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Introduction: Using This Book

Tilis book is not for Ph.D.s seeking the latest wrinkle in high-tech propelier design.
Rather, it’s for the average mechanic, engineer, fleet operator, port captain, serious
yachtsman. and naval architect as a clear and easy-to-use reference for choosing the
correct propeller for a particular design and scrvice.

It is necessary to take the time to make sense of a few tables and graphs; however, all
the calculations can be done by anyone with a basic understanding of high-schiool math.
In fact, every formula presented here can be solved readily using the simplest and least
expensive scientific calculators. (Appendix D presents a quick refresher course in using
decimal exponents.)

One of the more puzzling concepts in propeiler selection is the degree of accuracy that
is either desirable or attainable. A reference containing detailed charts, tables, and for-
mulas seems to call for extreme accuracy. Actually, ail propeller selection is a process of
approximation and estimation. It is important that you avoid mathematical errors when
solving the formulas required or when reading values from a graph or table, but the
degree of real-world accuracy you can achieve is limited.

There are two reasons for this. The first is that the interactions of the water, propeller,
and hull with each other arc so complex that no one really understands exactly what is
happening. Even for a very straightforward installation, an engineer would have to be
able to predict not only exactly how the water flow behaves as it swirls through the
propeller blades, but how the shape of the hull affects that flow. Then, this engineer would
have to determine precisely how these factors change—and they can change a great
deal—at different speeds, loadings, and sea states. And this is just the tip of the iceberg.
Shaft angle, boat trim, rudder angle, stern gear, exhaust back pressure, water tempera-
ture, and so on all play significant roles in propeller performance and behavior.

The second reason that propeller selection remains an approximate undertaking is that
for almost every ordinary vessel you will be selecting from the available stock commer-
cial propellers. The varicty of these propellers is more than wide enough to meet the
needs of almost any application; however, it is nearly impossible to account for the many
subtle differences between similar propellers of different manufacture.

A manufacturer of folding sailboat propellers recently ran a test series against similar
propellers of other manufacturers. They found that, even after carefully selecting similar
propellers, propellers of nominally identical face pitch actually measured significantly
different pitches. When the radical differences in blade style, camber, and thickness were
considered it became nearly impossible to find any two propeliers that were really iden-
tical in measurements, even though many had a catalog specification of the same diameter
and pitch. The selection of folding sailboat propellers is limited, so this is a somewhat
extreme example: nevertheless, you can specify a commercial propeller only within rea-
sonable limits. Diameter, face pitch, blade thickness, disk area ratio. and several addi-
tiona] factors serve to pin the design down fairly well, vet leave room for noticeable
differences among propellers of varying style and manufacture.

It is thus important, when selecting a propeller, not to let yourself get bogged down in
a pursuit of extreme numerical accuracy. Engineers use the term “significant digits™ to
indicate the degree of accuracy possible with a given amount of data. Computer program-
mers use the earthier “garbage in, garbage out.” This simply means that your answer can
never be more accurate than the information you started with.

For the vast majority of applications, simply working through the procedures in this
hook will enable you to select a propeller that will perform admirably. For uses in which

B ]
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extreme accuracy is required—squeezing the top one-half of one percent in performance
from a racing boat or obtaining the nth degree of maximum fuel economy in a tu g fleet—-
additional investigation may be justified. In such cases tank testing and detailed compurer
analysis may be called for, but ultimately the final decision will be made by running the
vessel over a measured course with a number of differing propellers and carefully evalu-
ating the results. Except for such unusual and exacting installations, using this handbook
and testing an array of the most promising stock propellers will give results equal to any
other method known.

Factors in Propeller Selection

A common misconception in selecting a propeller is that it is only necessary to specity
diameter and pitch. Although these fuctors are the most critical —as mentioned earlicr—
there are many other characteristics that must be considered. If, for instance, you simply
want a propeller 24 inches in diameter and with a 20-inch pitch, on opening the manu-
facturer’s catalog you would discover eight or nine very different types of propellers
available in these dimensions. Which should you choose? Among other things, you have
to consider the number of blades, blade area, blade thickness, section shape, and so on.
All of these characteristics are dealt with in detail in Chapter 4.

Understanding how blade shape, area, and confi guration affect performance will enable
you not only to specify general propeller dimensions, but to specify the most suitable
propeller type and pattern as well. Attempting to select a propeller on the basis of pitch
and diameter alone is like walking into a hardware store and asking simply for a 3/4-inch,
number 8 screw. The shopkeeper would immediately ask you if you need a wood screw,
shect metal screw, or a machine screw; a phillips-head or standard slot; a round head,
oval, or flat; one made of bronze or steel; and so on. Purchasing a 3/4-inch number 8
machine screw for a woodworking project would be nearly useless. It is equally important
to specify the correct type of propeller.

Before you can properly specify and order the most suitable propeller for your appli-
cation, you must specify most of the following factors, listed roughly in order of impor-
tance:

I Diameter

2 Pitch

3 Number of blades

4 Hand (left- or right-hand turning)

5 Propeller shaft diameter and keyway

6 Blade area (usually using Mean-Width Ratio or Disc-Area Ratio)
7 Cupped or uncupped blades

8 Supercavitating or standard noncavitating blades
9 Blade section shape (airfoil, ogival or combined)
10 Skew

11 Rake

12 Blade thickness

13 Hub diameter

ltems 1 through 6 must be specified for every propeller and every installation. Items 7
through 13 are of greater importance for differing types of craft and in solving specific
problems. Skewed blades, for instance, might be indicated where vibration is a problem;

xvi
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sipercavitating blades are only called for on very high-speed craft; and thick blades
would be specified on low-speed workboats operating in walers littered with debris.

Plan of This Book

It'is the intent of this handbook to provide all the basic information required to sclect
propeflers for almost every ordinary type of boat, from a sailing auxiliary, to a high-speed
powerboat, to a trawler, and so on. If you are interested in one particular type of vessel
or apphication, it is not necessary to study every section of every chapter. The best ap-
proach is to skim through the entire book, then concenirate on the sections that apply to
vour application.

hapters | and 2 cover questions in determining speed and power,

Chapter 3 describes the basic parts and dimensions of a propeller.

Chapter 4 discusses and defines the differences in blade shape and propeller type.

Chapter 5 covers the simpler “slip method” of propeller selection, best suited to pleasure
craft, and most notably to sailing auxiliaries.

Chapter 6 details the mathematically more exact BP-8 method of propeller selection,

Chapter 7 answers questions regarding installations, such as blade clearances, propeller
shafting., etc.

Chaprers 8 and 9 discuss some special considerations required for tugs, trawlers, sailboats
and high-speed and outboard-powered yachts.
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Chapter 1
Power

Understanding Engine Performance

;"\ propeller must satisfy two basic requirements. It needs to match the engine’s power
and shaft speed, and it must match the size and operating speed of the boat. But the size
of the engine affects boat speed, and the type of hull affects the choice of engine. This
creular relationship, with one factor affecting another, which in turn alfects the first
fuctor, is inescapable in propeller selection.

These basic requirements engender some of the most frequently asked questions about
propellers: Why won't my engine reach its top rated RPM? Will more or less pitch im-
prove my hoat’s performance? Why doesn’t my boat reach the top speed claimed by the
manufacturer? Before we can answer these and other such questions, we have to investi-
aute power, engine performance, and speed in some detail.

Ohviously, the more power available (all other things being equal), the faster a boat
will go. Accordingly, one of the very first decisions that must be made in selecting an
engine and propeller, whether for repowering, for a new design, or simply to improve
performance, is the speed of operation desired.

Using the tables and methods in Chapter 2, you can calculate the speed that a vessel
will make with a given power. From there, knowing both speed and power, you will have
two of the basic factors needed to choose a suitable propeller, using the methods in
(Chapters 5 and 6. Before we can jump ahead to estimating speed, however, we have to
understand what power is and how it relates to torque and fuel consumption. There are,
in fact, a number of different classifications or types of power relating to marine engines.

MEASURES OF POWER

In the English system, one horsepower (HP) equals 33,000 foot-pounds of work per
minute, or 550 foot-pounds of work per second, a foot-pound being the work expended
o Jift a weight of one pound through a distance of one foot. One horsepower also equals
(1.7457 kilowatt, which is the metric measure of power. One kilowatt equals 1000 joules
per second, or 1000 newton-meters per second. There is also a metric horsepower (HK
or PK), which is equal to 0.9863 English-measure HP.

liffective Horsepower, EHP

Effective horsepower or EHP is the power required to overcome a vessel’s resistance ata
given speed, not including the power required to turn her own propeller and operate her
machinery. This is very close to the amount of power required to tow the vessel.

Indicated Horsepower, IHP

Indicated horsepower or IHP is the power required to drive the vessel at a given speed.
Indicated horsepower includes the power needed to overcome friction in machinery and
to turn the propeller through the water. The ratio of EHP/IHP is usually around 50 per-
cent; in other words, the indicated horsepower is usuaily about twice the effective horse-
power, but this will vary with the installation. Neither EHP nor IHP can be determined
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without access to sophisticated tank fesi results Or CONTPUICTE prediction programs, and
neither figures in the propeller selection methods of this book.

Brake Horsepower, BHP

The brake horsepower or BHP of an engine is the maximum horsepower generated by
the engine at a given RPM, as tested by the manufacturer. [t is important to know whether
the BHP has been measured with or without a reduction or reverse gear installed. (The
reduction gear steps down the engine RPM to a lower shaft RPM, and the reverse gear
reverses the direction of shaft and propeller rotation. In the great majority of small-boat
installations, the reverse and reduction gears are combined in the same housing.) Maxi-
mum brake horsepower is the maximum power delivered by an engine, almost always al
its maxirmum attainable RPM.

In common usage, brake horsepower, when used without an indication of RPM, is
taken to mean maximum brake horsepower. Brake horsepower should be somewhat
preater than indicated horsepower to allow for the power required by generators, com-
pressors, and other machinery driven by the engine and not directly used 1o propel the
vessel.

Shaft Horsepower, SHP

Shaft horsepower or SHP is the power actually transmitted along the propeller shaft to
the propeller at a given RPM. Shaft horsepower is the brake horsepower minus the power
used by all internal machinery; the power lost in the gearbox, about 3 percent (if not
already deducted in the brake horsepower); and the power lost to the friction of shaft
bearings, about 1% percent per bearing. Maximum shaft horsepower is the maximuin
power delivered to the propeller, almost always at maximum attainable RPM.

It is important to remember that SHP is the measure that should actually be used in
making propeller calculations. In the absence of detailed information, maximum SHP
may be assumed to be 96 percent of maximum BHP. Like brake horsepower, the term
shaft horsepower, when used without an indication of RPM, is taken to mean maximum
shaft horsepower.

Effects of Horsepowcer

Obviously, more power permits more work to be done in a given time. This means that
an increase in horsepower in a given hull permits either an increase in speed or an increase
in the load that may be towed. Too little power will not drive a vessel at the desired

speed, while too much will be wasteful of fuel, space, and initial expense.

Power and Energy Losses

It is interesting to see approximately where the energy from the fuel goes. About 35
percent is lost in heat to the atmosphere, 25 percent is lost in heat and vibration to the
water, and 2 percent is lost at the propeller shaft. This leaves only about 38 percent of

the energy in the fuel for propulsion. Of this 38 percent, as a very rough guide, about 3
percent is used to overcome air resistance, 27 percent to overcome wave resistance, 17
percent 1O Overcome resistance from the wake and propeller wash against the hull; 1§
percent to overcome skin friction; and 35 percent to turn the propeller. These are average
values only; actual values will vary greatly from one type of boat to the next.

TORQUE (T)
In order for horsepower to propel a boat it must be converted to a twisting force rotating

the propeller. This twisting force is called rorque. In the English system, torque is a force
in pounds times a distance in feect. Picture a weight of 100 pounds applied to the end of




a 10-foot lever that pivots about its other end. The resultant torque is 1,000 pound-feet.
In the metric system, force is measured in newtons, n,-or kilograms of force, kgf. and
distance in meters, m. By convention, engineers refer to torque as pound-feet, newton-
meters, or kilogram-meters.

In the English system, foot-pounds really means exactly the same thing as pound-feet;
however—again, by convention—this term is properly reserved for describing work, and
not the torque of rotating systems. Many engineers and refercnces are sloppy about this
convenfion, so you should be prepared to interpret foot-pounds as torque when appro-
priate.

For intemal combustion engines torque, by long-accepted definition, is 5,252 times
horsepower divided by RPM. Thus, the lower the RPM and the higher the HP, the greater
the torque. This is why slower-turning propellers deliver more thrust-— they are receiving
more torque for the same HP. For example, an engine delivering 500 HP at 2,000 RPMs
would be delivering 1,313 pound-feet of torque to the propeller. 1f a 3:1 reduction gear
were installed. SHP would be reduced approximately 3 percent by frictional losses in the
reduction gear to 485 HP. At the same time, though, the shaft RPM would drop to 667,
causing the torque delivered to increase to 3,819 pound-feet.

Formula [-1  Torque Formula

Torque = T
T = (5,252 X HP) + RPM
Where:

HP = horsepower (English measure)
RPM = revolutions per minute

ENGINE PERFORMANCE CURVES

The power and torque available from an engine are clearly defined by that engine’s per-
formance curves. These curves are available on performance curve sheets. distributed by
most manufacturers, that plot BHP, torque, and fucl consumption against RPM. A few
manufacturers include the curve of SHP. which will fall just under the BHP curve. Such
SHP curves deduct power lost in the gearbox (also known as the transmission, of course)
but do not include deductions for shaft bearings after the gearbox or for power used by
auxiliary equipment. These power losses must still be deducted where applicable to ob-
tain true SHP at the propeller, using 1% percent for the power loss -at each bearing and
the rated horsepower of auxiliary generators, refrigeration units, hydraulic motors, etc.

Propeller Power and Fuel Consumption Curves

Two additional curves are sometimes included on the performance curve sheet. One is
the theoretical propeller power curve and the other is the propeller fuel consumption
curve.

The theoretical propeller power curve is an approximate representation of an average
propeller’s power requirements at various RPMs. For most fixed-pitch propellers that
maich their engines correctly, the propeller power curve crosses the shaft horsepower
curve near the maximum RPM and maximum SHP. This means that when the engine is
turning at top RPM, it will—in theory—be delivering exactly the power required by the
propeller. (Intuition tells us that the propeller power curve is related to the indicated
horsepower, IHP, but the relationship is not simple and not particularly relevant to the
purposes of this book.)

The theoretical propeller power curve is taken from the formula:

Formula i-1
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Formda 1-2 - Propeller Horsepower Curve Formula

PHP = C,, X RPMe
Formula 1-2 Where:
C,, = sum maiching constant

n = exponent from 2.2 to 3.0, with 2.7 being used for average boats
RPM = revolutions per minute

The sum matching constant, in this case, is arbitrarily chosen to make the propeller
power curve cross the SHP curve at maximum RPM. In fact, much of the process of
propeller selection detailed in Chapters 5 and 6 is—in effect—determining this value
exactly. Choosing the correct propeller pitch, diameter, and blade area will ensure that
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the power requirements of the propeller match the engine correctly. The propelier power
curve on the engine performance sheets, however, is only theoretical. it is a good ap-
proximation, useful for visualizing the relationship between specific engines and propel-
ler power, . )

The exponent, n, has been found by experience to be 2.7 for almost all medium- to
high-speed pleasure vessels, passenger vessels, and light commercial vessels. Heavy
commercial craft operating at low speed usually have high-thrust and high-pitch-ratio
propellers. For such propellers, n should be taken as 3.0. At the other end of the spec-
trum, ducted propellers, due to decreases in radial power losses, are best described with
annof 2.2,

Propeller power curves are a useful adjunct but are not central to the sciection methods
discussed in Chapters 5 and 6.

RFELATIONSHIP OF ENGINE POWER TO PROPELLER POWEI

One of the basic problems in selecting a standard fixed-pitch propeiler is apparent in
Figure 1-1. The BHP and SHP curves are shaped very differently from the propeller
power curve. You can get them to match at one point—the point where they cross—but
they will not match at more than this one point. Since the engine must be free to reach
its maximum RPM—or very close to it—you have no choice but to select a propeller
that matches the engine power at close to the top RPM as well.

If you were to choose a propeller that crossed the SHP curve at well under full RPM—
curve A in Figure 1-2—the engine would be be overloaded at any higher speed. It would
never reach its full RPM, and if the RPMs are held too low the engine will smoke and
foul its valves. A propeller power curve like curve A indicates excessive propeller pitch,
excessive propeller diameter, or both. On the other hand, if the propeller selected had
such low power requirements that it never crossed the SHP curve—cuive B in Figure 1-
I—the full power of the engine would never be used. Such a propeller wouid spin inef-
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fectually and produce little thrust—un indication of too litde pitch and/or wo lule di-
wan YA ameter. In extreme cases, such a propeller could allow your engine Lo race over its (op
it e Fpjamete rated RPM and destroy itself.
ok Here we have given the basic answer to the question, “Why won’t my engine reach its
top RPM?” The propeller has too much diameter or too much pitch for the engine, and
switching to a propeller with less diameter, pitch, or both would allow the engine o tuin
up to speed. You should not be 100 quick to rush out and change the propeller for this
g R 1 reason alone, however. Many engine manufacturers give the maximum rated power of
TN BT their engines at the maximum RPM attainable in ideal conditions. As we will sec later, it
' is often a good idea to size the propeller to cross the engine power curve a bit below Lop

rated RPM. If your engine is reaching 95 percent or more of its top RPM, the propeller
o017 is probably sized quite well. If you are unable to reach 90 to 95 percent of the top RPM,
there is reason to be concerned.

Effect of Low Propeller Power at Slow RPMs

In Figure 1-1 you can see that the SHP at 1,800 RPMs is about 60 (45 kw). At the same
time, the propeller is using only about 22 HP (16.4 kw). Where did the missing 38 HP
(28.3 kw) go? The answer is that the engine is not generating it. (The SHP curve shows
e potential, not actual, output.) When you adjust the throttle of a marine engine, you are
potax T not directly adjusting fuel flow to the engine. Instead, you are adjusting a governor that
regulates fuel flow to. maintain a constant RPM-—not unlike the cruise control on a cir.
Since the propeller only requires 22 HP at 1,800 RPMs, the governor limits fuel flow to
the engine, reducing the power generated at this RPM and—not incidentally—the fuel
consumption. This lower fuel consumption is teflected in curve 5 in Figure L-1, the
propeller fuel consumption curve. At this lower RPM, additional machinery may be run
off the engine without reducing RPM or slowing the vessel, although fuel consumption
increases. As RPMs increase, however, the reserve or unused power decreases.
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The Torque Curve

Figure -3 shows the performance curves of another engine. This manufacturer has piot-
ted the torque and fuel consumption but omitted tic theoretical propelier curves.

[tis important to hote that the maximum torque of most engines occurs below maxi-
mum RPM. This presents yet another conflict for propeller selection. Although the pro-
peller must be chosen so that the engine can approach very close to its top rated RIPM,
the RPM at maximum torque frequently is as Jow as 50 percent of top RPM on light,
high-speed engines. The only thing to do is compromise, and in so doinug take fuel con-
sumption and engine longevity into consideration as well. Specific fuel consumption is
usually lowest at around 70 percent of top RPM. and torque at this RPM s still Tairly
high. For this reason, the most economical and efficient speed of operation of many
engines (particularly light. high-speed engines) is around 70 to 85 percent of the top rated
RPM. and it is usually wise to choose an engine powerful enough to push the hoat at
cruising speed at this reduced RPM.

Then a propeller must be chosen that will absorb the engine’s power output as effi-
ciently as possible at 70 (o 85 percent of top rated RPM while still aillowing the engine,
when necessary or desirable, to reach its maximum rated speed.

Keep in mind that the most economical operating speed varies with the engine. The
exact RPM that delivers the best combination of high torque. low fuel consumption, and
longevity can be found on the engine’s performance curves and by discussing your needs
and intended use with the manufacturer.

Duty Rating and Operating RPM

Marine engines are manufactured in a number of duty or power ratings. These ratings
determine whether the engine is intended for continuous or only short-term operation at
maximum RPM. Table 1-1 gives recommended continuous operating RPPMs as a percent
of top rated RPM for various duty ratings.

TABLE 1-1  Recommended RPM for Continuous Operation

Type of Engine % of max RPM
Light-duty gasoline and diesel automotive conversions T0-R0%
Light-duty or high-output marine diesels */+ - - S A 80-85%
Intermittent-duty marine diesels 88-92%
Continnous-duty heavy marine diesels QE—1007%.

Continuous-duty marine engines can operate indefinitely at their top RPMs, but there
is a penalty: They must be “detuned” to operate at lower top RPMs, which increases
reliability and engine life but also decreases maximum horscpower and increases engine
weight and cost per horsepower delivered. Intermittent-duty marine engines are intended
for operation at around 90 percent or more of top RPM for no more than six hours out of
every twelve. They are a good choice for many workhoats. Light-duty or high-output
engines should not be operated at top RPM for more than two hours in every six of
aperation or for more than 500 hours per year; the remainder of the time they should be
operated at 80 to 85 percent of top RPM. Because of their high power output for the
weight and cost, light-duty engines and light-duty automotive conversions (engines nnt
specifically developed for marine and industrial work) are used in most vachts and smail
commercial vessels under 40 to 45 feet,

Power

-1
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As a practical matter, even continuous- and intermittent-duty engines should be se-
lected so that they operate most of the time between 80 and 90 percent of wp RPM. If
such engines must be run at over 90 percent of top RPM to make average cruising speed,
there will be very little reserve power for special conditions—heavy weather, unusual
loading, and so on. On the other hand, if they are run for long periods at well uader 80
percent of top RPM, engine fouling will result.
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Chapter 2
tstimating Speed
Lffects of Power, Weight, and Hull Type

Now that we have examined power and engine performance, we can determine what
size engine to choose for a desired speed or load with a given hull.

Engine power must continually overcome the resistance of water and air—forces that
are trying to slow and stop the boat. If we could figure the exact resistance for the craft
in question at the speed desired, we could choose an engine and propeller combination
that generates this much thrust and thus drives the vessel at speed.

Unfortunately, determining an actual figure for resistance——a precise number of

peunds-—is a fantastically laborious and time-consuming task. Any sort of accuracy re-
quires extensive tank testing and detailed computer analysis of the results, and even then
there is room ' for considerable error. For instance. it is rare for vessels to float on their
originally designed lines. Even if a vessel starts out smack on its intended waterline, the
addition of new gear is likely to set it down by several inches and put it somewhat out of
trim by the bow or stern. Very small differences in trim and loading can siganificantly
affect computer and tank test resistance predictions.

Of course, the original tank testing and computer analysis can be extended to cover
varying trim and load conditions, but this makes the process even more expensive. Bven
worse, with all the advances we have made, there are still many unknowns involved in
allowing for scale effects, especially with regard to such things as the point of change
from laminar (smooth) to turbulent flow.

The cost of tank testing and computer analysis is a small enough fraction of the total
design and building cost of large ships to be weli worth it. Further, such vessels burn so
nich fuel that even a very small proportional reduction will easily repay the many thou-
sands of dollars required for the analysis.

For small commercial vessels and yachts, however, such costly methods are seldom
justified. The solution is to use a sct of empirical formulas for predicting speed that have
heen refined over the years. These formulas take into account such fundamental factors
as huli type and shape, displacement (total weight), and horsepower and, when used with
common sense, can yield remarkably accurate speed estimates.

DETERMINING ACCURATE DISPLACEMENT OR
WEIGHT FIGURES

One of the real keys to getting good resuits using these empirical methods is to use an
honest and accurate figure for displacement* or weight. The most important factor gov-
eming speed is the power-to-weight ratio. The greater the power in proportion to weight,
the greater the speed. It does no good to make accurate power estimates from engine
performance curves, only to use optimistic figures or guesstimates for displacement.

“The displacement of a boat is its fully loaded weight. This is also equal to the weight of the
volume of water the hull displaces or moves aside when it is lowered into the water or launched.
Thus, it is only necessary to determine the volume of the hull to its load waterline and multiply that
volume by the weight of seawater per cubic foot (64 Ibs.) or per cubic meter (2,258 ibs.) to find the
tme weight of the vessel. (For fresh water, substitute 62.5 for 64 pounds.)
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Formula 2-1

For yachis, in particufar, the curtent trend Is to grossiy underestimate weight in adver-
tising and sales literature, frequently giving bare hull weight or light loaded displacement
without fuel, crew, or stores. Such weights will yield unrealistically high speed predic-
tions and result in choosing a propeller with too much pitch.

Weighing or Measuring to Find Displacement

The best way to determine the hull weight of a small trailerable boat is to drive the boat
to a truck scale and weigh her. For larger craft the ideal solution is to contact the original
designer und have him or her give you the displacement trom the lines dmwun, based on
the current, real flotation of the vessel. Measure the height from the Sheer to the actual
waterline at bow and stern, and the wchitect can tell how many inches down (of occa-
sionally up) the bout is Hoating, and give you true displacement.

If you are considering a lurge vessel but have no information on her true displacement
and lines, you have no choice but to measure her hull next time she is h'lulcd out. It is
not actually necessary to take off the craft’s lines in detail, but simply o measure her at
three sections. This simple procedure may be accomplished in a single afternoon, and is
described in detail in Appendix A.

Renwnbcr that fhb disp]acemem or wn,ibht you use in your spu:d cai;ulation st hb

o mclude the wughrs of:

1. Full crew and passengers.

2. All normal ship’s stores and gedar,
»3. Two-thirds of all fuel and water tanks.,
*4. "Two-thirds of all cargo.

Twvo-thirds of fuel, water, and cargo arc used because this condition is a good, work-
able average of in-service loading. Most craft spend the majority of their operating hours
with tanks and cargo at somewhere between 25 and 75 percent of capacity.

DETERMINING POWER REQUIRED FOR A GIVEN SPEED

Displacement Boats

Churt 2-1 gives boat speed (as speed-length ratio) as a function of power (in pounds per
horsepower) for displacement and sennmsplaw.ncm vessels. The curve is based on the
formula:

Formula 2-1  Displacement Speed Formula

SL RATIO = 10.665 +/L.B/SHP

Where ‘r
SLRATIO = Speed-length ratioand 5 h .
SL RATIO = Kis + VWL

Kts = Speed in knots = Boat speed or V
SHP = Shaft horsepower at propeller

LB == Displacement in pounds

WL = Waterline length in feet

The speed predicted by this formula assumes thit the propeller gives between 50 and 60
percent efficiency, with 55 percent being a good average (see the section on Propeller
Efliciency and Performance in Chapter 6).

16
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CHART 2-1 DISPLACEMENT SPEED—INCLUDING SEMIDISPLACEMENT
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Chart 2-1.  This chart, an expansion of Formula 2-1, shows the power necessary to achieve a
boat’s known maximum speed-length ratio. It wonld be tempting to conclude Srom the chart that
even u heavy-displacement hull can achieve SL ratios of 1.5 or higher given enou gh power, but in
practice such an attempt would be unfeasible. For most moderate- to heavy-displacement vessels,
incorporating more than one horsepower per,500 pounds or so of displacement in an effort to
achieve SL ratios higher than 1.3 to 1.4 is neither practical nor economical. Heavy hulls designed
with planing or semiplaning underbodies may be driven to semidisplacement speeds, but only at a
great cost in fuel consumption and power (as detailed in the text that follows). For lightweight
vessels, the commonsense approach is to determine the maximum SL ratio from Chart 2-2, and then
determine the power necessary to achieve that speed from this chart.

It for example you wished to determine the power required to drive the Salty Bell, a
vessel of 220,000 pounds (99,790 kg) displacement and 70 feet (21.45 nmj on the water-
line at 11 knots, you would proceed as follows: Eleven knots on a 70-foot waterline gives
aSLratio of 1.31. [(70 ft.)*S = 8.37 kts., and Il kts. + 8.37 kts. = 1.31.] From Chart
21 or Formula 2-1, the pounds per horsepower (LB/HP) required is 533. Then, 220,000
Ib. + 533 LB/HP = 413 HP (308 kw) at the propeller. -

It is now important to remember the engine performance curves from Chapter 1. Al-
though 413 HP (308 kw) is all that is required to produce 11 knots, this craft should
operate continuously and economically at this speed. A vessel the size of Salry Bell will
have an intermittent-duty marine diesel, which should be run at about 80 to 90 percent
of top RPM, say 85 percent. Accordingly, we will need to specify a 485 HP (362 kw)
engine for Salty Bell [413 HP + 0.85 = 485 HP (362 kw)].

In addition to this, we have to remember that Salty Bell requires 413 HP (308 kw) at
the propeller to operate at 11 knots. Accordingly, the horsepower required to run all
anxiliary machinery driven off the main engine, as well as any power losses due to ad-
ditional gearing (such as vee drives) or shaft bearings, should be added to the total engine
fiorsepower.

In the case of Salty Bell, a further advantage of specifying an engine that operates

S
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continuously at 85 percent of top RPM is that such a power plant will provide thut ext
knot or so required for special circumstances. Few engines generate their top rated horse-
power in actual service, but it would be reasonable to expect Salry Bell’s engine, rated at
485 HP (362 kw), to deliver bursts of 460 HP (343 kw) on demand. Chart 2-1 shows that
this would give a top speed of about 11.7 knots.

Although Chart 2-1 goes up to SL ratios of 2.9, no ordinary nonplaning or displace-

S i : “: | 1 f‘iﬂ Pk, ment hull can achieve such speeds. The old rule-of-thumb that displacement hulls cun g0
il 2 no faster than hull speed (1.34 times the square root of the waterline length in feet) should
it p bt ~ be kept in mind at all times. This rule has actually been found to be a bit conservative,

e i P Y and SL ratios 1.4 or 1.45 can be achieved in heavy vessels with fair lines, bur at a greal

i s il il R i cost in power. The curve in Chart 2-1 rises very steeply after SL ratios of 1.5. For most

ordinary displacement craft, there is no point in installing engines that give more than

omiet ot O one horsepower at the propeller per 400 pounds of displacement (one kw per 240 kg).

: For operation at an SL ratio of 1.3 (normal or traditional hull speed), one horsepower per

VK & QLG Ry 550 pounds (one kw per 335 kg) at the propeller is sufficient. Tugs and trawlers that nced

1HP© 550l to pull heavy loads require additional horsepower for towing. We will deal with them ia
i = e detail in Chapter 8.

XX %eé,ql‘igisglﬁ_%%ment Boats
(i Vessels that operate at SL ratios higher than 1.3 or 1.4 but below SL ratios of 2.5 0 3.0
o (it is impossible to be precise here) are not true planing vessels. Such craft are called
semidisplacement vessels or, occasionally, semiplaning vessels. You cannot convert a
pure displacement-hulled craft into a semiplaning vessel simply by installing a larger
] ( engine. Such an exercise would be a waste of time and money. To reach semidisplacement
2 esplox - Lan ' speeds a boat must have a hull specifically designed for the purpose.
2 ‘ e TP I There are three significant factors that govern a hull’s ability to reach semidisplacement
speeds. One is the shape of her run (the shape of her underbody aft); the second is her
displacement-length ratio, since vessels with very light displacements for their length can
achieve higher speeds; and the third is a conglomeration of her seakeeping ability,
strength, and coimfort. '

True planing hulls require flat underbodies aft, providing maximum area for useful
planing surface. Semidisplacement hulls require some of this same characteristic, more
if they are going very fast and less if their SL ratio is just a bit over hull speed. It is this
feature that determines how fast a hull can be driven, and whether there is any point in
installing engines that give more than one horsepower at the propeller per 400 pounds
(one kw per 240 kg).

Buttock Angle Governs Speed Potential The best indicator of a hull’s maximum speed

B potential is the angle her quarter-beam buttock makes with the waterline when she is al

Volenpuet 5 rest at her normal loading. Figure 2-1 shows the location of the quarter-beam buttock and
' how its angle should be measured. (Appendix A shows how to measure this directly from
the hull, if no lines drawing is available.) These angles indicate speed potential for semi-
displacement hulls as follows:

Table 2-1 Buttock Angle vs SL Ratio Table

TABLE 2.1 Buttock Angle SL Ratio

less than 2° 2.5 or higher
42 around 2
7 around 1.5
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Hulls with quarter-beam buttock angles greater than 7 or 8 degrees can seldom if ever
be made to go faster than an SL ratio of 1.4. If the butiock angles are less then powerm
for the semidisplacement speed ranges shown above is worthwhile. wa'r

For example, if the same Salty Bell had a quarter-beam buttock angle of 3.8 dcgrcc
we can interpolate from the table that she could be driven up to an SL ratio of about 2.1.
This gives a speed, V, of 17.5 knots [(70 £t.)*5 = 8.37 kts., and 2.1 SL ratio X 8.37 = -He @ 12
kts. = 17.57 kts]. We can see from Chart 2-1 or Formula 2-1 that she would require Voo @ Ylke
one horsepower per 130 pounds to make this speed (one kw per 79 kg), which calis for
1.692 HP (1,262 kw) at the propeller [220,000 Ib. + 130 LB/HP = 1,692 TIP]. It is
immediately apparent that achieving high SL ratio speeds is very costly in power. Whiie
Salty Bell's hull design makes the SL ratio of 2.1 achievable in theory, her 220,000
pounds’ displacement makes this costly in practice.

$ Displacement-Length Ratio Affects Speed Potential Another indicator of a huli’s speed
polential is how light it is for its length on the waterline. Lightness is measured by the
displacement-length or DL ratio, which is defined as follows:

Formula 2-2  Displacement-Length Ratio Formula
DL ratio = DispT/0.01 x WL)?

Wieas: Formula 2-2
DispT = Displacement in long tons of 2,240 pounds (a metric ton, mt. equals 1.016 long
fons)
WL = Waterline length in feet
Chart 2-2 shows the maximum SL ratio a nonplaning hull can achieve with regard (o
its DI, ratio. (A pure planing hull can achieve higher speeds than its DL ratio would
indicate.} This curve is based on the following formula, derived by the author:
Formula 2-3  Maximum Speed-Length Ratio vs DL Ratio Formula
SL Ratio = 8.26 + (DL RATIO)"1
Where: Formula 2-3

SLRATIO = speed-length ratio
DL Ratio = displacement-length ratio
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CLIARYT 2.2 SL RATIO VS DL RATIO
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L (osp Chart 2-2.  This chart, related 1o Formula 2-3, shows the maximum speed that a nonplaning hull
¢ can achieve as a function of its displacement-length ratio. Enter a hull's DL ratio, find the corre-
L “CLT2 sponding SL ratio, and then refer to Chart 2-1 for the power required 1o achieve this speed. There
; 5 L Lare three ways in which a vessel can achieve SL rutios significantly higher than abour 1.45: One is
2.1 Vol ¥egoe i @57ces by means of light weight; extremely light vessels having DL ratios of, say, 60 to 100 can achieve
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SL ratios upward of 2.0 even with comparatively steep buttock angles and other nonplaning hull
characteristics. The second parh 1o high SL ratios is a planing hull, which, given enough power,
can achieve high speeds even with moderately heavy displacement. An example is Salty Bell, dis-
cussed in the accompanying rext, which achieves an SL ratio of 2.1 despite a DL ratio of 280. Sulyy
Bell essentially “breaks through” the displacement-hull limitations of the charted curve above by
means of a good planing hull and a huge powerplant. She is typical of the crew vessels that carry
men, provisions, and heavy equipment 1o offshore oil rigs. The third way 10 achieve high speeds is
by far the most common—a combinasion of light weight and planing hull characteristics. -

Very low DL ratios permit high speeds (high SL ratios) without actually planing. In
effect, the curve in Chart 2-2 indicates where the true hull speed occurs for vessels of
differing DL ratios. Of course, the vast majority of nonplaning vessels—both pleasure
and commercial—have DL ratios greater than 280. You can see from the chart that such




ressels are limited to SL ratios below 1.42 or so. Such craft could make semidisplace-
mient speeds only if their quarter-beam buttock angles were low and if they had tremen-
dous power, as we discussed above.
If. however, we were considering a long, light vessel, Sea Rocket, 50 feet (15.2 mj) on
the waierline and only 30.000 pounds (13,608 kg) displacement, her DL ratio would be
107. From Chart 2-2 or Formula 2-2, we see that Sea Rocket, even with a comparatively
steep guarter-beam buttock angle, could achieve SL ratios of about 1.9, ot a V of 13 .4
kiots. We could then determine the horsepower required to drive her at this SL ratio from
Chart 2-1,

Generally, flat or shallow buttock angles and light weight are conducive to high speed
pofential. A hull with these characteristics can be powered to operate at high speeds.
Altempts to power vessels with buttock angles steeper than 8 degrees and displacement-
iength ratios over 290 to 300 to achieve SL ratios higher than 1.4 will not work.

Hull Strength and Seakindliness Affect Speed Potential A final consideration in deter-
mining speed potential is the strength and seakindliness of the hull. Just as the power
needed to drive a vessel increases geometrically with speed, so do the slamming and
pounding loads. A shallow flat-bottom skiff will have a fairly low DL ratio and a very
small buttock angle. Accordingly, such a vessel can easily be powered to reach semiplan-
ing or planing speeds. Unfortunately, the pounding that such a craft will take outside
smooth sheltered waters will be unacceptable to the crew and may even damage the hull.
Before considering powering or repowering for high speeds, take into account the con-
ditions the boat will operate in. Wide, flat-bottom hulls can be made (o go very fast in
smooth water, but if you operate in rough or choppy water regularly, you will be forced
o slow down so often that the extra speed and power can seldom be used.

Planing Boats

Vessels that operate at speed-length ratios over 2.9 or 3 are true planing vessels. Such
craft must have quarter-beam buttock angles under 2 degrees. Most modern planing ves-
sels have quarter-beam buttock angles of 0 degrees. In other words, their quarter-beam
buttock runs exactly paraliel to the waterline. Light weight is critical as well. In theory,
tven very heavy craft could get up on a plane if they had enough power. The sheer size
of the engines and the weight of fuel required to run them, however, makes light weight
apractical necessity in all but very exceptional cases.

Chart 2-3 shows speed or V in knots attainable by power craft plotted against their
power-to-weight ratio, LB/HP. These curves are based on Crouch’s formula with the
constant. C, adjusted to give speed in knots:

formula 2-4  Crouch’s Planing Speed Formula
Kis = C + (LB/SHP)"S |
Where:
Kis = Speed in knots = Boat speed, V

C = Constant chosen for the type of vessel being considered -—— T
LB = Displacement in pounds ; f
SHP = Horsepower at the propeller shaft &

The speed predicted by this formula assumes a propeller has been sclected that zives
between 50 and 60 percent efficiency, with 55 percent a good average (see Chapter 6),

" 4 A S s e
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CHART 2-3  PLANING SPEED
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Chart 2-3.  This chart, bused on Formula 2-4, shows the speed attainable by planing craft as u
T pae el Sunciion of availuble shaft horsepower. See Table 2-2 to estimate the appropriate C value with

j X ViiBear + = which (o enter the table. This chart applies only to rrue planing vessels with quarter-beam buttock
facts pl? # ;"_ S ] angles under 2 degrees and anainable speed-length ratios of at least 2.9 or 3.0.
SL 2.972.0C
The key to getting reliable results from Crouch’s formula is to use the correct constant,
C. They should be chosen as follows:
TABLE 2.2 PLANING SPEED CHART CONSTANTS
—_n C Type of Boat
TABLE 2-2 150 average runabouts, cruisers, passenger vesscls

190 high-speed runabouts, very light high-speed cruisers
210 race boat types

220 - three-point hydreplanes,stepped-hydeoplanes- ——
230 racing power catamarans and sea sleds

;jf-’-?‘ g C == 438 The vast majority of ordinary planing craft have C values of 150 or just slightly higher.

theod il C— {990 ~200 _ Achieving the speeds given by C values of 190 or 200 requires a relatively narrow and
¢ — 210 > feg Helee  efficient hull with very litile tophamper, in the way of cabin structure. C values of 210
and above can only be applied to vessels that take this strategy- to the ultimate degree.
Additionally, such vessels require the benefit of small and well-formed propeller shafts
and struts to reduce appendage drag to a minimum.
1t is interesting to note that length is not considered at all in Crouch’s formula. This

16
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may seem odd, but in practice, at planing speeds. power-to-weight ratio alone and not
iength is the overriding factor. Length cannot be neglected in your considerations, how-
oier. Longer, narrower boats (vessels with fow DL ratios) should get hi gher C values, as
we discussed above. Additionally, long, narrow boats with fine entries can be driven at

- high speeds in rough water, whereas wide, shallow-bodicd craft cannot,

We can work through the example of the F lying Spray, a 35-foot (10.66 m) twin out-
board runabout with weekender cabin forward. She is 30 feet (9.14 m) on the waterline,
displaces 10,890 pounds (4,940 kg). and should opecate at a V of 25 knots (28.8 MPH).
Her displacement-length ratio of 180 is average to a hit light for a planing powerboat of
fhis type. On the other hand, the lower unit housings of her outboards are not very
efficient and create turbulence at the propellers, as well as appendage drag. Accordingly,
an average C value of 150 is about right (from Table 2-2). From Chart 2-3 or Formula 2-
4, we see that Flying Spray would require one horsepower per 36 pounds at the propeller. |

 This gives 300 HP (224 kw) [10,890 Ib. + 31 LBAIP = 302 IP]. Since we want o

operate contiuously at this speed we have to figure on running at 70 percent of full
throtlle—outboards are light, high-speed engines. Thus, we need engines raied at a total |
of 430 HP (320 kw) [300 HP + 6.7 = 431 HP]. Twin 215 to 220 FIP (160 to 165 kw)
outboards should do nicely.

Atthis point, we can start to answer another of the frequent questions we mentioned
at the beginning of Chapter 1: “Why doesn’t my boat reach the top speed claimed by the
manufacturer”” You can run through the speed prediction methods outlined here to sece
how fast your boat should actually be capable of going with her real horsepower and at

- berreal weight. Do not be surprised if you discover that, after taking your vessel’s true
 Weight into consideration (as opposed to the sales literature wei ght), her maximum cruis-

ing speed works out to less than claimed on the showroom floor. If, however, you discover |
tlat your engine has enough power to drive your vessel faster than you have been able to |
gether to go, then and only then is it time to consider a new propeller. This is particularly |
S0 if your engine cannot reach top RPMs, or if it reaches maximum RPMs well below
full thiottle. We will take a detailed look at propeller selection in Chapters 5 and 6.

Esthmating Sprod
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Chapter 3
Propeller Anatomy

Parts and Definitions

Be{"ore we cun begin to examine the propeller selection process in detail, we have to
define clearly the propellers we will be choosing: How are they shaped? What are the
differences and similarities between them? What types of propellers do we have to chouse
from, and which types are best suited for which service? We will answer these questions
in the next two chapters.

PARTS OF THE PROPELLER
Hub The hub or boss of a propeller is the solid center disc, bored for the propeller
shaft, to which the propeller blades are attached. Since the hub generates no drive, the
ideal would be to climinate it. As a practical matter, though, the hub can seldom be much

less than 14 percent of the diameter in order for it to have sufficient strength,

Keyway Most propeller shafts transmit the torque from shaft to propeller through a key.
The key is a long, slender rectangle of metal along the shaft that fits into a slot or keyway
milled (cut away) into the interior at the hub. Standard keyway, shaft and hub dimensions
may be found in Appendix C.

Aleder Aojos i
Blades 'The propeller blades are the twisted fins or foils that project out from the hub,
It is the action of the blades that drives a boat through the water.

Blade Face and Blade Back The blade fuce is the high-pressure side, or pressure face,
of the blade. 1t is the side facing aft, the side that pushes the water when the boat 1s
moving forward. The blade back is the low pressure side or suction face of the blade, the
side facing ahead. '

Blade Root and Blade Tip The blade root is the point at which the blade attaches to the
hub. The blade tip is the extreme outermost edge of the blade, as far from the propeller
shaft center as possible.

[ar e Gorr i-:*/‘_!i-{

Leading and Trailing Edges The leading edge of a blade is the edge of the blade that -
cleaves the water. The rrailing edge is the edge from which the water streams away.

ROTATION OR HAND

A critical aspect of propeller shape is its hand. A propeller that drives a boat forward
when it rotates clockwise, as viewed from astern, is called a righr-handed propeller. By
the same token, a propeller that rotates counterclockwise, as viewed from asiern, is left-
handed. You can tell 4 right-handed propeller from a left-handed propeller just by looking
at it. As you view the propeller from astern, the leading edges of the blades will always
be farther away from you than the trailing edges. If the leading edges are to your right,
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the propeller rotates clockwise and is a right-handed propeller. If the converse is true, it
is a left-handed propeller.

Propeller hand can never be changed. If you obtain a propeller of the wrong hand {or
your installation, you simply have to replace it with one that has the correct hand. You
cannot change the hand by turning the propeller backwards.

Right-handed propellers are almost, but not quite, universal on single-screw vessels,
o twin-screw installations, propellers and engines of opposite hand are used port and
starboard. A single right-handed propeller will tend to push the stern of 4 vessel to star-
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Figure 3-1

Propeller anatomy.

Figure 3-2

Propellers “walk” in the direction
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board when going forward (to port going aster). The reason—in simple terms— 1 that
the water at the bottom of the propeller is a bit denser and freer to llow (there’s no hull
above it) than at the top of the propeller. This makes the lower blades a bit more clicctive,
so the propeller and the stern “walk” sideways in the direction of rotation.

On a twin-screw craft the propellers should be out-turning. The starboard or right
propeller should be right-handed, and the port or left propeller should be left-handed.
This gives the best propeller efliciency. Twin-screw vessels with propellers of the sumie
hand can experience serious handling problems.

THE THREX BASIC CHARACTYERISTICS

Diameter, revolutions per minute and pitch are the three most significant factors atfecting
propeller performance and efficiency. Although many other variables need to be consid-
ered, the vast majority of calculations for selecting a suitable propeller revolve around
these three characteristics.

- Diametler

The most obvious characteristic of any propeller is its diameter (D). This is simply the

* distance across the circle swept by the extreme tips of the propeller blades.

Effects of Diamefer Diameter is the single most critical factor in determining the
amount of power that a propeller absorbs and transmits. It is thus the most important
single factor in determining the amount of thrust delivered.

For the vast majority of installations, the larger the diameter the greater the efficiency.
The only exception is for high-speed vessels—over 35 knots or so—in which the extry
wetted surface of large-diameter shafts, bearings, and so on causes excessive drlg A
small increase in diameter dramatically increases thrust and torgue load (see scction on
torque in Chapter 1) on the engine and shaft. For this reason, the larger the diameter, the
slower the shaft RPM must be. In theory, a propeller with a diameter as large as one-third
of the beam of the vessel and turning at only a dozen or so RPMs is most efficient.
Practical limits on draft, hull shape, RPMs and reduction gear losses restrict diameter to
far less than this.

Revolutions per Minute

Revolutions per minute (RPM or N) is the number of full turns or rotations that a propeller
makes in a single minute. Since the propeller rotates at the same speed as the propeller
shaft, this is often called shaft RPM or rail-shaft RPM.

Shaft RPM is frequently very different from engine RPM, the speed at which the engine
crankshaft turns at a given throttle setting. On the vast majority of installations, a reduc-

the red I8 M at the propeller so that a larger-diameter, more
b- '

eflicient propeller ma c;llontmalh\,_gplp_at.t high- ‘,lJLt.LI engine.

Some common reduction ratios are 2:1, 2.4:1 ‘and 3:1; however, a vast number of
reduction gears are available with a wide selection of ratios. In practice, it is frequently
most economical to match the propeller to the standard reduction gears supplied by the
engine manufucturer for their various engine models. When this is not possible, you cun
find a number of companies that specialize in producing marine reduction and reverse
gear fer a variety of special installations. In many cases, the gears may also serve to solve
engine placement problems. Vee drives, offset drives and angled drives can combine 4
reduction gear with radical changés in shaft direction.

2
™

_ tion gear is fitted between the crankshaft and the tail or propeller shaft. The purpose of



Shaft speed ot RPM may be calculated simply by dividing the engine or crankshaft
M by the reduction ratio. For example. an engine operating at 3,000 RPMs with a
Ll reduction gear would have a shaft RPM of 1,250 [3,600 RPMs + 2.4 reduc-
ton = 1,250 RPMs).

The reduction gear mechanism does absorb or waste power—roughly 3 percent—aso
for the ultimate in efficiency, the ideal would be to eliminate the reduction gear altogether.
This is seldom done because engines able to develop sufficient powet at low enough
speeds are excessively large and heavy, using up valuable interior hull space.

Migh-speed craft, however, often use propellers that operate at engine speed. In fact,
in some very high-speed racing vessels, it is necessary to increase tail-shaft RPMs above
those of the crankshaft. Such vessels are fitted with step-up gears.

Lffects of RPM  Generally, high RPMs are not conducive to efficiency except on very
nigh-speed craft. For vessels operating under 35 knots, lowering the RPMs permits a
larger-diameter propeller to be swung with the same size and weight of engine and the
same foel consumption. Since a larger-diameter propelier is more efficient in producing
thrust. Jower RPMs are generally desirable for most instaliations.

On high-speed vessels, where it is important to keep the size of the propeller and its
supporting structure small to reduce appendage drag, higher RPMs and thus smaller pro-
pellers, propeller shafts and struts can be beneficial.

e Tir Beavs Avcrie s
Twe SAfe A5 TaE Heqos
AnCeE Ar TiE iz, ThE
~ TIPS Kok MRcs Arire sl £
. Tire Bimps fFoors

~— et
b ‘
9
“* -~
] ‘
\ v
N
b
¥
pb
A WNore: Bernos Avcers
v i ¥ Cmavse S Are
N = Sroavs ConSTANT

X
R :
&
P s |
N )

e
1y | \
4?23”/7/7'5/4 - Shor

|_ ; L GERR

Avvances 23”7 Egen ey,

Propelier Avatomy

; - Lk 3
“r
g -1 3
|£__.—’ i
i r
% g s 1‘ by v
Figure 3-3

Biade twist and propeller pitch.
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A stardard three-bladed propeller,
showing the characteristic blade
mwist that gives constant, or helical,
pitch.

(Courtesy of WH. Den Ouden Verus)

Pitch

The term pitch (P) comes from the old screw analogy used to approximate propelice
action. This analogy says that a propeller screws itself through the water much as a wood
screw works itself into soft pine. In fuct, the proper term for a propeller is serew propeller.

Fuce Pifehr Just as a wood screw does, the propeller will-—in theory—drive forward a
certain fixed distance for each complete revolution. (See also the discussion of virnual
pitch below.) This distance is called pirch. A more precise term for this is face pitch, us
this defines the angles of the blade faces. If the propeller moves torward 10 inches (254
mn) for every complete turn, it has a 10-inch pitch. Since the propeller is firmly attached
to its propeller shaft, it pushes the shaft forward by the same distance. In wm, the shaft
pushes on a thrust bearing thut imparts force against the hull itself. On the majority of
small- to mediuvm-sized engines, the thrust bearing is in the gearbox, or ransmission,
attached to the engine.

In cach revolution, though, the propeller actually pushes the boat forward less distance
than its nominal face pitch. The difference between the nominal pitch and the acrual
distance traveled is called slip. (We’ll examine this in detail in Chapters 5 and 6.)

As with any other rotating object, the inner part of the propeller (near the hub) travels
much less distance during each full turn than the tips. For, say, a propeller with 16-inch
(406.4 mm) diameter, the tips would be traveling along a 50.26-inch (1276.6 mm) cir-
cumference. By contrast, the root of the blades, right by the hub, would only be traveling
along an 1l-inch (279.4 mm) circamference each revolution. This is a very substantial
difference. Since the tips of the blades cannot be allowed 1o race ahead of the inner part

s
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of the propeller, they are given a shallower angle. In this way, the tips end up at the same
place as the blade roots every full turn. Carrying this principle evenly all the way along
the length of the blades gives them their characteristic twist.

It's good to remember that the pitch of a propeller is not the same as its blade angles.
Figure 3-6A is a sectional view of a propeller blade at some distance out from the shaft
eenterline, say 70 percent of the distance to the blade tip. The blade is turning up out of
the plane of the page above the shaft centerline and down into the page below the shaft
centerfine. The blade angle for this section is angle a. the angle between the blade face
and a plane perpendicular to the shaft centerline. This angle will vary all along the blade,
as shown in Figure 3-6B, to keep pitch constant. In fact, the accurate name of the pitch
we have been describing is constant face pitch—*“constant” because the pitch (unlike the
blade angles) does not change, and “face” because it really applies to the face of the blade
alone. The faces of the blades of a propeller with constant face pitch describe a perfect
or trie helix with a pitch equal to the nominal pitch of the propeller.

Variable-Pitch Propellers  The majority of propeilers have blades with essentially con-
stant pitch, but a few specialized propellers have blades with pitch that changes substan-
ially from root to tip. This means that the blade angles do not vary in such a way as to
keep pitch constant. The principal reason for these variable-pitch propellers is to take
advantage of varying speeds of water flow to the propeller-—as measured radiaily out
from the hub-—due to the interference of the hull ahead.

Propellers with truly variable pitch are outside the scope of this book. This type of
mstallation is called for only on large vessels with special need for the ultimate in effi-
viency. However, many modern propellers do have a small amount of variable pitch intro-
(uced near the blade root as a result of changing blade section. Frequently, they also
reduce the pitch near the tip of the blades slightly from that of a theoretical helix. This is
called pitch relief or tip unloading, and it has been found to reduce the tendency for
cavitation (o start at the propeller tips (see Chapter 4).

Controllable-Pitch Propellers The term controllable-pitch propeller sounds similar to
nariabie-pitch propeller, but actually it refers to a completely different concept. A con-

Figure 3-5

Constant pitch blade helix.

Propeller Anatomy
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Figure 3-6A

Virtual pitch angle.

Figure 3-6B

The blode angle a changes continu-
ously from root to tip in order to
Eeep the pitch constant.
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trollable-pitch propeller allows the operator to change the pitch of the propeller blades at
will while underway. Usually, a hydraulic mechanism or a direct mechanical linkage
permits rotation of the blades around the individual blade axes, independent of shaft
i b i s 18 s oy el et P e S o

Controllable-pitch propellers offer significant advantages in economy of operation for
vessels that operate under varying conditions of load, such as tugs, trawlers and motor-
sailers. This is because the operator can adjust pitch to suit the thrust required for, say,
running free or towing. Obviously, however, controllable-pitch propellers are consider-
ably more expensive and complicated than ordinary solid propellers. We will deal with
them at greater length in Chapter 8.

Virtual Pitch  The final consideration in pitch is called virtual or hydrodynamic pitch,
In reality, a propeller does not operate like a wood screw, although the analogy is useful,
Water enters the propeller blades at an angle (angle a in Figure 3-6) relative to a plane at

-



right angles to the shaft line. and leaves the trailing edge of the biades at a differing angle,
h This angle varies all along the length of the biades, and the average of these differing
angles is the virtuai pitch. The virtual pitch is the reai or toue pitch of a propeller. Tt is
never specified by manufacturers: its importance lies in the fact (see below) that it may
wry among propellers having the same face pitch, and the behavior of these propellers
inuse will vary somewhat as a consequence.

Analysis Pitch, P, Like virtual pitch, analvsis pitch, (P,), also called experimental
piteh, is another way of measuring true or effective pitch. Analvsis pitch is the pitch of a
propefler as measured by the water speed and RPM at which the propelier cannot keep
up with the water flow——in other words, the speed and RPM when thrust falls to zero.

When at a given speed through the wake, Va (see Chapter 6), at a given RPM, the
propeller thrust vanishes, the analysis pitch, P, (in feet) is 101.33 times the speed through
the wake (in knots) divided by the RPMs at zero thrust, N,. For a propelier delivering
wero thrust at 2,800 RPM through a 21-knot wake, the analysis pitch wouid be 0.76 feet
or U iuches (231.5 mm) [101.33 x 21 knots = 2806 RPMs = 0.76 ft = 9 in].

Formula 3-1  Analysis Pitch Formula

Analysis pitch = P, (in feet)

P, = 101.33Va + N,

Where:

Va = speed in knots through wake at zero thrust
N, = shaft RPM at zero thrust

Piteh Comparisons Increasing blade thickness and increasing blade width both have
the cffect of increasing the virtual pitch. Since propeller manufacturers specify their pro-
pellers based on face pitch—it would be a prohibitively complex undertaking to calculate
virtual pitch-—it is important to compare propellers of comparable blade thickness, blade
pattern, and width; otherwise their real or virtual pitches will be different even though
their specified face pitches are the same.

Fven measuring simple face pitch poses some problems. Since the blade angles vary
all along the length of the blades, from the root to the tip, you would. get a different pitch
measurement depending on where you took the measurement. By convention, however,
the face pitch is always measured at 70 percent of the radius out from the shaft center.
For instance, a 44-inch (1117.6 mm) diameter propeller would have its face pitch mea-
sured 15.4 inches (391.16 mm) out from the shaft center [44" diameter + 2 = 22"
radins, and 22" X 0.7 = 15.4"].

Pitch Ratio  Pitch is defined in terms of inches or millimeters; however, it is also very
useful to define pitch as a ratio of diameter—pitch-diameter ratio, pitch ratio or pid ratio.
A 20-inch (508 mm) diameter propeller with a pitch of 18 inches (457.2 mm) has a pitch
ratin of 0.9 [18” + 20" = 0.9].

Formula 3-2 Pitch Ratio Formula

Pitch ratioc = P/D
Where:
P = pilch

1 = diameter

Pitch ratios generally fall between 0.5 and 2.5; however, the vast majority of vessels
operate best with propellers having pitch ratios between 0.8 and 1.8. Very roughly, a
piich ratio of 0.8 can be expected to produce efficiencies of around .65, while pitch

Propeiler Anatomy

Formula 3-1

Formula 3-2
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Formuda 3-3

ratios of around .4 can result in elficicncies as high as 0.74. At pitch ratios higher tha
1.5, efficiency generally starts to fall off. Lower pitch ratios are usually suited to lower-
speed craft, and higher pitch ratios are best for high-speed craft.

A propeller that has a pitch ratio of 1.0—say, an 18-inch (457.2 mm) diameter and 15-
inch (457.2 mm) pitch—is said to be u square wheel. In the past, some designers have
given this proportion a sort of mystic importance. In practice, though, there 1s nothing
special about a square wheel, although a pitch ratio of 1.0 18 in a reasonably eflicient
operaling regimie.

Effects of Piteh  Pitch converts the torque of the propeller shaft to thrust by defloeting
or accelerating water astern. The formula describing this is Newton’s Sccond Law: force
(or thrust) equals mass times acceleration, or F = MA. In this light, a propeller drives a
vessel furward exactly as a jet engine or rocket motor propels a plane or wissile. The
force or thrust is directly proportional o the mass or weight of water moved astern times
the acceleration of that mass. T

Since the mass bet ing accelerated is water, thrust can be caleulated as follows:

Formula 3-3  Theoretical Thrust Formula

Thrust = Force, F

F = MA or
B = w"rg (vu_v
Where:

W = weight in pounds of the column of water accelerated astern by the propeller
g = the acceleration of pravity, 32.2 ft./sec.?

V, = velocity of water before entering propeller in feet per second

V, = velocity of water after leaving propeller in feet per second

M = mass in slugs

A = acceleration in feet per second squared

In a similar fashion, the speed of the vessel is proportional to the momentum of the
water according to the law of conservation of momentum, or M,V, = M,V,. In other
words, the mass of water accelerated astern times its velocity will equal the mass ol the
vessel accelerated forward times its velocity. This relationship is very much complicated
by the resistance of the water surrounding the hull, which is constantly working to
slow it. ‘

Even on a large diameter propeller, wide round “blades” like baseball bats, without
pitch or angle of attack, would not accelerate any water astern and so would do nothing
but generate tremendouns churning. Such a propeller would not drive a boat forward at
all. Conversely, ordinary blades with too much pitch would attempt to force more water
astern more quickly than the engine could accommodate. This would simply place such
a load on the engine that it would slow and never reach its maximum RPM or rated output
power. This is both inciiicient and potentially damaging to the engine.

'Fhe flmdamental utsk in qcicctinb 7 prunr*Hcr is to wmwm that
ing t —l_ e engine. !ncreasmg pl[Ch increases thrust, but l'ﬁéxc.tsm;: pitch too much miuuca
the efficiency of the engine and propeller combination by slowing the engine. On the
other hand, while too little pitch will not overload or slow the engine, it will not accel-
erate as much water astern and thus will not generate maximum possible thrust or speed.




Chapter 4
Blade Characteristics

Blade S/-zape,'Cavization, Special Propellers, and
Rules of Thumb

En the preceding chapter, we described the parts of a propeller, defined its overall dimen-
sions, and saw how blades are twisted to create the pitch that generates thrust. Neverthe-
less. it's important to bear in mind that two propeilers of identical diameter and pitch
could be quite different. For instance, one propeller could have very wide blades, and the
other narrow or skinny blades. It's intuitively obvious that the wider-biaded propelier
would absorb more thrust and horsepower, but we need to be able to define blade area,
shape and width exactly to specify the correct propeller for a specific application. (Blade
area is particularly important in determining if a propeller will cavitate or not.)

Likewise, the blades themselves may have different sectional shapes-—differing thick-
nesses and contours—or, of course, two propellers of the same diameter could have a
differing number of blades. Again, we need to be able to understand and describe all
these variables exactly in choosing a propeller. Furthermore, there are specialized pro-
pellers, such as controllable-pitch propeliers and ducted propellers, that are particularly
suited to specific applications.

CHARACTERISTICS OF BLADES

Number of Blades

Let's consider the question: How many blades? Surprisingly. the ideal is one. A single
blade does not have other blades disturbing the water flow ahead of it. Unfortunately,
trying to get a single-bladed propeller to balance is like trying to cl}'i.p With one hand.
Having two blades is the logical answer. Both sailboats trying to reduce drag and very
high-speed powerboats frequently use two-bladed propellers. The problem with two-
bladed propellers for most vessels is that such propellers require very large diameters to
get the blade area required for effective thrust. As a result, three-bladed propellers have
generally proven to be the best compromise between balance, blade area and efficiency.

Tiffects of Multiple Blades

Four- or five-bladed propellers—and propellers with cven more blades—are useful for
two reasons. First, their extra blades create more total blade area with the same or less
diameter. Accordingly, an installation that needed a 20-inch (508 mm) three-bladed pro-
peller but only had room for an 18-incher (457.2 mim) could obtain sufficient thrust from,
say, a properly sized four-bladed propeller. The four-biader, however, would seldom be
as efficient as the three-blader because the closer blades create additional turbulence,
literally scrambling up each other’s water flow.

Another reason to use more than three blades is to reduce vibration. IT a propeller is in
the habit of producing annoying, thythmic thumping and humming, a propeller with more
hlades will often go a long way toward curing the problem. Every time the blades of the
propeller pass under the hull or by the strut, they cause a change in pressure that causes
apush (or a suction). If the push is strong enough it generates a bang. Lots ol rapid bangs
equals vibration.
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The blades of a three-bladed propeller twning ar 1,000 RPMs puass under the stem
3,000 times every minute, or 50 times a second—a vibration of 50 cycles per sccond
(cpsy, or 50 Hz (hertz). Swiwching to a four-bladed propeller—still at 1,000 RPMs-—
would change this to 4,000 times a minute, or 66 cps. The more rapid the cycles, the
smoother the fecl—and the less likely the-hull is to resonate (amplify the sound like the

Dbody of a guitar) with the vibration.

For reducing vibration, there is a further advantage to substituting a propeller with
more blades and consequently smaller diameter. If, for example, a 30-inch (762 mmy)
diumeter three-bladed propeller were replaced with a 28-inch (711 mm) four-bladed pro-
peller, the tip clearance (the distance between the hull and the propeller blades) would
mucaae by 1 m:.h {"3 mm} If the (_}l"l”ll'!rtl tip Llcarcm(,c had bu,n 4 5 mn,ln,': (l 14 :nm)

the force of the pushes [hat cause vibration. When dcalmg with an installation that has
been producing severe vibration, such an approach can be very effective in solving the
problem.

Blade Area—Projected and Developed (Ap and Ad)

Biade area is the surface area of the individual propeller blades. The blade area has a
direct effect on a propeller’s tendency to cavitate and on the power it absorbs, but because
of the complex slupe of propeller bl'ldés, it is not easy to measure du.'f:c[ly The most

from cllrectly astern. Another way to visualize this is as thc area of the silhouette or
shadow cast by the bla%cs with a light shining from directly ahead.

Since the blades are w1stecf the prOJectcd blade area is always less than the true blade
arca (the expanded or dechOch area). To find the developed blade arca, a designer

ol pener

el
systematically expands (sfraightens our) the’ curvcd and twisted area on a drawing and
measures this expanded area. This is the same as carefully fitting a piece of paper flush
against the surface of the blade, cutting it to match the blade outline, laying it out flat on

CHART 4-1 DEVELOPED AREA TO PROJECTED AREA CONVERSION
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Chart 4-1.  This chart, based on Formula 4-1, plots the developed-area 1o projecied-area ratio
against the pitch ratio. If, for example, you know the projected area (Ap) and the pitch ratio, you
can find the developed area (Ad) by dividing Ap by the factor shown in the chart,
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the table and measuring the area. (See Appendix B.) Developed blade area is the area
most frequently used in making propeller calculations, since it represents the true total
arca actually absorbing thrust.

Developed Area to Projected Area Conversion Chart 4-1 gives the approximate ratio
of the developed area to the projected arca as plotted against the pitch ratio. If you know
the developed area of a propeller with, say. a pitch ratio of 1.2, then Chart 4-1 gives the
Ap/Ad ratio as 0.8. Accordingly, if the developed arca (Ad) were 1,000 square inches
(6452 co’), the projected area (Ap) wouid be 800 square inches (5162 cm?). I{ the pro-
jected area is known, yut can find the developed arca by dividing by the Ap/Ad factor
from Chart 4-1. For instance, if the Ap (projected area) of a propelier with a pitch ratio
of 0.9 is 500 square inches (3227 cm?), then the Ad (developed area) would he 573 square
inches (3696 cm?). (The factor from the chart is 0.87, and 500 sq. in. -+ 0.87 = 5§73
8. in.)

Chart 4-1 is based on the following formula:

formula 4-1  Developed Area to Projected Area Formula

Ap/Ad = 1.0125 — (0.1 X PR) — (0.0625 X PR?) S i e

Where: e Formula 4-1
Ap/Ad = Approximate ratio of projected area to developed area

PR = Pitch ratio of propeller
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Figure 4-1
Determining the mean width »f a
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Formula 4-2
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Formula 4-3
Figure 4-2

Disc area of a propeller.

Mean-Width Ratio or MWR  la ocrder to compure propellers of different dimneters, o
number of ratios describing blade arcu are used. The mean widrh of a propeller blude is
the width of a rectangle that has the same arca as the blade and the same length of the
blade from root to tp-—not from shaft centerline. Thus, a propeller 74 inchies (1879.0
mm) in diameter with an 1 1-inch (279.4 mum) diameter hub would have a blade beight of
31.5 inches (800.1 mm) {74 in.—11 in. = 63 in., and 63 in. + 2 = 31.5 in.}. It the
expanded blade area is 656 square inches (4232 cm?), the mean width is 20.82 inches
(528.83 mm) [656 in.2 + 31.5 in. = 20.82 in.|. The mean-width ratio or MWR is
simply the mean width divided by the diameter, or in this case, MWR = .28 (20.82
in, + 74in. = 0.28).

Formula 4-2  Mean-Width Ratio Formula

Mean-width ratio = MWR

MWR = average blade width + D or

MWR = (expunded area of one blade -+ blade height from root to tip) + D
Where:

D = diameter

Mean-width ratios usually vary from about 0.2 to 0.55. MWRs of around 0.35 are
considered normal for most moderate- to high-speed applications. Higher mean-width
ratios are used for highly loaded propellers to reduce cavitation or to keep diameter down.
Small mean-width ratios are most frequently used on propellers with more than three
blades to keep the total blade area small.

Disc-Area Ratio or DAR  Another useful measure of propeller blade arca is the disc
area, the area of the circle described by the maximum propeller diameter. For example,
a 42-inch (1066.8 mm) diameter propeller would have a disc area of 1,385.43 square
inches (8932 cm?) [742 in.? + 4 = 1,385.43 in.?].

The disc-area ratio is simply the total developed area of all the blades divided by the
disc area. Thus, if the 42-inch (1066.8 mm) propeller above had an expanded area of 242
square inches (1561 em?) per blade, and had three blades, its disc-area ratio would be
0.51 [242 in.? X 3 blades = 726 in.?, and 726 in.? + 1,385.43 in.? = 0.51.].

Formula 4-3  Disc-Area Formula

Disc area = wD? + 4 (or 0.7854D%) -
Disc-Area Ratio = DAR

DAR = expanded area of all blades + disc area
Where:

<
D = diamerer
=3 14
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éj e & Wi \_gﬂﬁé' AQ//F As
SZRo R




Blade Characteristics

Effects of Blade Area A number of conflicting factors affect the choice of blade area.
Propeller blades actually behave largely ]1ke airfoils or hydrofoils. (A foil is a shape
specifically designed to generate thrust or hft when moving through a fluid.) Longer,
narrower blades are theorctically more efficient. Unformnatelv very long, narrow blades
call for large diameters and low RPMs, which are seldom practical.

Figure 4-3

A four-bladed propeller with wide,
non-skewed blades of fully ogival
(flat-faced) section, The mean-
width ratio of the blades is 0.33, |
and the disc-area ratio is 0.61. |
Such a propeller is best suited to
low-speed, high-thrust applica-
tions—workhoats, trawlers, tugs,
and so on. The three-bladed pattern
of this propeller has the same MWR
but a DAR of 0.50. The smaller
blade area of the three-blader
makes it more suitable for lighter
displacement motor cruisers and
moderate speed commuters.
(Courtesy of The Michigan Whee!
‘ompany)

Figure 44

A four-bladed propeller with nar-
row, non-skewed blades of fully ogi-
val (flat-faced) section. The mean-
width ratio of the blades is 0.21,
and the disc-area ratio is 0.43. Pro- |
pellers such as this are intended to
replace three-bladed propellers of
the same diameter but with wider
blades (blades of the more noreial
mean-width ratio of between 0.30
and 0.35). This provides the addi-
tional smoothness of four blades
without the loss of efficiency from
decreased diameter, though there is
still some loss of efficiency from the
blades’ being closer together. Such
a propeller cannot be used if it does
not provide sufficient blade area to
prevent cavitation.

(Courtesy of The Michigan Wheel
Company)
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Formula 4-4

Formula 4-5

Formula 4-6

Since propeller thrust is actually created by water pressure on the blades, this pressure
can be described in terms of pounds per square inch (kilograms per square centimeter).
Bludes with pressures that are too high tend to lose efficiency and to cavitate (see the
discussion later in this chapter). Accordingly, lower blade pressures are desirable. Thus,
to create a given thrust in the same diameter propeller, it’s necessary to increase blade
area. Wider blades, though,“increase the turbulence between blades and have greater
induced ardg tup vortexes). Years of experiment have shown that for most average appli-
cations, mean-width ratios should vary from about 0.2 t0 0.5, and disc-area ratios from
_about 0.4 to 0.7. Generally, the smaller the diameter and the higher the RPM, the wider

“ ™" the blades: thus, the higher the MWR and DAR.

Relationships of MWR, DAR, and Developed Area

y 4y Knowing just the propeller diameter, the number of blades, and either the meun-width
> 4 ey ?:“{;,LL\) LUgwvites

ratio or the disc-area ratio of the blades enables us to determine the total blade arca
exactly. We will use this information frequently in checking for cavitation. Mean-width
ratio also defines disc-area ratio (and vise versa), as follows:

Formula 44  Disc-Area Ratio vs Mean-Width Ratio

; : S st Diemehe
DAR = No. of Blades X 0.51 X MWR {4 i 20y DameRer
or i 3 ..'_= ; Lo (J aeiher
DAR o Gwmali E;w;{,-{.-':',u. - _; e
MWR == ulgd
R SERREST Ot ] f}\. Iki’a{,.;i— O ger 5 _') | HGE |""I---.'.-'
Where: [Mgrensprofe wet. Lasg

DAR = Disc-area ratio
MWR = Mean-width ratio

Note: These ratios assume a hub that is 20 percent of overall diameter, which is very close
to average. Small propellers for pleasure craft may have slightly smaller hubs, while heavy,
workboat propellers, particularly controllable-pitch propellers, may have slightly larger
hubs. ]

From this formula we find that, for instance, a three-bladed propeller with « MWR of
0.33 has a DAR of 0.5 [3 blades % 0.51 x 0.33 MWR = (.5 DAR].
Total developed arca may be found from the disc-area ratio as follows:

Formula 4-5 Developed Area vs Disc-Area Ratio Formula
Ad = m X (D2 x DAR

Total developed area may also be found from the mean-width ratio, as follows:

Formula 4-6 Developed Area vs Mean-Width Ratio Formula

Ad = m X (D/2)! X MWR X 0.51 X No. of Blades

Where, for both of the above formulas:

Ad = Developed area

D = Diameter

DAR = Digc-aren ratio

MWR = Mean-width ratio

w=3.14 -

Thus a four-bladed propeller, with a MWR of 0.4 and a diameter of 42 inches (1,066
mm) would have a developed area of 1,025 square inches (6613 cm?) [3.14 X (42 in/
23 x 0.4 MWR x 0.51 x 4 Blades = 1,024.8 in?].
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CHART 4-2 DEVELOPED AREA VS DIAMETER -
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Chart 4-2A, B, and C. These charts, based on Formula 4-5, give the developed or expanded
area of the blades as a function of diameter, mean-width ratio, and number of blades. Developed
area is useful to know when assessing the possibility of cavitation. The values in the charts are
based on a propeller hub diameter 20 percent of the overall diameter, which is accurate for the vease
majority of standard-pattern propellers. If an adjustment is necessary, use Formula 4-7,

'
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Charts 4-2a, b, and ¢ plot developed or expanded area against diameter in inches for
three- and four-bladed propellers of varying mean-width ratios based on Formula 4-3.
Remember that these values are predicated on an average hub sized at 20 percent of
overall diameter. To find area from MWR for propellers of any hub dimension, the fol-
lowing formuta should be used:

Formula 4-7 Developed Area for Any Hub Diameter and MWR Formula
Ad = MWR X D X (I-hub%) X D/2 X No. of Blades, or
D2
Ad = MWR X ; X (1-hub%) X No. of Blades

Formula 4-7 Where:
Ad = Developed area
MWR = Mean width ratio
D = Diameter
hub% = Maximum hub diameter divided by overall diameter, D

Blade Section Shape

If you cut or slice a blade at right angles to the radius—Ilopping off, say, the outer third—
you are looking at a section through the propeller blade. Such sections have a carefully

CGricas

Figure 4-5 .
Ogival and airfoil blade sections. 3
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determined shape that can dramatically affect performance. The two most common
shapes for cross-sections through a propeiler blade are ogival and airfoil. An ogival or

flat-faced biade is nade with its face dead fat-—as expanded —and its back symmetri-

caily rounded. The leading and trailing edges of the blade are usually as sharp as possible,
eepsistent with strength. The back or suction surface is rounded in a perfect circular
segment, an ellipse, or a sine curve, with the maximum height or blade thickness exactly
it the midpoint of blade width.

Airfoil blade sections resemble traditional airplane wing sections. The leading edge is
ounded—not sharp—and the maximum blade thickness, or chord, usually occurs about
a third of the blade width aft of The leading edge. The. hlad‘e face is generally flat, though
some airfoil blades have a small amount of convexity to their faces.

Fffects of Blade Section Shape Since propeller biades generate thrust by producing
Wft—-very much like airplane wings-—you might expect that most propeiler sections
would have an airfoil shape. Interestingly, this is generally not the case. The suction
surface of an airfoil blade actually generates too much lift, creating local areas—-just
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Figure 4-6

Pressures on ogival and airfoil sec-
tion blades.
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behind the leuding edge—of very large negative pressure (suction). This leads w cwly
cavitation (sec later sections in this chapter). To avoid this, most propellers use the ogival
shape.

In many modern propellers, a small amount of airfoil section is worked into the blades
at the root. This is because the actnal speed through the water of the inncr purts of the
blade is substantially slower than for the sections at the tip. Thus, the inner parts of the
blade can safely be made to generate a bit of additional lift without creating excessive
lle\"dll\’i., pﬂ:bbi.lﬂ: and cavitation.

Following such blades out from the root, the airfoil section gradually disappears un-

' til—at 55 to 70 percent of the blade length out from the hub—the blades return to com-

pletely ogival section. Although such blades can increase performance, the gains are

: ustrally small—in the region of a 3- or 4-percent increase in efficiency. Since entirely

i L e Rt ke ogival blades are casier and less expensive to produce, manufacturers continue to ofter
' ' ? them, and they are more than satisfactory for most installations.

Blade-Thickness Fraction (BTF) or Axial-Thickness Ratio

Blade thickness 1s usually defined in terms of dlade-thickness fraction or axial-thickness
ratio, which is the maximum thickness of the blade divided by its diameter. Since a blade
gets thinner as it progresses from root to tip, the maximum thickness is taken at an
imaginary point on the shaft centerline. The line of the blade face is extended down to
llllblbbC[ with the shalt Lentc,rlme J.[ pmnt O and the line of the blade bac.k is extended

the blade-thickness fmc tion. B}ade fhickness fmcnons for aw,mg-. propa]h,rs usua}ly idﬁ
between 0.04 and 0.06 (see Figure 4-11).

Formula 4-8  Blade-Thickness Fraction Formula
BTE =1, + D
Formula 4-8 Where:
BTEF = Blade-thickness fraction
D = Diameter
t, = Maximum blade thickness as extended to shaft centerline

I

Effects of Blude Thickness All other things being equal, a thinner blade is more effi-

cient than a fatrer, thicker one. There must, however, be enough thickness to create the

desired sectional shape. In addition, blade thickness must be large enough to generate

p i ol e sufficient strength—-if blades are too thin, they will break under extreme loading. A rough

e rale of thumb is that the blade thickness fraction should egual 16 percent of the mean-

A neecel s ©rane 0 oA width ratio (MWR). Accordingly, a standard propeller with a MWR of 0.33 would have
' a BTF of about 0.053 [0.33 MWR x 0.16 = 0.053).

in order to keep highly loaded, high-RPM propeller blades from becoming excessively

RToTTE e ---_—t'rm.}' -and-losing efficiency; high=strength aitoys are_frequently used—purticutarty i

PoroT ©° - waters where there is substantial chance of hitting floating debris. Manganese bronze, is
actually a type of brass commonly used for average propellers, houEh vulnerab]c to
corrosion, Stainless steel is used for propellers under high load, and Nibral or NAB (an
alloy of nickel, bronze and aluminum), and also aluminum bronze, are indicated for
applications requiring extreme strength and good corrosion resistance.

Blade Contour

The shape of the blades as viewed from astern is their contour. Average propeller blades
are narrowest at the root and broadest about 30 to 66 percent of the radius out from the
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| centerfine. Such blades generally have maximum widths between 25 and 40 percent of
/o dheir dinmeters. -

( The amount of blade arca that can be driven by a- given horsepower and diameter is
fimited, so area is distributed where it will do the most good. Since the tips of the blades
are traveling the greatest distance, they can do the most work, Thus, the natural tendency
15 1o try to get ail the blade area as far out as possible. Obviously, the propeller cannot
have tiny shafts supporting huge plates at the tips. so we compromise on tie elliptical
shape that is most common. That way the root is strong enough to support the loads on
the middle and tip, while the outer part of the blade is not so big that it gets in the way
i of the water going to the blade behind it or bends excessively.

: Very slow-tuming propellers customarily have their biade areas distributed farther out.
with the maximum blade width occurring at as much as 75 percent of the radius. Propel-
lers with four, five, or more blades frequently have long, narfow btadés of Jow mean-
witth ratio to reduce total blade arca.

Lifects of Blade Contour Blade contour is very closely related to blade width. Since
most blades are roughly elliptical in contour, squatter, broader contours are associated
with wide blades or blades of high mean-width ratio. The comments on the effects of
hade width apply here, too.

Skew

When the contour of the blade is not symmetrical but swept back, the blade is said to

have skew or skew: back. Moderate-speed propeliers usually have littie or no skew, while
medinm- to high-speed propellers will have a small amount of skew back.

Effects of Skew ~ Skew causes radial sections of the blades to enter the water sequentially,
instead of all at roughly the same time. This can help reduce vibration, especially at high
RPMs. by easing the transition of the blades from the full siipstream to the much slower
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Figure 4-7

Blade with skew and rake.




Propeiler Handbook

LLrape
Secrrons

Figure 4-8

Stundard ogival section blade with-
out skew.
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slipstream in the shadow of the deadwood or strut. Where vibration is a problem, you
can switch to a moderately skewed propeller of similar dimensions with little sacrifice in
i, . , thrust.

I SReuw = (!' f j ? ¢ «—Pronounced skew is usually seen on weedless or non-fouling propellers. Although
b these propellers have noticeably less efficiency than less skewed propellers, in weed-
Bugues Fedls., ¢ infested waters, [reedom from fouling more than pays back this loss. Specialized propel-
N e lers for large, high-speed craflt, such as destroyers or sub-chasers, may show pronounced
e Ao o el e skew back to compensate for radial differences in the water low to the propeller blades -
g g as a result of hull interference, and to decrease propeller noise. These types of propellers,
however, require detailed computer analysis and tank testing and are beyond the scope of

this book.

LAD

et

Rake and Rake Ratio

, When the propeller blades lean or slope either forward or aft as viewed from the side they
Homadh (opa =2 0O ; nx are said to have rake. Blades that slope aft have positive rake, ‘while blades that slope
i ) forward have negative rake. Ruke is indicated either as a slope in degrees, or by rake

ratio. The rake ratio is define as shown in Figure 4-11. A vertical line from the tip of
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the blade is dropped to intersect with the shaft centerline at point B, and the face of the 1 oad
hlade is extended to meet the shaft centerline at point O. The distance BO divided by :
diameter is the rake ratio. When B falis directly on O, the blades are vertical (have no
rake).

Formula 4-9  Rake Ratio Formila
Rake ratio = _B(-) =D

Where: Formula 4-9
BO = distance between tip of blade projected down to the shaft centerline and face of
blade extended down to shaft centerline

D = diameter

Effects of Rake  For aimost all normal applications vertical blades are optimum. Blades
raked aft are chiefly used to steal a bit of additional effective diameter in tight situations.
This is because the raked blades have more length and thus more area than vertical blades
of the same diameter. In addition, the raked blades, whose tips end farther aft, can take
advantage of the fact that the hull sweeps up slightly, permitting a somewhat greater
propeller diameter. Blades with negative rake are usually found on extremely high-speed
vessels and highly Joaded propellers. In these conditions, the rake can help strengthen

tfic hlades.
T R 2 SEcrions
\
{
S ey Figure 4-9
Airron i
o Blade with airfoil section at reot,
ExrANDED \ 2 i returning to fully egival section at
Oure /Afé-/u Ll L / 40% diameter, and with moderaie
| skew.
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N = Cvreinve
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Figure 4-10

A three-bladed propeller with mod-
erately skewed blades. The mean-
width ratio of the blades is .33 and
the disc-aren ratio is 0.55. These
propellers are best suited to use on
moderate- to moderately high-speed
craft such as yachts, fast commui-
ers, light, fast fishing vessels, and
$0 on. For vessels operating over 35
knots, this pattern is available with
cupped blades.

(Courtesy of The Michigan Wheel
Company)
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Figure 4-11

Rake ratio and thickness frocfion.”
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Cupped Blades

Cupped blades are blades with hollow or concave faces. There are many vartations of
blude cup, but the most common is to introduce cup at the trailing edge. Sometimes, this
cupping is worked around and into part of the blade tip as well.

Effects of Blade Cup Cupped blades have the effect of increasing true or virtual pitch.
A good rule of thumb is to select blades with | inch or 5 percent less pitch than a similar
uncupped blade. Cupped blades are very effective on high-speed vessels (over 35 knots),
particularly with high-RPM propellers. For such craft, cupped-bladed propellers can pro-
duce speed increases of as much as 6 to 12 percent. On a 40-knot vessel, this would work
out to approximately 3.6 knots.

Cupped blades also help delay or reduce cavitation, which is always a potential prob-
lem in high-speed and highly loaded propellers. Further, the curvature created by the cup
imparts additional strength to the blade, allowing for thinner blades and, again, higher

—
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sfiiciency at high speeds. In spite of the many advantages cupped biades can offer high-
specd craft, they serve no useful function on most vessels operating at under 30 knots.

CAVITATION

Cavitation is bubbles of partial vacuum caused by excessive propelier speed or loading.
T avoid this condition, the negative pressure on the blade back (the suction face) must
emain less than the local (ambient) pressure of the water at the propeiler. Tor most
installations the ambient pressure is equal to the pressure of the atmosphere at sea level.
about 14.7 pounds per square inch (101326 N/m?), plus the pressure gencrated by the
head of water above the propeller and minus the vapor pressure of the water. Gn average
vessels this comes to around 13.9 PSI. Thus, if the 1ift or suction on any portion of the
hlade back exceeds 14 PSI, cavitation is very likely o occur.

High-RPM airfoil sections that produce negative pressure peaks, large amounts of slip
isce next chapter), excessive pitch, and high tip speeds all tend to create or increase
cavitation. Thus, cavitation is scldom a problem on low-speed vessels with slow RPMs.
Keeping RPMs down, using ogival section blades (particularly at the tips), decreasing
pitch slightly at the biade tips, and keeping pitch ratios as low as possible all help elimi-
nate ot reduce cavitation.

Effects of Cavitation

Contrary to what most people think, cavitating propellers can still generate plenty of
thrust. The problem is that the vacuum bubbles implode against the propelier, causing
vibration and pitting. The vacuum bubbles form and implode irregularly, causing uneven
messure both along the blades and between them. This creates vibration identical to
having unbalanced or unequally pitched blades. What’s more, the force of the lm)dlng
hubbles is so great that it actually sucks ‘metal right off the surface of the propeller. The

resultant pitting leads to uneven wear, bad balance and even more wB?fa?fon

Supercavitating and Fully Cavitating Propelicrs

Vessels operating at high speeds (over 35 knots) and at high shaft RPMs are frequently
forced into operating regimes in which cavitation is difficult to avoid. One solution is to
use supercavitating or fully cavitating propellers, specifically designed to operate during
cavitation. Even though supercavitating propellers are not generally quite as efficient as
standard noncavitating propellers, practical limitations on propeller diameter and RPM
frequently make supercavitating propellers attractive options.

In order to_avoid the pitting and vibration caused by cavitation, the biades on super-
ca\r}ifttmg propc]lcrs are shaped so the bubbles w;l] not implode agdmei thun Although

pc!]er by its SClmltdl'-!_l'I:CE blade shape.

% VENTILATION

an‘h:rfon is oftcn confu%e,d with caviiation thou gh actually it is quitc different. Whereas

ie; 5 suqkmg air down from thc water’s surface Thﬁ is not usually as severe a problcm
as cavitation, but it can lead _[_Q_\_’!_t_&g!_lgﬁ and loss of thrust. Some propellers, such as
surface propellers, are spcmﬁmlly designed to work with air entrained in the wake, but
for most propellers ventilation should be avoided. The best way to correct ventilation is
to get the propeller deeper under the sutface. which sometimes can be accomplished
simply by reducing diameter. “Usi sing a propeller with biades raked aft is aiso helpful in
reducing ventilation, since the force of water streaming out along the raked blades re-

tuees the tendency of air to be pulled into the propeller disc.

-
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Supercavitating propeller.

SPECIAL TYPES OFf PROPELLERS

* Ducted Propellers 400 AT
L i

Ducted propellers or kort nozzles are surrounded with a closely ﬁﬁcd circular shroud of
airfoil section. The propeller blades are square- tipped, almost like standard elliptical
blades with the outer 20 percent choﬁped off at right angles, with very little clearance
between the blade tips and the inside of the shroud.

o Effects of Ducted Prope!hrs Ducted propellers can substantially increase the thrust

o Lo §ape enerated by an engine of a give as compared with standard propellers. This
P effect is significant only on low- :.pacd vessels such as tugs and trawlers that operate under
VIR CTEBE 9 or 10 Lnots and h:wc hcawly Ioaded blaclus In auch dppht.auons ﬂn, expum: md

loads at higher speeds. On most othsr vcasuls, the ducted propeller offers litile if any
advantage to compensate for its additional cost. We will investigate ducted propellers in
more detail in Chapter 8.

X Surface Propellers o NI

Swurface propellers are designed to operate roughly half in and half out of the water. This

would lead one to expect that surface propellers would cavitate all the time, but just the
opposite is the case. Smcc every bladc is eth)auI to [hL ulr once each rwulumm the

vents CE!ViII‘ll on erU] L)L-Ltl'i'tﬂa

Effects of Surface Propellers Surface propellers are in effect efficient, noncavitating
propellers that can operate at high RPM on high-speed boats without cavitation problems.
These propellers are only useful on vessels that operate regularly over 35 knots, with
substantial gains appearing only at speeds over 40 knots. Originally, surface propetlers
were instailed on fixed shafts projecting beyond the transom, and vessels equipped with

- R “them were steered with ordinary rudders situated well aft. Many modern installations
place the surface propeller on an dILlCL!]dIbd shaft that allows steering like an outdrive,
thus eliminating the rudder.— % .00 Rarecis

Such installations permit the u!nmqtc in reduction of appendage resistance. Not only
is there no rudder and no shaft strut aheud of the propeller, but only a portion of the
propeller shaft and propeller is in the water. Some surface propeller installations also
allow the operator to pivot the shaft up and down, as well as from side to side. Although
this has litle effect on boat trim, it effectively allows the operator. to have a variable-

diameter_propeller, which is very useful in adjusting t thru:,t ‘and power absorption. We

......

will discuss surface prope]lers 1urther in Chapter 9.
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RULES OF THUMB

There are countless rules of thumb floating around about propellers. Some are useful and

seme are worthless, We will take a hriel look at a few of them.

I

-3

3

i

(]

=

One inch in diameter absorbs the torque of two to three inches of pitch. This is a good
rough gu'ia{"” Both pitch and diarmeter absorb the torque generated by the engine. Diam-
efer is, by far, the most important factor. Thus. the ratio of 2 to 3 inches of pitch equals
1 inch in diameter is a fair guide. It is no more than that, however. You could not select
a suitable propelier hased only on this rule.

. The higher the pitch your engine can turn near top horsepower and RPM,_the faster veur

hr:m' can_gg. This is also accurate as far as it goes. The greater the pitch, the greater the
d:stancc your boat will advance each revolution. Since top engine RPM is constant, in-
creasing pitch means more speed. Then, why aren’t all propellers as small in diameter as
possible, with gigantic pitches? e
The answer is simply that when the pitch gefs too large, the angle of attack of the
propeller blades to the onrushing water becomes too steep and they stall. This is exactly
the same as an airplane wing’s stalling in too sieep a climb. The pitches and pitch ratios
we explore in Chapters 5 and 6 are optimum. Within these limits it is worthwhile, on

high-speed craft, to use th llest diameter and the greatest pitch possible.

. Too little pitch can ruin an engine. This is quite true if the pitch and diameter combined

are 50 low that it allows the engine to race at speeds far over its designed top-rated RPM.
Never allow your engine to operate at more than 103 to 105 percent of top-rated RPM. If

e

your engme excm,cd'; that fi urc, a propeller with increased pitch or diameter is mdmaled.

i A il
This is a gond rough gmde for modcratc- to hz&h__spg_g_c‘; 'Q_I"(_,IJL‘)}III‘EAEI!Q[ p.mtn ger vcsqcie
and crew boats. Like all rules of thumb, though, it is no more than a rough guide.

. A square wheel (a propeller with exactly the same diameter and pitch) is the most effi-

cient, This is not true. There is nothing wrong with a square wheel; on the other hand,
there is nothing special about it, either.

. The same propeller can't deliver both high speed and maximum power. This is true. A

propeller sized for high speed has a small diameter and maximum pitch. A propeller sized
for power or thrust has a large diameter. For some boats you can compromise on an in-
between propeller, but for either real speed or real thrust there is little common ground.

Biade Characle:
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Chapter 5
Crouch’s Propeller Method

The Empirical Method for Calculating
Propellers Using Slip

.
I:‘or many years engineers have used the analogy of a wood screw in soft pinc to explain
propeller operation. This analogy is so intuitive and has persisted for so long that mny
propeller terms, including the terms screw propeller and pitch, are based on this assu np-
ton. In fact, in its best form, this analogy is still used by some designers, as embodicd
by the tables und formalas developed and refined largely by George Crouch.

Because it is so intuitive and because it is the “traditional” method of propeller calcu-
lation, we will examine the Crouch or slip method first. Mﬂ‘?ﬂ‘_ﬁ however, that the
Bp-5 method (pronounced “bec pee delta”), which we’ll cover in the niext chapter, be
used for final calculations when precision is needed. Most modern propeller experts use
the Crouch method only for rough estimates, relying on the Bp-8 or other more mathe-
matically exact methods for installations demanding efficiency. The slip method is per-
fectly adequate, however, when peak efficiency is not important, as for example in aux-
iliary sailboats.

A propeller must meet two completely different requirements: it must match the boat’s
hull, and it must match its engine. In Chapters 1 and 2 we discussed the selection of 2
suitable engine and what speed we can expect the vessel to obtain with that engine. Now
that we have learned how a propeller’s shape is defined, the question remains how to
determine the correct propeller for a specific vessel.

DETERMINING SLIP AND PITCH

Mutching Pitch to Speed

A hull requires a certuin amount of thrust to push it forward, and we need to pick
propeller that will generate as much thrust as possible at the intended operating speed.
Let us take, for example, Svelte Samantha, a single-screw cabin cruiser intended to cruise
at 18 knots (a SL. ratio of 3.3), at 75 percent of full engine RPMs—she will have a typical
light, high-speed engine. With this information, we can start to calculate the proper
propeller pitch. Our aim is to have the propeller advance the same distance the boat will
at speed. Svelre Sumanthe’s characteristics are as follows:

m-Snele-Sminantha— e e

’ 34 fr. 10.36 m LOA (length overall)
30 ft. 9.14m WL (waterline length)

11 ft. 3.35m BOA (beam overall)

10 1. 3.05m BWL (waterline beam)

1.34 ft. 0.40 m Hd (hull dratt)

12,700 1b 5760 kg Displacement

18kt 18 kt Desired cruising speed

LEN



R e o il i s e Lt

Using Formula 2-4, we determine that Svelte Samantia requives 182 SHP? (1306 kw) at
the propeller to achicve 18 knots (using a C of 150G, for an average cruiser). Accordingly,
Svelte Samantha’s engine should be rated 240 BHP (197 kw) [182 Hp + 0.75 = 242
HPJ, and the engine chosen delivers this at 3,000 RPM, with a 2.4-to-1 reduction gear.
This means that Sermantha’s propeller will turn at 1,250 RPMs with the (hrottle wide
apen [3,000 RPM + 2.4 = 1,250 RPM].

Determining Which RPM to Use in Finding Pitch | %

Here, we face an important compromise. We found in Chapters 1 and 2 that cruising
speed should be at 70 to 85 percent of top rated engine RPM (as is the case with Svelte
Sumantha). Since our pmpcl)u‘ wili be of fixed Q]lch however, if it is pitched for ideal
operation at 75-percent RPM, it will be way off at full RPM. A good average is to base
pitch on operation at 90 percent of maximum RPM, which will yield about 90 percent of
the maximum SHP. For Svelte Samantha, this works out to a shaft speed of 1,125 RPM
ataround 216 SHP (161 kw). Our cruising speed will be a bit below this, but we wili
still be able to open the throttle up to get top revolutions when needed. We must now
basc our pitch calculation on speed at 90 percent of {ull throttle. Two hundred and sixteen
SHP yields 58.8 pounds per horsepower (35.7 kg per kw). Formula 2-4 gives a V of 19.5
knots. :

Figuring Pitch Without Slip ¥

(nce we know our speed, all we have to do is find the pitch that will give us the;same

forward distance traveled per minute as the boat will go at 19.5 knots/ Since we know

the boat specd in nautical miles p: per r hour (knots) and the propeller pitch in inches and
RPM we have to f nd some common ;:,round—m this case, feet per mmute To convcrt

muiuply by 83). Ihus Sve!te Samantha is movmg alongata V of 1,975. ’% fect pcr mmute
[19.5 knots X 101.3 = 1 ,975.3 ft./min.]. Our propeller is turning at 1,125 RPMs. If
we divide Samantha’s speed of 1.975.3 feet per minute by 1,125 RPMs, we find that our
propeller should have a pitch of 1.75 feet (0.53 m) [1.975.3 ft./min. + 1,125
RPMs = 1.75 ft.]. Since propeller pitches are usually specified in inches, we multiply
.75 feet by 12 and find that Svelte Samantha requires a propeller with a 21-inch (533
mm) pitch,

[
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Figure 5-1

Apparent slip.

Cronchi's Propeller Method
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- Siip

In reality, water is not like soft pine. It’s a fluid and so a propelier slips or slides a bit as
it rotates. It’s more exact to view slip ag the difference between the distance a boat actu-
ally travels throvgh the water—in the time of one complete propeller revolution at her
speed through the water, V-—and the theoretical distance it would wravel if it advanced
the full pitch of the propeller (see Figure 5-1). This difference is called apparent slip
(SlipA) and is expressed as a percent of theoretical propeller advance (pitch times RPM),

The only way to find slip exactly is to take a boat out and run her on a measured mile.
Carefully timing the runs gives the exact speed and, knowing RPM and pitch, you can
use the above relationship with the following formula to find slip:

Formula 5-1  Apparent Slip Formula

(Pr12 X RPM) — (Kts x 101.3)
(P/12 X RPM)
Which may be conveniently restated as:
Kis X 12156
Formula 5-1 P=RPM x (1 — StipA)
Where:
SlipA = Apparent slip
P = Propeller face pitch in inches

SlipA =

Kts = Boat speed through water or V in Kknots
RPM = Revolutions per minute of the propeller

CHART 5-1 SLIP VS PITCH
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PITCH WIiTH SLIP - IN INCHES

Chart 5-1A and B.  These charts, related to Formula 5-1, may be used in two ways. In the first,
apparent siip can be estimated from the results of a timed run over a measured mile. Enter Chart
A with the measured speed and RPM, and read off the “pitch without slip.” Enter Chart B with this
wifue and your propeller's actual known pitch, and read out the apparent slip as a percent of
theoretical propeller advance (pitch times RPM). The second, more cominon use of the charis is to

calculate the needed propeller pitch for a new boat design or a repowering, using the desired speed.

and RPM and an estimated value Jor slip. Again, read out a value for "pitch without slip” from
Chart A. Then enter Chart B with this value and a slip estimate from Chart 5-2 or Table 5-1.

Itis important to run a course between fixed points as specified on a proper navigation
chart. Obviously, using a “measured mile” that was not an exact mile would throw your
caleulations completely off. Bear in mind ihat buoys can drag sufficiently to throw off
their locations. In addition, the mile should be run at least twice, in opposite directions,
and the resuits averaged to cancel out the effects of wind and current. For really accurate
work. run the course both ways three times. Since we are dealing with a new design. a
repowering or a new propeller, we bave to estimiate slip. This is the chief drawback to
the slip method of finding pitch. There is no precise way to determine slip short of putting
a propeller on a boat and running a measured mile.

Estimating Slip for Finding Pitch *

Chart 5-2 plots slip as a function of boat speed in knots. It is based on the formula:

Formula 5-2  Slip vs Boat Speed Formula

SLIP = 1.4 + Kt
Where: !
Kts = Boat speed in knots

i

|

This formula was derived by the author, and checks very well against known slip values
from a wide variety of sources. [Note: Appendix I provides a quick math review for these
who are unfamiliar with or rusty on decimal exponents, |

Crouch’s Propetier Method

Formula 5-2
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TABLE 5-1

CHART 5-2 SL1P VS BOAT SPEED
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Chart 5-2. Thiy chart, constructed from Formula 5-2, shows slip as a function of speed. This
empirical relationship, derived by the author, checks well against known values.

The results from Formula 5-2 should be averaged against the information in Table 5-1
to see if the slip value makes sense for the type of vessel being considered.

TABLE 5-1 TYPICAL SLIP VALUES

Type of Boat Speed in Knots Percent of Slip
Auxiliary sailboats, barges under 9 45%
Heavy powerboats, workboats % 9--15 26%
Lightweight powerboats, cruisers 15-30 24%
High-speed planing boats - 30-45 20%
Planing race boats, vee-bottom 45-90 10%
Stepped hydroplanes, catamarans : over 90 7%

Slip and Efficiency Are Not the Same

People frequent!y mistake shp (SlipA) for_efficiency, abbreviated as e or m {the Greek

letter E, pronounced “eta”), and thus try to eliminate it altogether. Acwally the two
concepts are guite different-—although they are very closely related. (See Efficiency vs
Slip Chart 5-6.} Slip, in fact, is actually required to produce thrust. Though it’s 4 good
practice to keep slip fairly low, the slip values given in Table 5-1 are close to optimuam.
You cannot eliminate slip and would not want to if you could, for then you would have
no thrust at all. :

Finding Pitch with Slip
Using Chart 5-2 or Formula 5-2, we find & slip for Svelre Samantha of 27 percent. Let’s

check against the Table 5-1, Typical Slip Values. Svelre Samantha is a light cabin cruiser,
With her accommodations, she is a bit heavier than a lightweight powerboat. The table




E

indicates a slip of 25 percent or so. Acmrding,iv we will compromise on a 26-percent
sin, The pext step 1s simply to increase the 21, ;m‘h'{_ﬁj.‘. mim) pitch we derived earlier
{the pilch without slip) by 26 percent to get a 2&5-%11(:11 (673 mm) pitch [1.26 X 21.1
in. = 26.58 in.]. (Pitches should be rounded down unless the decimal is 0.7 or greater.)

Slip vs Pitch Chart 5-1 plots pitch against RPM and speed (V). in knots, for various
apparent slips. It is based on the SlipA (apparent slip) calculations (Formula 5-1) given
shove. To use this chart, enter speed and RPM on Chart 5-1A and find the pitch without
slip. Next, obtain a suitable slip value from Chart 5-2 or Formula 5-2 and Table 5-1.
fitch may then be read divectly from Chart 5-1B. or pitch may be calculated directly
using Formula 5-1.

DETERMINING DIAMETER

<

Factors Controlling Diameter

We must now determine a suitable diameter. Two major factors control propeller diame-
ter—engine horsepower in relation to shaft RPM, and hull resistance. Except for high-
speed craft, a larger-diameter propeller is always more efficient than a smaller one. In
other words, you will get more thrust or push with the same engine and a larger-diameter
propelier. Obviously. you cannot have a propeller as big as a helicopter rotor. Not only
are there practical restrictions due to draft and hull shape. but your engine would never
have enough power to move it through something as dense as seawater, no matter how
slowly.

The key here, though, is that the slower the RPM, the larger the diameter an engine
can turn. As we discussed in Chapters 1 and 2, shaft speed, not engine speed, is the
important thing. The reduction gear ratio is critical here. The greater the reduction, the
slower the shaft speed and the bigger the propeller can be, within the boat’s draft and hull
shape limitations.

X Dcterm'irling RPM for Calculating Diameter

Lictcrmrmng dlameter, however, we must use 100 percent of full_ RPM or very clme to
that. This is because diameler is the most important factor in determining the amount of
power a propeller absorbs. If we were to base our diameter calculation on an RPM figure
much Jower than the engine’s maximum, we would be holding engine RPM down. (It
would not have enough power to turn the large propeller at full RPM.) This would limit
hoth boat speed and engine speed, and can damage the engine. Accordingly, for light- to
moderate-weight vessels such as yachts, high-speed utility boats and light passenger ves-
sels, diameter should be calculated at 100 percent of top RPM and SHP. This is, in effect,
bncuring that the propcller power curve crosses the engine power curve at the latter’s

i or ‘nr.,awcr wcrkbogt , where maximum thrust and efficiency at cruising speed is more
important than getting top speed when the throttle is opened wide, diameter may be
calculated based on 95 to 98 percent of engine RPM. This will cause the propeller power
curve (see Chapter 1) to cross the engine power curve just below the maximum. Holding
the engine RPM down in this way is not harmful, and the larger diameter that may be
obtained increases efficiency at cruising speed. The penalty, though, is thal top boat speed
(V) will be decreased slightly. Ze

+ Finding Diameter From HP and RPM

Diameter-HP-RPM Charts 5-3A, B, C, and D plot diameter against SHP and RPM at the
propeller. They are based on three-bladed propeliers of standard elliptical contour and
ogival (fat-faced) section, with blade widths of about a 0.33 mean-width ratio. This
propeller type will be found to give good results for almost all ordinary instaliations.

i
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Progeller Handhook

The curves in Chart 5-3 are based on the formula:

Formula 5-3 DIA-HP-RPM Formulu
| 632.7 x_SHPw

T RPMO
Formula 5-3 Where:
D = Propeller diameter in inches
SHP = Shatt horsepower at the propeller
RPM = Shaft RPM at the propeller

CHART 5-3 DIAMETER - HP - RPM CHARTS
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Chart 5-3.  These charts, derived from Formuda 5-3, plot propeller diameter against maxinmum
rated shaft horsepower and RPM at the propeller, and can be applied to most installations.

Based on 100 percent of RPM and SHP, Chart 5-3 or Formula 5-3 shows that Svelte S
damantha’s engine, delivering 240 SHP (180 kw), can turn a 26.2-inch (673 mm) pro-
peller at 1,250 RPM. Accordingly, a 26.2-inch-diameter propeller with a 26.5-inch pitch
(665 mm by 673 mm) would do the job. In the U.S., stock propellers are manufactured
in one-inch increments up to 36-inch diameters, and in two-inch increments in sizes
larger than 36 inches. Thus, we would specifly 26 inches (660 min) for each measure-
ment. This just happens to work out to be a square wheel (pitch ratio of 1).

Crouch’s Propelier Method
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TWO- AND FOUR-BLADED PROPELLERS

Adjusting Diameter and Pitch for 2- and 4-Bladed Propellers

To find diameter and pitch for two- and four-bladed propellers, we multiply the dimen-
sions for the standard three-bladed propeller by the following quantities: T

TABLE 5-2 TWO- AND FOUR-BLADED CONVERSION FACTORS

Diameter Pitch Efficiency
Two-Bladed Propeller 1.05 1.01 1.02
Four-Bladed Propeller 0.94 0.98 0.96

Accordingly, if we wished to install a four-bladed propeller on Svelte Samantha, we
would use a 24-inch-diameter by 25-inch-pitch propeller (610 mm by 635 mm) [24 in,
dia, X 0.94 = 24.4 in. dia., and 26 in, pitch X 0.98 = 25.48 in. pitch]. Note that
the efficiency (e) or (m) of the four-bladed propeller would be only 96 percent of the
three-blader. This will not actually affect cruising speed. Since we had originally planned
on cruising at 75 percent of top RPM, we would now operate at around 78 percent of top
RPM, which is acceptable. Top speed potential will drop off slightly, however. In return
for this, the four-bladed propeller will have smoother operation, with noticeably less
vibration. :

Interestingly, a two-bladed propeller of 5 percent greater diameter (27 inches) would
be 2 percent more efficient than the standard three-bladed propeller. Drawbacks, thou gh,
are that the two-bladed propeller could have noticeably more vibration than the three-
blader, and the reduced blade area may cause cavitation as well.

»CHECKING PITCH RATIO AND MINIMUM DIAMETER

Checking for Optimum Pitch Ratio ( lyg(} Coly

Let’s now check to see that the pitch ratio of the propcilér we’ve selected is suitable for

- the type of vessel and speed we are considering.

Chart 5-4 gives optimum pitch-to-diameter ratios plotted against boat speed (V), in
knots. These curves are based on the following formulas:

& Optimum Pitch Ratio Formulas

\
I
%

Formula 5-4a

Average Pitch Ratio = 0.46 x Kisv2e

Formula 5-4b

Maximum Pitch Ratio = 0.52 X Kis02

Formula 5-4¢

Minimum Pitch Ratio = 0.39 x Kis®2

These forrmulas were derived by the author and have been found to check well with a wide
variety of vessels.

Generally, the best performance and efficiency will be obtained with pitch ratios close
to the average pitch ratio curve (see Formula 5-4a). Performance will be satisfactory,
however, as long as the pitch ratio of the specified propeller does not fall above or below
the recommended maximum or minimum curves. If the pitch ratio does fall outside s
curves, thesshaft speed is unsuited to the boat and must be changed using either a different
reduction gear and/or an engine of a different rated RPM.

Propellers on twin-screw craft tend to have higher pitch ratios than single-screw vesscls

Smee e individu propelier drrmeiers axe sealler, but e craft s il advanciag u te
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CHART 5-4 OPTIMUM PITCH RATIO
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Chart 5-4.  The relationship between optimum pitch-to-diameter ratios and boat speed in
Jdmots, Related to Formulas 54a, b, and c.

same speed as a comparable single-screw vessel. Thus, pitch remains the same, or nearly
the same, as with the single-screw version.

For Svelte Samantha, whose speed at the designed pitch is 19.5 knots, the average
pitch ratio curve (see Chart 5-4 or Formula 5-4a) gives a recommended pitch ratio of
0.99. This is virtually identical to our specified pitch ratio of 1, so this pitch ratio is
suitable.

2 Determining Minimum Acceptabie Diameter

Itis also important to make sure that the propeller diameter specified matches the hull. A
very small propeller turning at high RPM can offer adequate performance at full speed, ‘. & .S
but it will not provide sufficient thrust at low speed, while getting up onto a plane, or UK B o ;
during maneuvering. L
Minimum Diameter Chart 5-5 plots the miniinum propeller diameter required for useful
thrust at all speeds, for both single- and twin-screw vessels. Propellers with smailer S
diameters than those given in Chart 5-5 should be avoided. The curves are based on the [ Via«f -~ - Ve
following [ormula:

Formula 5-5 _Minimum Diameter Formula

D = 4.07 x (BWL x H,)"$

Where:

0., = Minimum acceptable propeller diameter in inches io!

BWL = Beam on the waterline in feet Lalla 1 LA Formula 5-5
H, = Draft of hull from the waterline down {excluding keel, skeg or deadwood) in feet

(111l draft is the depth of the hull body to the fairbady line, rabbet, or the hull's &

infersection with the top of the keel. It thus excludes keel and/or skeg.)

N for Twin Screws = (L8 X D

mit < min

I, for Triple Screws = 0.65 X D

min

tr
L=
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CHARYT 5.5 MINIMUM DIAMETER

DIAMETER IN INCHES
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Chart 5-5.  Minimum propeller diameter required for useful thrust at all speeds. Bused on
Formula 5-5.

In the case of Svelie Samantha, this works out as follows: Svelte Samantha has a 10-

foot (3.05 m) waterline beam and a 1 foot 4 inch (0.4 m) hull draft. Accordingly, from
Chart 5-5 or Formula 5-5, her minimum propeller diameter is 14.9-inches (378 mm) |16
fi. x 1.34ft. = 13.4 sq. ft.,\/13.4 = 3.66 in., and 3.66 X 4.07 = 14.9]. We have
already seen that Samantha’s engine and reduction gear combination can turn a 26-inch-
diameter (660 mm) propeller, so we have no problem here—with diameter (at low and
moderate speeds), bigger 18 beter.
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I the propeller we came up with had been smalier than the minimum diameter from
‘hart 3-5, we would have had to return to the beginning of our seicction process and try
i farger reduction gear and/or a slower-turning engine to allow an appropriate increase in
dizmeter,

(HECKING FOR CAVITATION

Cavitation Formulas Can Be Complex and Contradictory

'ﬂw ﬁn'il check we must make is Fm' cavitation A=: wc (Iit;cuqch in Ch(mtu‘ 4 cavirationl

ing for thc- onset ()f cawr‘ltl(m but mnct are excessiveiy ('nmplcx Ior use hv qm'ﬂl erft
designers. yard operators, boatbuilders, and boat owners. Not only that. but these com-
plex methods frequently are no move accurate than simpler ones. since they don’t allow
for such factors as shaft inclination, strut and stern-bearing fairing, and so on, which can
make two otherwise similar propellers, behave quite differently, even at the same speed.
Equally disconcerting is that two or three different methods of checking for cavitation
can give two or three different results for the same propeller.

(X)¥inding Maximum Allowable Blade Loading _

The clearest and most direct method of checkiha for cavitation is to determine blade

loading or pressure in pounds per square inch (PSI). (In the metric system, this is ex-
pr—cfﬂaﬁé_'ncwten meters squared, N/m?, also calied pascals, P.) Cavitation is a complex
phenomenon and no single, simple formula can offer all the answers. The blade loading
method that follows, however, is conservative, and thus generally safe as well as simple.
The author has developed the following formula based on information from the tank tests
at Wageningen and from Barnaby. It gwes the pressure at which cavitation can be ex-
pected to occur. %

Formula 5-6 Allowable Blade Loading Formula Vi 6 S ooed BF iel
PSI = 1.9 x Va®s5 x Fioos - ; FE - De
Where: d
PSI = The pressure, in pounds per square inch, at which cavitation is likely to begin.

= The speed of water at the propeller (see next chapter regarding wake {actor) in
km:ls,

Ft = The depth of immersion of the propeller shaft centerline, during operation, in feet.

To check for cavitation we must use maximum speed, RPM and maximum SHP. For
Svelte Samantha, with a 26-inch (660 mm) diameter propeller, we can assume that her
it centerline will be just over a foot (0.36 m) below the surface. Her top speed ar 240
HP (197 kw) as taken from Planing Speed Chart 2-3 or Formula 2-4 iz 20.6 kuots. The
speed of water at the propeller is just slightly less than true boat speed f{or planing vesscls
(see next chapter regarding wake fraction). We can safely assume 96 percent of total boat
speed. or 19.78 knots. Thus, the blade Joading at which her propellers will start to cavi-
tate works out as follows:

PSI = 1.9 x 19.78%5 x ].2008
Thercfore:
PST = B.5 (58600 N/m?) for the onset of cavitation.

;:J#_:" Determining Actual Biade Loading on a Propeller

We must now find the actual blade loading on Svelte Samantha’s propellers, as we have
presently specified them. This is given by the foliowing formula:

3
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Formula 5-7

Formuda 5-7  Actual Blade Loading Formula

_ 326 X SHP x ¢

PS1
Va x Ad

Where:

P51 = Blade loading in pounds per square inch.

SHP = Shaft horsepower at the propeller,

e = Propeller efficiency in open water.

Va = Speed of water at the propeller, in knots (see “Wake Fraction,” next chapter).

Ad = Developed area of propeller blades, in square inches.

Before we can apply this formula we must have some estimate of the propeller’s
ciency. When using the BP-8 method and the Taylor-Troost Bp-8 diagrams from the
chapter, this value can be read directly. Approximate Efficiency vs Slip Chart 5-6
ever, plots approximate values of efficiency (e) or (n) relative to apparent slip (Siy
for propellers of various pitch ratios. This chart is sufficiently accurate for the purpus
estimating blade pressure.

CHART 5-6 APPROXIMATE EFFICIENCY VS SLIP
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Chart 5-6. Approximate efficiency relative 1o apparent slip for propellers of various
ratios.

Entering Chart 5-6 with Svelte Sumantha’s slip of 26 percent, and running up o
pitch ratio of I, we get an efficiency of about 0.69. We can now calculute the
loading on the 26-inch-diameter propeller of the 0.33 mean-width ratio that we
specified.

trom Developed-Area Formula 4-7 or Chart 4-2, we find that a typical three-t'
propeller, 26 inches (660 mm) in diameter with a mean-width ratio of 0.33, has a
panded area of 268 square inches (1729 cm?). Accordingly:

. _ 326 x 240 SHP X 0.69
" 19.78 Kis X 268 sq. in.

Theretore:

PST = 10.2 (70330 N/m?) blade loading.
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Adjusting Blade Width or MWR to Reduce Blade Loading

10.2 PST figure we've derived using Formula 5-7 is 20 percent over the allowable
loading of 8.5 PSI from Formula 5-6. Clearly, this propelier could experience some cav-
itation. Generally. the best solution is simply to specily a propeller of increased biade
width or mean width ratio (MWR). Entering a 20-percent-larger MWR of 0.4 in Formula
i-7 or Chart 4-2 gives a developed area of 324 square inches (2090 cm?). Substituting
ihis we get:

326 % 240 SHP x 0.69

" 19.78 Kis X 324 sq. in.

Therefore:

PST — 8.4 (57910 N/in®) blade loading, which is acceptable.

Note that 324 square inches (2090 cm?) of developed area will remain about the mini-
mum acceptable for Svelte Sumantha. Qur speed requirement remains constant and thus
hotseposer must remain constant. Therefore, regardless of the propeller chosen, the only
real variable in determining blade loading will be small changes in efficiency with
changes in pitch ratio.

In theory, the 0.4-MWR propeller, with its greater area, will absorb slightly more
power and thus hold RPM down and decrease efficiency. In practice, the difference is
negligible (usually less than 4 percent) in mean-width ratios from 0.3 to 0.55 for two-,
three- and four-bladed propellers. (Sece Table 6-3 for exact values.)

Increasing the Number of Blades to Reduce Blade Loading

Another alternative for increasing area to reduce cavitation is simply to substitute a four-
biaded propeller of the same pattern as the three-blader. We can try this with Svelte
Samantha’s propeller. Earlier, we determined that we would use a 24-inch-diameter by
25-inch-pitch (609 mm by 635 mm) four-bladed propelier, of a 0.33 mean-width ratio.
In this case, Formula 4-7 or Chart 4-2 gives a developed area of 304 _square inches (1961
em?). This prmm,g of 8.9 PSI (61360 N/m?), T which is just 5 percent
areater than the permissible loading from Formula 5-6. Although such a propeller might
wark acceptably. it would be safer to call for a 24-inch-diameter, four-bladed propeller
of # 0.35 mean-width ratio. Its developed area of 322 square inches (2077 cm?) would
lower Blade Joading to just under 8 5 PSI {5860(] me?)

Supercavitating Propeliers

For vessels operating at speeds over 35 knots, with shaft speeds in excess of 2,500 or
3.000 RPM, there is another option altogether—accept the cavitation. Propellers on such
high-speed vessels are so highly loaded that cavitation actually becomes unavoidable. In
ihese cases, the selection process would proceed as above for pitch and diameter, but you
would choose a propeller model specifically designed to operate when fully cavitating.
Since there is a wide variety of styles, make a final check with their manufacturers to
determine the model best suited to your application.

Cupped-Bladed Propellers

An intermediate step for vessels operating at moderately high speeds (between 30 and 45
knots) is often possible. If the actual blade loading as determined from Formula 5-7 is
only 10 to 15 percent over the allowable blade loading found from Formmov
peller with cupped blades may be the answer. When specifying a cupped-bladed propel-
er, find pitch and diameter in the usual manner, and then decrease pitch by one inch or 5
prreent. whichever is greater. '
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FINDING THRUST

Thrust at Speed

P
Thrust is the force, in pounds, generated by the propeller at a given speed. It is particu-
e R tarly important for workboats, which have to tow large loads and drive heavy hulls into

rough seas. For pleasure craft, actually calculating thrust is less important, except that
the more efficient the propeller, the more thrust it can deliver and the faster the boat will
go at the same HP and RPM. Since we have worked through all the necessary calenlations
for Svelte Sumantha, we will work through a sample thrust calculation using her as an
example. (See also Chapter 8 regarding tugs and trawlers.) The thrust developed by a
propeller may be found from Formula 5-8.

Formula 5-8  Thrust Formula.

326 X SHP x ¢

T =
t Va
Formula 5-8 | Wheees
I T = Thrust in pounds
‘ SHP = Shaft horsepower at the propeller
! e = Propeller efficiency
i Va = Speed of water at the propeller, in knots (see “Wake Fraction,” next chapter).
Thrust for Svelte Samantha at maximum RPM works out as follows: Shaft horsepower
is 240 (179 kw), efliciency (from Chart 3-6) is 0.69, and Va is 19.76 knots:
o 326 x 240 SHP x 0.69
N 19.78 Krs
Therefore:
T = 2,729 pounds thrust
At a lower speed, say 12 knots (an SL ratio of 2.2), Svelte Samantha’s propeller would
be absorbing about 106 HP (79 kw), according to Chart 2-1 or Formula 2-1. Water speed
at the propeller would be a bit lower, say 93 percent or 11.1 knots (see section on wake
fraction, Chapter 6). Slip will be higher, say around 34 percent (from Chart 5-2 or For-
mula 5-2). Accordingly, efficiency will be lower—around 0.63 (from Chart 5-6). Thus
we would get:
326 X 106 SHP x 0.63
= 11.1 Kts
Therefore:
T = 1,961 pounds thrust (889 kef)
These figures are approximations, since the precise figures for efficiency and slip are not
known.
Static Thrust or Bollard Pull
With a boat rumning free, lower spee = st. When towing or tied to a
: dock, however, a vessel’s low-speed thrust increases greatly because SHP goes up, while
[ A pOITROT i Va goes down, Thrust at maximum power with the boat tied to a dock is calied static

Sladie  Fhut? _thrust or bollard pull. It cannot be properly estimated from Formula 5-8 because it calls
' T for dividing by zero.

ptiotd Be Determining static thrust is primarily of interest to tughoats. Barnaby gives a formula
for estimating static thrust or bollard pull from SHP and propeller diameter:

o garévey
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Formula 5-9  Approximate Bollard Pull Formula

T, = 62.72 x (SHP x D20

Where:

T, = Static thrust or bollard pull, in pounds
SHP = Shaft horsepower at the propeiler
> = Propeller diameter in inches Forniula 5.9
This formula may also be expressed as:
Tlon = 0.028 X (SHP x D )"
Where:

T.ton == Thrust in long tons of 2,240 pounds ! Du P i
SHP == Shaft horsepower

D, = Propeller diameter in feet

>
A

You can see that even at the same horsepower, the larger the propelicr diameter, the
greater the thrust. This reiterates the fact that for thrust at low to n]ndur.iiuwpccals large =l
_diameter is essential. Vessels intended for towing are equipped with large diameter pro-
pellers having wide blades and low shaft ﬁpccds—frcquemly under 500 RPM. . fige
Planing vessels, designed for free running with high shaft speeds, will seldom generate [ lan® g \joloPIs
more than 70 percent of the static thrust indicated by Formula 5-9, while some displace- - = Mt
ment vessels—not designed for towing, but with low shaft speeds and large propeliers— ~ e
may approach 85 or 90 percent of the static thrust indicated. : gy
The rule of thumb for bollard pull is that a tug should develop about one ton of static e
thrust for every 100 BHP (75 kw) at the engine. This is a rough guide only, but it is g<
handy for quick estimates and checking results.

3 T

VESSELS WITH MORE THAN ONE PROPELLER T T

Most Calculation Factors Remain the Same

The calculation for pitch is nearly the same for twin-screw vessels as for a single-screw
craft, using Chart 5-1. After all. both propellers still have to advance the same distance
as the boat each revolution. However, for lower speed craft (under 30 knots) slip will be
eIiLhtly le‘is‘, since thc twin screws see a cleaner water flow without a skeg or deadwood
percent given on Chart 5-2 should be averaged against the

v“dm, ;:,wcn in Tﬂblt 53,

TABLE 5-3 TYPICAL SLIP VALUES—TWIN-SCREW VESSELS ¥ C)

Type of Boat Speed in Knots Percent of Slip

Auxiliary sailboats, barges under 9 42%
Heavy powerboats, workboats 9-15 24%
Lightweight powerboats, 15-30 22%
cruisers

TABLE 5-3

Above 30 knots, slip may be assumed to be the same for single- and twin-screw vessels. Use
Table 5-1.

s )

In the case of Svelte Samantha, the 27 percent slip from Chart 5-2 or Formula 5-2
(which was adjusted to 26 percent after comparison with Table 5-1) should be averaged
with a slip of about 23 percent for a heavyish lightweight cruiser. This gives a slip of 25
percent. In this particular case, the pitch still works out to 26 inches (660 mm).
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. Diameter is found based on the SHP and RPM of each individual engine. If Svelre
oV S i VBN Samauniha were powered by two engines delivering 120 BHP (89 kw) at 3,000 RPM, and

U N e each engine were fAtted with a 2:1 reduction gear, shaft RPM would be 1,500. In this
- case, a8 we can see from\Chart 5-3 or Formula 5-3,{ each engine could wrn a 20-inch-

["diameter/(508 mm) propeller. Chart 5-5 or Formula 5-5 indicate & MinimUNL tWin-Screw
diameter of 11.9 inches (302 mm), so a 20-inch (508 mm) propeller is more than ade-
quate. The combined disc area of the twin screws (or triple screws) should be at least 25
percent more than the disc arca of a single screw. When estimating slip on a triple-screw
Yooy b by gn _ craft, the procedure for a single-screw vessel should be used on the centerline SCrew,
b , while the method for estimating slip on twin-screw vessels should be used on outboard
. propellers.
S5t and 5-32 Finally, we must check the individual propellers for cavitation using blade-loading
Formulas 5-6, 5-7, Approximate Efficiency vs Slip Chart 5-6, and Developed Arca For-

o S -4 mula 4-6 or Chart 4-2: however, the SHP and RPM for each individual propeller is used
Eori in Formulas 5-6 and 5-7, while top speed under both engines combined is used to find
D e the Va at the propellers. For the twin-screw Svelte Samantha, diameter = 20 in. (508

oL mm); pitch = 26 in. (660 mm); pitch ratio = 1.3; slip = 0.25; MWR = 0.33; devel-

i oped area = 165 sq. in. (1064 cm?); efficiency = 0.72; and Va = 19.8 kts. Again, we

CHP and 2P / L find that blade loading with the 0.33 MWR propellers is 8.6 PSI (59290 N/m?)—just
R over what is permissible. Blades with 0.35 MWR reduce loading to acceptable levels.

“¢7°7  DESIGNING FOR LIMITED DIAMETER | ¢
Tor Speed = Vu | Enmts, When Draft or Hull Shape Limits Diameter
; *
£ a1 1, iall P~ Up to now, we have been calculating propellers as if there were little or no restriction on
' ' ' | diameter. For Svelie Samantha, we have selected either a 26-inch-diameter by 26-inch-

pitch (660 mm by 660 mm) three-bladed propeller, of 0.4 MWR, or a 24-inch-diameter
by 25-inch-pitch (609 mm by 635 mm) four-bladed propeller, of 0.35 MWR. These

Fremps CAs(o Y/o ,’r ApO propcllcf_g,_ya_wg‘_;_c;-,__Tare both a bit large for a vessel with only a 1 foot 4 inch (0.4 m)
Lim tTan DIAMEEe molded idralt of hulll The total draft of such an installation could easily be 44 inches
‘ , o ) e i £ (1118 mm) or more. What if our single-screw installation is limited to 16 inches (406

A fheeK (U,"““»’-' = = \ flel (¢ 22022’ mm) in diameter?
T e Finst we have to check Chart 5-5 or Formula 5-5 10 see that this is not smaller than the

minimum allowable diameter. In this case, the minimum diameter is 14.9 inches (378
mm), so there’s no problem. If we were being forced to consider a propeller smaller than

e T csup( w2 SE 4B this, that’s a clue that something is out of kilter with the basic boat design. /The only
e o ! s by ﬁ;'rﬁ:"{';n": | alternative might have been to g0 {0 fwin screws/
pRE = Now let’s turn to DIA-HP-RPM Chart 5-3 or Formula 5-3 and determine the RPM
s pem Bk 68 required for this diameter. For Svelte Samantha, we find that her 240 SHP (179 kw)
%= AR S-3 engine can turn a 16-inch (406 mm) propeller at 2,264 RPM. We must now choose our

engine and reduction gear combination to give close to this RPM at the propeller. Esti-

Buscar ®EN = G %rlri: mated speed (V) at 90 percent of RPM (2,037 RPMs) remains 19.5 knots, and slip re-

) ek mains the same 26 percent as calculated earlier. With this information we can find pitch

<y pestor Redud from Chart 5-1 or Formula 5-1, which indicates a 15.7-inch (398 mm) pitch. Accord-

sredn/ g agl e ingly, we will specify a 16-inch-diameter by 16-inch-pitch propeller (406 mm by 406

mm). (Again, the fact that it is a square wheel is incidental.) Checking against Optimum

b Yeallo: f"')_, fely,  Chect r i Pitch Ratio Chart 5-4 or Formula 5-4a, we find that a pitch ratio of 1 is excellent for this
' Foca 5+ type of vessel. Pyl e

Next, we’ll check for cavitation, as before. Depth increases fallowable blade loading,
<-+, only slightly, so we can use the same 8.5 PSI (58600 N/m?) we found eurlicr. The slip

and pitch ratios have remained the same; efficiency (e) or () remains 0.69. For « MWR
of 0.33, Formula 4-7 or Chart 4-2 give a developed blade area (A,) of 101 square inches
(652 cm?). Next, we find the actiial blade loading from Formula 5-7:

Ad xiol =3 fenal Blade Loagia  fogmn 577
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pgp — 326 X 240 SHP X 0.69
19,78 Kts X 107 5q. in.
Therelore:
PSI =+ 27 (186140 N/m®)—very high blade loading!

u}:ng to drive th:, same boat with a muuh smath:r pmpdic,r The sam; rhruat _Is concen-
trated on a smaller area, raising blade loading tremendously. In fact as we noted carlier,
we still require the same 324 square inches (2090 cm?) of blade area to reduce blade
loading to acceptable levels. Even a four-bladed propeller with a mean-width ratio of
0.35 would provide only 225 square inches (1452 cm?) of A . Since the 18 to 2] knots
at which Svelte Samantha is intended to operate is too slow for a supercavitating propel-
ler, we cannot drive her reliably with a propeller just 16 inches {406 mm) in diamecter.

Determining Minimum Propeller Size I'rom Blade Loading X%

How small a propeller could we use? Entering our minimum blade arca of 324 square .
inches (2090 cm?) and maximum standard mean-width ratio of 0.55 into Formula 4-7 or L
Chart 4-2 gives a four-bladed propeller 19 inches (482 mm) in diameter. We can take this

diameter and tepeat the above process to find slip, pitch, and so on.

Drawbacks of a Propeller w1th Too Little Blade Area

What if you still want a bare 16 mcho: (406 mm) ip diameter? This is a real problem. i W
You'll have to accept a noticeable loss in efficiency. Either the propeller will cavitate at o fen A
least some of the time, or a propeller with either very wide blades or more than four

blades, or both, will be required. These alternatives will resuit in a loss of top speed and

require operating the engine at higher RPMs to achieve cruising speed. The obvious
alternative is to use twin screws. Interestingly, if Svelte Samantha were a somewhat

higher speed craft—operating above 35 knots—we could forget about cavitation and go =2 _ £
to a true supercavitating propeller. : > B

Drawbacks of a Propeller of Smaller Diameter

Assuming we settle on the acceptable minimum 19-inch-diameter (482 mm) propeller,
what have we lost by going with this smaller size? There are few disadvantages at cruising |+ . [ - .~
speed and above. At low speeds, however, this propeller will deliver less comph—crash = %
stops will take longer, and working into a tight slip by reversing 1o back to port will be
less effective. The small propeller will not be as effective in powering into a head sea,
and it will take a bit longer to force the boat up onto a piane. Once at speed, though, the
difference in performance will be slight.

HIGH-SPEED PROPELLERS—OVER 35 KNOTS

Use Smaller Diameters at High Speed o o

o e (

—y
-

Whereas larger-diameter propellers arc better on low- and moderate-speed vessels, for
speeds over 35 knots it is desirable to reduce propeller diameter. This is because the drag
force of the water rushing past the hull increases as the square of boat speed, V. Accord-
ingly, the resistance or appendage drag of a large propeller, its strut, and its shaft quickly
become serious drawbacks.

Il all-around handhng and heavy-weather performance are desired along with high
speed, it may still be Worthwhile to use a large-diameter propeller and accept the some-
what reduced top speed caused by its drag. This is especially so for lower-end high-speed
vessels. like sportfishermen and crew boats—vessels that operate in ail weather and sel-
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dom exceed 40 or 45 knots. When all-our top speed is desired, however, and V exceeds
40 10 45 knots, propellers of the minimum diameter from Chart 5-5 or Formula 5-5 should
be used.

Let’s consider a flat-out, deep-vee ocean racer, Rambling Rocker. Her characteristics
are:

Rambling Rocket

40 fr. 122 m LOA (length overall)
— 35 ft. 10.7 m - WL (waterline length)
10.5 32m BOA (beam overall)
9 fr. 2:74m BWL (wuaterline beam)
t~1.42 ft, .43 m Hd (hull draft)
9,600 1b 4350 kg Displacement

She is powered by twin engines delivering 450 BHP (335 kw) each at 4,400 RPM. We
want to select the propellers that will give her maximum s peed.

Determining RPM for Finding Diameter and Pitch

Rambling Rocker is not a sensible boat. Economy of operation and long engine life are
not important. We simply want her to be able to blast along as fast as possible. Since she
is laid out from the start for speed, we can assume that power losses from transmission,
shafting, exhaust backpressure and auxiliary machinery are very low. Accordingly, we
will _select Rambling Rocker’s propellers based entirely on top engine RPM and SHP.
Ertering Rambling Rocker’s waterline beam times her hull draft (a valve of 12.78 8q.
ft. or 82.5 cm?) in Chart 5-5 or Formula 5-5 yields a minimum diameter of 14.5 inches
(368 mm). Since we are going all out for speed, let’s round down and use a 14-inch (355
mm) diameter. Entering 14 inches and 450 SHP per engine in Chart 5-3, we find that
shaft RPMs should be 4,393, which is so close to the top engine RPM of 4,400 as to
make no difference. This gives us direct drive, meaning 1o reduciion gcar__go}ynér___]_m,is
somewhat justifying our optimistic power 10Ss estimates
WT’laning Speed Chart 2-3 or Formula 2-4 predict a top speed of 64 knots (73 MPH)
based on a total of 900 SHP (671 kw), or 10.6 LB/HP (6.4 kg per kw). Chart 5-2 or

SEPM= 4393 Formula 5-2 give a slip of 14.9 percent at that speed, while Table 5-1 suggests a 10
percent slip. We thus compromise on 12 percent. Pitch, from Chart 5-1 or Formula 3-1,
. ; is then 20.1 inches. Thus we specify two 14-inch-diameter by 20-inch-pitch propellers
Planiag Sgeed (355 mm by 508 mm), of a standard 0.33 mean-width ratio. This gives a pitch ratio of
hat 222 Y ykndt 1.43. From Optimum Pitch Ratio Chart 5-4 or Formula 5-4a, we can see that this is
ean 2-¢4 | 3amp acceptable for a boat running at 64 knots.
Qhm §u .. = o i i
redal Supercavitating Propellers at High Speed
104 ! L‘_/'Ii'l. : L. o i -
; ' 0 Now we'll check for cavitation. Allowable pressure to cavitation, from Formula 5-6, 18:
. = 5
§ = ‘."/:“Jf(:.-»
PSI = 1.9 X 64 kis05 x 1.3 Froos
heet 5 1t G Therefore:
g 72 [ 7 PSI = 15.5 (106858 N/m?) before cavitation.
Actual blade loading from Blade Loading Formula 5-7 is:
able S 2 fk % 326 x 450 SHP x 0.78
¢ s pST =
64 Kts x 78 sq. in.
P ’ Therefore: =
) PSI = 22.9 (157900 N/m?) blade loading .
{4
dhard >°Y )



With blade loading this high, the propelicrs will be cavitating all the time. Thus, we
have to specify supercavitating propellers, which are about 90 percent as cllicient as
comparable noncavitating propellers. To avoid cavitation, we would have to specify a
much larger propeller and much lower shaft speed. with substantiaily more arca to lower
the blade pressure. Unfortunately, at a speed of 64 knots, the additional appendage te-
sistance from such a large propeller would far outweigh the relatively small gain in effi-
ciency.

EVALUATING THE SLIP METHOD

The slip method of determining propellers has been (ried and proved for well over half a
century. 1t is widely used by many small craft designers and representatives of some
propeller companies, and is acceptable for vessels where maximum efficiency is not crit-
ical, or for sailing auxiliaries. where performance under power is sccondary. Carefully
applying the slip method will result in selecting a satistactory propeller. For best results,
though, particularly in commercial applications, the Bp-8 method described in the next
chapter is more accurate. In any case, the charts and tables of the slip method constitute
an excellent means of making a preliniinary propeller estimate, which may then be refined
with the Bp-8 method.

.

Crouch’s Propelier Method




Formula 6-1

1t

Chapter 6
The Bp-6 Method

The Power Factor Method for
Calculating Propellers

In the previous chapter we selected propellers by estimating apparent slip. In order to
eliminate this estimate, we have to take a closer look at the relationship of the propeller’s
speed through the water, boat speed and theoretical propeller advance—pitch times RPM.

WAKE AND SPEED OF ADVANCE (Va)

Real and Apparent Slip

Figure 6-1 shows these relationships graphically. P X N represents the total distance the
propeller would advance if there were no slip, as we discussed in Chapter 5. V represents
boat speed. This is the speed of the boat through the water, as measured far enongh away
from the hull so that wake is not a factor. SlipA (apparent slip) is the difference between
boat speed (V) and P X N. This is all exactly as shown in Figure 5-1.

As a boat moves forward, it drags along a fair amount of water. Water sticks to the hull
(and the propeller) slightly because of friction before falling away astern, forming the
wake. Because of this, the water the propeller actually “sees” is already moving forward
a bit. In other words, the propeller is not advancing through the water as fast as boat
speed (V). If, for instance, V were 10 knots and the hull were dragging along a wake of
1 knot, the propeller would be advancing through the water at only 9 knots.

Speed of Advance (Va)

W on Figure 6-1 represents this wake. If the wake (W) is added to the apparent slip we
get the real slip (SlipR). The difference between real slip (SlipR) and P x N (theoretical
propeller advance) gives the actual speed of the propeller through the water it “sees”—
speed of advance through the wake. This speed is almost universally known as Va or
speed of advance. ;

Taylor Wake Fraction (Wt)
Admiral Taylor defined the wake as a percentage of boat speed (V); his formula is called

the Taylor wake fraction (Wi).

Formula 6-1 Taylor Wake Fraction Formula

Wt = i :{Va or
Ya=V X (1 - Wi
Where:

Wt = Taylor wake fraction
V = Boat speed through water
Va = Speed of water at the propeller
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e Bp-o Method

Figure 6-1

Slip, wake, and speed of advance.

Figure 6-2

The engine performance curve of a

Cummins KTA38-M.

(Courtesy of Cununins Engine Com-
pany, Inc.)

-
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Wake Factor (W)

Obviously, in order to select a propeller as accurately as possible, we must allow for the
wake and use Va, not V, in our work. It is convenient when using Formula 6-1 to give
the value “I — Wi” a name, and we will call it the wake factor (Wf). (This should ot
be confused with Froude’s wake fraction, which is also known as “W1.” Froude’s wake
fraction is seldom used, because it defines wake in terms of Va and not V. It is thus not
as convenient for propeller calculations as the Taylor wake fraction, Wt.)

Formula 6-2  Wake Factor Formula

Formula 6-2 Wi =1— Wt
From this we can restate Formula 6-1 as:

Formula 6-3  Speed of Advance Formula

Va =V X Wf
Formula 6-3 A e
V = Boat speed
{ WI = Wake factor
Wt = Taylor wake fraction
Determining Wake Factor (Wf) From Block Coefficient—
Displacement Vessels
wr [ Ela, "

2 Chart 6-1 plots wake factor (Wf) as a function of block coefficient (see Formula 6-5) for
single- and twin-screw craft, and is applicable to vessels that operate with SL ratios of
under 2.5. Vessels with higher block coefficients are fuller-bodied (tubbier). Accordingly,

_ water flows around their hulls less easily and their wakes are greater than those with finer,
S | tehe € 42 more slender hulls. As you can see, the smallest wake factor, and thus the largest differ-
' ence between V and Va, appears for craft with large block coefficients.
7‘ o . CHART 6-1 WAKE FACTOR VS BLOCK COEFFICIENT
- ‘{7 vp 1+ bt .va
1.0
o 0.9 -~ “‘\\_ ]
= B B .
O : . e Twin Screw
T os R o
) s e
L e i
b o S
< Single Screw S
z .- ==
0.7
"L‘\
0.6 ; ;
0.4 B 0.8 0.7 0.8
BLOCK COEFFICIENT

Chart 6-1. Wake factor as a function of block coefficient for single- and twin-screw craft
with §-L ratios of less than 2.5. Based on Formula 6-5.
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Wake factors of single-screw craft are smaller (there is more wake) than for twin-screw
vessels because the single propelier is partially hidden behind the keel. deadwood and/or
skeg. By comparison. cach propeller on a twin-sctew craft “sees™ a relatively unob-
structed water flow (less wake).

The formulas below relating to the curves on Chart 6-1 were derived by the author and
arc based on data from Barnaby and from Caterpillar Inc.

Wake Factor vs Block Coefficient Formulas:

Formula 6-4da—~Single Screw:

WE = 1.1l — (0.6 % Ch)

Formula 6-4b—Twin Screw:

WE =1.06 — (0.4 X Cb) Formula 6-4a, b

Where:
W = Wake factor (percent of V “seen” by the propeller)
Ch = Block coefficient of hull

and

Formula 6-5  Block Coefficient Formula

& Disp _
P 7 WL X BWL x Hd X 64 Ib/euft e
Disp = Displacement, in pounds

Formula 6-5

WL = Waterline length, in feet
BWI = Waterline beam, in feet
Hd = Hull draft, excluding keel, skeg or deadwood. in feet

The block cocfficient may frequently be found on the lines drawing from the original
designer. If it is not known, it may be calculated using Formula 6-5. Should the quantities
for this formula be unknown, they can be found by measuring the hull as described in
Appendix A.

Determining Wake Factor (Wf) from Speed—Planing Craft

Chart 6-2 plots wake fraction as a function of speed for twin-screw vessels that operate {o-
at planing speeds—-those with SL ratios greater than 2.5. Values for single-screw vessels

may be taken as 98 to 99 percent of those given in the chart. The final value for wake

factor (WF) may not exceed 99 percent. The curve is defined by a formula derived by the

author, based on data from Du Cane, Lord and Phillips-Birt:

Formula 6-6  Wake Factor vs Speed Formula
Wi = (.83 x Kts"™7
Where: Formula 6-6
W = Wake Factor
Kts = Speed in knots

6%
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CHARTY 6-2 WAKE FRACTION VS SPEED

1.00 ; 1 % + i

0.08 Focdodactin f

0.97 o et
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0.95 ] 3
13 ibd I O A O ¢ ot L

0.94

WAKE FRACTION

0.93

0.92 ; L § EBEENR
42 16 20 24 28 32 36 40 44 48
KNOTS

Chart 6-2. Wake fraction as a function of speed for twin-screw craft operating at planing
speeds. Bused on Formula 6-6,

WORKING THROUGH A Bp-8 CALCULATION

Characteristics of Our Example Vessel—Ocean Motion

Now that we can determine Va, we can go ahead and begin to calculate a propeller using
the Bp-8 method. Let us consider the propeller for the single-screw Ocean Motion. She
might be a charter boat, a dive boat, a combination boat, or a large motor yacht. Keep in
mind that the Bp-& calculations and the other formulas given in this book will work for
nearly every vessel, and Ocean Motion could have vastly differing specifications. Since
we need specific numbers for our calculations, though, let’s assume that her characteris-
tics are as follows:

Ocean Motion

100 ft, 30.48 m LOA (length overall)

92 ft, 28.04 m LWL (length waterline)

26 ft. 7.92m BOA (beam overall)

25 ft. 7.62m BWL (beam waterline)

9.75 ft. 2.96 m Hd (hull draft)

10.5 ft. 3.20m Maximum draft

225.8 tons 229.4 Mtons  Displacement (long tons and

metric tons)
505,830 1b 220440 kg Displacement

290 290 DL ratio (displacement/
- lenpth ratio)

74 in. 188 cm Maximum propeller diameter
to fit within existing aperture

4.2 L. 1.28m Shaft cenierline below
walterline
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Her operator wishes to run at a continuous speed of 2.2 knots (which works out to a
speed/length ratio of 1.27), with a bit extra in reserve. This is a practical operating speed
for a displacement vessel of this size, although reducing continuous operating speed to
11.5 knots would save around 20 percent in power and fuel requivements (see Chapter
2). From Chart 2-1 or Formula 2-1, we determine that Ocean Motion requires one horse-
power at the shaft per 575 pounds of displacement (one kw per 350 kg) to make this
speed. At her displacement of 505,830 pounds (229440 kg), this comes to 880 SHP
(656 kw).

A vessel of this size should be equipped with a true marine diesel. An intermittent
rating would be appropriate for the intended use-—a continuous cruising speed with some
extra power in reserve. Accordingly, we would plan on operating at about 85 percent of
top RPM and HP (see Chapter 1). We also have to allow for a 3 percent loss of power
due to hearing friction and exhaust back pressure. This indicates an engine with a maxi-
mum BHP rating of [,066 HP (795 kw) [880 SHP + 0.85 = 1,009 {IP, and 1,009 HP
% 1.03 = 1066 BHP]. At this point, we must consult various manufacturers to deter-
mine which engines meet these requirements. One such engine would be a Cummins
KTA38-M. In ihe intermittent rating it delivers a top power of 1,045 HP (780 kw) at
1,950 RPM, and it puts out 990 HP (738 kw) at its maximum safc continuous operating
speed of 1,800 RPM. We are planning to operate continuously at 85 percent of top RPM
or 1,657 RPM at 882 HP (658 kw). Figure 6-3 shows the performance curves for this
engine.

Estimating Shaft Speed (RPM or N)

We must now make a starting estimate of a suitable shaft speed to determine the proper
reduction gear ratio. This may be done by referring to Minimum Diameter Chart 5-5 or

Formula 5-5 and then referring to the DIA-HP-RPM Formula 5-3. The minimum diam-

CHART 6-3 ENLARGED SECTION OF A Bp=298 CHART

Corpes O Er5rmreac> Coeves OF &
,.z/l/\i/’/\l\/){ﬂ/l/f:ﬁ/
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IA NN ¢ F 7
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Chart 6-3. This enlarged scgment of a Bp-8 diagram can be used as a guide to familiarize
vourself with the full Bp-8 diagrams in Chart 6-4.

The Bp-5 Methed
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TAHLE 6-1 | \

eter indicated is 64 inches. Next, enter the largest-diameter propeller that will fit in the
available propeller aperture (74 inches) and the maximum shaft horsepower our engine
can deliver into Formula 5-3. From this we find the RPM. Maximum SHP is about 1,020
(760 kw) (assuming that with everything wide open the propeller will see about 97 per-
cent of maximum brake HP).

Thus, if Ocean Mortion has room for a 74-inch-diameter (188 cm) propeller, her max-

-imum shaft speed would be about 360 RPM. Top engine RPM is 1,950, so the reduction

ratio should be 5.4:1 (1,950 RPM =+ 360 RPM = 35.4). (In practice, you may not be
able to find a gear of the exact reduction ratio calculated. In this case, you have to setile
for the nearest commercially available gear ratio. You must also consider whether a vee
drive, angled drive or offset drive is required, and how this can either be incorpor rated
into tlk réwraefrcducnon gear or mated with it.)

- Checking Shaft Speed Against Other Similar Vessels

It is now a good idea to check this shaft speed against that of comparable vessels to see

if both the available propeller aperture and the engine chosen are suitable. Alfhoug,h we’ll
make the final determination of suitable shaft speed from the Bp-§ diagrams, it makes
matters simpler to start with a good estimate. Table 6-1 gives typical shaft speeds for

various types of vessels and various speed-length ratios.

TABLE 6-1 SUGGESTED SHAFT SPEEDS

Type of Vessel SL Ratio Range of Shaft RPM
Heavy displacement hulls (tugs, push under 1.2 250-500

boats, heavy fishing vessels) _

Mediumi-to-light displacement hulls under 1.45 300-1,000

(fishing vessels, trawlers, workboats,

trawler yachts)

Semidisplacement hulls (Crew bouts, 1.45-3.0 800-1,800
patrol boats, motoryachts)

Planing halls (yachts, fast commuters over 3.0 1,200-3,000 +
and ferries, high-speed patrol boats)

Inspection of Table 6-1 indicates that a shaft speed of 360 RPMs is suitable for a vessel
like Ocean Morion. (Shaft specds at the lower end of the recommended range indicate
larger propeller diameters, which is good.) If the shaft RPM we derived from Chart 5-3
or Formula 5-3, based on the capacity of the propeller aperture, is significantly higher
than the speed recommended in Table 6-1, the available propeller aperture is too small
for the hull. A propeller can be found that will work, but it will never be as efficient as a
larger-diameter propeller with the lower shaft speed recommended in Table 6-1.

Similarly, if the largest diameter that will fit in the propeller aperture is smuller than
indicated on Minimum Diameter Chart 5-5, the aperture is too small for the hull. Again,
a propeller can be selected that will work, but at lower efficiencies than one of larger
diameter.

The Bp-6 Diagrams or Charts

We now have sufficient information to enter the Bp-6 charts and determine the most
suitable propeller. Charts 6-4A, B, C, and D have been prepared based on open-water
tests run by Admiral David Taylor and later by Troost and others. After data from open-
water tests have been cullected, they, are entered on the Bp-8 chart for propellers of each
pattern. The dense format of these charts may be intimidating at first to readers with
nontechnical backgrounds, but you should not let this deter you from using them. Once




you have run through a calculation with the Bp- diagrams, you will find them very clear
and accessible. =T

The type of propeller covered by a given Bp-8 diagram is described in the legend in
the corner. For instance “Screw Series B.3.507 is {or three-bladed, type B (average type)
propellers, airfoil in section at the root and changing to ogival section at 40 percent of
diameter, with a disc area ratio of 0.50 and constant face pitch. As we have seen from

Formula 4-4, this correspands to blades with a mean-width ratio of 0.33 for propellers with -

the average 20-percent hub diameter.

Power Factor (Bp) and Advance Coefficient (9)

To use these charts, we must be able to calculate the value of Bp, which is known as the
power coefficient ot power factor (occasionaily the basic variable) and the value of §
{delta), which is known as the speed coefficient or advance coefficient,

Formula 6-7 Power Factor Formula

(SHP)°>S X N
Bpi="— e
Vals
Where:
Bp = Power factor
SHP = Shaft horsepower at the propeller
N = Shaft RPM

Va = Speed of advance of the propeller through the wake

Formula 6-8  Advance Coefficient Formula

NXDit NXD
d = —=or

Va 12 X Va
This may also be restated as:

D % Va x 12

Where:

8 = Advance coefficient

N = Shaft RPM

Dft = Propeller diameter in feet

I = Propeller diameter in inches

Va = Speed of advance of the propeller through the wake

determining Va

In using the Bp-d charts, we always use maximum SHP and RPM--not maximum brake
horsepower, but maximum horsepower delivered to the propeller. First, we find Va. For
Ocean Motion, this works out as follows:

Using Formula 6-5 to determine the block coefficient,

505,830 Ib. Disp.

Ch = 92 ft. WL x 25 ft. BWL x 9.75 ft. Hd X 64 Ib./cu.ft
Therelore:
Ch=10.35

From Chart 6-1 or Formula 6-4, we find that the W (wake factor) for a vessel with a
hlock coeflicient of (.35 is 0.9. Ocean Motion’s top speed, at maximum RPM., will be
hased on top SHP (not BHP) of 1,020 HP (760 kw)-—about 97 percent of top BHP. This
vields one horsepower per 496 pounds (one kw per 302 kg). Chart 2-1 or Formula 2-1

‘The Bp-o Method

Formula 6-7

Formila 6-8
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TABLE 6-2

give an SL ratio of 1.34, for a boat speed (V) of 12.8 knots. Va is thus 11.5 knots [12.8
knot ¥V X 0.9 Wt = 11.5 koot Va).

Calculating Bp—The Power Factor

Next, we determine Bp using Formula 6-7:

{1,020 SHP)™* X 360 RPM

B 11.5 knts?>
Therefore:
Bp = 25.6

Determining 6—The Advance Coefficient

We can now enter the Bp-8 diagram for the propeller pattern of our choice, with the Bp
value. We run up from the Bp value till we cross the dot-dash line of maximum open-
water efficiency (sce the enlargement of a Bp-8 diagram, Chart 6-3). The value for & is
now interpolated from the 8-curve that crosses the line of maximum open-water efficiency
at the point closest to its intersection with Bp = 25.6 (or just above). On this chart, the
d value is 215.

The & value determines diameter, but the Bp-3 charts reflect the results of open water
tests without a hull ahead of the propeller. Accordingly, we have to adjust the 8 value to
reflect the presence of a hull ahead of the propeller by multiplying the following percent-
ages:

TABLE 6-2 8 VALUE ADJUSTMENTS

Number of Propellers Y% Adjustment

Single screw 0.95

Twin screw 0.97

For a triple-screw vessel, use the single-screw value for the centerline propeller and
the twin-screw value for the wing propellers. Adjusting 8 in this way increases pitch to
make proper allowance for the effect of wake, and reduces efficiency, to reflect the re-
duced efficiency of the propeller being behind the hull.

Calculating Diameter (D) from Advance Coefficient (d)

For the single-screw Ocean Morion, we thus multiply the 8 of 215 by 0.95, from Table
6-2, to get an adjusted & of 204.2 We can now solve for diameter using Formula 6-8:

2042 X 11.5kts X 12
360 RPM

Therefore:
D = 78.3 inches

Adjusting 8 to Obtain a Smaller Diameter (D)

We have already determined that the maximum diameter that can be accommodated in
Ocean Motion’s propeller aperture is 74 inches. We thus have several options. We can
(1) choose a lower value of 8, which will cross the Bp = 25.6 line above the line of
optimum efficiency; (2) return to the beginning of our Bp-8 calculation and try a higher
shaft speed o reduce diameter; or (3) try a different propeller pattern on another Bp-8
diagram. To determine the 8 value that will give us a 74-inch (188 cm) propeller of three




blades with a DAR of (.5 at our present RPM., we'll use Formula 6-8 times the adjust-
ment factor from Table 6--2. Insurum, the maximum allowable diameter, we get:

3 X T4 )
o = i Rw—-————lii-{z % 0.95 adjustment factor
12 X 1.5 kis .

Therefore:
& = 183.4 for a 74-inch (188 cm) propeller

Finding Efficiency (e) or (y)

The & = 183.4 curve intersects the Bp = 25.6 line just about where the efficiency (n)
curve is 0.58. In other words, the efficiency of a propeller with this diameter, Bp, and 8
would be 58 percent. This is an acceptable efliciency, so we can continue and determine
pitch.

Determining Pitch (P)

At this point we have settled on a 74-inch (188 cm) diameter three-bladed propeller with
a DAR of 0.5, a power factor (Bp) of 25.6. and an advance coeflicient (3) of 183.4.

Running from the intersection of 8 = 183.4 and Bp = 25.6 horizontally across to the
left side of the Bp-8 diagram, we find the pitch ratio. (The Bp-§ charts label pitch ratio
as "M/Dp, which simply means “pitch mean” divided by “diameter propeller.”) In case of
Ocean Motion, we find a pitch ratio of 0.94. Simply multiplying the diameter by the
pitch ratio gives pitch. so pitch is 69.5 inches (176 cm) [0.94 pitch ratio X 74 in. dia.
= 69.5 inches]. Where stock propellers over 36 inches in diameter are available in 2-
inch increments of diameter, and 1-inch increments of pitch, we would call for a 74-inch
(188 cm) diameter by 70-inch (178 cm) pitch propeller.

Finding Thrust

if the thrust of the propeller is required, Formulas 5-8 and 5-9 should be used as described
in Chapter 5; however, efficiency (¢) or (v) should now be taken directly from the Bp-d
diagrams, rather than from Chart 5-6.

Checking for Cavitation

Finally, we must check for cavitation using the blade-loading method as described in
Chapter 5. From chart 4-2 or Formula 4-6, we determine that the developed area of a 74-
inch-diameter, three-bladed propeller of 0.5 DAR (thus about 0.33 MWR) is 2,149
square inches (13865 cm?). Ocean Motion’s top speed (Va) at 1,020 SHP (760 kw) is
11.5 knots. Her shaft centerline is 4.2 feet (1.28 m) below the waterline at the propeller,
and the propeller efficiency (n) we have determined as 0.58. Inserting this information
into Formula 5-6 yields the maximum blade loading before cavitation as 7.2 PS1 (49637
N/m?}. The actual blade loading, from Formula 5-7 is 8.0 PSI (55497 N/m?). Accord-
ingly, this propeller may experience cavitation. Thus, we proceed to increase the total
area of the propeller, as in Chapter 5, by increasing blade width (MWR and DAR), or
increasing the number of blades, or both With the Bp-8 charts, however, we reenter the
diagram for the new propeller pattern with our Bp value and repeat the calculations to
find the appropriate d, efficiency, pitch ratio and pitch.

In the case of Ocean Motion, Formulas 4-6 and 5-7 show that a propeller with a MWR
of (.37 would reduce blade loading to just under 7.2 PSI (49637 N/m?). The loss in
efficiency from this small increase in blade width is negligible. In fact, we may enter our
Bp value of 25.6 and our adjusted 8 of 183.4 on the Bp-8 diagram for 3-bladed propellers
0f 0.65 DAR (about 0.42 MWR). We would find a new efliciency (v) of 0.56 and a pitch
ratio of 0.95. These give the same pitch. 70 inches (178 cm), and the same predicted
speed as the 0.33 MWR/(.50 DAR propeller we started with. The wider blades, however,
cnsure that cavitation will not be a problem.

P n )

‘The Bp-o Method
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TABLE 63

Calenlations for Twin-Screw Craft

If Ocean Morion had been a twin-screw vessel, we would have caleulated the individual
propellers exactly as with the single serew above. The horsepower and shaft speed, of
course, would have been based on the SHP and RPM delivered to each individuul pro-
peller, while boat speed (V) and speed of advance (Va) would have been based on the
total SHP of the two cngines and propellers combined.

APPLYING THE Bp-3 DIAGRAMS TO PROPELLERS OF
DIFFERENT PATTERNS

Propellers of Differing DAR or MWR

The four Bp-8 dingrams (Charts 6-4A, B, C, and D) at the end of this chapter cover three-
bladed propellers of 0.50 and 0.65 disc area ratios, and four-bladed propellers of 0.40
and 0.55 disc area ratios. The blade patterns are elliptical, with no skew, airfoil in secnion
at their roots and changing to ogival (flat-faced) section at 40 percent of diameter, with
constant face pitch, a blade thickness fraction of 0.05, and a hub or boss 18 percent of
diameter. This covers the majority of stock propellers. For propellers of slightly greater or
lesser DAR ratios, using the chart with the closest DAR will give adequate accuracy.

- Efficiency Adjustment Table 6-3 gives the change in efficiency for propellers of the
same diameter but with differing disc-area ratios and mean-width ratios.

TABLE 6-3 EFFICIENCY ADJUSTMENT TABLE
Disc Area Ratios (DAR)

Pitch Ratio 6.30 0.50 0.65 0.80 0.90
1.4 1.010 1.000 0.970 0.950 0.920
12 1.150 1.000 0.965 0.930 0.900
1.0 1.020 1.000 0.960 0.920 0.880
0.8 1.025 1.000 0.950 0.900 0.960
0.6 1.030 1.000 0.940 0.880 0.840

All the above factors are related to a standard propeller with a DAR of 0.50, which is

- taken as unity (1.000) on the table. To find the efficiency of a propeller with a differing

DAR, multiply by the appropriate factor from Table 6-3. For example, if we know that a
four-bladed propeller of 0.50 DAR had a pitch ratio of 1.2 and an efficiency (n) of 0.55,
and wish to find the efficiency (n) of a four-bladed propeller of 0.90 DAR and a 1.2 pitch
ratio, we multiply 0.55 by 0.90 io find that the wider-bladed propeller has an m of 0.49.

The ratios may be interpolated for propellers with DARs falling between the values
given on the table. In addition, if the efficiency (m) of a propeller of a DAR other than
0.5 is known, the m of a propeller of a differing DAR may be found from the ratio of the
efficiencies presented. For example, if a three-bladed propeller with a pitch ratio of 1.0
and a DAR of 0.80 is known to have an v of 0.62, the efficiency of a similar propeller
with a DAR of 0.90 would be 97 percent of the original propeller (From Table 6-3, 0.92
+ .95 = 0.968) for an 7 of 0.60.

It is clear that moderate changes in blade width (MWR and DAR) make relatively
small changes in efliciency.

Two-Bladed Propellers

For two-bladed propetlers, calculate in the usual way, using the three-bladed Bp-0 dia-
gram whose DAR ratio gives a MWR ratio as close as possible to the MWR of the blades
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on the two-bladed propeller. Then adjust the final results of the three-bladed propeiler for
a two-bladed propeller by multiplying by the factors given in Table 5-2. Remember to
vse the reduced developed area (Ad). of the two-bladed propeller in determining blade

foading.

Propellers With Skew and/or Rake

Propellers with small to moderate amounts of skew or rake will have nearly the same
values as non-skewed or non-raked propellers of the same diameter, pattern, and pitch
ratio, and may be calculated from the standard Bp-3 diagram of the appropriate DAR and
number of blades. The skewed or raked propeller will have slightly less efficiency than a
non-skewed or non-raked standard propeller. (See Chapter 4 for the advantages and dis-
advantages of skew and rake.)

Propellers of Fully Ogival (Flat-Faced) Section

Propellers with fully ogival (flat-faced) sections, from blade tip to root, can also be
calculated using the Bp-8 charts. Such propellers will have approximately 2 to 4 percent
less efficiency than shown on these charts, but they will have slightly less tendency to
cavitate. Thus, this type of propeller is somewhat superior in situations where there is high
hlade loading. (See discussion in Chapter 4 on blade section shape.)

Supercavitating Propellers

The patterns of supercavitating propellers differ widely and, of course, they also dilfer
from those of the standard Taylor-Troost series propellers. Accordingly, the standard Bp-
8 charts are less accurate for supercavitating propelicrs than for other types of propellers.
Nevertheless, in the absence of Bp-8 diagrams prepared for the specific pattern of super-
cavitating propeller being considered, the standard Bp-8 diagrams can be used. Select
from the chart whose AR and number of blades is closest to the supercavitating propel-
ler in question. The supercavitating propeller will deliver roughly 90 percent of the effi-
ciency of the standard-series, non-cavitating propeller.

PROPELLER EFFICIENCY AND PERFORMANCE

Efliciency Assumptions of Speed Estimate Formulas

Until now, we have discussed efficiency but we have not examined how it affects perform-
ance. Formula 5-8 shows that thrust increases directly with increased efficiency. Thus,
the higher the efficiency (e) or (w), the faster a vessel will go with the same horsepower.
Efficiency vs Slip Chart 5-6 is not accurate enough to use for determining the effect of
efficiency on performance; however, the efficiency values from the Bp-d charts are.

Our speed estimates are based on Displacement Speed Chart 2-1 or Formula 2-1, and
Planing Speed Chart 2-3 or Formula 2-4. Both [ormulas assume a propelier has been

selected that will deliver an efficiency of between 0.50 and 0.60, with 55 perceni being

a good average. If the propeller selected falls withi« these ranges of efficiency, we can
assume that the speed estimates from thesc formulas will be accurate.

Estimating Displacement Speed with Propeller Efficiency ()

When efficiencies fall outside thesc values, the speed estimate should be adjusted accord-
ingly. For displacement hulls, the speed should be adjusted as the cube root of the ratio
of actual propeller efficiency () to the assumed propeller efficiency of 0.55. Using this
information we can rewrite Formula 2-1 to inchude propeller efficiency as foilows:

The Bp-d Method
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Formula 6-9

Formula 6-10

Formuda 6-9  Displacement Speed with Efficiency Formula

IU f;65 7
s _ _10.665
SERRES o - f

Where:

SL RATIO = Speed-length ratio

LB = Displacement in pounds

SHP = Shaft horsepower at the propeller

v = Propeller efficiency

If speed in knots is already known, we can multiply the speed directly by
s [
Yo.55

For Ocean Motion, we have selected a propeller that has an efficiency of 0.58. The
cube root of v = 0.58 divided by assumed efficiency 0.55 is only 1.018. Thus, our
earlier top speed estimate of 12.8 knots for Ocean Motion could be multiplied by 1.018,
giving a new top speed of 13 knots. In practice, our speed estimates are only accurate to
within about one-third to one-half of a knot. The improvement we are finding is below
the threshold of accuracy for our estimating method, so we cannot count on getting this
extra speed. We do know, however, that any propeller with a higher efficiency will give a
superior performance to one with a lower efficiency.

If, however, the efficiency of the propeller we have chosen falls below the assumed
efficiency range, then we should make allowances for it. If we had been forced, on Ocean
Mortion, to select a smaller-diameter propeller with a higher RPM, we might have been
compelled to use a propeller that delivered an efficiency of only 0.48. In that case, Ocean
Motion’s top speed would have fallen to 12.2 knots [0.48 + 0.55 = 0.87, and v/0.87

= 0.95, then 12,8 kts X 0.95 = 12.2 kts]. We would then take th:s new top speed (V)

and recalculate Va, and then Bp and 8 based on the new V.l to find the most suitable
propeller.

Estimating Planing Speed with Propeller Efficiency (1)

Propellers for planing vessels that fall outside the assumed range of efliciency (0.50 to
0.60), as determined by Planing Speed Formula 2-4, should also be adjusted. For planiug
vessels, the speed estimate will vary as the square root of the ratio of propeller efficiency
to assumed efficiency 0.55. Thus, we can rewrite Formula 2-4 to include propeller effi-
ciency (m) as follows:

Formula 6-10  Planing Speed with Efficiency Formula

[n_

Kts = X VUSS

SHP

Where:
Kts = Bout speed in knots
LB = Displacement in pounds
SHP = Shaft horsepower at the propeller
= Propeller efficiency
If speed in knots is already known, we can multiply the speed directly by:
n

0.55
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Keep in mind—before undertaking exacting recaleulations—that our planing speed
estimates are only accurate to within 2 to 4 knots. Accordingly. just as with Formula 6-
9, there is little point in recalculating speed if 0 falls within the assumed range. When
cfiiciency falls above or below the assumcd range, however, the speed should be recai-
culated. and the new Va used to find new Bp and & values.

The Importance of Using Large Diameter and Low RPM

- Inspection of the Bp-8 diagrams shows that the highesl propeller efficiencies are asso-
ciated with low values of Bp and low values of 8. (A Bp of 4 and a & of 30 would give & |-
an efficiency of 79 percent.) In other words, at low to moderate speeds (V and Va), for a
given horsepower, the slower the shaft RPM and the larger the diameter the more efficient

the propeller will be. This is true for every installation, unless boat speed will consistently LAy Y
he above 30 or 35 knots. Accordingly. in selecting a propeller you should always siart |
with the largest diameter possible for the given hull, and work from there. ¥

As V and Va get higher—approaching 35 knots and more—Bp values also drop, be-
cause the value of Va*® grows very large. as do corresponding ¢ values. This naturally
leads to the selection of smaller-diameter, high-pitch-ratio propellers. (See Chapter 5.)

Draft limitations, hull shape, and tip clearances (see Chapter 7) are nearly the only
factors that should cause you to consider a smaller diameter for slow-to-moderate speed
craft. Another practical limitation is that while reduction gears with ratios as great as 6
or 7 to | are available for larger marine engines of, say over 250 HP (185 kw), standard 0
reduction gears—for smaller, high-speed automotive-conversion type engines—are sel-
dom available with ratios larger than 3 to 1. If such an engine has a top speed of 3,800 .+ [, k< i ¥
RPM. a 3:1 reduction will only reduce shaft speed to 1,267 RPM. which may be higher '
than ideal for some vessels.

Unfortunately, there are many craft in service designed and fitted with propellers of — ¢ 11| .
smaller diameter than recommended by Minimum Diameter Chart 5-5 or Formula 5-5. If : '
the existing tull, propeller-aperture, or shaft-strut configuration does not permit a larger
propeller, you will have to use the largest workable diameter and settle for the lower
efficiency and lower speed of such an installation. Alternatively, you can use this smaller
diameter and substitute a more powerful engine to obtain the desired speed with this lower
efficiency propeller. Formulas 6-9 and 6-10 will enable you to caiculate how much addi-
tional horsepower will be required.

CONSIDERATIONS IN APPLYING THE Bp-8 METHOD ' TG

Stip and the Bp-5 Method ! .i. |

Throughout our discussion of the Bp-8 method, we have not referred to slip even once.

The fact is that knowing slip serves no useful purpose here. The advance coeflicient ()

cvaluates the relationship of theoretical propeller advance (P X N) and real propeller 7 Lae q 1 e
speed through the water (Va). Nevertheless, if you wish to determine slip. it is a simple ;

matter to multiply P X N and divide it by boat speed V (not Va) to find apparent slip e
(SlipA). For Ocean Motion, with a top boat speed of 12.8 knots, a top shaft RPM of 360, SR et A
and a propeller pitch of 70 inches (178 cm), we use Formula 5-1 to find that apparent &
slip (SlipA) is 0.38. ey §

(70 in./12) X 360 RPM] — (12.8 kis X 101.3) A g
(70 in/12) X 360 RPM “y)

SlipA =

Therefore: .é
SlipA = 0.38
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Propeller Handbook

We can enter Approximate Efficiency vs Slip Chart 5-6 with a SlipA of 0.38 and Ocean
Siw Bl Vi Motion’s propeller pitch ratio of 0.94 to find that also gives an efficiency of around 0.58.
' - But, we already kuew this exactly from the Bp-8 chart. What’s more, the Stip vs Boat
Speed Chart 5-1 and Table of Typical Slips 5-1 would have given us a slip value of around
0.33 for Ocean Morion. This is the drawback to estimating slip. Such a slip value would
have led us to specity a propeller with too little pitch. Once you have lf:amu..d the Bp b

method, you are b»ttcr oft wuham«mo slip.

Very High-Speed Craft and the Bp-6 Method

For light, very high-speed craft—vessels that operate over 50 or 60 knots—the Bp-5
method is not as useful. This is due to the very high values of Va?3, which make for very
small Bp values. Let’s look at the high-speed Rambling Rocket (our example from the
last chapter), which is near the upper range of speed and HP that can be accommodated
on the 8p-6 charts.

With twin 450-BHP (335 kw) engines, and SHP taken at maximum BHP, shaft RPM
‘of 4,500, V of 64 knots, Va of 63.4 knots, and a 14-inch (355 mm)-diameter propeller,
Rambling Rocker’s Bp is found to be 2.9, & is 0.88, and 0.9553 is 0.83. The B.3.50 Bp-d
chart gives a pitch ratio of 1.38, for a 14-inch-diameter by 19-inch-pitch (355 mm by
483 mm) propeller—very close to the 14-inch by 20-inch propeller (355 mum by 508 mm)
found using the slip method. '

WG g :(‘._. alagoee ¢ “You can see, however, that if Bp had been much higher the intersections of & and 1
A J ., . would be off the upper left-hand corner of our Bp-3 diagram. Thus, for such very high-
Tt = Lo onét fod speed craft, we have to fall back on the slip method. This is not as bad as it seems because

slip on such craft is very small (usually under 11 percent), as is the wake. Accordingly,
there is less room for error in guesstimating slip than there is with moderate- and low-
(y speed craft, for which wake and slip can vary tremendously.

Advantages of Bp-& Method

gi

Not only is the Bp-8 method more accurate than the slip method for most vessels, but it
enables you very quickly and easily to try many different variables. If we had had to use
a smaller diameter prope!ler on Ocean Motion—at the same RPM-—we could quickly
have solved for whatever value of 8 would be suitable, using Formula 6-8 and Table 6-2.
We could then immediately read off the new efficiency, pitch ratio ilEQJ_)ltCh We could
also quickly recalculate Bp for both higher RPM and smaller diameter, deriving suitable
values for that combination. Just as easily, we could enter any of our Bp values on the
charts for another propeller pattern (with wider blades, or more blades) to see how it
would work out.

In fact, for designs in which the vaﬂablcs of shaft speed and propeller diameter are
still wide open, a whole series of posqlble propellers of differing RPMs, diameters and
S [ L R | patterns can be calculared. All critical values for each variation—Bp, 8, m, Wf, Va, V,
Lt " °"" " Diameter, Pitch Ratio, Pitch, MWR, DAR, Ad, blade loading, thrust at important oper-
niet, O06P | ating speeds, and so on—can then be listed in tdb_ul:tr_ form ‘and easily compared. Critical

¥ , v*tlues ror cach pmpcller may also be plotted agamht RPM. Wlth this wcalth of infor-

£
™
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N
i
[
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promise of assets for a specific vessel and application.




Chapter 7

| A W & b W .
Installation Considerations

Blade Clearances, Shafting, and Propeller Weight

PROPELLER CLEARANCES

Tip Clearance

In the past few chapters, we have discussed the importance of using the largest-diameter
propeller possible. For single-screw vessels, diameter is limited by the size or height of
the propeller aperture. On twin-screw craft, the diameter is limited by the sbortest dis-
tance from the centerline of the shaft-strut bearing up to the underside of the hull. For a
new design, this distance can be found by measuring [rom the buttock lines at the half-
breadth of the propeller shaft, and cross-checking on the sections or body plan at the
locatign of the strut and propeller. On an existing vessel, the distance can be measured
directly. (Remember that the shortest distance may not be straight up. When measuring,
swing your ruler through an arc centered at the shaft centerline. The shortest distance
will often be found with the ruler angled slightly up and inboard.)

Once you know the maximum distance from the shaft centerline to the hull (and down
to the skeg below, in an aperture), you can determine the largest acceptable propeller
diameter. Generally, there should be a rip clearance of at least 15 percent of the overall
propeller diameter between the blade tips and the hull. The ideal tip clearance is 20
percent or more; however, additional tip clearance is usually found at the cost of overall
propeller diameter. Since smaller diameters mean lower efficiency, you are faced with a
trade-ofl between the increase in efficiency from larger diameter and the increase in effi-
ciency from improved water flow to the propelier and reduced vibration from greater tip
clearance.

Actually, the slower the shaft RPM and the lower the boat speed, the lower the mini-
mum tip clearance may be. Minimum Tip Clearance Table 7-1 below gives minimum tip
clearances at varying RPM.

TABLE 7-1 MINIMUM TIP CLEARANCE

RPM SL Ratio Minimum Tip Clearance
200--500 under 1.2 8%
300-1,800 1.2-2.5 10%
1,000 and above aver 2.5 15%
high-speed planing craft over 3.0 20%

The clearances in Table 7-1 represent the absolute minimum, so you should always
strive to do better. Tugs and trawlers frequently accept the additinnal vibration of propel-
fers with only 8 to 10 percent tip cicarance to gain additional thrust at low speed from
increased propeller diameter, On propellers in an aperture or with a protective skeg below,

TABLE 7-1
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Figure 7-1

Minimum propeller clearances.

the tip clearance to the skeg should be ut least 12 percent of the diameter. Most other
vessels should use 15 percent or greater if at all possible, while high-speed planing craft
must have over 20 percent tip clearance, Tip clearance should never be less than 2 inches
(50 mm) on any vessel.

For a 30-inch (762 mm) diameter propeller, 15-percent tip clearance is 4.5 inches (114
mm) between hull and blades [30 in. X 0.15 = 4.5 in.].

[nsuflicient tip clearance is one of the foremost causes of vibration, and frequently, all
that is needed to reduce this problem is to Switch to a propeller that gives a full 15 to 20
percent tip clearance. If the number of blades is increased to make up for the lost diam-
eter, and a pattern with moderate skew is substituted for non-skewed bludes, vibration
should be complertely eliminated (see Chapter 4).

Fore-and-Aft Blade Clearances

A less-well-known aspect of propeller clearance is the amount of space required fore and
aft. Free water flow 1o the propelier from ahead, and free passage of the water aft as it
leaves the propeller is essential for efticiency. It is not unusual to find some vessels,
particularly auxiliary sailboats, with propellers in apertures so small that you would have
trouble fitting two fingers between the blades and the after end of the deadwood. This is
not only terribly ineflicient but it can cause a rhythmic thumping every time the propeller
blades pass by the deadwood. To avoid this, the skeg or strut should be angled or cut

“well back from the propeller. (This can be difficult, since the stern bearing ought to be

fairly close to the propeller—no more than one to two shaft diameters—for support.

For good performance, thou gh, the skeg or strut should be cut and faired away to leave
a gap of at least 30 percent of the propeller diameter at the middle of the propeller blade
(at half diameter)—see Figure 7-1. For a 30-inch (762 mm)-diameter propeller, this
means that the strut, or aft end of the skeg, should be 9 inches (229 mn) forward of the
blades [30 in. X 0.30 = 9 in.]—more is better:still. In addition, the rudder must be
well separated from the propeller. Fifteen percent of diameter is a good average figure.
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Again, for a 30-inch-diameter (762 mm) propeller, the leading edge of the rudder should
be at least 4.5 inches (114 mm) aft of the propeiler’s after hub face {30 in. X (.15 =
4.5 in.]. Rudders are more effective if kept fairly close to the propelier—they work best
in a concentrated propeller wash—-so you should not move the rudder much further aft
than this on most craft.

Fairing of Aperture and Struts

Another critical aspect of propeller clearance is the fairing of the deadwood, skeg, or
strut. A blunt, square-edge deadwood or strut will create wasteful, turbulent eddies ahead
of the propeller, even if cut away from the propeller as called for above. It is vitally
important that the trailing edges be faired away as thin as practical in a smooth, gently-
rounded curve. (The leading edge of the strut must be well rounded as well.)

Figure 7-2 shows the minimum acceptable fairing on a standard aperture. On wood
and GRP vessels, constructing such a faired aperture is relatively straightforward. On

metal craft, the designer and builder must use their ingenuity to approximate this shape, |

within the constraints of reasonable building cost and complexity. One solution is to

create a “deadwood” of a vertical centerline plate split for a pipe shaft log, and cut away

to the clearances recommended. The trailing edges of the plate at thie aperture should be
ground to a taper, and the sharp intersection. of the pipe and the veriical plate may be
fitled, rounded and faired with epoxy grout (see Figure 7-3).

Shaft Struts and High-Speed Craft

On twin-screw vessels with vee-struts, it is important that the angic of the vee not match
the angle of the propeller blades, which would lead to two blades being masked by the
strut simultaneously. Accordingly, on a three-bladed propeller, the angle of the vee should
not be 120 degrees. while on a four-bladed propeller. the angle should not be 90 degrees.
On craft that operate at speeds over 35 knots, every effort must be made to fair away
the strut and to place it as far ahead of the propeller as possible. A rough rule of thumb
for planing craft is that the strut should be 1.5 inches (38 mm) ahead of the propelier for
every knot of boat speed. Thus, for a 35-knot craft, the nearest strut ahead of the propeller

Figure 7-2

Minimum propeller aperture fair-
ing.
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Figure 7-3

Metal propeller aperture.
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should be 52.5 inches (1333 mm) away. [n practice, this is seldom practical, since the
propeller shaft would also have to be supported by a strut just aft of the propeller. Such
a strut must be custom-fabricated to include the rudder. This is, in fact, the best practice
for racing craft, but it’s rarely seen on ordinary vessels, which usually install standard
struts just ahead of the propeller and pay the penalty of increased turbulence. Figure 7-4
shows such a high-speed strut, swept well back from the propeller.

SHAFT ANGLE

‘Shaft Angle Affects Propeller Diameter

In addition to aperture size, shaft angle affects maximum propeller diameter. The steeper
the shaft angle for a given engine location, the further below the hull bottom the propeller
shaft will emerge from its bearing. Thus, the greater the propeller diameter can be. This
is particularly important on twin-screw craft. In a new design, or in any major refit and
repowering, some thought should be given to the possibility of increasing diameter by
increasing shaft angle, within reasonable limits.

Allowable Limits of Shaft Angle

In theory, a shaft angle of zero—parallel to the waterline—is most efficient, since thrust
is straight aft and water flows to the propeller from straight ahead. In practice, it is very
difficult to install such a shaft and allow sufticient room for the engine and gearbox inside
the hell. Thus, the vast majority of shaft installations fall between 8 and 14 degrees.
There is very little difference in performance or efficiency between a shaft angle of 5 and
15 degrees; however, 15 degrees should be taken as an upper limit of shaft angle. Shafts
with angles greater than 15 degrees begin to introduce significant variable loading to the
propeller blades. This is because the upper blade, as it rotates up, 18 actually receding
from the onrushing water, while the lower blade, as it rotates down, is moving forward
into the slipstream. The result is uneven blade loading that can cause vibration and eurly
cavitation.

’
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Shaft Angle in Relation to the Hulls Center of G ravity

On planing vessels, a littic-considered aspect of shaft angle is that the shaft line, when
extended forward. should pass through or below ihe center of gravity of the hull-—see
Figure 7-5. When the shaft line passcs through the center of gravity. it teads to drive the
vessel straight forward at lfevel trim. When the shaft line passes below the center of
gravity the thrust of the propeller tends to 1iit the bow of the vessel, which—in modera-
tion—is an asset in planing. By contrast, if a shalt is both highly angled and weil aft. its
thrust line will extend above the vessel's center of gravity, introducing an undesirable
bow-down trim. For heavy-displacement vesscls these considerations are far less impor-
fant, although having a shaft line that projects through or below the center of gravity is
bencficial.

On a new design, the architect can estimate the fore-and-aft and vertical position of
the center of gravity and take it into consideration during the early design stages. On an
existing vessel, a major decrease in the shaft angle will usually require relocaling the
engine, engine beds, shaft log. and stufling box and all related pear, as well as—usu-
ally—forcing the use of a smaller-diameter propeller.

THE PROPELLER SHAFT

Loads on the Propelier Shaft

The propeller shaft does not simply transmit the torque or twisting load of the engine to
the propeller. It also carries the entire thrust of the propeller—all the force driving the
vessel. Further, as a cantilever beam from the after end of the sters bearing, it supports
the weight of the propeller itself. In Chapter 5, we determined the thrust load alone of
the relatively small Svelte Samantha to be nearly a ton. The thrust on Ocean Motion's
shaft is a good 7.5 tons.

Furthermore, the apparcntly smooth rotary motion of the propelier is not what it seems.
Every time a blade swings from the relatively unobstructed water flow in open water, to

Frety LEooipcc &
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Figure 74

High-speed propeller strut.

lastaliation Considerations
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Figure 7-5

Shaft line and trim.
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the obstructed water flow behind the strut or deadwood, it changes velocity. Hundredths
of a second later, it reenters the unobstructed water flow on the other side of the strut,
changing velocity again. As a result, the propeller is actually rotating in powerful little
jerks—fits and starts—which add to the strain on the shaft. Of course, while all this is
going on, the propeller and the shaft have to withstand the inevitable impacts with floating
debris. To accept all these different loads, the propeller shaft must be quite strong.

fe Propeller or Tail-Shaft Diameter

The One-Fourteenth Diameter Rule The oldest and simplest rule of thumb for deter-
mining propeller shaft diameter is simply that it should be one-fourteenth of the propeller
diameter. In spite of its simplicity, this rule works surprisingly well. A 36-inch (914 mm)
dizmeter propeller would require a 2.57-inch (65.3 mm) diameter shaft, by this method.

The one-fourteenth rule, however, does not take into account many of the variables in

 selecting the best propeller shaft. It does not reflect differences between shalt materials-~

tobin bronze has roughly 60 percent of the strength of Monel 400, for instance. It also
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does not directly take into account the many possible combinations of SHP and RPM
which dramatically affect torque, though it makes somie allowance fur this by assuming
that the propeller is correctly sized to absorb the engine’s power.

In spite of its shortcomings, the ove-fourteenth rule should be considered in making a
shaft selection, if only for the fact that if a selected shaft diameter varies very widely
from the rule, the propeller hub may require special machining.

Determining Propeller-Shaft Diameter  Shaft Diamceter Chart 7-1 pives the diameter
for solid tobin bronze propeller shafls at varying horsepower and RPM. For shafts of
Monel 400, the diameter should be reduced by 20 percent. The curves on the chart are

denved through the following formula: h %
Formula 7-1  Shaft Diameter Formula
;{?‘.5.1.000 % SHP X ST 1 .
Ty St x RPM 23 Loh bV K
Where: B i
D, = Shaft diameter, in inches Formula 7-1 >
SHP = Shaft horsepower . e . 2
SF = Safety factor (3 for yachts and light commercial craft, 5 to 8 for heavy commercial rOiea e S \ ¢
craft and racing boats)
St == Yield strength in torsional shear, in PSI ¢ ! =
RPM = Revolutions per minute of propeller shaft
CHART 7-1 SHAFT DIAMETER e __ L .{. kgl =
A
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SHAFT DIAMETER IN INCHES

Charts 7-1A, B, C, and D. These charts, based on Formula 7-1, provide proper diameter
[or solid tobin bronze propeller shafts at varving horsepowers and RPMs.

Chart 7-1 uses a safety factor of three—which is most suitable for ordinary service-——
and the torsional shear strength of tobin bronze {rom Shaft Material Characterisiics Tahle
7-2. Maximum attainable shaft horsepower and maximum attainable shalt RPM, after the
reduction gear, must be used in determining propeller-shaft diameter.

"The diameter for shafts of any suitable material and any desired safety factor can be
calculated by inserting the appropriate value for the yield strength of that material and
the desired value for safety factor in Formula 7-1. piF g

TABLE 7-2 SHAFT MATERIAL CHARACTERISTICS

Yield Strength in Modulus of Elasticity,

Shaft Material Torsional Shear, I’SI ST Density Ih./cu. in.

Aquamet 22% 70,000 28.000.000 0.285 TABLE 7.2
Aquamet 18 60,000 28,800,000 0.281

Aquamet 17 70,000 28,500,000 0.284

Monel 400 40,000 26,000,000 0319

Monel K500 67,000 26.000,000 0.306 ; 7
Tohin Bronze 20.000 16,000,000 0.304

Stainiess Stecl 304 20,000 28.000.,000 0.286

FSpecily Aquamet 22 HS in diamelers over 2 inches,

High-Strength Allavs for Propeller Shafting  Aquamet 22, 18, and 17, manufuctured
by the Armco Steel Corp.. and Monel 400 and K500, manufactured by the International
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Figure 7-6

Typiced shaft installation showing
propeller with fairing over nut, pro-
peller strut and stern bearing, shaft
coupling, self-aligning stuffing box,
and flexible shaft coupling.

(Courtesy of W.H. Den Ouden Vetus)

Nickel Company, offer the highest strengths and best corrosion chavacteristics of all avail-
able shatt materials. Since shafts made of these alloys can have smaller diameters, their
cost 1s not significantly greater than for ordinary tobin bronze shafts, and these materials
should be employed in all heavy commercial vessels and racing boats. For ordinary smull
craft and light commercial vessels, tobin, munganese, or silicone bronze or NAB bronze
shafting is quire adequate, though cathodic protection against corrosion may be neces-
sary.

Reduced Diameter for Intermediate Shafts  Where the propeller shaft is divided into a
tail shaft that supports the propeller and an intermediate shaft or shafts, the intermediate
shafts may be only 95 percent of the diameter of the tail shaft. (Chart 7-1 and Formula
7-1 give the tail-shaft diameter.)

Shaft Diameter for Ocean Motion Using Shatt Diameter Chart 7-1 or Formula 7-1 for
Ocean Motion—our example from Chapter 6—with a maximum SHP of 1,020 HP (760
kw} and 360 shaft RPM, we come up with a tobin bronze shaft 5.16 ll}LllCh (131 mm) in
diameter, or a Monel 400 shaft 4. 13 inches (105 mm) in diameter. The propeller selected
for Ocean Motion was 74 inches (1879 mm) in diameter, so the one-fourteenth rule gives
a shalt diameter of 5.28 lnhh(( ‘*(_&3 mm) "[hl.s LhCLkb Wt..]l Wl[ll the CdlLuIder size of

or Aquamet dllu-y‘;

Shaft Bearings

The Twenty-Times—Forty-Times Bearing Spacing Rule The simplest rule of thumb
for determining shaft-bearing spacing is that the bearings should be no closer together
than twenty times the shaft diameter, and no further apart than forty times the shaft

~diameter. This rule is less reliable than the one-fourteenth rule for propeller shaft selec-

tion, and it should be used as a rough guide only. Very frequently, bearing spacing is
considerably more than forty times the shaft diameter. Add:tlonal bearings simply add
expense and unwanted shaft rigidity.

Determining Shaft-Bearing Spacing The propeller shaft must be supported by inter-
mediate shaft bearings—pillow blocks—between the flange coupling at the engine or
gearbox and the stern bearing, unless the shaft is relatively short in proportion to its
diameter. Chart 7-2 gives the maximum spacing between shaft bearings for propeller
bham with ﬂuxrblc bearmgs at both r.,ncla. Mo:-.t sma!l craft havc a ngld bemng at the
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CHART 7-2 SHAFT-BEARING SPACING .
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Chart 7-2.  This chart, based on Formula 7-2. depicts recommended shaft bearing spacing
for Monel 400 and tobin bronze. Values for other metals may be substituted in the formula.

The curves on Chart 7-2 are based on the following formula:

Formula 7-2  Shaft-Bearing Spacing Formula
Bb—= |i|321 x D.': -:Ili: E
X \’il RPM \!D{fns -

Where: a
Ft = Shaft-bearing spacing, in feet
D, = Propeller shaft diameter, in inches

Formula 7-2

RPM = Propeller shaft speed, in revolutions per minute
E = Modulus of elasticity of shaft material, in PSI
Dens = Density of shaft material, in pounds per cubic inch

The modulus of clasticity (E) and the density for tobin bronze and Monel 400 from
Table 7-2 were used to generate the curves on Chart 7-2. Values for other suitable shaft
mdterla]q may be substituted in I‘Q:m T e S
fiexing undcr strain of the erﬁi?é hul] Tor tIm reason, shafi- hcm ng__ quung should be no
closer than necessary and the shaft diameter should be no larger than required.

For Ocean Motion, with a Monel 400 shaft 4.13 inches (105 imm) in diameter and a
maximum shaft speed of 360 RPM, Dia/RPM is 0.0115. Therefore, from Chart 7-2 or
Formula 7-2, her shaft bearings should be spaced 18.2 feet (5.5 m) apart. If Ocean
Motion’s shaft were one-piece, continuous and held at a rigid bearing at the engine and
at the stern bearing. the correct shalt spacing would be 50 percent greater, or 27.3 feet
(3.3 m).
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CHART 7-3 ESTIMATING PROPELLER WEIGHT
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Charts 7-3A and B. Approximate weight of standard bronze three- and four-bladed propel-
lers, of 0.33 mean-width rario and 20-percent hub diameter, plotted against propeller diame-
ter. Derived from Formulas 7-3a and.b. .




insiallstion Considerations

PROPELLER WEIGHTS

Itis frequently helpful to be able to estimate the weight of a propeiler in advance, whether

for weight or structural calculations. or in preparing for installation. The weights for

propellers of similar pattern increase at just over the cube of the increase m their diame- #
ters. Chart 7-3 plots the approximate weight of standard bronze three- and four-bladed

propellers, of 0.33 mean width ratio and 20 percent hub diameter, against overall diam-

eter. The weights given in this chart are approximate, but fall within 10 percent of actual

weight. For propellers over 90 inches in diameter, add another § percent 1o account for

the increased scantiings required for the higher proportionaie bending moments on these

propellers.

Chart 7-3 is based on the following formulas, derived by the auihor:

Propeiler Weight Estimate Formulas:

Formala 7-3a Three-Bladed Propeller Weight

Wet = 0.00241 x D3

Formula 7-3b  Four-Bladed Propeller Weight

Wet = 0.00323 x D3

Where: 5 £ . Formula 7-3a,b
Wt = Weight of propeller in pounds ,

> = Diameler of propeller in inches

From Chart 7-3 or Formula 7-3, Ocean Motion’s three-bladed, 74-inch (1879 mm) pro-
peller would weigh approximately 1,210 pounds (549 kg), while Svefie Samantha’s three-
bladed, 26-inch (660 mm) propeller would weigh around 50 pounds (23 kg).

=
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Chapter 8
Tugs and Trawlers

High-Thrust, Variable-Loading;
Controllable-Pitch; and Ducted Propellers

TUCBOATS
Nature of Variable Loading on Tugs

Selecting a suitable fixed-pitch propeller for a tugboat is a difficult task. As we have seen,
the pitch of the propeller can only be cxactly right for one set of operating conditions.
By the very nature of its work, however, a tug operates under vastly differing condi-
tions—from turning the head of a large liner or tanker, to towing a barge train, to running
free between jobs. By contrast, most other veéssels have fairly constant operating require-
ments.

A Fixed-Pitch Propeiler Must Be a Compromise

Because of these widely varying operating conditions, selecting the correct propeller—
particularly the one with the best pitch—is always a major compromise. Smaller tugs
that tow relatively large and heavy loads will operate at relatively lower speeds than larger
tugs pushing proportionately smaller loads. The smaller tug will do better with propor-
tionately less pitch than the larger, faster one, yet neither vessel would be fitted with
the pitch required for maximum efficiency at maximum free-running speed. Of course,
since all ‘tugboats operate at relatively low speeds and require high thrust, the one
primary concern is to use the largest diameter propeller and the slowest shaft RPM prac-
tical.

Even choosing the correct power for a tug is more difficult than for ordinary, free-
running craft. The speed and power formulas in Chapter 2 will not help to determine the
speed of a ug when towing. Even a detailed analysis of the resistance of a tow is nearly
useless. One day a tug may be pushing a heavily loaded barge train inshore, the next day
it may be running unloaded barges offshore, and the following day it may assist a ship to
dock. There is little point in calculating exact tow resistance since it varies so dramati-

+ cally in every job and condition.

Estimating Horsepower and Towing Speed for Tags

Charts 8-1, 8-2, and 8-3 will give good guidance in selecting suitable power for tugs and
estimating their average towing speed (V) in knots. Chart 8-1 gives minimum average
brake horsepower for standard harbor and coastal tugs of between 60 and 150 feet (18.3
to 45.7 m) in length overall. Since shorter tugs are more maneuverable than longer ones,
there has been a trend to increasing BHP above the values on this chart to get more tow
power in a smaller, handier craft. In addition, in recent years some offshore tugs have
had nearly 70 percent more BHP installed than suggested in Chart 8-1. Accordingly, in
selecting an engine, one should usually round up to the nearest appropriate size. The
curve in Chart 8-1 is based on the following formula, derived by the author:

.
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formula 8-1  Brake Horsepower vs LOA Formula—Tugs

BHP = 100 + (LOA*™ <+ 11,0000

Wherc: Formula 8-7
BHP = Maximum brake horsepower of engine

LOA = Length overall of the tug, in feet.

CHART 8-1 BRAKE HORSEPOWER VS LOA—TUGS
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Chart 8-1. This chart, related to Formula 8-1, gives minimimn average hrake horsepower
for standard harbor and coastal tugs of hetween 60 and 150 feet in length.

Chart 8-2 gives the average towing speed (V) in knots of a standard tug towing an
average load. It assumes that the LOA of the tug is within 15 to 20 percent of the values
given in Chart 8-1. Chart 8-2 is based on the following formula, derived by the author:

Formula 8-2  Towing Speed vs Brake Horsepgwer

Kts = 1.43 x BHP"Y

Where: Formula 8-2
Kts = Average speed in knots during an average tow

BHP = Maximum brake horsepower of engine

Chart 8-3 gives the average, high, and low vajues of barges towed in deadweight tons
(DWT). The average line, obviously, represents the average capacity in average condi-
tions. The high DWT line represents ine maximum DWT that can usually be towed with
this BHP in fair inshore conditions. If the tows contemplated will cousistently fall below
the level of the low DWT line, then e engine—and probably the tug itsel{ —is too large
for economical operation in the intended service.
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CHART 8-2 TOWING SPEED VS BRAKE HORSEPOWER—TUGS

AVERAGE TOWING SPEED IN KNOTS
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Chart 8-2. Average towing speed in knots of a standard tug towing an average load. From

Formula 8-2.

CHART 8-3 WEIGHTS OF BARGES TOWED VS BHP‘-—-—TUGS
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Chart 8-3.  This chart, derived from Formula 8-3, depicts the average, high, and low sizes

of barges against the brake horsepower required to handle them.
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Thigs and Trawiers

The curves on Chart 8-3 arc based on the following formulas, derived by the author:
DWT. of Barges Towed vs BHP Formulas:

Formula 8-3a

Low DWT = (1.32 x BHP) — 255.25

Formula 8-3b

Avg DWT = (3.43 x BHP) — 599.18
Formula 8-3a,b,¢
Formula 8-3¢
High DWT = (5.57 X BHP) — 943.10
Where:
DWT == Deadweight tons of barges towed
BHP = Maximum brake horsepower of engine

A Sampie Tug Caiculation—Tenacious Teddy

Let’s find the best compromise propeller for our single-screw, 92.5-foot (28.18 m) tug,
Tenacious Teddy. Her characteristics are as follows:

Tenacious Teddy

92.5 ft, 28.18m LOA (length overall)
85.4 ft. 26.03 m LWL (length waterline)
25 ft. 7.62 m BOA (beam overall)

24 ft. 7.31m BWL (beam waterline)
Lkt 334 m Hd (hull draft)

11.8 ft. 3.59 m Maximum draft

287 tons 291 Mtons Displacement (long tons,

metric tons)

642,000 1b 291206 kg Displacement (pounds,

kilograms)
0.45 0.45 Ch (block coeflicient)
106 in. 269 ¢cm Maximum propeller diameter
to fit within existing aperture
5.6 ft. 1.71 m Shalt centerline below 4 ]
~ waterline

From Chart 8-1 or Formula 8-1, we find that an average tug 92.5 fcet (28.18 m) LOA
would use around a 1,500 BHP (1118 kw) engine. Inspection of manufacturers’ literature
shows that a Caterpillar 3516-V16 continuous-duty marine diesel delivers 1,710 BHP
(1275 kw) at 1,800 RPM, which would be suitable for our purposc. With a tug’s large
reduction gear and heavy bearings, we will allow for a 7 percent loss of BHP. This gives
us a SHP (shaft horsepower) of 1,590 (1185 kw).

Entering DIA-HP-RPM Formula 5-3, with 1,590 SHP (1185 kw) and 106 inches (269
¢m) maximum diameter. we come up with a preliminary shaft speed of 234 RPM. This
requires a 7.86: [ reduction ratio. The nearest commerciaily available ratio is 8.0:1. which
yields 225 RPM.

We can now enter the BP-8 charts at the end of Chapter 6 to calculate the propelier.
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We must do at least two calculations, though—one for towing conditions and one for
free running. The first is the most crucial, since it is the towing conditions that will
generate the highest blade loading and thus determine the minimum acceptable developed
blade area.

The Towing-Screw Calenlation  From Chart 8-2 or Formula 8-2, we find that average
towing speed will be around 6.8 knots. Wake Factor vs Block Coeflicient Formula 6-4a
gives a single-screw wake factor (WT), with our Cb of 0.45, of 0.84. Thus, the towing
Va will be approximately 5.7 koots.

From Bp and & Formulas 6-7 and 6-8, we find that Bp equals 115.7 and 8 equals
348.7. Trying a three-bladed, 0.50 DAR propeller first, we find that the theoretical max-
imum open water & would be 405; with the single-screw adjustment factor of 0.95 from
Table 6-2, we get an adjusted 8 of 384.7. This 8 means that our 106-inch (269 cm)
diameter propeller is a bit smaller than the ideal size of 116.9 inches (297 cm). Unfortu-
nately, though, we do not have the space to install a bigger propeller on Tenacious Teddy.

Tuking the 8 of 348.7 for the largest propeller we can use (106 inches), and multiplying
by the sinple-screw adjustment of 0.95, we get a usable adjusted & of 331.3. Reading
across on the Bp diagram from the pitch ratio side, we find a pitch ratio of 0.85, or a 90-
inch (229 cm) pitch. Efficiency (n) crosses Bp of 115.7 and 8 of 331.3 at 0.38. Developed
blade area (Ad) from Formula 4-6 for a 106-inch (269 cm) diameter, three-bladed pro-
peller of 0.50 DAR is 4,453 square inches (28730 cm?).

We can now check blade loading. Formula 5-6 shows the maximum allowable blade
loading as 5.2 PSI (35849 N/m?), while Actual Blade Loading Formula 5-7 yields 7.7
PS1 (53084 N/m?), which is too high. We must use a propeller with a greater blade area.
Solving Formula 5-7 for the required blade area shows that we need 6,650 square inches
(42906 cm?), and using Formula 4-6, we find that a four-bladed propeller of 0.75 DAR
would give us the area we need.

The highest DAR diazgram we have for a four-blader is for a DAR of 0.55. We'll use

this and adjust for loss of efficiency with Table 6-3. Entering Bp-8 Chart 6-4¢ with a Bp
of 115 and an adjusted 3 of 331.3, we find that we should use a pitch ratio of 0.80, for a
pitch of 84.8 inches (215 c¢m). Efficiency is found to be 0.38; however, we have to adjust
for the additional blade area of our wide blades. Interpolating from Table 6-3, we find
that efficiency should be 93 percent of our presently calculated propeller, which gives an
efficiency of 0.35. Thus, the best propeller we could select for towing conditions is 4
four-blader. 106 inches (269 ¢m) in diameter, with an 84-inch (213 cm) pitch, a 0.75
DAR and a 0.37 MWR, and with a hub about 20 nercent of diameter. Unfortunately, this
is not also the best propeller for maximum speed running free.
The Free-Ruznning Calculation  Since we cannot have ideal pitch for both running free
and towing, we have to select one or the other, or compromise between the two. Usually
it’s best to select pitch for the lowest acceptable free-running speud and take the inevitable
loss of thrust while towing. In the case of Tenacious Teddy, we will settle on a free-
running speed of 11 knots, or a speed-length ratio of 1.2.

We must now reenter Chart 6-4¢ for the propeller pattern we have selected, with the
Bp and 3 values for a V of 11 knots. Accordingly, Va becomes 9.24; Bp, 34.6; and 3,
215. The adjusted d is now 204. Reading from the diagram, we get a new free-running
pitch ratio of 0.92, for a pitch of 97.5 inches (248 cm). Efficiency (m) is found 1o be
0.53, and adjusted by 93 percent for the increased blade area of our pattern, 7 is 0.49.
Thus, for free running at 11 knots, we select a four-bladed propelier 106 inches (269 cm)
in dinmeter, 98 inches (249 cm) in pitch, and with 2 0.75 DAR, a 0.37 MWR, and 2 hub
about 20 percent of diameter. We could use narrower blades and less area for free running
alone, but we have aleeady deterinined that we need this additional area to avoid excessive
blade loading and cavitation when towing.
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Loss of Thrust During Towing with the Free-Running Screw  We should now check to
see how much thrust we have lost at towing speced with this higher-pitch propeller. Enter-
ing our free-running pitch ratio of 0.92 and reading at the intersection with the towing
Bp ol 115, we find a & of 323 during towing. This intersects efliciency at 0.36, and
making the 93 percent reduction for cfficiency for our wider blades, we get a towing 7
of 0.33. The lower-pitch, all-towing propeller bad an m of 0.35, giving a ratio of 94
percent [0.33 + 9.35 = 0.94]. Accordingly. the higher-pitch, free-running propelier will
deliver only 94 percent of the thrust of the ideal towing propeller. This is an acceptable
compromise.

Finally, we determine maximum thrust towing from Thrust Formula 5-8 (using the
free-running propeller we will actually install) and find it to be 13.4 long tons. Boilard
pull or static thrust, from Formula 5-9, is 16.8 Jong tons. It’s important to note that if we
had had room to install the optium 116-inch (297 cm) diameter propeller, bollard pull
would have been 17.8 long tons—an increase of 6 percent. If Tenacious Teddy were a
new design, it would be well worth modifying the lines and engine placement to accom-
modate this additional diameter.

CONTROLLABLE-PITCH PROPELLERS

The Solution to Variable Loading Conditions

There is a very simple solution to the problem of matching pitch to variable loading
conditions—instail a controllable-pitch propelier. As we mentioned in Chapter 4, this
type of propeller allows the operator to twist or rotate each propelier blade about the
blade axis during operation. As a result, the pitch can be changed at will to exactly suit
prevailing conditions.

Selecting a Controllable-Pitch Propeller

Although the design and construction of a controllabie-pitch propelier is complex, se-
lecting one is quite easy. Diameter is found cxactly the same way as for a standard fixed-
pitch propeller using either Chart 5-3 or Formula 5-3, or the Bp and 3 factors contained
in Chart 6-4. That is it. Since pitch is fully controllable, no pitch calcuiation nced be
done. It’s wise to consult with the manufacturer of the propeller before final instailation
for suggestions as to sizing, shafting and the pitch-control mechanism. '

Pitch controls can be direct, manually-operated mechanical linkages, electrically op-
erated mechanical linkages, or hydraulic systems. The primary difference between these
pitch controls is complexity and cost. All will give good service, with one cxcep-
tion. Hydraulic controls should never be used on motorsailers and w..ilboats. This is be-
cause the pressure in the hydraulic system is somewhat dependent on engine power, and
it may not be sustained at the low engine RPMs and powers at which these vessels often
cruise.

A_midin_g Engine Overload

A further consideration with controllable-pitch propeliers is that there is the possibility
ol overloading the engine. If, for exampie, the throttle is set at maximum. and additionai
pitch is cranked i{]tﬂ the blades. the engine will be overloaded and hig down. This causes
a dangerous rise in engine temperature and oil pressure, and can ruin a good engine
quickly. To avoid this. fit an oil-pressure alarm. Tugs and trawlers with highly variable
loading should also consider installing a pyrometer (high-temperatire thermometer) in
the exhaust just aft of the maniloid to detect significant rises in operating temperature
quickly. Some manulacturers offer automatic-pitch-adjustment control, governed by the
rise and fall in oil pressure.
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Figure 8-1

Typical three-bladed, controllable-
pitch propelier with shaft coupling
and pitch-control mechanism. In
this case, pitch is adjusted manually
via the wheel: however, remote con-
trol mechanical and hydraulic link-
ages are also commonly employed.

(Courtesy of Scandinavian
Propeliers als)
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Figure 8-2

Dimension drawing of a typical
three-bladed, controllable-pitch pro-
peller show?ng shaft coupling and
pitch-control mechanism.

(Courtesy of Scandinavian
P cllers als)

- Types of Controllable-Pitch Propellers

Because of the practical limits on blade rotation, controllable-pitch propellers are gener-
ally available in one of three configurations.

* Adjustable pitch only (no reverse pitch).

* Adjustable pitch with full reverse pitch, going right through fully neutral pitch (blades at
right angles to the water fow, so the propeller can rotate at full speed without generating
thrust or absorbing power). Such propellers eliminate the need for a reverse gear, and
enable the vessel to go from full ahead to full astern without changing the direction of shaft
rotation.

* Fully feathering but not reversible. This arrangement allows the blades to line up exactly
fore-and-aft so they give minimum resistance to the water flow. These propellers are idel
for motorsailers and sailboats, but have little application on most other vessels.

_, :

Drawbacks of Controllable-Pitch Propellers

There are two reasons why controllable-pitch propellers are not more common. The
first—and most important—is their high cost. Not only do they cost much more than a
standard fixed-pitch propeller to begin with, but the complex control mechanism must be
carefully maintained throughout the life of the vessel. The second reason is that control-
lable-pitch propellers are generally not as efficient in reverse as comparable fixed-pitch
propellers. For tugs, which need to be able to exert high thrust both ahead and astern,
this can be a significant drawback. Further, the pitch of a controllable-pitch propeller
forms a wue helix (constant pitch) at only one pitch setting. As the blades are rotated
away from this one angle, their pitch varies, causing uneven blade loading and some loss
of efficiency. In spite of these disadvantages, controllable-pitch propellers are being em-
ployed on more and more vessels of every class.
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DUCTED PROPELLERS OR KORT NOZZLES

Describing a Ducted Propeller

Kort nozzles or ducted propellers are propellers surrounded with a hydrodynamicaily
shaped ring or shroud (seec Figure 8-3). The shroud fits very closely around the propelier
blade tips and is specifically designed to accelerate water flow through the propeiler.

The propeller itself, inside the duct or nozzle, has square tips——very much like a
standard elliptical blade cut off at about 70 percent of diameter. The most common of
these hlades are the Kaplan-accelerating series. These are available in three- |, four- and
five-bladed propellers of various disc area ratios-—the most common being four-bladed.
with DARs of 0.55 and 0.70. Close tip clearances arc not a problem for ducted propeliers
because there is no difference in clearance throughout the passage of the blade. This
avoids detrimental changes in pressure, as there would be if a blade swept close to the
hull and then away into open water (sce Chapter 7).

Increased Efficiency with Ducted Propeliers

Ducted propellers offer a significant increase in efficiency over standard open propellers,
but enly under special conditions. A rough rule of thumb is that the vessel be intended to
operate at or under 12 knots. A more exact measure is the power coefficient (Bp). Bp
must be greater than 25 for ducted propellers to offer any advantage at ail. For a signifi-
cant advantage, Bp must be greater than 30. If Bp values are 35 or over, an increase in
propeller towing power of about 30 percent over a standard four-bladed, DAR-0.70 pro-
peller (at the same SHP and RPM) will be found. At lower Bp values, or speeds higher
than 12 knots, the additional drag of the nozzle will far outweigh the increase in thrust.

Intended Use of Nozzles

Nozzles come in a number of shapes designed to meet specific performance requirements.
The most significant variables are hetween nozzles designed for optimum ahead operation
only, and nozzles designed for both ahead and astern thrust.

Controliable-Pitch Propellers and Nozzles

Controllable-pitch propellers also may be fitted in nozzies. This combination offers the
maximum possible thrust at all speed and loading conditions for vessels that operate at
speeds suited to nozzles. The drawback is that controllable-pitch propeiier blades of op-
timum diameter cannot rotate from ahead through astern, because this would cause the

blade tips to jam against the inside of the shroud. Accordingly, a reverse gear must be

fitted with such systems.

Increase in Bollard Pull with Ducted Propeiiers

The lower the boat speed, the greater the gain in thrust. Table 8-1 gives approximate
relative bollard pulls for varying configurations.

TABLE 8-1 NOZZLE BOLLARD PULL

Standard Propelier Ahbead Only Ahead & Astern TABLE §8-1
Ahead Pull 1.00 1.40 1.38
Astern Pull 0.79 (.80 1.10

All bollard pulls are related to the ahead puli of a standard, four-bladed open propeiler
of 0.70 DAR, with about a 6-percent-greater dimmeter than the nozzje propeller, You can
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Figure 8-3
A ducted propeller installation. In

this case, the duct or shroud is a bit
longer fore-and-aft thun standard,

and the entire duct swings or sieers

to direct thrust.

(Courtesy of The Michigan Wheel
Company)

Ko

see that very .‘:lbnlh(.dn{ increases in low-speed thrust are possible with the nozzle pro-
peller. For most vessels, a nozzle designed for optimum ahead only operation is appro-
priate. For tugs, however, nozzles designed for both ahead and astern operation should
be installed.

Additional Advantages of Ducted Propellers ' A

In addition to increasing thrust, ducted propellers can increase fuel eficiency. Installing
a nozzle on an existing vessel, for example, will enable her to run at lower RPM while
attaining the same speed as before. This can amount to an 8 to 10 percent savings in fuel
cost. Alternatively, a ducted-propeller system will allow the sarnc engine, operating at

* the same RPM, to increase towing speed by 10 1o, 15 percent

Tenacious Teddy, with her free running Bp of 34.6, mmng Bp of 1] %! and[ top speed
of 11 knois, is an ideal candidate for a nozzle. With such an installation, an approximate
30-percent increase in tow-speed thrust can be expccted Thus the tug’s towing thrust
would increase to 17.4 long tons, aud her bollard pull,: from Table 8-1, would jump to
around 23.2 long tons. These values can be determined more exactly by referring to the
Bp-3 chart from the manufacturer for the particular pattern of nozzle and propeller being
installed and using the standard Bp-8 propeller selection method. .

Maneuverability with a Ducted Propeller System

A nozzle instulled without alteration to the rudder and steering system will increase the
turning circle or tactical diameter of a vessel by about 20 percent. By contrast, a ducted
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. Tugs and Trawiers

propeller may be fitted with a system of two or three rudders very close asiern of. or
miated fo, the nozzle. Such a rudder system direeis the concentrated propelier wash from
the aft end of the nozzle, and can aliow very high rudder angles (50 to 60 degrees. as
opposed to 30 to 40 degrees for a conventional rudder). When properly designed. this
fype of system gives significant improvement in handling. The turning circle can he
reduced by as much as 60 to 70 percent from that of a standard open propeliler and single
rudder. '

It 1s critical that the nozzle system manufacturer be consulted before the final design
and installation of a nozzle or ducted propelier system, both to obtain the appropriate Bp-
d diagrams, and to ensure that the nozzle installation will actually fit in the available
space.

STEERABLE Z-DRIVE SYSTEMS

The ultimate in maneuverability is obtained from stecrable drive systems. These systems
are essentially Z-drives that allow full 360-degree rotation about the vertical shaft line.
Accordingly, thrust may be directed in any direction at will, very much like an out-
board—although outboards, of course, are more limited in their direction of rotation.

These drives are sometimes known as Schottle Drives, after the Schottle Company
which was one of their pioneers. Another steerable Z-drive is the Aquamaster, made by
Hotlming Ltd. Figure 8-4 shows a section through an Aquamaster drive fitted with a
nozzle. Stecrable Z-drives are available with or without nozzles, and some may be in-
stalled at the stern of the vessel with the ability to kick up just like 1 small outboard or
inboard-outhoard. For commercial vessels operating at under 14 knots or so, where ma- ]
neuverability is the number-one consideration, steerable Z-drives are the ultimate solu- Y
tion.

Figure 84

Cuiaway view of a steerabie Z-drive
with a duct or shroud installed at
the propelier.

(Courtesy of Aquamaster-Ruma Ltd.)
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TRAWLERS

In many respects, the requirements of a trawler are very similar to those of a tugboat.
Like tugs, trawlers operate under conditions of widely varying load and speed. And, as
with a tug, a trawler’s fixed-pitch propeller must be calculated for both towing or trawling
conditions, and for free running. A compromise propeller based on the lowest acceptable
free-running speed, and with sufficient blade area to avoid cavitation with trawling, cun
then be selected.

Trawl Speed and Power

Trawling speeds are usually between 5 and 7 knots, depending on the size of the vessel
and the nature of the trawl. Trawlers, though, do not have to install nearly the power that
tugs do. Displacement Speed Chart 2-1 or Formula 2-1 may be applied. Use the minimum
acceptable free-running speed and add 6 to 8 percent to the SHP indicated.

Controllable-Piich and Ducted Propellers for Trawlers

Controllable-pitch propellers can eliminate the necessity of compromising on pitch, just
as with tugs. The savings from decreased fuel costs and increased free-running speed
frequently can more than pay back the higher initial and maintenance costs of a control-
lable-pitch propeller. Similarly, most trawlers operate at speeds where ducted propellers
will improve efficiency and thrust. The nozzle or shroud also has the beneficial side effect
of somewhat reducing the chance of the trawl or associated gear fouling the propeller.

L - ~ ] 4 ' - L
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Chapter 9

Sailboats, Outboards, and
Go-Fast Wrinkles

Propellers for Special Applications

{n this chapter we will examine the requirements of two very different types of vessels—
sailboats that operate at low speed and often piace secondary importance on their propel-
ier installations, and inboard- and inboard-outboard boats with their high-speed instalia-
fion requirements and techniques.

PROPELLERS FOR SAILBOATS AND MOTORSAILERS

The Need for Reduced Propeller Drag Under Sail

Sailing vessels equipped with engines range from light-displacement racing crait to per-
formance cruisers to heavy-displacement moiorsailers. With regard to their propellers,
however, they all have one thing in common—the need to combine reduced propeller
drag under sail with adequate propeller thrust under power.

Approaches to Reducing Drag

There are just two fundamental ways to achieve a reduction in drag, and whenever pos-
sible, both approaches should be used together:

* Make the propeller blades and blade area as small as possible.
* Hide the propeller behind the keel or deadwood.

The first approach also has a number of secondary possibilities:

I. Use asolid, two-bladed propeller with narrow blades (usually with a MWR of aboui 0.21
and a DAR of around 0.24).

2. Fold the two biades flat against each other when under sail (the folding propelier).

3. Without folding the blades, turn them so that they align straight forc-and-aft (the feath-
ering propeller).

Advantages and Disadvantages of Approaches to Reduced Drag

Generally, for a given diameter and shaft RPM, the folding propeller offers the icasi drag
under sail and gives the lowest thrust under power. For cruising sailboats, feathering
propellers usuaily offer the best combination of low drag under sail and good (hrust under
power. This is because the blades can effectively be made larger than those of most
folding propellers, giving better blade-loading and thrust characteristics. A fixed two- or
three-bladed propeller, in the open, produces the most drag under sail, and yet its thrust
under power is hardly better than that of a good two- or three-bladed feathering propeller.

On cruising vessels, with the propeller hidden in an aperture behind the deadwood, a
fixed two-blader can be locked vertically in the aperture and thus largely kept out of the
slipstream around the keel. This is a good, reliable and inexpensive soluiion for non-
performance craft. Note, though, that a two-bladed feathering propeller, while producing
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Figure 9-1

A two-bladed feuthering propeller in
fully feathered position has a re-
markably low-drag shape.

(Courtesy of PY1 Inc.)

virtually the same thrust under power, will, when locked vertically in the same aperture,
create significantly less drag under sail,

Locked Propeller or Free to Rotate for Minimum Drag?

This brings us to the old argument as to whether a propeller produces the least drag when
it is free 1 rotate or locked. The answer is both, depending on the configuration of the
hull, keel and propeller. (Note, though, that some gearboxes are not lubricated unless the
engine is running; if so, their bearings will be destroyed if the shaft is allowed to rotate. )
If the propeller is neither folding nor feathering, and is exposed to the water flow—as
with a propel’er on a strut well aft of a fin keel—it will generate the least drag when it is
free to rotate. If, on the other hand, a fixed two-blader can be well hidden behind the
keel, it will produce less drag when locked vertically. Fully-feathering propellers should
be locked vertically, if possible, while folding propellers need not be locked since they
show so little area and have no tendency to rotate when folded.

Folding and Feathering Mechanisms

Both folding propellers and feathering propellers rely on centrifugal force or the torque
of the propeller shaft to open them, and on the pressure of the water—when under
power—to hold them open. The force of the water pushes them closed, when the pro-
peller shaft is not rotating and there is no thrust, once the speed of the vessel exceeds 1%
knots or so. Early versions of folding and feathering propellers allowed the blades to fold
or pivot more or less independently. Although many of these designs are still on the
market, they offer less-than-satisfactory service. The blades can open and close out of
step with each other and, on folders, the lower blade will often hang down in an annoying
fashion under sail.

The solution to these problems has been to put geared connections between the blade
and the closing mechanism on folding or feathered propellers. The best of these propel-
lers open and close evenly and positively, and their additional cost is small compared to
the gain in efliciency and control. -
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Feathering Propellers

To reduce folded frontal area to a minimum, most feathering propellers have iiat blades
with no built-in twist for true helical or constant pitch. As a result, even with the same
blade area as a fixed-bladed propeller, they cannot be as efficient. it's interesting that a
feathering propeller can actually be more efficient than a fixed-bladed propeller when in
reverse. This is because the feathering blades will pivot so that their leading edges always
face into the direction of rotation, while fixed blades, obviously, cannot.

For larger cruising vessels, where even greater thiust under power is required, a three-
bladed feathering propeller is an ideal solution. When feathered. such a propeller will
produce no more drag than most fixed two-bladers, and yet it will deliver as much as 90
percent of the ahead thrust of a fixed three-blader. A further refinement in the best feath-
ering propellers is the ability to adjust the pitch. When powering begins, a feathering
propelier goes from fully feathered to fully open. immediately. When fully open. its
blades will be at a given pitch. By controlling how far open the blades can go, the pitch
of the propeller can be adjusted to exactly suit each installation. It is necessary to haul
the boat in order to adjust the pitch, though.

Folding Propeliers for Performance Craft

Owners of racing craft or performance cruisers often find even the reduced drag of a good
feathering propeller excessive. The answer then is to turn to a geared folding propeller.
Since the blades on these propellers are made as narrow as possible, the blade shape that

TWO BLADE
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Saiiboats, Quiboards, and Go-Fast Wrinkles

Figure 9-2

When in use, a three-bladed feath-
ering propefler delivers almost as
much thrust as a fixed three-blader,
while in the fully feathered position,
if creaies less drag than a fixed two-
bladed propeller.

(Courtesy of PYI [nc.)

Figure 9-3

Diagrams of the feathering mecha-
riisms of the two- and three-bladed
propellers shown in Figures 9-1 and
9-2. Both of these propeliers allow
pitch adjustments.

(Conrtesy of PYI Inc.)
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Figure 9-4

Lines of a 57-foot performance mo-

torsailer, Quicksilver, designed by
the author fo achieve 14 knots
under both sail and power. She is
powered by a 275-horsepower diesel
driving a 38-inch geared folding
propeller at 750 RPM.

Figure 9-5

Time-lapse photo of a typical geared
Jolding two-bladed propeller. Note
the wide, square-contour blades and
the extremely low-drag shape when
Sfolded. i

(Courtesy of Jastram Ltd.)

gives the maximum area is nearly rectangular. Such a shape also places more of the blade
area at the tips, where it can do the most work. [t is the opinion of the author that a wide,
rectangular-contour-bladed, geared folding propeller of large diameter will give the best
combination of speed under power and low drag under sail. The key is to use a very large
reduction gear so that the propeller can be of the largest possible diameter. Such a pro-
peller can give very impressive performance.

Figure 9-4 shows the lines (including propeller, shaft and strut arrangement) of a 57-
foot sailboat designed by the author to do 14 knots under sail and 14 knots under power.
She is fitted with a 38-inch-diameter geared folding propeller, driven by a 275 HP diesel.




Shaft speed is only 750 RPM. With any other type of propeller, top sailing speed would
have been severely limited as a result of the additional drag from (he greater cxposed
blade area.

Controilable-Pitch Propeilers for Motorsailers

At the other end of the spectrum are large, heavy-displacement motorsailers, which can
be expected to operate under both sail and power a great deal of the time. This presents
them with many of the same variable-loading problems experienced by tugs and trawlers
(see Chapter 8). For such craft. fully-feathering, controllable-pitch propeliers are the best
solution. All controllable-pitch propeliers are more expensive, but the increase in control
and performance is well worth the cost. When fuily feathered, these propellers have no
maore drag than normal fully feathering propellers. The ability to adjust pitch at will while
underway. though, permits maximum thrust at minimum engine RPM and 1P in all POS-
sible conditions.

Using the Slip Method to Calculate a Sailboat Propeller

For most sailboats. the slip method is adequate for selecting a propeller. The calculation
may be made as usual for a standard three-bladed fixed propeller with a MWR of 0.33.
The adjustment factors from Table 5-2 for two-bladed propeliers should be used as re-
quired. Table 6-3 should then be consulted to adjust efficiency for the reduced area of the
narrowet blades, if applicable. Finally, since the propeller will be folding or feathering,
the cfiiciency should be reduced to 90 or 95 percent, respectively, of the values found
from these tables. {A poor propeller design can give even lower efficiencies. )

Some Auxiliaries Accept Small Amounts of Cavitation

Blade Joading should be checked as described in Chapter 5. Note, though, that many
sailboat propeller installations accept the vibration and loss of thrust from high blade
loading in order to use narrow blades and limit drag under sail. Since most sailing aux-
iliarics power only a few dozen hours out of the year, the additional wear and tear of
cavitation can be an acceptable compromise. For larger motorsaiiers, and ali long-
distance cruisers that will power over 30 percent of the time, adjustments to propeller
diameter and blade width should be made to eliminate cavitation as described in Chapter
5. If no detailed information is available on the developed blade arca— as is often the
case with sailboat propellers—a mean width ratio of 0.21 and a disc area ratio of 0.24
can be used as a good general starting point.

Punpetior huh Shavinlers: shend bt
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Figure 9-6

A stern view of the same geared

~  daitboats, Outheards, and Go-Fast Wrinkles

Jolding propeller shown in Figure

9-5.

(Courtesy of Jastram Ltd.)
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Tuble 9-1

Using the Bp-8 Method to Calculate a Sailboat Propeller

For heavier motorsailers, the Bp-d method should be used. The difficulty with applying
the Bp-8 method to calculating propellers for sailboats is that wake factor estimates are
problematical. The additional drag and resistance from their large keels make the values
from Wake Factor vs Block Coeflicient Chart 6-1 or Formula 6-1 unreliable. Instead,
wake factors for sailboats should be estimated as in Table 9-1:

TABLE 9-1 SAILBOAT WAKE FACTORS (Wf)

Propeller Location Wake Factor
In badly-faired aperture 0.80
In well-faired aperture 0.85
In the open on a centerline strut 0.85
In the open on a strut offset 0.91

from the centerline

- The values in the table are necessarily estimates. As a consequence, the Bp-8 method
will not always give more reliable results than the slip method for sailboats. It does,
however, give better understanding of the variables in selecting the propeller for each
design. As with the slip method, the propeller calculation should be made based on a
standard three-bladed fixed propeller and adjustments from Table 5-2 and Table 6-3
should be used as appropriate. Assume that efficiencies for folding propellers are 90
percent of the values found in this way, and for feathering propellers, 95 percent. Finally,
blade loading should be checked and adjustments to eliminate cavitation made, again as
described in Chapter 5.

CUTBOARDS AND GO-FAST WRINKLES

Outboard Propeller Selection

Propellers for outboards are determined in exactly the same way as for other vessels. In
most instances, the information available about boat speed, engine performance and pro-
peller shape does not justify vsing the Bp-0 methed, and the slip method will give ade-
quate results. As with all other propellers, the actual shaft horsepower and the actual
RPM at the propeller after the reduction gear are the critical factors—along with boat
speed. Most outboard manufacturers (unlike inboard manufacturers) now rate engine
horsepower at the shaft, s0 no further deductions need to be made.

Qutbouard Shaft Speed and Lower-Unit Geéaring

Shaft speed is determined by the reduction gear in the lower unit. Consult the manufuc-
turer as to the reduction gears available. For low speed workboats and sailboats, many
manufacturers offer heavy-duty and/or sailor models, with large reduction ratios. For
ordinary runabouts, planing power cruisers, and ski boats, standard models will have
suitable reduction gears, while all-out racers can obtain custom gears, with low ratios for
higher shaft speed, from manufacturers specializing in high-speed outboard power.

Further, heavy, low-speed outboard craft often can benefit from four- and even five-
bladed propellers to overcome the limitations in diameter caused by the size and shape of
the lower unit and the location of the cavitation plate.
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figure 9-7

A typical outhoard-motor propeller.
Note that most standard outboards
vent their exhaust through the pro-
peller hub. The three slots or holes
in the kub are for this purpose.
This is @ convenient system, but it
decreases useful blade area by in-
creasing hub diameter. Such hubs
are arpund 30) percent of diameter
as opposed to around 20 percent for
standard propellers. Some perform-
ance-oriented outhoards avoid this
problem by venting exhaust above
the propeller.

(Courtesy of The Michigan Wheel
Company)

Figure 9-8

A typical performance-outhoard or
stern-drive prapeller. The smaller
hub diameter allowed by not venting
exhaust through the hub permits
greater blade area and more effi-
cient blade shape in the sane diam-
efer propeller.

(Courtesy of The Michigan Wheel
Company)
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“Jacking” or Lifting an Outboard

On most average runabouts and cruisers, the outboard is positioned so that the cavitation
plate—just above the propeller-—is about 1 inch (25 mm) below the bottom of the hall.
As boat speed increases, the drag of the lower unit becomes an important factor. Accord-
ingly, on high-speed craft—boats operating consistently over 35 knots—the outboard is
lifted vertically. This is called “jacking up the motor” and reduces appendage drag at high
speed simply by lifting some of the appendage out of the water. The most sophisticated
high-speed craft are fitted with hydraulic jacking plates that allow fingertip raising and
lowering of the engine while underway.

Like all such adjustments, jacking has its limits. If the propeller is lifted too far, it will
begin to suck air down from the surface, causing ventilation. (This is frequently and
mistakenly called cavitation, which is quite d:iicnnﬂ Chdptu 4.) Blades that
are raked aft help delay the onset of ventildtion somewhat. A jacked-up propeller also
delivers somewhat less thrust than its deeper counterpart, since it works in the slightly
less dense and more turbulent water near the surface. Another factor is that when a pro-

peller is deep in the water, it tends to push the bow up slightly (the propeller’s thrust.
 line projects well below the boat’s center of gravity—see Chapter 7). Both the addi-

tional thrust of the deep propeller and its § tendency to lift the bow assist in breaking out
onto a plane. Conversely, a well jacked-up propeller near the surface is less eflicient at
breaking a boat out onto a plane, although it is a faster configuration once high speed is
attained.

Outboard Tilt or Trim

The tilt or trim of an outboard is critical to planing performance. Trimming the motor

out—that is, with the lower unit and propeller away from the hull—tilts the thrust line
down. This pushes the stern down and lifts the bow. Conversely, trimming the motor in—
lower unit towards the hull—tilts the thrust line up, lifting the transom and depressing
the bow. Generally, in trim helps a boat break onto a plane more easily. As planing speed
is achieved, trim should be adjusted to maintain a planing attitude of about 4 to 5 dégrees.

In theory, the greater the planing angle, the more the lift and the better the planing
performance. In practice, excessive planing angle canses the hull underbody to have too
large an angle of attack, and the hull “stalls.” Most conventional vee-bottom hulls operate
best at about a 4 to 5 degree planing angle. In addition, large amounts of out trim depress
the transom enough to actually place an additional load on the hull, exactly as if the boat
had been made heavier, Obviously, this makes a boat slower. Hydraulic power trim is the
answer. Like hydraulic jacking plates, hydraulic power trim allows the operator to achieve
optimum trim angle while underway.

Mounting Outboards on Transom Brackets

Another speed refinement on performance-oriented craft is to mount the outboard on
brackets that support it well aft of the transom—usually 18 to 24 inches. There are several
advantages to transom brackets. First, they shift the weight of the engine aft, helping to
lift the bow. Second, they move the propeller further away from the shadow of the hull,
allowing it to get slightly freer water inflow. Third, shifting the engine weight aft permits
lifting or jacking the engine somewhat more than is possible immediately behind the boat.
This is partly because the engine weight aft helps counteract the loss of bow-up thrust
from not having a deep propeller, and partly because the water aft of the hull rises slightly
as it flows aft. i

Transom brackets have the further practical advantage on all craft of freeing up more
interior room, since the forward face of the outboard no longer projects into the vessel
through the transom well.
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INBOARD/OUTBOARDS OR STERN DRIVES

The preceding comments regarding outhoards apply to sterndrives, outdrives or inboard/
outhoards, with the exception. of course, of motor-jacking and bracket-mounting.

Most standard stern drives are similar to outboard lower uiits; however, industrial-
grade sterndrives, which can fit proportionately larger propellers and may even be made
of solid bronze, rather than the usual cast aluminum, are available. The advantages of
outdrives for larger, heavy craft are the added maneuverability gained from being able to
steer them like an outboard, and increased freedom to operaie in shallow water duc to
their ability to kick up on striking bottom.

SURFACE PROPELLERS

Surface propellers are the ultimate combination of the beneficial effects of motor-jacking,
and the advantages of a steerable sterndrive. Surface propellers are designed to work half
in and half out of the water. They are mounted on the transom aft—like a stern drive.
but are configured so that their shaft centerline falls only just below the water surface at
rest.

These propellers only come into their own at speeds of over 35 knots, and are really
Justified at speeds of over 40 knots. In such conditions the surface drive, being largely
out of the water, offers the least appendage drag possible, while at the same (ime avoiding
cavitation by having the blades fully acrated all the time. Of course. with ordinary pro-
pellers, aeration or ventilation is undesirable. but surface propellers are specifically de-
signed to operate in this way. Among other things, surface propellers are usually about
30 to 40 percent larger in diameter than comparable standard propellers.

If high speed, maneuverability, and shoal draft are prime considerations, a surface
propeller is an excellent, although expensive, solution. The reduction of appendage drag
can increase speed by 10 to 12 percent. (On a 50-knot craft. this would be an increase of
about 6.5 knots, to about 56.5 knots.) Sizing of a surface propeller cannot he done in the
usual way, so the manufacturer must be consulted in the selection.

CONTRA-ROTATING PROPELLERS

When a propeller accelerates water into itself from ahead and expels it astern, it generates
thrust, exactly like a jet engine. Unfortunately, a sizeable percentage of the power deliv-
ered to the propeller also goes into twisting the water around, creating the helically

Saitheals, Gutboards, and Go-Fast Wrinkl

Figure 9-9

A typical surface drive unit. This
unit steers like an outhoard or con
vertional stern drive via the hy-
draulic ram on the side. The hy-
draulic ram on the top allows
adjustment of vertical trim, effec-
tively giving the operator a propell
of variable diameter.

(Courtesy of Arneson Marine, Inc. )




Propetier Handbook

Figure 9-10

A racing catomaran powered with
twin surface drives. Such extremely
high-speed craft gain the most from
a surface drive installation.

(Courtesy of Arneson Marine, Inc. )

Figure 9-11

A steerable Z-drive unit with
contra-rotating propellers.

(Courtesy of Aquamaster-Ruma Lid.)

shaped propeller wake. This rotational energy is doing nothing to drive the boat—it is

just waste.

Contra-rotating propellers eliminate this waste. In this type of installation, two propel- -
lers are positioned one immediately ahead of the other on the same shaft line, but rotating
in opposite directions. The rotational energy imparted to the water by the forward pro-
peller is cancelled out by the opposite rotation of the aft propeller. The slipstream from
contra-rotating propellers is nearly smooth and straight, with little twist. Such propellers
are, in theory, between 5 and 20 percent more cfficient than standard single propeliers,
but 8 to 10 percent is a realistic practical range.
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The most common configuration for contra-rotating propeliers involves a propeller of
smaller diameter and more blades behind a propelier of larger diamcter and fewer blades.
This is because the astern propeller is working in a faster water low than the ahead
propelier, and as a result, it must have a smaller diameter and steeper pitci. Al the same
time, both propellers shouid be absorbing the same horsepower —hence the additional
hlade on the after propeller.

Because of the large number of blades—usually seven or nine, in total —a contra-
rotating propeller system has more blade area and thus lower blade foading than a com-
parable single propelier at the same horsepower. This reduces cavitation problems, and
the large number of blades greatly diminishes vibration.

The drawback to contra-rotating propeliers is their tremendous complexity. Not only
does this increase the cost of contra-rotating propellers to far above that of comparable
standard single propellers. but it also increases the level of maintenance required. Further,
some of the gain in efficiency from thrust is lost to additional frictional resistance in the
many extra gears and bearings. Nevertheless. contra-rotating propeilers can offer some
actual gains in operating efficiency.

Volvo puts out high-power sterndrives equipped with contra-rolaiing propeliers (three-
bladed forward and four-bladed aft), and Aquamaster is off ering a stecrable Z-drive unit
(see Chapter 8) with contra-rotating propellers (four-bladed forward and five-bladed aft)
for commercial applications. Most boats report only modest increases in speed with the
Volvo units, but noticeably improved handling and smoothness of operation. The Aqua- |
master unit is not intended to increase speed, but rather to increase thrust and efliciency |
for fuel savings. An efficiency increase of about 9 percent is expected.
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Appendix A
Measuring the Hull

Procedure for Determining Displacement

Ll Chapter 2 we discussed the importance of knowing exactly how much a boat weighs
when making speed and powering estimates. In later chapters, we found that we had to
know the block coeticient, waterline beam and draft of the hull body. If this information
18 not available from the original builder or designer, you must measure the hull itself.
Measuring a hull for this purpose is not difficult, and seldom requires more than an
afternoon of work to get the actual measurements; however, it must be done with care
and patience. The procedure outlined below is actually identical to taking off the lines of
a boat. For the purpose of simply estimating displacement, though, far fewer points h: hav-,
to be measured, and the acceptable level of accuracy is somewhat lower. it 4
Measuring g the boat or “taking off” can be divided into three basic steps.

1. Leveling the boat and establishing a reference line for measurements.
2. Measurement of three critical stations.
3. Transferring this information to paper and using the result to find displacement.

It will help if you can find an assistant to help with positioning and recording measure-
ments during the taking off process.

ESTABLISHING BASE DIMENSIONS

Mark the Waterline Afloat

With the vessel afloat in calm water, carefully mark the waterline, at rest in the normal,
fully-loaded condition (two-thirds fuel, water, and cargo, and full crew and equipment).
Marks should be made at the stem face, and the aftermost point of the waterline, as well

- as at midships. Additional intermediate marks can be helpful.

Haul the Boat and Level Athwartships and Fore-and-Aft

The boat should then be hauled and leveled fore-and-aft and athwartships. Leave space
to work around the hull on at least one side. To determine level, attach a plumb bob to
the waterline at the bow and stemn. Carefully draw a dark, contrasting vertical line down
the center of the stem or keel face. Use wedges, shims and jacks to adjust athwartships
trim until—sighting aft, from forward—the bow plumb bob lines up with the vertical
line.

Next, adjust fore-and-aft trim until the length of the fore and after plumb bobs to the
ground is identical. It is often not possible to truly level the boat fore and aft because the
entire boatyard may have a pronounced slope, bui as long as the sloped surface is smooth
and flat, this will not present a problem. If the vard surface is uneven and bumpy, the
reference line must be set to match the fore-and-att angle of the waterline, and subsequent

‘measurements must be taken at right angles to it.
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Measuring the Tinll

Setting up the Reference Line and Determining Waterline Length

Now measure the length between the plumb bobs and set up a reference line. To do this,
we'll need two long, straight boards (our transverse boards) about 80 to 90 percent as
long as the beam of the boat. Draw a straight line —the transverse line-—down tiie center
of each board. Make a cross or reference point a few inches lrom one end and mark it
“boat centerline.” Then measure out along each transverse line exactly the same distance
{about 75 percent of beam) and make a tick mark on each labeled “reference-line center-
line.” Set heavy nails or spikes vertically through the two reference-line centerline tick
marks. Place the transverse hoards at the how and stern of the vessel so they project out
at right angles from the boat centerline with the plumb bobs ceniered over the boat cen-
terline crossmarks. Use a carpenter’s level along with shims and wedges to adjust the
transverse boards to level. )

Stretch a reference line taut between the two spikes, resting it just on top of the trans-
verse boards. Adjust the angles of the transverse boards, and the length of the reference
line. so that they cross each other at exactly right angles (a large carpenter’s square wilf
be adequate for this). making sure that the boat centerline cross marks remain centered
under the fore-and-aft plumb bobs. When all is square. fix the transverse boaids firmiy
in place with heavy weights and or spikes. The squared-up transveise boards and the taut
reference line will form the reference points for all subsequent hull measurements (see
Figure A-1).

Measuring along the reference line from spike to spike yields the exact waterline length
of the vessel. Make marks on the reference line at one-half, one-quarter, and three-
quarters of the waterline length (statious 0.50, 0.25, and 0.75). These points establish
the fore-and-aft location of the midship station and the stations at 25 percent and 75
percent of the waterline. Mcasuring these three stations will provide suflicient informa-
tion to estimate displacement.

MEASURING THREE CRITICAL SECTIONS

Making a Triangulation Frame from Scrap Lumber

There are a number of methods for measuring section shape. One of the easiest and most
reliable is to make a triangulation frame out of scrap plywoed. The base board of the
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Figure A-2

Triangulation frame.
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frame should be made of Y-inch (12 mm) plywood about one-half of the beam of the
boat long, and two to three feet wide. Cut a roughly triangular piece of Y4-inch plywood
(the pivot board) about one-third the beam of the boat long and attach it to the end of the
base with two hinges so that it can swing up at any angle, but not shift from side to side.
On top of the pivot board, hammer a set of frames or guides together to accept a standard
2-inch (50 mm) wide aluminum ruler. The ruler should be free to slide in the guides but
have as little play as possible. Set the guides so that the ruler projects at exactly right
angles to the pivot-board hinge axis. Aluminum rulers are quite inexpensive, and are
available in a wide variety of lengths. You will probably need two, one about 50 percent
of beam, and one about 23 percent of beam in length (see Figure A-2).

Draw a “station centerline” along the length of the baseboard and pivot board. On the
baseboard, draw a series of regularly-spaced marker lines (say, three inches apart) cross-
ing the station centerline at exactly right angles. Measure and mark the distances along
the station centerline of the baseboard {rom each marker line to the hinge axis. On the
pivot board, measure the distance along the station centerline from the-hinge axis to the
opposite edge of the pivot board, and record this distance on the pivot board. Finally,
install the ruler guides, placing them so that one edge of the ruler runs exactly along the
station centerline. We are now reudy' to measure the midships section.




Measuring the Hull

Taking the Station Measuremenis with the Triangulation Frame

Piace the triangulation [rame at the midships station so that the baschoard lies fial on the
ground under the reference line, with the pivot board end facing the hull. Make sure that
the station centerline crosses the reference line at right angles, precisely al the midship-
station mark made earlier on the reference Tine. This is simply done by lining up one of
the baseboard marker lines so that it is exactly parallel and directly beneath the reference
line. Raise up the baseboard so that it just touches the reference line. Measuring with a
level. shim the baseboard so that it is horizontal in the boat's athwartship plane. Record
the baseboard’s marker line position carefully—you will be using this position for a
whole series of measurements.

Hold the triangulation frame firmly in place with heavy weights. Then, insert the most
convenicntly sized ruler into the pivot board guides and lift the pivot board, sliding the
ruler out until it just touches the hull at the waterline. Mark this point on the hull with a
grease pencil, as point 1, and record the length of the ruler projecting beyond the edge
of the pivot board. (It is not necessary to measure the angle of the pivot board, as we
wil] see shortly.)

Repeat this process at 6- to 18-inch (150 - 450 mm) intervals down the side of the hull,
marking each point on the hull and assigning it a number with the grease pencil, and
recording the ruler length and baseboard reference marker line for that point. On most
hulls. 10 to I5 points should be measured for each station. Simple, single-chine hulls can
be measured with fewer points, while complex. wineglass-section hulls require more. Be
sure to take a number of measurements om and close to all changes in hull shape, for
instance, at the garboard (where the hull meets the keel). at the bottom of the keel and at
the turn of the bilge or chine. It may be necessary to move the baseboard to a new marker
line—sliding it in towards the hull—to get measurements close to the keel.

When you have measured as many points as desirable with the baseboard set at one

marker line, slide the bascboard into a new marker line position, but still at the same
midships station. Relevel the triangulation frame, record the new marker line position,
and then carefully measure each marked point on the hull again, recording the ruler
lengths to the pivot board as before. In this way, since every point is measured twice,
cach point is triangulated and defined very exactly.

When you have finished with the midships section, use the same procedure for the
stations at 25 percent and 75 percent of the waterline. Once you've completed these
measurements, the taking off job is finished. It only remains to make sense out of the
data.

FINDING DISPLACEMENT FROM THE MEASUREMENTS

Drawing the Three Measured Sections to Scale

You can now take a sheet of paper and draw (he hull sections you have measured to any
convenient scale. (It is well worth spending the few dollars it costs to buy an architect’s
six-sided scale rule for this purpose.)

Draw a horizontal line representing the ground, or baseline, and a vertical line repre-
senting the boat centerline. Choose a convenient scale—say onc-haif inch equals one
foot—and measure the distance out from the boat centerline to the reference-line center-
line on the transverse boards. Mark this point on the bascline. Now measure in from the
reference line the distance from each of the marker line settings you actuaily used 1o the
pivot point on the triangulation frame. and mark each on the haseiine. (If, for instance,
you used marker lines 2, 4 and 8, mark these points as such on your drawing.)

To Jocate the first hull point, add the distance the ruler projects beyond the pivot hoard
to the length of the pivot board and set a standard draftsman’s compass o that distance
in the scale you are using. Set the point of the dividers on the appropriale marker-iine
mark and draw a light pencil-line arc. Repeat this process for the same point, say point |
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at the waterline, but now using the second baseboard marker-line position. You will now
have two arcs that cross at the point you measured on the hull.

Repeat this procedure for each point you measured at the station, and soon you will
have defined each point along the hull, but now on paper, in scale. Repeat this process
for the other two stations. Then draw a horizontal line (parallel to the baseline) through
the highest (waterline) point at each station, and connect the other points in a smooth
curve. This gives the shape of each station you have measured.

Using your architect’s scale, you can now measure the beam at the waterline directly
from the midships-station half section. (Remember that since you’ve only drawn half a
station, you’ll have to multiply by two to get full beam at the waterline.) To determine
depth of hull, measure from the waterline 10 the intersection of the keel; for extreme
draft, measure to the bottom of the keel. (If the draft is greatest at the stern, you can set
the triangulation frame aft and take a series of measurements there to find maximum

draft.)

Finding the Areas of Each Measured Section

What remains now is to find the areas of each of these sections and use that information
to find the volume and thus the displacement of the hull. Naval architects use an instru-
ment called a planimeter for this purpose. Without this expensive tool, the easiest way to
procede is to purchase transparent graph paper of convenient scale and lay it on top of
'your half sections. (If the sections are drawn to the one-half-inch-equals-one-foot scale
[1:24], and the graph paper is divided into inches with each inch subdivided into tenths,
then each small square on the graph paper will equal 0.04 square feet of area [37.16
cm?].)

To calculate the area, simply count all the squares contained in each of the sections.
You’ll need to do some estimating—if a square falls about one-third in and two-thirds
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out of the section, count it as one-third of a square. If the midships station, for example,
contains 238 of the 0.04 square foot (37.16 cn?) squares, then the station half-arca would
he 9.55 square feet (0.88 m?), and the full section area would he twice that, or 19.1
square feet (1.76 m?).

Finding Hull Volume From Station Area

To find the hull volume in cubic feet, add the three full section areas and muitiply by the
distance between stations. If the waterline is 40 feet (12.2 m), and the three stations we
measured are spaced at one-quarter of this distance, the space between them is 10 feet
(3.05 m). Now, if the station at 25 percent of the waterline aft of the bow had a full-
section area of 8.9 square feet (0.83 m?), and the station at 75 percent of the waterline
length aft of the bow had a full-section area of 14.2 square feet (1.32 ), we wouid find
hull volume as follows:

Station Full Section Area
0.25 8.9
0.50 19.1
0.75 14.2

Total Areas = 42.2 square feet

42.2 square feet X 10 foot station spacing = 422 cubic feet (11.95 m?)

422 cubic feet X 64 pound/cubic foot (weight of sea waler) = 27,000 pounds or 12 long tons
(12247 kg, or 12.2 metric tons).

If care has been taken with the measuremenis and with the drawing of the three scc-
tions, the displacement found by this method will be accurate to within about 4 or 5
percent. This displacement figure can now be used in the speed and powering formulas,
the block-coeflicient formula, the displacement-length-ratio formula, and so on. for reli-
ahle propeller calculations.
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FINDING QUARTER-BEAM BUTI"!'OCK ANGLE

' ¥ £
The quarter-beam-burttock angle may be found from the midships section and the section
at 75 percent of the waterline aft of the bow. Measure half of the half-beam (the quarter
beam) out from the boat centerline on the baseline, and draw a vertical line from this
point on the baseline up through the half sections. Measure the height above the bascline
at which the gquarter beam buttock line intersects the underside of the midships station
and the station at 73 percent.

On a separate sheet, draw a long baseline and make two tick marks on it, spaced
exactly the distance of the station spacing in the scale chosen. (In our example, this is at
10 feet (3.05 m), in the 1:24 scale.) Draw two vertical lines through these tick marks and
mark, on the right-hand vertical, the height above the base of the quarter-beam butiock
at midships and, on the left-hand vertical, the height of the quarter-beam buttock at the
station at 75 percent. Draw a straight line between these two points and measure the
angle it makes with the baseline. This is the quarter-beam buttock angle. (Sce Chap-
ter2.)

-
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Measuring the Propeller

Procedure for Finding Diameter and Pitch

Il"s [requently useful to be able to measure a propeller’s diameter. pilch and biade arca.
This way you can check an existing propelfier for suitability, ensure ihat twin-sciew ves-
sels are actually fitted with propellers of identical dimensions. or determine if a new
propeller really corresponds to the measurements specified.

MEASURING PIAMETER

Finding the diameter is quite straightforward. Measure the radius of the propelier from
the shaft centerline out to the tip of one blade. Obviously, the radius doubled gives the
diameter. '

MEASURING BLADE AREA

Making a Paper Template

Measuring expanded blade area is nearly as direct. Take ordinary paper (brown wrapping
paper works well) and temporarily glue it (usc paper cement) flat and flush along the
surface of one blade. Carefully trim the paper with a pair of scissors or a knife to match
the outline of the biade, and peel it off. Except for minor differences caused by blade-
surface convexity. this paper template will be an exact reproduction of the expanded biade
shape and arca.

Finding Template Area with the Trapezoidal Ruie

To find the expanded arca, we use the trapezoidal rule. Lay the blade template flat and
draw a straight line along its center (the blade centerline), from the root to the tip. Divide
the centerline into ten equal segments—using eleven cross lines, with cross line “Q”
exactly at the blade root and cross line “1Q” exactly at the blade tip. The cross lines must
meet the blade centerline at right angles. Measure the distance between the segment iines
and the length of each segment. Add the segment lengths, using onc-half of the lengths
for segments “0” and “10.” and multiply by the distance between segments. The answer
is the expanded blade area.

For example if the blade segments are spaced at 1.45 inches (36.8 mm) and the seg-
ment lengths measure as follows, we find;
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Cross Lines Cross Line Lengths Trapezoidal Rule Lengths

0 1.68" divided by 2 = 0.84"
1 3.38" 3.38"
2 5.56" 5.56"
3 6.58" 6.58"
4 7.12" 7.12"
3 7.36" 7.36"
6 7.29" T.29¢
7 6.95" ‘ 6.95"
8 6.34" 6.34"
9 5.10" 5.10"
10 0.00" divided by 2 = 0.00"

Total = 56.52"

Taking this total, we work out the area as follows: [56.52 inches X 1.45 inch cross-line
spacing = 8L.9 square inch blade area (528.4 cm?).) Multiplying by the number of
blades gives the total expanded area. If this were a four-bladed propeller, for example,
the total area would be 327.6 square inches (2113.5 cm?).

Determining Hub Diameter and Blade-Area Ratios

You can take maximum blade width directly from the above table of measured segments;
in this case it will be 7.36 inches (187 mm) at cross line 5. Blade length from root to tip
1s simply measured along the blade centerline—14.5 inches (367 mm) in our example.
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Measuriig the Dropeller

Find the hub diameter by subtracting two times the blade length (from rool to tip) from
the overall diameter. If overall diameter is 34.8 inches (884 miai), then hub diameter
wonld be 5.8 inches (147 mm). Using all this information in the hiade area and blade
arca ratio formulas in Chapter 4, we can determine dise area. disc-arca ratio. mean-width
ratio and so on.

MEASURING PITCH

Finding Radius for Pitch at 45 Degrees

Establishing pitch is more difficult. Without special measuring tosls, you'll have to pull
the propelier and lay it face up, on a smooth, flat surface. Holding a 45-degree right
triangle (45° -45° - 90 °) at right angles to the propelier’s radius line, slide it along the
length of the blade—between the blade backs and the ground-—until it just fits beneath
the contour of the blade. Measure the distance from the cenierline, and you have found
the radius at which the propeller pitcii is 45 degrees. The true piich is two times this
rachus times w (=3.14). You will have to make some allowance, by eve, for any convex-
ity of the blade backs.

If 3t 6.5 inches (165 mm) from the centerline our example propeller has a pitch of 45
degrees its true pitch would be 40.8 inches (1036 mm) [6.5 in. 45° pitch radins X 2 x
3.14 = 40.8 inches]. With our measured diameter of 34.8 inches (884 mm), this gives
a pitch ratio of 1.17. | ‘

Advantages of a Pitchometer

The difficulty with the foregoing method is that the prapeller must be taken c.r‘ﬂ" the shaft.
Even on quite small craft this can be & time-consuming task. On larger vessels, the labor
involved is eften prehibitive. The solution is to use a pitchometer—an instrument spe-
cially designed to measure propeller pitch. Although these instruments cost al least two
to three hundred dollars, this is usually far less than the cost of hauling a boat, pulling
the propeller, and reinstalling it. A good pitchometer will enable ¥you to measure pitch
with the boat still in the water.

Jack Laird, an engineer with Caterpillar Inc. and with his own consuliting firm, Laird
Engineering, has perfected a patented pitchometer that meets all the above requirements.
Figure B-2 shows his compact pitchometer from both sides. and B-3 describes its use.
Those interested in obtaining Laird’s pitchometer should contact him at either Caterpillar
Inc.. or Laird Engincering (sce list of manufacturers and suppliers on p. 000).

Figure B-2

Front and back views of Jack
Laird’s pitchometer.

(Courtesy of Jack Laird and
Caierpillar, Inc.)
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| INTRODUCTION

875322 PITCHOMETER NOMENCLATURE

The 815322 Pitchomeler is now available for use in
measuring the pitch (angle) of the blades on a marine
engine propeller. The 8T5322 Pitchometer provides a
much simpler and faster method of checking blade
pitch, and gives the same accuracy of an equivalent
fixed installation propeller pitch checking system.

FEATURES

The 875322 Pitchometer provides a method of
measuring blade pitch, at any point on the biade, as
‘ollows: i

a) Without removal of the propeller from the propeller
shatt.

b) At any angle.
! o
c) In any positio;p, including untFemg-ater; if necessary.
Pl ; foeu |
Some further advantages of the 8T5322 Pitchometer
are:

d) Makes it possible to check/measure propeller pitch
when the propeller is stored in the horizontal
position and/or before the propeller is installed on
the propeller shaft.

e) Aids in determining which blades need to be "re-
pitched", and by how much. :

f) Helps in reducing propeller vibration by giving an
accurate check to ensure that all blades are at the
same pitch.

g) Gives improved efficiency by ensuring the correct

pitch for the propeller blades of all prOpe!Iers on a
multi-propeller installation.

ITCHOMETER ACCURACY: & 2%

1. Vertical Edge.

. Housing Index Mark.

. Scale Index Mark.

. Compensating Ring Index Mark.
Scale.

Compensating Ring.
Scale/Level Vial Holder.
Horizontal Edge.

Housing.

CO N O WN

PROPELLER PITCH CHECK
(Propelier Installed on Shaft)

1. On propeller blade (7)) that is to be checked, make
a mark (® on the rear face of the blade.

2. Measure and record distance ® (from mark @® to
the center of the propeller shaft).
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Measuring the Propeller

3. Locate and mark centerline @) through mark @& on
the blade.

4. Turn propeiler blade () so itis in a horizontal
position.

3. Turn compensating ring @ and scale/level vial
holder (@ so scale index mark @ and canmipensaling
ring index mark (® are in alignment with housing index
mark (®). (This is the starting position when using the
pitchometer.)

8. With pilchameter (3) companents positionen as
indicated in Step 5, put pilchometer (@) on propeller
shaft (&) as shown. [Horizental edge @ on shalt 5
and vertical edge @ to face toward engine.]

7. To compensate fui shafl angle, turn compensating
ring (@) and scale/vial level holder (3) so the bubble in
the levei is centered (indicates level condition). (Hold
compensaling ring (2) and scale/vial level holder in this
position. Do not permit them to move.)

8. Put pitchometer (@) on blade (O so vertical edge @&
is on mark (& . Posilion pitchometer (3) so il is
cenlered over centerling ©).

9. Hold compensating ring @ firmly, (it must not
move) while turning scale/level vial holder (3) to center
(ievel) the bubble in the vial.

10. Record the scale reading at compensating ring
index mark @).

11. Multiply the value recorded in Step 10 by the
measuremenlt recorded as dimension @) (see Sleps 1
and 2). (This is the distance from the centerline of
propelier shalt to the center of mark & on the
propeller blade.} The product of this exercise is the
amount of blade piich at mark @®.

EXAMPLE:
Dimension @ = 20.0"
Scale Reading = 2.25"
20.0" x 2.25" = 45" pitch

12. Do Steps 1-11 at enough points on each propelier
blade, to be sure that propelier pitch is the same over
ine full area of a blade, and that ali blades have i
same pitch.

Figure B-3  How fo use the pitchometer, as described in a Caterpiiiar pamphliet.

129




- Appendix C
Shatt Taper and Coupling
Dimensions

rlg-:hc following recommendations for the dimensions and configurations of propeller-shaft
couplings, hubs, and endings are taken from Society of Automotive Engineers standards,
as set forth in their publications SAE J756 and SAE J755. For more information contact
the SAE, 400 Commonwealth Drive, Warrendale, Pennsylvania 15096.

One note on propeller installations: The small, half-height jam nut should go first
(against the propeller hub). The second or outer nut carries the load, so the full-size jam
nut should go on second. In practice, however, it makes little difference which nut goes
on first; both installations are seen frequently, and both work. If the hub is shorter than
proper specitied length, the half-height nut may run off the shaft threads before contacting
the hub. In this less-than-ideal case, installing the thicker nat first is an adequate solution.
The inner nut must tighten firmly against the hub without contacting the shoulder of the
shaft (see illustration page 139).

Tighten the jam nut against the propeller hub as hard as you can comfortably get it, by
hand, with a stondard wrench of correct size. Tighten the second nut against the jam nut
to the same degree. No torque tables are necessary.

SCOPE :

This SAE Standard covers propeller shaft couplings for use with

nropeller shafts up to 3 inches outside diameter.

PURPOSE:

To provide design guidance that results in dimensional

Interchangeability of marine propeller-shaft couplings within the scope of

this standard.

GENERAL :

Includes couplings with an internal pilot diameter (Type I) with

tapered or straight bores, and external pilot diameter (Type I1I) couplings
with straight bores.
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Shafl Taper and Coupling Divensions

Holes N equally spaced, ==}

Dirx &
(Mote 2)

AR\ |

- |
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FIG. 1--TYPE 1 PROPELLER-SHAFT COUPLING, INTERNAL PILOT, TAPER BORE,
SAE FLANGE NOS. 1, 2, 3, AND 4

Note 1--Hub outside taper is optional.

Note 2--No. 1 flange coupling bolt is to be
Tockwasher,
No. 2 flange coupling bolt is to be
Tockwasher. -
No. 3 flange coupling bolt is to be
Tockwasher.
No. 4 flange coupling holt is to be
Tockwasher.

3/8--24 X 1-1/4 with plain nut and
7/16--20 X 1-1/2 with plain nut and
1/2--20 X 7-3/4 with plain nut and

5/8==18 X 2 with plain nut and

Note 3--See Table 4 for taper bore dimensions A, B, and C.
Note 4--A171 dimensions are in inches unless otherwise stated (1 in = 25.4 mm;

1 ft = 304.8 mm).
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Shalt Taper and Coupling Dimaensions
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FIG. 2--TYPE I PROPELLER-SHAFT COUPLING, INTERNAL PILOT, STRAIGHT BORE,
SAE FLANGE NO. IS 2S, 3S, and 4S

Note 1--No. 1S flange coupiing bolt is to be 3/8--24 X 1-1/4 with plain nut and
lockwasher.

No. 25 flange coupling bolt is.to be 7/16--20 X 1-1/2 with plain nut and
Tockwasher,

No. 3S flange coupling bolt is to be 1/2--20 X 1-3/4 with plain nut and
Tockwasher,
No. 4S flange coupling bolt is to be 5/8--18 X 2 with plain nut and
lTockwasher,
Note 2--Either cone or dog point setscrews with spotting of shaft is recommenced.
Note 3--See Table 5 for straight bore dimensions A, B, and C.
Note 4--AT17 dimensions are in inches unless otherwise stated (1 in = 25.4 mm).
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FIG. 3--TYPE IT PROPELLER-SHAFT COUPLING, EXTERNAL PILOT, STRAIGHT BORE,
SAE FLANGE NO. 400, 410, 500, 510, 600, AND 725

Note 1--No, 400 flange CDUpT?nG holt is to be 3/8--24 X 1-1/2 with plain nut and
Tockwasher,
No. 500 flange coupT1ng bolt is to be 7/16--20 X 1-5/8 with plain nut and
lockwasher,
No. 600 flange coupling bolt is to be 1/2--20 X 1-7/8 with plain nut and
Tockwasher. .
No. 725 flange coupling bolt is to be 5/8--18 X 2-1/4 with plain nut and
Tockwasher.,
No. 410 and 510 flange coupling bolits to be selected based upon "F" and
"W' flange thickness actually used. Seiect "X" and “Y" fiange dimensions
to clear these fasteners.
Note 2--Either cone or dog point setscrews with spotting of shaft is recommended.
Note 3--See Table 5 for straight bore dimensions A, B, and C.
Note 4--A11 dimensions are in inches unless otherwise stated (1 in = 25.4 pm;
1 ft = 304.8 mm).
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Shaft Taper and Coupling Dimensions

TABLE 4--TAPER-BORE DIMENSIONSEs C

SAE Nominal Bore at A B cb
Flange Shaft
No. Dia Min Max Min Max Min Max
3/4 0.608 | 0.610 | 0.1865 0.1875 | 0.098 | 0.100
1 7/8 0.710 0.712 0.2490 0.2500 0.129 0.131
1 0.817 0.813 | 0.2490 | 0,2500 ! 0.129 0.131
1-1/8 0.913 | 0.915 | 0.2490 | 0.2500 | ©0.129 | 0.131
=174 1.015 1.01' | 0,375 G.3125 0.162 | 0.165
? 1-3/8 1.116 1.118 | 0.3115 0.3125 0.761 0.164
J=3/2 1.27 1.220 | 0.3740 | 0,3750 | ©0.195 | 0.198
T-37% T.42] T.473 0.4365 | 0.4375 0.226 | 0.279
3 2 1.624 1.626 | 0.4990 | 0.5000 | 0.259 | 0.262
2-1/% [.827 T.829 0.5610 | 0.5625 | 0.29] 0.294
4 2-1/2 2.030 | 2.032 | 0.6235 | 0.6250 | 0.322 | 0.325
2-3/4 22332 2.235 6.6235 0.6250 0.322 0.325
3 2.437 | 2.439 | 0.7485 | 0.7500 | 0.323 | 0.326

3For intermediate size, see Basic Data in SAE Standard, Marine Propeller-Shaft

Ends and Hubs--SAE J755.

bKeyway shall be cut paraliel to taper.

CATT1 dimensions are in inches unless otherwise stated (1 in = 25.4 mm).




Appendix C

TABLE 5--STRAIGHT-BORE DIMENSIONS®> €

SAE FLANGE NUMBERS | Nominal D C
TVPE TYPE Shaft
I 11 Dia Min Max Min Max Min Max
1S {400, 410 & 570 3/4 | 0.749 | 0.750 | 0.1885 | 0.1905 | 0.8378 | 0.8428
1S | 400, 410 & 510 7/8 |0.874 | 0.875 | 0.2510 | 0.2530 | 0.9878 | 0.9978
1S 1400, 470 & 510 | 1 0.999 | 1.000 | 0.2510 | 0.2530 | 1.1151 | 1.1201
1S 400, 410 & 510 | 1-1/8 | 1.124 | 1.125 | 0.2570 | 0.2530 | 1.2419 | 1.2469
25 1400, 410 & 510 | 1-1/4 | 71.249 | 1,250 | 0.3135 | 0.3155 | 1.3924 | 1.3974
25 1410, 500 & 510 | 1-3/8 | 1.374 | 1.375 | 0.3135 | 0.3155 | 1.5192 | 1.5242
2S 410, 500 & 510 | 1-1/2 {71.499 | 1.500 | 0.3760 | 0.3780 | 1.6697 | 1.6747
500 & 510 1-5/8 | 1.624 | 1.625 | 0.4385 | 0.4405 | 1.8197 | 1.8247
35 {500 & 510 1-3/4 1 1.749 | 1.750 | 0.4385 | 0.4405 | 1.9470 | 1.9520
510 & 600 1-7/8 | 1.874 | 1.875 | 0.5010 | 0.5030 | 2.0970 | 2.1020
3S 1510 & 600 2 1.999 | 2.000 | 0.5010 | 0.5030 | 2.2243 | 2.2293
4S {510 & 600 2-1/4 | 2.249 | 2,250 | 0.5635 | 0.5655 | 2.5015 | 2.5065
4s | 725 2-1/2  |2.499 | 2.500 | 0.6260 | 0.6280 | 2.7789 | 2.7839
4s | 725 2-3/4  12.749 | 2,750 | 0.6260 | 0.6280 | 3.0335 | 3.0385
45 1775 3 2.999 | 3.000 | 0.7510 | 0.7530 | 3.3334 | 3.3384

15

4For intermediate size, see Basic Data in SAE Standard, Marine Propeller-Shaft
_ Ends and Hubs--SAE J755.
Based on Woodruff-key tolerances.
CA11 dimensions are in inches unless otherwise stated (1 in = 25.4 mm).

The phi symbol (@) is for the convenience of the user in locating areas where
technical revisions have been made to the previous issue of the report.
the symbol is next to the report title, it indicates a complete revision of the
report.
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leathering propeller, 107, 108109
2lding propeller, 108, 109-111
geared-folding propeller, 109--111
reducing propeller drag, 107
advantages/disadvantages of, 107—
108
free vs. locked propeller, 108
techniques for, 107
slip method, 111
wake factors, 112
Schottle Drives, 105
Semidisplacement boats, speed formula,
12-13
buttock angle in, 12-13, 15
displacement-length ratio in, 13-15
hull strength and sea-kindliness in, 15
Shaft angle, 86-93
allowable limits of, 86
and center of gravity of hull, 87
and propeller diameter, 86
Shaft-bearings
determining spacing for, 92-93
spacing formula, 93
twenty-times—forty-times bearing
spacing rule, 92
Shaft couplings, SAE Standards, Appen-
dix C, 130-141
Shaft diameter
farmula for, 89
also Propeller shatt.
Shatt horsepower (SHP), 2
maximum shaft horsepower, 2
Shaft RPM, 20
shaft speed
outboards, 112
power factor method
checking against smaller vessels, 72
estimation of, 71-72
suggested shalt speeds, 72
Skew, 39-40
effects of, 39-40
Slip
vs. efficiency, 50, 58 (Chart 5-6)
and power factor method, 79, 82
slip vs. boat speed formula, 49-50
slip vs. pitch, 48 (Chart 5-1), 51
typical values, 50
twin-screw vessels, 61
Slip method

apparent slip, 47 (Fig. 5-1)
formula for, 48
evaluation of, 65
figuring pitch without slip, 49-51
figuring pitch with ship, 49-51
suilboats, 111
Speed
calculating wake factor from, 69-70
determining
displacement boats, 10-12
planing boats, 15-17
semidisplacement boats, 12-13
formula for, 69
matching to pitch, 4647
Speed churt constants, planing boats, |
Speed-length ratio, speed formula, 13-14
Speed of advance (Va), 66
formula for, 68
Square wheel, 26
Static thrust, 60—61
Steerable Z-drives
with contra-rotating propellers, 116
(Fig. 9-11), 117
cutaway view, 105 (Fig. 8-4)
maneuverability, 105
Step-up gears, 21
Stern drives, materials, 115
Straight bore dimensions, 138
Supercavitating propellers, 43
blade loading, 59
Bp-8 calculation, 77
at high-speed, 64--65
Surface propellers, 44
effects of, 44
high-speed craft, 115

Tank-testing, 9
Taper bore dimensions, 137
Taylor wake fraction (W), 66
Template, measurements, blade area, 125
Three-bladed prope!ler weight, 95
Thrust
formula for, 26
lost at towing speed, 101
Thrust calculation
approximate bollard pull formula, 61
static thrust, 60—61
thrust formula, 60
Tilt, outboards, 114

Tip nnloading, 23
Torque (T), 2-3
formula for, 3
for internal combustion, 3
torque curve, 6 (Fig. 1-3), 7
Towing-screw caleulations, tugboats, 100
Towing speed vs. brake horsepower, tug-
bouts, 97, 98 (Chart 8-2)
Trailing edge, 18
Transom brackets, mounting outboard,
114
Trapezoidal rule, blade area, 125-126
Trawlers
controllable-pitch propellers, 106
ducted propellers, 106
requirements of, 106
speed and power, 106
Trim, outboards, 114
Tugboats
power/towing speed estimation
brake horsepower vs, LOA, 97
free-running calculation, 100101
loss of thrust estimation, 101
maximum thrust towing, 101
towing-screw calculations, 100
towing speed vs. brake horsepower,
97, 98 (Chart 8-2)
weights of barges towed vs. BHP,
98(Chart 8-3), 99
propeller selection, 96
variable loading, 96
Twenty-times—forty-times bearing spac-
ing rule, shaft-bearings, 92

Variable-pitch propellers, 23
Ventilation, blades, 43
Virtual pitch, 24-25

Volvo outboards, 117

Wake factor (Wf), 68
determined from block cocliicient, 68—
69
determined from speed coefficient, 69—
70
formula for, 68
sailboats, 112
Taylor wake fraction(Wt), 66
Weight. See Displacement
Weights. See Propeller weights




Inde

Hull strength, speed formula, 15
Hydrodynamic pitch, 24-25

Indicated horsepower (IHP), 1-2
“Jacking™ an outhoard, 114, 115

Kaplan-accelerating series. 103
Keyway, 18

Kilowatt, measure of power, 1
Kort nozzles, 44

Leading edge, 18
Left-handed propellers, 18, 20

Manenverahility
ducted propellers. 104-105
stecrable Z-drives, 105
Mean width. measuring, 30
Mean-width ratio (MWR), 30, 32
reducing blade loading, 59
Metric horsepower (HK), 1
Motorsailers
controilable-pitch propellers, 111
See alyo Sailboats.
Multi-propeller vessels
cavitation calculation, 62
diameter calculation, 62
pitch calculation, 61

Newton's Second Law, 26

Nominal pitch, 22

Nozzles, controllable-pitch propellers,
103

Ogival hlade, 37

One-fourteenth diameter rule, shaft diam-
eter, B8--89

Outboards
“jacking” an outboard, 114, 115
mounting on transom brackets, 114
propeller selection, 112
shaft speed. 112
tilt or trim of, 114

Outdrives, advantages of, 115

Performance curve sheet, 4 (Fig. 1-1)
Pitch, 22-26
analysis pitch, P, 25
vs. blade angles, 23, 24 (Fig. 3-6B)
constant face pitch, 23
controllable-pitch propellers, 23-24
definition of, 22
effects of, 26
face pitch, 22-23
measurements
pitchometer, 127-130
radius for pitch, 127

Bm

nomingl pitch, 22
optiminn pitch ratio formulas, 54
pitch comparisons, 25
pitch ratio, 25-26. 28 (Chart 4-1)
pitch relief, 23
variable-pitch propelicrs, 23
virtual pitch, 24.-25
Pitch calculation
figured without slip, 47
figured with slip, 49-51
high-speed propeliers, 64
matching to speed, 46 -47
muiti-propeller vessels, 61
RPMs, determining, to find pitch, 47
Pitchometer, 127-130
advantages of, 27
averview of, 128-129
Planing speed with efliciency formula, 78
Planing boats, speed formula, 15-17
Crouch’s speed formula, 15-17
speed chart constants, 16
Power, engine performance curves, 3-8
Power [actor method. See Bp-8 calcula-
tion
Power. See Engine power
Projected blade area. See Blade area
Propeller clearance
fairing of struts/aperture, 85
fore/alt blade clearances, 84-85
high speed crafts, 35-86
insufficient, results of, 84
minimum tip clearance, 83, 84 (Fig.
7-1)
Propeller instailation
propeller clearances, 83-86
propeller weights, 95
shaft angle, 86--93
See also specific topics.
Propeller measurements
blade area, 125-126
diameter, 125
pitch, 127-129
Propelier power corve, 3-5
Propellers
anatomy, 19 (Fig. 3-1)
basic requirements, |
blade back, 18
blade characteristics, 27-45
blade face, 18
blade root, 18
blades, 18
blade tip, 18
diameter, 20
handedness, 18-20
high-speed propeiicrs. 6365
hub, 18
keyway, 18
leading edge, 18

manufacturers/suppliers, listing of
pitch, 2226
revolutions per minute (RPMs), 20-21
smuller
drawbacks, 63
use at high speed, 63-64
trailing edge, 18
walking i direction of rotation, 19
(Fig. 3-2), 20
See also specific topics,
Propetler shaft
diameter calculation
charts of, 89-91
for intermediate shafis, 92
for ocean motion, 92
onc-fourteenth diameter rule, 88-89
shaft diameter formula, 89
high-strength alloys for, 91-92
loads on, 87-88
material characteristics, 91
shaft-bearings
determining spacing for, 92-93
spacing formula, 93
twenty-times—/forty-times bearing
spacing rule, 92
typical installation, 92 (Fig. 7-6)
Propeller weights, formulas
charts of, 94
four-hiaded propeller weight, 95
three-bladed propeller weight, 95

Quarter-beamn-buttock angle, finding, 124

Ruke, 39 (Fig. 4-7), 40-41

positive and negative rake, 40

rake ratio formula, 41
Reduction gear, revolutions per minuic

(RPMs), 20
Reduction ratios, RPMs, 20--21
Resistance, determining, 9
Revolutions per minute (RPMs)

diameter calculation, 51

clicets of, 21

low, 79

pitch caleulation, 47

recommendations for continuous opera-

tion, 7-8

reduction gear, 20

reduction ratios, 20-21]

shaft RPM, 20

SHP and RPM curves, 5 (Fig. 1-2)
Righi-handed propellers, 1%, 20
RP'Ms. See Revolutions per minute

Sasihoats
Bp-H method, 112
cavitation, amount of, 111
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multi-propeller vessels, 62
rcavitating propellers, 59
ca. construction, power factor method
advance coefiicient calculation, 73, 74
cavitation calcutation, 75
Qameter caleulation, 74-75
efficiency calculation, 75
pitch caleulation, 75
power factor calculation, 73, 74
speed of advance caleulation, 7374
thrust calculation, 75
“hord, 37
Jlearance. See Propeller clearance
Zonstant tace pitch, 23
“ontinuous-duty engines, RPMs for, 7-8
~ontour, 38-39
eftects of, 39
Contra-rotating propellers
drawbacks, 115-117
high-speed craft, 115-117
ontrollable-pitch propellers, 23-24
drawbacks of, 102
engine overload, avoiding, 101
motorsailers, 111
nozzles, 103
selection of, 101
trawlers, 106
types of, 102
variable loading, 101
’s propeller method
v ..ation calculation, 57-59
diameter calculation, 51-56, 62-63
high-speed propellers, 6365
pitch calculation, 46-51
slip method, 47-51
thrust calculation, 60-61
See also individual topics.
“rouch’s speed formula, planing boats,
15-17
“upped blades, 42-43
blade loading, 59
effects of, 42

Yecimal exponents, calculation with, 142
Jeveloped blade area. See Blade area
dameter
propellers, 20
smaller propellers, drawbacks, 63
diameter calculation
controlling factors, 51
high-speed propellers, 64
from HP and RPM, 51-53 (Charts 5-3)
limited diameter, 62-63
actual blade loading formula, 62
draft/hall shape limitations, 62-63
small propeller size, determining, 63
wm acceptable diameter

formula for, 55-36 (Churts 5-3)
pitch ratio in, 5433
multi-propeller vessels, 62
propeller shalt
charts of, 89-91
for intermediate shafts, 92
for vcean motion, 92
one-fourteenth diameter rule, §8—-89
shaft diameter tormula, 89
RPM for, 51
for two- and four-bladed propellers, 54
Disc-area
disc-area ratio (DAR), 30, 32
measurement, 30 (Fig. 4-2)
Displacement
calculation from hull measurements,
121123
definition of, 9n
displacement boats, speed formula,
10-12
displacement-length ratio, speed for-
mula, 13-15
displacement speed with efficiency
formula, 78 /
finding displacement, 10
Ducted propellers, 44
advantages of, 104
bollard pull, increases, 103104
description of, 103
effects of, 44
efficiency increases and, 103
installation, 104 (Fig. 8-3)
maneuverability, 104-105
nozzles, 103
trawlers, 106
Duty/power ratings, 7-8

Effective horsepower (EHP), 1
Efficicncy
efficiency adjustment table, 76
vs. slip, 50, 58 (Chart 5-6)
Efficiency considerations, power factor
method
displacement speed estimation, 77-78
large diameter propellers, use of, 79
planing speed estimation, 78-79
and speed estimates, 77
Engine overload, avoiding, 101
Engine performance curves, 3-8
fuel consumption curve, 4 (Fig. 1-1), 6
(Fig. 1-3)
performance curve sheet, 4 (Fig, 1-1)
propeller power curve, 3-5
torque curve, 6 (Fig. 1-3), 7
Engine power
brake horsepower (BHP), 2
determining for given speed
displacement boats, 10-12

planing boats, 15-17
senudisplacement boats, 12-13

effective horsepower (EHP), 1

effects of horsepower, 2

indicated horsepower (IHP), 1-2

measures of, 1 ¥

power/energy losses, 2

relationship to propeller pow.r, 53-8
duty/power ratings, 7-8
low propeller power effects, 6
SHP and RPM curves, 5 (Fig. 1-2)
shaft horsepower (SHP), 2
torque (T), 2-3

Experimental pitch, 25

Face pitch, 22-23
Fairing of struts/aperture, 85
Feathering propeller, sailboats, 107, 10§~
109
Flat-faced blade, 37
Folding propeller, sailboats, 108, 109~
111
Fore/aft blade clearances, 84-85
Four-bladed propeller weight, 95
Free-running calculation, tugboats, 100-
101
Fuel consumption curve, 4 (Fig, 1-1), 6
(Fig. 1-3)
Fully cavitating propellers, 43

Handedness, propellers, 18-20
High-speed craft
contra-rotating propellers, 115-117
power factor method and, 82
propeller clearance, 85-86
surfuce propellers, 115
High-speed propellers, 63—65
diameter calculation, 64
pitch calculation, 64
propeller size of, 63-64
supercavitating propellers, 6465
Horsepower (HP)
diameter calculation, 51-52
measure of power, |
metric horsepower (HK), 1
See also Engine power.
Hub, 18
Hub diameter, 126-127
Hull measurements, 118-124
buse dimensions, steps in measurement,
118-119
displacement calculation, 121-123
hull volume, 123
quarter-beam-buttock angle, 124
section area, 122-123
section measurements, 119-121
triangulation frame, use of, 120-121
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Adrfoil blade, 37

Amnalysis pitch, 25

Apparent slip, 47 (Fig. 5-1)
tormula for, 48

Aquamaster Drive, 105, 117

Axial-thickness ratio, 38

Barges
weight and towing, 98 (Chart 8-3). 99
See also Tugboats.
Blade angles, vs. pitch, 23, 24 (Fig. 3-
6B)
Blade arca
developed area for hub diameter, 36
developed area to projected area for-
mula, 29
developed area vs. diameter, 33-35
(Charts 4-2a, b, ¢)
developed blade arca, 28
developed to projected arca conversion,
29-32
disc-area ratio (DAR), 30, 32
clfects of, 31-32
mean-width ratio (MWR), 30, 32
measurements
blade area ratios, 127
hub diameter, 126127
template, use of, 125
trapezoidal rule,125-126
pitch ratio, 28 (Chart 4-1)
projected blade arca, 28
relationships of MWR/DAR/developed
area, 32
smaller propellers. drawbacks, 63
Blade back, 18
Blade face, 18
Blade loading ,
actual blade loading formula, 58, 62
allowable blade loading formula, 57
reducing, 59
See alse Cavitation calculation.
Blade root, 18
Blades, 18, 27-45
blade area, 27, 28-36
biade-thickness, 38

cavitation, 43
contour, 38-39
cupped blades, 4243
ducted propeflers, 44
multiple, effects of. 2728
numbers of, 27
rake, 40-41
rules/guidelines related to, 45
section shape, 36-38
airfoil blade, 37
effects of. 37-38
ogival blade, 37
skew, 39--40
surface propellers, 44
ventilation, 43
Blade thickness, 38
blade thickness formula, 38
effects of, 38
Blade tip, 18
Block coefficient
determining wake {actor from, 68-69
formula for, 69
Bollard pull, 60-61
approximate bollard pull formula, 61
increases, ducted propellers, 103-104
Bp-8 calculation
advantages of, 82
chart construction, 71-76
advance cocflicient calculation, 73,
74
cavitation calculation, 75
diameter calculation, 74-75
efliciency caleculation, 75
example charts, 8081 (Charts 6-4)
pitch ealculation. 75
power factor caleuiation, 73, 74
speed of advance calculation, 73-74
thrust calculation, 75
for twin-screw craft, 76
efficiency considerations
displacement speed estimation, 77—
78
large diameter propellers, usc of, 79
planing speed estimation, 78-79
and speed estimates, 77

example vessel characteristics, 70-71
high-speed craft and, 82
real and apparent slip, 66
swiboats, 112
shaft speed
cheeking against smaller vessels, 72
estimation of, 71-72
suggested shaft speeds, 72
ship and, 79, 82
and specific propellers
efficiency adjustment {abie, 76
propellers with airfoil section, 77
propellers with skew or rake, 77
supercavitating propellers, 77
two-bladed propellers, 76-77
speed of advance (Va), 66
formula for, 68
wake factor (W), 66
determined from block coefficient,
68-69
defermined from speed coefficient,
6970
formula for, 68
Taylor wake fraction (Wt), 66
Brake horsepower (BHP), 2
vs. LOA, tugboats, 97
maximum brake horsepower, 2
Buttock angle, speed formula,
semidisplacement boats, 12-13, 15

Cavitation. 43
eflects of, 43
fully cavitating propellers, 43
sailboats, amount of, 111
supercavitating propellers, 43
Cavitation calculation
accuracy of, 57
actual blade loading formula, 58, 62
adjustable blade width, 59
allowable blade loading formula, 57
approximate efficiency vs. slip, 58
(Chart 5-6)
cupped-blade propellers, 59
high-speed propellers, 64--65
increasing number of hlades, 59
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Ameson Suiface Drives: Basic Considerations for Designers and Builders, by Douglas
. Railton and Paul Kamen, Arneson Marine, Inc. Corte Madera, CA (paper presented
at 1988 Westlawn Yacht Design Symposium)

Basic Naval Architecture, 3rd Edition, by Kenneth C. Barnaby, Huichinson Scientific
and Technical, London, England, 1960

Rasic Ship Theory, Vols. I & 11, by K. I. Rawson and E. C. Jupper, Longman Scientific
& Technical, Essex, England, 1983

Caldwell's Screw Tug Design, by A. Caldweil, revised by Jeffrey N. Wood, A. S. Barnes
and Company. Inc. Cranbury, NI. 1970

Blements of Yacht Design, by Norman L. Skene, Kennedy Bros. Inc., New York, NY
1938 (modern edition appears later in this fist)

High Speed Small Craft, 4th Edition, hy Peter du Cane, John de Graft. Inc.. Tuckahoe.
NY, 1973

How Fast Will Tt Go? Performance Limits of High Speed Planing Hulls. by Morley S.
Smith, The Planimeter, Volume 36, Winter, No.2, the Society of Small Craft Designers

Mark’s Standard Handbook for Mechanicai Engineers. 8th Edition. Theodore Baumeis-
ter, Editor-in-Chief, McGraw Hill Book Company, New York. NY, 1978

Metal Corrosion in Boats, by Nigel Warren, International Marine, Camden, ME, and
Adlard Coles Lid.. London, 1980

Motor Yacht and Boat Design, by Douglas Phillips-Birt, Adlard Coles Limited. London,
England, 1966 =

Naval Architecture of Planing Hulls. 3rd #dition. by Lindsay Lord. Corell Maritime
Press. Cambridge MD. 1963

Primer of Towing, by George H. Reid, Coineil Maritime Press. Cambridge, MD, 1975

Propeller Selection, by Kevin Mitchell & Robert Kress (paper presented at {983 West-
lawn Yacht Design Symposium)

Safety Standards for Small Craft, American Boat & Yacht Council, Millersville, MD,
last update 1988

Skene's Elements of Yacht Design, [8th Edition, by Francis S. Kinney, Dodd. Mead,
New York, NY, 1973

Theory and Practice of Propellers for Auxiliary Saiiboats, by lohn R. Stanton, Cornell
Maritime Press, Cambridge, MD, 1975

Tugs, Towboats and Towing, by Edward M. Brady. Cornell Maritime Press, Cambridge,
MD, 1974

Voyaging Under Power, by Robert P. Beebe, International Marine/Seven Seas Press.,
Camden, ME, 1975
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Manufacturers and Suppliers

i
A

Ameson Marine, Inc. 15 Koch Road, Unit IZ, Corte Madera, CA 94925- surface propel-
lers for high-speed craft

Bird-Johnson Company, 110 Norfoik Street, Waipole, MA 0208 1-lixed- and controllable-
pitch propeliers for commercial applications

Brunton’s Propeliers Lid, Station Road, Sudbury, Suffolk CO10 65T England

Caterpillar Inc.. Engine Division Market Development, 100 N.E. Adams Street, Peoria.
IL 61629

Escher Wyss Propellers, Sulzer-Escher Wyss, GmbH, D-7980 Ravensburg, F.R.G.—hy-
draulically operated. controilable-pitch propeilers for commerciai applications

Hollming Ltd.. PO Box 14 26101 Rauma. Finland -Aquamaster stecrable Z-drive units

Hundested Motor & Propeller Fabrik A/S, Skansevij 1, DK-3390, Hundested. Denmark—
controllable-pitch propeliers

Tatstram Ltd., 219 E. 6th Street. North Vancouver, BC, Canada V7L | P4 geared folding
propellers for sailboats

Kaama Marine Engincering, Inc., 936 Sunset Drive, Costa Mesa. CA 92627 -surface
propeliers for high-speed craft

Kahlenberg Bros. Co., PO Box 358. Two Rivers, W1 5424 1-fixed-pitch propeilers for
yacht and commercial applications

KaMeWa, Kristinehamm Works, S-68101 Kristinchamm, Sweden—controllabie-pitch
propellers for large, fast yachts, patrol hoats and commercial applications

Kickhaefer Aeromarine, Inc., 1970 Acromarine Dr., Fond du Lac, W1 54935 -propellers
for high-speed pleasure and racing craft, outboard, sterndrive and inboard

Laird Engineering, 3705 West Carmel, Peoria. IL 61615

Liaaen Helix /s, Godoygt. 8, N-6000 Aalesund Norway—-controilable-pitch propellers
for commercial applications

Lipps BV, PO Box 6, 5150 BB Drunen, The Netherlands-propeliers for commercial
applications '

Mercury Marine, Fond du Lac, Wi 54935-propellers for outboards and sterndrives

Michigan Wheel Corporation, 1501 Buchanan Ave., SW, Grand Rapids, MI 49507—
fixed-pitch propellers for all yacht and commercial applications, ducted propeiier sys-
tems

PVIinc., PO Box 71098, Seattle WA 98107--geared feathering propellers for sailboats

* Schottle (UK) Ltd. 4 Paradise Row, Bethnal Green, London E2 SLE. England-stecrable
Z-drives

Scandinavian Propellers Ltd., 22-26 Industriskeliet DK-3300, Frederiksvacrk, Den-
mark--controllable-pitch propelicrs

Vetus UK Ltd, Greasley Street, Bulwell, Nottingham, Notts NG6 8MJ England

W.H. Denouden (USA) Inc., PO Box 8712, Baltimore, MD 21240 -propeliers for small
craft and sailing yachts

14¢



QL ribamey
anonoqxd lsmiosl

e

m ettt WAt oo e emeiaty o sl oo wemnminy dood wid) MiqlmlT
e ot st Y0 [hmd & S0 = GRIR] L2 siarmm ]

g b b il byt s slegpeie e @ soisluieo idmeios 8 o sk avios <
iy frenay thow Al 500 T Mieaan ﬂm Lok w Iﬂ.iw sili j;mrd"m
iies b lkolp " A ) e

Brdrashiin 0if it s & o 31yl afismpnes kst dfiw walimal Jon st vl
B R T

s e st X w0 RV snvwa ol 2 =L ok smz b o0

& 1o sowr sbing o G ws o ot i VX aw oenme adi s 7Y
I ok lim

es 4 MO bl rand g Jo s dione few o iamianeh & Jad) 4% pEs oY
Vo lsttnooh Ty eioegen sl an votoeil &0 lsatoab & st ow wdisde saamnalidn W
{ vt ain g & ol WS O Mediaga o7 2 v

el AN o6 e ST e smessones Tgmeios 1 1o inaiash & ) aok oalu poo und
i1 AUET i 9 e seravr ool en asnea adt ayuveli 2l tom ol tad) bag s
§ e G s i ) Qi o acane o) 20 yoweq 2.0 adt ot T
b s o gt A e Some it ;V o L 20 » b = 2.0 % anwm
Gt mreern 0 L1 vt Tt Yo tatey vty it spevides ee sere odh al yowon E0F 0

(0 yuivig .£'= RLED

ool o b a7 wOEE Y3 dad) o anenones innoob weds gabdl sum o0
sa aepery oo e it ol sl ol e aptanndsln Isidmomogxs diow ol
el oy a2 it b ek sl @l g 5003 bees sRype e o 2o
ot g Bomes ot aoad we bty Wy ot imips Wil ek YHIGRES RV B Lt b
sipw wisrhinnn & aabineen ad Dbk idanoiteln BT e

'jf_ilﬂ' an v ndt o M  an anamx ol o, s

afs e 11 b WAL @ oML TOTIT o Tt Tasnegas TR0 e o glon 7
bitt‘ dpwie i s o nowgp an pned £ npe ol W W = SR N

DY Y1 AL e renE) TE O win 0 by asewidl RS abjier 11 0

— PU— - o

-'*3_#



- Arirv 4 8
LPPENAIX L

ial Evne vy
Decimal Exponents

Thmughout this book extensive use is made of decimal exponents. For instance, in
Formula 5-2 [SIIP = 1.4 + Kts"57}. 0.57 is the decimal exponent.

To solve this on a scientific calculator is as simple as entering the value for knots,
pressing the exponentiation key, and entering the exponent of (.57, This will give the
value for Kts® ¥ quickly and casily.

For those not familiar with decimal exponents, however, it is a good idea to understand
what they are:

X% is the same as X7 is the same as VX or VX, the square root of X;

X3 is the same as X2 js the same as /X, the cube root of X;

and =0 on,

You can see that a decimal is just another way of wriling a fraction and that it makes
no difference whether we use a decimal or a fraction as the expoient. (The decimal, of
course, is the easiest to enter in a calculator.)

You can also see that a decimal or fiactional exponent is the same as taking the root of
anumber, and that the root is always the same as the inverse of the decimal. Thus, raising
a number to the 0.5 power is the same as taking the square root of that mumber. (The
inverse of 0.5 = 1 + 0.5 = 2, and V/X is the same as Vx.) Kaising a number to the
0.334 power is the same as taking the cube root of that number. (The inverse of §.334 —
I+ 0.334 = 3, giving V/x.)

The nice thing about decimal exponents is that they allow quick manipuiation of for-
mulas with exponcatial relationships that do not happen to fall exacily on even powers or
roots such as square and cube roots. in the case of Formula -2, the data showed that
ship did not vary exactly as the square root of speed in knots, but as speed to the 0.57
power. This relationship could be rewritten a number of ways:

ek ST Ly r—
K1s"*7 is the same as Kis™ is the same as  \/Ris?
Net only is the 0.57 exponent easier to enter into a caleulator, it’s easier 10 weiie as

well. As an example. if we were to raise 12 knots to the (.57 power, the answer would
be 4,121, while 25 knots raised to the 0.57 power would equal 6.264,
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DIEISIONS

EPEER

TARLE J-=HUBS ¥l SHAFTS FEOM 3/4 TO 3N, [N DHAMETER, INCLUSIVE, WITHOUT SLEEVE®

Din Small End, A

Keyway Hidth, ©

i Hayway Side Depih," O

1 e 1
Mominal Bore | | Longih, & 1 . Kayway Fillat
iYia : H ! ) | ! ' | Aodivs,” &
Min | Max | MNominal : t i MNominal i Min i Max
174 | 0.408 i Q410 2114 | 14 | ! 1/3z2 Q.N%R Qe 4
TR i n7ln 0712 2-5/8 | 144 i ! 1/8 01279 ; 031 WiV
' I IR | 0.813 a i 1/4 | /8 | 039 | 0131 } a2
1-1/B | 0913 0Ri5 3-374 | 14 | i 178 | 0.139 | PRER! 1 /37
104 i 1015 1 1.017 3-2/4 | 3/1é : | 312 [DaAy | piss s
1-3/8 i IR 1138 4.1 /8 ! 57146 | 5099 RS o164 ! 1ha
i 1 vats | 1220 412 i a8 ! | 116 0.175 | 0198 s
1 H | | | |
¥t i 1421 | 1.423 5.1 4 | e ! 737 | 0,274 ' 0329 | 1is
2 H 1474 ! 1.6426 & | 142 | | 144 ! 0.25% i 0,262 /14
2144 1 1837 1.829 i 8-2/4 | LAk i wia7 | 0.2t ! 0,294 3732
2-172 X 2.030 1 2.032 i zaf2 i 5/R | 514 ] } 0325 i /32
7-3/4 2.233 i 7.235 ! B.1/4 i 3/n | i 316 ! 0325 ! 3732
3 i 2.437 i 7.439 | v i G4 | 5716 i VEbT EVT]

*For intermedinte sizes and sther design data, ter Bosic Dala
Y aywoy shall be oot parallel to taper. Keyway side depthis memured narmal fa axis of taper,

“Fillety nre racammended for keywayt
mandulory in kubhs for sholi abovs 7 i

in digmater,

TABLE 4-~HURS FOR SHAFTS FEGHM 1-1/4 TO 8 IN, [N DIAMETER*®

in hubs For shalls theowgh 2 in, in dureter. Fillets qre

Mominol Bore Dia Small End, A

|
Diab L 7 | Lenath, B

T T Ty
3-102 I | §0-1 42
2.3/4 | BT
4 ] 12 :
4.1/2 i | 100 /4 !
L i |ty

|

542 ! 17.3/4 i
i ] !
4-1/2 1e-1/a |
7 SN AT
T 02 | 1B-3/4 |
A I 20

L1y7
1-1/2
P-3/4

Shafls Withow! Slaeve

Min J Max
n.7485 0.750
N.ATAY n.A7S
Q8735 0A7S
09985 VA00
1.123 | 125
T.24R i 750
148 1.3
1.372 13
1a73 | 13
Tavg 1,500
L4598 | 1.500
1748 1 b.750

Kayway Side Depth, D

Mominal H

Sfte
Sfte
sfis
S/i4
a/e
I 7fe

7ia
[
| 173
s/14
214
216

Min

0.562

Heyway
Fitler
H Radiug, R
i Max
L oeare 1%
0.327 LS
| a7 /8
G.129 L
Loog9l 5432
I n4sa a4
0.453 314
| 0510 | 732
I 0519 77232
. 0587 | 1/4
| ‘nisay | T
0.585 | 1/4

Shalte with Slesve

' Din," &
(— ; Blapth,
i
I Min | Mo !
I & 1R7R | 7/
| 4dzs 41248 7R
| 4375 4378 778
i 4625 4.628 P-1/8
| 5250 5,253 P18
| &000 4.0073 1.1 /8
LAs00 4503, 1.0/
| 7.000 o030 14
| 7500 . 7SS0 | d.ags
8125 | BIAzE | 1-3/8
8.425 AATH 1-3/8
R I ] 1-3/1

* Farintermediate sizes and other detign dote ser Snse Datn,
Y O huba far shafts & in, and larger, taper is 1in, on dinmeter pee B eguale 1017 in per in

esauals 4 deg 44 minutes 17 1ac tatal included angle,

“ihe e of o chofl slesve iy recommended Tor thafis 3.5/4 in, in diometer ond over The

propeliechyh countrrhare iy to be uped aniy with shafis having the sleeve,

-

!
i

R —

v

e
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Appendix C

i
Lntermediate-Size Tapers-—The required small-end taper diameter of
b H appe " e H - - . . - -
g ' Ushatt diameter plus 0.0254 in hub bore and shaft end for intennediace diameters not covered by this Stand-
For nominal shaft diamerers i 10 54, in, inclusive, the small end of the ard shall be caleulared from data given above using the next smaller standard

i Fornomiuad shalt diameters ? 3 to o inclusive, the stall end of e taper
“hall be 0.8125 times the nomis

<per shall be 084375 tmes the nominal shaft diameter plus 0.03125 iy, taper data.
For nominal shalt dinmeters § to 8 in. inclusive, the small end of the taper The keyway for intermediate-size hub bore and shaft end shall be thar
shall be 079167 times the nomingl shait diamerer plus QL0167 iy, specified for the next smallest standard bore and shall,
oo
é':vq&“ G-

P“\_' i (i
Dritf ﬂmﬁ 5 ﬂ

,g«l L—!{»H-'- =

TAFER OF SHAFTS 10 & IN, DIAMETER = 374 IN. ON DIAMETER PER FT = 1714 IN, PER IN, = 3 DEG 34 MIMN 47 SEC TOTAL [HCLUDED AMGLE
IAFER OF SHAFTS 6 IN. AMD LARGER = 1 IN. ON DIAMETER PER FT = 1/12 1N, PER IN. = 4 DEG 46 MIN 19 SEC TOTAL INCLUDED ANGLE

FIG, 2=PROVELLER-SHAFT ENDS

TASBLE 2—DIMENSIONS FOR SHAFTS FROM 3-1/4 TO 8 IN. IN DIAMETER®

Dia $mall End, l Keywoy Widih, I Keyway Sids Depih, " Thread,® End of
Meominal B Tapsr o E Keyway F Taper to | Extenslon
Shatt o S —— R | 1T VR e N NPV ST Fillst . g End Bayond
Dia, < Radivs, of Thread, Taper,
A K Threads G H
Min Max Neminal Min Max Nominal Min Mox Bla pér in,
3-1/4 2.463 2,685 9-3/8 34 | 0.7485 0.750 5716 0.an 0.314 1/8 2.1/2 4 4-3/8 5178
3-1/2 2.866 2.868 10-1/8 /e 0.8735 0.675 316 0.310 03123 1/8 2-1/2 4 4.3/8 5-1/8
33/ 3069 3071 i0-7/8 /8 08735 0.875 LYAT- I 0310 0.313 1/8 2-3/4 4 4-3/4 S5-142
4 3.272 3274 11.5/8 ] 07985 100 5f16 0.30% 0312 i/8 3 4 5-1/8 3-7j8
4-1/2 d.azr 3.829 10.3/4 1-1/8 1.123 L b /8 0.373 0.374 5732 3-1/4 4 5-5/8 &-3/8
5 4.249 4.251 12 1-1/4 J.244 1250 7/16 0.434 0.437 316 3.3/4 4 6-378 7-1/8
s-1/2 4,671 4.673 13-1/4 1-174 1.248 1250 Pyt 0.435 0.438 3/14 4 &-3/4 7-3/4
i | 479) 4793 14.1/2 1-3/8 1.373 1375 1/2 0.493 0496 7/32 4174 4 7-1/2 8.1/2
b:-1/2 | 5.187 5189 15.3/4 1.3/8 1373 1375 1/2 0.494 0.497 7/32 4-1/2 4 B8-1/4 9174
7 fl 5.582 5.584 17 1-172 1.498 1.500 /18 0.555 0.558 1/4 5 4 ¥ 10
7-1/2 | 5978 5.980 18-1/4 1-1/2 1.498 1.500 916 0.554 0.55%9 1/4 5-1/2 4 9-3/8 10-3/8
8 |! 4,374 a.374 19-1/2 1-374 1748 1750 of14 0.553 0556 - 1/4 5-3/4 4 9-3/4 10-3/4
TABLE 2—DIMEMNSIONS EOR SHAFTS FROM 3-1/4 YO B IN. IN DIAMETER® (CONTIMUED)
]
Undercut Catler Pin Hole Colier Pin, @ H Mugs ¢ Sledve Dia,* U
Neminal (. = . B R T e | PR S e
Shalt Dia ot | Length of Clearance,| Keyway,
Dia, Pin End, Pin End, Plain Jam z X
A J K L M N P Mominel Langih Sixe Thickness, | Thickness,| Min Maox
(Drill) bia T w
3174 2-1/8 /8 2-1/8 /4 £.37/84 1 ays /8 3 2-1/2—4 2-142 1-1/2 3.870 3.872 /e B-1/2
3-1/2 2178 /8 2.1/8 34 4-37 /84 /4 aje 3 21724 2-1/2 11742 4120 4,122 afe 9174
3-3/4 2.3/8 i/a 2-3/8 d/4 d.-41/64 3/8 3/8 A-1/2 2.3/4—4 2.3/4 1-5/8 4.3469 4,371 aja |1+
2-1/2 ife 2042 3/4 5.21/84 /8 ije 312 3 —d 3 1-3/4 4619 4,621 /8 10-1/2
42 2.3/4 a/e 2374 a4 = - — - 3 1/4—4 | 314 1.7/8 | 5243 5245 1/2 9.5/8
ERYA /8 30/4 a4 S - - - A3fd—4 | 3374 2.1/8 5,993 5995 142 10-7/8
5.1/2 3-142 1/2 3-1/2 | —_ — — — 4 —4 | 4 2.1/4 6.492 6,494 /2 12-1/8
3-7/8 1/2 3.7/8 1 _— st o i 4-1f4—g 4174 2-1/4 4,992 4994 1/2 13-1/4
4-1/2 4-3/8 1/2 4-3/8 t = — e o A-1f2—4 4-1/2 2-1/2 7.492 7494 1/2 14-3/8
478 12 i.7/8 1 = — - - 5 a5 2.3/ | 817 | 820 12 15.5/8
7-1/2 | 5.8 172 5178 | — — o - 5.0/2—4 | 5.2 3 8416 8619 12 16-7/8
8 |’ 3-3/8 ‘ 1/2 5-3/8 1 —_ i —_ I —_ — 5-3/d-—4 5.3/4 3-1/8 9.240 9.2423 1/2 18-1/8
i i i }
oA steel shaht may be vied in salt water if o suitable oft Fairwater is used. YNuts ore 1o be semifinished stock, American Standard B18.2.
"Keywoy shall be cut porallel 1o taper, © The shalt sleeve shown iy fecommended practice, but the use of o slesve it oplional,

“Threads cre Uniflad and American Standard, Closs 34,

< ’ i !
i F- :_,-'/Z'Z ./. r'./[m

FZINY ) e 22
\# At

TAPER = 3/4 IN. ON DIAMETER PER FT = 1/16 IN. PER 1N, = 3 DEG 34 MIM 47 SEC TOTAL INCLUDED AMGLE

FIC. 3—PROPELLER HUBS
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nhafl er ang Conpling Dimensions

Tolevances for SAE Marine Tapers —Surface Finish - The machined surfaces

Basic Dimensions Tape: prer foot measured on the diamerer and dia,

of propeller hubs and shafting shall be equal to that defined by American cier of small end of taper shall hie hasic dimensions, E
Stanedard Rih as Roughness Svmbol 61 which denotes thar the rool mean Taper Tolerances for Hob Bores 1
sipuare average height ol surface reegularities shall not excecd 60 Muan Sires -:-"1 e i‘_a’_’l in itclasiee, 07000 4 00000, — 0000 in, taper per fi
{frernimehes Sizes i 10 2ing incinsiee, 075000 § 00000, — 10009 in laper per (i
- Q-Cotter An "‘—N"-*"*_""“‘xm T
| % i~r»w i ;______,
z45 o—”—; —{
fr
omﬁ § /%
L]
ML—- }(-»-t ke v i-o Ly Sec ¥-¥
TAPER = 3/4 IN, OM DHAMETER PER FT = 1/16 [N, PER IN. — 3 DEG 34 MIN 47 SEC TE3[AL IMCLUPED AMGLE
FIG. 1-PROPELLER.SHAFT ENDS
TABLE 1—DIMTIMNSIOMNS FOR SHAFTS FAOM 3/4 TO 3 iM, IN DIAMETER
i r
Dia Small End. 1 Keyway Width, Keywoy Side Depth," | Thrnad, find ot
Mominnal a Taper B E Keyway F Taper ter | Exlension
Sl;ufl by il S s l'.‘l"gfh. B T —— ke | . Fillei i R g Ers Beyond
il Rodiu " of Thrend, Taper,
A . Threads L] H
Min Max Mominal Min Max MNamina! Min Mox Dia per in,
374 a4 | nare | 2 316 | o.imss | oamzrs | a3z | 0095 | oovr 1737 72 | 13 | vijis | vspis
7B 07 U778 2-3/8 1/4 249 0,250 1/8 0.125 Q127 /32 5/R 1 1-1/4 1-1f2
! 0.827 0829 2.3/4 /4 0.249 0.250 /8 0,125 0427 117 3/d 0 1.7/16 1.3/4
1178 0.y 0931 3178 174 0.249 0.250 178 n125 {18 b S B e . 3/4 10 1.7/14 1.3/4
I-i/4 10330 1.032 3-1/2 Vo T 0. 6 3125 32 0.157 o160 | 1/ 7ia v 1-5/8 2
(B 1132 1,134 3.7/8 5/i4 I Q3115 03125 5437 0157 a.1an '] [FATS 1 I -] 1.13f14 2-1/4
L f2 1233 1.235 4.1/4 /8 0.374 0.375 /e ARG 0,192 4 1-1/8 | 7 1 27706
1374 1437 1439 5 T/16 | 04365 | 04175 7432 9219 0257 n e 4 2174 2:a%
2 1440 | A4 5:3/4 172 0489 0.500 1/4 0,251 | D254 118 112 4 2.5/8 3.1/8
2,174 1,842 1.845 6172 2014 0.541 0.5625 0f3z 0.281 nand a1 1A 5 3 .2
2142 2044 2.048 To1fa /8 0.6215 nA?S 5416 0315 0312 3/32 1-3/4 5 3 3-1/2
7-2/4 2.257 22579 7.7/8 5/R 0.6234 0625 S5t 0.311 3t afa 2 a2 10 4
1 7 440 A&7 A-5/8 | /4 0.74R5 0.750 5016 031 0314 ifaz 2-1/4 4.1/2 3.7/% 4-3/8
TARLE 1—DIMEMNSIONS FOR SHAFTS FROM 3/4 TO 3 IN. IN DIAMETER (CONTINUED)
MNaminal Undereut Cetter Pin Hole Colter Pin, Q Muts '
Shatt : oo Dioof Length of | - B S e, i Kayway
Dia Pin End, Pin End, Langth,
e i M P Nominal Plain Jom ¥
3 K ™ - {Drilh o Length Size Thickness, 7 | Thickness, W
T e 38 174 1.5/64 264 178 34 e |7 5716 1.1/2
g;a l;a 714 1/4 12164 9fbd g 374 Sfa=—11 1 5/8 /8 1.25/32
1 178 112 5i16 113044 964 /8 i Af 4100 3/4 7418 2.1/8
11ga /8 12 5014 1.33/64 P64 i/8 1 L 3si—10 /4 Five 2178
1174 178 578 /6 1-23/32 11744 532 1.i/4 7/8—9 7/8 1/2 2-13014
1.3/8 1/8 /4 i 1.29/32 11/64 5/32 1.1/2 t —=8 1 96 3.3/14
1.];; al14 7/8 7i08 2-3/32 1164 5/32 1-1/2 1-1/8—7 1-1/8 5/8 3-1/2
= 318 1 12 2.23/64 13744 3716 1.3/4 b1 47 1174 374 47432
o ] 1.174 1/2 7-47 /64 13/44 a1 2 1-1/2—4 1.1/2 7/ 415014
7 114 afie / i
174 e, 3f14 1.3/8 1/2 3764 1764 Ti4 2-1/4 1.3 a5 1-3/4 1 5-5/8
;H? 1.;{?5 3:::5 1-7016 /e 3.9/464 1764 1/4 2-1/4 | 1-3f4—5 | 1.374 i £.3/32
‘ Y 174 1.11/14 1/2 G.41/64 17 /64 174 2.1/2 'z —dfz 2 1.1/8 | #&2i/32
2-3/4 1-11/14 {: £
3 115716 1/4 115014 172 41764 17 /64 1/4 3 |[ 2-1/4—4. 1;2 | 2-1/4 1.1/4 7-11/a2
K eyway sholl be cul parell=l to taper. " Thrends ore Unified and American Stanaard, Class 34,
b Eillmts gre recommanded for kaywayy in shafts through 2 in. in dirmeter Fillets are mandatory P his re 1o be semifinished stnck, Americon Standard B18.2
ferthatly abave 7 in_in dinmeter,
Sizes 2V, 1o Zin inclusive, 07500 (4 00000, — L0015} in. taper per i Kevs —Keys for use in Blleted keyways muast be chamfered so that the
Sizes 3 to 5% ins mchusive, 07500 (400000, — (LOOE3) in, taper per (1 corners of the key do not tauch the keyway fillets,
Sizes b to fin inclusive, 1LO0OO (4 OO0, - 0.0003) in taper per ft. Small-End Diameter of Taper for Hubs—For naminal hore diameters
Taper Tolevances for Shalts Aot 4 in inelusive, the smali ond of the taper shall be 08125 times the
Sizes ¥ to 1m0 inclusive, 0.7000 (40,0020, —0.0000) in. taper per ft, nominal bore diameter
Sizes Y 1o 20n, inclusive, DB C R 00019, < 0000} in. taper per (L For nominal bore diameters 85 w0 5% 0, inclusive, the small end of the
Sizes }“f"i too 3 in, inclusive, D500 (00015, — 00000 in. taper per Tt taper shall be LH437% times 1he nominal hore diameter,
Sizes 3, 10 54 i inclusive, L7500 {4 00013, - 0.0000) in, taper per f1. 3 e : . T .
Sizes 6 1o B in inchusive, §0000 ( 00013, =000 i taper per fi .I‘far‘ rnmu:;niu;m.rvz diameters n. m.ﬁ in, |l\£:|lls:\-f-, the stall end of the taper
Basic DataKeywavs . The keyway shall be cut paraliel 1w taper, Ag the shall be D.79167 times the nominal hare diameter,
small end af the hob lenerh and shaft taper leneeh, che kevway shall lave the Small-End Diameter of Taper for Shafts For nominal shalt diametes
specified side depth. The kevway side depth shall be measured nonnal o the t-"l oy ?‘_'f: in. inclusive, the small end of the taper shall be 08125 tumes
axis of the taper, not normal 1o the surface of the 1aper, nominal shall diarpeter plos 007962 in. §
i




Why won't your engine reach its top rated RPMs?

Why is vour propeller shaft vibrating?

Why doesn't vour boat reach the top speed claimed by the manufacturer?
Will more or less propeller pitch improve your boat’s performance?

Is a square wheel (pitch equals diameter) best?

Is a folding prop best for your purposes?

Should you choose a two-, three-, or four-bladed propeller?

r—  Dave Gerr is a naval

& architect specializing in
the design of yachts and
commercial eraft to 180
feet. He has worked on
vessels ranging from
440-fool cruise ships Lo
a 6l)-foor BOC racer, &
60 mph jet-drive run-
about, a 7-knot, 25-fool
cruising motor launch,
100-foot aluminum
motoryachis, and an
assortment of 40- and 50-foot auxiliaries and motor-
sailers.

Owner of his own design firm, Gerr is a graduate
of Westlawn School of Yacht Design and has sudied
physics at New York University and industrial design
at Pratt Institute. He has a particular fascination with
the relationship between science and art, function and
beauty, and finds in naval archilecture a rewarding har-
mony among these.

Dave Gerr's articles on bont design have
appeared in Cruising World, Ocean Navigator,
SAIL, Yachting, and WoodenBoar, He is a contribut-
ing editor for Boatbuilder and Offshore magazines.
He is the author of The Natwre of Boats and The
Elements of Boar Strength, both published by Inter-
national Marine.
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“We have highly recommended the Propeller Handboak
1o our distributors and repair stations, and have multiple
office copies that our sales people refer 10"

—Michigan Wheel Corporation

*This bouk will answer almost every propelier-related
question you're likely to come across.”
—Ensign

“Without doubt the definitive reference for selecting,
installing. and understanding boat propellers.”
—Raval Navy Sailing Assaciation Jeurnal

“This book is for everyone who has ever had to make a
decision about & propeller: mechanics, boatbuilders,
boat service yard owners, boat owners, as well as naval
architects. Dave Gerr und Imernational Marine made a
complicated topic understandable and put it into a hand-
book that is casy o use.”

— WoodenBoar
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