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PREFACE

In January 2010, a gentleman in Austria (“Capt. Vimes”) visiting the Internet forum
BoatDesign.net asked a question about the Center of Flotation and its implications on
boat design and performance. | happened to be the first responder to the question, |
answered it as simply as | could and gave some insight into what it is used for in boat
design and what it means. After a very kind thank you from Mr.Vimes and a few
responses and compliments later, another gentleman from Australia (“Landlubber”)
asked if I could explain all the other naval architecture design ratios in the same way
seeing as my answer to the first question was the best description he had ever read.

And so it began. |took up the challenge, and for the next three months | responded
with explanations of the various design ratios, publishing one a week. | admit to having
an ulterior motive. Many years ago, a client of mine informed me of his invention of
what he called the S Number (S#), which is a way to rate the performance of all boats
on a scale of 1 to 10 using the Sail Area/Displacement ratio (SA/D) and the
Displacement/Length ratio (DLR). He had published an article about it in a regional
sailing magazine back in 1988. | found over the years that the S# worked pretty well,
and | started using it in my responses to potential clients. A time eventually came
where | thought | should publish the concept of the S# again, giving due credit to its
originator. | pitched an article about S# to one of the major sailing magazines whom |
had written for before, but they declined.

Not too long after that, this opportunity came on BoatDesign.net to discuss some of the
basic naval architecture design ratios that are used primarily in recreational craft design,
and certainly SA/D and DLR would be part of that discussion. Putting the design ratios
in a logical order, | would have a natural progression leading up to S#.

And so it went. The chapters included here are the original complete texts of my “class
discussions” on the design ratios, including S#, and repeated in the order in which they
appeared on BoatDesign.net. | include the pictures and attachments, plus a few others.
| do not include the various questions afterwards—if you want that, you can go to
BoatDesign.Net to see the entire thread. See the Table of Contents for the post number
position of any topic in the thread. Here is the link to the start:
‘http://www.boatdesign.net/forums/boat-design/center-flotation-calculation-implications:
30857.html

| hope that for those of you who are new to small craft design these pages offer some
clear understanding of the concepts involved. Enjoy the reading. And thanks to “Capt.
Vimes” and “Landlubber” for their interest and encouragement.

Eric W. Sponberg

Naval Architect, PE (CT), CEng (UK)
Sponberg Yacht Design Inc.

St. Augustine, Florida

22 March 2010


http://www.boatdesign.net/forums/boat-design/center-flotation-calculation-implications-

The Design Ratios Sponberg Yacht Design Inc.
CENTER OF FLOTATION

This is where the thread started. “Capt. Vimes” from Austria posed the following
question (corrected for spelling and punctuation):

Hi!

| am just trying to understand all the different ratios and calculations regarding a yacht
design and | am a little puzzled with this 'center of flotation' and its implication on the
balance, stability and performance of a monohull sailing yacht...

In Larsson & Eliasson 'Principles of Yacht Design’, this CF is not dealt with at all - it is
mentioned but not what it actually means for the design... The calculation of its position
is completely neglected... But since this book describes the principles by designing an
example yacht (40 ft monohull fin keeled sloop) and all the different parameters are
listed, | at least realized that while the LCB is 3,5% LWL aft amidships, the LCF is 6-
6,5% LWL aft amidships depending on the load...

What | understand is the principle explanation of the CF:

CENTER OF FLOTATION (CF): The CF is the center of the
waterline area and is the pivot point about which the boat changes
trim, much like the pivot in the center of a teeter totter. On normal
sailing hulls the CF is somewhat abaft the CB and, like the CB, is
expressed as a percentage of the LWL or a distance from either the
bow end of the LWL or from amidships. Of course, as the boat
changes trim, due to added weights at one end or the other, the
LWL shape changes, so the CF will move slightly.

How is balance/stability compromised or enhanced if the CF is moved further aft or
closer to the CB? What are the performance implications?

Thank's for any help enabling a noob to comprehend this complexity about the one thing
we all love so much - woma.... darn - | mean boats....

And here is my reply:
Capt. Vimes,

Your quote is correct, the CF is the center of the flotation waterplane area. Figure 1
shows a picture of the CF. Another way to think of it is, you know that by Archimedes
principle a floating body displaces a volume of the liquid whose weight is equal to that of
the body itself. So you have a boat floating in the sea, and now imagine that you bring
a weight on board that is enough to sink the boat 1 centimeter. The weight that you
have brought on is equal in weight to a volume of seawater that is the area of the boat's
waterplane times 1 cm thick. The center of that volume of water is located at the CF.
Now, imagine, if you will, that when you set that added weight down on the deck, you
placed it directly and vertically over the CF. The trim and heel of the boat would not
change, but the boat would sink straight down that 1 cm. The weight acts down through
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its own center of gravity and the added volume of seawater acts in exactly the opposite
direction through the CF and through the CG of the weight you added. However, if you
set the weight down on the deck at some other location other than over the CF, the boat
would trim and heel such that now, the whole submerged volume of the boat at the
deeper draft will be equal to the total weight of the boat plus the added weight, and that
the center of buoyancy (CB) will be directly under the final center of gravity (CG).

- I— ) S AT ’ﬂi__-_._
| LLF (longitudinal _I‘_E_‘.:'_l"_r_é’_r'__cl-_f __{10'-.\‘\_ i c:._\;, |

e

L \

| LCF (center of Llctation)

Bl
(tenTer of waterplaney

: *: Leenter|ing)

~Waterplone
Area

C_wF = [LJaJTWP'IMe Cacgﬁi{,i&vef
= Waterplane Area
Lol x Buwl

Figure 1. The Center of Flotation and Waterplane Coefficient (see next chapter).

Now, the weight that you brought on board does not have to be that to have a similar
effect. Forces acting on the boat have the same effect, such as sailing forces from the
rig. These forces do not act at the CF, but elsewhere. They push the boat over and
down like an eccentrically placed weight. In order to perform properly, the boat has to
balance against those outside forces, and the only way to do that is by virtue of its own
hull shape and weight, and by the effectiveness of the keel and rudder. The hull
portion--its shape and weight--is a huge factor. If not well shaped, then the boat may
heel or trim at odd or weird angles that will affect how much lift comes from the hull itself
or the appendages. A boat an unusual angles of trim and heel will generate more a lot
more drag that if it is closer to upright. This, of course, affects performance. Generally,
the least amount of hydrodynamic drag occurs when a vessel is upright. Drag always
increases as the boat trims and heels. This is why you like to minimize heel and trim
while underway, and the best way to do that is with a properly shaped boat.

We have very fine examples of this in many round-the-world racers. For example, look
at the Vendee Globe fleet (open class designs)--generally these boats are very wide
shallow boats and they rocket downwind and off the wind like the blazes. In these
conditions, the boat stays more upright than if it is sailing to windward. When sailing to
windward, however, these boats are very poor performers, and this is due primarily to
their hull shape which is very side aft. As the boats heel over, the CF moves aft quite a
far distance. This has the effect of raising the stern, and likewise, pushing down the
bow into the sea and away from the wind. That is not the direction you want to go. This
can put an adverse angle of attack on the keel. And this is why wide shallow boats are
poor performers to windward. The Vendee Globe and other round-the-world racers
gravitate to these hull shapes because usually these races are off-the-wind races. The
exceptions are the races that have multiple stops, such as the Around Alone (formerly
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the BOC) and the Portimao Global Ocean Race. When you have to come back into port
at multiple stops, you come from pure maritime wind and weather to a mix of maritime
and continental weather. Frequently, you have headwinds near the ends of the legs.

To get through those headwinds, you need a boat with good windward ability. This is
why narrower boats fare better in such races.

So the solution is, in order to have a more balanced boat, you want the CF to move very
little as the boat heels over. See Figure 2. Check the position of the LCF at zero
degrees heel, and then check it again at 15 or 20 degrees heel. They should be very
close in position to each other fore and aft. That way, as the boat heels over, it will
have nearly zero tendency to raise the stern and push down the bow. The angle of
attack on the keel and rudder are better, and windward ability is very favorable.

Waterlines for Saint Barbara

Figure 2. The waterlines for SYDI design Saint Barbara, which shows very little fore-aft movement in
LCF at 15° of heel. Saint Barbara has a very nicely balanced hull.

Take this one step further, like Capt. Nat Herreshoff of Bristol, RI, did in the late 19th
century. Many of his designs showed that the CF moved forward as the boat heeled
over. This had the effect of raising the bow up and to windward--precisely the direction
you want to go--and which enhanced the angle of attack on the appendages and
increased lift. The Nat Herreshoff boats were great performers, as everyone knows.
Many of his lessons were forgotten in the latter 20th century.

Keeping the CF in a more or less constant position as the boat heels over is easier to
do with narrower hull designs. As hulls tend to get wider, CF always moves aft more
easily and affects performance in an adverse way.

| think one of the great hoaxes (maybe fallacies is a better word) of modern yacht
design is the concept of "powerful stern sections” which became a ubiquitous
description of boats in the 1980s, and is still seen today. "Powerful stern sections”
implies wider body aft, wider waterplane aft. Certainly, such wider shapes give more
room in the cockpit and aft cabins, and they cruise downwind and off the wind OK, but
they have a deleterious effect on performance to windward.

| hope that helps. Class dismissed!
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BLOCK COEFFICIENT

Today, class, we will take up Block Coefficient, Cb. See Figures 3 and 4. These
diagrams came from my notes for a class that | once taught some years ago at the
International Yacht Restoration School in Newport, RI, and before that, the boat repair
class at the Museum of Yachting, also in Newport.

In the first diagram, we see a perspective view of a traditional sailing yacht sitting in a
block of water. The underwater portion of the hull is shaded. If we cut the hull at the
waterplane, we have the view in the second diagram, the area of the waterplane. This
shows the CF, the subject of last week's discussion, which is the Center of Flotation.
The LCF is the Longitudinal distance that the CF is back from the front end of the
waterplane. We can measure LCF from any reference point, which we can call Station
0. Traditionally, Station 0 was always the front end of the design waterplane. But with
the advent of computers, Station 0O is often taken at the very front extremity of the stem,
which is where | usually take it. That way, everything else on the boat is measured as a
positive dimension aft of the forwardmost extremity of the boat (excepting bowsprits, of
course).
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Figure 3. Block Coefficient.

We can see in the second diagram how to calculate the Coefficient of the Waterplane,
Cwp. The waterplane is bounded by a rectangle of the length of the Waterplane, Lwl,
and the Beam of the Waterplane, Bwl. The waterplane area is always less than the
circumscribing box. The ratio of the actual waterplane area to the box area is the Cwp.
Cwp = Actual WP area/(Lwl x Bwl). The value of Cwp is always less than 1.0.

Moving onto Block Coefficient, Cb, we can see it is kind of like Cwp with a third
dimension added, Draft, D. It is the ratio of volumes instead of a ratio of areas. In the
first diagram, we can see that the shaded portion of the hull, which is that portion that it
underwater, is bounded by a box, or block, whose volume is Lwl x Bwl x D. The Block
Coefficient is the ratio of the actual submerged volume of the hull to the volume of its
bounding box, or block, hence the name. The equation is shown in the diagram: Cb =
Actual Submerged Volume/(Lwl x Bwl x D). Block coefficient is usually more important
in ship design than sailboat or powerboat design, because ship block coefficients tend
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to be much larger in ships than in recreational boats.
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Figure 4. Waterplane Coefficient (same as Figure 1 above).

We can also see that the submerged volume of the hull displaces a volume of liquid that
is equal to the weight of the boat. This is Archimedes principle which he discovered
back about 220 BC. This is why the weight of a boat is called its "displacement.” The
density of the water also plays a role. Fresh water is less dense than sea water, so a
hull floating is fresh water will sink deeper than when it sits in sea water, in order to
make up the volume equal to the weight of the boat.

We can also see that we can measure weights in Long Tons, LT, or Short Tons, ST.
One LT = 2,240 pounds, and One ST = 2,000 pounds. | used to know the reason why
LT became prevalent in naval architecture, but | have long forgotten it. We can also talk
of Metric Tonnes for you metric users. One cubic meter of fresh water weighs 1,000 kgf
which equals one Metric Tonne, MT. One MT = 2,204 pounds for those of you
interested in the conversion. Note the different spelling of "tons" for imperial units, and
"tonnes" for metric units. This is a further clue to detect what another person may be
talking about.

Finally, the ratios of Cwp and Cb, and all other coefficients all have the same values in
any consistent measurement system. Usually, these coefficients have values less than
1.0. If they don't come out that way, then you have either done something wrong in your
calculation, or, the hull is really unusual.

Next time we will take up Midship Area Coefficient, Cmc, and Prismatic Coefficient, Cp.

Class dismissed.
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MIDSHIP AREA COEFFICIENT & PRISMATIC COEFFICIENT

Today we take up two coefficients: Midship Area Coefficient, which we’ll label Cmc, and
Prismatic Coefficient, labeled Cp. See the diagrams attached, Figures 5, 6, and 7.

Cmc is the ratio of the area of largest midship section of the submerged portion of the
hull to the area of the box that bounds it. The dimensions of the box are the Beam at
the Waterline at the largest section, Bwl, and the Draft at that section, Do. The largest
section area may not be at the exact mid-length of the hull, or at the maximum beam or
draft of the hull. See the first figure below. The easiest way to determine the maximum
size midship section size is to plot the Sectional Area Curve, and the maximum area will
be at the peak of the curve. Unfortunately, | don’t have an example of my own sectional
area curve to show, but you can see one in Principles of Yacht Design (Larsson &
Eliasson, 3" ed.) Figure 4.4, pg. 35.

At the fore and aft location of the peak of the sectional area curve, measure the Bwl and
the Do. The box bounding area for the largest midship section, therefore, is Bwl x Do.
Midship Section Coefficient, Cmc, then is the actual midship section area divided by the
bounding box area, as shown in the diagram below. The concept and the equation are
shown in the second figure below.
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Figure 5. Profile area of a hull and the location of the midship section.

Cmc is used as a gauge to judge the fineness of the midship section. It is useful for
comparison between different designs, or to judge how a design is being developed.
Say, for example, that you are designing a new hull, and you want the displacement to
be within a certain range. On your first pass at developing the lines, you see that the
displacement is too large. Maybe the turn of the bilge is a little too sharp. So then you
develop a second set of lines and find that the displacement is too low; maybe now the
turn of the bilge is not sharp enough. You can compare the shapes of the midship
sections, because they are directly related to displacement, and compare the Cmc
ratios of each. Analyzing these features will lead you to where you want the final Cmc
to be (somewhere in between), and the geometry of the sectional area will show you
where to make adjustments in the shape (again, somewhere in between). Cmc is used
as an analysis tool, therefore, for developing a new design or comparing two different
designs.
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Figure 6. Midship Area Coefficient.

This leads us to Prismatic Coefficient, Cp. Cp is like Cmc, except that we take the
calculation one step further with a third dimension--length. Cp is a comparison of
volumes, not areas. Cp is the ratio of the volume of displacement of the hull divided by
the volume of a prism which is the maximum section area multiplied by the Length on
the Waterline, Lwl. See the third figure below. The figure shows the equation.
Obviously, the prism volume is always larger than the actual displaced volume, so Cp is
always going to be less than 1.0, by definition.
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