave form advances with
celerity ( , the wave e]eva£ion {(as well as other-properties such as
orbital velocity and internal pressure) depends on time, t , as well
as on the distances x and z. (See Figure 3 for definition of coordinate
axis system.} Assuming the ‘water to be inviscid and incompresgible,
the notion can be characterized by a velocity potential, « , whose
negative derivatives, with respect to x and z , define the horizontal
and ve-itical velocity components, u and v respectively, of the individual
flu-o particles. From Ref 13, the velocity potential velocity potential
for » wwo-dimensional wave in any depth of water is given by;

. cosh k{-z+h)
a sinh kh

sink(x-¢ t) (1)

As shown in Figure 3, the origin of the coodinate system (xo,zo) is
taken at the still water surface directly over a wave trough. Other

notations are:
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{. = surface wave amplitude (half-height from crest to trough)
A = wave length

h = depth of water

C = wave front velocity or celerity

kK = the wave number; Zm/x

t = time

g = acceleration of gravity

The horizontal and vertical velocity components of the individual water

particles for simple waves for finite depth water are:

cosh k(-z+h)

-.__..a._.--_ - T

u = Bi = le CaC SR &R cosk{x Ct) (2)
_ a9 ~ sinh k(-z+h} . _

v = S - k Gau <inh &h s ink{x Ct) (3)

To determine these wave particle velocities, it is necessary to derive

an expression for the wave celerity ¢ . Using the free surface boundary
conditions which state that (1) the vertical velocity of the water
particies must be the same as the vertical velocity of the surface itself
and (2) that the atmospheric pressure acting on the free surface is uni-
form, there is obtained, after |inearizatien to waves of 'small ampli itude,"

the following simplified relation for conditions at z = 0 .

2
29 . 9‘99 = 0 (%)
ate oz

Substituting equation (1) into (4) results in the follewing expression for

the wave celerity:

¢ = VJ 2 tanh kh (5)

k

To obtain the shape of the free surface of the wave it is necessary to

use Bernoulli's equation Yor time dependent flow with gravity force, g€,
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and uniform atmospharic pressure. The linearized {small wave heights

compared to wave length) : -Bernoulli equation is
- gf =22 &)

Substituting equation (1) into (A) results in the surface wave elevation §

{at z = 0)
£ = Ga cosk(x- ct) ()

This equation shows the surface profile to be a cosine curve which is a
funcrion of time when observed at a fixed point X, ora function of
distance at a particular instant to .

The total ve]obity, U, of a fluid particle in the wave follows
“--- a3 combination of equations (2) and (2):

2 2 2 ' o (8)

For the case of water of limited depth, h , it is found that the

path of the particle is elliptical and is defined by the equation

=2

3 £ -

o + =1 (9)
(a4

Where § and § are the horizontal and vertical displacements of a
particle from its initial still water position and o and B are the
semi-axes of the ellipses:

Co cosh k{h-z}

« = sinh KR
(10}
€ sinh k(h-2)
_ [»]
B = Sinh kA

These equations show tr2t the g i move - eliips - with a o2nstant
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distance, 2§°/sinh kh , between their foci, but with vertical and hori-
zontal semi-axis which diminish with depth. At the bottom, the vertical
semi-axis is zero and the water particles oscillate horizentally between

foci.

2.2.2 Simple Gravity Waves in Deep Water
For very deep water, (i.e. large h ; in practice h > A/2)
the basis for the previous development continues to be applicable but
there is a substantial simplification in the final mathematical resﬁ]ts

due to the fact thet the ratio
ki

cosh k{-z+h)

sinh kh
approaches e-kz . The expression for the velocity potential is:
@ = gac_é‘kxsink(x- ce) ' i _ ) {1

Hence the horizontal and vertical veiocity components of a water particle

a: ony point in deep water are given by:

v = - %,? = -k CaC e—kzcosk(X- ct) (12)
and
P -kz ,
v = - %E- = k Ca Ce ZSInk(X" Ct) (13)

.= total velocity of a fluid particle is then

U= u2 + v2 = k GaC e-kz(cos Wt - | sinwt) (14)

where w = circuiar Frequasncy = 2-‘:/Tw
1t is seen that the water particle velocity is represented by a vector
whose magnitude at the water surface = k Gac and which rotates at the

angular velocity, @ , in radians per secona making a complete revolu-

tion in the period of the passing wave. The path of the particle at



-187-

1

the surface is a circle of radius ga . The absolute value of the velocity
vector and the radius of the circular path of the particle diminish with
depth as e"kz . At a depth of one-half the wave length the orbital
velocities and path of the %Iuid particles are reduced to a value of

approximately 4% of those at the water surface.

The surface wave profile Go (for z = 0) is equal to:

G, = &, cosk(x- ct) _ (15)

o
which is identical to shape of the surface profile for waves in water
of finite depth (Eq. 7 ).

The wave celerity for deep water is obtained from equation (5)

for the case when h > A/Q:

c = \/ 9/k =y gn /2 : - (16)

A more convenient form for the equation of a simple harmonic wave
can’'be obtained by using circular frequency ® = QTT/Tw . The pariod Tw
is the time required for the wave to travel one wave length, and hence,
the relationship between wave length and period in deep water fol lows
from equation (15). |

- I3 - %
\j gh/zm N

o (17)

Hence civeuiar freguency:

i — '
o =2 =28 o kg = ke = a2 (18)
Ta N | ‘
'l

Recailing Eq (15), when observed at a fixed point x = g 1

;o = {_ coswt {19)
Alternatively, if the .. rg profi Xamire: t=-

L = {_coskx (20)
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The maximum stope of the wave surface is cbtained by differentiation

of Eq {20) and solving for its maximum value,

dgo\ Ca
I T esk, e+

= o (21)
max !

~

Summarizing the major characteristics of the wave in feet-second units:

Wave velocity Vw = 2,260 Ji_
Wave length A= 5°118‘Tw
Wave period T, = 0.&42\jx
Wave slope B = mH/A
The energy in & train of regular waves consists of kimetic energy asso-

ciated with the orbita] motion of water particles and potential energy
due to the weiaht of water, pg , and its elevation or depression with
respact to the still water level. For one wave length, A , the kinetic

ens-gy per unit breadth of wave is:

]
B, =3

oc””? >
-5
Wi
[« 8
x

For a simple cosine wave this is:

_ 1.2
E, =% 6 09% (22)
The potential energy is:
A

09 ]
E =3
b 299LG

2 dx
(o]
o

for a cosine wave at t =0

G

o Qa coskx

so that

i

-
-
[

IR JAETIN (23)

[}
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Thus it is seen that the potential and kinetic energies in wave motion

are equal and the total energy per unit wave length is:

- =1 2,. .
E=E + Ep =3 Py Gah . (2k)
or the energy per unit area of sea surface is:
1 2

2.2.3 Simple Gravity Waves in Very Shallow Water
tn very shallow water, when h < A /25 ; classical solutions of

the wWave probagation problem show that:

Wave celerity = ¢ = .lgh (26}

The waves are non-dispersive, i.e. the wave speed is independent of wave
length. Further, the water particle motjons comsist only of horizontal

oscillations given by the following

u= A‘eih(x”c t) (27}

where A is the maximum value of g
For details on the solution of this problem the reader is referred
to classical tests on hydrodynamics. This type of wave will not be further

considered in the present chapter.

2.3 lrregular Waves and Sea Spectrum
In order to study ship motions in irreqular seas, it will be
instructive to consider in some detail the concepts typified by the
Pierson-Neumann thzory of the analysis of ocean waves (Ref 12 and 16)
as summsrized by Lewis (Ref 15) and Marks {Ref 17}amongts many notable
contributors to this field. As previously discussed, the Lasis is the
concept of representing the irregular .es state by a very large number

{theoretically infinite) of small am  tude (infinitesimal) sine waves
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of different wavelengths, amplitudes and directions, with each indivi-
dual component having length, period and spaed characteristics as
developed in section 2.2 for the case of deep water waves. The case
for waves in water of Tinite depth (offshore) or in very shallow wéter
(surf) is still to be developed. The phase relation between the various
deep water wave components is taken to be compietely random. With these
considerations then, any seaway can be characterized by an 'energy spec-
trum' which indicates the relative importance “amount of energy't in each
of the large number of different wave components which combine to produce
the observed irregular pattern (Figure 2).

Several typical fixed poing sea spectra are shown in Figure L (as
taken from Ref 18} wheres relstive wave energy is plotted against circular
frequency, w = 2rr/Tw . Such.spectra have a variety of shapes depending
upon local wind velocity, duration, fetch, and other storm areas from
which a superposed swell may travel. Fixed point wave records give no
indication of the direction of wave components, consequently are referred
to as one-dimensional sPeCtEa. Considering an idealized typical spectrum,
such as shown in Figure 5, the function Sg(w) is a quantity such that
any increment of area under its graph, when multipiied by a suitable
constant, represents the wave energy in that incremental band of fre-
gquencies. Thus the total energy in an increment of frequegcy, dw, at

the central frequency, w of that increment is:
09 [sc (w_) aw:l - (28)

The function Sg(w) is referred to as the spectrai density. The total
energy of tha wave system is the sum of a1l the component energies over

the entire frequency range.
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pg Jﬁ ég(w) dw (29)

The foregoing integral, which represents the arez under the spectrum,
is referred to as E . Thus the total energy is pgE .

1t has been shown that the energy per unit surfsce area in a
simple harmonic wave is proportional to the square of the amplitude and
is equal to ‘% Pg Qg (Eq 25 ). It thus follows from Eq. (28) that the
square of the amplitude ., ©Of awave (wn) having the same energy
as all the wave components in a band of frequencies represented by s ,

with central frequency w, is:

1 2 ’
5P9 &, = P9 S¢ (w )60
5o that - e =
Con =25 (0t | | (30)

an
which is twice the incremental area shown in Figure 5. As 6w -0, it
is clear that there wi'll be an infinite number of frequency components,
ail of which have infinitesimal amplitudes, required to represent tﬂe
spectrum,

To visualize this concept, if is convenient to assume as an
approximation that all of the wave components &re traveling in the same
direction, i.e., that the point spectrum represent a jong crested sea
such as is generated in a model towing tank. Then the elevation of the
sea surface, {(t) , as a function of time can be expressed as the limit
of a sum of individual harmonic waves:

1/2

t) = Iim { T 1 r £ —i

¢ o LQSg(g,n)é\L] cos ILan- + e(tl}nJ (31)
6(.[! -:-o i)

viere W is thz circular frequ: ad e(mn} is the random phase of

each compeonent in relaticn to an rary reference, The radical
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[25 c (w ) aw]
represents the amplitude of each wave element as previously explained.

As> & result of practical experience it has been found that 15 to
20 wave elements can provide for a satisfactory representation of a
sea spectrum which wil! have essentially the same statistical properties
as the spectrum with an infinite number of wave element components.

In the study of ship behavior in irreaular waves it is more con-
venient to use an amplitude spectrum 2§€(w) obtained by doubling all
the energy Spéctrum ordinates. Incremental areas will then reptesent
directly the component wave amplitudes as Sy — 0 , on the approximate
component amplitudes if &w is finite. The area under the spectrum is
then 2E .

It is emphasized that the component wave elements are not directly
visible either at sea, in a model tank, or in a wave record. However,
the energy spectrum defining these components can be obtained from a
wave record by applying the techniques of generalized harmonic analysis
if the full scale test record is at least 15-20 minutes long and if the
sea conditions remain stationary. This involves a numerical autocorre-
Tation process and a Fourier transform which are carried out quickly
with modern digital computers. Tﬁe ma2thematical details o? the auto-
correlation procedure are beyond the scope of this presentation and the
interested reader is referred to Ref 1L for further details. Suffice it
to sey that stendard computer programs for producing energy spectra from
surface wave amplitude time histortes do exist and are available at most

computer centars,
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The fundamental importance of a wave spectrum is that it provides
the complete statistical characterization of the sea. Since the phase
lags, e€{w) , in the equation of the sea surface are random, it intro-
duces an element of probability into the wave representation which permits
the application of availabie results obtained from probability theory.
One of the most Importanﬁ statistical characteristics of ar irregular
wave profile is that the distribution of heights for equal time intervals
on & given wave record closely follows the normal or Gaussian distribu-
ticn of ststistics as shown in Figure 6. This observation permits the
dirzct determination of the characteristics of the sea that are of
primary interest to the boat designer. First, statistical theory shows
that the ''variance’ or mean square value 02 of a wave record (average
of the sum of the squares of deviations from the mean value measurad at

equal intervals of time) is equal to the area £ under the energy spectram,

or one~half the area under an amplitude spectrum.

oF = £ = j S, (w) dw =% JrE S, {w) dw (32}
Q Q

Thus, 1f the sea spectrum is known, the mean square value is also known
from the Spectfal area.

Various statistical values of visible wave proptetieé can also be
obtained from the spectrum by utilizing another statistical property
observed in irregular wave profiles, i.e. the peak-to-trough wave heights
of a recerd are found to follow closely a “Rayleigh' distribution, Fig-
ure 7. From statistical theory, the following useful relations are
associated with a Rayleigh distribution. Recalling that E is the area
under an energy spectrum and tha: °  is the area under an amplitude

spectrum:
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Average apparent wave height, crest-to-trough:

W, =2.5yE = 1.772E (33)

Avefage of the 1/3 and 1/10 highest wave:

ol

{ y ) 5.WE = 3.6/2E {34)

) =LoE = 2.83 /2€;(h

W

The greatest heights expected on the average in different numbers of

successive wave encounters, N , are as follows,

N (hw)max

100 6.5 /E = k.56 /26
. 1000  7.7/E = 5.46 /o€
10000 8.9/E = 6.28 /o€

Cther visiblé characteristics that are obtainab]e_from a statis-
tical evaluation of spectrum are such important results as, average
apparent period; average apparent wave length; wave length of maximum
energy; etc. Thus the spectrum of the seaway which specifies the
invisible components of the wave patterns, also defines the properties
of the visible pattern which are of immediate interest, Further details
are given in Ref 17.

The discussion to this point has been concerned oniy with the
simple spectrum of the sea at a fixed point -~ 2 one-~dimensional spec-
trim. This can be thought of as describing a long crested irregular
sea. A more complete representation is given by a two-dimensional spec~
trim Sg(w,e) which describes the directions (8) as well as frequencies
of the wave components and accounts for the short-crestedness of a
typical sea. An anguler integrstion of this spectrum will yield the

one-dimensiconal spectrum a3 weuid be obtained from @ record taken
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at a fixed point. For the purposes cf this presentation, however,
only the long crested irreguiar sea will be considered. The reader is

referred to Ref 15 for further details on two-dimensional spectra.

Typical Ses Data

So far, the discussion of spectra has been concerned mainly
with definitions and interpretations. For practical use, the designer
reguires quantitaéive data on the energy in a spectrum; the range of
elamental wave component covered, the wave length for maximum energy;
and {inaily the relation between the spectrum and wind speed. A number
of formulations have been made for families of spectra using wind
velocity as the main parameter. Neumann (Ref 11) developed one of the
First accepted point wave spectra for fully arisen seas. A summary of
the pertinent sea characteristics associated with the MNeumann spectra -
i= given in Table 1 which was prepared by Marks at DTMB. Included in
Tabie 1 i; a relation between wind speed and definition of sea state as
recently accepted by naval architects. Sea state 4, for example, is
associated with a wind speed of 19 knots; a significant wave height of
6.9 ft. A significant range of wave periods between 2.8 and 10.6 seconds.
A wave period of maximum energy of 7.7 seconds and an average wave length
of 99 T¢.

i1 is interesting to ncte from Tabla 1, that as sea state incréases,
signitTicant spactral enargy exists over a wider band of wave lengths; and
that this band width shifts to longer wave lengths. Further, the point
of maximum energy in the spectrum shifts to longer waves and the signif-
icant wave haight incresses as thes sea state increasss,

Recently Pierscn and Moskew tz (Ref 18) examined 460 available

sea specira and salecied 5L spec ch satis¥ied specified weather
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criteria. These selected spectra were grouped into five wind speeds:
20, 25, 30, 35 and 40 knots and are shown plotted In Figure 8. Using
this spactral family, Pierson‘(ﬂef. 18) developed the following analyti-

cal formulation for ideal one-dimensiornal sea spectra for fully developed

seas.
s (o)t = 2 P00, (35)
W
where:
Sg(w) = spectral ordinate in cm2-5ec
w = frequency in radians/sec
¢  =8.10x 107
B = 0.7k o )
g = acceleration of gravity, cmfsec2
vV, = wind speed in cm/sec

As shown in Figure 8, the agreement between Eq. {35) and the actual
measured spectra is reasonably good.

The continuing analysis of wave records, which arc becoming avail-
able in larger numbers, together with advances in the theory of wave
generation and dacay, will greatly increase the reliability of speactral
formulations. The ATIC and |TTC are continuocusly reviewing wave Spéctra
developments in an attempt to provide realistic information to the designers
1t is recommaended that the small boat naval architect accept their results

as they beconie availabie in the future.
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3) Behavior of Planing Craft in & Seaway
3.1 General

Although well-developed and acceptable technology exist for com-
puting the rough water behavior of displacement ships (as summarizéd in
Ref. 15 )}, these procedures are not entirely applicable to planing craft
which operate over a considerably wider range of speed coefficients. in
the at-rest condition, the planing craft is, of course, entirely supported
by buoyant forces. As the speed increases, dynamic forces are developed
which 1ift the craft and correspondingly reduce the buoyant force. Finally,
&t speed-length ratios of approximately 5 or 6, the craft is supportéd
almost entirely by dynamic forces; the draft is very small; and the buovant
forces are practically nil,

As will be subsequently -shown; -the-pitch and heave behavior of the
planing boat at speed-length ratios less than approximately 2.0 bzhaves in
accordance with the linear theory of seakeeping, as developed for the
displacement ship:

Because many small craft do indeed operate in the low speed-length
ratio regime, either because of operational requirements or due to pro-
gressive overloading without corresponding power increases, the linear
theory of seakeeping is applicabie and should produce results useful to
to the planing craft designer for speeds up to and somewhat bayond the hump
speed range. Accordingly, the essentials of the linear theory of sea-
keeping will be presented herein.

As stated in the introduction to this chapter, the analysig will
be confined to head sea operation in long-zrested seas with emphasis on
heave, pitch, added resistance and accelerations.

3.2 LClements of Lincar Theory of Zzakeeping
The principle of linear super:wsition first developed for ships'

by St. Denmi. an: Pierson (Ref. 19), states that the response of a ship in
Y /s
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an irregular sea can be representad by a linear summaticn of its responses
to the elemental simple wave components that compose the sea. The signif-
icance of this powerful principle is that, by superimposing essentially
sinusoidsl responses of a craft to the simple component waves that make up-
an irregular sea (section 2.3), the craft motions in the irregular sea can
be predicted if the energy spectrum of the sea is known. This also involves
the assumption that responses to a particular wave length are directly pro-
portionai to wave height--which, in the case of planing craft, appears to be
apprusimately true for heave and pitch at a speed length ratio less than
about 2.0. it would be useful at this point to illustrate the fundamentals
of this technique by ?valuating a typical pitching response for a disPIaceme
ship in irregular seas by following the exampie given by Lewis in Ref. 15.

3.2.1 Transformed Wave Energy Spectrum = . | .

‘Figure 9 shows how the process of superposition can be carried out

beginning with a typical point amplitude wave spectrum asgumed to represent
a long-crested sea as previously discussed in section 3.1. Since wave en-
counter frequencies must be considered in a study of craft motions, this
stationary point wave spectrum must be transformed to the spectrum that. woul
be obtzined by a wave meter noving at ship speed, V, through the water. 1In
the case of head sea operation, it is clear that the frequency of wave en-
counter must be larger thaﬁ the stationary frequencies and smaller for the
case of following seas. Mathematically, the relationship between stationary

frequency, w, to frequency of encounter, w,, is given by:

--I-‘u)2 .
[$4] =u3--—§—~\! . (36)

where the (+) sign refers to the head sez condition and the (-) sign to
the following sea condition.
Equation (36) transforms the abscissa scalc of the peint energy spec-

trum. Since the total energy in the seo must remain constant, regardless of
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transformations, the ordinates of the transformed spectrum must also be al-
tered so that integrated areas under the original stationary spectrum must
equal the area under the transformed spectrum. This is accomplished by

the following procedure, considering the head sea case, from Eq. (36)

=w(l +%vy
@, = g)

e
differentiating:

o = do + 2090y 37)

e

since, the total energy in a given spectrum does not change with transform-

ation, we have from Eq. (32)

E = Jﬂsc(w)dm = jﬁsg(me)due
o o
nence:
S(o)d = S (0, . __ ,
and

sglue) = S¢(0) -

From £q. (37), the quantity dw/dwe, which is the Jacobian J(we) of the

transformation between the w and W, domains, is

G 1 36)
d‘ne. 1 + 2wV

Fer head seas, the correspondence between these two frequencies is ore to

one, hence the Jacobian never vaniches. Substituting Eq. (36) into {(38):

-1/2
A 7
J(we) = !:l + -; W, ¢ (39)

The moving wave spectrum (encounter frequency domain) is then
obtained from the stationary energy spectrum by multiplying the ordinate

S.{w) by the Jacobian J(me) at each frequency, and plotting these
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at the corresponding encounter frequency. The resulting spectrum obtained
in the @, domain then is that which would be obtained by an observer
movng with the craft into a head sea. Figure 9a illustrates the wave
spectra transformed to head seas speeds of 7.97 kts and 11.27 kts.
In following seas

= o wy
w, = w{ ] 3

so that the encounter frequency is parabolic about the line wV/g = 1/2 ;
becomes negative for wV/g > 1; and is zero at %E =1 . There are real-
istic interpretations of the negative frequency of encounter but these
will not be discussed herein,
3.2.2 Response Amplitude QOperators
1t is now necessary to consider the response of a ship to

inﬂévidual sfnusoidai waves., For the prese;t if!ustrative éxamp]e, a
relationshio between pitch and wave amplitude must be established for a
range of wave lengths. This can be obtained by model tests in a towing
tank where the model is towed at a speed corresponding to the full scale
speed, V , for a range of wave frequencies w which, when combined with
V , produce a range of encounter frequencies, w, corresponding to the
range of frequencies in the transformed spectra such as shown in Fig 9a.
This model test data will provide a ratio of say pitch amplitude to wave
amplitude (ea/ga) which, for a linear system, is independent of wave
amplitude for a given wave length. These Jdata should then be plotted in
a spacial form for appropriate combination with the transformad wave
energy spectrum. The proper presentation of these data is as follows,

As previously explained, an incremental area under the wave ampli-
tudnr spectrum QSQGue} reprzcents the squared amplitude of a componant

wove as éwe - 9 . The theoretically infinite number of component waves
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can be approximated by a3 finite numbar of component waves if a reasonably
small frequency increment, 6we s 15 selected. The central frequency of
each bahd can be represented by (we)n ; where n varies from 0§ to a
large finite number. The single amplitudes of the various equivalent
wave components are then represented by tie square roots of the areas
of the individual rectangle, ESg(wn)5w . Considering any one of the
components, say we = 0.8 , the pitching motion it produces can be
determined from the relationship betwesn pitch and wave zmplitude at
that frequency as cbtained from the previously described model test.
Since the area of the rectangle corresponding to @e = 0.8 ‘represents
the square of the wave amplitude, it is also convenient to square the
ratio of pitch amplitude to wave amplitude. This value (Ga/Ca)e E
plotted in Fig 19b and is désignatéé ”resﬁbnse émpfitude operator' OF

simply RAO.

5.2.3 Spectrum of Craft Motions "

The determination of the motion spectra of a marine craft in
irregular seas.is now simply obtained by multiplying the wave ampiitude
spectrum Esg(me) at w, = 0.8 {for the present example) by the squared
RAD at the w, = 0.8 wave component. The area of the rectangle at
w, = 0.8 in the pitch amplitude spectrum plot, Figure 9c, then repfe—
sents the square of the amplitude of pitch produced by this wave component
or approximately by the band of wave frequencies éwe

Suppose that the relationship in regular waves between pitch and
wave amplitude is krown from mode! tests or from calculations for a
number of {requencies and the squared value is dpsignated Yegiwe)

These values can be plotted and a smocth response amplitude curve:can be
B p

drawn through the points fer s particular sh.. speed, as shown in Fig., 9,
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In general a smooth pitch amplitude spectrum curve can be obtained.

Mathematically expressed
25y} = 25, ()Y, ()

The significance of the pitch response spectrum is that j& éomp]ete]y
defines the pitching behavior of the ship in the irregular seas. The
same sort of information that is obtsined from a wave spectrum can be
obtained for pitching from the pitch spectrum; i.e., average pitch
amplitude, average of the 1/10 highest pitch ampiitudes, or highest pitch
amplitude expzcted in a given number of cycles (see secticn 3.1). For
example, designating the area under the amplitude spectrum of pitch by R,
the average amplitude 'of pitch is 0.885 R]/2 . Figure 9 shows the
response spectra of two geometrically similar ships{ one 250 ft long and
thé other 500 ft,‘at the same Froude number.

The application of the same statistical relationships to a ship
response spectrum as to a wave spectrum is justified by numerous analyses
of model and ship records in irregular seas. These have shown that ship
responses, such as pitching asd heaving, are, over a reasonable {nterval
of time, approximately stetionary, random processes, and fortunately for
simple Lrecatment have the sSame "Gaussian'' character as do wave records,
Furthermore, the visible amplitudes or heights (psak to trough) of the
ship or model response record do, Tike the wave record, follow closely
a Rayleigh {or "random walk't) distribution,

spectra can be similariy obtained for many ship responses other
than pitch. 1t is necessary only that the response to regular waves be
approximately sinusoidal, with amplitudes linearly proportional to wave
amplitude and dependant oniy on wave frequency at any particuiar ship

speec and heating to the regular waves, Hence, Cthe foliowing responses
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can be treated in this manner: pitch; heaving; vertical motion at any
point {combined pitch and heave) ; vertical velocity at any point;
vertical acceleration at any point: vertical motion, or velocity of any

oint relative to the sea surface. ¢
p

3.2.4 Interpretation of Wave and Motion Spectra
It is clear from the foregoing discussions that there are
peaks of amplitude in the motions of pitching and heaving in regular
waves. when plotted against either speed or wave length. These-peaks
are governed predominantly by the following factors.
a) Retlative wave-ship proportions.

b) Tuning factor, which is the ratio of natural
periods of craft oscillation to period of wave

encounter.

c) Magnification factor, determined by the degree

of damping present.
When the craft speed in a given wave is such that synchronism is approached
(tuning factor equal to 1.0). particularly severe motions will be obtained.
Depending upon the craft design there may be different synchronous speeds
for pitch and heave motions. At this resonant condition not only are the
amplitudes of motion large, but the phase relations between the craft
motions and the encountered waves are usuaily unfavorable, i.e., as the
Low pitches down into the wave crest and reaches its ﬁighest point at t*
vave trough. Hence water is easily shipped over the bew and high relatiys
velocities between bow and wave make for an uncomfortabic slapping action.
Thus near synchronous conditions will result in serious motions, but
for a craft in regular waves, the motions can be reduced greatly by
small changes in course or speed which will change the encoﬁnter frequency
sufficiently to be out of resonance with the natural :2riods of osciliztion

of the crafr,
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In irregular seas it is much more difficult to aveid synchronism
with all of the existing wave components and consequently, synchronous
motions are of predominant importance. The bands of wave compenents in
the seaway which are near synchronism will at times be in phase with
one another producing several violent oscillations of the craft, and
will at other times be out of phase, producing comparatively steady
conditions. 1t is obvious then, in the design of a craft for a speci-
Fied speed and operational sea states, that a brief computation be made
to assure that requirements do not result in any of the natural oscil-
lation periods of the craft being at resonance with that wave frequency
which contains maximum energy in the transformed wave spectra. For the
case of an existing craft required to operate in an unfavorable sea
it is generally possible to avoid serious motions by reducing speed to
the point where synchronism occurs with wave components contazining small
energy content. A change of course, on the other hand, usually results
only i+ synchronism with other wave length components with high energy
content. Of course, for very high speed planing craft, the encounter fre-
quency becomes so large for any moderate sea state, that the craft will
most likely avoid synchronism with all of the wave components and thus
experience relatively miid motions. This does appear to be the case
for planing craft whare the motions at high speeds are usually less than
in the lower hump speed regime. {Unfortunately, as will Ee subsequently
demonstiated linearity of motions do not exist at the high speads so that

the principle of superpositiorn cannct be aoplied.
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4) Behavior of Planing Craft in a Seaway
L.1 General

A series of constant beam, constant deadrise models of varying

length (Figure 10) was tested by Fridsma {Ref. 8) to define the effect of
deadrise, trim, load, speed, length-beam ratio, and wave proportions on
the resistance, motions, and accelerations of a planing craft in\wavesf
Of particular importance was a separate study to determine the applica-
bility of linear superposition effects to the case of planing craft.
For this investigation, tests were made in regular waves over a range of
wave: heights while keeping all other test conditions constant. The fol-
lowing conclusions were reached concerning linearity of results with wave
height.

a. Linearity is, in general, 2 function of speed and wave length.

b. Impact accelerations and added resistance in waves are gen-
erally non-linear at all speeds and vary as some power function
of wave height.

c. In the displacement range of speeds, V//L= 2, the heave and
pitch motions are linear with wave height. At higher speed
length ratios, the motions are non~linear with the greatest
non-linearity associated with the pitch motions.

It appears then, that the linear superposition theory, which is so
successfully used in seskeeping studies of displacement ships in irregular
waves, has only limited application to the planing craft. Thus to.totally
characterize the motions, added resistance, and acceleraticon for small
craft through speed length ratios as high as 6, it is necessary to obtain

test data within the specific irregular sea state of interest. &s long as

the system remains non-linear, observations made in one particular sea
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state cannot be guantitatively extrapoiatéd to other sea states.

As a consequence of this finding, the systematic model test program
in regilar waves was extended to include a thorough evaluation of the mo-
tions and loads of planing craft in a series of irreguiar seas for speeds
up to a speed length ratio of 6.0. The results of this study {(which
utilized the models shown in Figure 10) are presented by Fridsma in Ref. 9
which contains a detailed design procedure for estimating the added re-
sistance, heave and pitch motions, and impact acceleraticons at the bow
and center of gravity as a function of hull geometry, hull loading, speed
and sea state. This design procedure is included in the present set of

notes.

k.2 Basic Model $tudies

In the sysiematic model studies conducted by Fridsia, tests were
made at speed length ratios of 2, 4, and 6; at beam loading coefficients
of Cﬁ=&/wb3 = 0.38 to 0.72; and for LCG positions at from 54 to 68 percent
of the hull length aft of the stem. The models were tested in Pierscn=
Moskowitz sea spectra having significant wave heights of 0.22, 0.4, and
0.66 beams. The deadrise angles were ]00, 2 O, 30O and the length beam
ratios were 4 and 5.

Tests were conducted at constant speed rather than constant thrust
since an investigation of surge freedom at speed length ratios greater than
2.0 showed that for planing hulls, freedom in surge had little effect on
the motions, accelerations and added resistance in a seaway (Ref. 9}. The
length of test run for each combination of hull geometry, operating con-~
dition, and sea state was such as to assure at least 75 individual wave

encornters. This provides a satisfactory sample for statistical eanalysis
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of the data-
4.3 Statistical Apalysis of Motions and Accelerations

The processing of data obtained from tests in irregular seas re-
quires the use of statistical methods to determine the relations between
average values and say 1/10 highest and 1/3 highest as desired. For
linear systems, the time history of the random metions was previously
described as a narrow band spectrum having a zero mean  Gaussian dis-
tribution for its elevations and a Rayleigh distribution for its wave
height. Statistical relations describing the motions are thus given In
terms of the standard deviation previously described.’

Since the planing boat behaves in a non-linear fashion over the
greater part .of _its operating range, these spectral analysis techniques. ..
cannot be used. Fridsma {Ref. 9} has defined the probability functions
for the case of motions and accelerations of planing craft. 1t was found
that the motion émp]itudes about the mean may be described by a proba-
bility function given by the so-called '"distorted Rayleigh function."

The peak accelerations were found to follow a simple exponential dis-
tribution. 1t is @ one parameter distribution which is uniquely de=~
termined from the average values. For instance, the 1/10 highest
accelerations are equal to 3.3 times the average acceleration. A complete
deseription of these mathematical formulations is given in- Ref. 9. For
the present purposes, the prediction procedure will be limited to the
average 1/10 highest pitch and heave motions: the average value of added

resistance in waves; and the average and 1/10 highest values of the impact

accelerations.
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The heave and pitch motions are defined to be the amplitude of the
crest relative to the mean heave and trim position; the impact accelera-
tion is the amplitude of the crest relative to the ‘lat-rest’ position
and taken to be zero *'g'’. The added resistance is the resistance increment
due to operation in waves and is to be added to the smooth water resistance
to obtain the total resistance in waves.

The heave motions are non~dimensicnalized in terms of beam, b , as

is the significant wave height H]/3 for the specified sea state,

5) Design Procedure

The ultime goal for this study is to enable designers and those in-
terested- in -planimg traft “to -use the information gathered in Ref. 9 in a
practical and meaningful way. Working charts, with appropriate correction
factors, (Figs. 11~24) were constructed so that the results coculd be im-
mediateiy apsclicable to the prediction of full scale performance of planing
hulls. Some details of the effects of individual parazmeters can be gleaned
from the charts and equations; but this is discussed in the next section in
& more general ized way. In this section the reader will be shown how to
use these charts, and what corrections are applicable, as well as a number
of worked examples.

To enter the charts and determine a pradiction for a given boat,
seven quantities must be known; namely, displacement, overall length,
average beam, average deadrise, speed, smooth water running trim aﬁﬁ the
significant wave height of the irregular sea. Since realistic boats do
not normally have s constant beam or deadrise, it Is suggested that these
quantities can be averaged over the aft 80% of the boat. 1t is understood
that the designer has recourss to smooth watier prediction methods (Ref. 1)
which witl enable an estimate tc be mode for the resistance, trim, and rise
of the center of gravity as a function of forward speed.

The non-dimensional paramcters are calculated next, such as Ca>
L/b, U;"J-L, and I‘i'[lf!g/b.
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tn using the charts, the designed should be careful not to make
gross extrapoiations. The charts are accurate within the ranges of test
data, A reasonable amount of extrapoiation has been built into the charts
beyond the limits of the test data; and +he results continue to be rellable.
1t 1s when parameters go far beyond the test rangess that one must be care-
ful. The'gulde below should be heipful in estabiishing the limits of the

use of the charts,

Parameter C\ /b qﬁ/L/b T 2 Hllg/b V//L

'

Range .3-.9 | 3-6 | .06-.18 | 3°-7° | 10°-30° | to 0.8 | tod

5.1 Added Resistance in Waves {Figs1] and 12)

The chart in Figll is entered with a given trim and deadrise.
2 v
A o
(RAN!wb )max and (VAJL)max are read off for the three sea states, An
interpolation for the correct sea state can be made immediately; or the
added resistance can be obtained as a function of wave height. For a given
* 3 - - - .

V/W/L or a séries of speeds, the ratio VAV TS calculated, and RAWYRAw%ax
obtained from Fig 12, The added resistance is found by multiplying the
resistance ratio of Fig 12 by the RAw/bi)max obtained from Fig 11, The
result, hoﬁever, is true for a C, = 0.6 and L/b =5 , and must be correc:e

A
by means of the following Tormulas

: 3 _ 3 \ :
Ra/ 07 £inar = Ray/M07) papgs % & (Cpp L/bs VAL, Hy /3/B)
ADDED RES1STANCE CORRECTIONS
v/J/L E Equation
(2
v, [{L/B)™ -

2 b | g 12//?1+.895(H1/3/b 9.6}) (1)

4 I+ 10 Hy,a/b{C,/L/b - .12) (2)
1 r - A {ﬂ n iy 2

6 | 1+ 29006700, 6%) (3)

For the particuiar vaiues of q& anc L/t, caiculate E and
plot as a function of V//L . Read off £ at the V/WL of interest

to correct the added resistance vaiuz,

b - * I -
(V/Jl)max or U/Umax are asseciated with the specd et which (RAw)max occurs,
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5.2 Motlons (Figs 13-17}

The deslgn procedure for the motions are incorporated on five charts.
These charts will give the correct values for the 1/10 highest mot lons
(crests) at the specified load, length/beam ratio, and sea state but for a
" trim of 4% and deadrise of 20°. Corrections for trim anc deadrise are then
applied to obtair the firnal values. Figures 13, 14 and 15, and 16 and 17
are for speed length ratios of Z, b, and 6 respectively. Interpolation for

speed will be done as a iast step.

Enter Figs 13-17 at a specified sea state for the particular Co
of interest. Values of the heave and pitch will be obtained for each

of the three speeds, This must be done for both L/b = I and 5. Interpo~
late for correct L/b by a straight line approximation. The results must

be corrected by means of the following formulas

(hiflo/b)t. = (h1/1g/b) x F{r,vA/L) x 6{B,V/VL)
.0 fTinal ] charts o
MOTION CORRECTIONS
Formula . Equation
Trim F=14% VA/L(T - 1{.0) (1)

beradrise G

56 +. 1WA IN )(I—iﬁi

vi/L s b (5)
g viJLz L

a——

After applying trim and deadrise corrections, plot the
heave and pitch values against VAL and intarpolate

for correct speed. Repeat procedure for other sea states,

5.3 Accelerations {Figs 18-24)

Seven (7) charts ere presented to obtain the average C.G. (Figs 18
20} and bow {Figs2!-24')} accelerations. Individual piois are provided for
each speed (V/WL = 2, L, 8) and length/besm ratic {L/b = &4, 5), Accelera-
tions are cktained for the correct load, at a specificd seas state. After

interpolation for L/b, correctiong sre applied for trim and deadrise.
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Enter Flgs {8-20 and obtain values of the C.G. acceleratlon
at cach of the three speeds for a given I/B/b and qﬁ boe for both

L/b = 4 and 5. Repeat in Figs 2124 for bow accaleration. Plot the accel-

eration against (L/b) and interpolate for correct length/beam ratlo.

The results are corrected for trim and deadrise by the following

formula
Meinal = Neharts [%—(5/3 - HE_J (6)

A bow acceleration correction is zpplied for increased deadrise

(warp) at the bow by taking 85% of the final values.

With corrections applied, interpolate results for given speed and

repeat procedure for othar ses states,

5.4 Worked Examples

No. 1: Detemmine the added resistance, motions, and accelerations for
the model condition: B8 = 200, T = 40, L =45 b =91,

A= 18,95 b, V = 13.06 fps, Hyjg = 4

a} The parametsrs are calculated

wh> = (62.&)(.75)3 = 26.3
L/t = L§/9 = 5
= A/wbS = 18.95/26.3 = .72

V/,\/L l%@ Jus/1z = &
Hy 5/b = /9 = bk
Ve, = 1/.72 = 1.39, 1/¢,% = 1/(.72)% = 1,93

Qﬁ/L/h = .72/5 = .1&k
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HI/ /b
= 20° = 4°, from Fig 11 ' ’
For p= 20 and f = 4", from Fig 2 L &

V) = 4.0 4.2 b2

3 _
(R/wh )max = .025 .043 ,051
— 4 - .

v o) = w/va) o= 1.00 .95 .95
From Fig 12, (R/Rmax) = 1,00 .99 .98
Therefore R/wb> = RIR (R/wb>)max = .025 .0k25 0500
From Eq. (2), E = 1.050 1.095 1.145

3 - 3 _ .
{R/wb )fina] = E x (R/wb )Charts = .0262 .ohés .0573

From 2 plot of R/wb> vs. H]/3/b , the value at H]/Q/b of 0,44l = 0493,
In model pounds the resistance is .0493 x 26.3 = 1.29 Ib.

The actual measured value was 1.28 ib

¢) Hotions

From Fig 1%, the 1/10 highest heave motions at Ifq& = 1.32 and
H1/3/b = 444 is h]/]O/b = 240 ot L/b = 5,
Similariy the pitch = 4.6° {Fig 15).

There is no correction for trim or deadrise.

This compares with the measured values of 2.10 in., of heave and

L.6 deg. of trim,

d) Accelerations

The C.G. acceleration Trom Fig 19 at L/b = 3, hﬂ%? = 1.93, and
H1/3/b = ik is .52 g . The how acceleration from Fig 23 'is found

similarly and is = 1,70 ¢ . These are the finsl values since the
correcticn factors are unity. Thereiore to nearast 1/10 of a g .
ﬂco = (.5 g and ﬁbow = 1.7 ¢ . This compares welj with the measured
vaiues of 0.4 and 1.7.
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No. 2: Determine tha performance of an actual planing hull, 1n BL'R~]153

S ———

Model 2387-1 was tank tested in Irregular seas. From the lines
plan, thes beam and deadrise 1s averaged over the aft 80% of the
boat £ = }80, E =11.2°. The boat displaces 55,000 1b, has

an overall length of 52 ft and its trim is 5.2° when running at
29 knots 1n smooth wzter. The model of thls boat was tested in
a Sea State 3 and 5, equivalent to significant wave heights of

3.8 and 8.5 ft respectively. The performance is evaluated on

the work sheststhat follow .

The added resistance in waves !s plotted vs, H1/3/B.and the values
at 0.3% and 0.76 recorded; namely, RAH/WSB = .037 (5$ 3) and .054% ($5 5).
This compares rather well with the actual measured values of .025 and .052
tzke: from DL Report 1153.

The 1/10 highest heave amplitude can be calculated in full scale
feet by multiplying through by the average beam.” Thus the 1710 hTghest
heave amplitudes in full scale feet is 2.2. This compares well with the
measured value of 1.6 ft. Repeating the procedure for See State 5 yields
for the 1/70 highest heave amplitudes 5.2 ft (predicted) versus 4,8 ft
(neasured). The pitch motions were not measured in the tests on Model

2387-1.

The bow acceleration must be compared at the same longitudinal sfation.
Since the accelerometer on Model 2387-1 was mounted 25% LBP aft of the for-
ward perpendicular, a lirear correction was applied between the C.G. and
bow tocations. The final averazoe bow acceleration at 25% LBP is therefore
1.3 g . The 1/10 highest acceleration is simply 3.3 times the average.
After going through a similar procedure for a Sea State 5, the follnwing

comparlson between predicted and measured accelerations can be made,

1. T

<g ‘bow
' | average| /10 highest average 1/10 highest
$8 3 Predicted 3.6 2.0 1.3 £.3
leasured 0.5 1.7 1.3 3.5
55 5 Predicred 1.0 | 3.3 2.1 8.5
Heasured - - 2.6 6.5

Both for ihe C.G. and bow accelerations the predictions are in
gOOd @g TRt



t.  TABULATE GIVEN INFORMATION

s Speed, kts

ToA << W B
-

1/3°

i1. CALCULATE PARAMETERS

wh> = 89,800
1/9&2 = 1,64
/ =

],q& i 2.7

QA L/b = .133

111. AODEO RESISTANCE

A. At giveh UAJL, T, B perform the foliowing:

*

0O~ Oy o5 oW N e

» Displacement,

PLARING HULL PERFORMANCE

1b

, Overall length, ft

s Average beam, ft

interpoiste for given H
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WORK SHEET
FaX L b B v T H]/3
55,000 52 {1i.2 15| 29 5.2 3.8
8.5

Average deadrise, deg

Significant wave height, ft

Limits

» Smooth Water reunning trim, deg

.

“Averaged over

att B0% of boat

. £ corrections - Eqgs. (1)-(3)

1/37°

B. Repert procedure for other snecds

Obtain valuess of (UﬂJij from Fig. 11
Obtain values of (Ry/wb) From Fig. 11
. Calculate VAML/(V/A)
Obtain Rawf(ﬁnwlm from Fig. 12 ;
Multiply Lines 2xIi to get RAH/Wb

Multiply Lines 5x6 - Final values

Cy jL/b B (A H]/3/E
.3-.913-6 110-30! 0-6 | 3-71 o0-.8
611 L6l 18 L.,o 5.2 3k
.76
, H /370
Lina
.2 A 6
] 3.6 3.6_{3.06
2 | .0235 1 oo | .04y
3 1 a1l 11
4 .96 | .6 .96
5 1..0226 1 .038Y4 | 045
6 11.025 ] 1.051 11.076
7 1 .0232 | .0bok | .ous

ot

1t will be necessary to =lot

E vs. V//L and interpolate
for given speed, k
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WDRK SHEET (contlnu

iV.  HEAVE ANMD PITCH MOTIDNS

2d)

Heave Plitch
A. At glven H1/3/B obtain 1/1D highest Linel L/B VAL
values at v = 4%, g = 2p° L L
1. Obtain heave or'pitch from L .155 Lo
2. Figs 13~17 2. .17D L.o
3. Interpolate for correct L/b 3 L/b=| 4.6 | .16L L.o
L. F, -~ Trim correction, Eq (&)} L, 1.18 1,18
5. G. - Deadrise correction, Eq. {(5) 5. 1 1
6. Final values ~ multiply lines 3xkx5{ 6. ., 194 L, 7°
7. 1nterpolate for given speed
B. Repeat procedure for other H1/3/b
V:  ACCELERATIOMS
A. At given Hl/3/? obtain avg <g and
bow accelerations at v = 4 and v/ /L
p = 20 Line | L/B | 2 bt 6
1. & 2. Dbtain ncg from Figs 18-20 1 .3D
3. interpolate for correct L/b 2 5 .66
L. Dbtain ﬂbow from Figs 21-24 3 L/b ik
5. L L .95
6. lnterpolate for correct L/b 5 1.39D
7. Trim-Deadrise Correction, Eq. (6) & L/b 1.4D
8. Multiply Lines 3x7 for ncg 7 1.38
g, Multiply Lines 6x7 for Mo ou 8 61 _
iG, Bow warp = .85 nbow '9ﬂ 1.93
11. Interpolate for given speed 10" 1.64

B. Repaat procedure Tor other H1/3/b

wﬁay vary with bow shape
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6} Effect of Design Variables on Seakeeping

The design charts previously prasented are not only useful for
making estimates of the loads and motions of specific planing hulls in
a seaway but can also be used to identify those hull parameters which

have a significant effect upon seakeeping.

6.1 Effect of Trim Angle

The mean running trim angle is of particular importance in effect~
ing seakeeping performance. For identical loading conditions and speed,
the smooth water trim is essentislly equal to the mean trim in rough water.
A decrease in trim angle is accompanied by reductions in pttch motions,
heave motions, added resistance, and impact accelerations. This is es~
pecially the case for speed length ratios greater than 2.0, Specifically,
impact accelerations are rearly linearly related to trim angle so that a
50% reduction in trim should result in a similar reduction in Ig'! loading.
The motions and added resistance are somewhat less than linearly dependent .

upon trim angle - but still significantly reduced with decrease in trim.

It appears then that some means of trim control be incorporated
into @ design. This can be accompiished either ay irim flaps or shift
in ballest. The size of the trim flaps and/or the amount of ballast shift
to attain a desired trim change can be determinad by the analytical pro-

cedures described in Refs 1 and 2.

6.2 Effect of Deadrise Angle

All other conditions being equal (trim, speed and loading). the
impact accelerations in a szaway decrsase nearly lineariy with incréasing
deadrise angle. The motions and added resistance in waves are only

slightly dependent upon deacdrise.

[t must be noted however that, if the loading, LCG, and beam of the
poat are held constant, the smooth water running trim will increase., This
will consequently mitigate some of the beneficial effects of increased
deadrise. Thus, some form of trim controi is desirzble to attain the full

benefits of high deadrise.
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6.3 Effect of Loading

Impact accelerations decreased nsarly linearly with increasing
loading coefficient, Ca = a/bi. Further, at speed length ratios
greater than 2.0, the motions and added resistance are slightly reduced

as the loading coefficient is increased.
g

This result implies that, for a given hull length, a narrcw beam
is most preferable for good seakeeping performance. Unfortunately, a
reduction in beam results in an increased trim angle which may mitigate
some of the beneficial effects of increased loading. Proper attention
te LCG position or trim control can assure artainment of the advantages

of high beam loading.

6.4 General Conclusions

a) . Pitch and heave motions increase with increasing sea state and
are generally greatest when the combination of craft speed and wave length
result in wave encounter frequencies which are equal to the retural heave

and pitch period of the craft,

b) #Motions appear to be maximum for wave lengths of the order 2-3
times the kull length and are substantially reduzed in wave lengths less

than 1.5 tiwmes the hull length.

¢} In an irregular sea, large motion responses to those wave com-
ponents having the greatest energy are to be expected - especially if
these represent synchronous response with the natural heave and pitch

period of the craft,
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7} Pressure Distributions During Impact

A knowledge of bottom inpact pressures is required for structural
design. Research on this problem is currently underway and, hopefully,
praocedures for accurately predicting these pressures will soon be de-

veloped. For the present purposes, consideration will be given

a) to theoretical pressure distributions for a two-dimensional

wedge, and

b} to a presentation of the Heller-Jaspar technique currently

used to estimate bottom pressures.

The two-dimensional case will illustrate the general characteristics of the
planing pressures and their dependence upon trim, velocity, and deadrise.
The Heller-Jasper results will present current procedure for estimating

design bottom pressures. .
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7-1  Pressure Distribution For a Two-Dimensional Chines Dry Wedge
The equivaience between a planing surface and a two-dimensional
wedge penetrating a fluid surface in a plane normal to the water surface
is the basis for this analysis. To obtain the pressure distribution on this

wedgegmnKarmanzo

simulated the wedge penetration by the potential flow
about the lower surface of 2 submerged flat plate mdving normal to itseif
and expanding in width at a rate equal to increasing beam of the two-

dimensional wedge. This is referred to as the "expanding plate' analogy

and is iliustrated bz iow:

Twe - Dimelsngac
Wenge
;) LEVEL  WiaTert.
e
- 4
REACTETE RS PEL #J‘j Q\ m—
=op Do - j
T g AT & : I E‘E""‘: tv— W:’i‘.‘."-f-"—'-"‘mt-::’p
N\
H\ \
4y
Neo
I i
; I
’ | o .
I | b
—= } kmm““““ﬂﬂwmﬁjff%wdmc_
_ \-_...--—--—"‘“‘w\ & e
oAt T ';f///ﬂ
- ) P/
A ?\Pf-\a-)?«*“l.} oY ?L-Q'Tt? "’li ! !{ /
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From potential flow theory for the flow about a submerged flat

plate.

<

R = vise o Waker suface
R T
%1‘(:} Z ¥ a j LM-:;--,“‘f[
R —— T
o
!ﬁn& .
j-2
On the plate:
/2
+ 2 2
¢ =~ v {c" - ¥ (1)
-
v = CIRCUS ' (2)
5 2 i/2
)
Qutside plate, 2t z =0
U= v -—-—‘L—'—r‘ (3)
o 1/2
(y*-c%) ‘

7.1.1 Computation of Rise of Water Surface

At z =0 the rise of the water surface during time, t , is

obtazined by integrating equation (3}

,e |

Jo

[

P
udt=’-Jvo——‘-—x‘Wdt (&)
° (Y-

the time variable, t , is inconvenient and cap be eliminzted by noting

that the helf width, ¢ , increases with time:
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t = t(c)
dt = —— dc = + d (
T de ¢ ¢ ' 5)
dt

where ¢ is the rate of expansion of the plate. The water surface rise

is now expressed:

C 20
‘““'I
[1%]
[p N
3]
™
oN
S

Regard y as a fixed quantity and vary the wetted width, ¢ , to approach
v in the sense of the expanding plate analogy. For a simple deadrise

wedge, penetrating a fluid surface at a constant velocity, c is also a

constant, Thus, integrating (6);

| ’ - '
br )
o]

At the instant when the rise of a surface water particle is such as tc

Vo -1
=y sin
C

~ 10

bring it into contact with the wedge:
1=y tang
y=c

Evaluating the limits in the integrated egquation for 1

yv
o 1
vy tang = —/— —
4 B C 2
. . i1 VO
and finally c = 2 TonB {8)

For the simple deadrise wedge, ¢ is a constant for constant Vo

- VQ
“o = tang )

s¢ that from (8) and (9) it can be shown that
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<5 (10)

nolz

which is the wave rise for a planing deadrise surface in the chines dry
area. This relation has been experimentally verified by numercus model

tests (Ref 1).

7.1.2 Pressure Distribution for Wedge in Chines Dry Area
For the case of a submerged plate of constant width in a
uniform flow normal to the plate, the pressures are simply obtained from
the Bernoulli equation

2
pv

= constant = p + 20
L

o
no

p +

where:
P, V, denote pressure and velocity on the plate

P Voo denote pressure and velocity at infinity

From the previous section then:

PV, 2 _
P-P = 3 (1--Y——~Ce_y2) (1)
at vy = 0 {keel)
v 2
— P L8]
P= P, ™2

which is the stagnation pressure.

For the non-steady flo# represented by the expanding plate anzlogy
to the penetrating wedge, the half-breadth, ¢ , of the plate increases
with time so that the velocity potential, © , is also variable. Thus

the general form of Bernculli ecquaticn is required.

2

- -

~
L

I\)]<

+ F(t) (12)

21y

R —_ e
D
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where;
(@ = extraneous force, assumed to be zero
F(t) = Bernoulli constant (so-called)

F(t) is evaluated at infinity where %% =G

Thus:

2
v P
= 2 = 13
F(t) =3 + (13)

Recalling that, on the plate:

@ = -v_(c- 2)]/2
: o (e-y
v = VOY
- 1/2
2 2
(c==y9)

¢ = variable width

point Tixed on plate

]

b4

v variable (as in impact)

R

Equation (60} can now be written:

> » dvo Qoec v02y2 v02
Eoyesy® £+ - 5" * 5 (14)
2 2 2 2(c™-vy9)
where A = Vo/é
For the case of constant penetration velocity (vo) as in planing,
dvofdt =0 and
2
p = 2 [ S 1] (15)
2 | 1/2 22
2 2 c ¥y .
}s(c -y ) .

The first term on the right hand side of the above equation is the
pressure due to the expansion of the wetted width, c¢ ; the second term

is that due to flow along the surtace of the plate; znd the third is
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the stagnation pressure. These three terms are separately plotted in

Fig @5 along with their summation. It is seen that the pressure at the

keel is greater than the original stagnation pressure and that the peak

pressure, which is considerably higher than thz keel pressure, oOccurs

near the outer edge of wetted width. Various characteristics of the

pressure distribution are obtained from Eq 15 and are summarized below.
Pressure at Centerline (keel)

pv “
o 2
N

p =

Position of Zero Pressure (Y)p=0

2
(N pep = ¢ (0 - )

Haximum Pressure (p)

max
ov @ - ‘
3 - S I
(p"max > (?2 + 2)
Position of Maximum Pressure (y)
max
—_—
= ecd1 232
(Y)P = C\q I = X

max

As an example, consider a constant deadrise wedge:

8 = po-1/2°
tan B = 413
v ¢_ tanB
=22 _ 2.8 =0.263
c < Ti
Then: o 5

pv_" pv
2 o o 12 - o
a} Keel oressure; 5 5 ¥ 1] = 8.6 5

which is considerabiy higher than the keel pressure for a non-expanding

plate.
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2 2
. QVO 1 QVO

b) Maximum Pressure: (~=+ 2) = 16.4
2 X2 2

which is nearly twice the keel pressure.

¢) Position of Maximum Pressure:

(v} =cyl -2 = ,865¢

d) Position of Zero Pressure:

\2
(5‘)p=0 =c¢ (T -=5) = .9%

For deadrise angles less than approximately 150-200, compressibility
affects become important so that the above formulations lose their applic-
ability. Chuang {(Ref 21) presents a tabulation of pressure coefficients
for deadrise angles le;s than 15°, For flat plate surfaces, the maximum
pressure at the leading edge of the planing surface is %-pvz for all
trim angles where V is the forward planing velccity.

The previous discussions wefe only intended to illustrate the
general characteristics of planing pressures and their dependence upon
trim, velocity, and deadrise. ldéal two-~dimensional models were used and
these vere restricted to the ch}nes dry area of the hull. For complete
pressure distribution over hull bottoms as obtained in model tests of
both planing and impacting surfaces, %he reader is referred tc the works
of Smiley (Refs 22 to 24), and others. These results and many others,
should eventually be summarized in a form beneficial to the small craft

designer,
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7.2 Design Bottom Loads (Heller-Jasper)

The design procedure formulated by Heller-Jasper {(Ref. 25) is semi-
empirical and is based upon extensive full-scale experimental pressure
and load data obtained from extensive rough water tests of an aluminum

motc:s torpedo boat of the following dimensions:

Weight = 102,000 1b B = 15!

LWL = 75t d = 31-231
_ o

Bav = 20

The boat was extensively instrumented with pressure gauges, strain
gauges, and accelerometers, |t was run in the roughest water at the highest
speed considered safe for the operating personnel, Waves from 4 to 6 feet
in height with length-beam ratio of about 20 were encountered.

The primary objective of these full-scale tests was to determine
the local loading of plating panels and frames., Pressure gauges were
so located as to permit determination of the transverse as weil as longi=
tudinal distribution of bottom mressure during impact. 1t was found thet,
as the boat planes over a wave, the point of initial impact occurs at the
hutl, but at a longitudinal location which depends on the relative atti-
tude of the boat and wave at time of impact. The bottem area subjected
to impact pressures then increases with time, moving along the keel and
spreading lateraily as more of the bottom is wetted, The maximum impact
force {and acceleration) is attained after initial impact., The peak loca}
pressure at any given section, at any instant of time, is located near the
instantaneous water line according te the theoretical analysis in Section

7.1.

An examination of the full-scale pressures indicated that the
transverse lcad distribution over the entire girth from keel to chine
could be reasonably spproximated by a versed sine function. Furthermcre,
the pressure peak appears to traverse the girth during each impact. The
longitudinal distribution of prizssure indicated that the meximum values

occur beiwsen 25 and 50% of the lengih from the bow. There was a linear
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reduction to 50% of the pezk valuz at the bow and to 25% at the stern.
In addition, rigid-body impact accelerations varied linearly from bow

to stern.

1t is found that the maximum effective pressure for the entire
boat does not occur when the accelerations are greatest. The maximum
linear acceleration of the center of gravity occurs at the instant at
which the total pressure force on the boat is a maximum. |n the semi~
empirical design procedure developed by Heller and Jasper, it is assumed
that the maximum impact force occurs at the time when the entire half
girth & is immersed and that maximum effective pressure occurs when the
wetted width extends over only about one-third of the distance from kee!l
to chine, G/3.

Heller and Jasper used the experimental jongitudinal and transverse
pressure distributions and develop empirical relations between maximum g

loading and design pressures for bottcm plating transverse framing, and

Tongitudinal framing. These expressions are summarized below.

a) Peak Pressure (POI)

=3 (3w, Ty
Poy =% 57 U+
where:
G = girth, transverse distance between keel and chine
W = weight of craft
L = length of craft
?CG = impact acceleration at G determined by model tests
or computational method by Fridsma (Ref. 9)
g = acceleration of gravity

b) Maximum Effective Pressure {(p)

P = Pgp X Dynamic Load Factor

Dynamic Load Factor = 1.1
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¢} Equivalent Static Pressure for Design of Bottom Plating (p)

P=P+py

Py = hydrostatic pressure for craft at rest

This formulation applies to panels bstween 25% and 50% of the length
forward of the stern and for panel widths less than 10% of the half-girth.

For other panel locations and sizes, the reader is referred to Reference 25,

d) Bottom Pressure for Longitudinal Framing (p,)

pL = P x .38 = Ph

This formulation applies to bottom frames at azpproximately midship,

For other longitudinal frame locations refer to Reference 25.

e) Bottom Pressure for Transverse ‘Frame (pT)

Pr =P X .67 + Py

The work of Heller and Jasper contains considerably more
detail relative to structural design of planing hulls, The reader is
strongly urged to become familiar with this reference prior to under-

taking 2 new design.
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FIGURE 2

SUFERPOSITION OF REGULAR WAVES TO FORM IRREGULAR SEA
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FIGURE 3

SIMPLE REGULAR GRAVITY WAVE
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FIGURE 4

TYPICAL SEA SPECTRA (REF, 18)

2.0

g
I-_.\ -
s
- \A.\
e ﬂwm.
e 43
“w-uﬂ\l\l\l\w}«.
.-f..l.....uu ki G M o)
o ...."Jr ﬂ!w. —
47
\\+\\\ \b\ﬂ ...wa-c
I g4 L
- L ¢ laj
3 vaa_# n
H=
¥ _ _ . G % o t—
- e ¢ =
o ..\N\?\ g & ~
cWi. _ S /ﬁ_ 5 w I8
|
. . od
w/ ! an\.nu.“.U.T Y. M Q
— pt —_ 1}
/ bz Sy w 3
e .nfw A ”
/ -.r-...(ﬁf. I an.‘\b\l‘ \n__
Ot l\_.._... ..uM <«
. e ¥ w
L T —
o RN > T eel
/ BN s ORSR il - R
R )
B - Y
R : L Rl £
A Yo L ©
..__.....ﬂ-lil-l.l..r o -...!.......AW
B B et P B -
- T —— lll..l+ l[lllll!u.‘ll.lllllll.l..r..\!tfll..l..l f:..rr-
U e TN

(20

i0C




FIGURE S

IDEALIZED TYPICAL ENERGY SPECTRUM
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FREQUENCY OF OCCURRENCE OF DEVIATIONS

FROM MEAN VALUE ON WAVE RECORD
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TYPICAL PITCIIING RESPONSE TO IRREGULAR SEAS
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INTRODUCT ION

The subject of waterjet propulsion has for many years been
controversial and mysterious to most small craft designers. This
lecture and paper are intended to place waterjets in their proper per-
spective, to clear up misconceptions, and to present useful informa-
tion and application data for small craft engineers.

It should be emphasized that waterjets offer no miraculous
solutions to the marine propulsion problems. Instead, they are to

be considered one of many special tools that can be fruitfully applied
in appropriate cases to produce the best craft system for a particular
function.

Brief summaries are given of the state of the art and funda-
mentals of waterjet propulsion.

Detailed discussion of application and
related issues and special problems is offered.

This paper is intended essentially to be a condensation of

rather comprehensive lecture material that will preserve key points
and reference material for later use.



PRACTICAL APPLICATION OF WATERJET PROPULSION
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STATE OF THE ART SUMMARY

In the last decade intensive evolution of waterjets from an
experimental oddity to a serious alternative to established propeller
systems has taken place.

Key issues that have been resolved in this period have been
thoseof providing performance to match or exceed that of existing
equipment with proven reliability at a reasonable cost. A wide variety
of spplications provided background data and _the basis for jmproved _ .
development. These include pleasure craft, workboats and military
vessels,

in @ rather short period of time, numerous competing water-
Jet manufacturers rose and fell, leaving only a handful remaining in
1971, whose strength has grown significantly. In the United States,
Jacuzzi Bros., Inc. and Berkeley Pump Company have the only volume
production. Berkeley spcializes in pleasure craft propulsion, whereas
Jacuzzi has been successful in both that and the industrial-duty markets
in the U. S. and overseas. Hamilton Ltd. has branches in Australia,
New Zealand and Canada, plus an active licensee in England, Dowty Turbo-

craft. Another licensee, Buehler Corp., in the U. S., was active in
the 1960°'s, but never achieved market success and became inactive in
1871. 1t is interesting to note that successful domestic manufacturers

were well established builders of conventional pumps before entering
the waterjet business.

The successful domestic waterjets are based upon mixed flow
pumping elements, and all models bear marked similarity to one another
in inlet and control configuration. The Hamilton Jjets contain axial
Tlow pump elements, one, two or three in tandem, and are also quite
similar to one another. All of these waterjets are represented by a
few models designed for volume production and substantial flexibility
to meet various needs. They all feature short flush inlets and inte-
gral control mechanisms for steering and vectoring of thrust ahead and
astern. A typical mixed flow waterjet is shown in Figure 1. -
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Market acceptance of waterjet propulsion was understandably
slow initially, but in 2 decade has grown significantly in scope and
volume. Marine propulsion is generallya !'show me' market, where a
new development must demonstiate its ability to operate competitively
with existing systems, in addition to special advantages it has. Water-
Jets have done” this in enough arees to render then a significant alter-
native to propeller systems.

Waterjets conspicuously offer the advantages that accrue to
comiieta cbsence of underwater appendages: shallow draft, meneuver-
ability and safety. Frequently aveilable direct coupling te popular
ergines, combined with integral forward to reverse shifting is attrac~
tive for having eliminated the need for clutches and gearboxes. The
ability to operate at full power at any speed has occasional advantages.
In addition, waterjets can be censtructed to give outstanding reliability,
ruggedness, excellent craft control, excepticnal forward acceleration,
and adaptability to certain auxiliary pumping functions.

Disadvantages that weterjets exhibit include low propulsive
efficiency at low boat speeds, occasional fouling with debris, and some-
times high weight and cost as a tradesff against propulsive efficiency
at modest boat speeds.

Waterjet propulsion has been most widely utilized in pleasure
craft, where investment costs are low and innovation is popular. These
have been Inboard configuration craft 14 to 30 feet LOA, with 100 or
more horsepower gasoline engines, for speeds of 25 knots and above.
Domestic jets feature close-coupled inboard/outboard type mounting to
provide advantages in weight distribution and accomodation space. Deep
and medium vee prisimatic hulls give the best overall performance at
high speed with jets, combining good seakeeping,directional stability,
and freedom from aeration of the inlets.

Waterjet units of nominal 12 inch diameter comprise the bulk
of pleasure craft units. These are derived from deep well turbine pumps,
whose high pressure low flow rate charescteristics relegate them to
efficient speed and power regimes of 30 knots and above, at 200 or more
horsepower. As installed power rises the jets are proportionately less
expensive than vee drive and inboard/outboard systems, based on boat
manufacturers overall propulsion system costs. They are comparatively
much more reliable (the 12 inch jets virtually never fail in this
service, whereas boat dealers often cite @ lucrative repair business
on propeller drives as a key factor in their opposition to jets). At
lower power, the fixed configuration of the popular waterjets disadvan-
tages them in cost with respect to inboard/cutboards that are mass-
piroduced in the smaller sizes.
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Jacuzzi has introduced a new 12 inch jet for the lower speed
and power regime, however, to help fill this gap. Its price is com-
petitive, and it has demonstrated propulsive performance comparable to
that of inboard/outboards in most installations.

The considerable activity in pleasure craft has given rise to
many advancements in waterjet technology. This has included: high speed
and high acceleration inlet development, accurate, effective control
systems, new boat handling techniques,component 1ife and reliability
data, corrosion and cavitation data, and information on interactive hydro-
dynamics.

Extensive application of waterjet propuision to industrial duty
and military vessels has been a rather recent development. These appli-
cations generally represent substantial investment and risk, demanding
schedules, and 2 hostile environment. Here it is mendatory that the
fundamental requirements for high propuisive efficiency and reliability
be met. Conservatism and slow acceptance of new developments is under-
standable in people who depend upon boats for 1ife and 1ivelihood.

The first truly convincing demonstration of waterjets' capability
to meet these needs was that of the U. S. Navy's PBR riverine warfare
craft. Some 1000 Jacuzzi 14 inch jet units were put into this service.
Their record shows an attractive combination of performance, reliabiiity,
ruggedness and servicability under severe operating conditions, to
augment obvious shaliow draft advantages.

Subsequently, these waterjets have been applied to a variety
of workboats and yachts driven by small diesel engines, with 200 to 300
horsepower at 2800-3000 RPM. These jet units are best suited to boat
speeds of 25 to 50 knots.

Two other Jacuzzi units deserve mention in demonstrating what
has been accomplished with waterjet propulsion. A 20 inch model, for
250 to 500 SHP at 1800-2300 RPM offers a wide range of favorable propul~
sive efficiency, at 20 to 50 knots, and makes an economical combination
with diesel and small gas turbine engines. A crewboat fleet in Maracaibo,
Venezuela has run 12 of these units at 260 and 400 SHP for some 3000
hours to date. They are expected to run 4~5000 hours between overhauls.
No difficulties whatever have been encountered. The only maintenance
required has been lubrication of the thrust bearings at each 100 hours.

A 36 inch waterjet has been developed for even longer service
and outstanding reliability. 1t is designed to metch gas turbines at
1000-3000 SHP, or diesels at 600-1000 SHP. Properly applied, this unit
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will give exceptional propulsive efficiency over a very wide range of
boat speeds. 1t is being seriously considered for mejor programs in
patrol boats, landing craft, crewboats and passenger ferries.

Two special waterjet applications deserve mention. One is
the Boeing hydrofoil "Tucumcari' which has been carefully optimized
throughout, for outstanding performance and reliability. It is pro-
pelled by twin centrifugal waterjet pumps in parallel, built by Byron
Jackson, and powered by a 3200 SHP gas turbine. This waterjet instal-
lation has demonstrated that the advantage of simplified power trans-
mission can be combined with excellent performance for this type of
application. 1t has been in service for 3 years.

Another special application is similar, this time in an
experimental 100 ton surface effect ship built by Aerojet General Corp.
and presently udergoing builders trials. 1ts two waterjets were
built by Aerojet General, and feature two mixed flow pumps (stages) in
tandem, running at different shaft speeds for resistance to cavitation
when accelerating. Their advantage to the craft is the same as for
"Tucumcari®, above. These units are powered by multiple gas turbines
at up to 6000 SHP to each jet. Initial tests have been fully successful.

Racing of the 12 inch pleasure craft jets has provided interest
ing and valuable data on effects of extreme speed and power. Associated
inlet phenomena (cavitation, drag, etc.) have been of particular interest.
A spedical Berkeley jet in @ 17 foot hull powered with 1500 SHP has run
consistantly over 100 knots in quarter mile drags and holds a record of
125 mph at the time of this writing.



~-261-

HYDRODYNAMIC FUNDAMENTALS

Waterjet propulsion generically refers to propulsion of vessels
by internally mounted pumps with appropriate ducting. This arrangement
of the actuator component of the system leads to the fundamental dif-
ferences with respect to propeller systems, as will be shown below.

A pump by itself can be 2 highly efficient device for trans-
mitting mechanical energy to a fluid, with efficiencies of 8D-90% readily
atrainable. This results from carefully controlled flow conditions,
minimal tip loSses, and recovery of rotational energy behind the impeller.
As the impeller fotates it governs inflow rate and epergy transfer
precisely, regardless of the source of fluid (in the absence of cavita-
tion and separation). Scaling laws (-so-called "affinity laws!' ) as
follow are readily applicable when 2 given orifice such as a nozzle
controls discharge flow: -

Qe N, Hywe N2, sHP e« N3

Under these conditions, efficiency remains constant. An il-
lustration of pump and nozzle flows is shown in Figure 2. The '"affinity
laws' at the pump remain in effect regardless of boat speed, and actually
control inlet flow velocity.

A waterjet pump as a2 propulsion device produces thrust by means
of applying a momentum change to the fluid passing through it. A propel-
ler does this also, but with a different relationship to the driven ves-
sel. The energy that 2 pump imparts to the fluid takes the form of
pressure or head, denoted H,. This pressure is converted to velocity in
a nozzle via Bernoulli's Theorem. At zero boat velocity this thrust would
theoretically be:

TS =m Uj = _Fqu (I)
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Equation {1) expressing T; instead of T also represents the
reaction force of the waterjet unit against the hall, in order to satisfy
requirements for equilibrium across the nozzle discharge. This, however,
is not true propulsive thrust which is the result of interrelationship
of fluid forces around the craft system.

In the case of a moving boat, a fontroi volume around the entire
craft should be visualized as in Figure 3. A streamtube of flow through
the propuision device enters with a velocity, Vs and momentum, m " Vg
The mas: Of water entering the system is internally forced to depart at
V; with momentum m V.. Since the momentum of the incoming water does
nu useful work, it must be deducted from m-« V: in order to identify
net propulsive thrust. This thrust then is tﬁe product of the rate of
mass flow and the difference in velocities into and out of the control
volume:

T=i (8V) = pq (V;-V ) (2)

Note that this relationship is gquite independent of the driven
vehicle. Curves of T vs V, can readily be constructed for a waterjet of
a particutar configuration whose pumping characteristics are known and
be accurately applied to all manner of vessels.

The catch to this apparently simple procedure is in determining
Uj. The pressure at the nozzle represents the sum of energy changes with-
in the control volume superimposed upon the available energy at Vo. There-
fore, duct losses, glevation changes and amendments to pump head must be
taken into account.“ In summary,

Ho = Hp + U02/29-Heﬁ Hp (3)

A propellers control volume, on the other hand, should be separate from
the boat, because the propeller is an external propulsion device.

2 e.g. losses due to cavitation
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The term H wusvally defies computation, and must be predicted
from past experience -- i.e., model test or nozzle probe data for
verlous waterjets., Pump head, H,, is identified from the affinity laws
Conveniently for testing, the difference between H, and H_ is the aggregate
of all energy transformations in the system, regardless of the mechanism
of their occurrence, The terms (Vo /2g=-H HL) collectively represent
a quantity called '"ram pressure!" or ''ram pressure recovery', Hg ,
which is commonly expressed as a percent of Vg /Zg Some writers also
refer to this quantity as inlet efficiency, ;. Values of 50% to 80% ram
pPressure recovery are attainable at H, = o (pianlng hulls) depending upon
inlet size, boat speed and boundry layer flow., Trends of ram pressure
recovery depend primarity upon inlet velocity ratio, 1VR = Vi/Vo, where
V; is taken at the mean streamline in the inlet entrance. Other signifi-
cant influences include entrance geometry, boat trim, yaw, and cavitation
number. Inlet model data is shown in Figure 4 with shape and IVR varied.
Full scale tests of the elliptical configuration at 20 inch i.d. showed
excellent correlation with prediction.

1t should be noted that interpretation of Hp and Hp may vary
according to how Hy is defined. As a matter of convenience tn collecting
pump test data some manufacturers, for instance, use a value of pump
head and efficiency that includes inlet and discharge losses in the
iaboratory test stand. Their Hp contribution is then low by this factor,
but HR is high for a parttcuiar set of waterjet nozzle data, compared
with a breakdown that includes pure pump element data.

With & pump operating at near constant efficiency (above), mo-
mentum considerations become the contro]]ing factor in waterjets' pro-
pulsive efficiency This is reflected in the term jet efficiency, W
defined in terms of jet velocity ratio , M= UO/UJ, and system loss
coefficient, %4 :

G 2 (Vo?/29-HemHL) /Vo2/29 = 1-7; : (4)

20 1= ) (see Figure 5 and derivations
*Lj = ] 1/#‘ (L—F ) .in references 1,2,83) (5)

This term relates thrust energy output to energy imput from the
pump ;

'QJ.=T ‘Vo /eg Hpq (6)
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Thrust propulsive efficiency, or thrust efficiency is then
comprised of:

M 7 =T V/550-SHP w‘jj 7 where (7)

P 3

1 P ,Pngq/SSO-SHP (8)

The shape of a thrust efficiency vs boat speed curve is
then governed by ®: . 1In particular, this means that a gtven shaft
speed of or power Into a waterjet gives a certain velocity, which
when related to boat speed yields relationships ofqu vs V, similar
to the curves of‘ﬂj vs M . At different power levels then, different-
boat speeds are optimum, and vice versa, with a particular waterjet.

The type of pump used in a waterjet propulsion unit determines
the jet velocities attainable at various shaft speeds and input SHP.
These types range from high pressure, low flow centrifugal to low
pressure, high flow axial flow pumps. A parameter called specific
speed, Ng, is used to describe basic pumping parameters:

= . -7
Ng = N Q2/Hy" 72 (9)

Pump efficiency attainable as a function of type, via Ng, is
plotted in Figure 6. |In practice, pump efficiencies in waterjet units
range approximately as follows:

0.70 <"?p¢0.85 for axial and centrifugal types

0.?5<Qp<0.90 for mixed flow types

Pump selection and evaluation for suitability can be carried out
simply by checking jet efficiency and velocity at Vo, translating V: to
head, Hp and H_, and working out pump type or shaft speed at a giveh SHP
from equations (8) and (9) and Figure 6. Rather straightforward optimiza-
tion procedures can be derived from these relationships. See Application
Fundamentals , below.
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The problem of cavitation can influence the choice of pump
type and the performance of any type of pump. Cavitation on the im-
peller is most likely to occur at Tow boat speeds combined with high
shaft speed and velocity into the impeller (high flow rate). Under
these conditions local static pressure is low compared to dynamic
pressure drop across the blades, As boat speed increases static
pressure builds up due to ram pressure recovery and the extent of
cavitation diminishes, provided that the inlet is sized to allow
adequate difference between ram pressure and dynamic pressure into
the impeller. This phenomenon bears the same importance in waterjet
applications that propellers' cavitation does in their applications.

Two parameters, cavitation number and suction specific speed,
are commonly used to evaluate pump cavitation conditions. The former
is more accurate and the latter is more convenient.

Cavitation number, the ratic of local static to dynamic
pressure, is computed at the blade tip:

& = (H, + Vo2/2g-He-H /(¥; 2 + w ri D) /29 (10)

Significant cavitation occurs at 0.10<e¢<0.15, depending also
upon pump type and the pump's Q/N ratio. Axial flow pumps are most
resistant to cavitation; and centrifugal pumps are least resistant, generi-
cally. Partial, but ususally acceptable cavitation ocecurs at higher
values. Performance changes due to cavitation are generally gradual
in axial and mixed flow and abrupt in centrifugal pumps.

Suction specific speed relates cavitation to pumping parameters
and static pressure at the impller:

Ngs= N Q-2/(NPSH) 75, where ()
NPSH = H, + VY 2/2g-H_-H_ (12)
Continuous operation at Ngg = 13,000 has been accomplished with

mixed flow pumps without serious effects. Values of Ngg around 16,000
should be feasible at somewhat reduced efficiency and component 1ife,
Cavitation usually becomes noticible around NSS=8000.

When noticible cavitation is encountered in continuous operation
erosion resistant materials such as titanium or 17-4 stainless steel
must be used for the impeller to maintain acceptable life. Both of these
have given excellent results. :



—-266+

Means of reducing cavitation effects on overall per-
formance include:

minimizing shaft speed;

maximizing static pressure via inlet
diffusion; ‘

use of multiple stages (pump elements in
tandem), where the first stage or in-
ducer cavitates but provides enough
pbressure to the next stage to minimize
cavitation;

splitting a thrust regquirement between
several waterjet units to reduce the
demand on each.

Cavitation of the inlet entrance can occur at extremes
of boat speed. The inlet can be choked upon abrupt acceleration
(drag racing situations and inlets optimized for very high speed
via low entrance area). More significantly, inlets can sustain
losses or create drag due to cavitation and separation inter- -
nally at the leading edge and externally at the trailing edge.
The former is usually the result of poor design of the tran-
sition from the hull, and the latter occurs at very low inlet
velocity ratios. Both phenomena can bhe designed out of the
system as evidenced by the success of many craft operating at
70 to 100 knots. The process is essentially empirical due to
an absence of analytical data.

Inlet design usually becomes a compromise between
hydrodynamic function and reduction of size, weight, and space
occupled. Common inlets for planing hulls are configured
with an abrupt aft lip and a well radiused forward lip leading
from the hull into the duct to achieve clean streamline shap-
ing. The duct proceeds upward at a 30 to 350 angle with re-
spect to horizontal, and then bends into the impeller eye.
Diffusion of flow to raise static pressure inside can be acc-
omplished internally or externally, depending upon the desired
inlet velocity ratio, the impeller eye velocity, and the expected
boat velocities. Special cross sectional shapes are employed
to preserve high inlet efficiency over a suitable range of
velocity ratios. A removable grill is fitted over the inlet
entrance to exclude debris that cannot be expected pass through
the pump.

Hydrofoil inlets pose a special préblem in that they



-267~

must e uilt integrally with foil supporting struts. This
leads to compromises between internal efficiency, weight, and
external drag. Considerable experience with these inlets,
however, has led toc very successful designs.

It seems contradictory to speak of "appendage drag"
for a propulsion system with no appendages; however, when in-
lets are placed in a hull, interactive forces of some kind must
result. The magnitude rather than the existance of these forces
then becomes the key issue. Prediction of inlet induced Fforces
by potential theory offers substantial promise, but complica-~
tions arising from three dimensional effects have made progress
slow. Studies of these phenomena have been undertaken at the
Naval Ship Research and Development Center and the Technische
Universitdt Berlin. Several vears can be expected to pass
before realistic results can be obtained and transformed into
useful design data. Meanwhile, experience and simple hypo-
theses remain the useful tools at present.

E¥perience with a wide variety of pHlaning craft
indicates consistantly that hull resistance is not significantly
altered by addition of-flush inlets that operate properly with
respect to waterjet unit performance. No discrepancies have
been found in Jaccuzzi's experience between measured or pre-
dicted thrust and bare hull resistance properly estimated by
model test or series data, in a range of inlet velocity ratios
from 0.5 to 1.0 at non-cavitating inlet conditions. This simply
implies that whatever induced forces are present fall within
the band of uncertainty of the resistance estimate., Apparent
inlet drag has besen exhibited at extremes of IVR, at speeds
above 50 knots and at hump resistance conditions helow 20
knots. Approximate trends in these effects are illustrated in
figure 8, for the inlets above,exclusive of boat trim effects.

Several hypotheses are offered to explain these
inlet/hull interactive phenomena. First, noticible inlet forces
appear to have the most influence on hull resistance wvia trim
effects that are snmall over a wide range of inlet velocity ra-
tios and/or boat speeds -~ e.g. lift at low IVR and sinkage aft
at high IVR, causing increased frictional resistance or an in-
creased induced (trim)} drag component, respectively. Induced
trim effects nay be beneficial however, as well as detrimental.
Secondly, these effects can be explained in terms of momentum
changes at the inlet insofar as vertical fcrces are produced;
whereas horizontal forces cancel. Horizofally the waterjet can
ke thought of as a pipe wherein a force applied at one end is
transmitted to the other; whereas vertically it acts as a re-
action elbow to f£luid forces applied at its entrance. Third,
inlet forces resolved normal to the hull bottom represent
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local alterations to normal planing pressures, but the small
relative areas and pressure changes involved render this effect
minimal. Note that tremendous suction forces are not present
for the simple reason that water will force its own way into

an inlet with little persuasion from a pump. Fourth, parasitic
drag of an inlet results from separated flow from inlet to hull.
Stable flow in this region has been observed and analytically
vredicted to IVR's as low as 0.5.

Occasionzally arguments are forwarded for scoop type
projecting inlets on planing hulls to improve ram pressure re-—
covery. FHowever, the gain in Hi is usually more than offset
by parasitic drag of this true appendage that adds both fric-
tion and potential forces.

In the case of hydrofoil craft, projecting inlets
are unaveoidable. FPitot type intakes are employed at the ends
of foil supporting struts, and are properly sized by and re-
lated to comprehensive tradeoffs between exterior skin friction
and potential forces, internal duct system losses, entrained
water weight, jet efficiency, and attainable pump efficiencies.

available from aircraft nacelle design data.
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MECHANICAL DESIGN

Successful waterjets have been plain and simple ma-
chines with specific refinements to insure life and proper
function. The rotating element is analogous to that of a
propellier system: a shaft and rotor (impeller) supported by
a radial bearing at each end and a thrust bearing forward,.
Watertight sealing of the shaft penetration of the casing is
successfully accomplished by face seals, lip seals, or a packing
gland, depending upon intended applications of the unit. Align-
nens of Lhese cpmponents is-accomplished precisely by routine
macniniig and assembly of the casing and supporting parts at
the factory. The boatbuilder is thereby relieved of the most
difficult portions of propulsor installation when waterjets
rather than propellers are used. FProper design and construction
of the rotating components can insure for them smooth, trouble-
free operation over long durations of time.

Control systems integral to the waterjet are based
upon vectoring of the jet discharge stream. Steering is ef-
fected by horizontal deflection of the jet; and reversing is
accomplished by diversion of flow into an auxiliary duct that
discharges in a forward direction beneath the boat hull. The
most successful control systems employ a tube, {steering de-
flector) gimbaled around the nozzle for steering. The tube
provides full turning of the stream with minimal breakup and
loss. Beneath this tube at its discharge end a duct {reverse
chute) is fitted to provide reversing thrust when a gate valve
(reverse gate) is lowered over the end of the steering deflec-
tor. The reverse gate can be held at any position in its
travel to provide desired proportions of reverse to forward
thrust, for precise boat control at any throttle setting.

The most effective mansuvering of a jet boat results from this
type of shifting at a constant high idle shaft speed, allowing
instant application of low to high thrust in any direction.
Actuation of the control components can be with any conventional
systems that provide the necessary force and travel, Morse
push-pull cables are widely used, for example. This alter-
native to gear and clutch control represents an attractive
feature of waterjets by eliminating a drive train component.
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Casing parts are designed for watertight integrity,
servicability, minimum weight, ease of construction, and proper
hydrodynamic flow. Weight saving design however, must often
be sacrificed to castability, especially where cost is imporint;
and these parts conseguently possess tremendous strength.
Fabrication and considerakle machining of casing parts can be
done for premium cost lightweight waterjet units. Where high
wear occurs on parts, or lightening for handling in the service
of subassemblies is desired, casing parts are split and bolted
together. Inlets are a good example of the latter consideration,
where a portion (grill housing) becomes part of the hull and
m2tes te the rest of the pump via a machined, gasketed flange.

The problem of corrosion exerts the dominant influ-
ence upon selection of materials for waterjet construction.
Early experience with cast aluminum made this constraint quite
clear. This desireably inexpensive, lightweight material could
not be successfully coated to prevent its rapid deterioration
in sea water; and results of its use led to many hard feelings.
Recent experience has produced promising results for anodized,
impregnated, and coated aluminum parts of substantial size;
but these are not yet conclusive. As an alternative, ni-
resist, a nickel &lloy diuctile Iron has bden used with excellént
corrosion resistance at a reasonable price. For higher strength
and cost, 300-series stainless steels are very satisfactory.
Many other materials hold promise but are not in common use as
a result of higher price, poor availability, etc. In highly
stressed or cavitation critical areas, titanium and 17-4 PH
stainless steel are used. Titanium offers a bonus of low
density and the best known corrosion resistance. Its price is
now very competitive with 17-4 PH and high copper and nickel
alloys.

The economies of casting and mass production, coupled
with high tooling costs for new models serve to explain why
waterjet propulsion is availakle only in a limited number of
configurations. Consequently it becomes impractical o op-
timize waterjets for each of their many potential applications.
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FUNDAMENTAL, CORSIDERATIONS FOR AFPLICATION

Many people consider waterjet propulsion units to be
mystical "black boxes" that may do fine things, but are not to
be completely trusted. Once the mystery is removed, however,
as the preceding sections have attempted to do, faith can be
restored and the "black box" concept becomes attractive. That
is, the waterjet becomes a handy package or module that is
simple to design into a craft, install, connect, and operate,
At & given input power, the unit operates at a particular
shaft speed and produces a readily known amount of thrust. Its
life and service requirements are usually well defined, It is
simply bolted into place at the bottom and transom as a unit,
to which drive shaft and control connections are quickly made
Appropriate detailed data and installation and operating in-
structions as required are readily available from responsible
manufacturers.

The Applications sections of this paper outline when
and where waterjets should be considered reasonable alternatives
to existing systems. A description follows of the performance
and characteristics that are available, what constraints are
applied to these, and how the waterjets can be integrated with
their vessels. Two sections follow to answer these questions.
The first presents basic parameters and the second deals with
detailed considerations.

Waterjet propulsion should be considered a valid al-
ternative to propeller systems when they can offer at least
comparable propulsive efficiency, except in certain special
applications where a performance penalty is acceptable. The
range Mp £M = 0.45 to 0.55 is considered comparable in this
context, generally speaking. Experience has shown that boat
speed iz the key variable controlling waterjets'! propulsive
efficiency. Speeds of 20 knots or a minimum true planing
speed represent a practical lower limit. Below that, either
cavitation, low jet efficiency, or low basic pump efficiency
of high specific speed pumps (see figure 6 and Hydrodynamics
above) limit overall efficiency attainable. Centrifugal
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pumps operate at up to specific speed, N = 2,000. Mixed
flow pumps are characterized by 2,000«:Ns< 10,000. Axial
pumps operate at N, greater than 10,000. The most commomly
used pump type is single stage mixed flow of specific spesd
around 3500 or 7000. The limits for a given waterjet depend
essentially upon the power that it must absorb. Both jet
velocity and cavitation number vary markedly with power and
shaft speed, and place limits in a continuum. “There can be no
single power rating of a waterjet, unlike an engine, for this
reason. For example, a unit may be very efficient at 20 knots
with 200 SHP, but require 30 Xnots or more to be efficient at
600 SHP. VUpper limits on speed are less clearly defined for
lack of boats that need to run that fast. Jet efficiency
effects are fairly obvious, i.e., low head, high specific speed
pumps are not suitable for very high speed. Other pump types
will operate best at high speed, with its attendant suppression
of cavitation. Ordinary production inlets run satisfactorally
up to about 50 knots boat spesd; then special redesign should
be employed for a higher speed. Thrust/speed curves and cavi-
tation data furnish necessary information for the foregoing
considerations.

Comparable overall cost is another key parameter that
should be met in considering alternative propulsion devices.
in the event that a wide discrepancy occurs between initial
costs, significantly lower maintenance costs or operating
costs (due to higher propulsive efficiency) should be demon-
strated in order to justify the more expensive system. As a
general rule, waterjets' relative costs drop as power level
increases. The designer should obtain price guotations from
manufacturers and installed cost and maintenance data from
experienced users to answer these guestions.

Maintenance and service must be considered initially
also. Any system can be engineered to minimize reguirements,
but experience provides the real answers, Routine maintenance
and service regquirements of waterjets and simple propeller
systems tend to be very similar. Vulnerability to damage is
very different between internally and externally mounted com-
ponents, and may be a deciding factor.

When the foregeoing reguirements are met, waterjets
can then be compared on the basis of their special advantages.
Inherantly these include: shallow draft operation, safety,
protection of working parts, virtually no vibration or gyro-
scopic forces, and ease of installation and incorporation into
design. When appropriately applied, waterjets can offer high
propulsive efficiency, low cost, elimination of gearboxes, .  law
maintenance and. service reguirements, and exceptional maneuver-

ability, acceleration, and stopping.
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Some applications even arise where only waterjets are
practical, due to extremely shallow or debris laden water.

Waterjets should not be applied to sustained high
power operation at low speed (except in very special cases),
to aerated portions of a hull, to directionally unstable hull
forms, or to installations where the pump cannot be immersed
at startup.

A range of waterjet sizes exists on an off-the_shelf
basis for planing craft installation at 100-3,200 SHP, contin-—
uous, and beat speeds to around 50 knots (70 knots with special
inlets). These are available as complete units, or subassemblies
in some cases. Their peak propulsive efficiency ranges from
about 0.50 to 0.60, net, when properly applied. Complete op-
erational data is usually available or can be projected from
experience obtained elsewhere in their "families". The va-
riety of configuration and performance characteristics is stit
somewhat limited by low demand at present, but is expanding
rapidly. The following discussions will be addressed primarily
to these waterjet types.

Prospects for optimization of waterjet propulsiocn
systems are somewhat limited by practical considerations., It
is A simple matter to design an optimum waterjet for a par-
ticular application when craft requirements are well defined,
but preducing them on this basis is both expensive and time
consuming. Instead, the boat designer must usuzally select
from alternatives that are designed for broad usage, optimizing
by choice rather than design. As demand increases, choice will
broaden, and this process will become more flexible. When op-
timization is employed, it usually begins with a given speed
and power determining pump characteristics, via pressure de-
rived from jet efficiency at an appropriate loss coefficient;
then flow is calculated with an assumed pump efficiency.
Reiteration of the process is then made by adjustments for the
assumed variables, weight influence, shaft speed, and cavi-
tation allowance. Mechanical design follows, influenced by
particular considerations of service, control, feasible con-
struction, weight, space, and successfiul earlier practice.

Performance estimation for vessels propelled by avail-
able waterjets is usually a simple matter with appropriate data
furnished by the manufacturer. A curve of resistance vs speed
can be projected upon curves of thrust vs speed such as figure
S, to immediately produce a set of speed and power data. Pro-
pulsive efficiency, range, fuel requirements, etc., can then
readily be computed, if desired. At extremes of speed and.
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power consult the manufacturer for performance corrections.
In this process as well as any other, accurate boat weight,
resistance, etc., are reguisite to a successful prediction.
Substantial, realistic margins on vital gquantities benefit
waterjet and propeller applications alike, and are strongly
advised. When resistance data is not available, waterjet
manufacturers can make ball-park estimates of performance from
weight, power, and speed requirements, just as boat designers
can with propellers. Boat length, beam, deadrise, LCG, etc.,
should bhe cited also, in order to make estimates as realistic
as possible.

The subject of matching engines to waterjets can be
the first or second key step in unit selection. Waterjet units
are available for direct coupling to virtually all popular
domestic engines in the 100-500 SHP range. DMatching these
then is as simple as overlaying engine and waterjet SHP as
RPM powering curves, as is shown in figure 11. As a rule of
thumb, the uppermost impeller trims are the most efficient
and resistant to cavitation. The engine manufacturer likewise
sets preferences on shaft speed for continuous operation. The
low limit for the engines shown can be taken at 2,150 RPM,
Hence, instead of the desired "A" trim, impellers "E" and "M"
would be selected in the example given. Note that waterjet
powering curves remain essentially constant in spite of var-
iations in boat speed. Also, the jet will probably operate
at a higher shaft speed than a propeller will for a given
power, as shown in figure 12. Impeller trims refer to geo-
metrical modifications that can change an impeller's speed
some 20% at constant power or change power absorbtion 50 to
100% at constant speed.

At powers above 500SHP, gas turbines arée becoming
most common as the prime movers for high speed craft in water-
jets' favorable operating range. It is not practical to match
pumps to their high shaft speeds. Hence reduction gearboxes
are used, and these can be tailored to turn the most suitable
impeller., More freedom of waterjet design for tradeoffs bet-
ween performance, weight, and cost is allowed, compared with
the direct-coupling case.

Waterjets and gas turbines, both being similar as
turbomachines, make a desireable match for one another. Power
and speed characteristics are similar, and transitions are
very smooth. Vibration is practically nonexistant. Waterjets
power reguirements tend to closely follow the turbines' optimum
operation line. Waterjets benefit any engine and prolong its
life by being a smoothly operating load device that will not
overload {even with debris inside). :
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A waterjet user should remain aware that the direction
of siaflt rotation in a pump is almost always clockwise facing
art from inlet toward discharge. He should also note that
imuersion of the pump should be sufficient to allow startup from'
rest (a static waterline at the bunp centerline is sufficient).,
yet little enough that the inspection cover or an extension
of it can be used without flooding the vessel.
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SPPLICATICY DETATLS

Selecting the most suitable number of waterjet units
for a vessel can be a simple or very trying process. Key con-
siderations here are the availability of units, their weight,
cost, and efficiency, the power, RPM, cost, and weight of -
available engines, and the amount of space available. Ideally,
waterjets for a particular craft- should be powered to produce
the highest possible jet efficiency. Considerations of cost,
welight, and life, or availability may make this impractical,
however. One waterjet unit could be driven by two different
engine sizes in a two or three shaft line installation at
equal total power,and total thrust would wary as shown in
figure 14. 1In this case both thrust and life are greatest
with three at low speed, but thrust is highest at high speed
with two. In another case three small units at high power for
2ach might be compared with one or two larger units at high or
low power for each, all combinations generating equal total
thrust. The larger units' added cost or weight would have to
be offset by deleting the third engine and/or by their oper-
ation at higher propulsive efficiency.

When large jets are feasible choices but direct coup-
ling to desired large diesels is not possible, a variety of
inexpensive, simple reduction gears is davailable.

The absence of underwater appendages has other
ramifications than invulnerability for waterjet propelled
vessels. Hull form must be depended upon for directional sta-
bility. Low forefoot profiles popular for propeller driven
planing craft may cause wandering or spinning out at high speed
with waterjets. Skegs are an effective solution to this prob-
lem. Prismatic - especially deep vee-hull forms are a better
solution. These forms also steer precisely. Waterjet pro-
pelled craft can turn very rapidly, without excessive heel,
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yet never trip in a turn. Turning radii of one to two boat
lengths at maximum speed are commonly attainable. dJet boat !
control feels "slippery" to an inexperienced operator, pPrimarily
as the result of no appendages; but practice leads to equal

and usually better boat control with the jets than with Pro-
beller systems.

The hull bottom form usually has little effect upon
inlet performance, in spite of popular conceptions to the con-
trary. ©Skegs, keel coolers, and other protruberances upstream
of inlets however, should be so located as to insure that
streamline flow is reestablished ahead of the inlets. Aerated
conditions arising from inverted vee forms, flat bottom hulls
at high speed, or continual broaching of inlets must be avoided.

The location of waterjet units fully astern provides
the opportunity for wide choice of LCG location and general
arrangement by permitting the engine weight and bulk to be lo-
cated aft as well as in its traditional location.

It should be added to the earlier discussion of
waterjet control- systems that manual actuators are usually
sufiicicnt for up to about 300 SHP industrial duty applications
above that level, power assisted devices are required. These
can be expected to become standard options for the appropriate
waterjet units. Proper alignment of steering deflectors is at
least as important as that of rudders. Adequate clearance
rmust be allowed for operation of the reversing mechanisms.

The most precise low speed maneuvering with water-
jets is obtained when throttlie and shift can operate indepen-
dantly of one another. This allows high thrust to be switched
instantly from forward to reverse and in between. This ar-
rangement may not be suitable for many operators however, who
must use instead the integrated single lever arrangement.
These still shift very quickly and can be very-effective.

The operator should be made aware that high idle or greater

shaft speed is required for sufficient thrust with a jet, or
else he will encounter sluggish response. A control with ad-
justable idle such as the Morse "MK" makes a good compromise.

In industrial duty waterjet applications it is usually
necessary to protect the external control parts ("steering
assembly") from impact with docks, pilings, other vessels, etc.
This is accomplished by fitting a functional fender, step, or
bustle around or above these parts, or by recessing the
whole into the transom with just enough clearance for control
functions. '
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Pleasure craft jets commonly are offered with either
inboard or outboard mounting of the bulk of the unit to meet
various needs for engine location. Inlet grill housings are
avallable with various entrance shapes to fair with the many
keel/garboard forms encountered in single unit installation.
Industrial duty units are inboard mounted only, with £lat grill
housings. Occasionally needs for floating mounting arise,
whereby the unit is supported at 3 or 4 points and fitted with
flexible beots at inlet and discharge to isolate the unit
from hull flexure.

Grills are available for any application in a variety
of forms to cope with special debris problems such as rocks
and certain weeds. Weeds that are admitted to the pump and
will not pass through can be minced to do so by special weed
cutters fitted to the inspection cover. Occasional debris
will bang up in the impeller of a waterjet in spite of pre—
cautions, but this is very rare, especially in high specific
speed units. (One high production unit has never had this
happen.) When this does happen the pump loses thrust and
torgue and usually vibrates. Operation can be continued but
is advised against. Clearing-of the impeller -through -the.-- - -
inspection hole is quite simple. The engine must be stopped,
of course, for safety's sake, during this operation.

Drive shafting for waterjets becomes a function of
the configuration of the propulsion system, and the pPrecision
with which components are held in relation to one another.
Routine gasoline and diesel installations use double universal
jointed shafts to accomodate misalignment imposed by installa-
tion and working of the hull under way. The pump shaft cannot
flex as readily as a long propeller shaft can, thus it must bhe
protected by the coupling. Available drive shaft lengihs
range from 4-% inches to several vards (with intermediate
support as reguired.). Gas turbines over 500 SH® and their
gearboxes are close coupled and carefully hard-mounted to the
waterjets using gear type couplings that are very short and
accomodate only small misalignment.

Corrosion problems of the waterjet itself zre addressed
in its design. However, some installations may impose gal-
vanic corrosion problems. In fiberglass, wood, or concrete
vessels waterjets may suffer if they are not electrically
isolated from other machinery or electrical sources. Instal-
lations in aluminum or steel vessels pose few problems because
the waterjet is compatable with or more cathodic than the hull.
(except aluminum units in steel hulls.) Local isolation, coat-
ing of both jet and hull, and the bulk or size of the hull’
together protect the hull completely when it is more anodic.



-279-

SPECIAY, APPLTCATIONS

Racing is a natural offshoot of successful pleasure
craft propulsion. There has been considerable racing activity
with waterjets in California and Texas, and competition is
very keen. All units used are modified from stock, for no
special racing units have been built to date. Drag racing
imposes the most severe requirements. Jet drag boats have
exhibited perhaps the strongest initial acceleration of any
existing form of transportation, responding instantly to full
power. However, at the top end their performance fades as the
result of improper inlet application. This deficiency will in
time be corrected as demand warrents. The success of rather
crude flow diverters at more than 100 knots promises great
success for sophisticated forms. Cavitation must of course
be present, but is hardly noticed in units that are properly
prepared, and where boat speed changes rapidly. In marathon
and circle racing the exceptional turning ability and accel-
eration of jet boats presents thrills and an edge over other-
wise faster propeller driven craft. Special nozzle sizes to
help suppress cavitation, relocation and trimming of nozzles
to improve boat trim, and lightweight reduction gears have be-
come important modifications to racing waterjets. The gear-
boxes permit use of *A" impellers with very high speed
engines, f£or considerable advantage over heavily trimmed
impellers,

Combination propulsion unit/fire pump waterjets have
been steadily popular over many years. These are constructed
from high pressure jet units with a valve and elbow placed
between pump and nozzle, leading into a water main to hydrants
and monitors. A compact, simple machinery arrangement re-
sults. Pure pumping units based on waterjet components have
also been built.

Hydrofoil and air cushion craft represent the most
censpicucus special industrial type waterjet applications.



~280~

Jets are uniquely suitable for these craft simply by elimination
of the complex and notoricusly unreliable drive trains +o
propellers. They have problems too, insofar as working £luid
must be routed over long distances, incurring hydreodynamic
losses, added drag, and weight penalties. Proper tradeoffs
between key variables however,will result in highly success-
ful system designs. See inlet and state—of-the—art dis—
Cussions above. Waterjets for these vessels are non-optimum
with respect to jet efficiency in the direction of high jet
velocity. This is associated with low flow,intentionally low
specific speed pumps to minimize duct size, weight, and drag
influence.

A Xey problem in pump application to these craft is
a prominant hump thrust reguirement at low speed and inlet
pressure. This leads to cavitation problems at the required
vower. Low specific speed pumping, multistaging, or a special
inducer stage helps to alleviate the problem. See cavitation
discussion, above. Usually these problems are not as severe
as those of propellers in these applications.

Other low speed requirements should be mentioned in
passing. There are a few applications for craft that operate
at less than 15 knots yet must have extreme shallow draft.
These are special tugs, barges, and military craft. Here
specially adapted waterjets can be applied, at reduced power
or life. Very high specific speed units are called for.
Tugboats with a substantial deadheading or free running re-
quirement can be designed to do so at high speed, then tow
at substantial power with waterjets, circumventing the need
for expensive, vulnerable controllable pitch propellers.

Other special applications aretoo limited to men-
ticu or have not been thought of yet. The near future will
see considerable productive innovation in waterjet propulsion,
anc one day's special application will become the next's
standard.
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SUMMARY

Discussions of waterjet propulsion development,
principles of operation, and considerations for application
have been presented to familiarize the small craft engineer
with this node of propulsion in a usable sense.

A brief sketch was made of modern waterjet units,
manufacturers, and key applications that have been made.
It was concluded that refinements and acconplishments have
established waterjet propulsion as a valid alternative to
propeller systems when properly applied.

Basic hydrodynamic and mechanical characteristics
of waterjet units were outlined for reference to clarify ap-
plication considerations. Principles of hydraulic operation
and jet thrust were pointed out to distinguish waterjet from
propeller characteristics. Special considerations for
cavitation and apparent appendage drag were described in de-
tail. Propulsive efficiency characteristics were derived and
shown to be competitive. Uniquely simple mechanical features
were pointed out to indicate attainable quality, reliability,
and ease of use.

Advige on waterjet application was presented first
in perspective, then in detail. Criteria for selecting
waterjet over propeller propulsion were defined. Issues of
optimization and practical constraints were cited briefly.
Techniques of boat performance estimation and matching
waterjets to engines were spelled out. Special problems
advantages, and tradeoffs with incorporating waterjets in
boats were discussed in detail.

Finally, characteristics of special waterjet ap-
plications were described to iilustrate some of the flex-
ibility of this means of propulsion.
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LIST OF SYMBOLS

acceleration of gravity, ft/sec?

elevation head, ft

hydrodynamic head loss, ft,

head at the nozzle, ft

Head produced by pump, ft.

ram pressure recovery head, ft

flow rate, slugs/sec

shaft speed of rotation, RPM

specific speed

suction specific speed

net positive suction head, ft

flow rate, 6PN 7
flow rate, ft3/sec
appendage resistance, lbs

radius of impeller entrance, ft
propulsive thrust, lbs

jet thrust, lbs

static or bollard thrust, lbs
velocity at impeller entrance, ft/sec
Jjet discharge velocity, ft/sec

craft velocity, ft/sec



5%

m

A3 3 3
M+ —

£ 9 2 X

-283-

LIST OF SYMBOLS (Cont'd.)

hydrodynamic loss coefficient
Yappendage efficiency'

jet efficiency

pump efficiency

thrust efficiency

Jet wvelocity ratio

fluid density, slugs/f’t3

local blade tip cavitation number

rotational speed, rad/sec
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LiST OF FiGURES

Typtcal Waterjet Propulsion Unit and Nomenclature

Pump and Nozzie Characteristics

External Forces on Craft System

intet Ram Recovery Variations with Iniet Velocity Ratio

Jet Efficiency as a Function of Jet Velocity Ratic and
Loss Coefficient

Statistical Pump Efficiency Maxima as a Function of Specific
Speed and Fiow Rate

Pump Efficiency Variation with Cavitation

Appendage Resistance of Flush Intet Systems

Theoretical Thrust Performance for a Particular Waterjet
Waterjet Powering Curves

Engine/Waterjet Matching Curves

Powering Curves for Propelier and Waterjet

Thrust Performance with Two and Three Units at Equai
Total SHP

Thrust Performance of Various Waterjet Pump Types
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