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USING DECIMAL
EXPONENTS

Decimal exponents are used in a number of
the formulas throughout this book. If you
“don’t like math,” decimal exponents can
seem a bit technical. Don’t let them put you
off, however. Decimal exponents are easy to
master; it takes just a few moments. For
instance, in the formula for BBB chain
weight, Formula 24-4,

BBB chain weight, 1b./ft. = 10.505 x
(chain dia., in.)!-858

1.858 is the decimal exponent.

It’s quite easy to solve this on a pocket sci-
entific calculator (an inexpensive one from
any local stationery store or RadioShack), but
it’s important to understand what decimal
exponents are

X5 is the same as X"2is the same
as VX or %/i , the square root of X

X333 is the same as XA is the same

as ¥X or the cube root of X

X15 is the same as X x X72is the same
as (X x \/i) or X times the square root of X

X233 is the same as X2 x XA is the same
same as (X2 x3X) or X squared times
the cube root of X

and so on.

You can see that a decimal is just another
way of writing a fraction and that it makes no
difference whether you use a decimal or a
fraction as the exponent. (The decimal, of
course, is easier to enter in a calculator.)

You can also see that a decimal or frac-
tional exponent is the same as taking the root
of a number, and the root is always the same as
the inverse (or reciprocal) of the decimal.
Thus, raising a number to the 0.5 power is the
same as taking the square root of that number.
(The inverse or reciprocal of 0.5 =1 + 0.5 =2,
and VX is the same as %/i .) Raising a num-
ber to the 0.333 power is the same as taking the
cube root of that number. (The reciprocal of
0.333 =1+ 0.333 = 3, giving ¥/X )

The nice thing about decimal exponents is
that they allow quick manipulation of formu-
las with exponential relationships that don’t

Twin Constant
Velocity Joints

Thurst Be
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happen to fall exactly on even powers or roots,
such as square or cube roots. In the case of
Formula 24-4, the data show that chain weight
does not vary as an even square or cube, but
as diameter in inches to the 1.858 power. This
can be rewritten a number of ways:

(chain dia. in.)!#8 is the same as

85V
((chain dia. in.) x (chain dia. in.) /1,000)
is the same as

(chain dia. in.) x 1’(’(){’/(chain dia. in.)%%8

Not only is the 1.858 exponent easier to
enter into a calculator, it’s easier to write by
hand or to type as well.

Try it yourself. Take your calculator and
punch in the number for chain diameter.
Then hit the exponentiation key (usually the
X key). Now enter the exponent, and finally
press the equal key. That’s it; there’s your
answer. For example, if you raise a chain
diameter of 0.25 inch to the 1.858 power, the
answer will be 0.076, while a chain diameter
of 0.5 inch raised to the 1.858 power will
equal 0.275.

THE ENGLISH SYSTEM
OF MEASURE AND THE
METRIC SYSTEM

Throughout this book I refer to English units
and to metric units. These are the terms most
often used in informal conversation in the
United States and are easily understood.
Though some fault the term English units, it
is correct usage and refers specifically to the
English engineering system of units or to the
somewhat different English gravitational
system of units, which employs the unit of
mass known as the slug (see sidebar page 183),

and so is internally more consistent than the
English engineering system. Since much of
the world has switched to the metric system,
these “English units” are also less specifically
called United States customary units or U.S.
customary units. Whatever they are called,
this is the foot/pound/second units system. It
is similar to the British imperial system of
units but is not the same. For instance, impe-
rial units use imperial gallons, not U.S. gal-
lons, as well as units of weight such as the
hundredweight and the stone, which are not
found in U.S. customary units. Accordingly, it
is incorrect to refer to the English units in this
book as imperial measure or imperial units.
All liquid volumes in this book are based on
U.S. gallons.

The metric system refers to one of
two systems of units—the cgs and the mks
systems. The cgs system is largely employed
by chemists and physicists. Its base units are
the centimeter, gram, and second. Most people
and most engineers use the SI units system
or mks system (Systeme International
d’Unités or International System of Units).
Its base units are meters, kilograms, and
seconds. Where the term “metric units” or
“metric” is used in this book, it refers to the
SI (mks) system. There are two exceptions in
my usage:

¢ The fundamental unit for temperature
in the SI system is degrees Kelvin. This
is virtually never employed in everyday
work (though it is critical for some
engineering calculations). Accordingly, I
have used degrees centigrade (C°, also
called degrees Celsius) for metric tem-
perature unless otherwise noted.

¢ Also, the basic unit for angle in the SI
system is the radian, not the more com-
mon degree (°). I have used angles in
degrees throughout.



We shook our heads in unison. One million
for a b0-footer (15.2 m)! It wasn’t that we
weren’t both proud of our custom creation. I
had designed in all the features my client had
asked for, and John’s crew had done a fine job
in building. Sea trials successfully completed,
we were sharing a beer and talking boats.
Complicated? You bet. Our new baby had
every convenience. A voyaging motor cruisetr,
it was fitted not only with all the standard
propulsion equipment and controls, and with
hot-and-cold pressure water, but also with
air-conditioning; central heating; bow thruster;
autopilot; washer and dryer; gas range; micro-
wave, fridge and freezer; two head compart-
ments, each with shower and electric toilet; full
double navigation electronics (wheelhouse and
flybridge); and even a large heated Jacuzzi.
And those were just the highlights.

“You know,” I commented, “If it was my
own boat, I would build it with virtually no
systems beyond propulsion and navigation. I
would have pressure water, two small cabin
heaters, a few 12-volt fans—that would be it.
Bet you could build it for $700,000.”

“Probably less,” John replied. He had
just finished the construction, and the com-
plexity was fresh in his mind.

“Three hundred thousand plus in
savings!” I exclaimed. “Not to mention the
maintenance and upkeep over the years, and
for otherwise the same boat.”

Drop +

We drifted off into a discussion of my
ideal cruiser...nextyear...

The fact is that boats are getting bigger
and more complicated. It’s not just size, of
course. Even small to medium-size vessels
carry far more in the way of systems than
they did thirty or forty years ago. I have in
front of me a brochure for the 35-foot
(10.5 m) Allied Seabreeze, designed in the
late 1960s by the first office I worked for—
MacLear and Harris, Inc. (before my time,
of course!). In those days, a 35-footer
(10.5 m) was a big, serious voyaging boat.
She sold for all of $20,000, back when. Sys-
tems? What systems? She came with—and
I quote:

12-Volt with 2 heavy-duty batteries com-
plete with safety switch and fuse
panel, engine room exhaust blower,
navigation lights, 6 screw-type cabin
lights.

Fuel tank: 30 gallons [110 L] Monel,
under cockpit sole; Fresh water: 60
gallon [225 L] tank under cabin sole;
Propeller shaft: /5" [22 mm] Tobin
bronze; Propeller: Type E two-bladed
13 x 8 R.H. [330 x 203 mm]; Rudder:
fiberglass-reinforced plastic; Rudder
stock: 11/,” [38 mm] Tobin Bronze;
Engine: 25 hp Gray model SS 91,
direct drive.
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That was it! The Seabreeze had an icebox, not
a fridge. Water was supplied by hand pumps,
one at the galley sink and one in the head. A
shower was an optional extra, as was the
pressure-water system to go with it. There
were no fans, heaters, air-conditioners, or
generators. The single manual head pumped
right overboard. Simpler times.

Roughing it? Perhaps by today’s stan-
dards, but a lot of safe, pleasant ocean miles
have slipped under the keels of the few hun-
dred Seabreezes built and the many thou-
sands of equally simple craft of those days.

This is a book about the primary mechan-
ical systems on boats. Unless it’s a canoe, a
rowboat, or a sailing skiff, every boat will
have such systems; nevertheless, the fewer
the systems and the simpler they are, the
more cost-effective, reliable, and enjoyable
the vessel will be. Take this as the bottom
line. Whether you're searching for your next
boat or upgrading your current one; whether
you're managing a full-service yard, running a
large-production boatbuilding operation, or
designing custom boats, if you can keep the
mechanical systems down to the minimum
and as simple as possible, you—and every-
one connected with the vessel—will have a
better experience from day one.

Of course, some systems are indispensa-
ble (like the drivetrain and the fuel system).
Other systems are legally required (like hold-
ing tanks and related plumbing), and still
other systems some boaters simply won’t
want to do without—hot-and-cold pressure
water and a cabin heater being two examples.

In this book we’ll take a close look at the
primary systems necessary on boats, noting
what’s required to install the principal mechan-
ical systems so they are reliable and trouble-
free. We'll also look at some less common
alternatives for some systems (e.g., unusual
rudders), and at some of the ways you can
identify and correct problems that may have
been designed or built into an existing boat.

Mechanical systems on boats cover
quite a range of possibilities, naturally. That
50-footer (15.2 m) John and I were discussing
did have a Jacuzzi whirlpool. It had to be cus-
tom engineered. There was no way to carry
enough fresh water (or make it) to fill the
300-gallon (1,100 L) Jacuzzi. Instead, it
required a 120-volt, high-volume, raw-water

pump to fill, along with intake seacock, sea
strainer, and auto-shutoff. Then we had to
heat the water: 12-volt circulation pump and
propane flash-type water heater (with special
arrangements made to deal with the salt water),
with associated plumbing, strainer/filter, on/off
controls, thermostat, and so on, and naturally,
drains and their associated plumbing and fit-
tings as well. All for a single tub! We won't
cover installations like this here. What we will
do is review the standard mechanical systems
that form the backbone of operations and
safety aboard most normal boats.

Mechanical systems on boats, are—more
often than not—driven, controlled, or moni-
tored using electricity. Most commonly this is
12-volt or 24-volt DC. On larger boats and for
bigger, more powerful systems, it is 120- or
240-volt, 60-cycle AC (240-volt, 50-cycle in
Europe). Except for the inescapable way the
electric system may interface with the
mechanical system, however, we won’t be
covering electric systems. Why not? Well,
first, this is a book on mechanical systems,
not electric systems. Second, electric sys-
tems are such an immense and complex sub-
ject that they would require their own dedi-
cated book—a big one. If it’s guidance on
marine electric systems you're looking for,
you’'ll need to seek elsewhere.

Similarly, there isn’t any discussion of
rigs and sail-handling systems here. Again,
these aren’t the mechanical systems that
form the backbone of marine operations on
all boats. An auxiliary sailboat needs the
same general fuel, exhaust, and drivetrain
systems as a powerboat, but only the sailboat
would have things like hydraulic backstay
adjusters or roller furling gear. Mast and rig-
ging systems, too, are thus a subject for
another book.

Of course, boat structure isn’t in any
sense a mechanical system; however, where
appropriate, we will discuss whether a struc-
ture is strong enough to support a particular
system’s components.

What you will find here is sound guid-
ance on the fundamental mechanical systems
common to most boats. Follow these recom-
mendations and keep things as simple as
possible for the vessel you're working on,
and you should have many years of trouble-
free operation.



Finally, the central mechanical system in
any boat could be considered the engine that
provides the power to drive it. As with elec-
tric systems, however, this isn’t a book about
engines. What we'll start with, though, are the
many mechanical systems that are required
for the engine or engines to do their job prop-
erly—drivetrains, fuel systems, and exhaust
systems. From there, we’ll branch out.

The American Boat & Yacht
Council (ABYC)

Throughout this book I make reference to
appropriate standards from the American
Bureau of Shipping (ABS), to the Code of
Federal Regulations (CFR), to the National
Fire Protection Association (NFPA), and so
on. No standards are referred to or used
more often than those of the American Boat
& Yacht Council (ABYC). I've been an ABYC
member for more than twenty-five years now.

I couldn’t have done much of the work I do
(designing, surveying, teaching, and writing)
without ABYC’s invaluable support and the
tremendous amount of hard work and
research that goes into creating each of the
many ABYC standards.

Though there are International Standards
Organization (ISO) standards in Europe, I
personally find ABYC standards more straight-
forward, easier to use, and more sensible.
ABYC standards form the backbone for under-
standing systems installation on all boats. If
you're not an ABYC member, you should
become one and get their full set of standards.
Like any such collection of standards, these
references are not exactly bedtime reading,
but if you're serious about installing, inspect-
ing, or servicing equipment and machinery on
any boat—and doing it properly—ABYC stan-
dards are the essential guide. Even better, as
an ABYC member you will get invaluable tech
support and guidance should you need it.

Introduction
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Part One

DRIVETRAIN
INSTALLATIONS

An often overlooked aspect of small-craft
engineering is the drivetrain: all the compo-
nents aft of the transmission—the shaft, its
bearings, the strut, and the propeller. Also,
the drivetrain itself is affected by the support
needed to hold things in place—the engine
mounts and beds. It’s important to under-
stand how these many disparate elements
should work, and work together—reliably
and smoothly. Vibration and noise, poor
performance, and even damaged transmis-
sion and broken engine beds can result from
drivetrain problems.

In the following pages we’ll take a prac-
tical look at these many elements and see
how they should be configured, sized, and
installed. We won'’t look specifically at the
alignment process, which is a whole topic in
itself. We will, however, see some examples
of what happens when things aren’t installed
or sized correctly.

There are so many different components,
that—to keep things in some sort of order—
we’ll very roughly begin at the propeller and
work our way forward. Some jumping about,
however, will be unavoidable.

PROPER PROP NUTS

We'll start with a minor and somewhat amus-
ing controversy. Two nuts hold the propeller
on the shaft—a full-height nut and half-height

locknut (Figure 1-1). Which nut goes directly
against the propeller hub?

The fact is most boats have it wrong, with
the full-height nut against the prop. It seems
intuitive that the larger nut against the prop
would be doing most of the work and the
smaller nut should go on second. Actually the
smaller nut should always go against the load.
This is because when the second, outer nut is
installed and tightened, it deforms/compresses
the lower nut a smidgen, at the same time
rotating it a tiny fraction of a turn. This effec-
tively unloads the threads of the lower nut and
engages the threads of the upper nut. Thus the
top or outer nut really takes all the load. No
matter how many times I explain this, some
folks still seem dubious. An illustration in
Engineering Drawing and Design (Cecil H.
Jensen and J. D. Helsel, 3rd ed., New York:
McGraw-Hill, 1985) shows that this is standard
practice for all locknuts (Figure 1-2), and an il-
lustration from SAE standard J756 and J755,
for propeller shafts, clearly shows that the half-
height nut is against the hub (Figure 1-3).

If you go to any marina where boats are
hauled for the winter, my guess is that 99 per-
cent of the prop nuts will be on the wrong
way. I wouldn’t worry too much about the
nuts being on backward—as they usually
are—because the wrong way has proven suf-
ficient. But now that you know, you might as
well put the things on right the next time you
install a prop.

CHAPTER 1
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Figure 1-1. Thread
loading of a nut
and locknut

Figure 1-2. A jam
nut, applied under
a large regular
nut, is elastically
deformed against
bolt threads when
the large nut is
tightened

—

" Direction Of Load
Against Nuts

COuter Nut's
Threads
Loaded Here

Inner Nut's
Threads Unloaded

Single Nut's Threads
Loaded Here

Since Quter Nut's Threads Are
Loaded, Full-Height Nut Has More
Threads Engaged & Taking Load

BLADE AREA

Naval architect Uffa Fox said:

“The final answer to all engineering effort
in any vessel is in the propeller.”

This is not an overstatement. You can
build the most beautifully shaped hull and
install the most magnificent and powerful
new engines, but if the prop is wrong, the
boat won’t go. This isn’t the place for a
discussion of props, but a properly sized,
properly balanced, and properly installed
propeller is critical. One of the first things
I check—whether I'm starting a new design
or trying to solve a vibration problem—is the

propeller. In this regard, the most overlooked
aspect of propeller sizing is blade area. All
too often just the diameter, the pitch, and the
number of blades are specced. This is not
enough information—blade area is critical.
Too little blade area means the blades are
overloaded (even if diameter and pitch are
just right). Overloading leads to cavitation,
which means loss in performance, possible
blade erosion, and vibration.

Disc Area Ratio

Blade area can be defined in terms of
absolute area—so many square inches or
square millimeters. But for propellers, it’s
usually more convenient to define blade area
in terms of disc area ratio (also called blade
area ratio)—DAR or BAR. This is the per-
centage of the area of all the prop’s blades
relative to a solid disc of the same diameter
as the prop.

A standard 3-bladed propeller has a
50 percent DAR, and a wide-blade 5-blader
has a DAR of about 120 percent. There’s a
huge difference in the power that these two
props can absorb, even at the same diameter.
By the way, a 120 percent DAR is about as
close to the theoretical maximum as you can
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Cavitation

Propellers drive a boat forward because their blades act as hydrofoils as they are rotated
through the water by the torque and power of the shaft. Like all foils (aerofoil or hydrofoil) the
blades generate a negative pressure—called lif—on their forward faces (termed the blade
backs) and a positive pressure on the blades’ rear-facing surfaces (termed the blade faces).
The resulting force pushes the propeller forward, which in turn pushes on the shaft, which then
pushes on the thrust bearing in the gearbox, which then transmits this thrust to the engine beds
to drive the boat forward.

Cavitation results when the pressure around the blades is reduced below the local vapor
pressure. Bubbles of vapor implode against the blades with enough impact to make considerable
noise and vibration and to erode the blade surfaces. You can get a more complete explanation of
cavitation from the relevant chapters in my books The Nature of Boats and Propeller Handbook.

A full understanding of cavitation still eludes science. It is a fascinating area of inquiry
and connected with such truly odd phenomena as sonoluminescence. In theory, the force of the
implosion of a cavitation bubble is nearly infinite at the point of impact (though, of course, in
reality, the force is not infinite). It was this property of cavitation that led to the fantastic “cold-
fusion” claims of professors Pons and Fleischmann a few years back.

In any case, even if we don't fully understand cavitation, we do largely know how to
predict its onset and to minimize it.

TAPER = 3/4 IN. ON DIAMETER PER FT = 1/16 IN. PERIN. = 3 DEG 34 MIN 47 SEC TOTAL INCLUDED ANGLE

Figure 1-3. This
segment of an SAE
llustration clearly
shows the smaller
nut imnermost

Figure 1-4.

A standard
3-bladed prop and
wide blade
5-bladed prop
(Michigan Wheel;
Paul Bremer)
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Formula 1-1.

Min. Prop. Dia., in. (Displacement Hulls) = \/

Min. Prop. Dia., in. (Planing Hulls) = \/

Min. Prop. Dia., cm (Displacement Hulls) = \/

Min. Prop. Dia., cm (Planing Hulls) = \/

get. There are some sources for custom
6-bladed, 140 percent DAR props, but that’s
truly the max. If you need still more blade
area, you have no choice but to increase
diameter.

Minimum Diameter and
Blade Area

What'’s needed is an easy way to check blade
area and relate it to diameter using the DAR.
I've worked out a formula that will allow
a quick estimate of the minimum diameter
required for either displacement or planing
hulls.

Formula 1-1. Minimum Prop Diameter
as a Function of Blade Area

125 X hp
DAR X kis X ~/kis

NOTE: kis X +/kis is the same as kis'"’

These formulas make a few simplifying
assumptions, which apply quite well to most
average boats:

e = efficiency = 0.55 for displacement
boats and 0.70 for planing boats

wf = wake factor =0.9

propeller depth = 1 to 3 feet (30 to 90 cm)
below the waterline

Full engine power is used in these formu-
las, not shaft power. The reduction for
shaft losses has been incorporated into the
formulas.

Using this formula, it’s a quick job with a
pocket calculator to see if a given boat is in
the right ballpark for blade area.

Example: Say you have a 40-foot (12.2 m)
sportfisherman powered with twin 400 hp
(298 kW) diesels, and it has standard
3-bladed props, 24 inches (61 cm) in diame-
ter. The boat gets a top speed of 30 knots. You
would find.

160 x hp
DAR x kts x vkis

or

1081.5 X kW
DAR X kts X vkts

1384.2 X kW
DAR X kts X kts

Where

hp = total brake horsepower for each
engine

kW = total flywheel power for each
engine

DAR = disc area ratio (or blade area
ratio); expressed as a decimal

kts = maximum speed in knots

DARs FOR REPRESENTATIVE PROPS:

2-Bladed Sailer = 0.24

3-Bladed Standard = 0.50

3-Bladed Wide Blade = 0.70

4-Bladed Standard = 0.70

4-Bladed Wide Blade = 0.95

5-Bladed Standard = 0.95

5-Bladed Extra-Wide Blade = 1.20

\/ 160400 hp — 27.9 in. Min. Prop. Dia.

0.50 DAR x 30 kts x +/30 kis

or

\/ 1384.2 x 208 kKW

= 70.8 cm Min. Prop. Dia
0.50 DAR x 30 kts x +/30 ks

In other words, the 24-inch (61 cm), 3-bladed
prop is too small in diameter to have ade-
quate blade area and is likely to cavitate.

Given enough clearance and the right
reduction gear, you could go to a 28-inch
(71 cm), 3-bladed wheel. A more practical
solution—in most instances—is to go to
more blades, a wide-blade-pattern propeller,
or both.

Trying a standard 4-blader gives

\/ 160 x 400 hp

= 23.5 in. Min. Prop. Dia.
0.70 DAR x 30 kts x +/30 ks

or

1384.2 x 298 kW
=59.9 cm Min. Prop. Dia.

0.70 DAR x 30 kts x +/30 kts

which is spot on.



COMMON CAUSES OF
VIBRATION AND NOISE

Cavitation due to inadequate blade area is—
as we’ve just seen—one common cause of
vibration. Two other common culprits are

e propeller tip noise
¢ shaft noise from poor alignment and
from bearings

Induced Drag and

Tip Noise

Propeller tip noise comes principally from
inadequate tip clearance. Figure 1-5 shows the
minimum recommended dimensions for ade-
quate tip clearances and proper water flow.
Props don't really screw their way through the
water as some useful, but simplified, propeller
calculations indicate. Instead, the propeller
blades are hydrofoils that generate lift like

oL gl

a oz'©

O.15 x Dia.
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airplane wings, keels, or sails. This means that
the blades generate vortices at each blade tip
just as any hydrofoil or airfoil does. These vor-
tices are termed induced drag. They represent
wasted energy, so it’s a shame we can’t elimi-
nate them, but they are unavoidable. The key
here is that they are energy.

If there’s enough distance between the
prop’s blade tips and the hull, the energy in
these vortices largely dissipates and is swept
aft in the wake before it can impinge on the
hull hard enough to make noise. If you have
too little clearance, though, these vortices

can create a surprising amount of noise or
vibration.

Frequency Testing

You can simply listen to a boat underway as
you move about, and try to determine if an
annoying noise is propeller-tip noise, shaft
noise, or cavitation. (Cavitation often sounds
like small bits of gravel being driven through

0.2 Dig.

Skeg Or Strut

oid

Figure 1-5.
Propeller
clearances
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the prop.) A more accurate method is to
record the vibration or noise on a small
cassette recorder, using a contact mike
capable of recording quite low frequencies.
Play the cassette back into an oscilloscope or
frequency analyzer, and you literally can get a
better picture of what’s happening. This
sounds rather high-tech, but it’s simple in
principle.

Say the unwanted noise is occurring
at 2,200 revolutions per minute (rpm), and
the boat has a 2:1 gear and 3-bladed props.
The frequency for shaft noise would simply
be 2,200 rpm + 2, or 1,100 shaft rpm, which
would be 1,100 cycles per minute (cpm).
Divide by 60 to get 18.33 cycles per second
(cps), or hertz (Hz).

Propeller tip noise would be 1,100 rpm
shaft speed x 3 blades = 3,300 cpm, or 55 cps
or Hz.

You can see that there’s a big difference
in frequency, so usually it’s fairly easy to dis-
tinguish between shaft or bearing and tip
noise. The exception would be if one prop
blade was damaged. Then the frequency for
this vibration would be the same as shaft
speed. Regardless, this isn’t advanced electri-
cal engineering. All you need is a simple
shareware oscilloscope emulator program on
a laptop computer.

Number of Blades and
Curing Prop Noise

When you run into propeller vibration prob-
lems due to inadequate tip clearance or poor
water flow to the prop, often the solution is
to increase the number of blades, in addition
to reducing diameter to increase tip clear-
ance. Increasing the number of blades offsets
the loss in blade area from the loss in diame-
ter. Having more blades also reduces the
vortex energy from each blade. Roughly, each
tip vortex from a 4-blader will have just three-
fourths the energy of a tip vortex from a
3-blader, while a 5-blader would have three-
fifths the energy of a 3-blader and four-fifths
the energy of a 4-blader in each tip vortex.
Since the tip vortices dissipate their energy
as the square of the distance from the tips,
the combination of reducing diameter some-
what and increasing the number of blades

can make a significant difference. In addition,
more blades generate higher-frequency noise,
which resonates in the hull structure less
effectively.

Of course, the new propeller has to be
fully calculated using standard methods. A
reduction in diameter would mean a corre-
sponding increase in pitch—in many cases, too
much. In such instances, a new gear may be
required. Actually, the calculations of propeller
dimensions, including pitch, diameter, power,
rpm, blade area, and boat speed, are all inex-
tricably interrelated. The rough rule of thumb
is that for every inch (25 mm) you decrease di-
ameter, pitch should be increased by 2 inches
(50 mm), and vice versa. If in an existing
installation you reduce diameter by 2 inches
(50 mm), this simple rule of thumb would indi-
cate a 4-inch (100 mm) increase in pitch.

This, however, could very well increase
the pitch ratio of the propeller (pitch divided
by diameter) beyond what is suitable for the
operational speed of the boat. In this case the
blades would enter the water flow at too
steep an angle of attack and therefore stall
(cease to generate lift). This is exactly like
an airplane wing stalling in too steep a climb.
Accordingly—though pitch is not the subject
we're dealing with here—you must keep in
mind that the smaller-diameter propeller
must be recalculated using standard meth-
ods, and a significant change in diameter,
pitch, or both (they are related) may require a
different reduction gear to keep the pitch, di-
ameter, power, rpm, blade area, and boat-
speed relationship in balance.

Propeller Tunnel and Pocket
Noise

Another cause of propeller vibration and
noise is propeller pockets and tunnels in hull
bottoms. I make a distinction between a
pocket and a tunnel, the former being a fairly
shallow recess into an underbody, while the
latter is quite deep, with more than 50 percent
of the propeller tucked up into it. Figure 1-6
shows the exceptionally deep tunnels in one
of my ultra-shoal tunnel-drive motor cruisers.
Twombly draws just 22 inches on 42 feet LOA
(56 cm on 12.8 m LOA) and is fully beachable,
yet ocean capable.



Figure 1-6. Deep propeller tunnels

Incorrect pockets can generate consid-
erable noise. The most common problem is
that the pockets are too short fore-and-
aft, with an abrupt entry where they start
forward. The result is interrupted water
flow into the upper portion of the prop
disk. In other words, the upper portions
of the blades—when they reach the top of
their rotation—momentarily see somewhat
restricted water inflow compared with the
rest of the blades. This causes uneven load-
ing and thus vibration.

POCKET PROPORTION RECOMMENDATIONS
When you are installing shallow pockets or
are looking at vibration problems in a boat
with pockets, review the pocket geometry.
The pocket entry should probably be longer
than you think. As a rough rule of thumb, I
like at least a 7:1 slope on the entry. The

PD = Pocket Depth

I Prop Dia. I

PD
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pockets should retain their full depth about
one prop diameter forward of the propeller
before the taper starts (Figure 1-7). If the
pocket is recessed into the hull about
9 inches (228 mm) at the prop, and the prop
has a 25-inch (635 mm) diameter, then the
pocket ought to remain constant in cross
section until 25 inches (635 mm) forward of
the prop. Then it should taper gradually
through a distance of 63 inches (1.6 m) for-
ward of that—9 in. X 7 =63 in., or 228 mm X
7 =1,5696 mm (1.6 m). Pocket and tunnel
design is a whole subject in itself, so this
recommendation is just a rule-of-thumb
guide. It is a reasonable marker for a possi-
ble problem, however.

Figures 1-8A and 1-8B show an aluminum
ferry that required repowering work. This
vessel had suffered from severe vibration
because the pockets had been designed
too short and with too little propeller tip
clearance. The captain explained that the
vibration had been so severe that welds had
broken. Installing smaller-diameter propellers
with higher DARs couldn't fully correct this
built-in defect, but it did make a noticeable
improvement.

SMALLER PROP DIAMETER AND MORE BLADE
FOR POCKET PROBLEMS If you've got a
problem caused by too short a pocket, one
possible solution, again, is to go to a
smaller-diameter prop with more blade area
and wider blades. The additional blades will
raise the frequency and smooth out the

Figure 1-7.
Recommended
pocket proportions
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Figure 1-8A.
Pocket viewed
Sfrom the stern
(rear)

Figure 1-8B.
Pocket viewed
Sfrom starboard.
The arrow indi-
cates the forward
end of the tunnel,
which s too short
on this boat

vibration, and the smaller diameter should
reduce the portion of blades in interrupted
water flow.

POCKET- OR TUNNEL-EDGE ALIGNMENT TO
THE PROPELLER Another thing to check in a
pocket or tunnel is the geometry in section.
You want to ensure that two blades don’t
line up with the pocket or tunnel corners at
the same time. For instance, if a prop were
tucked up exactly halfway into a tunnel, you
wouldn’t want to use a 4-bladed wheel,
because two blades would line up with the

tunnel corners at the same time, which can
cause vibration. Instead, use a 3- or 5-bladed
prop (probably 5 for adequate blade area).
Other vertical prop locations and tunnel
configurations might line up with a 3-blader
or a b-blader. Such alignments should be
avoided.

Some deep pockets with V-shaped cross
sections pose another potential pitfall. The
V shape can have the blades approach closest
to the underbody (minimum tip clearance)
twice instead of once (Figure 1-10). This dou-
bles the potential tip noise. Once again, a
smaller-diameter prop with more blades
(maintaining adequate blade area) is the
answer.

V-STRUTS AND POCKETS Still another diffi-
culty with a pocket or tunnel is the strut.
Keep in mind that the pocket or tunnel
already restricts water flow, at least to some
degree. For this reason, I don’t like to use
V-struts in pockets or tunnels; I prefer I-struts
(also called P-struts). This introduces one
less strut leg to further restrict water flow
and cause vibration. Struts are discussed in
Chapter 2.
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Figure 1-9. Pocket
or tunnel depth

Shallow Pocket !

50% Or Half-In
Pocket Or Tunnel

Center Of Prop Aligned
With Hull Bottom

Tunnel Corners

Deep Tunnel

PROPELLER SHAFTS:
DIAMETER, BEARING
Two Points Of Two Points OF SPACING’ AND

Minimum Tip Minimum Tip

Clearance \ /C/earance BEARINGS

Of course, the propeller shaft itself has to be
properly sized and supported. Too little diam-
eter causes shaft whip and vibration, while
too much diameter is waste. The simplest
and roughest rule of thumb is that the shaft
should be one-fourteenth the propeller diam-
Figure 1-10. V-section tunnel eter. In fact, this is pretty close—so much so
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Formula 1-2.

10

that if more detailed calculations give you a
significantly smaller diameter, you should
check with the prop manufacturer to be cer-
tain that they don’t have to specially machine
the hub.

A 24-inch-diameter (610 mm) propeller
should have a 1.71-inch-diameter (43.6 mm)
shaft (use 13/4 in., or 44 mm) by this rule of
thumb.

You can make a more exact estimate by
dividing prop diameter by the factors from
Table 1-1. Thus a 4-bladed, 30-inch wheel
would use a 1.84-inch Aqualoy shaft (use
17 in. or 2 in. dia. Aqualoy). Or, a 4-bladed
762 mm prop would use a 46.7 mm diameter
(use a 48 mm dia. Aqualoy).

TABLE 1-1. RECOMMENDED DIVISORS
TO OBTAIN SHAFT DIAMETER FROM
PROP DIAMETER

Shaft Material
Aqualoy SS
Tobin Bronze  or Monel
2-bladed propeller 14.5 18.1
3-bladed propeller 14.0 17.5
4-bladed propeller 13.1 16.3

The precise formula for determining
shaft diameter is as follows.

Formula 1-2. Shaft Diameter

. g[321,000 X shp X SF
Shaft Dia., in. =
St X rpm
or
. 3|kWshaft X SF
Shaft Dia., mm = 3,651 X |——
St X rpm
Where

shp = shaft horsepower (assumed as 96
percent of rated brake horsepower)

kWshaft = shaft power in kilowatts
(assumed as 96 percent of rated kW at
the flywheel)

St = yield strength of shaft material in
torsional shear, in psi or kPa (kilopas-
cals; 1 kPa = 1,000 Pa)

rpm = revolutions per minute at the
shaft after the reduction gear

SF = design safety factor

Safety Factors

Light Gasoline Yachts = 2.0

Average Yachts = 3.0

Long-Range Motor Cruisers = 3.5 to 4.0

High-Performance Racing Boats = 4.0
to 5.0

Pilot Boats and Patrol Boats = 5.0 to 6.0

Commercial Inspected Passenger
Vessels = 7.5%

Example: For a vessel with an engine
rated at 420 brake horsepower (403 shp) at
2,100 rpm, and fitted with a 2:1 reduction gear
(giving 1,050 shaft rpm), the required Aqualoy
17 or 22 shaft would be

3/321,000 X 403 shp X 3.0 SF ,
=1.741n,

70,000 psi X 1,050 rpm
use 1%/, in. dia. Aqualoy

Or

For a vessel with an engine rated at 313
kilowatts, flywheel (300 kW, shaft) at 2,100
rpm, and fitted with a 2:1 reduction gear (giv-
ing 1,050 shaft rpm), the required Aqualoy 17
or 22 shaft would be

300 KWshaft X 3.0 SF
3,651 % 3\/ S — 44.2 mm dia.,

482,000 kPa x 1,050 rpm

use 45 mm dia. Aqualoy

Real-World Shaft Diameter

I always do the precise calculation for every
boat, but the fact is that the shaft sizes from
Table 1-1 (after rounding off for standard sizes
and fitting standard hubs) are usually so close
that I often wonder if it’s worth it. Indeed,
ABYC P-6 currently has a flat recommenda-
tion that the shaft should never be less than
one-fifteenth the prop diameter regardless of
material or propeller type. The more complex
full formula frequently gives smaller diameters,
which would be rounded up.

*The CFR specifies a SF “approaching 10,”
which is usually taken to mean 7.5.
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TABLE 1-2. SHAFT MATERIAL MECHANICAL PROPERTIES

Shaft Torsional Shear*

Material psi kPa

Aqualoy 22 70,000 482,000
Aqualoy 19 60,000 414,000
Aqualoy 17 70,000 482,000
Monel 400 40,000 276,000
Monel K500 67,000 462,000
Tobin Bronze 20,000 138,000
Stainless Steel 304 20,000 138,000

Yield Strength
Modulus of Elasticity (E) Density

psi MPa Ib./cu.in. g/cm®
28,000,000 194,500 0.285 7.889
28,800,000 200,100 0.281 7.778
28,500,000 198,000 0.284 7.861
26,000,000 180,600 0.319 8.830
26,000,000 180,600 0.306 8.470
16,000,000 111,200 0.304 8.415
28,000,000 194,500 0.286 7.916

* Yield strength in torsional shear generally taken as 66 percent of yield strength in tension.

Though one may follow ABYC’s one-
fifteenth rule, I have questions about it.
For instance, given a 30-foot-waterline
(9.14 m), 16,000-pound-displacement (7,259 kg)
hull powered by a single 90 hp (67 kW) diesel
running at 1,800 rpm, with a 2.86:1 gear
(629.4 shaft rpm), standard prop calculations
would indicate a 32-inch (813 mm) 3-bladed
prop with a 0.50 DAR. Using Tobin bronze in
the ABYC formula, we’d get a 1.87-inch
(47.56 m) shaft (use 2-inch or 48 mm). This is
16 to 1, which—to meet the one-fifteenth
rule—should be rounded up to 21/8— or
21/,-inch (55 mm), as available. If we took that
exact same boat and gear and refitted
it with a 5-bladed, 0.97 DAR prop, we’d get
the same shaft diameter from the calculation,
but prop diameter would be smaller—
29 inches (736 mm). It would be delivering
the same power, torque, and even a smidgen
less thrust, but it would then pass the
one-fifteenth rule at 14.5 to 1. This appears
illogical to me. Though I can’t state ab-
solutely that shaft-diameter ratios smaller
than one-fifteenth are safe, I believe that
ABYC'’s one-fifteenth rule should apply only
to 3-bladed propellers with Tobin bronze
propeller shafts. I recommend that the
diameters from Table 1-1 be considered the
minimum instead of using the simple one-
fifteenth rule.

Shaft-Bearing Spacing
The simplest rule of thumb for shaft-bearing
spacing is that bearings should be no less

than 20 times the shaft diameter apart and no
more than 40 times the shaft diameter apart.
By this rule, ll/z—inch (38 mm) shaft should
have bearings spaced no less than 30 inches
(760 mm) and no more than 60 inches
(1,520 mm) apart. The reason for the mini-
mum spacing is to avoid excessive rigidity, but
this can be overcome in most boat installa-
tions by using a Drivesaver disk or equivalent.
Another rule-of-thumb formula follows.

Formula 1-3. Maximum Shaft-Bearing
Spacing (approximate)

Max. Bearing Spacing, ft. = 4.6 /Shaft Dia., in.

or

4/ Shaft Dia., mm

Max. Bearing Spacing, m = 35

For a 1Y,-inch (38 mm) shaft, this gives
4.6 V1.5 in. Shaft Dia. = 5.63 ft,, or 67.5 in.

or

/38 mm Shaft Dia.

=1.71m, or 1,712 mm
3.6 m

The precise formula for maximum bear-
ing spacing is as follows.

Formula 1-4. Maximum Shaft-Bearing
Spacing (precise)

321 xDs 4 B
pm

Max. Bearing Spacing, ft. = \/
Dens

Formula 1-3.

Formula 1-4.
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or

Ds 4 \/3,984 X E
X

Max. Bearing Spacing, m =
Dens

85.4 X 1pm

Where

Ds = shaft diameter, in. or mm

E = modulus of elasticity of shaft mate-
rial, psi or MPa (megapascals; 1 MPa =
1,000,000 Pa) (see Table 1-2)

Dens = density of shaft material, 1b./cu. in.
or g/cm? (see Table 1-2)

rpm = shaft revolutions per minute

Example: For a 1%-in. (45 mm) Aqualoy
22 shaft rotating at 1,050 rpm, we would find

3.21X1.75in. _ 428,000,000 psi . . .
X =7.28 ft. or 87.4 in. max. bearing spacing

1,050 rpm 0.285 Ib./cu.ft.

or

= 2.23 m, 2,230 mm max. bearing spacing

45 mm 413,984 194,500 MPa
X F
85.4 x 1,050 rpm 7.889 g/em”

The longer, more precise formula usually
gives greater allowable bearing spacing,
which is often helpful.

Alignment, Shaft Material,
and Shaft-Bearing Wear

Once you're sure the bearings are properly
spaced, you can go on to check alignment.

Figure 1-11. Worn
Cutless bearing
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The stern bearing can often be surprisingly
worn by poor alignment, or a worn or dam-
aged stern bearing can cause misalignment
itself.

Properly installed Cutless bearings
should last many years. When you grab the
shaft or propeller and shake it vigorously, you
should feel virtually no play or motion. The
bearing itself should appear smooth—with-
out cracks, low spots, dents, or tears. Any of
these visual signs of wear or any wiggle in the
shaft indicate a new bearing is required. Wear
on one side or one end of the bearing indi-
cates an alignment problem.

The standard rule is that a shaft should
align with the couplings within 0.001 inch for
every inch of coupling outside diameter, or
0.001 mm for every mm of coupling diameter,
using a feeler gauge. Thus a 4-inch diameter
coupling should be within 0.004 inch or
within 1/250th of an inch, and a 100 mm di-
ameter coupling should be within 0.10 mm.

I prefer Monel or Aqualoy stainless shafts.
They can be a bit smaller in diameter and a bit
lighter with similar shaft spacing than Tobin
bronze, and they're less subject to corrosion.
(Note that Aqualoy is a trade name for
chromium/molybdenum stainless alloys fabri-
cated and sold for shafting by Western Branch
Metals. Similar alloys are available under the
Aquamet trade name and others.)

Improper alignment of engine beds or
bearings can cause incredible Cutless bearing
wear. The arrow in Figure 1-11 shows a seri-
ously degraded bearing.

Propeller-Shaft Overhang

Another source of shaft vibration is excessive
overhang at the propeller. This is an odd one.
On several occasions, I've examined boats
that had several inches between the forward
face of the prop hub and the aft face of the
strut bearing housing. It ought to be obvious
to anyone that this much overhang puts side-
bending loads on the shaft, which leads to vi-
bration—sometimes quite severe. Try not to
have more than one shaft diameter in dis-
tance between the hub and the bearing hous-
ing. With spurs or similar rope cutters in-
stalled, this may have to be pushed up to one
and one-half to two shaft diameters, but more
than this is just asking for trouble.



Bent Shafts

Oh yes, shafts can be bent, too. If you sus-
pect this, the simplest way to check is to
back off the coupling from the transmission
just enough to use a feeler gauge. Align as
usual; then rotate the shaft in 90-degree in-
crements. You should see no appreciable
change in the feeler gauge clearances. If you
do, either the shaft is bent or the coupling
itself is skewed.

Shaft-Whirling Vibration
There is one final calculation that’s worth do-
ing on the shaft itself: check it for whirling
vibration. Whirling vibration (also called lat-
eral vibration) occurs when the shaft rpm
matches the natural frequency of the beam
that is the shaft. This natural frequency is
largely controlled by the distance between
bearings and by the shaft diameter.

All vibration analysis is complex. Vibra-
tion occurs in frequencies that have harmon-
ics or modes. Small changes in mass and
location of components can have large
effects on the frequency (vibration period),
so all such calculations—with the limited in-
formation available for most small craft—are
approximations. Still, whirling vibration is a
useful check.

An approximate formula for estimating
the natural whirling frequency of solid, round
steel shafts (which yields accurate enough
results for all common shaft materials,
including bronze) is as follows.

Formula 1-5. Natural Whirling
Frequency of a Propeller Shaft

Shaft. Dia., in.
(Bearing Spacing, in.)’

Frequency, cpm = C x10° x

or

25.4 x Shaft. Dia., mm
(Bearing Spacing, mm)®

Frequency, cpm = C x10° x

Where

cpm = cycles per minute
C =4.78 for first mode

C =19.2 for second mode
C =43.2 for third mode

Chapter 1: Propellers and Shafts

Example: In almost all cases, the fre-
quency from the higher modes won’t be
relevant. We can quickly check the first-
mode-vibration shaft-bearing spacing from
our twin 450 hp (337 kW) sportsfisherman.
Say its engines run at 2,800 rpm, and it has a
2:1 gear. Shaft speed is then 1,400 rpm, and it
has an Aqualoy 22 shaft, 1%, in. (45 mm)
diameter.

Using the long form of the bearing-
spacing formula, we find that we can place
the bearings 75 inches apart. Checking this
for whirling frequency, we find

A 175 in.
478 x 10° x —— M 1 487 pm
. . 2
(75 in. spacing)
or
478 x 10° x 224 x d5mm — =1,505 ipm
(1,905 mm spacing)

This is rather close to the 1,400 shaft
rpm speed—a potential vibration problem.
We can reduce the bearing spacing or in-
crease the shaft diameter to increase the
first-mode frequency and reduce the likeli-
hood of whirling-frequency vibration. For
example, if we decrease bearing separation
to 68 inches:

‘ 1751
478 x 10° x —— " =1809 1pm
(68 in. spacing)

or
. 95.4 x 45
478 x 10° x X MM 931 pm

(1,727 mm spacing)

This no longer falls almost dead-on at
top-speed rpm, and cruising rpms will pro-
duce lower frequency still, so this bearing
spacing should be OK. Again, increasing shaft
diameter to, say, 2 inches (50 mm) would also
raise the natural frequency, though not as
much as this decrease in bearing spacing.

Intermediate Shaft Bearings

What happens when the shaft is too long
to be supported simply by the stern bearing
at the end and by the engine (through the
shaft coupling) forward? You have to install

Formula 1-5.

13
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Figure 1-12.
Pillow block

Figure 1-13.
Intermediate strut
bearing (Courtesy
Chris Wentz)
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additional intermediate shaft bearings.
Their required locations are governed by the
shaft-bearing spacing we just reviewed.
There are three standard versions of interme-
diate bearings:

1. Intermediate bearings housed
entirely inside the boat Intermediate
bearings housed entirely inside the
boat are also termed pillow blocks
(Figure 1-12). They are relatively easy
to install and to align, but require
grease lubrication, often from a grease
cup. Pillow blocks must be inspected
and greased regularly, usually every
100 engine hours.

2. A rigid stuffing box serving as an
intermediate bearing A rigid stuffing
box serves as an intermediate shaft
bearing (unlike a flexible or floating

stuffing box on hose). Rigid stuffing
boxes are somewhat more difficult to
align than pillow blocks. Older rigid
stuffing boxes sometimes used grease-
cup lubrication. Today, it’s standard to
lubricate them with water injection. See
the later discussion of stuffing boxes.

3. An external intermediate bearing on a
strut—an intermediate strut bearing
Intermediate strut bearings are external
bearings, identical to the stern bearing
and strut described in Chapter 2. The
strut, of course, is shorter and closer to
the hull bottom. These bearings can be
the most difficult to align; however,
they are water lubricated by water flow-
ing through the bearing from ahead (as
is the stern bearing in the main strut).

Intermediate strut bearings are usually
I-struts (also called P-struts), because they
are so much shorter than the longer stern
strut. Sometimes, however—when they need
to have a significant drop—they may be
V-struts. Generally, these struts will have legs
the same thickness and proportions as the
main strut aft, even though they could be
thinner due to the shorter drop. The interme-
diate strut shows at the arrow in Figure 1-13.
Note that on this boat, the main struts aft are
larger than recommended.




You can use any combination of the pre-
ceding intermediate bearings as required or
convenient to reduce the bearing spacing to
the maximum allowable. I try to avoid inter-
mediate strut bearings if possible, because
they add external appendage drag. Often I'm
able to arrange things so a rigid stuffing box
will do this job without the extra external
drag. The shaft runs from the engine coupling,
through the rigid stuffing box, and then to the
stern bearing in the propeller strut. There are
situations, though, when an external interme-
diate strut bearing (occasionally two of them)
is unavoidable. This is not a problem; it
simply represents a bit more appendage drag.

SHAFT COUPLINGS AND
KEYWAYS

Propeller-shaft couplings are available in sev-
eral styles or types: there are tapered-bore,
split straight-bore, straight-bore, and more
(Figure 1-14). The straight-bore couplings are
easier to machine, having no taper, but they
are not my first choice for propeller shafts.
It’s not that they’re weaker than tapered-bore
couplings, but it can sometimes be quite a
challenge to fit a shaft into a straight-bore

i a i
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coupling, even a split coupling, in a boat. It
can also be nearly impossible to remove a
straight-bore coupling that isn’t split. By con-
trast, a tapered-bore coupling helps guide the
shaft in during installation, and it breaks free
more cleanly for disassembly.

I recommend only keyed tapered-bore
couplings (Figure 1-15) for propeller shafting
(unless an interference fit is used, as de-
scribed later). Not only do these couplings
make it easier to install and remove the shaft,
but the nuts on the shaft ends, in the cou-
plings, ensure that the shaft cannot pull out
when the engine is reversed. Other forms of
couplings rely on pressure/friction and the re-
taining power of setscrews to resist axial
withdrawal during reverse operation. I've
never felt secure with this. Nevertheless,
straight-bore couplings of various types have
been and are used successfully on many
boats. There is no need to replace these with
keyed tapered-bore couplings on existing in-
stallations. Most split straight-bore couplings
have a machined hole on either side to install
a retaining pin through the coupling and the
shaft. This would effectively keep the shaft
from pulling out in reverse, but I seldom see
this installed. It is also more difficult to install
the coupling with this pin.

-

Keyed Tapered-Bore Keyless Tapered-Bore Keyed Tapered-Bore
Coupling Coupling Coupling

2

o
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\
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Split Straight-Bore
Couplings

Straight-Bor
Coupling

Figure 1-14. Shaft

coupling types

(Courtesy Marine

Hardware, Inc.)
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Figure 1-15.
Tapered-bore
coupling
(Courtesy Marine
Hardware, Inc.)

Figure 1-16. Muff
coupling
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Muff Couplings and
Intermediate and Tail Shafts

On large boats, dividing the propeller shaft
into two sections can ease installation and
transport considerations. The forward section
(fastened to the transmission coupling) is the
intermediate shaft, and the after section is the
tail shaft. It is also less expensive to repair or
replace only one portion of the shaft (usually
the tail shaft) if it should be damaged.

When two short lengths of shaft are
joined together inside the boat, they are best
joined with keyed tapered-bore couplings. If
the joint is outside the hull, a muff coupling
should be used (also termed a sleeve cou-
pling). Marine muff couplings (Figure 1-16)
have rounded edges and are available in
bronze, aluminum, or stainless. There are
two drawbacks:

1. Even if the edges of the muff coupling
are rounded, they create more
resistance.

2. Withdrawal resistance in reverse opera-
tion isn’t as great as a flanged coupling
with a nut on the shaft end.

Nevertheless, muff couplings may be
used if they solve installation problems.

Keyways and Stress

Most propeller shaft failures occur all the
way aft, at the forward face of the propeller
hub. One reason for this is that the sharp
corners resulting from the keyway create
stress risers in this area. You should spec-
ify that the keyway be fabricated to SAE
standards, which include a rounded for-
ward edge. Then go the next step and spec-
ify that the corners of the slot (both the
outer and inner corners) be radiused as
shown in Figure 1-17.

A further precaution is to hollow out the
keyway'’s forward end almost like a spoon.
This removes the sharp corners there, elimi-
nating stress risers.

Short-Hub Stress

Another source of stress at the end of the
shaft is short propeller hubs (Figure 1-18).
Getting propellers that have hubs shorter
than the length of a standard shaft taper is
more common than you would think. When
this is the case—if the hub is bored and ta-
pered to fit the aft end rather than the for-
ward end of the taper—the propeller will
snug up onto the taper on the shaft just fine.
You can insert the key and tighten down the
propeller nuts as usual. If you look closely at
the forward face of the hub, however, you'll
find that it stops short of the forward end of
the taper. This means that the effective shaft
diameter is reduced to the diameter at the
point on the shaft taper where the hub ends.
It also means that there’s more overhang aft
of the shaft bearing, which increases bend-
ing stress. And the smaller effective diame-
ter itself increases local stress.

Try to avoid using short-hub propellers. If
you do have to use one, have it machined so
that it will seat up to the forward end of the
taper. You then have to have a spacer ma-
chined to fit over the aft end of the shaft
taper between the short hub and the pro-
peller nuts; otherwise, the nuts won't tighten
down on the propeller.

Interference-Fit Hubs

Though it isn’'t common on small craft and
yachts (even large yachts), commercial ves-
sels often use an interference fit between



Bell-Mouth Hub Rough Machining Marks
(2) (2) [
Threadqd
Propeller Taper Section Secti
shatt () —

Propeller

Cross section showing (1) shortening of keyway
sometimes minimizes stresses in shaft, and (2)
types of corrosion-causing crevices.

Poor Practice

the propeller hub and the shaft taper. In in-
terference fit, the hub is machined to be
slightly smaller in diameter than the taper
on the shaft. The old method of installing
these was to chill the shaft with ice and heat
the propeller with a low-temperature torch
(never a high-temperature torch, such as a
welder’s cutting torch). This caused the hub
to expand enough (and the shaft to shrink
enough) so the propeller could be slid on.
By the time both components returned to
normal temperature, the hub would have
shrunk to an exceptionally reliable fit on the
shaft, with no stress risers created by a
machined keyway.

The modern method is to force the
interference-fit propeller up onto the taper
using hydraulic pressure. Most often this is
accomplished with a Pilgrim nut from Mid
Atlantic Pump and Equipment Company. This

Correct Hub Length —

Shert Hub Lengthg—‘
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Sketches show sled-runner type end and filleted keyway
recommended for maximum shaft life. Both top corners as
well as bottom corners should be filleted.

Proper Rounding Of Corners

nut is set on the shaft aft of the prop, and hy-
draulic fluid is used to force the prop fully up
onto the taper. This is common on large com-
mercial and naval vessels.

Keeping the Shaft
in the Boat

If a coupling lets go inside the hull, or if the
shaft breaks inside, the shaft can pull right
out of the boat. Though unlikely, such a prob-
lem not only can cause you to lose a costly
shaft and prop, but also could sink the boat
due to water entering through the now open
shaft-log hole. Installing a shaft collar inside
(a solid ring around the shaft, slid on and fas-
tened with one or two setscrews) eliminates
this possibility at virtually no cost. Even a
hose clamp around the shaft inside will be
better than nothing.

Effective Dia.

lncreased
Overhang

Figure 1-17.

Keyway machin-

ing (Courtesy
Western Branch

Metals)

Figure 1-18. Short

hubs increase
stress
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PROPELLER STRUTS

You may spend hours selecting props and
engines. You will carefully consider shafts
and bearings, as you will engine mounts and
engine controls. Struts, though—until you
wipe one off by running aground—are often
afterthoughts. This hardly makes sense. After
all, the strut not only supports your propeller,
but also affects the water flowing into the
prop.

A strut that’s too weak will whip under
load, causing vibration that is often blamed
on the prop itself. (Even worse, of course,
the strut could break off entirely.) At the
same time, a strut that’s not well faired will
cause whorls and eddies in the inflow to
the prop. Not only does this turbulence
cause vibration, it also reduces propeller
efficiency.

Strut Dimensions

Figures 2-1 and 2-2 show the proportions of
proper single-leg I-struts and diverging-leg
V-struts of cast silicon bronze. These struts
are strong enough not to whip and will cause
minimal turbulence. Strut thickness for sili-
con bronze is determined as follows.

Formula 2-1a. Required Section
Modulus for Silicon Bronze I-Struts
Z, in.3, for I-Struts = (A + B) x 6.41
(English)
Z, cm?, for I-Struts = (A + B) x 105
(Metric)

Formula 2-1b. Required Section
Modulus for Silicon Bronze V-Struts
Z, in.3, for V-Struts = (A + B) x 3.21
(English)
Z, cm?, for V-Struts = (A + B) x 52.6
(Metric)

Formula 2-1c. Required Strut Thickness
for Silicon Bronze Strut with Half-Oval
Section

3| Z

Thickness, in. =
0.572
Where
A =hp x drop, in. (Use full engine power.)
B = shaft rpm % propeller dia. in.
Z = the required section modulus in in.3
Or

/ Z
Thickness, mm = 10 X |
0.572
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Where

A =kW X drop, mm + 18.95

B = shaft rpm X propeller dia. mm + 25.4

7 = the required section modulus in in.3
Formula 2-2a. Formula 2-2a. Strut Length (Any
Section) at Hull Bottom

Length, in., at hull bottom = 6.5 X thick-
ness, but not less than 4 x shaft
diameter (English)

Length, mm, at hull bottom (minimum) =
6.5 x thickness, but not less than
4 x shaft diameter (Metric)

Formula 2-2b. Formula 2-2b. Strut Length (Any
Section) at Boss

Length, in., at propeller-shaft boss (at
bottom) = 4 x shaft diameter
(English)
Length, mm, at propeller-shaft boss (at
bottom) = 4 x shaft diameter
(Metric)
Formula 2-3a. Example: Say our boat has twin diesels
delivering 300 hp (224 kW) each at 2,800
rpm. Its reduction gear is 1.51:1, so the
shaft rpm is 1,854. Propellers are 20-inch
(508 mm) diameter 4-blade on 1lk-inch
(38 mm) bronze shafts, and the strut drop
is 15.5 inches (394 mm). We want silicon
bronze struts with a half-oval section. We
would then find:

Formula 2-3b.

A =300 hp x 15.5 in. drop = 4,650
B = 1,854 shaft rpm x 20 in. prop. dia. =

37,080
Z for I-Struts = (4,650 + 37,080) x
6.41=0.80in.?

, _ 3/0.80in? - ,
Thickness, in. = =1.118in, use 1'% in.
0.572

Length at hull bottom = 6.5 x 118 in. =
7.31; use 738 in.

Length at propeller-shaft boss =4 x 114 in.
shaft diameter = 6 in.

Or

A =224 kW x 394 mm drop + 18.95=4,657
B = 1,854 rpm % 508 mm prop. dia. + 25.4 =
37,080

20

Z for I-Struts = (4,657 =+ 37,080) x 105
(section modulus, cm?) = 13.19 cm?

. 3/13.19 cm’
Thickness, mm =10 X | ———— = 28.46 mm;
0.572

use 29 or 30 mm

Length at hull bottom = 6.5 X 30 mm =
195 mm

Length at propeller-shaft boss = 4 x 38 mm
shaft diameter = 152 mm

Note that the thickness obtained from
Formula 2-1c is for the half-oval section
shown in Figures 2-1 and 2-3. Three standard
strut sections include, in addition to the half-
oval section with rounded ends we've been
discussing, a rectangular section with
rounded ends and an NACA 16-series foil
section.

Formula 2-3a. For a Rectangular
Section with Rounded Ends

Z=0.159 x L x T?

Formula 2-3b. For an NACA 16-Series
Foil Section

7 =0.0891 x L x T2

77,9
2

%**_______

Flat With Round Ends

-

NACA Series |& Foll

EZ g

Half-Oval With Round Ends

Figure 2-3. Standard strut sections



Formula 2-3c. For the Flat Half-Oval
Section with Rounded Ends

Z=0.080 x L x T?

Where

Z = the required section modulus from
Formula 2-1a or 2-1b in in.? or cm?

L =length from Formula 2-2a and 2-2b,
in. or cm

T = thickness to achieve the specified
section modulus Z, in. or cm

NOTE: in metrics, for the preceding equa-
tions, enter dimensions here in centimeters,
not millimeters.

You can enter different values of thick-
ness and length in different combinations to
get the required Z; however, proportions
should follow Formulas 2-2a and 2-2b.

Using standard engineering references,
you can use Z to find the required thickness
and length for any other strut-section shape.
You can also refer to ABYC standard P-6 for
additional details.

Adjusting Strut Dimensions
Jor Other Materials

The preceding calculations are for silicon
bronze, which has a yield strength of 55,000 psi
(379,000 kPa). If you use another alloy, you
have to determine its yield strength and ad-
just Z proportionately. Say you use 316L
stainless, which has a yield strength of
42,000 psi (289,500 kPa). Divide the yield
strength of silicon bronze by the yield
strength of stainless to get 1.309. Accord-
ingly, you would increase Z by 1.309 times
and then find the required dimensions. If
you used 316L stainless for the half-oval-
section struts in the earlier example, they
would work out as

55,000 psi yield silicon bronze + 42,000 psi
yield 316L stainless = 1.309

7Z for silicon bronze I-struts, you found,
was 0.80 cu. in.

Z for 316L stainless I-struts = 0.80 cu. in. X
1.309 = 1.047 in.?

.3
[1.047
Thickness, in. = 5|~ _1.22 in; use 1% in.
0.572
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Length at hull bottom = 6.5 X 11/4in. =
8.125; use 84 in.

Length at propeller-shaft boss =4 x 11/2 in.
shaft diameter = 6 in.

Or

379,000 kPa yield silicon bronze +
289,500 kPa yield 316L stainless = 1.309

Z for silicon bronze I-struts, you found,
was 13.19 cm?

Z for 316L stainless I-struts = 13.19° x
1.309 = 17.26 cm?

, 3/17.26 em®
Thickness, mm = 10 x W = 31.13; use 32 mm

Length at hull bottom = 6.5 X 32 mm =
208 mm

Length at propeller-shaft boss =4 x 38 mm
shaft diameter = 152 mm

TABLE 2-1. YIELD STRENGTHS OF
COMMON STRUT MATERIALS

Alloy Yield, psi  Yield, kPa
Commercial bronze 37,000 255,000
Manganese bronze,

SAE No. 43 65,000 448,000
Manganese bronze,

SAE No. 430 (GrA) 90,000 620,500
Manganese bronze,

SAE No. 430 (GrB) 110,000 758,400
Silicon bronze 55,000 379,000
Phosphor bronze 55,000 379,000
Aluminum bronze 55,000 379,000
Stainless steel 304 35,000 241,000
Stainless steel 316 42,000 289,500
Stainless steel 316L 42,000 289,500
Aluminum 5000 series 34,000 234,400
Aluminum 5000 series

as welded 14,000 96,500

Discussion of Strut Alloys

The longest-lasting alloys by far are silicon
bronze or one of the phosphor or aluminum
bronzes. All the other alloys are second best,
even though the manganese bronzes have
very high yield strengths. Of the steels, I

Formula 2-3c.
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would use only 316L stainless for struts, and
then only if I had no other choice. Any other
stainless is far too likely to suffer from pit-
ting corrosion, especially at the welds. Even
316L suffers from this to some degree. Com-
mercial bronze and manganese bronze are
very common strut materials. They are
strong, inexpensive, and cast easily. Though
they're acceptable, both commercial and
manganese bronzes are really brasses con-
taining zinc—they’re not bronzes, in spite
of their name. (Bronze is copper alloyed
with tin; brass is copper alloyed with zinc.)
All brasses can suffer from a corrosion
called dezincification and are not recom-
mended for underwater work. If the struts
are made of manganese or commercial
bronze, you have to be careful to protect
them with anodes.

Aluminum struts that are continuous
through the bottom of the hull and are struc-
turally welded to framing inside the hull
(with welds at the hull shell only for water-
tightness) can use the full yield strength. If
the aluminum strut welds directly to the bot-
tom of the hull or to plates mounted to the
bottom of the hull, you must use the as-
welded yield strength.

Additional Strut
Dimensions

The controlling dimensions for other aspects
of the struts are either the drop (the vertical
distance from hull bottom to shaft centerline)
or the prop shaft diameter. Cutless bearings
come in varying dimensions for the same
prop shaft diameter, so the bearing must be
selected before determining the bearing tube
diameter. The bearing tube wall thickness
should equal shaft diameter divided by 4, as
shown in Figure 2-1, but should never be less
than %6 inch (4.8 mm).

Note that the standard Cutless bearing
length is four times the shaft diameter. If you
can go less on high-speed boats, it will reduce
wetted-surface drag. Thordon makes bearings
that are designed at just two times the shaft
diameter in length. These are well worth in-
stalling if the last ounce of speed is critical,
and the previously shown struts can simply be
trimmed down (tapered more) at their bot-
toms to match this shorter bearing length.

Strut Fastening and
Mounting Considerations

Of course, sturdy struts alone do not neces-
sarily make for strong support. The struts are
no stiffer or stronger than their attachment to
the boat. One 50-footer (15.2 m) that I was
called in to fix had severe vibration prob-
lems. Her V-struts were massive, her props
were new and carefully balanced, and her
shaft alignment had been checked and
rechecked. She was a new, twin-screw fiber-
glass boat.

When I clambered into her after bilge, I
found that her V-struts were through-bolted
to the fiberglass hull bottom with nothing
more than individual backing plates of the
same dimensions (footprint) as the V-strut
bases below them. The resultant installation
gave the illusion of being strong, but it wasn’t.
(Certainly, it fooled the boat’s builder, who’d
otherwise done a decent job on her.) Even
though the bottom was a bit over 7s-inch
(22 mm) thick solid glass, it wasn’t suffi-
ciently stiff. The hull itself was flexing at the
strut attachments—flexing enough to gener-
ate noticeable hairline cracks after only a few
dozen operating hours.

Fiberglass is middling strong for its
weight, in terms of pure tension, but it can
only be described as weak in bending. (Its
flexural modulus is low.) The stiffening for all
fiberglass-reinforced plastic (FRP) hulls
needs to be carefully thought out, with great
attention to spreading loads and avoiding
hard spots. It was relatively simple (though
hard work for the repair yard) to fix this boat.
The hull bottom was built up inside—around
the struts—with another Y41 inch to 3s inch
(6.3 mm to 9.5 mm) of glass for about two
feet square (60 cm squre). Then large backing
blocks and backing plates were installed.
This made all the difference.

Strut Backing Blocks

According to my experience, all FRP hulls
require large backing blocks and plates
behind the strut bolts (Figure 2-4). The
wood, ply, or G-10 backing-block thickness
should be at least 2 times the strut-bolt di-
ameter, and the block’s footprint should be
1.3 times the footprint dimensions of the
strut base below it—more doesn’t hurt. With



V-struts, the backing block should span the
width between its twin bases. The backing
plate should have a footprint that is about
10 percent greater than the strut’s base foot-
print outside. Don’t forget to bevel the back-
ing block edges and radius the corners as
well. Cutting them off vertical and square
can leave hard spots that aggravate stresses
in the hull. If the backing block is wood, it
must be very thoroughly saturated with
epoxy—three coats minimum—with extra
attention paid to sealing the end grain and
bolt holes. Wooden hulls need similar care-
ful attention to backing blocks and plates.

Strut Construction
Jor Metal Hulls

For steel and aluminum boats, struts are usu-
ally best when fabricated of the same material

1 J
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Backing Plate

Backing Block

as the hull itself. One method of fastening is
to insert the strut legs through slots in the
hull bottom and weld them to longitudinal
girders inside the hull (Figure 2-5). Some-
times these girders are the same girders
as the engine beds, but not always. The slot
in the hull should be just a little bit long fore-
and-aft. In this way the strut assembly can be
inserted into the slots and slid around to get
proper alignment before being tack welded
in place. The doubler plates outside are in-
stalled as split plates around both sides of
the strut legs and tack welded. Alignment is
rechecked, and then the entire assembly is
structurally welded in place.

An alternative method is to fasten the
strut legs to a transverse floor or deep frame
(Figure 2-6). In this case not only is the hull
bottom slotted to accept the strut legs, but
the floor or frame is notched as well.

Figure 2-4. Strut

Sfastening
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Engine Beds Or Girders
Located To Support Strut Legs
——

Struts u
Welded Teo
Girders

=

Doublers

Figure 2-5. Metal hull strut construction: struts to girders

/¥Floor Or Deep Frame

Slot Fleor For
Strut Legs

Doublers

Figure 2-6. Metal hull strut construction: struts to floor or frame
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Water Inflow to the Prop

A common cost-cutting measure on off-the-
shelf struts is to make the strut legs square
in section. In fact, square-section strut legs
create only slightly more drag than the flat
oval section shown in Figure 2-3, and this
leads many to believe that they compromise
very little. The problem with square-section
strut legs isn’t their drag, however, but their
effect on the propeller; these squared-off cor-
ners can create turbulence ahead of the prop.
Theoretically, true airfoil-section strut legs
interfere the least with water flow to the
prop. In practice, the symmetrical flat-oval
section shown in Figure 2-3 is nearly as good
and is simpler to build. Boats operating under
20 knots can get by with flat and square strut
legs that are slightly rounded at the leading
and trailing edges, but these still won’t be as
quiet as the shaped strut section shown in
Figure 2-3.

V-Strut Leg Angles

Since V-struts have two legs to impede water
flow, you want to make sure that two legs
can’t line up with the blades at the same time.

Floor Or Deep Frame

Weld To Frame

Hull~/\.




This rules out the following angles between
legs:

3-bladed prop—120 degrees
4-bladed prop—90 degrees
5-bladed prop—72 degrees
6-bladed prop—=60 degrees

The standard V-strut angle is 55 degrees,
which avoids all of the preceding angles.

Obviously, 120 degrees and 90 degrees
aren’t likely, but 72 degrees and 60 degrees
can happen if you're not careful. I even saw
90 degrees once on an old wooden twin-
screw boat. Someone had repowered her
and installed a new I-strut, but—to make it
“really strong”—they added a transverse
strut leg that ran sideways to the keel at ex-
actly 90 degrees. You guessed it, the boat had
a 4-bladed prop.

Some V-struts have their legs so close to-
gether that the width between them is about
the same as one prop-blade width. In this
case, they form a perfect shadow for the up-
per blade every time it swings by. You can see
that this was the case on the aluminum ferry
with the short pocket (see Figure 1-8A),
which obstructed water flow still more. No
wonder this vessel vibrated so badly.

Strut Grounding Skegs

Behind the strut, the lower portion of the
propeller is unprotected from the debris of
grounding. Many cruising or workboats in-
stall V-struts with a grounding skeg project-
ing down in front of the propeller. The
grounding strut isn’t nearly as strong as a
full keel, but it does protect the propeller
better than having nothing in front of and
below its lower half. Note in Figure 2-7 that
it’s important to sweep and curve back the
leading edge of the grounding skeg as much
as possible to avoid catching things and to
clear the trailing edge of the grounding skeg
as far as practical from the prop. The
grounding skeg is usually made with the
same thickness and section as the standard
V-strut legs, with a similar section modified
as necessary to fair it properly as the
grounding skeg tapers toward the bottom.
The drawback of a grounding skeg is more
appendage drag.

Chapter 2: Struts, Propeller Apertures, and Shaft Angle

PROPELLER APERTURES
AND SHAFT ANGLE

Strut in an Aperture

In Figure 2-8, you can see a typical strut in a
full aperture. This provides good protection
for the propeller. Such struts are usually
standard I-struts with a rough mirror image
of the upper strut leg below, fastened to the
top of the skeg keel. Occasionally—when
great strength to withstand frequent ground-
ings is required—the strut is a V-strut with
the extra leg on the bottom to form a Y, fas-
tening to the top of the skeg. This is strong
indeed, but again, it creates additional
appendage drag.

Open Propeller Apertures in
High-Speed Single-Screw
Vessels

The faster the boat, the more important it is
to concentrate on obtaining unobstructed in-
flow to the propeller. An example of a boat
type that can have problems with inflow to
the prop is a traditional Novi-type lobsterboat
that has been powered to run at high speed—
20 knots plus. Standard lobsterboats were
originally displacement hulls. They're con-
structed with long, straight keels and a
vertical deadwood just ahead of the prop.
The stern bearing projects through the dead-
wood, and often this deadwood is not cut
back or faired away ahead of the propeller
at all. Frequently, the trailing edge of the

Figure 2-7. Strut

grounding skeg
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___—________—

deadwood (ahead of the prop) doesn’t even
have its edges rounded off. At 12, 13, or
14 knots, or so, you can get by with such a
setup (though it’s less than ideal). But when
you push such hulls faster, the propeller will
be starved for water in the shadow of the
heavy, blunt deadwood and keel just ahead.

Even though lobsterboats were originally
displacement boats, as long as a lobsterboat’s
run is fairly broad and flat aft it can be made
to go 25 or 30 knots or more—given the
power—but you should provide the prop
with room to breathe. The traditional full
keel, ideally, should be cut away for 20 to
25 percent of the waterline length ahead of
the prop, and the upper/trailing edge of the
remaining keel/skeg should have a pro-
nounced rounded taper to reduce turbulence
(Figure 2-8). Additionally, the keel/skeg on
these boats ought to be dropped aft to make
room for a larger-diameter prop than fitted
to traditional displacement-speed lobster-
boats. Larger engines need additional blade
area—as we've seen—to transmit their
power, and greater diameter is the most effi-
cient way to accomplish this.

Shaft Angle

The standard rule is that the propeller shaft
angle should not be greater than 15 degrees

from the horizontal. Further, the lower or flat-
ter the shaft angle, the better. Broadly speak-
ing, this is correct. On all ordinary designs,
you should keep the shaft angle less than
15 degrees. There are two reasons for this.
One is that with the propeller at a pronounced
angle, the water flow into the propeller disk is
uneven from top to bottom. This essentially
changes the apparent pitch that the water
“sees” at the top of the propeller from that at
the bottom of the propeller. This in turn
causes uneven blade loading, which can
cause vibration. The other reason is that the
thrust line will not be forward, but will be an-
gled down, and so some efficiency is lost.
Another consideration is that almost all
engines are designed to be installed at no
more than 15 degrees. Fit them at a steeper
angle, and the oil sump will collect a pud-
dle in the lower aft corner, which won'’t be
properly circulated. This can lead to a seri-
ous lubrication failure. In fact, the more
level you can install the engine itself, the
better for the lubrication system. Remem-
ber, if you have a planing hull with an en-
gine and shaft installed at 13 degrees and
the planing angle is 4 degrees, the real angle
of the engine will be 17 degrees, which will
cause these lubrication issues. The way
around this is to install the engine with
a down-angle gear or with a pair of CV or

Figure 2-9.
Maximum shaft
angle
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Figure 2-10.
Rotation of a
right-hand wheel
(viewed from
astern)
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universal joints to get the engine more level
than the shaft.

Having said all this, I recall how I once in-
herited the design project of a 40-foot (12.2 m)
boat with a 17-degree shaft angle. It was a pro-
duction vessel, and the tooling was too far
along to change. So we kept the shaft angle
and built around it. Though I had concerns, in-
terestingly enough the boat ran flawlessly.
Quite a few of these boats were produced.
They all operated smoothly with no vibration,
made exactly predicted speed (with no
allowance for loss due to shaft angle), and were
good sea boats. (A down-angle gear reduced
the engine-installation angle to 7 degrees.) My
feeling is that a bit too much emphasis is
placed on getting flat shaft angles. My intu-
ition tells me that the water flow entering the
propeller disk is somewhat straightened out
by the suction (lift) of the forward side of the
propeller; so the water tends to enter the
blades at closer to parallel to the propeller
shaft than the shaft angle would indicate. It
would be interesting to run systematic, real-
world tests to see what is really happening
in this complex flow pattern.

Regardless, I have never set out to design
a boat that had more than a 15-degree shaft
angle.

Shafts Angled or Offset
in Plan View

Shafts, as previously discussed, are almost
always angled in side or profile view; how-
ever, they can also be angled in plan view: i.e.,
angled in and out rather than higher forward
and lower at the stern. This is not common,
and it’s generally best to arrange propeller
shafts parallel to the boat’s centerline, but
shafts can be angled in or out to solve some
installation problems. This practice was
more common in the early days of power-
boats and auxiliary sail. It’s not unusual to
find boat plans from the 1920s and '30s with
shafts angled in plan.

The primary consideration with such
installations—in single-screw boats—is
that the turning effect of propeller be
taken into account. In fact, one of the rea-
sons old-time boats sometimes had angled
shafts was to counteract this propeller
effect. A right-hand wheel is the standard
on single-screw craft. Such a propeller
rotates clockwise as viewed from astern
(Figure 2-10). It tends to turn the bow to
port going ahead and the stern to port
going astern. If you mount the shaft paral-
lel to the centerline but off to port, then

¢
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the force being off to that side will tend to
push the bow to starboard going ahead
and the stern to starboard going astern.
Thus, installing a right-hand wheel off cen-
terline to port helps cancel out the to-port
tendency caused by the propeller. If
instead you put the shaft off to the star-
board side, it would increase the to-port
tendency caused by the right-hand pro-
peller, which would not be good. A left-
hand wheel behaves exactly the opposite.

NOTE: On twin-screw boats, the star-
board propeller is usually right-hand and the
port propeller is left-hand (Figure 2-11).

Offset parallel propeller shafts are not
uncommon on sailboats, where they help
make more room on the side away from the
engine and also avoid running the shaft
through the structure of the keel on centerline
(Figure 2-12). The offset distance shouldn’t be
more than about 8 percent of beam. Note that
this offset puts the rudder out of the direct
propeller slipstream, reducing steering re-
sponse under power.

Chapter 2: Struts, Propeller Apertures, and Shaft Angle

It is also not uncommon to angle the prop
shaft so the propeller is still on the centerline,
with the engine angled off to the port side on
a right-hand wheel boat (Figure 2-12). This
also counters the to-port tendency of a right-
hand wheel. The maximum installed shaft
angle in plan should be about 3 degrees. With
this configuration, the rudder is still in the
slipstream.

Occasionally, larger single-screw power-
boats will use a similar configuration, with
the prop on the centerline and the shaft an-
gled up to 3 degrees to port on a right-hand
wheel (opposite for left-hand). The primary
advantage here is when the engine is at mid-
ships or forward (Figure 2-13). The shaft
angle creates some added room on the star-
board side of the engine. This might allow a
passageway to starboard or some large item
of machinery to be installed that otherwise
wouldn't fit.

Twin-screw boats can also use shafts an-
gled in plan. V-bottom hulls can angle the
shafts out at the stern and in toward the

— —

—
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-~
4

/

I
I

\

Left Haond

Right Hand

Figure 2-11.
Standard
direction of

rotation for twin

screws (viewed
from astern)
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Figure 2-12.
Different shaft
placements
compared

Figure 2-13.
Single midships
engine on center-
line with angled
shaft
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Max. &%
Of Beam

s

Angled Shaft Centerline Prop

engines. The goal is to allow higher engines
to fit lower in the bilge of the V of the hull body
while maintaining normal separation of the pro-
pellers astern. Keep in mind that there needs
to be adequate clearance between the engines
at midships. Sometimes this can be addressed
by staggering the engines, with one engine

ahead of the other, though this makes for a long
engine compartment. The maximum shaft an-
gle in plan should be about 2 degrees.
Twin-engine, canoe-sterned vessels some-
times angle the shafts the opposite way in
plan: with the engines farther apart midships
and the propellers closer together at the stern.
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Engine

TWIN-S¢cremn An

gled-Out Shafts

Gets Engines Lower |In V-Bottom Hulls

(N}

o

B —

Props Closer Together For
Norrow Stern

This can be helpful on double-enders because
the stern is pinched and the propellers and
rudders may not fit properly too far apart. At
the same time—particularly in deep-bodied,
heavy double-enders—the engines can be far-
ther apart near midships, which allows better
access to the machinery space.

Keep in mind the possibility of shafts that
are angled or offset in plan view. You may run
across them in practice, or they may help
solve some particularly difficult installation
problem. In most instances, however, shafts
parallel to the centerline are preferred.

| >
Q
b s

TWin-Screw Angled-in Shafts
More Width Between Emgimes

Figure 2-14.
Different shaft
placements
compared on
twin-engine boats

31



CHAPTER 3

32

SELECTING INBOARD
TRANSMISSION
GEOMETRY

Selecting the proper reduction ratio for a par-
ticular combination of boat, engine, and pro-
peller is a critical part of propeller selection.
This is really a propeller-sizing issue. Besides
selecting the reduction ratio, however, you
must also select a gear or transmission with
the proper geometry to install the engine
where you need it for arrangement-plan and
weight-and-trim considerations, as well as to
make the drivetrain fit properly in the boat.
There are several standard gear geome-
tries (Figure 3-1):
In-line coaxial
The output shaft is in-line with and on the
same axis as the engine driveshaft. This is
usually the smallest and most compact gear
configuration and is usually suited to shoal
hulls with the engine near the hull bottom.
Parallel drop-shaft, shallow case
The output shaft is parallel to the engine
driveshaft, but is offset down by a few inches.
This is a common configuration that can help
you raise an engine a bit to clear the bilge bet-
ter. The shallow case means the drop isn’t too
great.

Parallel drop-shaft, deep case

The output shaft is parallel to the engine
driveshaft, but is offset down by several
inches. This common configuration can help
you raise an engine significantly to clear the
bilge better. You must have sufficient clear-
ance over the engine to do this. The deep
case means the drop is substantial. This is a
common configuration for reduction gears
over 3:1 in larger displacement vessels.
Down-angle gear

The output shaft angles down relative to the
engine driveshaft. Angles are usually between
10 and 15 degrees. Down-angle gears permit
installing a more level engine on a steep
shaft. In doing this, they also lower the for-
ward top corner of the engine, permitting a
lower engine-compartment overhead or fit-
ting a higher engine in a lower engine
compartment.

Direct-mount V drive (also called UV drive
or U drive)

The gear mounts directly on the engine bell
housing as usual, with the output shaft re-
versed and angled down and under the
engine in a V. Angles are usually available
between 10 and 15 degrees. This permits
keeping the engine well aft and facing
backward. Direct-mount V drives are great
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space savers in some boats and can make it
possible to fit more accommodations in the
boat. The drawback to all V drives is that the
additional gearing creates somewhat more
power loss, and access to the stuffing box un-
der the engine and behind the UV drive can
be difficult and must be carefully considered
during design.

Remote-mount V drive

The engine is installed facing backward and
(usually) angled slightly down at the forward
end. A jackshaft connects to the engine drive-
shaft and runs into the aft end of the V drive
mounted some distance forward in the boat.
The jackshaft is usually fitted with CV or uni-
versal joints at either end. (Figure 16-3 shows
a remote-mount V drive.) Like the UV drive,
the V drive changes output direction to
reverse and runs aft and down at an angle.
Angles are usually between 10 and 15
degrees. Remote V drives allow great flexi-
bility in locating the engine. They do lose
more power to gear friction than other
drives. The remote V drive has its own inde-
pendent lubrication system.

Unusual gears
There are gears with the output shaft offset
to the side rather than down, and gears with
outputs angled down and offset to the side.
There are specialized gears that allow two
side-by-side engines to drive one shaft, and
gears that allow two engines (one in front of
the gear and one aft) to drive the same shaft.
Such gears are usually installed on craft with
gas turbine engines. Gas turbines burn so
much fuel that their vessels often fit diesels on
one side of the gear and the gas turbine on the
other. The diesel is termed the “loiter”
engine, used for low to moderate speeds. The
gas turbine is used for high-speed pursuit
operation. All these unusual gears are intended
for special design problems that don’t apply
to the vast majority of ordinary craft.
Regardless of the gear geometry you
need, you must check with the manufacturer
to confirm that the gear will mate with the
bell housing on the engine (except for
remote V drive); that the gear is rated for the
engine’s maximum torque, horsepower, and
rpm; and that the gear will fit in the hull. It’s

Figure 3-1.
Transmissions
compared
(Courtesy ZF
Marine)
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Co-Axial or Vertical Offset Remote Mount
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(C?mtinu ed) surprising how often I've learned of boats
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that had humplike protrusions molded into
their bottoms as an afterthought to fit the
proper gear. This is always bad and always
wrong, and there’s really no excuse for it if
the design is done properly to begin with.
I can usually find the gear configuration I
want. Sometimes, however, even an exhaus-
tive search shows that what I'm looking for
just isn’t available at the rpm, power, and
torque ratings needed. If this happens, you

have no choice but to go back to the drawing
board. The most common instance of this
occurs when you are looking for any form of
gear with reduction ratios deeper than 3:1 on
engines under 300 hp (224 kW). Such gears
don’t seem to be made. This is a shame—
particularly on displacement-speed vessels—
as larger reduction gears would allow larger
and more efficient propellers. The resulting
improvement in fuel economy (as well as low-
speed oomph) would be highly beneficial.
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Constant Velocity and
Universal Joints

So far we've been talking about standard
straight-shaft inboard installations. Being
simple and rugged, they have much to rec-
ommend them. But when there is room
enough and budget enough, I like to install
double constant-velocity (CV) joints with an
independent thrust bearing. Usually, I go
with an off-the-shelf package like Aquadrive
(Figure 3-2) or PYI's Python-Drive. Spicer
and CON-VEL are two other sources for CV
joints. Figure 3-3 shows the workings of a
CON-VEL CV joint.

Using double CV joints has several
pluses. They allow more flexibility (no pun
intended) in engine location. They also
accept what for straight-shaft systems
would be unimaginable misalignment, so
shaft-alignment problems are virtually un-
heard of.

In addition, because systems like Aqua-
drive allow so much flex, the engine can be
“floated” on extremely soft mounts that further
isolate engine vibration from the hull.

Engine Mounts
Match Coupling
Flexibility

Optional Jackshaft

Inner Race

Precision Balls

The Independent Thrust
Bearing

It’s important to remember that the indepen-
dent thrust bearing in this system plays a big
role in permitting such soft mounts. In standard
straight-shaft installations, the thrust from the
propeller is transmitted along the shaft and
taken by a thrust bearing in the marine gear.
(By the way, this is why you can’t just use a car
transmission in a boat; auto transmissions have

Twin Constant-
Velocity Joints

Thrust Bearing

Figure 3-3.
CON-VEL CV joint
(Courtesy
CON-VEL Inc.)

Figure 3-2.
Aquadrive system
(Courtesy
Aquadrive)
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Resilient
Material

Figure 3-4.
Flexible engine
mount

Formula 3-1.
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Resillent
Material

no thrust bearings.) The thrust pushes the en-
tire engine forward, and that drives the boat
ahead through the engine mounts.

Calculating Thrust Loads

The thrust loads are large indeed. You can
calculate the thrust load reasonably closely
from the following formula.

Formula 3-1. Thrust Loads

326 X shp x e
Thrust, Ib.= ——
0.9 x knots
or
198.3 x kWshaft x e
Thrust, kg =
0.9 X knots
Where

shp = shaft horsepower = 0.96 x bhp

kWshaft = power in kilowatts at the
shaft = 0.96 x flywheel kW

e = propeller efficiency—approximately
0.55 for displacement hulls and 0.70
for planing hulls

NOTE: The 0.9 is for an assumed wake
factor to get Va (prop speed through the water
in knots). Va will be less than boat speed be-
cause the boat drags a wake along with it as
it travels. Making a 10% deduction for this pro-
vides a good-enough approximation.

Example: A 32-foot (9.7 m) express cruiser
going 28 knots on twin 300 hp (224 kW) diesels
will be subject to a thrust of 2,608 pounds
(1,184 kg) along each shaft—well over a ton.

326 x0.96 x 300 hp x0.70

Thrust = = 2,608 Ib.
0.9 x 28 knots
or
198.3x0.96 x 224 kW x 0.70
Thrust =
0.9 x 28 knots
=1,184 kg

Engine Mounts, Thrust,
and Couplings

It is absolutely vital that the engine mounts
are able to transmit thrust load if you aren’t
using a system with a separate thrust bearing.
It’s thus equally vital that the shaft coupling
match the engine mounts. Soft mounts
should have very flexible couplings, slightly
flexible mounts should have slightly flexible
couplings, and rigid mounts should have rigid
couplings. I've seen straight-shaft installa-
tions with engine mounts that were so flexi-
ble that the entire engine was pushed/rotated
forward /5 inch (13 mm) underway from the
thrust. Imagine what this did for the shaft
alignment!

The flip side of CV joints or double uni-
versals is the rigid mount. There’s no give
anywhere. If all is aligned properly, this
works just fine. But it is noisier, as all engine
vibration is transmitted directly into the
structure. Figure 3-5 shows the engine of an
aluminum ferry that had a fully rigid installa-
tion. The boat ran reasonably smoothly in
terms of the propeller noise and was other-
wise efficient. Welded metal hulls being what
they are, however, every iota of engine noise
carried through the structure.
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Universal Joints

Neither the standard old-fashioned universal
joints (also called Cardan or Hooke’s joints,
Figure 3-6) nor modern CV joints can take
thrust well, at least not much. Hence the sepa-
rate thrust bearing. Before CV joints were
available, some small fishing boats, like dories,
actually used a single universal joint to make
retractable propeller installations (Figure 3-7).
You can get away with this on an old 10 or
20 hp (7 to 15 kW), one-lung, make-and-break
engine, but not on anything much bigger.
Figures 3-7 and 3-8 show the old retract-
ing propeller arrangement used for years by
fishermen in Nova Scotia to allow them to

beach their boats. Note that under load the
universal joint is straight. It works well
enough like this in small boats with limited
torque and thrust, but I wouldn’t try this on
300 hp (220 kW).

Double universal joints, by the way, must
be installed with equal angles as shown in
Figure 3-9 when used in pairs—as they
should be. If the angles are mismatched you
can actually rip the universals apart from tor-
sional differences. CV joints don’t have to fol-
low this rule, but I like to lay them out this
way if I can, just to be on the safe side.

To ensure that the balls in the bearing all
rotate fully—for proper lubrication—Aquadrive

Figure 3-5.
Engine installed
on rigid mounts

Figure 3-6.
Jackshaft with
universal joints.
The proper term
for this shaft is a
“Cardan shaft,”
and the joints are
“Hooke’s joints,”
but many refer-
ences use univer-
sal joint, Hooke’s
joint, and Cardan
joint interchange-
ably to refer to a
single one of these
jJoints. (Courtesy
Halyard Ltd.)
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Figure 3-7.
Retracting dory
propeller

Figure 3-8.
Cutaway view of
retracting dory
propeller box
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(A) Thrust Taken By Thrust
Bearing Aft Of Universals
(Recommended) o

(D) Thrust Taken By Thrust
Bearing Aft Of Universals
(Recommended)

(B) Thrust Taken By Thrust
Bearing In Gearbox, Forward
Of Universals (Not Recommended)

(E) Thrust Taken By Thrust
Bearing In Gearbox, Forward
Of Universals (Not Recommended)

.

A (215 S

(F) In Confined Space

- Angles Indicated Must Be Equal
» With Independent Thrust Bearing,
Shafts Or Close Couplings Should
Be Splined/Telescoping To Allow

Changes In Length

CVs (and most CV joints) should have a mini-
mum !/,-degree angle at each joint. Further,
there are maximum installation angles for CV
joints (and U-joints too). Be sure to follow the
manufacturer’s recommendations.

Whether using universal joints or modern
CV joints, the shaft or the close coupling
should be splined, enabling it to telescope,
thus absorbing axial changes in length. This
truly allows the engine to float, and it absorbs
the changes in shaft length that universals,
especially, can introduce at high angles. In-
stead of using a telescoping shaft, Aquadrive
CVs have axial movement built into the CV
joints themselves. The axial play ranges from
approximately !/, inch (6 mm) on the small
Aquadrive joints, to well over 1 inch (25 mm)
on the larger models.

A practical example of the advantages of
a modern CV joint occurred on a 60-foot
(18.2 m) aluminum motor cruiser I designed.
The builder did a fine job in general, but had
installed the engine compartment overhead
and insulation 4 inches (100 mm) lower than
we had drawn. As a result the forward upper
end of the engine was poking up through the
overhead. It would have been costly to re-
work the overhead, so we cut down the alu-
minum engine mounts instead and installed
the engine at a flatter angle. This could never
have been done with a straight-shaft system,
but we had already specced Aquadrive. In-
deed, this couldn’t even have been done with
standard universal or Cardan joints as the
carefully worked-out equal angles would
have been ruined. With the modern double

Figure 3-9.
Universal
jJoint shaft
configurations

;i
{
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Figure 3-10.
Drivesaver-type
coupling
(Courtesy Globe
Composite
Solutions, Ltd.)

Figure 3-11.
Cutaway view of a
rigid stuffing box
(Reprinted with
permission from
Boatowner’s
Mechanical and
Electrical Manual,
by Nigel Calder,
2005)

40

Gearbox Coupling

/ Resilient Disk

CV joints, there was no problem with this
at all.

Drivesaver Disks

When there isn’t room or budget for Aquadrive,
I still prefer to build some flex into the drive
system. In this case, I'll specify the Babbit or
Globe Drivesaver disk. PYI also makes a rather
different flexible shaft coupling that achieves
similar results. Again, the engine mounts and
the coupling should match. When installing a
Drivesaver disk, I try to spec matching engine
mounts from the same manufacturer.

These Drivesavers add just a small
amount of flex, which helps isolate engine
noise and slightly reduces potential align-
ment problems—though the entire drivetrain
still must be aligned to standard straight-
shaft tolerances.

It's a good idea to be certain to install
these on shaft installations where the distance
from the coupling to the stern bearing is less
than 20 times the shaft diameter. Such a short
distance can result in too much rigidity, which
the Drivesaver disk reduces nicely.

lock nut

deadwood

-
lHllIlIlll[l_

/Drs,::l Shaft Ceoupling

Prop Shaft

Stuffing Boxes

It used to be that stuffing boxes were
pretty much all the same: screw-down
packing nuts around the shaft that com-
pressed flax packing against the shaft
(Figure 3-12). Of course, the flax had to be
kept wet (lubricated) to keep it from burn-
ing up when the shaft spun. This meant
backing off the compression nut just
enough to allow a drip or two of water to
flow every few hours at anchor and every
15 minutes or so underway.

These days, many of my clients are in-
stalling slip-ring-type stuffing boxes, with an
elastic bellows that presses the slip-ring seals
together. PSS Shaft Seal and Duramax are
two brands that work fine. However, a prob-
lem occurs in conjunction with the
Aquadrive. During maneuvering—when you
go into reverse—the Aquadrive thrust bear-
ing allows the shaft to pull aft roughly 3/ to
1/, inch (9 to 13 mm); then when you shift into
“ahead,” the shaft pushes forward again. In
that instant, the pressure comes off the shaft
seal and a perfect circular fan of water sprays

propeller shaft
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Prop Shaft

Shaft Log

Stainless Steel Hose Clamps
Reinforced Rubber Bellow
Carbon Filange

#316 Stainless Steel Rotor
Stainless Steel Set Screws

O-Rings

® N O G AW N =

HOW THE PSS SYSTEM WORKS:

The reinforced rubber bellow (4) is secured at one end to the shaft log

(2) and at the other to a high density carbon flange (5). The bellows, (slighty
compressed at the time of installation) and the water pressure, force the
carbon flange against a polished stainless steel rotor (6) which is mounted
on the shaft and secured in place by a pair of double set screws (7). Two
O-Rings (8) are used to prevent water from leaking between the shaft and
the stainless steel rotor. When the shaft rotates. the stainless steel rotor
turns against the carbon flange, the high polished carbon reduces friction to
a minimum and elimates any possibility of leakage.

Figure 3-12. PSS shaft seal (Courtesy PYI, Inc.)

into the bilge. I'm not particularly crazy about
this. This is neither a defect with Aquadrive
nor a defect with the slip-ring shaft seals; it’s
simply the way these two mechanisms hap-
pen to function together.

In fact, I don’t see much wrong with old-
fashioned stuffing boxes, except for the has-
sle of replacing the flax periodically. My per-
sonal preference is a standard stuffing box
with the new Teflon-impregnated packing
material. This packing is virtually dripless
and lasts many times longer than old flax.

Flexible Self-Aligning
Stuffing Boxes

I also prefer to use the flexible (self-aligning)
hose-type stuffing boxes (Figure 3-13). These

e
shatft bearing

don’t become a shaft bearing that has to be
aligned. Of course, there may be circum-
stances where you want to have a bearing—
an intermediate shaft bearing—at the stuffing
box location, as we saw in Chapter 1. In this
case, you would use a rigidly mounted stuff-
ing box.

The hose on flexible or self-aligning
stuffing boxes must be tough stuff. Use only
heavy-wall, 5-ply minimum hose. Not only
can you not afford any leaks here, but the

Figure 3-13.
Flexible stuffing
box (Reprinted
with permission
from Boatowner’s
Mechanical and
Electrical Manual,
Third Edition, by
Nigel Calder,
2005)
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Figure 3-14.
Cracked transmis-
ston and hollow
engine bed
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hose will experience considerable twisting
loads from the rotating shaft’s friction in the
stuffing box. Top-quality exhaust hose is
ideal. Such hose does not compress very
much, so the fit to the hardware must be
close or the clamps won’t compress it
adequately.

Stuffing-Box Water
Injection

Another stuffing-box consideration is water
injection. In the old days, the Cutless bear-
ing was lubricated by water forced into side
inlet ports in the external bearing housing.
These days, more often than not, the Cutless
bearing is installed so that lubrication wa-
ter can’t be ingested by this method. Instead,
you must install a water-injected stuffing
box to get continuous water flow onto the
rubber bearing. Water is taken off the main
engine raw-water cooling circuit and in-
jected into a port on the stuffing box; usu-
ally this port is %/g-inch (10 mm) diameter.

Note that water injection is below the
waterline. A failure in the hose or piping is
the same as a leak in the hull. You must use
rugged, top-quality materials. A1l fuel hose is
ideal. If more flexibility is needed, you can
use B2 fuel hose.

Engine Beds

Though not strictly part of the drivetrain, en-
gine beds are every bit as important as the en-
gine mounts. If the beds are weak or flexible,
no amount of careful alignment will help. I've
worked on fixing several boats that had in-
adequate engine beds.

One of these boats was a twin 350 hp
(260 kW) MerCruiser, gas-inboard craft. Its
owner found a crack in the transmission
housing at the starboard engine’s starboard
aft mount. The crack went right through to
the transmission’s interior and leaked fluid.
He had the thing replaced. The new one
cracked again. So he had it welded shut (not
good practice, but he wanted to go cruising).
It cracked again. Next season, he replaced
the transmission once more. It cracked
again. Then he called me in. It had always
been the starboard engine that leaked, but I
took a look at the port engine and found a
crack beginning in the same place. The ar-
row in the first panel of Figure 3-14 points to
the crack.

What I then found was that the appar-
ently high, massive engine beds were in fact
hollow, with a wall thickness of less than
/¢ inch (11 mm). The engine mounts were
bolted to small aluminum angles that were
simply through-bolted to only the inboard
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Figure 3-14.
(Continued)
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Figure 3-14.
(Continued)
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wall of the beds, with ordinary washers in-
side. Merely standing on the engine caused
the side walls of these hollow beds to flex
visibly. If the builder had only built in solid
wood blocks in the engine bed and through-
bolted the engine through both walls with a
backing block on the other side, and used
longer engine-mount-attachment angles, the
installation would probably have been accept-
ably rigid.

Engine Bed Construction

Figure 3-15 shows simplified recommended
dimensions for engine beds in fiberglass boats.
You can get more detail about this, along with
bed scantlings and construction as well as
construction for other materials from my book
The Elements of Boat Strength. If you're trying
to track down a seemingly intractable vibra-
tion or alignment problem, don’t forget the
foundation itself: the engine beds.
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Figure 4-1. A fuel
fire caused this
boat to sink in
minutes
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Part Two

FUEL
SYSTEMS

Considering the potential dangers, it’s odd
that there are so few specific legal require-
ments governing boat fuel systems. This is
serious business, and I'll start off with a bang.
Figure 4-1 shows a 45-foot (13.7 m) express
cruiser that burned and sank in minutes as a
result of a fuel fire. This, by the way, was a
diesel boat. Some folks act as if diesel were
fireproof; it is anything but. In fact, diesel fuel
contains more energy per unit volume or per
unit weight than gasoline. Gasoline is much
easier to ignite and can explode in the right (or
wrong) conditions; however, once diesel starts
burning, it’s truly terrifying. Diesel or gas, we'll
take a detailed look at the requirements for
safe, reliable, and efficient fuel systems.

The only U.S. laws applying to yacht fuel
systems are those dealing with gas-engine ves-
sels under the Code of Federal Regulations

(CFR). I'll call this the “CFR Yacht” from now
on. To find U.S. legal requirements for diesel
fuel systems, you have to look at passenger-
vessel regulations under the CFR for T-, K-, and
H-boats. T-boats (vessels under 100 gross tons
and carrying fewer than 150 passengers) are
the closest to recreational vessels, so I use the
T-boat regulations as a guide for recreational
fuel systems. This I'll refer to as “CFR Com-
mercial.” Though mandatory for passenger
vessels, these rules are completely optional for
pleasure craft.

The fundamental rulebook is the American
Boat & Yacht Council (ABYC) standards on
fuel systems: H-24 (for gasoline) and H-33 (for
diesel). Though ABYC’s standards are guide-
lines only, if you're building or repairing boats
and don’t comply fully with CFR Yacht and as
completely as practical with ABYC H-24 or
H-33, you're leaving yourself open to serious
problems, including potential legal action.

Other standards for boat fuel systems are

The National Fire Protection Agency
(NFPA), NFPA 302, Fire Protection
Standard for Pleasure and Commer-
cial Motor Craft

Equivalent to the ABYC standards for
European Union countries are the ISO stan-
dards for fuel systems:



ISO 10088, Permanently Installed Fuel
Systems and Fixed Fuel Tanks

H-24, Gasoline Fuel Systems

DIS 21487, Permanently Installed Petrol
and Diesel Fuel Tanks

H-33, Diesel Fuel Systems

ISO standards are available from several
sources, including the American National
Standards Institute (ANSI), www.ansi.org.
Using ABYC and the CFR as a starting
point, we’ll go through good practices in
sound fuel systems, including details such as
return oil coolers and piping manifolds,
which aren’t specifically covered in the CFR
requirements or ABYC recommendations.

RUNNING PIPE

The piping schematics in this chapter show
simple and reliable arrangements for twin-
engine inboard vessels with twin tanks—
diesel or gas. If the boat has no generator, just
omit the generator piping. If the boat has two
gen sets, draw in another branch for that. If
the boat is single-engine, eliminate the valves
and piping for the second “side.” Small
runabouts and day boats can be fitted with
one fuel tank. Larger craft preferably should
be equipped with at least two. It costs a bit
more to do this, and some less expensive
cruisers have only one tank, but it’s not good
practice. Why? With diesel, if the lone tank
springs a leak or becomes contaminated,
you're done—no more fuel. With twin tanks,
you can almost always manage to motor
home. Even with gas, you have a second
chance should one tank become contami-
nated with dirt or water (though if even one
tank springs a leak you will have to shut down
both gas engines to avoid risk of explosion).

Accessibility of Fittings

Keep in mind when arranging fuel piping that
you have to be able to get at important com-
ponents. Under ABYC and CFR for gasoline,
it’s a primary requirement that all fittings,
joints, connections, and valves be fully acces-
sible for inspection, maintenance, removal,
or repair without the removal of any perma-
nent part of the boat structure. (ISO 10088
asks that all of the fuel pipe and hose be ac-
cessible as well.)
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Where a fitting, joint, or piece of hard-
ware is concealed behind a panel, liner, or
similar structure, an access panel or deck
plate must be installed to permit access.

If you're doing a survey, be sure to
inspect all systems with this accessibility
requirement in mind and to note any prob-
lem with access clearly in a report. If it’s
your own boat, be sure to correct the
problem.

Double Your Filters, Double
Your Fun

The only slightly unusual feature of these
fuel-piping schematics in this chapter is the

Figure 4-2.
Required fuel
system access
panels (Courtesy
ABYC)

47


www.ansi.org

PART TWO: FUEL SYSTEMS

Figure 4-3. Separ
duplex fuel filter
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duplex fuel filters (see, for example, Fig. 4-3).
Fuel tanks and fuel supplies are seldom as
clean as they ought to be. A bad batch of
fuel or some sludge getting into the fuel
lines can clog a filter and stop an engine
quickly. Invariably, this happens when a
menacing squall is bearing down or during
close-quarters maneuvering in harbor. The
duplex system shown in Figure 4-3 permits
switching to the second filter; removing,
cleaning, and replacing the clogged filter;
and continuing on without even slowing
down. (On a gas-engine craft you wouldn'’t
want to change the filter with the engine
running, but you can still switch over and
then clean or change the filter later.) You
can make such a system using over-the-
counter filters, valves, and piping compo-
nents, or—much better—you can purchase
a ready-made duplex system from compa-
nies like Racor and Separ. With a single-
engine vessel, the duplex filters and fuel
lines need only be large enough to handle
the one engine.

Of course, duplex filters are optional.
Most boats get along well enough with single
filters. You can simply substitute a single fil-
ter for a duplex in the schematic if that’s your
preference. Considering the relatively small
expense compared with the cost of an entire
boat, however, I think it’s penny-wise and
pound-foolish not to install duplex filters on
all but the smallest of day boats and
runabouts.

Fuel-Filter Mounting
and Location

Each fuel filter or fuel strainer must be
mounted securely on the engine or the boat
structure, independent from the fuel-line con-
nection unless the fuel filter or strainer is in-
side a fuel tank. You must be able to access
the filter easily and regularly to inspect the
filter bowl and to drain when needed. This
means having a clear space of at least
8 inches (20 cm) under the filter so you can
put a cup or can under the filter drain valve to
collect the discharge. You also need clear-
ance above the filter to remove the top and
pull the filter out vertically. This is usually at
least 85 percent of the filter height above the
top of the filter, but check the filter-element
dimensions and the manufacturer’s drawings
for the filter. Then during installation, do a
dry run. Remove the filter top, and draw out
the element to make sure there’s adequate
clearance.

Sizing the Filters

You must be certain that each filter (whether
operating solo or in a duplex) and all associ-
ated fuel lines are sized to handle maximum
possible flow. For diesel, total fuel flow rate
through the filter in gallons per minute
(gpm) can be generously estimated as gpm
= max. engine hp + 360, or L/min. = max.
engine kW = 70.9. Note that this flow rate is
considerably higher than actual engine fuel
consumption; it includes the extra flow for
injector cooling and lubrication—the extra
taken off by the return line. The rule of
thumb is that one-third of the fuel delivered
will be burned and the remaining two-thirds
is returned to the tank. (We can expect this
ratio to increase to 20 percent: 80 percent in
some new, very-high-power engines cur-
rently in development.) A vessel with twin
350 hp (261 kW) diesels would require a
minimum of two 1.0 gpm (3.68 L/min.) filters
(350 hp + 360 = 0.97, say, 1.0 gpm; or 261 kW
+70.9 = 3.68 L/min. Multiplying by 60 min-
utes—60 gph or 227 L/hr.). Greater capacity
would do no harm. In the twin-duplex filter
arrangement shown in this chapter’s
schematics, there would actually be four
water filters/separators, a total of two for
each engine.



Gasoline fuel flow is simply engine fuel
consumption. The rule of thumb for flow is
gpm =max. engine hp + 600, or L/min. = max.
engine kW + 118. So a 140 hp (104 kW) gas
engine would require a 0.23 gpm (0.88 L/min.)
filter (14 gph or 55 L/hr.). These fuel-demand
flow estimates are usually generous, but the
engine manual is the final authority; don’t fail
to consult it. (Note that some fuel-injected
gas engines have a return line just as diesel
systems do. These engines will have higher
fuel flow rates and will require diesel-like re-
turn piping.)

NOTE: All gallons are U.S. gallons. To
convert U.S. gallons to imperial/UK gallons,
divide U.S. gallons by 1.2. Gasoline in the
United States is usually termed petrol in the
United Kingdom.

To See Through or Not to
See Through

Fuel filters, of course, are really fuel filters
and water separators combined. To see the
water level that has accumulated—as well as
any sludge or sediment—fuel filters are avail-
able with clear glass or plastic bowls. On
diesel installations, these see-through bowls
are Coast Guard-approved only if they have a
metal flame shield around the bottom of the
bowl. (The shield enables the filter to pass
the required 21/,-minute burn test.) Gasoline
inboards, however, cannot have any form of
clear bowl; only solid metal bowls will pass
muster. (See-through bowls are OK for out-
board gas engines, presumably because any
breakage would leak overboard.) Some clas-
sification society rules do not allow clear
bowls on either gas or diesel installations.
Such metal-bowl filters must be fitted with
a water-probe indicator/alarm and with a
vacuum gauge.

Filter Height and Location

It’s poor practice for a filter to be at the high-
est point in the fuel system or even above the
engine. If the filter is located high, air bubbles
tend to collect in it or fuel can drain out, leav-
ing an air bubble. Either way, this results in
frequent and annoying bleeding of the sys-
tem. If a filter must be located very high, then
at least be sure to install a solenoid shutoff
valve in the line to keep fuel from draining
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Carburetors on Gasoline Engines

Under CFR Yacht and Commercial, each carburetor must leak no
more than 5 cm® (0.3 cu. in.) of fuel per second when

* the float valve is open
* the carburetor is at half throttle
* the engine is cranked without starting

* the fuel pump is delivering the maximum pressure specified

by its manufacturer

Updraft and horizontal-draft carburetors must have a device

that

* collects and holds fuel that flows out of the carburetor

venturi section toward the air intake

* prevents collected fuel from being carried out of the car-
buretor assembly by the shock wave of a backfire or by re-

verse airflow

* returns collected fuel to the engine induction system after

the engine starts

out. Ideally, filters should be about level with
the fuel pump on the engine. The maximum
lift (vertical height) from the takeoff at the
tank to the inlet port on the engine is
48 inches (122 cm). Even that is a bit high.
Less is always better. Lift heights approach-
ing or more than 48 inches (122 cm) require
installation of a booster pump.

Whenever the filter is above the tank
level, a hand wobble pump (or similar)
should be installed in the feed line so that the
filter and the entire feed line can be purged of
air and filled with a solid slug of fuel.

Fuel-Filter Micron Rating
(Sieve Fineness)

Fuel filter elements come in various mesh or
sieve sizes, or finenesses. The finer the fil-
ter, the finer the grit and sediment it will
remove. Fineness is measured in microns—
the nominal diameter of the minuscule open-
ings in the filter element. A micron is roughly
40 millionths of an inch (one thousandth of
a mm). The primary filter (the fuel/water
separator with filter element; see Figures 4-3
and 4-10) should usually be fitted with a
30-micron filter. This catches the larger par-
ticles of sediment. Some prefer a 10-micron
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Principal Differences Between ISO 10088 and ABYC

Standards

What we've been covering here is for compliance with ABYC guidelines. ISO 10088 is gener-
ally quite similar but has a few differences, most importantly,
1. I1SO 10088 requires access not just to the fuel-line and tank fittings but to the entire fuel

line as well.

2. ABYC requires 15 inches (381 mm) clearance between fill openings and any vents. ISO
10088 adds two additional clearance requirements:
a. The clearance between a gasoline tank and any part of the engine must be a

minimum of 100 mm (4 in.)

b. The clearance between a dry exhaust and a gasoline fuel tank must be a minimum of

250 mm (10in.)

NOTE: | agree with both of these as bare minimum clearances—more is better.

3. ABYC requires the minimum inside diameter of a fill pipe to be 11/ in. (28.5 mm). ISO
10088 requires a minimum inside diameter of 31.5 mm (11/,in.).

primary filter, feeling it will ensure cleaner
fuel to the engine. This is acceptable, but it
will clog up more quickly unless the boat is
using very clean fuel.

The best place for a 10-micron primary
fuel filter would be in the duplex filter installed
after a day tank (polishing tank). The filter
from the wing fuel tanks to the day tank would
have a 30-micron element, and the duplex filter
after the day tank would have the 10-micron
filter elements. This way, the coarser grit is re-
moved before the day tank and then somewhat
finer grit after the day tank. One drawback is
the necessity of purchasing and keeping track
of two different filter types. Using all 30-micron
primary filters is fairly standard.

The secondary filter is the fine filter on
the engine itself. The secondary filter re-
moves the finest of remaining impurities.
Secondary filters generally range from 2 to
7 microns. If in doubt, use 2 microns, but
always refer to and follow the engine manu-
facturer’s recommendations.

Gas-Engine Piping

Figure 4-4 shows a straightforward gas-
engine fuel-piping arrangement for a twin
gas-engine boat with twin tanks. In normal
operation, the port tank feeds the port en-
gine and the starboard tank the starboard

engine. The cross-over valve is closed. If,
however, you want to run off one tank only,
you can shut the takeoff valves on the tank
you don’t wish to use and open the cross-
over valve.

The generator feeds off either tank
through a Y-valve, though you could eliminate
the Y-valve and simply open and close the
takeoff valves for the generator at each tank.

Diesel Return-Line

Complications

Gas engines (with the exception of some
fuel-injected gas engines, as noted above)
simply run their fuel one way: from the tank
to the carburetor. However, diesel engines
use their fuel not only as fuel but also to
lubricate and cool their injectors. The excess
diesel—carrying off considerable unwanted
heat—has to be piped back to the fuel tank.
This makes diesel fuel runs twice as compli-
cated as those for gasoline. It’s straightfor-
ward enough, however, if the piping is set up
as shown in Figure 4-5 or 4-7. The return line
(sometimes termed the “spill”) should enter
the tank as far from the takeoff line as possi-
ble to prevent the drawing of foaming fuel
into the pickup. The minimum workable dis-
tance is 15 inches (38 cm), but more is always
better.
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Gasoline Antisiphoning

Gasoline spills into the bilge are far more dangerous than diesel
spills. Accordingly, all gas-engine craft must be equipped with anti-
siphon protection. John Eggers of EVM, Inc., explains that the pur-
pose of the antisiphon protection is to prevent emptying the tank
should someone, say, accidentally step on the fuel line near the en-
gine and break it off. If the broken line were full of fuel and
drooped down below the level of the fuel tank, it would literally
siphon the tank contents into the boat—extremely hazardous!

Antinsiphon protection can be achieved by keeping all portions
of the fuel lines—right up to the carburetor—above the tank top,
using Al hose, and securing the works so that it can't fall downward
to create a siphon. Here, clearly, if the fuel line ruptures, the gas
will simply run harmlessly back down into the tank. If this approach is
taken, a standard shutoff valve at the tank takeoff is still required.
It's often difficult or inconvenient to arrange the fuel system this way,
in which case an inexpensive (usually $3 or less) antisiphon device
must be installed in the fuel takeoff line right at the tank.

The most common antisiphon device is a ball check valve that
prevents flow from the tank at low suction (as caused by a leak),
but opens to allow flow at the higher suction created by the fuel
pump. Alternatively, an electronically operated shutoff valve (a so-
lenoid) can be installed at the tank takeoff and wired to the igni-
tion. Since the antisiphon device prevents all flow from the tank
unless the engine is running, no additional manual shutoff valve is
required. Antisiphon fittings are longer than standard hose barb
connectors. Inspect to see that these have in fact been installed.

Antisiphon device (left) and plain
hose barb (Courtesy EVM, Inc.)

Some engines (like the Cummins B and
C series) require that the return line extend
down to within 1 inch (25 mm) of the tank
bottom. This is so that air cannot enter the
fuel system on these engines when the tank is
partially full and the vessel is sitting idle for
some time. Other diesels don’t have this
requirement. Be sure to check with the en-
gine manufacturer about this detail before
ordering or building tanks. If in doubt, simply
run the return to the tank bottom, and this
problem won’t occur in any engine.

Twin-Tank Diesel Piping

The most common arrangement for diesel
tanks on yachts is simply twin tanks. The
schematic in Figure 4-5 shows a standard
setup with a single gen set. In this system, the
starboard tank feeds the starboard engine
and the port tank feeds the port engine. Dur-
ing normal operation, the valves for both feed
lines and both return lines are open, but the
cross-over valves are closed, as they are in
the gas fuel system earlier. If for some rea-
son it were necessary to run both engines off
one tank you would open the cross-over
valves and close the valves in the manifold
coming from or going to the tank you don’t
want to use (both feed and return).

The generator in this arrangement is
switchable, but in this case, not as an emer-
gency or backup procedure but as a routine
measure. You select either the port or star-
board tank at the manifold. Best practice is to
alternate days: starboard one day and port
the next. If you have more than one gen set,
you can set up a feed and return generator
manifold after the Y-valves. Doing this means
that the piping from the tank to the Y-valve
and the manifold itself must have a cross-
sectional area (at inside diameter) at least
equal to twice the cross-section area of each
feed line to each gen set. The same applies
to the generator-line return piping manifold.

Keep in mind that you must return fuel to
the same tank you take it from. If you don’t—
and the tanks have recently been topped off—
then you will be returning fuel to an already
full tank that isn’t otherwise being used. This
will cause it to overflow and spill through the
vent. Not only is this wasteful and hard on the
local flounder population, but it’s an illegal
fuel spill punishable by a substantial fine.



Distribution Manifold

The distribution manifold shown in Figure 4-6
requires eight valves. You seldom need to
open or close any but the generator valves (to
equalize fuel usage), but it is not always ap-
parent exactly which combination of valves
to switch when you have an emergency or
need to equalize tanks. All valves should be
clearly labeled.

There should also be a clear diagram of
the fuel system schematic mounted on a plas-
tic placard right next to the fuel manifold. At
the dock, you have plenty of time to ponder
which combination of valves to open or close
to make the correct selection, but under-
way—in an emergency or in heavy weather—
it’s another story altogether.

In addition, there should also be a warn-
ing placard reading:

“Always open valves in combination to

takeoff and return to the same tank.”
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Of course, the required placard warning that
oil discharge overboard is illegal must be
posted as well.

Diesel Day-Tank Piping

Though the twin-tank diesel system is per-
fectly adequate, the day-tank system is supe-
rior for long-range cruising and all larger
diesel craft. Here the main port and star-
board fuel tanks (the “wing tanks”) feed a
single smaller, day tank. The engines and the
generator draw off this day tank, and the re-
turn lines go to the day tank as well. Addi-
tionally, you can set up to have optional
draw direct from the wing tanks; the piping
is straightforward, though installing a plac-
ard of the piping schematic is still highly
recommended.

For the serious voyager, routine filling of
the day tank gives a good regular reckoning

Figure 4-6. Fuel-
piping or distri-
bution manifold

Port Engine
Return

\

FPeort Engine Valves
Nermally Open

Te Pert
Tank

Feed LlnesJ\

Cross-Over Valves
Nermally Clesed

Feed Line
Cross-Over —

Return Line
-—_
Cross-Over

/(é)

Engine
Return

‘ Lstaﬂboa-d Engine

Valves Normally
Open

/\—Retma Lines

To Stbd
Tank

Gen Set Feed &
\/-Retum Y-Valves
Supply ¢ Feed

Always To & From
Same Tank

Take Off
Or Feed
Lines

53



PART TWO: FUEL SYSTEMS

Qll Cecler
Seaqa Strainer

[ Filters

&Gen Set i@

Bypass Feed Lines
For Use In Case OF
Fuel-Transfer Pump
Fallure Only

O

Port Tank

Q

Fuel-Gavge A ¢
Senders

)]

(4]
i

Bypass Valves

Normally Closed

15" Min.__|
(3& cm)

Day Tank C—

Yvent
[ Rellef Valve

o

Q

Valves

/\—Feed Lines

Relief Bypass

Fuel-Transfer Pump

ot

\fngass Feed Lines

Vents Fore-n-Aft

(@)

Starboard Tank

Q
1=n|e.—\/

Figure 4-7. Diesel
day-tank fuel
piping

54

of fuel consumption. Even better, you can
install a filter between the main tanks and
the day tank as shown in Figure 4-7. In out-
of-the-way places where fuel quality is of-
ten very poor, this gives you a chance to
double filter and to monitor fuel quality as
it feeds the day tank. (This practice is
called “polishing” the fuel.) For this rea-
son, I don’t like to fit the day tank with a
deck fill, though a vent, of course, is still
necessary. I prefer to pump the day tank
full only from the main onboard tanks.
With this fuel polishing, you can safely use
dirtier fuel—if you have to—than you
would be able to with a single pass through
a single filter. What’s more, dirt and sludge
have a second chance to settle out in the
day tank. Obviously, in such situations, all

the filters have to be checked, drained, and
cleaned frequently.

Bypass Feed Lines

Should the fuel-transfer pump fail, the
schematic shown in Figure 4-7 includes
bypass feed lines direct from the wing
tanks to the engines. The bypass valves are
normally closed—opened only in emergen-
cies. Note that this emergency configura-
tion violates the always-take-and-return-
from-the-same-tank rule. There are no
return lines to the wing tanks. If you draw
directly from the port tank to feed both
engines, the return fuel will still be going
into the day tank. At 60 gallons per hour
(227 L/hr.) gross fuel flow, roughly 20 gallons



per hour (76 L/hr.) fuel would be consumed
and the remaining 40 gallons per hour
(151 L/hr.) would spill back to the day tank. A
150-gallon (568 L)) day tank would be topped
off this way in 3 hours and 45 minutes.
Accordingly—in an emergency like this—the
crew would have to monitor the day-tank sta-
tus and switch to draw off it rather than off
the wing tank, when the day tank neared full.
Another alternative is to install two transfer
pumps in a switchable duplex arrangement.
In this case only a full electric outage would
require use of the bypass fuel lines, as it’s
highly unlikely that both transfer pumps
would go down at the same time.

The Common-Rail Manifold

The term manifold, as applied to piping, liter-
ally means many parts or many paths or chan-
nels. Any systematic collection of pipes for
directing fluid flow is a “manifold.” The
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fuel-piping manifolds in Figures 4-6 and 4-7 are
typical examples. There is a specific type of pip-
ing manifold that can offer added benefits in
complex distribution systems. This is a piping
manifold in which the source or the return
branches from or into a single pipe. This single
pipe is called the “common rail” or sometimes
the “common bus.” Common-rail manifolds can
simplify and clarify distribution and control of
piping and allow for easy installation of built-in
spares for possible future equipment.

The day-tank piping schematic in
Figure 4-7 can be arranged with a common-
rail manifold on either the feed lines, on the
return lines, or both. This schematic—with a
common rail on both the feed and return
lines—is arranged as in Figure 4-8.

Note that a valve is still required right at
the tank takeoff, before the common rail.
Notice how a spare branch pipe (or several
spares) can easily be added to the common
rail.

Figure 4-8. Diesel
day-tank fuel pip-

ng with common-

rail manifolds
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Figure 4-9.
Common-rail fuel-
JSeed manifold
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SPECIFYING THE COMMON RAIL The common
rail—the single distribution line to the
branches for each component (or from each
return)—is usually made of pipe. It can be a
single section with welded-on branch pipes, or
several sections connected in line with
T-connectors forming the branch pipes. Some-
times a solid block of metal is machined to
form the common rail. In this case a long
block—say, solid stainless—is bored along its
center to form an internal common-rail chan-
nel. The end is drilled and tapped to accept the
main inlet (or outlet) and the branch exits (or
inlets) are drilled and tapped at right angles
(into the side of the common-rail block). For
most ordinary fuel-piping manifolds, however,
plain pipe is the most cost-effective approach.
A mistake in setting up a common-rail man-
ifold is making the common-rail pipe the same
diameter as the branch pipes. If you stop to
think about it, obviously the common rail has
to handle the combined flow of all the branch
pipes. There can also be some internal turbu-
lence and flow restriction due to the sharp
bends in flow required by the fluid inside the
common-rail manifold. For this reason, the in-
ternal cross-section area of the common-rail
pipe needs to be equal to the total cross-section
area of all the branch pipes plus 10 percent, or
Common-rail pipe section area = total
combined branch-pipe section area x 1.1

Say you have a common rail that needs to
feed two large main engines and a gen set and
the common rail is fitted with four standard-
weight 3/, in. (or DIN 26.9 x 2.9) stainless
branch pipes, including the spare. See
Figure 4-9, which is also a detail view of the
common-rail manifold in Figure 4-8.

Note in Figure 4-9 that the larger
common-rail diameter must extend the full
length of the pipe from the source. This
means a large valve at the tank, which takes
up space and requires a bigger takeoff pipe.
This must be allowed for in design. The tank
manufacturer has to install the large takeoff
pipe leading from close to the bottom of the
tank (see “Taking Off” on page 78) as well as a
suitable valve or valve attachment. Note the
brackets or supports required on the manifold
piping to prevent flexing and cracking. Also
note the screw-cap closure fitting on the
spare branch pipe for added protection
against accidental spills. The quarter-turn ball
valves allow you to immediately see if a valve
is open or closed.

The common-rail manifold could be used
exactly as shown in Figure 4-9; however,
space and installation requirements may
make it necessary to locate the common rail,
with its branch pipes and valves, much far-
ther from the tank. This is fine as long as the
piping is properly supported against bending
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and flexible hose is used to connect to the en-
gine and any other vibrating or moving
components.

ENGLISH-UNIT COMMON-RAIL S1ZING Refer-
ring to the pipe tables (Appendix B), we see
that the inside diameter of the Sched. 40, 3/, in.
branch pipes is 0.824 in. ID (inside diameter)
each. Use the following formulas to find their
cross-section areas.

Formula 4-1a. Cross-Section Area in
English Units
7(0.824in. ID + 2)2=0.63sq. in. w=3.14
0.53 sq. in. X 4 branch pipes x 1.1 =2.33 sq. in.
minimum common-rail section area

. . section area
required common-rail ID =2 x 4 /T
. . 2.33 sq.in.
required common-rail ID =2 x T

=1.722 in.

Referring to the pipe tables (Appendix B),
we see that a 11/, in. Schedule 40 pipe has an
ID of 1.610 in.—a bit too small. So we use the
next size up: 2 in. Schedule 40, OD 2.375 in.,
ID 2.067 in., as pictured in Figure 4-9.

METRIC COMMON-RAIL S1ZING The inside di-
ameter of the 26.9 mm OD x 2.9 mm wall
branch pipes is 26.9 mm - (2 X 2.9 mm wall) =
21.1 mm ID. Their cross-section area is then

Formula 4-1b. Cross-Section Area in
Metric Units

n(2L.1mm ID + 2)? = 349.7mm? w=3.14
349.7 mm? x 4 branch pipes x 1.1 = 1,538 mm?
minimum common-rail section area

. . section area
required common-rail ID =2 x , /T

. . 1,638 mm?
required common-rail ID = 2 x —71'

=44.2 mm

We know that the outside diameter must
be somewhat larger than 44.2 mm. Referring to
the pipe tables (Appendix B), we calculate that
a b1 x 3.2 pipe has an ID of 44.6, which will do
nicely [61 mm - (2 x 3.2 mm) =44.6 mm)].
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CoMMON-RATIL. MANIFOLDS HAVE MANY
APPLICATIONS Note that common-rail mani-
folds are useful in many applications. You can
employ them for freshwater systems, seawa-
ter intake (sea suction, see Chapter 17)
either attached to a sea chest or to individ-
ual seacocks, or any other application with
multiple pipes. Keep the common-rail mani-
fold approach in mind for general use.

Fuel-Transfer Pumps

The fuel-transfer pump should be self-priming
and have the flow capacity to fill the day tank
in areasonable period of time, say under 15 or
20 minutes. In real-world installations, pumps
seldom deliver more than 70 percent of their
rated flow. Thus for, say, an 80-gallon (303 L)
day tank, you want about an 8 gpm-rated
(30 L/min.) pump (80 gal. + 0.70 = 114 gal., and
114 gal. + 15 min. = 7.6, say, 8 gpm; or 303 L +
0.70 =433 L, and 433 L, + 15 min. = 28.8 L/min.,
say, 30 L/min.). Rotary sliding-vane pumps
meet the criteria for self-priming (at least
within 2 feet [60 cm] or so of lift, adequate for
most boats), and they're available, rated for
continuous use with diesel fuel. Though sel-
dom critical, it's worth considering a reversible
vane pump, which will enable you to empty
the day tank back into one of the main tanks
for cleaning or repair. Gear pumps are another
good option, particularly for larger vessels
requiring high transfer rates.

High-volume transfer pumps can gener-
ate high pressures should a blockage occur.
In the worst case, this can lead to a fuel-line
rupture and a horrendous fuel spill. Such
pumps should be protected with a relief
valve. Since you can’t have the relief blowby
spraying into the boat, the blowby should be
plumbed through a bypass line into the near-
est tank, usually the day tank. An alarm and
an automatic pump shutoff on the relief valve
complete the safety picture.

If the crew monitors the fuel transfer
carefully, they can shut off the fuel transfer
before overfilling. It is, however, too easy to
forget. I recommend that a second tank-level
sensor be installed in the day tank and dedi-
cated to the transfer pump shutoff. It should
be set up to automatically switch off the
transfer pump at about 97 percent full. A one-
time audible alarm (a few beeps, a momen-
tary ring) alerts the crew.

Formula 4-1a.

Formula 4-1b.
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Note that the fuel-transfer pump must
also deliver fuel at a faster rate than maxi-
mum fuel consumption. For diesels this is the
actual fuel consumed, and—regardless of
manufacturer claims—it’s almost always
close to 0.054 gal./hp/hr., or 0.274 L/kW/hr.
For twin 350 hp (261 kW) engines (700 hp
[622 kW] total), this is 700 hp x 0.054
gal./hp/hr. = 37.8 gph. Dividing by 60 gives
0.63 gpm. Or 522 kW x 0.274 L/kW/hr. = 143
L/hr. Dividing by 60 gives 2.38 L/min. This is
well under the rate of the transfer pump we
just specced, but on large engines with com-
paratively small day tanks (really polishing
tanks), the pump rate should be checked
against actual fuel consumption.

For large vessels with sizable long-
range tanks, you should install an additional
fuel-transfer pump (or a manifold to the
day-tank transfer pump) for shunting fuel
between tanks. This allows moving fuel
from tank to tank to adjust boat trim. Long-
range cruisers may also want to add piping
to allow drawing and returning directly
from the wing tanks. This considerably
complicates the fuel piping, however, and
is gilding the lily for most boats in normal
service. It may also require additional
booster pumps to handle long fuel runs.

MvuLtiPLE TANK SYSTEMS Though best
practice—even on the largest vessels—is to
use no more than two wing tanks plus a day
tank, the realities of fitting in machinery,
accommodations, and the tankage required
can make this impossible. In this case,
added tanks can be installed. Fuel distribu-
tion to the day tank is controlled at the day-

Gasoline Fuel Pumps

Under CFR Yacht and Commercial—with
the exception of fuel-transfer pumps—
gasoline fuel pumps must not operate un-
less the engine is running. Diaphragm
gasoline tanks must not leak even if the
primary diaphragm fails.

Except for fuel-transter pumps, all
gasoline fuel pumps must be mounted on
the engine or within 12 inches (305 mm) of
the engine.

tank-feed manifold. The transfer pump for
an installation like this must be reversible
SO you can use it to pump fuel from tank to
tank to adjust trim. Since runs are long and
gravity feed to the day tank probably won'’t
be reliable or even achievable, you're rely-
ing on the transfer pump for operation. A
backup transfer pump in a quick-operation,
switchable, duplex configuration is
mandatory.

Filling multiple tanks with multiple fills is
inconvenient. On large boats, it’s also a chore
to pull the boat off the dock and turn the
vessel around to fuel the opposite side. The
best solution for this is to install identical fuel
fills port and starboard, but manifold them
and all tanks together so either the port or
starboard fill can supply every tank on both
sides. This is big-boat stuff, which is a good
thing because it requires intelligent manage-
ment during fueling. The fuel-fill manifold
should have valves to close off each tank, so
you fill each individually. In addition, there
should be a tank-level gauge panel outside at
each fueling station, port and starboard. This
way one crewmember can monitor tank levels
at the fill, while another shuts off and opens
the appropriate tank valves belowdecks as
instructed.

In laying out or modifying an existing in-
stallation for such manifolded fuel filling,
keep in mind that the pipes are sizable—
2 inches (560 mm) in diameter. It takes care-
ful planning to fit such piping and its required
valves and hangers into the confines of a
boat.

Pumprs Suck Whenever a pump is used to
transfer fuel toward the engine, it should be
located after the filter—that is, to work in
suction. If the pump is located ahead of the
filter, it mixes or emulsifies water and other
impurities with the fuel so effectively that
the filter/separator won’t function ade-
quately. Follow this principle of locating
pumps for suction rather than for pressure
throughout.

Cool Oil

As we've seen, the return diesel oil carries
off excess heat from the injectors; the
returned fuel can get quite hot. This will
warm up the fuel in a tank considerably,
even causing potential overflow through the



tank vent in a full tank due to expansion.
Further, hot fuel causes power loss, since
it’s less dense and thus packs less oomph
per unit volume. I highly recommend return
fuel oil coolers on all diesel engines. They
are shown on the piping schematics.
(Newer, high-output diesels often come
with return oil coolers built in. Check this
before ordering an unnecessary additional
external oil cooler.)

Oil coolers are no more than simple heat
exchangers. Raw seawater is drawn in for the
main engine cooling (or heat-exchanger cool-
ing) and passed through the sea strainer.
(Figure 4-10 shows a seacock leading to the
sea strainer, then to the Sen-Dure return oil
cooler. A Racor clear-bowl fuel filter with a
metal flame shield is located above the sea
strainer.) The cool raw water is then routed
down through the oil cooler and then to the
water pump on the engine. You can see in
Figures 4-5 and 4-7 that the return oil passes
through coils in the oil cooler before travel-
ing back to the fuel tank, now at lower
temperature. (Duplex sea strainers—identi-
cal in concept to the duplex fuel filters—are
also highly recommended.) See Chapter 17
regarding seawater intake.

y'

Seacock Sea Strainer

Figure 4-10. Return oil cooler
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Hot 0Oil

In cold climates—as anyone who has ever
run a compression-ignition engine knows—
diesels are hard starting. Fuel heating ele-
ments are available that fit into the fuel fil-
ter. Typically, they can raise fuel temperature
from 0°F to 60°F (from —-17°C to 15.5°C) in
5 minutes at under 10 amps. These units are
switched on and off from the helm and auto-
matically reduce current draw as the temper-
ature increases. If you're building boats for
Alaska, Newfoundland, or Baltic operation,
late fall through winter and early spring,
these heaters will make getting them going
in the morning more pleasant.

Fuel-Line Valves

CFR Yacht, CFR Commercial, and the ABYC
are strangely silent on recommended valve
types for fuel systems. Technically, any valve
is acceptable if it will withstand the required
21/,-minute burn test and has packing that
won't break down from contact with the fuel.
For example, some Detroit Diesel manuals
recommend the use of gate valves for their
lack of restriction on fuel flow. In fact, how-
ever, gate valves, as well as any valves with
packing, are potential trouble. Even if the
packing doesn’t break down from the fuel, it
will wear out eventually. Accordingly, no
valves with packing for their primary seal
should be used in fuel piping.

The two best alternatives are globe
valves and quarter-turn ball valves. Globe
valves are acceptable, but they cause
restriction in fuel flow due to their construc-
tion. Also, you can't tell if they’re open or
closed simply by glancing at them. Two
arguments in favor of globe valves are that

Figure 4-11. Ball

valve (Courtesy
Conbraco)
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Figure 4-12.
Cutaway view of
an open ball valve
(Courtesy
Conbraco)
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they screw up and down so they can’t
vibrate open or closed accidentally, and they
permit adjustment for partial flow. Partial
flow, however, isn’t required for fuel shut-
offs. In my opinion, quarter-turn ball valves
are the hands-down best choice. They create
no restriction in the fuel flow. Further, the
position of their handle gives instant indica-
tion of whether they're open or closed. An
added benefit: ball valves are relatively light
and compact. Cheaply made ball valves have
been known to vibrate themselves open or
closed, but well-made ones don’t engage in
such hijinks.

Of course, you must make certain that
the fuel-line diameter and valve size meet
your engine manufacturer’s requirements—
the inlet port size on the engine. If the fuel-
supply run is very long or has numerous
bends and fittings, it’s a good idea to go up
one size to reduce friction.

Remote Fuel Shutoffs

Neither ABYC nor CFR Yacht require remote
fuel shutoff valves outside the engine com-
partment. CFR Commercial and NFPA 302 do
require this. Frankly, I think remote fuel shut-
offs should be required on all boats over
28 feet (8.5 m) with inboard engines and
cabin accommodations. The reason is both
simple and frightening. The burning boat pic-
tured at the beginning of this chapter had all
the required fuel shutoff valves on the tanks.
It also had fire extinguishers on board. A
diesel fire like this is like a blowtorch, how-
ever. Cracking the engine hatches, the flames
were so intense that the fire extinguishers
were about as effective as spitting into a

Estimating Fuel-Line Diameter

Diesel Engines

Best practice is always to get the engine manufacturer's recommendation for fuel-line diame-
ter, feed and return. Keep in mind that very long or complex fuel lines should go up a size in
diameter. There will be instances, however, when you need to estimate fuel-line size, and you
can use the following. Remember, err on the large size. You can always fit reducers, but you
can't overcome the restriction of a pipe that is too small. The drawback to going too large is
the extra cost, greater space used, and added weight of bigger plumbing. These considera-
tions, too, are important, so don't simply specify huge piping.

Small diesel engines use about '/,-inch NPT (DN 8 mm) pipe minimum for feed and return,

up to around 200 hp.

Diesels from 200 hp to about 350 hp use 3/g-inch NPT (DN 10 mm) going to '/, in.

(DN 15 mm) at the upper end, feed and return.

Diesels from 350 hp to 650 hp use about 3/,-inch NPT (DN 20 mm|, feed and return.

Diesels from 650 hp to 1,200 hp use about 1-inch NPT (DN 25 mm), feed and return.

Again, the engine manufacturer should have the last word here. There is variation. For in-
stance, a CAT 300 hp engine specs '/,-inch (DN 8 mm) feed pipe and return, while a
GM 300 hp engine specs 3/g-inch (DN 10 mm) feed and '/,-inch (DN 8 mm) return.

Gasoline Engines

Gasoline engines range from !/g-inch (6 mm) pipe or tube (different sizes) for 10 hp or 12 hp
engines to '/,-inch NPT (DN 8 mm) pipe for 350 hp. Remember that many modern
fuel-injected gasoline engines also have return lines. Check with the engine manufacturer.



furnace. If the crew could have got into the
engine compartment to reach the shutoff
valves first, they might well have stopped or
at least slowed the fire. In reality, it was too
hot to even think of getting close to the hatch.
Entering the engine compartment would have
been certain death. For this reason, I specify
remote fuel shutoffs on all my boats. These
are simple linkages (like throttle controls or
push-pull cables) that allow you to turn off
the fuel right at the tank without going near
the engine compartment—cheap insurance.

Flex Connectors

Vibration causes the hull, piping, and machin-
ery to work constantly. For this reason, con-
nections to the firmly mounted tanks and all
other components of the fuel system are best
made with flexible hose. You can get away with
rigid pipe connections to the tanks, if that’s
necessary, but you absolutely must use a flexi-
ble tubing or hose between the piping and the
engine or gen set. Fail to do this, and you're
certain to get cracks—major trouble! Good
fuel-line hose isn’t all that expensive; it doesn’t
make sense to scrimp. In some instances, other
grades—like A2 or B1 hose—are permissible,
but ideally you should use all Coast Guard Al-
grade fuel-line hose. This hose meets SAE
J1527 (ISO 7840) specifications for hose con-
tinuously filled with fuel and withstands a 2 1/,-
minute burn test. I would replace anything
else. Such hose is clearly labeled “Al1” on the
outside—there’s no mistaking it.

SAE J1527 (ISO 7840)
Marine Fuel Hose Types

Al FueL FEED HOSE Designed for having
fuel in the hose all the time and with a fire-
resistant cover.

A2 FuelL VENT HoOSE Designed for applica-
tions with fuel not normally in the line and
with a fire-resistant cover.
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B1 FueEL FEED HoSE Designed for having
fuel in the hose all the time but without a fire-
resistant cover. Intended for nonenclosed en-

gine spaces.

B2 FuEL VENT HOSE Designed for applica-
tions with fuel not normally in the line and
without a fire-resistant cover. Intended for
nonenclosed engine spaces.

A2 FuEL FiLL HoseE Designed for applica-
tions with fuel not normally in the line and
with a fire-resistant cover.

B2 FueL FiLL HoseE Designed for applica-
tions with fuel not normally in the line and
without a fire-resistant cover.

Unfortunately, Al hose is not generally
available in sizes large enough for fuel fills. In
such a case, use A2 fuel fill hose.

Holding Hose

Since you don’t want these hoses coming
loose, make sure there are marine-grade stain-
less steel hose clamps at each connection.
Naturally, the hoses have to be supported with
corrosion-resistant, chafe-free clips or hang-
ers. Pay special attention wherever hoses pass
through a bulkhead or panel. A rough edge
here is certain to wear through the toughest
material sooner or later. Protect the hose with
soft ring grommets installed in the hole.

ABYC-recommended fuel-hose clamp
widths are as follows:

Hose Outside Diameter

7/, 6 in. and under

7/,6in. 10 13/, in.
13/, in. and over

Hose Outside Diameter

11 mm and under
11 mm to 20.5 mm
20.5 mm and over

Clamp Width
1/,in.

>/16 in.

3/g in.

Clamp Width
6.3 mm

8 mm

9.5 mm

CFR Yacht and ABYC require double 1/5-inch-

wide (12.7 mm) clamps on all large-diameter

Figure 4-13. Al
fuel hose
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fuel hoses, such as fill pipes. All hose clamps
should be of 100 percent 316 stainless.

Hose Connections

All fuel-line hose must fasten to proper
barbed connectors specifically intended for
hose. Such hose connections (hose barbs)
must have annular rings, not spiral thread or
crossed, knurled, or X grooves, all of which
can form paths for fuel to leak.

The one exception to the requirement for
barbed connectors is large-diameter hose-
pipe connections, such as for fuel fills of 11/,-
inch IPS (DN 40 mm) diameter or larger. In
this case, double !/,-inch-wide (12.7 mm) hose
clamps are required, with a minimum of
1/, inch (12.7 mm) between the end of the
hose and the end hose clamp.

Acceptable Hose Clamps

In addition to the preceding hose-clamp size
requirements, hose clamps must have a
mechanical or deformation tightening
mechanism. The clamp should be about
one hose-clamp width from the end of the

Figure 4-14. hose. Screw-type hose clamps of 316 stainless
Recommended
hose connectors
(Courtesy ABYC)
ACCEPTABLE
ST Y S
(BARB)
%
BURRS
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are strongly recommended. Hose clamps that
use only spring tension cannot be used.

Fuel-Line Tubing

Older vessels used soft copper tubing with
standard flare connectors for almost all fuel-
line and vent piping. This is still acceptable
according to CFR Yacht and CFR Commer-
cial provided that a ring-spiral loop is built
into the piping before each rigid component
to absorb flex. These metal spirals, however,
can harden and crack over time. Accordingly,
Al fuel-line hose is greatly preferable. Hose is
also cheaper and easier to purchase and
install. Copper, copper nickel, nickel copper,
and stainless steel are the approved fuel pip-
ing metals. Minimum wall thicknesses for
tubing should be as follows:

Tubing Outside Diameter Wall Thickness

1/gin.to 1/, in. 0.032 in.
5/, in. 10 3/g in. 0.035 in.
7/16in. to 1/, in. 0.042 in.

Tubing Outside Diameter Wall Thickness

3.2 mmto 6.3 mm 0.81 mm
8 mm to 9.5 mm 0.89 mm
11 mmto 12.7 mm 1.06 mm

NOT
ACCEPTABLE

SPIRAL
GROOVE

/

CONTINUOUS

KNURL

PIPE THREAD
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HOSE CLAMP BEYOND BEAD OR FLARE

4 W Al I S A
V:ﬁ-s' B R AT P AP

0

'*L?//////////l
SOME EXPOSED HOSE. _,,_J F“r...__
SEE NOTE. '
: l HOSE CLAMP OYER SERRATIONS
E OR ANNULAR GROOVYES
EOTTODETTETET.
| ]
| ]
i)
LS ETEEE L AAD

NOTE: THE CFR DOES NOT REQUIRE A MINIMUM
DISTANCE BETWEEN THE HOSE CLAMP AND THE
END OF THE HOSE. GOOD PRACTICE IS TO
LEAVE ONE CLAMP WIDTH OF HOSE EXPOSED.

Figure 4-15. Hose clamp distance from hose end (Courtesy ABYC)

Aluminum Fuel Piping

CFR Commercial allows aluminum fuel pip-
ing on aluminum commercial vessels only.
Though this makes no sense to me, it’s the
law. But you can go with aluminum on yachts
of any material.

Schedule 40 (standard) marine aluminum
pipe can in theory be used for noncommercial
diesel, but CFR Commercial requires schedule
80 (double weight) for all aluminum fuel pip-
ing, and I recommend schedule. 80 for recre-
ational vessels as well. CFR Commercial does
not allow hose for fuel piping and insists on all
solid pipe or tube, except for a short length of
hose at the engine or gen set. Though I follow
the rules (there is no choice) for commercial
craft, this one doesn’t make sense to me for
most yachts.

Note that on commercial craft, the Coast
Guard is now sometimes requiring the next
step up even from Al hose: shielded hose,
such as Aeroquip FC234. This meets SAE J
1942  (formerly USCG  COMDTINST
M16752.2) fire test criteria for type-A hose.

Figure 4-16. A spring-type hose clamp is My personal opinion is that this is overkill.
not acceptable for fuel lines (Courtesy It’s cheaper just to comply than to argue the
ABYC) point. Remember that even if this hose is
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)

G In.+ Gooseneck” .
(100 mm)

Vent Overboard

Barries at 30 /n.
Orless (76 c¢m)

Ball or Globe
Shut-Off Valves

|

5 /=172 10, Fill Pipe

(40 mm)

Lave/ Cap:
6AS or DIESEL

@

Coast Guard
A2 Fuel Hose

(e

Iy Double 55
l Hose Clamps
=
<V #/0 Stranded
Ground wire
Coast Guard

Al Fuel! Hose

D.GCERR

Figure 4-17. Twin
Suel tank

arrangement
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much more expensive than Al, you only need
a short lengths of it from the rigid piping to
the engine or generator.

Of course, all rigid tubing or pipe must be
well supported at regular intervals. There
must be a support no more than 4 inches
(100 mm) from either end, where it connects
to flexible line. Although copper tubing spirals
shouldn’t be used to connect between compo-
nents, there’s no drawback to using tubing or
pipe (of approved materials and type) for long
fuel runs—if this is convenient—as long as
flexible hose makes the connections at the en-
gine and—better still—at either end.

Eliminating Sparks—
Bonding

Sparks are always a potential problem around
gasoline. To prevent static buildup, you must

fit jumper ground wires across all the gaps
between fill and tank created by the hose con-
nections. The jumpers must be number 10 AWG
(30-gauge metric) or larger wire and should be
either soldered to and under dedicated hose
clamps fastened around the pipes, or fastened
to the hose clamp with a dedicated ring termi-
nal and screw, not the double clamps around
the hose itself. (Yes, I've actually seen this;
you've got to wonder!) The tanks themselves, if
metal, should also be grounded with 8 AWG
(35-gauge metric) wire or larger connected to
the boat’s bonding system.

This wire may be soldered to a dedicated
hose clamp fastened separately to the pipe or
fill fitting, but this hose clamp can never be
used for any other purpose, and no portion of
this clamp or of the bonding conductor wire
may run under the hose, where it could cause
leaks.



(Note: AWG stands for American Wire
Gauge. Larger numbers mean smaller con-
ductor diameters. Metric wire gauge is 10
times the conductor diameter in mm: 30-
gauge metric is 3 mm conductor diameter. In
metric wire gauge, larger numbers are larger
conductor sizes. See Table 24-3, page 340.)

Even though diesel won'’t ignite from a
static spark, diesel tanks and piping should
be grounded as well to control corrosion.
Many small to mid-sized FRP and wood ves-
sels are not equipped with a bonding system.
Perhaps the best solution for such craft is to
bond the tanks and fill pipes alone to an in-
dependent, through-bolted external zinc. You
have to take special care not to accidentally
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cross-connect to any other part of the elec-
trical system.

Don’t Go Rubbery, and

Don’t Split!

A final thing to keep in mind is that rubber
should never be used for gaskets, hoses, or
padding on your tanks or fuel system.
Petroleum-based products like gasoline
and diesel break down the rubber, creating
disastrous leaks. Neoprene is the proper
gasket and padding material. And remem-
ber, split gaskets of any material aren’t al-
lowed. The split would be a potential path
for a leak.

65



CHAPTER 5

66

HOLD THAT TANK

The fuel tank installation in Figure 5-1
shows the basic requirements for a stan-
dard inboard tank installation. Clearly, you
don’t want your tanks sliding around—not
ever! They have to be extremely well
secured. Wood or wood-cored-FRP chocks
and blocks that are laminated, screwed,
glued, or bolted in place or metal straps fas-
tened with turnbuckles do the trick. Riser
chocks—on which the tanks rest—should
be 2 inches (50 mm) wide for tanks under
150 gallons (570 L) and 3 inches (75 mm)
wide for tanks over 150 gallons (570 L).
They should be about 1% to 2 inches (38 to
50 mm) high (or higher as necessary to sup-
port the tank properly), spaced roughly on
15-inch (38 cm) centers and arranged to
permit drainage of water and airflow for
ventilation. Band-It bands and buckles of
316 stainless steel do a nice hold-down job.
The breaking strength of the chocks, secur-
ing bands, fastening bolts, and screws must
be 4 times the total combined weight of the
tank and its contents, or more.

Aluminum-Strap
Hold-Downs

Perhaps the simplest, least expensive, and
most common tank hold-downs are made
from aluminum flat bar 1/s inch (3 mm) thick

and 1!/ inches (38 mm) wide (Figure 5-2).
These straps are thin enough to bend to any
required shape but wide enough to take fas-
tenings and provide sufficient bearing on
relatively thin tank walls. The effective
strength of these hold-down straps is limited
by the strength of the fasteners at either
end. In wood chocks or wood or plywood-
cored FRP chocks, use three No. 14 (6 mm)
self-tapping stainless screws. (G-10 is an
even better core material than wood for this
application.) With a minimum bury of 114
inch (32 mm), this gives a breaking strength
of around 1,400 pounds (635 kg) at each side
of the strap—2,800 pounds (1,270 kg) total.
If you were securing a 300-gallon (1,136 L)
diesel tank, a look at Table 5-1 shows it
would come in at 2,335 pounds (1,059 kg).
Four times this is 9,340 pounds (4,236 kg),
and 9,340 divided by 2,800 pounds per strap
is 3.33 (4,236 kg + 1,270 kg per strap = 3.33).
Accordingly, you would use four straps—
more wouldn’t hurt.

NOTE: Some high-speed planing craft
can expect to experience g-forces (acceler-
ations from slamming) of 6 to 8 g’s. Such
boats need to give additional consideration
to tank fastening. Tanks midships may not
experience such high g’s, but tanks and
their hold-downs located farther forward
may have to be designed to withstand the
total expected acceleration, plus a safety
factor of 3.
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tank installation
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G-10 or FR-4 epoxy is a thermosetting industrial laminate consisting of a continuous-filament
glass cloth with an epoxy resin binder. First introduced in the 1950s, it has high strength, excel-
lent electrical properties, and chemical resistance. These properties are maintained not only
at room temperature but also under humid or moist conditions.

Today, what is called G-10 is usually FR-4, the flame-retardant version of G-10. The
material FR-4 can usually be used where G-10 is specified; however, G-10 should not be used
where FR-4 is specified. In structural applications on boats, this is not an issue, and either is

fine.

The mechanical properties (strength) of G-10 or FR-4 exceed that of aluminum. With a
density of 119 Ib./cu.ft. (1,906 kg/m3), it is only 70 percent the weight of aluminum, but it is about
3.7 times heavier than a solid plywood or fir core.
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Figure 5-2. Tank
hold-downs
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The hold-down straps can be bowsed
tight by cutting them in half at a conven-
ient, accessible flat section of the tank and
bending over right-angle tongues at each
half’s end (Figure 5-2). Connect the two
halves with a 5/16-inch (8 mm) diameter
stainless bolt, through holes drilled in the
tongues, and tighten the bolt down as a
turnbuckle. Lock with a second lock nut.
Adding a lock washer as well is a good
extra precaution.

In addition to the straps, you should in-
stall substantial cleats fore and aft, at the bot-
tom of the tank, so it can’t slide.

Cushion Your Tank

To prevent chafe, tanks must never rest
directly on the chocks or against hold-down

TABLE 5-1. APPROXIMATE FULL-TANK
WEIGHTS—POUNDS (INCLUDING THE
TANK ITSELF)

US. Gallons Diesel  Gasoline Water
20 156 135 180
40 315 272 362
60 470 405 541
80 621 535 716

100 797 690 916
120 953 825 1,096
150 1,183 1,022 1,361
200 1,575 1,361 1,813
250 1,956 1,688 2,253
300 2,335 2,014 2,692
350 2,778 2,403 3,194
400 3,279 2,851 3,755
450 3,671 3,189 4,206
500 4,143 3,608 4,738
600 5,024 4,382 5,738
700 6,017 5,268 6,850
800 6,826 5,970 7,778

APPROXIMATE FULL-TANK WEIGHTS—
KILOGRAMS (INCLUDING THE TANK
ITSELF)

Liters Diesel  Gasoline Water
76 71 61 82
151 143 123 164
227 213 184 245
303 282 243 325
379 362 313 416
454 432 374 497
568 537 464 618
757 715 618 823
946 887 766 1,022
1,136 1,059 914 1,221
1,325 1,260 1,090 1,449
1,514 1,488 1,294 1,704
1,703 1,666 1,447 1,908
1,893 1,880 1,637 2,150
2,271 2,279 1,988 2,603
2,650 2,730 2,390 3,108
3,028 3,097 2,709 3,529

straps anywhere; rather, they should be
cushioned by some soft material. Tarred felt
was the old standby; it is no longer accept-
able. Hard Neoprene, 3/16 to /4 inch thick
(4.5 to 6.5 mm), is the proper modern stuff
(Figure 5-3). Moisture can collect under the
Neoprene padding and cause corrosion.
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Ball Valves / -

On Take-Offs

Aluminum Strap
Hold Down

Neoprene Insulation

Figure 5-3. Installed tank. Note the Neoprene insulation under the
hold-downs and the ball valves on the takeoffs.

To prevent this, use a good bedding com-
pound between the tank and the Neoprene.
A nonadhesive compound such as Woolsey
Dolphinite or a silicone sealant is best. If you
use an adhesive sealant like 3M 5200, you'll
have to sand the pads off should you ever
want to remove them. Whatever you do, don’t
use any padding that can hold water.

The following materials are never accept-
able for use in padding or cushioning fuel
tanks:

cardboard

carpeting

unpainted wood

felt (tarred or otherwise)
canvas (tarred or otherwise)
foams

All of these will absorb water and cause
corrosion.

Other acceptable nonabsorbent materi-
als for tank padding or cushioning are Teflon
and high-density plastics (e.g., UHMWPE)
that are not degraded by exposure to any
petroleum fuel, water, or any standard boat-
ing cleaner or solvent.

Welded-on Tank Attachment

Metal tanks can also be secured by welding
heavy bars or angles along the length of the

tank corners (welded-on lugs). Again, the
total weld strength must equal at least 4 times
the total combined weight of the tank and its
contents. The angles are drilled for through-
bolts or lag bolts with UHMWPE (ultra-high-
molecular-weight polyethylene) bushings to
isolate the bolts from the tank material. The
sheer or axial strength of the bolts (depend-
ing on how they’re being loaded) has to equal
at least 4 times the total combined weight of
the tank and its contents (as does the bear-
ing strength of the UHMWPE bushings and
the wood or FRP structure). Of course, you
need large-diameter heavy washers or back-
ing plates under the nuts of all through-bolts
where they contact wood or FRP. Tanks fas-
tened with welded-on lugs don’t require
chocks or support stringers. Take care that
tanks fastened that way don’t make contact
with any other material or object and that
they have clear ventilation all around.

TANK LOCATION

Fuel tanks carry large variable loads. Proper
location is critical to performance, stability,
and proper boat trim. Diesel is 7.13 pounds
per U.S. gallon (0.851 kg/L), and gasoline is
6.06 pounds per gallon (0.73 kg/L). A long-
range motoryacht with 2,000 gallons (7,570 L)
of diesel fuel will vary 6.3 tons between full
and empty! A large, high-speed, twin-diesel
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The Danger of Foam Burials

Many small production craft are built with aluminum fuel tanks installed buried in sprayed-in-place foam. This is per-
mitted with an exact reading of CFR Yacht, but it is poor construction. You can't properly inspect such a tank for cor-
rosion or leaks, you can't remove or replace the tank without major hull or deck surgery, and I've yet to hear of such
an installation that didn't end up with at least some water accumulated between the foam and the tank surface—bad
news! Over time, leaks, fires, and explosions on such craft are virtually guaranteed.

This book makes it clear that burying aluminum tanks in foam is poor practice; however, since this practice is per-
mitted under the CFR, you will find aluminum tanks in many smaller production boats buried in foam in the bilge or in
some other compartment. If you are surveying or working on a boat with such an installation, you need to do your
best to inspect the tank for leaks. A pressure test may be the only option. You should also warn of potential corrosion
problems in any survey or condition reports.

Note that no tank of any ferrous material may be buried in foam under any circumstances. If you can, test the tank
with a magnet to determine if it is steel (though this will not identify stainless steel, which is no more acceptable than
any other ferrous metal in this application). If it is, the tank must be removed and replaced.

Aluminum, plastic, and fiberglass are nonferrous. For this reason, tanks of these materials can be accepted if buried
in foam (though, once again, not recommended). Note that fiberglass gasoline tanks are now suspect, as described in
the sidebar on page 87.

The CFR terms the foam: “cellular plastic used to encase fuel tanks.” Any such foam (cellular plastic) must not change
volume by more than 5 percent or dissolve after being immersed in gasoline, diesel, or a 5 percent solution of trisodium
phosphate in water, all for a 24-hour period. The foam cannot absorb more than 0.12 pound of water per square foot
of cut surface (0.58 kg/sq.m of cut surface).

WATER CAN DRAIN
P | ..{ . /

NON-FERROUS METALLIC | oo~ CELLULAR'
FUEL TANK 2 ~ PLASTIC

INSULATION

FUEL TANK SUPPORTS

PERMITTED FAILURE

PROHIBITED FAILURE

NON—-FERROUS METALLIC
FUEL TANK

Foam-encapsulated fuel tanks (Courtesy ABYC)
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Any nonpolyurethane foam used to encase fuel tanks must have a compressive strength of 60 psi (413 kPa) at
10 percent deflection. And polyurethane foam must have a density of at least 2.0 Ib/cu.ft. (32 kg/m?).

The foam must not be the sole support for a metallic tank. The metallic tank must be structurally supported inde-

pendent of the surrounding foam.

The summary of requirements for metallic gasoline tanks buried in foam (encapsulated in cellular plastic) is as follows:

* The tank must be made from a nonferrous metal.

* The tank must be structurally supported independent of the foam.
* Water must drain freely from the tank’s top surface.

* The tank supports, chocks, and straps must be integral with the fuel tank or insulated from the fuel tank surface with

non-moisture-absorbing material.

* The tank must not support any other boat structure of any type.

* The tank must be restrained from moving more than '/4inch (6.3 mm) in any direction.
* All connections, fittings, and labels must be accessible for inspection.

* Failures in the foam or encasement material cannot occur at the joint to the surface of the fuel tank.

There are still more requirements for foam used to encase fuel tanks. If you intend to build a boat with foam-
encapsulated (cellular-plastic-encapsulated) foam—contrary to the recommendations of this book—you must care-
fully follow relevant portions of the CFR. You should use the ABYC Compliance Guidelines for fuel systems as a check-

list for compliance.

Again, though the practice is legally permitted if the preceding rules are followed, this book recommends against

burying or encapsulating any tank in foam or cellular plastic.

cruiser might carry 1,200 gallons (4,540 L) to
get adequate range—3.8 tons!

To convert lb./gal. to kg/L, multiply 1b./gal.
by 0.1198
To convert kg/L to 1b./gal., divide kg/L by
0.1198

The optimum location for fuel tanks is
over the boat’s center of buoyancy. This way,
there is no change in trim with varying tank
levels, and the weight is kept out of the ends
to reduce pitching.

On sailboats it is also important to locate
tanks as low as possible to maximize sail-
carrying power with full tanks, but this is not
good practice for voyaging motor cruisers.
Such motor cruisers are sometimes designed
with huge fuel tanks built into double bot-
toms, but if the vessel is adequately stiff with
empty tanks, then adding 6 tons or more of
fuel this low down will make the vessel far
too stiff—dangerously and uncomfortably so.
Conversely, if the vessel relies on the weight
of the fuel in the double bottom for proper
stability, it will be dangerously tender when
empty. The proper vertical location for big

tanks on long-range cruisers is moderately
high, with the tank’s center of volume at or
even just above the design waterline (DWL).

Planing hulls actually can benefit from
tanks somewhat aft of the center of buoyancy.
The goal is to have the vessel trim level when
light and just a bit down by the stern when
heavy. Again, the tanks should not be too low.
Planing hull forms already have quick, snappy
rolls. The vertical center of the tanks are,
again, ideally at or just a bit above the water-
line. The drawing in Figure 5-4 shows a 66-foot
(20 m) express cruiser of my design that has
the tanks located right over the longitudinal
center of buoyancy (LCB) and at the optimum
height. In this case we were able to make the
tanks do double duty in blocking some engine
noise from the accommodations.

Though the ideal is to have large tanks
over the LCB, real-world considerations can
make this impractical. This creates trim
problems that must be addressed. One solu-
tion is multiple tanks and pumped distribu-
tion of fuel to maintain level trim. For long-
range voyagers, another option is seawater
trim-ballast tanks. Figure 5-5 shows an
82-footer (25 m) my office designed that has
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Figure 5-4. 5
Kingfisher Kingfisher — 66-Foot Express Cruiser/Sportsfisherman
ngiishe DWL: 57 ft. - 3 in. — Beam: 19 ft. - O in. — Draft: 5 ft. - 2 in.
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its 5,840 gallons (22,106 L) of tankage asnear 80 percent capacity. She’s down just a bit by
midships as possible and with the tank’s ver- the stern at 100 percent. As the tanks empty
tical centers almost exactly at the waterline. below 75 percent, the aft seawater ballast
Still, these tanks are aft of the LCB. The boat tank is pumped up to compensate and main-

Figure 5-5. is designed to trim level with the tanks at tain level trim.
Summer Moon II

Summer Moon II
A Voyaging Motoryacht
LOA: 82 ft. - 3 in. » DWL: 72 ft. - 11 in.
Beam: 17 ft. - O in. - Draft: 7 ft. - 6 in.

Seawater Ballast Tank | u®! Tanks
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TANK OPENINGS AND
PENETRATIONS

On gasoline tanks, all openings or penetra-
tions (e.g., vents, fills, takeoffs, level gauges,
cleanouts) must be on the top of the tank—
no exceptions. Diesel tanks may have open-
ings and penetrations on the tank sides, ends,
or tops, but it’s best to put most openings on
the top to minimize chances of leaks. The
exceptions are large cleanout manholes.
Such cleanouts are highly recommended on
tanks over 300 gallons (1,150 L) or so. For
smaller craft and smaller tanks, it’s difficult
to justify the added expense of cleanout
openings, and it’s frequently impossible to
locate them where they would be accessible,
in any case.

Tank Drains

Diesel tanks can also fit tank drains at the
lowest point of the tank. These are a good
idea for cleaning convenience, but it’s fre-
quently not worth the effort, as access to
these drains is usually very restricted in the
boat. If you do fit tank drains, make sure
that—in addition to the drain valve—there is
a screw cap closure at the very end of the
drainpipe. This way, even accidentally open-
ing the drain valve won’t empty the tank into
the bilge. It also becomes possible to fit a
screw-on hose fitting to pump out directly
into a storage tank or barrel, which makes
these drains much more practical.

Vent-a-Tank

Tank vents allow air to exit the tank so you
can add liquid (which is our goal, after all).
Vents (termed breathers in Europe) also pro-
tect against developing excessive pressure
in the tank. It is best to recommend not top-
ping off tanks 100 percent. On a hot summer
day, the temperature in the underground stor-
age tank can be 65°F (18°C), whereas the
temperature in the engine compartment may
be over 100°F (38°C). If the tank is topped off
with cool fuel, the fuel can heat up and ex-
pand enough to spill 2 or 3 gallons (7 to 11 L))
overboard through the vent. Yes, another
illegal oil spill.

ABYC requires that the vent line should
be at least 25 percent of the cross-section
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area of the fill pipe. For standard 11/4—inch
(DN 32 mm) ID fills, this calls for a minimum
of 9/16-inch-diameter (15 mm) hose to match a
"/16-inch-diameter (DN 11 mm) vent fitting.
This is a requirement that I think could use
some revision. Modern fuel docks pump at
such a tremendous rate that these small vents
are often inadequate. Further—though they
are frequently configured in just this way—
the vent opening on the tank shouldn’t be
near the fill. Instead, it should be at the op-
posite end of the tank. On one of my designs,
a relatively long, narrow tank was fitted with
the standard minimum vent and fill sizes pre-
viously specified and with the vent near the
fill. The result was that even though we could
feel air whooshing out of the vent, the pres-
sure sensor on the fill nozzle would shut it off
regularly. Then a moment later, a large bub-
ble of air would burst out the fill pipe, spew-
ing fuel over the deck. Installing a second
vent near the fill helped, but it didn’t fully
eliminate the problem. Adding a vent at the
tank end away from the fill was the cure.

Unfortunately, it’s hard to find off-the-
shelf vent fittings larger than 5/s-inch diame-
ter (18 mm). One solution is to install a
3/4-inch NPT (DN 20 mm) pipe fitting in the
tank (0.82-in. or 20.8 mm ID+) with a Y tee
forking up to two standard %/g-inch (DN 18
mm) vents. On large or long tanks, you would
install one of these at each end, running to
5/s-inch (DN 18 mm) vent fittings—four vent
fittings total for each tank.

CFR Commercial has a number of vent-
size variables, but basically it requires a min-
imum vent cross-section area equal to 3/4-inch
(20 mm) OD tube with a 0.035-inch wall
(20 gauge or 0.889 mm). This is 0.36 sq. in.
(232 mm?). The 3/4<inch NPT (DN 20 mm)
pipe fitting Y’ed to two 5/s-inch (DN 18 mm)
vent fittings meets this requirement.

Vent-Run Considerations

Fuel tanks must never vent into the hull; they
must vent overboard as shown in Figures 4-17
and 5-1. Any other arrangement will dump va-
pors and spill into the bilge—a sure harbinger
of a real blast! To keep water out, the vent
should be as high as possible and equipped
with the 4-inch (100 mm) or somewhat higher
gooseneck or riser shown. Vent openings
must be at least 15 inches (38 cm) away from
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New EPA Gasoline Vent Filter
Requirements Proposed

As of February 2008, the Environmental Protection Agency (EPA)
is planning new regulations for gasoline fuel systems on boats.
The anticipated changes are intended to reduce vapor escaping
from the tank through the vent and also to reduce fuel spills. The
most prominent feature of the new requirements will be a carbon-
filled canister on the fuel vent line between the tank and the vent
opening. A secondary feature is required to keep liquid gasoline
overflow from entering this carbon-filled canister. This additional
feature is a check valve to be installed in the vent line, as close to
the tank as possible. The check valve will shut flow immediately if it
senses liquid fuel, but will remain open for air and vapor. Other
new features may include better pressure-sensor shutoff response
on the fuel fill nozzle to further reduce spills. This may be inte-
grated with the configurations of the check valve and fill pipe.
Current plans are to phase in the carbon canister and its re-
lated check valve on gasoline vent lines for engines of 500 hp
(373 kW) or higher starting in 2009, and for all gasoline engines
as of 2010. Go to www.epa.gov for information on the latest devel-
opments. These changes will apply only to gasoline, not to diesel.

any opening into the hull. Fuel-tank vents
also require a backfire flame mesh with
30 wires per inch (1.18 wires per mm) each
way. This prevents flames from spreading
down into the vent pipe, which seems pru-
dent. CFR Yacht and ABYC require that the
mesh be “cleanable.” In practice, this means
that the mesh or the vent unit with the mesh
has to be removable. Presumably, if you can

remove it, you can clean it.

Best practice is that each tank have a
dedicated vent line. Essentially, all vents
must rise continuously from the tank.
There can be no sags or dips, which hold
fluid or debris, in any vent line. If unavoid-
able, short horizontal runs (no more than
18 inches (45 cm) are acceptable, but such
horizontal runs increase the chance of a
potential clog in the vent line. As long as
the vent run rises continuously, you can
combine vents from different tanks into
one line. You can do this only if the total
cross-sectional area after joining is greater
than the combined cross-sectional area of
the individual lines. Such large-diameter
vent lines won’t fit off-the-shelf vent

fittings.

Don’t share vent lines with tanks contain-
ing other liquids, even if the shared cross-
section area is adequate. For instance, if you
shared a vent line from a diesel and a fresh-
water tank, the bad taste in the fresh water
from migrating fuel-oil gases would be rather
unpleasant. Microbes from black and gray
water can exacerbate algae growth and con-
tamination in fuel tanks.

Vents Under Pressure

Large vessels may be fueled under pressure
rather than from a simple fuel-pump nozzle.
This places still-higher demands on the vent
lines. Clearly, if the vent lines were too small,
internal tank pressure could build to a burst-
ing point. For tanks filled under pressure, the
vent lines must be the same diameter as the
fill pipe or larger. My practice has been to
install the two standard 3/s-inch (20 mm) vent
lines described previously plus an additional
vent line having the same ID as the fill or
slightly larger.

Vent Spill Prevention

Several manufacturers offer inexpensive units
to reduce fuel spills through the vent. Some
devices whistle continuously as the tank is
filled, changing pitch noticeably as it nears
capacity. This warns you to ease back on the
nozzle handle and top off the last few gallons
slowly. Racor’s Lifeguard fuel/air separator
(Figure 5-6) traps small overflows in an
enclosed plastic globe and routes them back
to the tank (Figure 5-7). Larger overflows
cause a ball-type check valve to seal the vent
closed. If you wrap a rag around the fill nozzle,
sealing it in the fill-pipe opening, the pressure
buildup caused by the check valve closing
shuts off the fill nozzle when the tank is full.
Should something go wrong and the fill noz-
zle does not shut off, the check valve will open
again as the pressure further increases, elimi-
nating any chance of rupturing the tank.
Another option is to install a small, cus-
tom, overflow collection tank in the vent line
(Figure 5-8). For space reasons, this may only
be practical on larger vessels. Usually about
2 gallons (7.57 L) in capacity, the vent enters
the bottom of the collection tank to one side.
A horizontal baffle is built into the tank a
quarter of the way above the bottom, but


www.epa.gov

Figure 5-6. Fuel/air separators (Courtesy
Racor)
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sloping down about 5 degrees to drain. An
opening about 3 square inches (20 sq cm) is
in the baffle on the side away from the vent
inlet. The vent line then exits the top of the
tank—directly above the vent entry point be-
low but shielded by the baffle—and runs
overboard as usual. The baffle collects and
deflects bubbles and foam. The tank can ac-
cept both foam and bubble overflow, as well
as expansion overflow, simply returning the
excess by gravity to the main tank.

Fill ’er Up

Standard fill pipes are nominal 1l4-inch (DN
40 mm) pipe, with an ID of about 14 inches
(38 mm). On large yachts and commercial
vessels, use 2-inch (DN 50 mm) pipe. The fill
pipe should project down to within 1 inch
(25 mm) of the tank bottom for 1%-inch (DN
40 mm) pipe and to within 1% inches (DN
32 mm) for 2-inch (DN 50 mm) pipe—no
closer and not much higher. Effectively, this
seals the vapors in the fill pipe from the va-
pors in the tank (as long as there’s an inch or
more of fuel in the bottom). With gasoline
fuel, should a spark ignite the fill pipe vapors,
the flame can’t ignite the whole tank. You get,
hopefully, no more than an impressive but
relatively harmless bang. Extending the fill to

HOW THE LIFEGUARD LG100 WORKS

1. In the First Stage of the LG100
the venting tank fuel is diffused
by the Flow Diverter.

Fuel is directed down to the
drain ports and the air is
allowed to bypass the
diverter and continue
traveling up.

2. The Second Stage defoams
the fuel through a fine mesh
screen which filters out large
contaminants from the fuel.
Beneath the screen, the fuel
collects temporarily until it is
capable of flowing back down
to the fuel tank. '

UP-

‘Y3 Inthe Third Stage vapor
collects on the interior
surfaces and coalesces. The
fuel returns downward by
gravity and air continues up
and out of the unit.
The Safety Relief Valve includes
a floating check ball which will

not permit a large in—rush of
/ll fuel to bypass. In the event of

—

internal pressure reaching 2.4
PSI, the spring will compress
and allow the safety seat to
relieve pressure.

From fuel wank.

=

Figure 5-7.
Cutaway view

of a Lifequard
Suel/air separator
(Courtesy Racor)
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near the tank bottom, once again, isn’t nec-
essary for a diesel tank, but it costs little and
helps isolate the fuel in the tank and reduce
foaming—both well worth doing. Fills
extending this far down into the tank must be
supported structurally at their lower end to
prevent stress cracks from vibration.
Another common source of leaks, by the
way, is at the joint between the fill cap flange
and the deck. Vibration and weathering can
destroy the sealant or bedding compound,
allowing spills at fuel-up to find their way
below. Check the boat carefully. You should
also make sure that spills can run or drip over-
board easily and absolutely cannot get down
into the boat. Fills must be at least 15 inches
(38 cm) away from any opening into the hull.

If you're installing hose from the deck-
fill fitting to the tank, it’s a good idea to have
about 8 inches (200 mm) of pipe directly un-
der the fill. This way, years of repeatedly jab-
bing the fill nozzle into the fill won’t abrade
the hose, yet another potential source of
leaks over time.

Antipollution laws are a real poser with
regard to minor fuel leaks. These laws forbid
any oil or fuel spills into the water, while at
the same time, safety regulations forbid any
spills into the boat. (I wonder where they
expect spills to go?) Obviously, some small
spills and drips are unavoidable, and you
can’t have them run into the boat or you
would have a very serious fire hazard. The
only solution for the moment is to make
certain that those few, unavoidable small
spills do go overboard and hope that the
policing agencies are reasonable. So far, 1
know of no cases of the Coast Guard or har-
bor police ticketing small, unintentional
spills from boats, though it appears they
could do so.

The Vetus Splash-Stop

Vetus offers its Splash-Stop unit (Figures 5-10
and 5-11), which is basically a vent collection
tank combined into the fill-cap assembly.
This gizmo addresses both the expansion and
fill spill problems noted earlier, and it is avail-
able for both 1l-inch and 2-inch (40 and
50 mm) hose.

Seacurefill

Another approach to controlling spillage
during fueling is Seacurefill (Figure 5-12).
This unit is a vent assembly with a built-in
fitting for a clear hose with a quick-
connect device to the fill. During fueling,
the vent and the fill are opened. The clear
plastic hose is fastened into the vent fitting
and led in a U down into the fill pipe next
to the fill nozzle. When the tank tops off,
the nozzle’s pressure switch clicks off, and
the clear hose fills with overflow that’s di-
rected back down into the tank. This is a
clear warning of a full tank, and there are
no spills.
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Figure 5-9.
ABYC'’s minimum
clearance between
hull-compartment
ventilators and
Suel tank fills is
15 inches (38 cm).
(See also Chapter
4 sidebar
“Principal
Differences
Between ISO
= 10088 and ABYC
= Standards.”)
o (Courtesy ABYC)

SLOPED DECK
HIGH COAMING

FUEL TANK FILL
KEEP AWAY FROM VENTILATORS

KEEP AWAY FROM
VENTILATORS

FUEL TANK FILL

VENTILATOR ON THE BOAT'S SIDE MOLDED RECESS IN
DECK FCOR FUEL FILL

VENTILATOR IN RAISED PORTION OF
DECK TO PREVENT FUEL FROM

STEEP SLOPE
TO DECK

KEEP AWAY FROM
VENTILATORS

FUEL TANK FILL
FUEL TANK FILL
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Figure 5-10.

Splash-Stop instal-

lation (Courtesy
Vetus)

Figure 5-11.
Splash-Stop
(Courtesy Vetus)
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The pump-fill nozzle is then removed.
The clear plastic hose is held vertically to
drain back down into the tank and then is
disconnected and stowed. Both the fill and
Seacurefill vent caps are closed.

Clear hose and

Fill from QuickConnect
fuel pump fitting direct
fuel to fuel fill

or container

::1 -—{—Seacuref!l Unit

“Yent Overboard
N\

—Vent from tank

Fuel Retention
& Expansion
Tank

o,

!

o = arel

Fuel Tank

Figure 5-12. Seacurefill (Courtesy Seacurefill)

Taking Off

Of course, the takeoff pipe must reach well
down into the tank if it’s going to get all the
fuel out. Again, 1 inch (25 mm) from the bot-
tom is ideal. At this height the boat can draw
off almost all the fuel, but it won't suck up the
sludge and gunk swirling around the bottom of
every tank. (The takeoff pipe must be struc-
turally supported at the lower end to prevent
stress cracks from vibration.) Shutoff valves
(also termed “fuel-stop valves™) must be fitted
at each takeoff pipe right at the tank.

Additionally, if the fuel piping runs more
than 12 feet (3.65 m) from tank to engine, an-
other shutoff valve should be fitted near the
connection to the engine or gen set.

NOTE: Some manufacturers install a fil-
ter at the bottom end of the takeoff pipe inside
the tank. This is not good practice; if this fil-
ter clogs or corrodes, you can’t get at it with-
out draining the tank and withdrawing the
takeoff pipe. The filters should be installed
outside the tanks as described earlier. If you
have such an installation, you should have the
filter on the takeoff inside the tank removed.

Keeping Your Tanks Dry

Metal nonintegral tanks should have a 1- to
2-inch (25 to 50 mm) gap between the boat’s
hull and the tanks. This permits water to drain
off and encourages the ventilation needed to
prevent corrosion. Similarly, the tops of the
tanks should be sloped or slightly rounded so
water won't collect and sit on the top.
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CFR Yacht Test for Fuel-Fill Spill Compliance

Take care that the natural flow of any spilled or dripping fuel cannot run back into the boat through any path. Think
through the locations carefully. If you are inspecting or surveying a boat and it appears that fuel spills potentially could
enter the boat, be sure to note this as a problem that needs immediate correction.

PLUGGED FUEL TANK FILL

REGULATED WATER SOURCE

BOAT IN STATIC FLOATING POSITION g BT

/ REGULATING VALVE
"%s" OD HOSE \

!
i
Y /
WATER SOURCE ;Ll’_f_'- TANK B Y —
PLUG
& /

Fuel-fill spill test (Courtesy ABYC)

The required test under the CFR for fuel-fill spill compliance for gasoline boats is as follows (using water):

* Ensure the boat is in its normal static floating position.

* Plug the fuel-tank fill line at a distance at least 6 inches (152 mm) below the tank fill opening.

* Insert a '3/16-inch (20 mm) OD hose into the fill fitting.

* Discharge through the hose at the rate of 5 gpm (53.3 0z. in 5sec.) or 19 L/min (0.147 Lin 5sec.).

* Fill until the pipe overflows. Time the overflowing water for 5 seconds, and turn off the flow.

* Inspect to determine if any of the overflowing water has made its way into the boat. No water is permitted at
all. Any water entering the boat from this test indicates noncompliance and must be corrected. Overflow
entering a self-bailing cockpit is considered entering the boat and does not comply.

NOTE: Though passing the preceding test is required for gasoline boats, it is strongly recommended for diesel
vessels as well.
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Figure 5-13.
Bayffles in
aluminum tank

It’s Baffling

CFR Yacht and ABYC do not set a fixed re-
quirement for baffles on pleasure-craft tanks,
and CFR Yacht doesn’t cover diesel tanks.
Nevertheless, baffles are essential in all tanks
larger than a few gallons for proper stability
and to reduce noise. CFR Commercial
requires that all nonintegral tanks must be
built with internal baffles spaced no more
than 30 inches (76 cm), both athwartships
and fore and aft. My strong recommendation
is that tanks for yachts follow this 30-inch
(76 cm) spacing in most instances. (Without
proper baffles, tanks would fail the slosh and
pressure-impulse tests, in any case.)

Still, 30 inches (76 cm) is a somewhat
smaller distance than required to prevent ex-
cessive sloshing on larger craft. Such vessels
can have their baffles spaced farther apart. A
reasonable rule is to space baffles no more
than 15 percent of beam, but never more than
44 inches (111 cm) apart. When using spacing
greater than 30 inches (76 cm), the tank walls
must be strengthened with stiffeners between
the baffles, as structural calculations require.
For metal tanks, these are standard angles or
tees welded on as done on structural bulk-
heads. Tank strength must be calculated to
meet the required head (pressure) over the
wider panels with the larger distances
between baffles, but including the added

stiffeners. Note that CFR Commercial does
not set requirements for baffles on integral
tanks, only on nonintegral tanks.

Baffles must be fitted with large limber
openings at all top and bottom corners to per-
mit adequate fuel and air flow (Figure 5-13).
The total opening area can’t be more than
30 percent of the baffle—roughly 18 percent
is a good average. On integral tanks, I try to
center any cleanout access ports over a baf-
fle with the baffle itself cut back in a half
circle directly underneath. This way a single
cleanout panel gives access to two or four
baffle spaces. You can see these cutouts in
the baffles in Figure 5-13. On nonintegral
metal tanks, the baffles should be welded
every 214 inches (63 mm) with the weld one
size smaller than the thinnest plate being
welded to. Rivets can be used on internal baf-
fle connections, but use only welds when
connecting to the tank’s walls.

You can'’t see inside your tank (unless it’s
large and fitted with cleanout ports), but it pays
to be nosy and learn about the construction.
Ask the manufacturer how they build and test
their tanks. Though most tank fabricators are
reliable and conscientious, I've occasionally
seen bizarre things. Once, for instance, I was re-
tained to “fix” a 54-foot (16.4 m) production
diesel motor cruiser with a single 15-foot-long
(4.6 m), 500-gallon (1,892 L) tank equipped with
just two baffles! The result was some odd bang-
ing noises, some very peculiar trim problems,
and a strange difficulty getting up on plane—
but only some of the time! No one had thought
to question the tank construction previously.

DoN’T SHARE WALLS Speaking of baffles, it is
tempting—to save space and simplify
construction—to have integral water tanks
and fuel tanks share a wall. This is not per-
missible. Any slight pinhole leak in the shared
wall will contaminate both. Black- and gray-
water tanks are no exception. It is acceptable
to have two fuel tanks (of the same fuel type)
share a wall—basically a baffle with no open-
ings in it. This is sometimes a convenient way
to create a day tank inside a larger tank.

Round the Corner

Best practice for nonintegral sheet-metal
tanks with walls 0.190 inch thick or less is not
to weld them together at the corners. Corner
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welds are subject to damage and corrosion.
(One-quarter inch and thicker—the next stan-
dard size up after 0.190 inch, 4.82 mm—can’t
be bent to small radii and is thick enough to
weld more effectively.) Sheet-metal tank walls
should be wrapped around corners in a ra-
dius, with longitudinal butt-weld seams well
away from the corners (Figure 5-14). On
smaller, regularly shaped tanks, a single sheet
can be wrapped all around and closed with
just one longitudinal weld. Larger tanks or
tanks with complex shapes must be made up
of several wall sections requiring more than
one seam. The tank’s ends should be formed
of flat plate or sheet with the edges bent in-
ward to form a flange all around its perimeter.
These bends should be radiused, and the tank
walls should be welded to the flanges—not on
the corners, but approximately 3/15 inch
(4.7 mm) in from the edge.

This construction is termed lapped-corner
construction (sometimes flanged-corner

RADIUS PAN-FORMED
ENDS GIVE ADDED
SUPPORT & STRENGTH

Figure 5-14.
Radius corner

construction). Though it is superior for metal
tank construction

tanks of small to medium size (it can’t be
used on plate over ?/i6 inch [4.7 mm] thick,
because the thick plates won’t take the
bend), it is not acceptable under the CFR for
commercial vessels. The reason for this is
unclear. It may stem from the incorrect prac-
tice of fabricating with lapped external cor-
ners that could trap water (particularly on
the top of the tank) leading to corrosion.
Regardless, this is the regulation, and lapped-
corner construction cannot be used on Coast
Guard-inspected passenger vessels.

Tank Labels

Locating a tank’s manufacturer shouldn’t be
difficult. The CFR and ABYC require that all
tanks be labeled (Figure 5-15) with the

e manufacturer’s name and address
¢ date of manufacture
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Figure 5-15. Tank
label
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| sTOLL HUBERTC. .
SYSTEMS P.O. BOX 314 y

| DESIGN EGG HARBOR CITY, N.J. 08215

1/93  pypL ype _diesel

190 pals. VATERIAL 5052H32 - 190

DATE OF MFG
CAPACITY

SERIAL NO 2735%ew/db ) -

MAXIMUM TEST PRESSURE 4.0 PS|

intended fuel type

capacity

tank material and thickness
serial number

maximum test pressure

In addition, gasoline tanks must also contain
the note

“This tank has been tested under 33 CFR
183.5610(a)”

If the tank has been tested under 33 CFR
183.584 at less than 25g vertical accelera-
tions, the statement that follows must be on
the label:

“This tank must be installed aft of the
boat’s half length”

Metal gasoline tanks should be pur-
chased from a qualified tank manufacturer
with the facilities to conduct the full range
of required tests.

All the lettering on a fuel tank label must
be at least 1/16 inch (1.6 mm) high and clearly
contrast with the background color of the
label, or be clearly embossed on the label.
Stamping, engraving, molding, and etching are
all acceptable methods of lettering on the
labels, as long as the result is clearly readable.

The label itself must be resistant to fad-
ing, corrosion, or damage by water, petro-
leum products, sunlight, or heat and cold. It
cannot lose legibility over years of routine
use, and it must be resistant to tampering or
modification or show clear signs that it has
been altered if tampered with.

TANKS UNDER
PRESSURE

Several years back, I had a launching delayed
by two weeks. The vessel seemed ready in all
respects when the builder filled the tank only
to find a steady leak—on the tank’s bottom,

of course. The only out was to remove the
soft patch. (Happily—if it can be called
that—TI'd insisted one be built in, or we’d have
had to chainsaw the deck.) Then we pulled
the tank and returned it to the fabricator.
That tank’s maker claimed he’d run a pres-
sure test, but somehow I doubt it.

Tank Pressure Ratings

ABYC and CFR Yacht both require that all
fuel tanks in pleasure craft be able to with-
stand 3 psi (20.7 kPa) of pressure. This is sub-
stantially less than the CFR Commercial
requirement of 5 psi (34.5 kPa). ABYC and
CFR Yacht, however, also require additional
tests such as slosh tests and pressure impulse
tests for gasoline. These are not really prac-
tical for any but large commercial tank fabri-
cators. Accordingly, on my custom designs, I
always specify that the tanks be built to 5 psi
(34.5 kPa) commercial or T-boat standards.
This is the most cost-effective way to come
close to ensuring that a custom or short-run
production tank would meet the additional
slosh and pressure impulse tests. Be careful
in testing tanks, however. If you test a 3 psi
(20.7 kPa) tank to 5 psi (34.5 kPa), you may
well burst it! Check the tank label before running
any pressure test, and if in doubt, test only to
3 psi (20.7 kPa), as no fuel tank on any boat
should be accepted if it can’t withstand this
pressure.

When you're installing a new tank, it pays
to perform the simple minimum pressure test
required by the CFR—it’s not difficult. A shop
air compressor, standard hose fittings, and
pressure gauge will do the job. Alternatively,
attach a vertical standpipe to the fill opening
(a watertight screw-in fit). Seal tight all other
openings in the tank, and fill the tank and
pipe with water to the top of the standpipe.
A pipe 7 feet (213 cm) high gives 3 psi
(20.7 kPa), and 11 feet, 6 inches (350 cm)
gives b psi (34.5 kPa) of hydrostatic head.
Leave everything to sit for 6 hours. The tank
shouldn’t leak a drop anywhere. If my builder
had done this before installation, he would
have saved himself a lot of work later on.

On larger vessels, an 11-foot, 6-inch
(350 cm) standpipe might not be tall enough.
The design pressure should be 1.5 times the
pressure from the deepest drop from the
highest vent opening. A 12-foot (366 cm) vent



height would call for 12 ft. x 0.43 psi/ft. x 1.5 =
7.74 psi, or 3.66 m x 9.7 kPa/m x 1.5 =53 kPa
pressure. (One foot of standpipe height
equals 0.43 psi of tank pressure—fresh water.
One meter standpipe height equals 9.7 kPa of
tank pressure—fresh water.)

Pressure Testing of the
Entire Fuel System

The entire fuel system should be pressure
tested to the same pressure as the tanks;
however, the fuel tanks should be pressure
tested separately first.

LEVEL GAUGING

In the “good ol’ days,” you would check the
tank level by sliding a sounding stick down the
fill pipe or down a dedicated sounding pipe.
Withdrawing the sounding stick, you would
read the level (like a car oil dipstick), though
this isn’t easy to do at night in a storm. These
days, it’s not unusual for tanks to be located
where a direct fill run for a sounding rod is im-
possible. Still—if it'll fit—the sounding stick is
the bulletproof backup for moderm tank gauges,
despite its inconvenience for regular use. For
obvious reasons, you're required to have a level
indicator, and any of the standard tank gauges
will work if properly installed. (The sounding
stick alone meets legal requirements.) Glass or
plastic-tube sight gauges are too easily bro-
ken—they would cause a major spill. I don’t
recommend these in place of a proper marine
tank-level indicator system. Such sight gauges
are illegal for gasoline in any case.

FloScan

In addition to level gauges, I like to install
FloScan fuel-flow meters to provide the crew
with accurate real-time information on fuel
consumption. On twin-engine vessels—when
possible—I prefer to install a single FloScan
sender in the lines feeding and returning from
both engines but separate from the line feed-
ing the generator(s). This way, it’s easy to get
engine mile-per-gallon numbers. The genera-
tor consumption can be estimated adequately
and added, or a separate FloScan can be in-
stalled on the generator feed and return lines.
Be sure to install a FloScan meter that reads
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in the range of flow rate of your engine (or
engines). Multiply total horsepower by 0.054
for gph, or multiply kilowatts by 0.274 for
liters per hour. Twin 350 hp (261 kW)
engines—monitored by a single FloScan—
would burn about 37.8 gallons per hour
(143 L/hr.) combined, at max. (For gasoline:
gal./hr. = 0.10 X hp, or L/hr. = 0.508 x kW.)

TANK MATERIALS

Table 5-2 lists proper tank materials and
thicknesses for nonintegral tanks with baffles
spaced no more than 30 inches (76 cm).
Tinned copper was the old standard for gaso-
line, but as the tanks aged, the tin reacted
with the gas, creating a gum that fouled the
carburetor. (There are fewer carburetor en-
gines around every day, but I imagine the
effect would be even worse on injectors.)
Similarly, diesel tanks must never be galva-
nized inside. The zinc reacts with the fuel oil,
ruining the diesel. Copper also reacts with the
sulfur in diesel and can be eaten away. Plain
old-fashioned marine aluminum, iron, or steel
is the answer (Monel is the ultimate); how-
ever, iron and steel aren’t acceptable for gas
unless hot-dipped galvanized inside and out.
Along time ago, terneplate steel (sheet iron or
steel coated with an alloy of about 4 parts
lead to 1 part tin) was a common inexpensive
tank material. It isn’t acceptable for any fuel
tank, however. You'll often come across ref-
erences to “black iron” tanks. I don’t know
where this term came from. Black iron tanks
are simply ordinary mild steel.

Stainless steel tanks must be of only 316L
or 317L (“L” for low carbon) and welded with
the TIG process, per ABYC. An even better
alloy (not ABYC approved) is 321 stainless
(see sidebar). ABYC has now approved stain-
less steel for diesel, but not for gasoline fuel
tanks. The one exception is that ABYC does
permit stainless gasoline tanks if they are less
than 20 gallons (75 L), are of cylindrical con-
struction, and have domed ends. I personally
can’t see any reason to use such small stain-
less gas tanks. Polyethylene tanks are avail-
able in many shapes in this size range and are
much superior for this application.

Except for integral tanks, no part of any
fuel tank may be used for structural support
or hull reinforcement.
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TABLE 5-2. FUEL TANK MATERIALS AND THICKNESSES

Capacity Capacity  Thickness  Thickness
Material Specification Gallons Liters Millimeters Inches Gauge
Nickel-Copper ASTM-B127 1-30 1-112 0.78 0.0310 22 U.S. std.
(Monel) Class A 30-80 112-300 0.94 0.0370 20 U.S. std.
80-200 300-750 1.27 0.0500 18 U.S. std.

200-400 750-1,500 1.57 0.0620 16 US. std.

Copper-Nickel ASTM-B122 1-80 1-300 1.14 0.0450 17 AWG
200-400 750-1,500 1.83 0.0720 13 AWG
Copper ASTM-B152 1-80 1-300 1.45 0.0570 15 AWG
Type E.T.P. 80-150 300-560 2.03 0.0800 12 AWG
Copper-Silicon ASTM-B97 1-80 1-300 1.27 0.0500 16 AWG
Type AB&G 80-200 300-750 1.62 0.0640 14 AWG
200-400 750-1,500
Sheet Steel ASTM-A653/ 1-80 1-300 1.89 0.0747 14 MSG*
A653M-07
Stainless Steel 80-200 300-750 2.66 0.1046 12 MSG*
Aluminized Steel ASTM-463 1-80 1-300 1.89 0.0747 14 MSG*
80-200 300-750 2.66 0.1046 12 MSG*
Aluminum Alloy: 5052, 1-80 1-300 2.29 0.0900
5053, or 5086 50-80 190-300 2.54 0.1000
80-150 300-560 3.17 0.1250

150-300 560-1,100 4.83 0.1900
300-500 1,100-1,900 6.35 0.2500

*MSG = Manufacturer’s standard gauge for sheet steels.
NOTE: The thicknesses above occasionally need to be increased to achieve proper structural
strength.

Stainless Steel Tanks

Stainless steel has been used successfully for fuel tanks, but it was not recommended by ABYC
for many years. Dr. Harry Lipsitt, a professor of materials science, explains that it's because of
corrosion at the welds, or "weld decay.” Most common marine-grade stainless steels, 304 or
18-8 (containing 0.08 percent carbon), contain both chromium and carbon. When the metal is
heated to over 1,000°F (538°C) for welding, the carbon is driven away and regions of
chromium carbide form, with chromium-depleted areas immediately adjacent. These two
“alloys” form a galvanic couple and can cause serious corrosion quickly.

The problem can be controlled by using a stainless steel with a strong carbide-forming
material: titanium. This is available as type 321 stainless. Another alternative is to use a low-
carbon alloy, with less than 0.03 percent carbon content. Type 3161 or 3171 meets this require-
ment. ABYC has recently accepted 316L and 3171 tanks (for diesel) if welding is done accord-
ing to very rigid specifications (see ABYC H-33).
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CFR Commercial requires that metal
diesel tanks be made only of nickel-copper,
steel or iron, aluminum, or fiberglass. Stain-
less is not accepted. Further, CFR Commer-
cial insists that all aluminum tanks—even
tanks of just 1 or 2 gallons (3 or 4 L) be a min-
imum !4 inch (6.35 mm) thick. This is con-
siderable overkill for such small tanks, in my
opinion; however, if you're building a crewed-
charter or passenger vessel, you must
comply.

Except for integral tanks, tanks cannot
be used as part of the structure. You cannot
mount or attach machinery to tanks.

Aluminum Tank
Preservation

Marine aluminum tanks are probably the
most common fuel tanks. They're relatively
inexpensive to fabricate into custom shapes,
and they are robust and fairly light. They
have just one serious drawback: they can cor-
rode. If aluminum tanks have been installed
with proper ventilation all around, with
sloped or rounded tops to drain water, and
placed on proper chocks with Neoprene

padding they’ll last a long time. For really
long life, however, aluminum tanks should be
painted (on the outside only) with a good
epoxy-based paint system (Figure 5-16): a
prime coat plus at least two finish coats
(three or four are better still). An aluminum
tank built and installed like this will last a
lifetime.

Glass Tanks
and Integral Tanks

Interestingly, fiberglass tanks are not only
acceptable, but also superior for diesel.
(They were once superior for gasoline, too,
but ethanol has changed this. See sidebar
“Fiberglass Tanks and Ethanol.”) FRP tanks
have some great advantages: they don’t cor-
rode, they don’t conduct electricity, they
weigh less than metal tanks, and they can be
molded to fit the hull more closely than any
but the most expensive metal tanks, yielding
greater tank capacity. Bertram and Hatteras
are just two of the quality builders who install
fiberglass tanks.

Though the CFR Yacht and Commercial
rules permit integral fiberglass tanks

Figure 5-16.
Painted alu-
minum wing
tanks
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(molded into and against the hull itself) for
diesel, they aren’t allowed for gas. Steel and
aluminum diesel craft can have integral
metal tanks under CFR Commercial; how-
ever, wood hulls cannot. (You can have inte-
gral wood-epoxy diesel tanks on yachts:
tanks lined with fiberglass in epoxy.) Inte-
gral tanks provide the maximum fuel ca-
pacity at the lowest cost and volume.
They’re very slightly more prone to leak,
though. This is the reason that integral
tanks can’t be used on gas-engine craft.
Cored FRP hulls (under CFR Commercial)
can also have integral tanks for diesel, but
only if PVC foam is used as core in the hull
or any of the tank walls, because there’s
been occasional trouble with sounding
sticks penetrating the inner skin, causing
the most interesting leaks. Regardless, care
is required to ensure that leaks can’t pene-
trate into the core. In addition, if sounding
sticks are used, there must be a rugged
metal strike plate fastened directly under
the sounding hole on the hull inside the
tank to prevent damaging the inner skin.
Pleasure craft can and do use balsa core in
FRP tank walls.

It’s been found that ordinary orthopoly-
ester resin will meet the 21/2-minute burn
test requirement. I recommend, though,
that all fiberglass tanks be laid up with fire-
retardant isopolyester resin to Milspec Mil-
R-21607. Iso resins have slightly higher
mechanical properties, greater resistance
to blistering, and higher resistance to
chemical attack than orthos. Using fire-
retardant resins seems sensibly prudent for
fuel tanks. Isos are more expensive than or-
tho resins, but on comparatively small com-
ponents like tanks, the cost difference is
negligible when compared to the cost of
the entire boat.

Fiberglass Tank
Construction

FRP tanks have to be laid up over a male
mold to make the inside surface smooth
and finished. All corner radiuses should be
1 inch (25 mm) or larger, and the inside
50 percent of the laminate should be all mat
and slightly resin rich to eliminate any
pinholes. Gelcoat shouldn’t be used on the

inside surface, but a heavy layer of resin
20 to 30 mils (0.020 to 0.030 in. [0.5 to 0.75 mm])
thick is necessary—again, to eliminate any
chance of pinholes. (Though not required,
the best interior finish employs 20 to 30 mils
[0.5 to 0.75 mm] of vinylester resin, which
has still higher resistance to chemical at-
tack.) Outside of the interior mat layup, al-
ternating layers of woven roving and mat
are built up to meet the thickness called for
on the table. Since FRP is bendy, the usual
practice is to use a balsa or PVC core on
the outside of the interior mat laminate
(only PVC is acceptable for commercial
craft)—finishing off the remaining mat-
roving layup over that.

Fiberglass Tank-Wall
Thicknesses

Tanks under 20 gallons (75 L) don’t need core
for stiffness. Half-inch core is good for tanks
up to 120 gallons (454 L) or so, while 3/s-inch
(19 mm) should be used over 120 gallons (454 L).
Large tanks, over 400 gallons (1,500 L), need
to be carefully engineered, with baffle spac-
ing, stiffeners (if required), core thickness,
and laminate all calculated. Where fittings
penetrate the tank, the laminate (with core
removed) should be increased to 1.5 times
the scheduled thickness for about twice
the diameter or footprint of the fitting. One
excellent method of attaching fittings—
recommended by Lysle Gray of ABYC—is to
use ordinary marine brass or bronze pipe fit-
tings screwed down tight from inside and out
before the top of the tank is added, and then
glassed over from outside. Baffles and all
other requirements are the same as for metal
tanks. Baffles should be fiberglass, at least
80 percent of the tank-wall thickness, bonded
to the inside of the tank with minimum 2-inch
(50 mm) bonding angles laid on resin-rich
1.5 oz./sq. ft. (457 g/m?) mat, and glassed over
into place.

The Best Tank Material

Is there a “best” material for fuel tanks? I
think so—it’s polyethylene. This may be
counterintuitive, as somehow plastic seems
less robust and less fireproof than metal or
even FRP, but polyethylene tanks have been



Chapter 5: Fuel Tanks and Fittings

TABLE 5-3. MINIMUM WALL THICKNESSES proven and tested since the early 1970s—

FOR FIBERGLASS FUEL TANKS BY more than thirty years. A U.S. Coast
CAPACITY Guard/ABYC study performed by an inde-

pendent lab found no failures of any kind in
polyethylene tanks. Former technical direc-

Capacity—Gallons  Thickness—Inches
tor of ABYC Tom Hale concluded that

5-20 0.1 “polyethylene fuel tanks pose no risk at all.”
20-80 0.2 Further, polyethylene tanks have all the
80-200 03 advantages of FRP—Ilower weight than metal
) tanks with zero possibility of corrosion.
200-500 0.4 Poly tanks do have two drawbacks. One
500-800 0.5 is the difficulty of making them strong
. . . - enough in sizes over 80 gallons (300 L), be-
Capacity—Liters Thickness—Millimeters  cause baffles are nearly impossible to build
20-75 25 in. The second is that poly tanks are available
’ only in a limited range of sizes and shapes.
75-300 5.1 Any form, of course, can be fabricated, but
300-750 7.6 tooling up for a custom poly tank requires an
750-1,900 10.2 investment of roughly $3,000 or more. Still,
1,900-3,000 12.7 many off-the-shelf polyethylene tanks are

made and will suit numerous applications at
low cost. Whenever I can find an existing
poly tank that will do the job, it’s my first
choice.

Another thing to keep in mind about
polyethylene tanks is that they expand after
their first fill-up by about 2 percent in all di-
rections. You must allow for this in any tank
installation and follow the manufacturer’s
mounting instructions carefully.

NOTE: All tanks have to have baffles spaced
no more than 30 inches (76 cm) both
athwartships and fore and aft.

NOTE: Use mat on the inner 50 percent of the
layup, then alternating layers of woven
roving and chopped-strand mat in isopoly-
ester resin. The outermost layer should be
woven roving.

Fiberglass Tanks and Ethanol

Until a few years ago, fiberglass tanks were every bit as good for gasoline as for diesel. The
introduction of ethanol into gasoline has changed this situation.

What Is Ethanol?

Ethanol is the common term for ethyl alcohol, also called “grain alcohol” (C,H,O). As you
would expect, ethyl alcohol is commonly obtained by processing grain; though, almost any
vegetable matter can be used to produce ethyl alcohol. It's the sugar or starch in plant matter
that's distilled into alcohol. This is the same chemical that makes alcoholic beverages alcoholic;
however, alcohol also burns and makes a moderately useful fuel. Since plants are grown as
needed, they are a renewable energy source (unlike petroleum). This makes alcohol a useful
potential alternative to petroleum-based fuels such as gasoline.

The word alcohol is used generically when speaking of ethanol, but keep in mind that
there are other alcohols such as methanol (wood alcohol) and isopropyl alcohol (rubbing

(Continued)
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(Continued from previous)

alcohol). Methanol or methyl alcohol (CH,OH) is termed “wood alcohol" because origi-
nally it was distilled from wood. Rubbing alcohol (C,;H,O) is used to rub sore muscles and
as a medical disinfectant, an antifreeze, a solvent, and many other things. Neither methanol
or rubbing alcohol is currently used in a mixture with gasoline as fuel, and both are poisons
it ingested. Note that ethanol is also occasionally used as a rubbing alcohol.

Existing cars, trucks, and boats almost universally operate on gasoline or diesel fuel—both
of which are petroleum products. Diesel engines—due to the way diesel engines function—
can't burn alcohol in any form; however, almost all gasoline engines can safely run on the
appropriate mixture of gasoline and ethyl alcohol. In this use, it's the mixture of gasoline and
ethyl alcohol that's generally termed ethanol.

The role ethyl alcohol plays when mixed with gasoline is complex. It isn't simply burned, but
it replaces MTBE (methyl tertbutyl ether), which in turn replaced tetraethyl lead to reduce lead
emissions. The purpose of these various additives is primarily to increase the oxygen level in
the fuel and so increase performance and reduce knocking—increasing octane level. Such
additives are thus oxygenates.

Advantages of Ethanol

The alcohol in ethanol burns cleanly with low exhaust emissions, and it helps the gasoline burn
more efficiently. As we've seen, ethyl alcohol is also renewable, and so—taken all together—
it appears to be a green or environmentally friendly energy source. There is, however, some
debate about the net gains from using ethyl alcohol to make ethanol gasoline. It can be argued
that the energy required to produce and transport the raw material, distill it into ethyl alcohol,
and properly blend it with gasoline—along with other practical factors—make the environ-
mental gains less impressive or possibly a net loss.

Ethanol Fuel Mandates: The New Development

Regardless of any controversy that may exist about the merits of ethanol gasoline for the en-
vironment or for the economy, many states and the U.S. Congress have mandated ethanol’s
use as a fuel. In fact—since almost all gasoline engines can run well on gasoline with 10 per-
cent ethyl alcohol blended in—such fuel is, all of a sudden, common. The concept of ethanaol,
however, has been around for decades and has been used as an actual fuel in quite limited
distribution since the late 1970s. Until the recent legal mandates, though, ethanol was rare.
Since 2006, it has become widespread.

Ten percent ethanol (the blend of 10 percent ethyl alcohol by volume and gasoline) is
called E10, for ethyl alcohol 10 percent. E20 is a blend with 20 percent alcohol. E85 is 85 per-
cent ethanol and 15 percent gasoline. It works well in gasoline engines, but only in engines
and fuel systems specifically prepared to use it. In any case, the higher percentage blends are
(as of 2006) less common because they are more likely to cause problems when used in exist-
ing, unmodified gasoline engines and fuel systems.

Ethanol Degrades Fiberglass Tanks

All of the preceding has led to a rather new (in 2006) and largely unforeseen problem with
fiberglass gasoline fuel tanks. A spate of tank and fuel difficulties have developed. After
research and testing arranged by BoatU.S. and several marine surveyors dealing with odd fuel-
system failures, these problems have been traced back to the alcohol in ethanol gasoline
reacting with and dissolving the resin in fiberglass fuel tank walls. The process is chemically
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similar to fiberglass osmotic blistering but more aggressive and more pervasive. In fact, it's
been found that all standard fiberglass resins are attacked by ethanol. Tank walls have been
seriously weakened, causing leaks. And styrene and related chemical by-products that have
dissolved in or reacted with the ethanol have worked their way into the engine where they
have caused serious fouling problems.

The least resistant resin has been found to be orthophthalic polyester (orthopolyester)
followed by isophthalic polyester (isopolyester), which holds up a bit better. Epoxy resins are
better still. (I know of no tests on vinylester so far.) Regardless, every one of these resins suf-
fers noticeable degradation in contact with ethanol!

DO NOT USE FIBERGLASS GASOLINE FUEL TANKS

Until the advent of widely used ethanol, fiberglass gasoline fuel tanks were one of the best op-
tions possible. Many thousands of gasoline-powered boats are in service with fiberglass fuel
tanks. This includes vessels from top builders. The new mandated usage of ethanol changes
things. All these tanks are suspect, and you should not design or build gasoline tanks of fiberglass.

Resin vendors say that there are resin formulations that can be used safely with ethanol;
however, these are not widely known in the boating industry and currently are not readily
available. Before you could design and build a fiberglass tank for today's gasoline blends,
you would need to consult the resin vendor, select a suitable resin, make a sample test panel,
expose it for a long period of time to ethanol (months at least], and test the sample to ensure
that it suffered no degradation of any type.

The process of developing fiberglass tanks safe for ethanol will probably be worked out
over the next several years; until then, you should avoid fiberglass gasoline tanks in new con-
struction. You must also be aware of this potential problem in existing vessels. When surveying,
retrofitting, repairing, or simply owning or operating an older gasoline boat, be sure to deter-
mine its fuel-tank material. If fiberglass, the tanks need special attention to ensure they haven't
suffered from ethanol degradation.

Diesel Fiberglass Tanks: Still a Top Choice

Diesel tanks are unaffected by this new development. There's no alcohol equivalent for any
type for diesel. Biodiesel, which is the vegetable-based renewable energy source that can
be blended with or even wholly replace petroleum diesel, is an oil, not an alcohol. Biodiesel
does not degrade fiberglass resins. Fiberglass diesel fuel tanks are still an excellent choice, with
all the previously described advantages of fiberglass tanks.
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REQUIRED TANKAGE
FOR RANGE

We've looked at tank materials, tank fittings,
and tank installation. For all boats—once the
size of the engine(s) that will be installed to
meet the desired speed has been established—
you need to be able to determine how much
fuel tankage is required to meet the range
requirements.

For gasoline engines, fuel consumption
can be estimated with the following formula.

Formula 6-1. Fuel Consumption

gal./hr. =0.10 x hp
or
L/hr. = 0.508 x kWprop

For diesel engines, fuel consumption can be
estimated as

gal./hr. = 0.054 X hp
or
L/hr. =0.274 x kWprop

Where
hp = propeller horsepower, from prop-
hp curve
kWprop = kilowatts, from prop-power
curve

Though performance curves from some
engine manufacturers may indicate thriftier
fuel consumption, experience shows that in
the real world, the preceding numbers are
usually about right. They are a bit conserva-
tive (normally, the preceding numbers
slightly overestimate consumption). But this
is good, as you want to ensure you have
enough fuel on board to meet the range
requirements.

Keep in mind that boats are not run con-
stantly at full throttle. You can assume that
diesels will be cruised at 80% of maximum
rpm and gasoline engines at about 70% of
maximum rpm. This is not 80% and 70% of
power output. In fact, engine power falls off
very quickly.

Look at the power curves for the 420 hp
(313 kW) Yanmar diesel in Figure 6-1. You'll
see there are two power curves—the engine
power curve (with and without reduction gear
in this case) and the propeller power curve.
The propeller power curve is the one that
indicates approximately how much power the
propeller will be drawing at any given engine
speed (assuming the propeller has been prop-
erly selected to allow the engine to reach max-
imum rated rpm). You can see from the pro-
peller power curve that this engine delivers
420 hp (313 kW) at 2,700 rpm, but at 80 percent
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of max rpm (2,160), the propeller power
curve shows that it’s only delivering 217 hp
(162 kW). This in fact would be the power for
cruising speed. You need to

e know the speed the boat will go at this
power (cruising speed)

e calculate the gallons per hour at this
horsepower (at cruising horsepower)
¢ determine how many gallons you need
to make the required range at this

speed (cruising speed)

Example: Assume that this is a 30-foot
(9 m) LOA, single-screw planing hull pow-
ered by the Yanmar diesel. The designer or
engine manufacturer’s speed calculations
show that top speed (at full power) is
30.5 knots, at which speed consumption is

0.054 x 420 bhp = 22.7 gal./hr.
or

0.274 x 313 kWengine = 85.7 L/hr.

At cruise speed (2,160 rpm and 217 hp
[162 kW]), speed will be 20.3 knots, and con-
sumption is

0.054 x 217 bhp = 11.7 gal./hr.

or
0.274 x 162 kWengine = 44.47 L/hr.

Say you want a range of 750 nautical
miles:

750 miles + 20.3 knots = 36.9 hours running
time
36.9 hours x 11.7 gal./hr. = 432 gal.
Always add a 10% reserve:

432 gal. x 1.1 =475 gal. diesel

or
Say, you wanted a range of 750 nautical
miles.

750 miles + 20.3 knots = 36.9 hours running
time
36.9 hours x 44.4 L/hr. = 1,638 LL
Always add a 10% reserve:

1,638 L x 1.1 =1,802 L diesel

95"5"3’. Specific Fuel Consumption g/hp+h
240~‘I\ 180
ggg- Max. output 170
210- 0
Nem Torque kg+m

1200+ ___H—- 120

1000 ’—-‘"’ Max. output w/0 marine gear = 100
800+ 80

Output

kW hp
450

—400

350

300

250

200

150

100

50

1300 1500 1700 1900 2100 2300 2500 2700
Speed of Crankshaft: rpm
Note:

1. Above data are measured at crankshaft and show the
average performance as tested at our laboratory.
2. Power loss of the marine gear YX70S is 3%.

Figure 6-1.
Yanmar engine

On a boat of this size and type, the fuel would = curves (Courl‘fesy
usually be carried in twin wing tanks of 238  Yanmar Marine)
gallons (900 L) each.

ESTIMATING
CRUISING-SPEED
FUEL CONSUMPTION

If you don’t have any engine curves available,
you can estimate the propeller power used as
follows:

80% Maximum rpm = About 52% Maximum-
Rated Engine Power
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70% Maximum rpm = About 40% Maximum-
Rated Engine Power

(This assumes the propeller is properly
matched to allow the engine to just reach full-
rated rpms at maximum throttle.)

Generator Power and Fuel

Consumption

Generator fuel consumption is best read from
the manufacturer’s data sheet. If you don’t
have the data sheets or specs for a generator
or you are estimating for preliminary design,
you can use the following:

Full-Load Engine bhp = 1.7 x Maximum-
Rated Electric kW Output

Half-Load Engine bhp = 1.0 x Maximum-
Rated Electric kW Output

or

Full-Load Engine kW = 1.27 x Maximum-
Rated Electric kW Output

Half-Load Engine kW = (.74 x Maximum-
Rated Electric kW Output

Find fuel consumption using the same
multiplier used for main-engine horsepower
or kW output.

Calculating Tank Capacity:
The Prismoidal Formula

Once you know how much tankage is
required, you have to be able to determine
the volumes or capacities of tanks. The
same methods can be used to find the
volume of other spaces such as locker vol-
umes or compartment volumes. If the tank
or other volume is a regular rectangle,
cylinder, or some other simple shape, find-
ing the volume is straightforward. Often,
however, tanks will be rather odd shapes
fitted under bunks or cabin soles and
against the hull shell. One approach is to
find the area of each of the tank’s ends
and the area of a section through the
tank’s middle. Add the three areas to-
gether, and divide by 3 to get the average
area; then multiply by the overall tank

length. This gives a pretty good calcula-
tion for volume.

A formula that gives more accurate re-
sults is the prismoidal formula. The pris-
moidal formula, in fact, automatically
simplifies to the formula for a sphere,
cone, cylinder, pyramid, and any common
regular geometric shapes. It is the uni-
versal formula for finding volumes, as
follows.

Formula 6-2. Prismoidal Formula

V{WJH

Where (for vertical tanks)
V =volume

B = area of bottom

M = area of middle

T = area of top

H = height

or
Where (for horizontal tanks)
V =volume

B = area of one side

M = area of middle

T = area of opposite side

H =length

Sometimes a single tank has a particu-
larly strange shape with an appendage built
onto it. For instance, a standard wing tank fit-
ted against the side of a hull may have a built-
in protuberance from one end to add volume,
to extend the lower portion of the tank under,
say, a berth. When a tank has such odd
shapes, you divide it into separate shapes
(regions) that are simple to deal with, then
add the volume of each region to get the
total volume.

Knowing volume, you can find tank
capacity in gallons and weight, when full,
from the following tables.

FINDING THE CAPACITY
OF A TANK

Say you have found an area in the boat that
will fit a tank. You have mocked up the tank
roughly with light plywood, doorskin, or
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TABLE 6-1. CONVERSIONS FOR LIQUID VOLUME AND LIQUID MEASURE

U.S. Measure Liquid Volume

1 cu. ft. =7.48 U.S. gal.
1 U.S. gal. = 0.134 cu. ft.
1 U.S. gal. =231 cu. in.

Metric Measure Liquid Volume

1 mé=1,000L

1L=0.001 m®

1L=1,000cm®

English Units

Liquid Ib./cu. ft. Ib./gal.
Seawater 64.00 8.56
Fresh Water 62.40 8.34
Fuel Oil 59.00 7.89
Lubricating Oil 57.50 7.69
Diesel Oil (Fuel) 53.30 7.13
Gasoline—Aviation 43.75 5.85
Gasoline—Marine 45.30 6.06
Alcohol 50.50 6.75
Kerosene 50.90 6.80

Metric Units

kg/m?®

1,025

1,000
945
921
854
701
726
809
815

NOTE: In the metric system, specific gravity is the same as kg/L.

cardboard. Before you clean up and rein-
force your tank mock-up for sending to the
tank manufacturer to be fabricated, you have
to determine if the capacity meets the re-
quirements for the installation. Your
proposed tank looks like the one shown in
Figure 6-2.

Based on these measurements, you
would determine the tank capacity as
follows:

Step 1. Draw the shape of the sections at
the front, middle, and back of the tank
to a convenient scale. (On symmetrical
tanks, it is usually easiest to draw half-
section areas. On asymmetrical tanks,
draw the full-section areas.)

Step 2. Calculate the area of each of the
three shapes.

Step 3. Use the prismoidal formula to find
the volume and the preceding tables to
find the capacity in gallons or liters.
(Don’t forget to multiply by 2 to get
total volume if you used the half-areas
of the tank.)

kg/L
1.025
1.000
0.945
0.921
0.854
0.701
0.726
0.809
0.815

Specific
Gravity

1.03
1.00
0.95
0.92
0.85
0.70
0.73
0.81
0.82

Figure 6-2. Bow
tank dimensions

N\
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English units)

Figure 6-3. Tank END MIDDLE FRONT
half-sections (in

056

sq. ft. .14

sq. ft.
0.03 sq. ft.
0.08 sg. ft.
Total Half Area < O.14 sqg. ft.

94

0©.59 =q. ft.

Worked out in English units:

Step 1. Draw the half-areas of the front,
middle, and back of the tank.

Taking the preceding measurements, we

draw the three shapes (Figure 6-3).

Step 2. Calculate the area of each of the
three shapes.

In this case, you divide each section into a
regular trapezoid and a triangle. Using the
formulas for plane areas (Appendix A),
find the area of each and add to get the
total area of each section (end, middle,
and front).

Step 3. Use the prismoidal formula to find
the volume and the preceding tables to
find the capacity in gallons. (Don’t forget
to multiply by 2 to get total area, since
you used the half-areas of the tank.)

V (one-half of tank) =

( 0.59sq. f. +(4 x 0.94 sq. ft)+1.33 sq. ft

A )x 2.75 ft.= 2.6 cu ft.

2.6 cu. ft. x 7.48 gal./cu. ft. x 2 sides = 38.9 gal.
Always deduct 2% for internal framing,
baffles, and small air pockets:

38.9 gal. x 0.02 = 0.78 gal.
38.9 gal. — 0.78 gal. = 38.12 gal.

Total Half Area
0494 sqg. ft.

Total Half Area
|55 sg. tt.

This is a 38-gallon tank.
Or
Worked out in metric units:

Step 1. Draw the half-areas of the front,
middle, and back of the tank.

Taking the preceding measurements, we
draw the three shapes (Figure. 6-4):

Step 2. Calculate the area of each of the
three shapes.

In this case, you divide each section into a
regular trapezoid and a triangle. Using
the formulas for plane areas (Appendix A),
find the area of each and add to get the
total area of each section (end, middle,
and front).

Step 3. Use the prismoidal formula to
find the volume and the preceding
tables to find the capacity in liters.
(Don’t forget to multiply by 2 to get
total area, since you used the half-
areas of the tank.)

V (one-half tank) =

0.055 m? +(@ x 0.087 m?)+0.123 m?
6

0.838 m = 0.073 m®

0.074 m? x 1,000 L/m? x 2 sides = 148 L



END
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E FRONT

Total Half Area
O.055 m?2

Always deduct 2% for internal framing,
baffles, and small air pockets:

148Lx0.02=2.96L
148 L —-2.96 =145.04 L

This is a 145-liter tank.

Flexible Bladder Tanks

Another tank option is flexible bladder tanks.
Basically sacks of reinforced rubberlike fab-
ric, these are available in almost every size and
shape imaginable, from 4 or 5 gallons (15 L) up
to 10,000 gallons (38,000 L) or more. Two
sources of marine bladder tanks in the United
States are Imtra, which imports the Nauta line
of bladder tanks manufactured by the French
company Pennel, and Vetus den Ouden, Inc.
Both companies also offer flexible portable
gasoline tanks for outboard craft.

Standard sizes and shapes are available,
as well as custom tanks on special order.
Nauta tanks are fabricated of Neoprene
nitrile, while Vetus uses Alcryn. Both are
incredibly tough, puncture resistant, and
abrasion resistant. Nevertheless, bladder fuel
tanks are usually add-ons or replacements.

—0.008 m?

Total Half Area
0.08T m>

Total Half Arec
©.123 m?

Commercial fisherman or voyaging cruisers
can use temporary deck-mounted bladder
tanks to extend range. The tank is carefully
secured on deck or in the cockpit; then it is
fed into the built-in fuel tank’s fills when the
built-in is near empty. With the bladder tank
drained, it can be rolled up and stowed out
of the way.

Flexible bladder tanks can also be used to
replace damaged built-in tanks. Rather than
pull and replace old damaged fuel tanks, cut
a hole or two in the original tank—Ilarge
enough to get in and clean it out and smooth
off any rough interior edges inside. Then insert
a bladder tank. This is not a small undertak-
ing, but it’s less extensive than cutting out
large portions of interior or deck to get an old
tank out, as can be necessary on some boats.

As tough as bladder tank material is, it
still must be protected against long-term
chafe. The area where the tank is to be
mounted must be carefully sanded smooth
and all protrusions must be removed. Small
tanks, usually less than 100 gallons or so, are
fitted with corner grommets used to secure
them. Larger tanks would place too much
load on these grommets; so they are installed
in a strong built-in box (almost a partial integral

Figure 6-4. Tank

half-sections (in
metric units)
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Figure 6-5. ATL
reticulated-foam
bladder tanks
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tank). Such large tanks may also be further
restrained with netting wrapped over the en-
tire tank and fastened to the hull.

As main “built-in” fuel tanks, standard
bladder tanks are best suited for smaller sail-
boats. Their small size, light weight, and free-
dom from corrosion make installation easy
and attractive.

The usual fill vent and takeoff lines
are required for bladder tanks. (Yes, vents
are required even for flexible bladder tanks.)
Be sure to check with the manufacturer
about the intended fuel. Some tanks are rated
only for diesel, others for gasoline and diesel.

The ultimate in bladder tanks are bladder
tanks completely filled with reticulated foam
(Figure 6-b). These tanks aren’t fully flexible
but are held in their designed shape by their
internal foam. The foam looks much like ordi-
nary seat-cushion foam, but reticulated foam
has had the walls between the individual foam
cells chemically removed. This makes reticu-
lated foam incredibly porous—so much so
that the foam takes up a mere 2 to 3 percent
of the volume of the tank. Reticulated-foam
tanks require no baffles as the foam essentially
divides the tank into millions of tiny cham-
bers. There is no sloshing at all. For gasoline,
these tanks are nonexplosive and—with the
right high-end bladder material and external
jacket—self-sealing and self-extinguishing.
Because of this, reticulated-foam bladder

= = A

tanks can be a good choice for very high-speed
racing craft and for rescue and patrol boats.
Ordinary level gauges won't function in
reticulated-foam tanks. The manufacturer pro-
vides capacitance-gauge level indicators. As
far as I'm aware, none of the bladder tanks
have been approved for use on passenger ves-
sels, not even reticulated foam.
Reticulated-foam bladder tank costs vary
from somewhat higher than comparable cus-
tom aluminum tanks, to more than twice the
price for ballistic, self-sealing tanks with an exter-
nal flame shield. Of course, no aluminum tank
is ballistic or self-sealing. Aluminum tanks are
also heavier. Obviously—Ilike fiberglass and
poly tanks—all bladder tanks are immune to
corrosion. ATL (Aero Tech Laboratories, Inc.)
and Aircraft Rubber Manufacturing, Inc., both
make reticulated-foam bladder tanks in stock
or custom sizes. Aircraft Rubber also manufac-
tures standard bladder tanks without the foam.

Wide Tanks Reduce
Stability: The GM Reduction

Except when completely filled with ab-
solutely no air in the tank at all—a condition
termed “pressed up”—the fluid in all tanks
of any size or shape reduces a boat’s stabil-
ity. This is because—even with baffles—the
fluid in the tank moves from side to side as
the vessel rolls. Both the shift in weight and




the momentum of the sloshing liquid reduce
stability due to “free-surface effect.” The nar-
rower a tank is in proportion to the beam of
a boat, the less the reduction in stability—-
the less the free-surface effect. For this rea-
son, tanks should generally be arranged to
be as narrow as practical athwartships. Wide
shallow tanks have the most free-surface ef-
fect for a given capacity and should be
avoided if possible.

As a rule, if a tank’s width is less than
20 percent of overall beam, and the capacity
of the tank is less than 12 percent of displace-
ment, you can neglect the free-surface effect
for pleasure-craft work. Sometimes, how-
ever, wide tanks are desirable to meet spe-
cific design goals. If so, be sure to divide up
the tanks into two or three separate tanks
athwartships. An example of this is in the
66-foot (20 m) Kingfisher design shown
Figure 5-4. Here it was advantageous to have
the fuel tanks running full width athwartships
aft of the master stateroom. In this case, the
main diesel tanks are divided into two sepa-
rate tanks at the centerline (with two addi-
tional smaller tanks low and outboard).

If you are doing a new design or a major
modification to tank size, location, or capac-
ity, whenever you have a tank wider than 20
percent of overall beam or with a capacity
greater than 12 percent of displacement, you
should calculate the reduction in stability and
use that reduced stability in all your other
stability work. (To be perfectly correct, you
should do this for all tanks in all boats; but it
generally isn’t required if the tanks are nar-
row and of modest capacity.)

Stability is evaluated in terms of GZ
(righting arm) and GM (distance to the meta-
center M from the VCG (vertical center of
gravity or G). If you know one, you can eas-
ily find the other for angles of heel up to
10 degrees using the following formula.

Formula 6-3. Stability

GZ=GM x sin 0
or
GM =GZ = sin 0

Where
GZ =righting arm, ft. or m
GM = metacentric height, ft. or m
0 = the angle of heel in degrees (8is
the Greek letter called theta)
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Free-surface effect is evaluated using
the “free-surface GM correction” to find the
actual GM known as “effective GM,” after
allowing for the tank free surface. To deter-
mine effective GM, calculate boat GZ and GM
as usual, then apply the following formula.

Formula 6-4. Effective GM, or
Metacentric Height

GMeff = GMs — GMredT

GMred = (E)(p—Lj (for each tank)
Vs )\ ps

GMredT =) GMred (of all tanks)

Where

GMeff = GM effective, ft. or m

GMs = GM of the ship, prior to free-
surface calculation, ft. or m

GMred = GM reduction for each tank, ft.
orm

GMredT = total GM reduction for the
sum of all tanks, ft. or m

IL = moment of inertia of the plan area
of the surface of the tank about the
tank’s centerline, ft.* or m*

Vs = displacement of ship, cu. ft. or m?

pL = density of liquid in tank, 1b./cu. ft.
or kg/m?, or specific gravity

ps = density of the water boat floats in
(usually seawater), 1b./cu. ft. or kg/m?,
or specific gravity

(p is the lowercase Greek letter  called
rho.)

(2 is the uppercase Greek letter S called
sigma. When used in a formula like
this, it means “sum.” So, in this case,
the sum of all “GMred.”)

pL is aratio and can
ps

be in any units of density as long as the same
units are used top and bottom.

Contrary to intuition, the total capac-
ity of the tank does not affect stability with
regard to free-surface effect, and neither
does the tank location (again, with regard
to free-surface effect). It doesn’t matter
how high or low, or how far inboard or out-
board the tank is located. Only the tank’s
individual fluid surface area contributes to

NOTE:
The relationship (

Formula 6-4.

Formula 6-3.
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Formula 6-5a.
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GMred = (

235.8 fi.*

the free-surface effect. Separate and dis-
tinct from the free-surface effect is the
effect of the total weight (mass) of the fluid
in the tank and the vertical location of its
center of gravity. High tanks will reduce
stability when full, while low tanks will in-
crease stability when full. This is the effect
of the mass of the fluid and not free-surface
effect, which is what we’re dealing with
here.

TABLE 6-2. SPECIFIC GRAVITY OF
COMMON LIQUIDS

(At 60°F, 15.5°C)

Liquid Specific Gravity
Diesel 0.852
Gasoline 0.727
Fresh Water 1.000
Salt Water 1.028
Lube Qil 0.921

Example: Say you have a boat with a cal-
culated GM 1° of 3.58 ft. at a displacement of
2,156 cu. ft. (61.6 tons, 137,984 1b.) with half-
full tanks. GZ 1°, for this load condition, is
then 0.062 ft., and RM 1° is 0.062 ft. x 137,984
Ib. = 8,655 ft. Ib. The boat has four tanks—
2 for diesel and 2 for fresh water. (The diesel
and water tanks, in this case, are identical
port and starboard.) You would find the effec-
tive GM by using the following formula (you
can find the formula for other shapes in stan-
dard engineering texts).

Formula 6-5a. Moment of Inertia of a
Rectangular Plane Area (English)
I=bh?+ 12
Where (for evaluating tank free surface)

b = the length of the tank fore-and-aft, ft.
h = the width of the tank athwartships, ft.

In our case, the diesel tanks are 9 feet
long by 6.8 feet wide athwartships. Thus the
moment of inertia of each tank is

[=9 ft. x (6.8 ft.)> + 12 =235.8 ft.*

Then

2,156 ft.®

0.852 = 0.09 f. (for each diesel tank)
1.028

Multiply by 2 for both diesel tanks = 0.18 ft.
GMred (diesel)

The water tanks are 2.5 feet long and
6.5 feet wide athwartships. Thus the moment
of inertia for each tank is

=25 ft. x (6.5 ft.)% + 12 = 57.21 ft.4

Then
4
GMred = 57.21 ﬂ.3 1.000 —0.026 ft.
2,156 ft° J\ 1.028
(for each water tank)

Multiply by 2 for both water tanks = 0.052 ft.
GMred (water)
Now

GMredT =0.18 ft. GMred (diesel) + 0.052 ft.
GMred (water) = 0.23 f.

and

GMeff =3.58 ft. GMs—0.23 ft.
GMredT = 3.35 ft.

This is the loss in stability due to free-
surface effect and can be translated into
reduced GZ or RM using the preceding rela-
tionship between GZ and GM.

In our case, stability after free-surface
effect is

GZ 1°=3.35 ft. GM x sin 1° = 0.058 ft.

RM 1° =0.058 ft. GZ 1° x 137,984 1b.
Disp. = 8,067 ft.Ib.

This is a reduction in righting moment of
6% due to free-surface effect.

Or

In metrics, this works out as follows:

Say you have a boat with a calculated
GM 1° of 1.091 m at a displacement of 61.05
m? (62.6 Mtons, 62,588 kg) with half-full
tanks. GZ 1° for this load condition is then
0.0190 m, and RM 1° is 0.0190 m x 62,588 kg
= 1,195 kgm. The boat has four tanks—2 for
diesel and 2 for fresh water. (The diesel and
water tanks, in this case, are identical port
and starboard.) You would find the effective
GM by using the following formula (you can
find the formula for other shapes in standard
engineering texts).



Formula 6-5b. Moment of Inertia of a
Rectangular Plane Area (Metric)

I[=bh?+ 12

Where (for evaluating tank free surface)
b = the length of the tank fore-and-aft, m
h = the width of the tank athwartships, m

In our case, the diesel tanks are 2.743 m
long by 2.073 m wide athwartships. Thus the
moment of inertia of each tank is

[=2.743 m x (2.073 m)? + 12 = 2.036 m*

Then
4
GMred = | 2030m 1(0852) _ 4 4076 m
61.06 m” )\ 1.028
(for each diesel tank)

Multiply by 2 for both diesel tanks =
0.0552 m GMred (diesel)

The water tanks are 0.762 m long by 1.981
m wide athwartships. Thus the moment of
inertia for each tank is

I1=0.762 m x (1.981 m)? + 12 = 0.494 m*
Then

4
CMred = [ 0.494 m j( 1.000

61.05m” )\ 1.028
(for each water tank)

) =0.00787 m

Multiply by 2 for both water tanks =
0.01574 m GMred (water)
Now

GMredT = 0.0552 m GMred (diesel)
+0.01574 m GMred (water) = 0.071 m
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and
GMeff =1.091 m GMs — 0.071 m GMredT =1.02 m

This is the loss in stability due to free-
surface effect and can be translated into
reduced GZ or RM using the preceding rela-
tionship between GZ and GM.

In our case, stability after free-surface
effect is

GZ1°=1.02m GM x sin 1°=0.0178 m

RM 1°=0.0178 m GZ 1° x 62,588 kg
Disp. = 1,114 kgm

This is a reduction in righting moment of
6% due to free-surface effect.

Free-Surface Effect and
Loading Conditions

Keep in mind that the free-surface reduc-
tion changes for various conditions of load-
ing (for different displacements). Using
boat displacement to the DWL (or to the
expected flotation waterline at 2/s load) is
adequate for most work on small craft; for
commercial projects, however, carefully
tabulated GMs for different loading condi-
tions will be required. Performing stability
calculations for all reasonable conditions of
loading and flooding are detailed and time-
consuming. Usually, these should be con-
ducted using a software package, such as
GHS, intended for this purpose; however,
you need to understand the concept of free-
surface effect to interpret the results
correctly.

Formula 6-5b.
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Figure 7-1.
Exhaust system
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Part Three

EXHAUST
SYSTEMS

Imagine being able to breathe in, but not being
able to breathe out. How long do you think
you would last? Not long! The exhaust of your
engine is quite literally its exhalation. Exhaust
systems get rid of combustion by-product
gases and a substantial amount of waste heat.
Not only does the exhaust piping have to be
properly designed and installed, but it also
must be properly maintained. A poor exhaust
system will rob a boat’s engine of power and
lead to excess and tiring noise, ruined engines,
fires, and flooding—even sinking.

Whether you're drawing up a new boat or
surveying an old one, installing a new engine
or simply replacing a damaged or corroded
part of an existing exhaust system, it’s critical

that you check to see that the exhaust system
meets minimum requirements for safety and
efficiency. In this chapter, we'll examine the
fundamentals of standard and some not-so-
standard wet exhaust installations to give
you a good basis for either laying out a new
system or evaluating or improving an existing
one.

The basic system for a typical sportsfish-
erman or motor cruiser—one with the engine
exhaust manifold well above the waterline—
is shown in Figure 7-1. At first glance, it
seems simple enough: you run a pipe aft from
the exhaust manifold, stick a muffler some-
where in the middle, and that’s that. If only it
were so!

Flexible joints & couplings
brackets

flapper-
il
Zu mufrier —F

(102 to 150 mm)
410 min., 6 /n. better.
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Z*j_,, =\ lagamg

el

L) ']
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BREATHING EASY

Principally, the engine needs to be able to
breathe freely. If the exhaust line is too small
in diameter, has too many bends, or is
clogged, pressure called back pressure builds
up and the engine has to use some of its
power simply to expel the spent combustion
gases—a real waste. After all, for the engine
to run, it absolutely must make room for
the next charge of fresh air being sucked into
the cylinders.

Back-Pressure Guidelines

As a rough guide, exhaust back pressure
shouldn’t exceed 2.5 inches (63 mm) of mer-
cury (Hg) for naturally aspirated engines and

MEASURING EXHAUST
BACK PRESSURE

Chapter 7: Wet Exhaust Systems

should be less than 2.0 inches (40 mm) Hg for
turbocharged machines.

Specific engines have specific require-
ments, so consult the installation manual.
The exhaust riser should be fitted with a tap
for reading back pressure with a manometer
(Figure 7-2; see also the accompany sidebar),
and back pressure should be checked during
major overhauls.

Generally, a wet exhaust system has about
twice the back pressure as a dry system of the
same diameter. To keep back pressure at ac-
ceptable levels, this means that the wet exhaust
diameter should be 40 percent greater than the
dry exhaust diameter for the same engine.

Wet Exhaust Diameter = 1.4 X Dry Exhaust
Diameter (rule of thumb)

Figure 7-2. Taking
manometer read-
ings (Courtesy
Westerbeke
Corporation)
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Exhaust line
diameter as a
Sunction of engine
power for gas and
diesel engines
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There’s nothing better than a large
diameter and the fewest possible large-
radius bends in an exhaust run to keep back
pressure down. The exhaust line diameter
chart in Figure 7-3 gives recommended pre-
liminary design diameters for wet exhaust
systems for engines of various horsepower,
but you should confirm these dimensions
with your manufacturer. Greater diameter
doesn’t hurt, but it is more expensive and
more difficult to fit in the boat. A rough guide
is that for every 12 feet (3.6 m) over the first

The Meaning of Pressure

12 feet (3.6 m) of exhaust run, the exhaust
diameter should be increased by 2 inch
(12 mm).

WATERING THE
EXHAUST

Of course, almost all yachts (and many small
commercial vessels) have wet exhaust sys-
tems, which is our focus here. The engine cool-
ing water is injected into the exhaust line just
after the exhaust riser begins to drop. This
serves two important functions. First, it cools
the exhaust run tremendously. The dry sec-
tions of, say, a diesel exhaust reach 1,200°F
(648°C). That’s hot enough to start wood, oil,
or cloth burning pretty quick! What's more, this
heat is radiated into the engine compartment,
reducing power potential. Cooling the exhaust
with water eliminates these difficulties. The
expansion of the cooling water into steam and
the process of mixing with the exhaust also
quiets the exhaust appreciably.

Formula 7-1 is a good guide to the volume
of water needed for adequate cooling.

Formula 7-1. Water Volumes for
Adequate Cooling

GPM = cu. in. X rpm + 66,000

Atmospheric pressure, roughly 14.7 Ib./sq. in. (psi) at sea level (101.3 kPa), envelops us all
constantly. When engine pressures (or vacuums) are measured, they are measured relative to
this surrounding air pressure, not added to it. This is known as gauge pressure. The instrument
used is essentially a barometer, though in engineering work it's termed a manometer. Manome-
ter and barometer readings are given in a number of different units, of which psig (pounds
per square inch gauge), in. H,O or mm H,O (inches or mm of water), and in. Hg or mm Hg
(inches or mm of mercury) are three of the most common.

Roughly

2.5in. Hg =34 in. H,0 = 1.2 psig = 63 mm Hg = 864 mm H,O = 8.2 kPa
20in.Hg =27in. H,O = 1.0 psig = 51 mm Hg = 686 mm H,O = 6.9 kPa

Although psig is the technically correct terminology, many references drop the g for gauge
as it is taken for granted. In metric measure, pressure is given in kilopascals (kPa), which also
should be kPag, but again the g for gauge is almost always omitted.



or
LPM =L X rpm =+ 285

Where

GPM = flow in gallons per minute

LPM = flow in liters per minute

cu. in. = engine displacement in cubic
inches

L = engine displacement in liters

rpm = maximum engine rpm

Keeping the Water Where
It Belongs

Although water injected into the exhaust cools
it (and quiets it), the water also creates a new
set of potential problems. Perhaps the most
important of these is that you absolutely must
prevent water—that is, any water at all—from
working back up into the engine. Even small
quantities of saltwater vapor in the turbo can
seize it up fast. Water will also deteriorate the
exhaust and valve mechanism of even a natu-
rally aspirated engine. The consequences of a
solid slug of water working back up past the
manifold don’t bear thinking about.

SLOPE AND RISE Figure 7-1 shows the prin-
cipal features that should be built into an ex-
haust run to keep water out. The exhaust line
should slope downward aft from the engine,
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ideally not less than Y inch for every foot of
length (20.8 mm for every meter of length)—
more is definitely better, and the bottom of
the outlet pipe at the transom should be no
more than 1 inch (25 mm) below the static
waterline. (True underwater exhaust systems
are viable options. We’'ll examine these later.)
The bottom inside surface of the highest
bend in the exhaust riser should be at least
22 inches (55 cm) above the highest waterline
on which the boat is likely to float. Indeed, it’s so
important to keep water out of the engine that
some references call for the bottom inside wall
of the exhaust riser pipe to be at least 24 inches
(60 cm) above the highest expected waterline.
This makes good sense. If you have an expen-
sive turbocharged diesel engine sitting in a
boat, and the boat’s exhaust riser is less than
18 inches (45 cm) above the real flotation water-
line, it would be a good investment to retrofit a
higher riser in the off-season. This is assuming
other internal-geometry constraints permit.

Risers: Water Jacketed
or Dry?

The exhaust riser itself poses an interesting
question: water jacketed or dry? A water-
jacketed riser (Figure 7-4) consists of an inner

Figure 7-4. Water-
Jacketed exhaust

riser
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Figure 7-5. Water
injection
(Courtesy Vetus)

and outer pipe. The inner pipe carries the dry
exhaust gas from the manifold. The outer
pipe (the water jacket) is filled with engine
cooling water injected through an outside
tap. The advantage here is that the entire
riser exterior is relatively cool to the touch.
Also, it keeps less heat from radiating into the
engine compartment. Cooling water sprays
out into the exhaust gas proper through small
holes at the aft lower end of the edge of the
riser’s water jacket, where the water mixes
with and cools the hot gases directly.

There’s only one drawback—a potential
for corrosion inside the riser’s jacket itself.
For this reason, many commercial boats—
and hard-worked sportfishermen—are fitted
with dry exhaust risers. Here, the riser is
simply a pipe elbow with a tap on top aft to
inject cooling water directly into the gas flow
(Figure 7-5). (The injection should angle
down and aft, not at right angles to the riser
pipe, which could lead to splashback into the
turbo.) Even better, some manufacturers offer
water-injection rings that fit on the end of the
exhaust riser and disburse the injected water
evenly around the periphery of the exhaust
pipes.

Naturally, the hot riser has to be well
insulated (lagged) all around the outside to
prevent burns or chance of fire and to
reduce radiated heat. (See Chapter 9 for
more information on lagging.) Both water-
jacketed and dry risers work fine, and both
have their advocates. I lean toward the dry

Sensor is placed directly into water/exhaust gases
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riser—carefully insulated—as it seems to
have the least potential for long-range corro-
sion trouble.

Pyrometer Equals
Thermometer

Just aft of the water injection point is where
you should install an exhaust temperature
pyrometer. (Pyrometer is a fancy term for a
high-temperature thermometer.) This can be
rigged to a simple idiot light and alarm—or
better—to a temperature indicator dial with
a programmable high-temperature alarm. In
either case, the idea is to give ample warning
if there is a reduction in cooling water. (A
pyrometer in the dry exhaust rise ahead of
the water injection is useful for tracking
engine load. It’s the best indicator of how
hard an engine is working.)

A water-flow sensor can be installed in
the injection line, just before entry into the ex-
haust riser. With the ignition on, it will sound
an alarm if the flow to the injection point
should stop. This is somewhat redundant with
the pyrometer, and the alarm inserted into the
exhaust system as described earlier; however,
it may be used in lieu of the pyrometer.

Metal’s Not So Hot

The metal parts of an exhaust system are
attacked by acids created in the fuel-water
mixture. Most stainless steels corrode in wet
exhausts. Inconel and Hastelloy C (nickel-
chrome-molybdenum alloys) are excellent,
though costly. Type 316L stainless (the L
stands for “low carbon”), which has some
molybdenum, is acceptable; 18-8, 302, and
304 stainless alloys should be avoided. Cop-
per, copper-nickel, nickel-copper, and Monel
can be used if high temperatures and stand-
ing water can be prevented, but copper and
copper alloys are for gasoline only—wet
exhaust diesel by-products (among them sul-
furic acid) attack the copper.

MANIFOLD CORROSION Dry exhaust risers, as
we've seen, can virtually eliminate corrosion
problems in the riser. One place where you
really can’t do much about corrosion in wet
exhaust systems is the water-jacketed ex-
haust manifold. Just like a water-jacketed
exhaust riser, the exhaust manifold is a



casting with the exhaust running inside chan-
nels that are surrounded by cooling water.
Because the channels are usually of cast iron,
corrosion will occur sooner or later in the
water jacket of the manifold. Inspecting
water-jacketed exhaust manifolds should be
considered routine long-term maintenance.
Table 7-1 presents tabulations by BoatU.S. for
the probability of failure due to corrosion in
exhaust manifolds.

TABLE 7-1. ESTIMATED EXHAUST
MANIFOLD SERVICE LIFE

Probability of Failure

0.5 percent
25 percent
45 percent
65 percent
85 percent
90 percent
+ 100 percent

Years in Service

OO NOOh h W

I think this is rather pessimistic. Also, it
primarily applies to gasoline engines with
raw-water cooling. Diesels with closed-
circuit (heat-exchanger) cooling will experi-
ence far fewer problems with corrosion. Our
office has had several such boats in service
over a dozen years, with no sign of problems.
Nevertheless, there will be some problems
here eventually.

Injecting Low

Again, to keep water out of the engine, the
water injection point must be at least
4 inches (102 mm) below the bottom inside
surface of the highest bend in the exhaust
riser—o6 inches (150 mm) is better. Unless
you're assembling your own exhaust piping
from scratch, the injection location is already
built into the riser. If, however, you have a
choice during refits, during repairs, or for
new construction, go for a riser with the
larger 6-inch (150 mm) drop.

Surge Chambers
and Flappers

You don’t want some—or any—ocean water
forced back up the line when backing down.
Sportfishermen in particular jockey around,
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going back and forth in rough conditions
while fighting fish. These boats need special
protection from back surge. The surge cham-
ber shown in Figure 7-1 absorbs a great deal
of the force of a slug of water in what’s essen-
tially a compressed-air cushion. Fitting an
external check-valve flap on the transom or
an internal check valve is also a wise precau-
tion. Indeed, if the bottom of your exhaust

exits the transom lower than 6 inches (150 mm)
above the static waterline, you should consider
the combination of an external flapper or in-
line check valve and a surge chamber. (Note
that some engine manufacturers disapprove
of transom flappers because they can block off
the exhaust line completely during extended
backing maneuvers.)

RUMRUNNER COVERS An interesting variation
on the common external flapper valve was
used on some rumrunners during Prohibi-
tion. Powered with twin World War I surplus
aircraft engines—often producing in excess
of 500 hp (373 kW) each—these craft fitted
rubber clamshells over their transom ex-
hausts. The rumrunners fabricated these
gizmos from old car tires and attached them
so the only opening was straight down, with
just about an inch (25 mm) clearance above
the waterline at rest. Needless to say, keeping
away from the neighborhood Coast Guard
cutter required stealth. Not only did these
rubber clamshell covers help prevent back
flooding, but the rubber itself appears to have
flexed enough to absorb some engine noise.
Much of the remaining racket seems to have
been deflected down into the water.

The Best Exhaust Piping

Because it doesn’t corrode, fiberglass ex-
haust tube and exhaust hose, meeting SAE
J2006 standards, are the best for a trouble-
free installation. The hose must withstand a
minimum temperature of 280°F (138°C) and
have no tendency to collapse. In the old days,
this was called “steam hose.” Today, there are
hoses specifically manufactured for marine
wet exhaust application. This is one of those
rare cases where what'’s best is actually less
expensive and lighter than metal.

There is, though, always the chance of a
water pump failure. If this happens, your
engine will seize up lickety-split. But in that
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bare lickety-split, 1,200°F (648°C) exhaust
gases will momentarily be sprayed onto the
hose and FRP tube. For this reason, I believe
all fiberglass exhaust-line components (pip-
ing, mufflers, check valves, etc.) are best
made of fire-retardant isopolyester resin to
Milspec Mil-R-21607. Check with your manu-
facturer to see what they use. Built with this
goop, the fiberglass exhaust tube or hose
won’t smoke or burst into flames should the
water pump fail. And more than likely, the
crew will have enough problems to worry
about in such circumstances.

SUPPORT YOUR LOCAL
EXHAUST

It's also important that the entire exhaust line
be well supported with strong clamps and
brackets. When filled with water, the exhaust
piping can weigh a fair bit. When the vessel
is jumping from wave crest to wave crest,
resulting g-forces will break loose a flimsily
supported line. Naturally, a cracked exhaust
will admit not only noxious gases, but also all
that water you've been pumping through the
engine to keep it running cool. As many an in-
surance surveyor can attest, cracked exhaust
lines are quite an effective way to sink a boat!

Where brackets support hot, dry portions
of the exhaust system, the bracket must not
only be able to withstand the heat, but also be
insulated against transmitting the heat to the
hull structure, and the bracket must allow for
the expansion and contraction of the pipe from
full-throttle hot to full-off cold (see Chapter 9).

Penetrating Bulkheads

Bulkheads frequently need to be penetrated by
the exhaust line. This can actually be useful,
and the bulkhead makes a fine support. You do
have to be careful that there’s no chafe and
that there’s room for expansion. For wet ex-
haust systems in wood and FRP bulkheads,
the minimum clearance around the bulkhead
is 2 inches (50 mm). On a number of boats,
we've supported the exhaust pipe by cutting
the hole in the bulkhead 2 inches (50 mm)
oversize and then wrapping 2 inches (50 mm)
of fiberglass sound insulation around the ex-
haust pipe where it went through. Stuffing this

in and closing it off with an aluminum finish
ring sealed the bulkhead for sound, eliminated
transfer of vibration, and held the exhaust in
place while allowing enough movement for
expansion and contraction.

Dry exhaust pipes need much more
clearance. Ten inches (250 mm) is the bare
minimum. There should be insulation around
the pipe (lagging) and around the bulkhead.

Tender Turbos

Turbochargers run at such high speeds
and temperatures that it’s critical not to place
any external strain on their housings. Such
strains can be enough to throw bearings out
of whack and create nasty headaches. Make
sure your exhaust piping—and anything else
for that matter—isn’t putting weight, a side
load, or other strain on your turbo’s case. Any
piping here must be firmly supported by and
fastened to the engine block itself, not by any
portion of the turbo.

Supporting piping on the engine block at
the turbo is OK, but common practice with
larger boats is to isolate the dry riser pipe
with the metal bellows, and the riser is sup-
ported by brackets to the vessel’s structure,
generally to the overhead (see Chapter 9).

Flexible Joints

To avoid cracks due to flexing, you must con-
nect all the individual piping components
with flexible connectors (Figure 7-6). If this
isn’'t done, engine vibration combined with

Figure 7-6. Exhaust hose clamps



hull working—however slight—will be sure
to open a seam somewhere. Exhaust hose is,
again, the perfect solution, except where any
dry, hot exhaust gases may be present. Here,
you have to use flexible metal bellows of
Inconel and Hastelloy C or—not quite as
good, but the usually available standard—
type 316L stainless. Accept no substitutes;
get the alloy specs in writing before you
buy. No other metals will stand up to the ex-
haust’s high-temperature, corrosive, saltwater-
hydrocarbon-sulfur-sulfuric-acid mix.

A related consideration here is that on
FRP boats, it’s tempting to glass a long length
of rigid fiberglass exhaust tube right to the
transom. Don’t do it; it’s likely to crack. One
builder I worked with had been fabricating
their own glass exhaust piping for sailboats
and installing them this way for years. They’d
lucked out and had no trouble. I specified
that the exhaust tubing for the 420 hp
(313 kW) diesel on a new powerboat be con-
nected with flexible hose, but they persisted
in doing it their old way. Well, after just a few
hours of operation, the durn thing cracked
big time, both at the transom and at a bulk-
head. Luckily, someone noticed the water in
the bilge immediately and they were able to
limp home and retrofit with hose. I know
there are successful boats out there with long

Figure 7-7. Exhaust tube glassed to tran-
som—not a good idea
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fiberglass exhaust tubes glassed rigidly to the
transom, but any boat fitted this way is play-
ing a game of Russian roulette.

Metal boats with rigid metal exhaust
pipes welded to bulkheads and the transom
are OK, but they still are not ideal. The com-
bination of corrosion and thermal expansion
can cause cracking as well. Even on metal
boats, FRP exhaust tube and exhaust hose
are the best exhaust piping, and FRP piping
must be flexibly connected at all rigid points.
This, unfortunately, is not allowed under the
CFR for metal T-boats (inspected passenger
vessels, under 100 gross tons, and carrying
less than 150 passengers). I distrust metal in
wet exhaust systems, and I think the CFR re-
quiring it in metal hulls is a shame.

Fiberglass exhaust tube through water-
tight bulkheads should consist of short FRP
pipe fittings with flanges fastenerd to the
bulkhead and the tube projecting on either
side of the bulkhead. The flanges are bolted
to the bulkhead and caulked. Exhaust hose
connects to the pipe ends on both sides.
Some class or government regulations may
require a metal shutoff valve right at the bulk-
head. In this case, all-metal piping is required.

Hose Clamps

As we've just seen, a leak into the boat from
the wet exhaust piping can sink a boat fast.
It can also spew deadly carbon monoxide
into the accommodations. You must use the
very finest quality all-316-stainless, T-bar
hose clamps. Use double hose clamps, and be
sure you can get at all of them for inspection
and tightening. I once surveyed a 36-foot
(11 m) lobster yacht that had its large aft
cockpit sole glassed in permanently. Under-
neath was the exhaust run, with clamps but
with no access at all. When I insisted that at
least a cover plate be cut and installed over
the exhaust hose where I could see (but not
reach) a single hose clamp, there was con-
siderable resistance. It was finally done, how-
ever, and I found that the single hose clamp
had never been tightened!

Note that traditional exhaust hose clamps
are of malleable iron (Figure 7-8). These usu-
ally were used singly, not in pairs. Malleable
iron hose clamps are still available and still
acceptable. I prefer double stainless steel, as
they seem more secure and longer lasting.
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Figure 7-8.

Malleable iron

hose clamp

(Courtesy Buck

Algonquin)

Figure 7-9. Note
how much space
the exhaust sys-
tem requires

Keep It Down!

As we've seen, simple wet exhaust systems
decrease engine exhaust noise considerately
even without a muffler. Clearly, adding a
muffler—if you don’t already have one—will
reduce noise still further. Most marine in-line
mufflers (as opposed to waterlift mufflers)
work by breaking the exhaust flow with baf-
fles. These reflect the pulses (bangs) of the
individual cylinders back and forth so they
tend to cancel each other out. If you can find
the space, a larger muffler for the same ex-
haust line will almost always give a quieter
exhaust—it allows for more refractions to
take place in the short time the exhaust travels

~
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through it. A little-known, extra step worth
consideration for the very quietest boat is to
wrap the muffler in 1 to 2 inches (25 to 50
mm) of fiberglass sound-absorbing insula-
tion. In and of itself, it won’t make the differ-
ence between a loud and a quiet boat, but it
will reduce the racket one step more—and
every step helps.

MAKE ROOM FOR
EXHAUSTS

An often-overlooked aspect of exhaust sys-
tem installations is the amount of volume
they take up inside the boat (see Figure 7-9).
A pair of 300 hp (224 kW) diesels will usually
require 6-inch (150 mm) diameter wet ex-
haust systems. Standard in-line mufflers will
be roughly 1.7 times this diameter, and that
extra diameter will extend roughly 5.4 times
the diameter. So for a 6-inch-diameter
exhaust tube, the muffler will be about 10 to
11 inches in diameter and about 32 to
34 inches long; or for a 150 mm diameter
exhaust tube, the muffler will be about 255
to 280 mm in diameter and about 810 to
870 mm long.

Add up the exhaust tube, surge chamber,
muffler, brackets, and required access, and
you realize just how much space you must al-
low. This can’t be an afterthought. Indeed, if
you're contemplating a repowering project,
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take a careful look at the diameter of the
exhaust system. A switch from gas to diesel
may up the diameter by a size or more (as
might simply increasing power). Be sure you
have the room to install the bigger piping.

Exhaust Lines Can’t Share

Considering the space problems, it’s tempting
to combine twin-engine exhaust lines at some
point into a single, large exit line. It would
seem that if you just made sure the combined
exhaust-line diameter was sufficient, this
could solve a multitude of space problems.
Unfortunately, you can’t do it. Exhaust lines
can’t be shared, not between main engines
and not between gen sets, compressors, or
any combination of these. Why not? If you
run on one engine with the other off for any
period of time, the exhaust gases from the
running engine will back up into the turbo
and valves of the idle engine. This will cause
unacceptable fouling. In addition, condensa-
tion can build up in the idle engine, which—
combined with the carbon and other by-
products in the engine and exhaust—
can form acids that will damage seals and
gaskets.

The only successful exception to this rule
that I'm aware of is the current Coast Guard
47-foot (14.3 m) motor lifeboats, which do
share the twin-engine exhausts. The design
team did a careful study and calculated that
the two engines would virtually always be
run at the same time. In this case, there
would be minimal exhaust back-fouling prob-
lems. These boats are operated with military
precision and maintained the same way.
Yachts and workboats aren’t. I advise against
sharing any exhaust lines on any vessel.

THE LOW-ENGINE
EXHAUST PROBLEM

We've examined exhaust installations for
standard powerboats, with the engine rela-
tively high. Now we’ll take a look at the ex-
haust systems that both powerboats and sail-
boats frequently have in common: exhaust
systems that have to lift spent engine gases
up and overboard from below the waterline.
Powerboats frequently fit generators below
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or near the waterline, while sailboats almost
invariably have their main engine low—real
low—in the bilge. In the early days, such
exhaust systems were simply dry pipes ris-
ing as close to vertical as possible—to well
above the waterline—then with cooling wa-
ter injected, sloping down and out a transom
through-hull. There’s still a place for these
standpipe exhaust systems, and we’ll discuss
them shortly.

The Waterlift Answer

The usual modern solution to all this is the
waterlift muffler (Figure 7-10). These gizmos
are simplicity itself. The wet exhaust runs
into the top or side of the muffler, which is no
more than a large, empty cylinder. A second
pipe, the outlet or lift pipe, runs up out of the
top of the muffler canister. This pipe contin-
ues down to within a few inches or centime-
ters of the muffler-canister bottom. Since
cooling water initially runs down into the
cylinder (the waterlift muffler), it almost in-
stantly fills about half full with water. The up-
per half of the muffler contains water vapor
and exhaust gases that have nowhere to go.
In a brief instant, gas pressure builds high
enough to blow a mixed slug of water and
exhaust gas down to the bottom of the muf-
fler canister and up out of the exit pipe.

Waterlift Pluses

This system has several advantages. First,
wet exhaust is safe and easy to deal with (as
we've seen). Second, injecting the water in
the first place quiets the exhaust (as well as
cools it). Third, the process of expansion in
the waterlift canister and forcing the gas/
water mixture out quiets the exhaust even
more. Fourth, the muffler cylinder itself—if
properly configured—forms an excellent baf-
fle against water working its way back up
into the engine. A good case can be made for
waterlift mufflers being the quietest of all
mufflers.

The next step up from the simple water-
lift, incidentally, is a dual-chamber waterlift.
These have their canister divided internally
into two sections (sometimes more). The
process of forcing the air/water mixture
through the dual chambers further reduces
noise.
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Note: Inlet and/or Exit May DOlng It ng ht
Enter Camister Side To Lase As good as waterlift mufflers are, however, you
Installation Hose Runs can’t simply jam one willy-nilly into the bilge,

run some hose to it, and expect it to work
properly. Like any exhaust installation, the wa-
terlift muffler must be set up to minimize back
pressure and to eliminate any possibility of
water finding its way up into the exhaust man-
ifold. Figures 7-12 and 7-13 show the two
basic layouts: when the muffler is located be-
low the motor exhaust outlet, and when the
muffler is located above the exhaust outlet.

THE STANDARD LAYyouT When both the en-

Water Leve/ AL \\'§\ = S gine (or generator) and the muffler are
k (\\ }‘\I\\\ N \;\ installed below the waterline, you need a
N NSRS q siphon break (also known as a vented loop,

see Figure 7-12) to prevent siphoning water
back into the engine. The loop should be at
least 18 inches (45 cm) above the waterline,
and sailboats need to be certain that the loop
is at least 8 inches (21 cm) above the highest
heeled waterline. Generally, if the loop is high
and near the centerline, there’s no problem
here. If, however, the loop is way off to one
side—on a sailboat—you’ll just about have to
run it up to the deck underside or higher still
into the trunk cabin or cockpit coaming (see
the sidebar on vented loops).

The inlet to the waterlift canister from the
exhaust manifold has to be at least 12 inches

Figure 7-10. Inner (305 mm) below the water-injection point.
workings of a There should be a downgrade of 4 inch for
waterlift muffler each foot of distance (41.5 mm for each

meter) from the manifold outlet to the muf-
fler inlet. Ideally, the lift pipe (usually just

Figure 7-11. called the “lift”) out from the muffler should
Waterlift muffler be close to vertical, but this is often hard to
installed accomplish. The important consideration

here is to keep the lift height as low as prac-
tical to avoid excessive back pressure. For
most installations, a maximum lift—from the
bottom of the muffler canister to the top of
the lift—should be 42 inches (106 cm).

The greater the lift, the greater the back
pressure, so less lift or height is always better.
The catch is that standard practice recom-
mends that the center of the exhaust outlet be
at least 6 inches (15 cm) above the waterline,
and that, at the same time, there must be a drop
of 12 inches (30 cm) from the high point of the
lift pipe to the through-hull. The good news is
that in practice I've had installations that exited
the transom only an inch (25 mm) or so above
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the waterline, or had the bottom edge of the ex-  MUFFLER-ABOVE-MANIFOLD SETUP If you L:9uwre 7-12.
Standard waterlift

haust pipe even an inch (25 mm) or so below,
without a problem. You certainly can’t immerse
any standard exhaust more than this. At least
90 percent of the exhaust outlet area must be
above the waterline, except for a true underwa-
ter exhaust, which we’ll investigate shortly.

have to install the waterlift canister above the
exhaust manifold, you need to lift the manifold
to get the same 12-inch (305 mm) drop to the
muffler inlet (Figure 7-13). How? Use an ex-
tended exhaust riser for small to moderate
lifts or install an dry exhaust section—very

muffler installation

Figure 7-13.
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heavily insulated (lagged, see Chapter 9) and
firmly fastened—which will raise the exhaust
at least 18 inches (457 mm) above the water-
line and the water injection point at least
12 inches (305 mm) above the inlet into the
waterlift canister.

Deceptively Light

Keep in mind that one of the nicest things
about waterlift mufflers is that they’re light and
easy to install. The waterlift canister is usually
of fiberglass (metal ones are heavier, more ex-
pensive, and subject to corrosion), and almost

Vented Loops: Whys and Wherefores

Obviously, vented loops are important—but what exactly are they? Well, if you remember
your high school science, a tube that's filled with a liquid will transfer that liquid from a higher-
level container to a lower-level container even though the top of the tube may be far above
the top of either container. Yes, a siphon. As long as the tube is closed to the atmosphere, the
liquid “thinks" that the whole assembly—filled tube and two containers—is one. In our case,
the inside of the bilge or engine is one container, seawater is the liquid, and the ocean is the
second container—albeit an awfully big onel!

Vented loop or siphon break

To avoid siphoning, all you have to do is open the tube to the surrounding air (even a
pinhole will do) and you have two separate containers—again, no flow and no siphon. Pic-
tured here is a simple form of a vented loop. (There are other varieties, but they all work on
the same principle.) The flapper is pushed up, sealing the vent opening by the pressure of wa-
ter or gases flowing through the pipe. At engine shutdown, when flow and pressure stop, the
flap opens, opening the line to the air and eliminating any chance of siphon backflow.

Sometimes these little siphon-break valves get salt encrusted and either jam open or jam
closed. It pays to inspect them periodically and to wipe them clean with fresh water. On engine
and generator installations, another option is to do away with the flapper or other valve
mechanism and run a long tube vertically up from the break opening at the top of the U and into
the cockpit. Without the flap, there is virtually no chance of clogging open or closed. The
drawback is possibly an occasional slight weeping of sooty water into the cockpit.

Every through-hull that exits 6 inches (150 mm) above the water or lower and is attached to
a hose or pipe leading down into the bilge—whether for engines, generators, heads, bilge pumps,
or whatever—should be fitted with a metal or plastic pipe vented loop or siphon break to elimi-
nate the chance of flooding (and sinking!) by siphon. Heads, though, ought not to be fitted with the
open tube into the cockpit—unwanted odors would be interesting, to say 