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Small-Craft Power Prediction

Donald L. Blount! and David L. Fox'

LAY Ching

PRorv eJcond

A valid performance prediction technique for small craft is an invaiuable tool not only for the naval archi-
tect, but also for the operatcrs and builders. This presentation describes the methadology for making
speed-power predictions ‘or hard-chine craft of the types found in the offshore, military, and recreational
applications. The distinct advantage of this method is that existing technical data have been organized into
a logical approach, and areas of limited data have been overcome by the presentation of engineering fac-
tors based on model tests and fuli-scale triais of specific hull forms. This speed-power prediction method
accounts for hull proportions, ioading, appendage configuration, propeller characteristics (including cavita-

tion), and resistance augmentation due to rough water.

Introduction

THE SPEED-POWER RELATIONSHIP of a craft is of prime
interest to all parties from the design agent to the owner/oper-
ator. The initial cost of installed power is followed by corre-
sponding maintenance and operating expenses, particularly
fuel, direcily related to horsepower. Many technical papers on
small-craft design (with references {1}, (2], and [3]? being no-
table exceptions) have been related to just determining the ef-
fects of variation of hull form. Savitsky, Reper, and Benen [4]
presented an outstanding paper on the design philosophy of
effective hydrodynamic tradeoff studies for smooth and
rough-water operations. In addition, useful data have been
published giving propeller characteristics under cavitating
conditions, appendage drag, and propulsive data. The object
of this effort is to present the development of a small-craft
power prediction method which allows the designer to apply
these existing data to select, with impreve confidence, hull
proportions, engine power, reduction gears, and propellers. A
less obvious, but important use of this prediction method is
that it serves as a baseline for determining that a craft has at-
tained its technically achievable performance during trials
and in service.

Resistance prediction for the hull

There has been almost no correlation of model ana full-
scale trial data for hard-chine craft, but consistent experience
has indicated that model tests for specific designs are the best
source of resistance prediction data. This experience also indi-
cates that zero correlation allowance produces the best full-
scale extrapolation of these model data when using the
Schoenherr friction formulation. Another source of resistance
prediction data can be obtained from published test data from
geometrically varied hull forms. Notable examples of these
type data for hard-chine craft are Series 62 and Series 65. In
addition to these, mathematical techniques such as that re-
ported by Savitsky [5] are widely used.

The significant dimensions of the hull which affect the
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power requirements of a craft have not all been documented
as to their relative importance. The predominant prediction
method used within the small-craft technical community has
been that developed by Savitsky [5]. For the case where all
forces are assumed to pass through the center of gravity, dis-
placement, ckine beam, deadrise angle, and longitudinal cen-
ter of gravity are required geometric data. The Savitsky meth-
od is based on prismatic hull form, that is, on craft having
constant heam and deadrise. In as much as few craft have
these prismatic shapes, designers have used various geometric
features of their designs to represent an “effective” beam and
deadrise to use the Savitsky equations. Hadler and Hubble,
using the extensive model test data from Series 62 and Series
65 [6-8], used a statistical approach in reference [9] as one
method of establishing “‘effective” proportions for use with
this analytical prediction method.

In an effort to improve the predictive process without intro-
dueing a new analytical approach, it was decided that “modi-
fying” the Savitsky method might produce improved accuracy
in the hump-speed range while retaining the experisnce and
use of existing computer programs. This process consisted of
first making Savitsky resistance predictions for a select num-
ber of hull forms for which model test data existed. The pur-
pose was to isolate the effective chine beam which would pro-
duce the best analytical prediction. Figure 1 shows a typical
sample of the results for a Series 62 hull. The comparisons
made indicated that the maximum chine beam produced the
best high-speed predictions for craft with constant afterbody
deadrise. In the hump-speed range, which is normally outside
of the valid range of the Savitsky method, the resistance of the
hull was always underpredicted no matter what chine beam
was used.

Likewise, a similar approach was attempted to isolate an ef-
fective deadrise for craft having nonconstant afterbody dead-
rise. This effort was much less rewarding, as indicated in Fig.
2, which shows a typical comparison of model test data with
predicted results for a hull having longitudinally varying
deadrise. The center of pressure for dynamic lift in the limit-
ing case is approximatelv % of the mean wetted length forward
of the transom. The longitudinal dynamic pressures which
were measured and reported in reference [10} show this distri-
bution. In practice, the mean wetted length of a.commercial or
military craft is seldom less than one half the chine length. In
effect, the latter statement, and the fact that the high-speed
dynamic center of pressure approaches % of the mean wetted
length forward of the transom, virtually eliminates the after
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portion of the hull as the location of the effective deadrise
angle.

Like the beam, the effective deadrise angle varies as speed
increases from zero. The maximum chine beam, however, was
identified as the representative value for best prediction at
high speeds. The “effective” deadrise angle was arbitrarily
taken as that angle at mid-chine length, as this location ap-
proached the practical aftmost high-speed longitudinal center
of pressure.

Nonconstant afterbody deadrise (warp or twist) has been
considered by some to result in a higher resistance when com-
pared with a constant-deadrise hull. This concept may not be
adequately supported by experimental data when compari-
sons with constant and warped afterbody hulls are made for
the case where both have equal deadrise angles at the center
of pressure. For this case there is little difference in relative
hull resistance, but there is some difference in dynamic trim.
Thus, warping is considered to be a designer’s tool to control
dynamic trim in the same fashion that bottom plate exten-
sions are built into craft and bent down to change dynamic
trim if desired after builder’s trials.

The establishment of the “effective” beam as the maximum
chine beam, and the “effective” deadrise as the deadrise
angle at mid-chine length, allows the development of an “en-
gineering” factor that can be used to modify the existing Sav-
itsky prediction method. The modifying factor reported here
was established in a rather simple manner. Resistance predic-
tions were made for a number of hull designs for which model
test data existed. For each of these conditions, the ratio of
model test data to predicted resistance was computed and an-
alyzed for sensitivity to hull form and loading parameters.

Like many designers who have confidently used the Sav-
itsky prediction method for hull resistance predictions, it was
no surprise to the authors to find that the model and predict-
ed results were essentially equivalent at planing speeds. As
mentioned previously, however, the hump-speed resistance
was underpredicted, resulting in a correction ratio generally
greater than one. The collective results of obtaining these data
for various hull forms have been reduced to an analyvtical form
through a curve fitting process. The resulting expression is

M =098+2 (LCG) M gmaFe-085)
' Bpx

_3(%%%

This expression was not developed with a theoretical model as
a guide, and one should not expect to rationalize equation (1)
with hydrodynamic logic.

The M factor, from equation (1), was established so that it
would be a multiplying factor to the resistance predicted by
the simplified Savitsky method. (NOTE: The Savitsky equa-
tions are given in Appendix 1 for convenience.) Figure 3 repre-
senting equation (1) and Fig. 4 for F--speed relationship will
reduce the effort required to apply this modifying factor dur-
ing manual computations.

Purists may take exception to the mixing of several dimen-
sionless coefficient systems, that is, Fx and C,, as speed coef-
ficients:

) e;S(Fv-O.SS) (1)

13
Cy = —=— 3)
vV gBpx

This mixing resulted from practical rather than technical rea-
sons. Retaining the existing Savitsky prediction method
(which uses C,) was a guiding philosophy, and the majority of
model test data available to the authors (used F¢) suggested
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the mixing of dimensionless coefficients to minimize the effort
required to develop an improvement in prediction in the -
hump-speed range.

The primary goal which led to the development of equation
(1) was to improve hump-speed resistance prediction for hard-
chine craft. Any unfamiliar method is normally received with
some skepticism (and rightfully so) until individual confi-
dence is obtained by trying or testing the method .on known
designs. To initiate interest in the proposed method, Fig. 5 is
offered to show a comparison of model test data [not used for
the development of equation (1)] and the modified prediction
method reported herein. The speed-resistance prediction is re-
spectable and slightly conservative. Note that the selection of
model data used to develop the M factor favored relatively
heavy craft (Ap/V%? in the range of 6.0 to 6.5) and the com-
parison in Fig. 5 improves as the displacement approaches
normal commercial and military loading. The simplified Sav-
itsky prediction is also shown on that figure (computed using
the effective beam and deadrise as defined in this report).

This modifying factor is not a panacea, for the unknowns
can haunt anyone attempting performance predictions. The
known limitations for application should be judiciously fol-
lowed. These limitations interact with those previously re-
ported by Savitsky and actually extend the usefulness to lower
speeds. The limitations for application of this prediction
method that alter those reported in reference [5] are:

Fgz1.0 .
LCG

——<0.46
Lp

Resistance prediction for appendages

For hard-chine craft the detail design of appendages may
well result in significant performance differences between two
apparently equivalent craft. Thus, this subject needs the at-
tention that has been reported by Hadler {1], which describes
the calculation of drag for skegs, propeller shaft, strut boss,
rudders, struts, struts palms, and appendage interference
drag. These equations, in part, are repeated in Appendix 2 for
convenience.

In addition to these appendages, other items such as seawa-
ter strainers and depth sounder transducers which extend be-
yond the hull should be taken into account when determining
appendage drag. Hoerner [11] notes that drag coefficients in
the range of 0.07 to 1.20 should be used based on frontal area
and degree of fairing. A value of Cp, = 0.65 is suggested for
appendages of this type extending more than 20 percent of the
turbulent boundary-layer thickness from hull. This is based
on full-scale trials conducted on craft with and without pro-
truding strainers. Numerically this would account for 90 shp
for each square foot of frontal area of strainers on a 20-knot
craft operating with 0.5 propulsive coefficient.

Data reported recently [12, 13] offer the best experimental
information for rudder drag in free stream and in the propel-
ler slip stream for a range of craft speeds approaching 40
knots. These references give results for rudders having airfoil,
parabolic, flat plate, and wedge sections. With the availability
of these data, proper allowance of strainers, and the data re-
ported by Hadler, a very detailed appendage drag allowance
can be made for the final design of any hard-chine craft.

While these appendage drag calculations are laborious, they
are not difficult and are essential when considering the condi-
tions for which the final propeller is selected. These detail ap-
pendage drag calculations, however, are not completely justi-
fied for preliminary design studies where various craft sizes
and arrangements are being considered. For such preliminary
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Nomenclature.

<t

AR

Ag = expanded area of propeller blades
(ft?)
= EAR(Ao)
Ao = disk area of propeller (ft?)
=xD2/4
Ap = projected area of propeller blades
(ft2)
‘= Ag(1.067 — 0.229 P/D)

Bpx = maximum chine beam excluding
external spray rail (ft)
Br = transom chine beam (ft)

Cpo = drag coefficient for seawater
strainers

Coe = drag coefficient for strut palm

Cpr = drag coefficient for rudder

Cr = friction drag coefficient
Cra = deadrise surface lift coefficient
Cro = zero'deadrise lift coefficient
= distance of center of pressure (hy-'

drodynamic force) measured
along keel forward of transom

C. = speed coefficient
PR ‘
=\ gBpx
Cs = load coefficient
= W/(w Bex?)

D = propeller diameter (ft)
D, = skeg drag (1b)-
Do = drag of seawater strainers (1b)
Dp = drag of strut palm (1b)
Dg = drag of nonvented rudder (1b)
D, = drag of nonvented struts (lb)
Dyu = drag of inclined shaft or strut bar-

rel (1b)

d = diameter of shaft or strut barrel
(ft)

e = 271828

EAR = expanded area ratio = Ag/Ap
ehp = total effective horsepower (hp)
_ RrV
! T 3259
ehpuu = effective horsepower, bare hull
= Ruu V
325.9

F¢ = volume Froude number
v
Tagvis

2 = acceleration due to gravity (ft/
sec?)
= 32.15 ft/sec?

H; 3 = significant wave height (ft)

- = depth of propeller ¢ below water
" surface at rest (ft)
; hp = strut palm thickness (ft)

J, = apparent advance coefficient =
v/nD

Jr = thrust advance coefficient

K- _v(-Wr)
1 - nD
Jo = torque advance coefficient
vl — Wy
nl)

[
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Kt = thrust coefficient
T

= pnzD*
Kq = toraue coefficient

= pn2Ds

LCG = longitudinal center of gravity
measured from transom (ft)
LOA = length overall (ft)
Lp = projected chine length (ft)
| = wet length of shaft or strut barrel
(ft)

M = multiplying factor [equation (1)]

- n = propeller rotational speed, rps
=N/60

N = propeller rotational speed, rpm
=Va-Wn) 1013

-
Npr = number of propellers

OPC = overall propulsive coefficient =
ehpgau/shp
P = propeller pitch (ft)

P/D = pitch ratio
P4 = atmospheric pressure (1b/ft2) =
2116 (I1b/ft?) for 14.7 psi
Py = static water pressure (1b/ft2} =
pgh
P, = vapor pressure of water (1b/ft?)

Q= propeller torque (lb-ft)
_ shp (5252)
"V

R4 = added resistance in waves (0 for
calm water) (ib)
R.pp = appendage resistance (1b)
Rawn = bare hull resistance (lb)
Re = Revnolds number
Rt = total resistance (Ib) = Ryn +
Rapp + Ra
rpm = propeller rotational speed =
shp = shaft horsepower (hp)
- .2rQN _ ehp
33,000 o
S = transverse projected area of rud-
der or strut (ft?)
So = frontal projected area of seawater
inlets (ft2)
Sk = transverse projected area of skeg
(ft2)

T = thrust of each propeller (1b)
R~
T (1=t)Nex
Trorar = total craft thrust (1b)
_Rr
-0
t = strut thickness (ft)
t/c = thickness to chord for rudders or

struts

V = velocity of boat (knots)
vm = mean velocity over planing sur-
face (fps)

= velocity of boat (fps)
vo.7R* = square of resultant velocity of
water at 0.7 radius of propeller
(fps)? .
_(Jr*+4.84) 2 e
= v
Jr?

w = weight density of water (Ib/ft3)
W = displacement (1b)
Xp = distance from stagnation line to
appendage (ft)
Y = width of strut palm (ft)
(1 = ¢t) = thrust deduction factor = Rr/
TrotaL
(1 = Wy)= torque wake factor = Jo/Ja
(1~ Wr) = thrust wake factor = Jr/Ja
B = deadrise angle (deg) -
¢ = angle of shaft relative to buttock
(deg)
" p = mass density of water (Ib-sec?/
v £t4)
= 1.9905 for 59°F salt water
» = kinematic viscosity of water (ft?/
' sec)
= 1.2817 X 10~% for 59 °F salt water
\ = mean wetted length-beam ratio
n4 = appendage drag factor
1
0005F.2 +1.05
prOpeUer open-water efficiency

w)(%)

np = propulsive coefficient

- ghp
~ shp

o

= ToNHNR

nu = hull efficiency
ngr = relative rotative efficiency
T = volume of displacement (ft3)
_ A (2240)
PE
A = displacement (long tons) = ¥/
. 35
& = boundary-layer thickness (ft)
ACa4 = correlation allowance
AD = interference drag (Ib)
¢ = cavitation number based on boat
velocity
Py 4+ Py = P,
the) pv2
do.7R = cavitation number based on re-
sultant water velocity at 0.7
radius of propellers .

’]'I'2 .
I Tz ¥ask

r¢ = thrust load coefficient
T
T (%) p Ap vo.7r?
7 = trim angle relative to mean but-
tock (deg)

shp - KaeD” (0.05499) (1 - Wap?

1 knot = 1.6878 fps
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studies the following approximation for appendage drag factor
has proven to be useful:

1
0.005 Fv? + 1.05

This equation is based on a collection of data from twin-screw
hard-chine model tests made with and without appendages.

na = 4

25
20

-4

This expression is shghtly more conservative than the append-
age factor data reported in reference [2]. Numerical values for
equation (4) are given in the following table:

Fa 1.0 115 (20 { 25 )|3.0]35}40 | 4.5} 5.0

14]]0.948/0.942/0.934/0.925{0.913{0.900|0.885{0.869/0.851

osa 1 | ! i
- 5/.0 206

The magnitude of appendage resistance is then represented
by

Rapp = (Re) (;1; -1) ®)

Added resistance in waves

Craft performance in a sea is best predicted by model tests
conducted in a representative random sea in which the craft is
expected to operate. These tests give added resistance in
waves as well as motions and accelerations needed to design
hull structure and to estimate crew/equipment limitations.
These types of tests are of great technical value and return the
dollars invested when only a few craft of given design are pro-
cured. For design studies or a “one of” construction project,
Fridsma [14, 15] offers an excellent source of rough-water per-
formance technology for hard-chine craft presented in a for-
mat for use by designers.

The calculation procedure for added resistance in waves
from reference [15] is reproduced in Appendix 3 of this report.

Propulsive data

After identifying a means of predicting the speed-resistance
relationship for a craft, it follows that the interrelation of the
hull-propeller must be described in order to properly include
propeller characteristics. The propulsive data are the transfer

Fig. 3 Variation of modifying factor with volume Froude number
and LCG/ B;x
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functions that describe this interrelation and, unfortunately,
this area of hard-chine technology has the least published in-
formation.

Hadler and Hubble [2] presented a very complete synthesis
of the planing craft propulsion problem for single, twin, and
quadruple-screw configurations. This work reports computed
values of (1 — W) and (1 — t) for various shaft angles and
speeds. Reference [16] reports experimental propulsive data
obtained from full-scale trials of a twin-screw craft. In addi-
tion to these sdurces, other model and full-scale experimental
data for twin-screw craft have been collected and found to
consistently fall within reasonable bounds with some variation
with speed. The range of shaft angles for these craft was from
10 deg to 16 deg measured from the buttocks and may be par-
tially responsible for the bandwidth of data. These data col-
lected for twin-screw craft are reported in Fig. 6 with the
mean values and observed variations. Limited propulsive data
for a single-screw small craft with a skeg have been reported in
reference [17).

Onre significant difference in definition used in this paper
must be clearly understood so that the thrust deduction factor
(1 — ¢t) reported in Fig. 6 is properly applied. Using (1 — ¢) in
the classical sense, to describe a resistance augmentation
where the propeller pressure field changes hull flow patterns
for hard-chine craft performance prediction, requires iterative
computations to resolve equilibrium conditions of the various
forces and moments of the hull, appendage, and propulsion
systems. The thrust deduction factor (1 — t) reported here
was experimentally obtained and computed as the ratio of ap-
pendaged resistance (horizontal component of resistance force

20

i <fre a0

when towed in the shaft line) to total shaft line thrust (when
propelled at full-scale self-propulsion point). Thus, this modi-
fied definition of (1 — t) includes the effects of the classical
definition as well as that for the angle difference between the
resistance and thrust vectors, the trimming effects, and result-
ing hull resistance change, due to the propeller pressure field
acting on the hull, and similar trimming effects for propeller
lift resulting from operation in inclined flow.

Propeller characteristics

Since most working craft operate at fairly high speed and
propeller loading, their propellers more than likely operate
with some degree of cavitation. Cavitation adds a new dimen-
sion to propeller characteristics. Operationally, this variable is
most often reflected in a nonlinear speed-rpm relationship
near top speed. It is generally detected as a ‘“‘gravel-passing-
through-the-propeller” sound which may be heard in the la-
zarette above the propellers, and as erosion of propeller blade
material.

Relative to the predictive process, cavitation must be ac-
counted for as a change of propeller characteristics as reported
in reference {18] and seen in Fig. 7. Systematic variations for
several types of propellers have been reported giving the ef-
fects of cavitation on characteristics. Of these sources, Gawn-
Burrill [18] represents flat-face propeller sections similar to
most commercial propellers made for small craft. A compari-
son of cavitation data for a four-bladed commercial propeller
with the equivalent blade area for a three-bladed Gawn-Bur-
rill propeller was made in reference [16]. To quote this refer-
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ence, “A comparison of these two sets of data indicates that
the Gawn-Burrill data can be used to make engineering esti-
mations of this type of commercial propeller performance
when operating in a cavitating condition.” This, in fact, has
been consistent with other experiences where speed, power,
and rpm were measured on new craft, with the important ex-
ception that Gawn-Burrill data are very optimistic where
propeller sections were thick and the leading edge was blunt
with a poor-quality finish.

The Gawn-Burrill propeller characteristics are in the form
of Kr, Kg, no, versus Jr for various pitch ratios, blade area ra-
tios, and cavitation numbers (o). This familiar format, how-
ever, can be replaced with another which reduces the effort re-
quired to optimize the propeller, select the reduction ratio,
and make the speed-power-rpm predictions. This format is
that of 5 and J1 versus Kr/J72 for various P/D, EAR, and o.
The entire Gawn-Burrill propeller series has been redone in
this format and is presented in Appendix 4. The effort re-
quired to recompute and redraw these curves is compensated

JANUARY 1976

for by the long-term savings in preparing performance predic-
tions and optimizing propulsion systems. '

Power prediction method

The material presented up to this point have noted data
sources and logic leading to assumptions necessary to estab-
lish the data base for making a power prediction for craft.
Now is the time to put it all togethér.

It is important to keep one thought in mind when working
with propellers. Propellers produce thrust. While engine
power is converted to thrust horsepower by the propeller, se-
lecting a propeller to absorb power at a particular rpm and
speed does not necessarily yield the maximum speed poten-
tial of a craft. The following procedure describes the method
to effect a speed-power prediction, beginning with speed resis-
tance and then establishing the thrust requirements.

The development of Kr/Jr? as the common variable be-
tween hull thrust requirements and the propeller characteris-

21



tics has the distinct advantage of eliminating propeller rpm
from the early prediction calculations.
For each propeller

_T _v(l—-Wr)
Kr = pn2D* and Jr = nD
Therefore

T

pD%%(1 — Wr)? ©

Kr/Jr? =

For the hull
Ry
(1-1¢)

Assuming that each propeller produces equal thrust for a mul-
tiscrew craft, the thrust required by each propeller would be

TtoraL =

=——-———-RT / ) 7
T (1—t)1§{§y- SN g, (7)

Equating the thrust requirements that each propeller must
produce to that required to satisfy the hull resistance leads to

Rr 8
pD22(1 — Wr)*(1 — t){Npg)
Once the number of propellers has been established for a craft
design, the only significant variable that can influence Kr/J 12
is the propeller diameter D. This relationship {equation (8)] is
the basis for the format change in propeller characteristics as
presented in Appendix 4. This format can be used for any type
of propeller such as the Troost series, Newton-Rader series, or
supercavitating CRP series.

Once the thrust loading (K7/J72) has been established, the
equilibrium condition between hull requirements and propel-
ler capability leads, in general, to a unique value of open-water
propeller efficiency (no) and advance coefficient (/) for that
craft speed (and corresponding cavitation number ¢):

KrlJr? =

Py+ Py—P,
= 9
(*k)pv?
The appendaged propulsive coefficient is computed as
D = NONHNR (10)
where
_a-p
A= wr
The total shaft horsepower (shp) is computed from total ehp:
RV
hp =
" = 3959 (1D
by the following equation
h
shp = 2P (12)
nn

The corresponding value of Jr defines the propeller rpm
(N) as

V{1~ Wr)
JrD

Most designers of small craft are familiar with bare-hull
propulsive coefficient or the term overall propulsive coeffi-
cient (OPC). The magnitude of 0.5 for OPC has been used for
years for preliminary power estimates. For current design
practice a value of OPC = 0.55 is readily attainable for twin-
screw craft. This is mentioned to emphasize that the propul-
sive coefficient (yp), in equation (10), and OPC are not the
same. Bare-hull ehp

N= (101.3) (13)

22

ReuV
325.9

is used to compute bare hull or overall propulsive:coefficient
as follows:

ehppy = (14)

opC = &hPeH
shp

The difference between equations (10) and (15) for smooth-

water conditions (zero sea state) is mostly a result.of the ap-

pendage drag factor (54) with minor effect due to the tenden-

cy of propeller efficiency to reduce with increasing thrust

loading. This latter factor becomes very important as the pro-

peller begins to cavitate. Thus, for moderate speeds and thrust
loading in smooth water

(15)

OPC
n4

The speed-power calculation procedure, applying the ap-
proach briefly discussed, is best demonstrated by following
through a data calculation form. The sample form with col-
umn-by-column calculation procedures as given in Table 1
will show, in practice, the interrelationships of hull resistance, -
propulsive data, and propeller characteristics. The numerical
example depicts a 50-ft craft operating in rough water, and is
provided with the results presented in Fig. 8.

It is important to note that engine characteristics play no
part in the speed-power requirements (other than impact of
machinery and fuel weight on total displacement) once hull
loading, size, appendages, and propeller geometry are fixed.
An engine and reduction ratio must be selected with charac-
teristics compatible with predicted speed-power-propeller
rpm needs for fixed-pitch propellers since the propeller con-
trols the engine power oufput at a given rpm up to the maxi-
mum power capability of the engine.

(16)

np =

Applications

Any rational power prediction method has many uses be-
yond that of just determining the speed-power-rpm relation-
ship for specific hull and propeller combinations. Ingenuous
designers find analysis of full-scale craft performance relative
to predictive techniques often leads to improved performance.
Additional uses of this speed-power synthesis are discussed in
the following paragraphs, and it is-hoped that these will stim-
ulate other applications.

Hull proportions for smooth-water minimum ehp

Whenever new requirements arise for craft operations it
may not be unusual for a new-size supply craft, crew boat, or
patrol craft to be developed around existing engines to satisfy
these requirements. The best economic resolution of craft size
relative to requirements (such as payload, speed, range, sea-
keeping, maneuverability, and crew size) should lead to a de-
sign study to establish the technical and financial impact of
each requirement.

In the context of design studies, the modified Savitsky pre-
diction method, discussed here under the topic of hull resis-
tance, offers a reasonable means to establish craft proportions
for minimum bare-hull ehp in smooth water. As stated pre-
viously, displacement, chine beam, deadrise, and longitudinal
center of gravity are the significant factors affecting speed-
power when all forces are assumed to pass through the center
of gravity. Considering minimum smooth-water ehpgy to be
the desired goal, an iterative series of calculations was made
for a wide range of these significant hull factors for speeds
from 15 to 45 knots and for displacements from 10,000 to
400,000 1b. Also, these calculations were made for 59°F seawa-
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ter and zero correlation allowance. The iteration was effected
by making incremental increases in chine beam until mini-
mum ehppy was obtained while LCG/Bpx, deadrise, displace-
ment, and speed were held constant. Thus, both LCG and Bpx

"increased at a constant rate during the search for minimum

ehpgh.

This optimization process is illustrated graphically in Fig. 9
for one condition of displacement, deadrise, and speed. The
results of these calculations are presented in Appendix 5 as
contours of LCG/Bpx and displacement (W) relating mini-
mum ehpgy and maximum chine beam (Bpx). Each figure of
Appendix 5 is for a constant speed (assumed design speed)
and gives results for deadrise angles of 10 deg, 16 deg, and 22
deg.

These conditions for minimum ehpgy in smooth water per-
mit interesting speculation if one does not introduce extrane-
ous thoughts. (The authors are well aware that other factors,
such as constructed weight, seakeeping, payload, cost, longitu-
dinal and traverse stability, affect craft proportions. This ap-
plication (Appendix 5), however, is limited to smooth-water
speed-power.) Most designers know, and these data show, that
“real” hard-chine craft are too heavy relative to their size.
Since the ratio of LCG forward of transom to length overall
(LCG/LOA) is usually in the range of 0.37 to 0.40, it might
take a zero payload condition for a craft to operate at a hydro-
dynamic condition for minithum power. (Example: At 30
knots, 8 = 16 deg, and a displacement of 100,000 lb, an overall
craft length of 90 to 95 ft would result in ehpgy of 1000 on a
craft with 16-ft chine beam.) Thus, a 90 to 95 ft craft could at-
tain 30 knots with approximately 1820 shp (OPC = 0.55) at a
displacement of 100,000 1b. But, could a craft of these propor-
tions and power be constructed with adequate allowance for
fuel and useful payload?

It is interesting to note that for speeds of 30 knots and
above, designers can relegate chine beam (Bpx) to a position
of minor consideration relative to powering requirements (see
Appendix 5). Thus Bpx can be selected for other important
reasons such as seakeeping, internal volume, deck area, or
transverse stability as discussed in reference [4].

Many tradeoff relationships can be extracted from Appen-
dix 5. Figure 10 shows the effect of design speed on the selec-
tion of chine beam for minimum ehpgy in smooth water. Like-
wise, other tradeoff relationships, such as deadrise effects on
ehppy as shown in Fig. 10, may be extracted as user needs

arise.

Selecting best propeller and reduction ratio

The “best propeller” for a craft is that which satisfies the
craft thrust requirements within geometric, financial, and
power limitations. If there were no design constraints, an “op-
timum propeller” could be designed for maximum efficiency.
With this slight distinction of terminology, optimum propeller
and best propeller are not considered to be equivalent and the
term “best propeller” will be used here.

The geometric constraints to be considered may well pre-
clude the -selection of an operationally suitable propeller.
Thus, it is important to establish the maximum propeller di-
mensions allowable for the shaft angle, tip clearance, and
draft limitations. Most craft have shaft angles in the range of
10 to 16 deg measured relative to buttocks, and propeller tip
clearance of 15 to 25 percent of diameter. Smallest shaft an-
gles are generally employed on craft with highest design
speeds, and tip clearances are controlled to a large extent by
propeller-induced vibration, which is often traced to extensive
cavitation.

The key to selecting a best propeller to satisfy the craft pro-
pulsion needs rests with equating required craft thrust with
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propeller thrust. Equation (8) defines the thrust-speed-pro-
peller diameter relation as required for equilibrium -condi-
tions, and the speed-power calculation form should be fol-
lowed. First, assume three or more values for propeller diame-
ter, not exceeding geometric constraints, and assume three
values of cavitation numbers corresponding to speeds above
and below the design speed. Perform the calculations from
Column 1 to Column 11 according to the procedure described
in Table 1 for each combination of speed and diameter. Rec-
ord in Column 20 the propeller diameter used in each line of
the calculations.

Based on previous experience a designer will usually have
an estimate of the expanded area ratio of propellers on similar
craft. If so, the closest value of EAR available in the Gawn-
Burrill series (Appendix 4) should be used with the propeller
characteristics for the remaining calculations. (Some guides
for approximate values of EAR are as follows: Three-bladed .
conventional stock propellers, use EAR = 0.51; three-
bladed wide-blade stock propellers, use EAR = 0.665; four-
bladed conventional stock propellers, use EAR = 0.665).

For each line, use the values of K1/Jr? and ¢ from Columns
10 and 11 to enter the appropriate propeller characteristics
curves in Appendix 4, and locate the maximum value of effi-
ciency (no) for that thrust loading. Record the maximum ng
and corresponding (Jr) and (P/D) in Columns 12, 13, and 21
respectively. The calculation form is then completed through
Column 18. Compute pitch and record in Column 23.

These data are plotted as shp, rpm, and pitch versus speed
for curves of constant propeller diameter. Construct a hori-
zontal line at the installed power level that intersects the pre-
dicted speed-power curves. Construct vertical lines passing
through each speed-power intersection point up to the speed-
rpm and speed-pitch curves for the corresponding propeller
diameter. These intersecting points are then plotted on a base
of propeller diameter, that is, (i) speed versus diameter at de-
sign power; (ii) rpm versus diameter at predicted speed for de-
sign power; and (iii) pitch versus diameter at predicted speed
for design power. This process is illustrated in Fig. 11 with in-
tersection points identified in both graphs. The ratio of pro-
peller rpm to engine rpm yields the desired reduction ratio.
Slight adjustments in propeller pitch are usually required to
match stock gear ratios. A numerical example of this propeller
selection procedure is presented in Table 2 and Fig. 11.

While this procedure establishes the best propeller diame-
ter and pitch for the assumed EAR, it does not establish that
the blade area is adequate relative to cavitation effects other
than from a performance point of view. Important factors af-
fecting both the hull structural design in the vicinity of the
propeller and the blade cavitation damage must be consid-
ered. Blade rate-induced hull pressures on the order of 4 to 5
psi can be generated by a badly cavitating propeller, and can
fatigue (crack) hull plating after short periods of operation.
Likewise, these blade cavities can be destructive to the propel-
ler, eroding blade material to the point of requiring frequent
propeller replacement.

These effects can be minimized by carefully selecting EAR
such that 7¢ (a thrust loading coefficiency related to pressure)
does not exceed the 10 percent back cavitation relationship
defined by Gawn-Burrill [18]. Thus, if

rc < 0.494(0¢7r)0-88 17)

(an approximation of the Gawn-Burrill 10 percent back cavi-
tation criterion), one can be confident that the propeller has
adequate blade area. r¢ and o¢ 7g take into account the resul-
tant of both rotational and axial velocities and are computed
as follows:

(text continued on page 26)
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Table 1 Propelier selection and speed-power calculation procedure
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CRLCHRTIONS FOR PREDICTION SHOwWA N FI& ureE -8 oajor VS
NOTE: Lines 1 to 10 may be used for propeller selection or
speed-power calculations.
Col. Data Source
1. Speed
Dat D inti Rows 1to 10 Assumed values
aia escription Rows 11 to 15 ‘Assumed values for V < 20
Craft Craft identification Rows 16 to 20 Computed for 6 of Col. 11
Date Date of computation 2. Bare-hull resistance Model tests or predictions
Calculated by Person making computations 3. . Appendage resistance Computed sum of shafts, struts,
Displacement Displacement of craft (1b) rudders, ete. or estimated from
LCG LCG of craft measured from Egs. (4) and (5)
aftmost point of planing 4.  Added resistance in waves Model tests or Ref. [15]
bottom (ft) _ (0 for calm water)
Bpy Maximum chine beam exclu- 3. Total resistance Sum of Cols. 2, 3, and 4 .
ding external spray rail (ft) 6. Volumn Froude No. Computed from Eq. (2)orFig. 4
g Deadrise at mid-chine length 7. Thrust deduction factor Model tests or Fig. 6
(deg) 8.  Thrust wake factor Model tests or Fig. 6
p Mass density of water 9. Relative rotative efficiency Model tests or Fig. 6
(lb sec?/ft*) 10. Thrust loading Computed from Eq. (8)
v Kinematic viscosity of water 11. Cavitation No. Computed from Eq. 9)
(ft*/sec) 12. Propeller efficiency Obtained from propeller charac-
AC4 Correlation allowance 13. Advance coefficient based teristics for Cavitation No. and
Sea state Nominal sea state on thrust Kr/JT* at proper P/D and
P, Vapor pressure of water EAR (Appendix 4 of this re-
(lb/ft?) port for Gawn-Burrill props.)
Depth = of Depth to ¢ of propeller hub 14. Appendaged propulsive co- Computed from Eq. (10)
propeller measured from water sur- efficient
face with craft at rest (ft) 15. Total ehp Computed from Eq. (11)
D (in.) Propeller diameter (in.) 16. Shaft horsepower Computed from Eq. (1 2)
D (it) Propeller diameter (ft) 17. Propeller rpm Computed from Eq. (1 3)
P (in.) Propeller pitch (in.) 18. Speed Repeat of Col. 1
P (ft) Propeller pitch (ft) 19. Trim relative to mean Model tests or prediction
P/D Propeller pitch ratio buttock
EAR Propeller expanded area ratio 20. Propeller diameter* or extra Assumed values
No. of blades Number of propeller blades 21. Optimum P/D* or extra From Appendix 4 for 7, opti-
No. of shafts Number of propeller shafts mum
22. EAR* or extra Assumed values
23. Propeller pitch* or extra - Computed from Cols. 20 and 21
24. Bare-hull ehp Computed from Eq. (14;
25. Overall propulsive coefficient Computed from Eq. (15
26. Extra
* Data used for propeller selection.
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T which the builder reproduces the design detail is reflected in
c= [Ty ye— (18)  overall craft performance. In order to rationally interpret trial
PUO.TR results it is necessary to document the size and location of all
Jr2 underwater appendages, measure the propeller pitch and di-
GOIR= O [—2—] (19) ameter, note the leading edge detail of the propeller, measure
Jri+4.84 craft displacement and LCG.

The data for these criteria are presented in Fig. 12. The pro-
peller selected in the example shown in Fig. 11 should have an
EAR = 0.82 to satisfy the 10 percent cavitation criterion at
maximum speed. Since this value of EAR is greater than that
used for the propeller selection calculations, it should be re-
peated for EAR = 0.82 to be certain the best propeller has
been obtained.

Should the value of EAR exceed 0.72 to 0.75, then it is un-
likely that a stock propeller can be purchased. If this occurs,
the designer has the choice of preparing a custom propeller
design or obtaining relief from geometric constraints to permit
use of a larger-diameter propeller to reduce rc to an accept-
able level.

Full-scale performance analysis

Builder’s acceptance trials are the true test of the craft de-
sign effort as interpreted by the designer. The detail with
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In order of experience with problems related to low trial
speeds, the authors have found the No. 1 cause to be stock
propellers with blunt or thick leading edges, or both, or nomi-
nal pitch no better than +1 in. The second most frequent of-
fender is overweight construction relative to preliminary ac-
cepted weight estimates. (Either better weight estimates or
better weight control during construction are required to
avoid this problem.) In third place is the incorrect allowance
for drag during performance predictions. Also, craft that have
been in service for some time are often inflicted with a heavy
coat of marine growth which resuits in speed loss. Docu-
menting and solving craft performance problems is in itself an
interesting career not unrelated to that of a detective. (Propel-
ler vibration and local blade erosion problems do not come
within the context of this report.)

Data acquired from most limited trials will consist of visual
inspection of underwater portions of craft, some estimate of
displacement and LCG, and speed versus rpm up to dead rack
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{and méybe' fuel rate) measured in deep water. Obtaining

' power measurements during trials, however, is invaluable for

propulsion system analysis, with thrust measurements being
the most sought after but least often obtained data.

A common problem experienced during trials is failure of
the engine to reach rated rpm. The obvious solution is to re-
duce the propeller pitch until the proper engine speed is at-
tained and then accept the resultant speed. This is an example
of selecting a propeller to absorb power rather than attempt-
ing to obtain best craft performance.

It is very possible for the propeller to be too big in terms of
pitch or diameter or both. Trying to isolate the cause, how-
ever, could lead to a best resolution as to excessive hull resis-
tance or reduced propulsion efficiency. Using the resistance
prediction methods or experimental data sources available,
the hull contribution can be established reasonably well. Trial
speed, rpm, and propeller geometry can lead to a representa-
tive full-scale shp estimate as shown in the following table:

TRIAL DATA .
D__PD__ EAR___W.___ LCG__

VIN JA [ Fv 1- WQ JQ g KQ shp
Trial | Computed As- Compute | Prop. Com-
data from trial -+ | sumed, | from t charact- | puted

data Fig. 6 | J4 eristics
and
(1-Wpo)

An alternative method to determine shp for diesel engines is
to measure fuel rate and obtain shp from engine characteris-
tics. By computing the estimated OPC the designer can make
comparisons with that value used for preliminary speed-power
estimates. A low value of OPC implies low propeller efficiency
or high appendage resistance. Detailed calculations of ap-
pendage resistance can be made from the information summa-
rized in Appendix 2 to verify or eliminate the appendages
from consideration as the source of the propeiler overloading.
Assuming Jg = J, the foregoing calculations can be carried
on to 7¢ and g 7g. If these computed values-exceed the Kr
breakdown curve in Fig. 12, the full-scale propeiler is operat-
ing at lower efficiency than technically attainable. Should low
propeller efficiency be the cause of engine overloading, the
best solution is changing to a refined propeller design rather
than just reducing pitch to absorb rated engine power at prop-
er rpm.

Power measurements during trials of newly designed craft
would be of great interest to builders and operators. This
would provide a rational basis for establishing technical
achievement and refinement of stock designs. With these
data, performance analysis (propulsion problem solving) is re-
duced to a technical exercise rather than a speculative art.

Concluding remarks

We are in a period where data obtained in the past or data
spun off from other technology programs are being applied to
craft design processes.

This effort was directed toward organizing and applying
reference material that exists for the small-craft designer in
the area of performance prediction. Others, however, have and
will perceive different uses of these data. By exposing this ef-
fort for inspection, the true value will be established by the di-
alogue that follows.
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Appendix 1

Savitsky equations

Equations for resistance and ehp computations by Savitsky
method when all forces pass through CG [5] (Given: W, LCG,
Bpx, B, p, v, AC4, v):

Computed from given data:

Computed from given data:
CLy= @)‘)—ZZE}? (21)
Solved for A:
pP= ;P(i(G)\ =0.75 - 571(6:)1—2_— (22)
—z + 2.39

Solve for Cp:

Cr, = Cr,—0.0065 8 C 0 (23)

JANUARY 1976

General trend of Gawn-Burrill propeller series cavitation phenomena

Solve for r:
'o.oossxm]

= L1
Cro=r [0.012\/X+ .

Compute for vm:

_0.012vX 711 — 0.00656(0.012V/\ 71-1)06

v,,,=v[1

A cosT
Compute for Re: ~
Re = Um wPX
14
Solve for Cr:
0.242
. vl logio (Re - Cr)

(Schoenherr friction formulation)

. Compute for Rpu:

pomZABpx%(Cr + ACa)

Rpy = W tant + 2(cosB)(cos7)

Compute for ehppn:
’ RgH |4
325.9

ehppn =

(24)

]1/2

(25)

@26)

27

(28)

(29)
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Appendage resistance
Inclined cylinder, that is, shaft and strut barrel:

Dsu= -‘2’- ldv2(1.1 sin3 + =Cr) (30)
Skeg:
Dk = £ (2Sk)un’Cr @31
Strut palms:
Dp = 0.75 Cp, YRels yhp (-;1) Um? (32)
where
Cp, = 0.65
and .
6=~ 0.016Xp
Nonvented rudders and struts:
p t t\4
Dpss = =sv22Cr [ 1+2-+60 (-) ] (33)
2 c c
Interference drag:
AD =2y, 22 [0.75 (5) - 0.0003 / (5)2] (34)
2 c c
Nonflush seawater strainers;
Do= g Sovm2Cp, (35)

where
Cp, = 0.65

Experimental rudder drag coefficients in a propeller slipstream
Geometric aspect ratio = 1.5
KplJp?=0.20
Propeller 0.55 D ahead of rudder stock

CDR
Rudder
section t/c 0=4.0 =20 | 0=15 |6=1.0
NACA 0.15 0.0015 | 0.0015 0.0015 | 0.0008
0015 |
Parabolic 0.11 0.0417 0.0427 0.0433 1{0.0425
(blunt
base) :
Flat plate 0.04 0.0278 | 0.0325 0.0371 | 0.0433
6-deg 0.11 0.0495 0.0495 | 0.0495 | 0.0487
wedge

Dp = gsuzcoﬂ
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Appendix 3

Added resistance in waves

This work was extracted in part directly from reference [15]
with permission of the Davidson Laboratory. The following is
reproduced here so that the user of this prediction method
might have one complete reference source containing material
to account for all items to be considered. It is essential that
reference [15] be consulted for complete understanding and
application of this method of accounting for added resistance
in waves. '

Different notation was used for equivalent data descriptions
between this report and reference [15]. These differences are:

SMALL-CRAFT

Reference [14] power prediction

(Fridsma) {Blount-Fox)
b Bpyx
L Lp
Raw Ry
A W

Design Charts

The ultimate goal for this study is to enable designers and
those interested in planing craft to use the information gath-
ered herein in a practical and meaningful way. Working
charts, with appropriate correction factors, were constructed
so that the results could be immediately applicable to the pre-
diction of full-scale performance of planing hulls. Some details
of the effects of individual parameters can be gleaned from
the charts and equations; but this is discussed in the next sec-
tion in a more generalized 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 prediction for a given
boat, seven quantities must be known; namely, displacement,
overall length, average beam, average deadrise, speed, smooth-
water running trim, and the significant wave height of the ir-
regular sea. Since realistic boats do not normally have a con-
stant beam or deadrise, it is suggested that these quantities be
averaged over the aft 80 percent of the boat. It is understood
that the designer has recourse to smooth-water prediction
methods [5] which will enable an estimate to be made for the
resistance, trim, and rise of the center of gravity as a function
of forward speed.

The nondimensional parameters are calculated next, such
as Ca, L/b, V/A/L, and Hys3/b.

In using the charts, the designer should be careful not to
make gross extrapolations. The charts are accurate within the
ranges of test data. A reasonable amount of extrapolation has
been built into the charts beyond the limits of the test data,
and the results continue to be reliable. It is when parameters
go far beyond the test ranges that one must be careful. The
following guide should be helpful in establishing the limits of
the use of the charts.

Para-

meter Ca L/b ICALIb} r g H,/,/b VIVL

Range [0.3-0.9 |3-6 | 0.06— | 3-7 [|10-301t0 0.8 [to 6
0.18 | deg deg

Added resistance in waves (Figs, 13 and 14). The chart in
Fig. 13 is entered with a given trim and deadrise. (Raw/
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« wb3) max and (V/v/L)*max are read off for the three sea states.

" An interpolation for the correct sea state can be made imme-
diately, or the added resistance can be obtained as a function
of wave height. For a given V/v/L or a series of speeds the
ratio V/V* ., is calculated, and Rsw/Raw ., is obtained from
Fig. 14. The added resistance is found by multiplying the re-
sistance ratio of Fig. 14 by the Raw/wb®)max obtained from
Fig. 13. The result, however, is true for a C, = 0.6 and
L/b = 5, and must be corrected by means of the following
formulas:

(Raw/wbginal = (Raw/wb3)charts
X E (Ca, L/b, V/VL, Hyy3/b)

* (V/VL)max or V/Viax is associated with the speed at which
(R Aw)max Occurs.

Appendix 4

Gawn-Burrill propeller characteristics,

no and Jr versus Kp/J?

Added resistance corrections

Equa
VA/L E tion
L 1
2 11+ [(-5{;?) - 1]/[1 +.895(H,,,/b — 0.06)] .} (1)
4 [1+10H,,,/b(Ca/L/b—0.12) (2)
6 {1+2H,,,/b[0.9(Cs—0.6) —0.7(Ca —0.6)*]| (3)

For the particular values of C, and L/b, calculate E and
plot as a function of V/v/L. Read off E at the V/+/L of inter-
est to correct the added resistance value.
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(Appendix 4 charts, Figs. 15-31, continue through page 40. Appendix 5 charts, Figs. 32-40, begin on page 41.)
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Appendix 5

bare-hull ehp in smooth water computed from

minimum

lified Savitsky method as modified by equation (1)
Calculations for zero correlation allowance, 59°F
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