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The Physics of Sailing

Join us to learn physics on the water
and in the classroom! Have fun while
receiving science credits.

Contact: Prof. Hoffstaetter de Torquat at gh77@cornell.edu

Georg.Hoffstaetter@Cornell.edu



Have fun sailing
experiences and
understand what
happens to the

boat and the
water/air

-

environment. P

Introduce elementary physics with the applied and tangible topic of sailing.

Perform hands-on experiments and understand basic concepts of
experimentation.

Instructor: Georg Hoffstaetter de Torquat
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Class Times and Participation

Classes:

Tuesday 2:55 — 5:15pm at the Cornell Sailing center until October 17 (fall break)
Tuesday 2:55 — 4:10pm in Rockefeller Hall B15 after fall break

Thursday 2:55 - 4:10 in Rockefeller Hall B15 throughout the semester

TAs — experienced sailors — one per 6-people boats
George Patte

Mark Trabucco

Caleb Michael Schmitt

Christian Imre Varallyay

Jason Mannka

Director of the Cornell Sailing center: Ivan Sagel

Attendance will be taken at all classes
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Class structure and safety

Structure;

Y2 of the classes will be on boats before fall break.
Boat experiences will be a basis for physics explorations in on-campus classes.
Physics phenomena from on-campus classes will lead to onboard experiments.

Grades are based on: Boating agility (10%), onboard experiments (10%), Experiment
reports (20%), Homework (30%), Final (30%)

Homework will be posted on canvas Thursday night and is due before class on the
following Thursday.

Safety:
All need to have taken the Cornell swim test
All bring life jackets on board
There will be one experienced sailor TA per 6-person boat
There will be man overboard training in the first boat class
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Physics of Sailing Literature

Physics of Sailing
Physics of Sailing (John Kimball)
The Physics of Sailing Explained (Bryan D. Anderson)
Physik des Segelns (Wolfgang Plischl)

Practial Sailing instruction with superficial physics explanations
Basi Cruising (U.S. Sailing Association)
Basic Keelboat (U.S. Sailing Association)
Sailing Made Easy (American Sailing Association)
Bareboat Cruising Made Easy (American Sailing Association)
Coastal Cruising Made Easy (American Sailing Association)
Advance Cruising and Seamanship (American Sailing Association)
The Complete Sailing Manual (Steve Sleight)
The Sailing Bible (Jeremy Evans)

Sailing Adventure Literature
Sailing Alone Around the World (Joshua Slocum)

The Long Way (Bernard Moitessier)

Memories of the Open Sea (Eric Tabarly)

Left for Dead: Surviving the Deadliest Storm in Modern Sailing History (Nick Ward)
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1st Week - Introduction — August 27 & 29

Goal:
Safety instruction
Parts of the boat
Sailing observations

Safety instruction (Summary)
Make sure you have the Cornell swim test.

Have your Personal Floatation Device (PFD) close by and wear it when windy.
Man overboard training

Throw a PFD

Gybe (turn by steering away from the wind)
Approach against the wind

Safe mooring
Approach against the wind

Hold on to the mooring line (not the mooring ball)
Safe docking

Approach against the wind

Tie up so the boat does not touch the dock, if possible, otherwise use
plenty of fenders.

Use the Cleat Hitch.
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Parts of the Boat

"PART 1

PARTS OF THE BOAT

Let’s begin by leaming some of the important
parts on a boat and their names. Knowing
some of these salling terms will allow you to
communicate better when on board the boat.
Here’s a quick overview.

¢ controls (running rigging).
| // .
The sail hoisted on the
back side of the mast and
Deck ‘ Forestay N / aitached to the boom.
The flat surface area Bow The part of the rigging that is attached
to the bow
) ontopofﬂ'leboa?. ‘ The front of the boat. mwemf:fmf:::rmmpsqs
Cabin Trunk ‘
The roof and sides RN
of the cabin house. ! S b
o« | ¥ y /4 The forward sall that is  Batten
. Port' — / attached to the forestay. A slat of fiberglass,
Thqjefz:c s|def:f the / Mg plastic or wood in-
boat facing forward. / serted into a pockst
Gockpit \ Spreader / In the sail o help it
The low space in the { /
1\ Struts that extend from / hold its shape.
deck where the crew sits i /
and the tiller is located thesideofthemastthat . / y
e tiller is located. keep it from bending 7~ [ = » Tolltales
sideways. /\?/ — Pieces of cloth,
The right side of the PO ‘ yam, or tape that
boat facing forward. Telltales — f— indicate wind
Pieces of cloth, / - \ flow over a sail
yam, or tape that / |
indicate wind —

The “body” of the boat
that floats in the water.

Companionway P
A from Shrouds — ——— Backstay
the cockph 1o the Rigging wires The part of the
area below the deck. extending up from rigging, attached from
the sides of the the top of the mast to
boat to the mast the stem of the boat,
Keel that keep the that keeps the mast
The flat or sy Titter The weighted vertical fin mast from falling from falllng forward.
urved surtace st the The lever amm attached at the bottom of the boat. to either side.
>\ Stom of the oot to the rudder that allows  Its weight reduces tipping
- you to steer the boat. (heeling) while Its shape ;
Rudder keeps the boat from sliding Boom /'
The steering foil, directed by a tiller, sid th the water. . /
that is usedgto tum the boz.y s o oo harizontal sper extending badk
from the mast. The foot (bottorn) of '\\?

6

SAILING CONCEPTS

PARTS OF THE RIG
Now that you know your way around the _ Mast
deck, it's time to look up. The rig includes . < The vertical spar in the middle of the
salls (mainsail and jib), spars (mast and boom), boat from which the saliis are set.

supporting wires (standing rigging) and sail

flow over a sail. .Q[f

the mainsail is attached to it.

A o4{ 7
from Basi Cruising (U.S. Sailing]Association)
Fall semester 2024
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Parts of the Boat

PART 1

HOW A SAIL WORKS

Saiils are a boat’s engine, and they produce power in one of two ways. When the
wind is coming from the side of the boat, it flows around both sides of the sail (iike
an airplane wing), creating lift which “pulls” the boat forward. When the wind is
coming from behind the boat, it “pushes” against the sail and simply shoves the
boat forward. :

1 you hold your hand

outdhe window of =
a moving car, you

can feel the force =

of the wind lifting —
your hand. This is ~
the same force that

“pulls” a sailboat

forward when the

wind comes over the

side of the boat.

PUSH MODE
With the wind coming from behind, the sail (and boat)
are simply pushed forward through the water.

NO-GO
A sailboat cannot sail directly into the wind. You
can try it, but your sails will only flap (uff) and

backward. Because there Is no difference in wirid

pressure between one side of the sall and the other,
— the sail cannot generate either “push” or “pull.”
Your sail is much more efficient at using the wind than your hand. It is No push...no pul...NO GO!
shaped to bend the wind as it flows by, creating higher pressure on the
inside of the sail @ and lower pressure on the outside @, thus creating
lit. The lift the sail creates “pulls” the boat forward and sideways. The
boat’s keel keeps the boat from being pulled sideways through the water.

you'll be dead In the water...or even start moving,

o . 9o
— from Basi Cruising (U.S. Sailing Association)

SAILING CONCEPTS

if you hold your hand out
the window of a moving
car with your palm facing
the wind, you can feel the
wind “push” your hand
back. This is how a sail
works when the wind is
coming from behind.
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Parts of the Boat

PART 1 :
- SAILING CONCEPTS
TRIMMING A SAIL
Many sallors view a boat's mainsheet and jib sheet as they would the accelerator on a
car...the salls are sheeted (pulled) in until the salls stop luffing to make the boat go. As
wae described on the previous spread, a sail creates lift by redirecting wind flow. If the >
wind flows smoothly around (not past) the sails, maximum power is achieved, resulting
in maximum boatspeed. If the sails are sheeted in or out too much, turbulent flow will
result, reducing flow and slowing the bbat. Trimned Too Leses
¥ Turbulent flow around sail
» Minimum power
» Reduced boat speed
Salling with your saiis trimmed
too far out Is not necessarily bad.
There are times when you will
iy want to sall along slowly (at less
than maximum speed) and will
Trimgped Just Right frim in your sails only part way.
¥ Smooth fi d sail ——
> optmumpower S ' - 3 Sheet in sais o the polnt where
» Optimum boat speed »/L they stop luffing to trim them
> Easy steering = correctly.
b Well-balanced
¢
o
’ g
¢ 2| Smooth flow Too Tight
¥ Turbulent flow around sail
» Reduced power
| P> Boat slows down
¥ Difficult steering
» Excessive heeling
If you lose wind flow around
your salls, your boat will begin
to feel sluggish. To get smooth
fiow going again, let out the
salls until they luff, then bring
them back in until they stop
luffing and feel the boat pick
up speed.
10
i —_— . . . g 1 1 . .
- from Basi Cruising (U.S. Sailing Association)
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PART 1

SAILING ACROSS THE WIND

Sailing across the wind, with the wind perpendicular to the
side of the boat, Is a fast and easy way to sail — certfamly
easier than sailing upwind. In your first lesson, you will
spend a lot of time sailing across the wind, ieaming how to

steer and trim the salls. L
Reachi ling across the wind) Is easy,
h.l:mhaﬂwmdhh
boat, the salis are about half-way oirt, and

I It's easy to steor siraight ahead or to the left

erl‘_hht

-

These boats are sailing perpen- I

dicular to the wind with the wind

coming over the side of the boat. |

This is called a beam reach.

Checkiist

b Feel the wind coming across
the boat.

»> Sheet the salls about haffway out.

» Steer toward an objective or
landmark. Adjust the sails to
changes in the boat's direction
or changes in wind direction.

12

Although a boat cannot sail directly into the wind,

it can sail upwind, or close to where the wind is
coming from. Sailing about 45 degrees from the
direction of the wind is about the closest a boat can
sail upwind (although some high performance boats
can sail as close as 30 to 35 degrees).

If you try to sail too close to the wind, your sails
will luff and lose power, and the boat will come
to a stop. This 90 degree area is called the
No-Go Zone for obvious reasons.

Close
hauled

Feel the wind in your face
(when looking forward).

Sheet in the sails all the way.
Steer to the jib

using the telltales

and the luff of the sail to
achieve smooth air flow.
Helmsman sits on the windward
(high) side opposite the boom.
Crew trim sails and move from
one side to the other to help
keep the boat from heeling too
much or too little.

from Basi Cruising (U.S. Sailing Ass‘c'Jciation)

Salling upwind is fun and exhilarat-
ing. You can feel waves passing under
the hull, wind and spray in your face;
knowing it is these natural elements
that power the boat.

Close
hauled

x

Two of these boats are sail-
ing as close to the direction
of the wind as possible
without entering the no-go
zone. This is called sailing
close-hauled.

Georg.Hoffstaetter@Cornell.edu
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SAILING DOWNWIND

Sailing downwind, with the wind coming over the stem,
the most comfortable and relaxing point of sail. The wind
and the waves are following you, the ride is smooth, and
the boat stays upright. Sailing at a slight angle downwind
(broad reach) is faster, safer, and easier than sailing directly
downwind (with the wind coming directly behind the boat)
because there is less chance for the boom to accidentally
swing across the boat.

Salling downwind Is a very relaxing, “taks
It easy” way to sall with the wind at your
back, your salls let out, and no spray.
Checklist
> Feel the wind on the back .-
of your neck (when facing
fonward).
» Sheet out the salls so they're
perpendicular to the wind.
¥ Adjust the salls to changes in
boat or wind direction.

» Watch the jib as an early
warning for an accidental jibe
where the boom suddenly
swings across the boat. If the
jib goes limp and starts to
cross the boat, head the boat
toward the wind by pushing
the tifler toward the boom
until the jib retums and
fills with wind again.

Broad reach

These boats are salling away
from the wind, but at an angle
to it. The wind is blowing over
the quarter (back comer of the
boat) and the sails are sheeted
perpendicular to the wind. This
Is called a broad reach.

14

SAILING CONCEPTS

POINTS OF SAIL

Close havled (saling upwind), beam
reach (across the wind) and broad reach
{downwind) are called points of sail

STARBOARD TACK PORT TACK

Whether you are salling close
hauled, reaching, or on a run the
wind will be blowing over one side

of the boat or the other. If the wind is
blowing over the starboard side, you
are salling on starboard tack. If the
wind is blowing over the port side,
you are salling on port tack. Knowing
which tack you are sailing is important
for avoiding collisions.

' 15
from Basi Cruising (U.S. Sailing Association)
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PART 1

HEADING UP AND BEARING AWAY

Whenever a boat tums to change direction, it is also
tumning relative to the wind—either heading up (toward)
or bearing away (away) from the wind.

There are two key polnts to remember: ,

» To tum the boat, metllerlspushedorpdledmm
opposttedwechonhatyouwantmeboathmm

» Whenevqaboatdnangesdlrecﬁm,baﬂmnmaml
and jib should be shestedin or out accordingly.

_»" Heading Up
s This boat Is changing direction
from sailing across the wind to
salling upwind by heading up.
» The heimsman pushes the tiller
toward the boom.
» The crew trim In the sails all the
way (close-hauled position).

Steering

¥ When a boat sails forward
through the water, moving the
tiller to port tums the boat to

} When a boat salls forward
through the water, moving the
tiller to starboard tums the boat

16

This boat has headed up
into the No-Go Zone, and
has not sheeted in the
salls. The salis are flapping
and have lost their power,
s0 the boat will coast to a
stop. Heading up into the
No-Go Zone Is often used
to stop a boat, often in
preparation of docking or

picking up a mooring. . PR

-
-

SAILING CONCEPTS

Bearing Away

This boat is changing direction

from sailing across the wind

to salling downwind by

bearing away.

3> The helmsman pulls the tiller
away from the boom.

%> The crew ease out the salls
almost all the way.

NO-GO ZONE

17
from Basi Cruising (U.S. Sailing Association)

Georg.Hoffstaetter@Cornell.edu

PHYS 1205 Physics of Sailing

Fall semester 2024



PART 1

TACKING 'NO-GO'ZONE
A sailboat cannot sail directly into the <
wind. To make progress toward the
wind it must sail a zig-zag courss,
much as you would use a series of
angular switch-backs to reach the
top of a steep hill. When a sallboat
switches from a “zig” to a “zag,” it
called a tack. A tack or tacking is
tuming the bow of a boat through the
wind from one side of the

No-Go Zone to the other. When a
boat crosses the No-Go Zone, the
sails will also cross the boat.

v NO-GO:ZONE

NO-GO ZONE

At the beginning of the tack @,
the sailors are sailing close-
hauled with the wind coming
over the port side of the boat.
In the middle of the tack @, the
boat crosses the wind and
No-Go Zone, and the sails o
lose all thelr power, In the final ’
patrt of the tack @), their boat V4
is again picking up speed, this s
time with the wind coming over /
starboard side of the boat. The s
boat’s direction changed 4

about 90 degrees. P2

Boat Is on right side of
No-Go Zone

18

SAILING CONCEPTS

TACKING FROM REACH
TO REACH

Tacking doesn’t only happen when you
are trying to sail toward the wind. Any

¥ time you switch the wind from one side
of the boat to the other by sailing through
the No-Go Zone, you are performing a
tack. In the sequence to the left, the boat
is reaching with the wind coming over the
port side €), then sailing through the
No-Go Zone @), and finally reaching with
the wind coming over the starboard

side ©.

GETTING OUT OF IRONS

At some point while you are learning to salil, you
will tack the boat too slowly through the wind
and get stuck in the No-Go Zone. You are now
in irons. The sails are luffing, the boat slows to a
stop, and the rudder no longer steers the boat.
It's a helpless feeling, but easily correctable.

Here's how:

© Sheet in one of the jib sheetsTin'this case
the one on the port side) until the wind blowing
over the bow makes the sail billow back toward
you. This will push the boat backward and also

IN IRONS

The boat is pointed directly
into the wind, both salls are
luffing, the boat has come to
a dead stop, and the rudder

push the bow off to one side. When the boat d ot work si
starts to move backward, move the tiller in the h::st: b:';’lgv::\r::ast“ti:;o
same direction as the bow is tuming (in this steer the boat.

case to the starboard side) to help the boat tum
more quickly. When the wind is coming over
the side of the boat @, release the jib sheet and
trim it in on the other side. Then straighten the
tiller, sheet in the mainsalil,
and off you gol

-

19
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Parts of the Boat

PART 1

JIBING

Another basic maneuver in sailing is
the jibe. Like a tack, a jibeis a change
in boat direction through the wind with
the salls crossing from one side of the
boat to the other. During a tack, you
steer the bow through the wind (No-Go
Zone). During a jibe, the wind crosses
over the back of the stem.

At the beginning of the jibe @,

the sails are let out almost all the

way with the wind coming over

the starboard side of the boat. In
Jhe middie of the jive @, the stem

of the boat crosses the wind and

the sail swings over from one side

1o the other. A key to controlling

the mainsall before It crosses over

during a jibe is to sheet it in to the

center of the boat before the stern

crosses the wind. After the boom

flops over, the mainshest is let out

quickly. Remember:

KEEP YOUR HEAD

LOW AS THE BOOM

SWINGS OVER!

In the final part of the jibe

@, the tiller is straightened

and the malnsall Is let back

out almost all the way. The boat

continues on with the wind coming

over the port side of the boat.

NOTE: A “controlled” jibe helps minimize the
speed of the boom crossing over. But in an

the cockpit quickly as the sall swings from
one side to the other. An uncontrolled or
accidantal Jibe (see opposite page) should
be avoided.

20

SAILING CONCEPTS

DANGEROUS UNCONTROLLED JIBES! i
The boat in this illustration is going through

uncontrolied Jibe, the boom can whip across

an uncontrolled jibe, forgetting sheet in the Tuming Away
mainsail. The force of the boom rapidly From the Wind
swinging across the cockpit can break rigging Boat begins the jibe
or hit a crew member. In illustrations @) and by bearing away.
© it is still possible to avoid the uncontrolied
jibe if the helmsman heads up to the original
course in illustration ).
The key thing to do if the
uncontrolled jibe occurs
@) is to quickly duck
under the boom’s path.
The alert sailor should shout
out a waming, “Duck!”
(2
Dead Downwind
Wind is directly behind the stem,
and the jib is imp and starts to
cross the boat. These are the Salling by the Lee
warning signs of an impending jibe. The stemn has:
The mainsail has not been sheeted crossed through
in to the middle of the poat. the wind, the jib has
To prevent the jibe from happening, ;m'i:l:ﬁ:::ut
head up, moving the .tliller towarfls with the wind start-
the boom until the jib fills again. ing to curl around
its backside. The
boat is salling by
the lee, with the
wind crossing the
leeward side first.

Everyone has an uncontrolled jibe sooner or
later. Once the sall starts to cross the boat, ___
ducking under the boom Is the greatest A=
priority. Next, steer the boat straight ahead to R
prevent it from tuming suddenly In a round up. /

21
from Basi Cruising (U.S. Sailing Association)
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PART 1

GETTING THERE AND
RETURNING

Now, let’s put everything you
just leamed together by sailing
upwind, across the wind and
downwind. Let's start by sailing- , -
upwind to a buoy with a series
of tacks. Then, we'll sail across
the wind on a reach to another
buoy. After rounding the second
buoy, we'll sail downwind

using a series of jibes. Tacks
are usually made at 90 degree
angles. Jibes are usually made
at much smaller angles.

s

Salling Upwind

» Wind coming over the bow of boat.

» Sails are sheeted in all the way.

»» Helmsman steers boat toward the
wind as much as possible.

»» Boat may sail a serles of tacks to
reach a destination.

Tip: Saling upwind is also called beating
to windward, or beating.

Wind is blowing over
port front of boat. Boat is
sailing on port tack.

22

—__—-————__.
-

Wind is blowing over
starboard front of :
boat. Boat is sailing

on starboard tack.

_a

Wind is blowing over
port side of boat.
Boat is sailing on
port tack.

Salling Across the Wind
% Wind coming over side
of boat.
» Salls sheeted out halfway.
» Helmsman steers boat
directly toward destination.
» Boat sailing at its best
speed.

Tip: Salling across the wind is

also called reaching. 4

/
!
]
;l
»\
4\
\

Wind blowing over back of
boat on gort'side. Boat is

salling on port tack.  /

Wind is blowing over
starboard side of
boat. Boat is salling on
starboard tack.

from Basi Cruising (U.S. Sailing Association)

SAILING CONCEPTS

—— e ——————
-
-~

~
j /—//—’\M \\3'
& \
NE §
]
7
U4
U
/
W/{ Wind is blowing over
L2/ back of boat on star-
g board side. Boat is sailing
Q2L on starboard tack.
)
Salling Dovmwind
» Wind coming over stem
of boat.
» Salls shested all the

way out.
»» Boat sailing level. -

23
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The Apparent Wind

On a close reach, the angle of the apparent wind v to the boat velocity v, is less
than the angle of the true wind v,, to the boat velocity.

=>» After a turn, the direction of the apparent wind therefore changes, even if the
true wind does not change.

True wind: v,,cos(y,,) in direction of the boat,v,,sin(y,,) perpendicular to it.
Apparent wind: v + v,,cos(y,,) in direction of the boat,v,,sin(y,,) perpendicular.

Boat velocit
Y Components of the wind

velocity w.r.t. the boat direction:

Uy €0S(Yw)

Anstromungs-
richtung Luft

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024
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Tiller extension

Leech Boomvang

Luff _
Block
Winch

Clew

Compass

Fill out the lines and explain

Ina v,, = 10kn north wind you sail to the north-north-
west (y,, = 45°) from the north with v, = 7kn.

What is your apparent speed and from which
direction does it come? (a diagram may help)

Are you on starboard or port tack?

If you turn to the other tack (also 459) from north,
how does the apparent wind change?

» Physics of Sailing Fall semester 2024



Sailing on a river, against the wind

Two friends have a competition of sailing down a swift river.

Friend A records their time after struggling against a strong wind against
them.

By the time friend B sails down the river, the wind has completely died
down and they can just let themselves drift to the finish line.

Surprised, B realizes that they lost the race. How come?

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Around 4000BC:
1stimage of a sail, Egyptian vase in Luxor

Around 3000-2000BC:
Images of auxiliary sails, Egyptian

!
s

,3 T
% “Z SR A R e 977 LN

D642 " % -
v ta

Around 2000-1000BC: Phoenician open sea sailboats

600BC: Phoenicians are reported to have sailed around Africa under
Pharaoh Necho Il (about 2000year before Vasco da Gama)

1000AC: Vikings sail to North America (about 500 years before
Columbus)
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History of Different Sails: square sails

Early Egyptian and north European used
square sails: good for broad reach, | rrerf
e.g. in the trait winds. 7

A
-/’.
N

\

.\_ A
M N _.‘ \l
,v‘ \ A 4
WS sl Bl
~ == L BN ) ¥4
- ,.‘-A?':gr‘:.-c emm—
. — o~ » ——
A = q —><
: -‘ . -

/«*’ o J;‘

1600s AC, Atlantic and India trait Tea Chpper late 1800s AC
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Trait winds

Hot air at the equator rises and pulls
wind in from the north and south. =
Wind toward the equator

The risen wind pushes north and south
and sinks when it has cooled enough. 3.

Cold air at the poles sinks = winds away «—_Polar Cell
from the pole

The thickness of the atmosphere (9 /
produces 6 cells of circulation.
This would produce winds in
north-south directions, if it were
not for the Coriolis Force.

Note: The east-west direction of
global winds does not come from the
earth rotating under the atmosphere!

Hadley
Cell

Intertropical Convergence Zone
\ \ o NI /J

\Westéxes \

%4
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The Coriolis Force producing Trait Winds

In a pirouette an ice skater rotates faster when pulling the arms
into the axis of rotation.

They rotate slower when lifting the arms sideways, away from
the rotation axis.

The Earth rotates to the east. 3.
Wind that flows toward the poles

moves closer to the rotation axis
and therefore rotates faster, i.e. (
toward the east.

Wind that flows away from th
poles moves away from the

rotation axis and therefore
rotates slower, i.e. towards th

west.

Polar Cell

E
Ferrel Cell

Q> z.

Hadley
Cell

Polar Front

/0 [ [ [\

Horse Latitudes

./ / /.

Intertropical Convergence Zone
\ \ o NI /J

West
NY latitude is good to sail from \ > Akes \

America to Europe. %&
Caribbean latitude is good to go <S5

from Europe to America.
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- /)'
Hurricanes
4\ \
— — '\
\ -J ( L‘Cyclones)
> " _ T Leeuwm
Cape Of Westerlies
CapeHorn — Good Hope T ey
Cape Horn Bottom of a Hurricanes rotate P/
Cape of Good Hope hurricane: counterclockwise &

Cape Leeuwin J \ Cyclones rotate
All have preferred winds from the west. clockwise.
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Why do pirouettes turn faster with closed arms?

Explanation 1: Energy conservation
Pulling arms in against their centrifugal force needs energy.

This energy must go somewhere and the only place it can go
is into faster rotation.

Remaining question: Where does the centrifugal force come
from, and why is energy conserved?

Newton’s Laws:
ET

Masses move in a straight line except if forces act on them.

A force is equal to the mass times the acceleration it produces.

P _ Av
= ma=m At
When to objects interact, they experience forces that are equal, but

opposite in reaction.
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Newton’s Law:
Masses move in a straight line except if forces act on them.

A force F is needed to make the N
mass curve away from a straight \
line. \

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing

Fall semester 2024



Energy conservation

A force moving an object by a small distance As changes its velocity by a a small

amount Av.
: . F
Acceleration a = i—: and velocity v = i—i. —.‘
F=m- i—: =>» Objects with more mass m are harder to move. v g
This can be used to compute how much the velocity is change by the force:
F F At F
Av=—-At=—-—-As = AR
m m As m-v

There is a quantity that does not change, the energy

1
AEzA(Em-vz—F-s)zo

The energy part due to velocity is the kinetic energy: Ey;, = %m - p?

Distance times force pushed is the potential energy: AE,,c = —F - As

AE = AEy;, + AE —imovE—im. Z—F-A _1 (i —vi)—F-A
= kin pot—zm (47 Zm Vg S—2m (47 Vg S

U2+v1
m 5 -(vz—vl)—F-AS=m-v-Av—F-As
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Early Egyptian and north European used
square sails: good for broad reach, /1 e
e.g. in the trait winds. 7

A
-/’.
N

\

N ‘I 5 s
N A

- e LONE B e
e
_ 2, o —~ - o -
= = 'y-—)-‘( o b - w{

- _g— T - -, e
4 ; .4 — T S - "
- 3 ,( - o . -

e
Tea Clipper, late 18003 AC
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Cornell University Homework 2

Which knot should you use to tighten a boat to a dock?

If a sink were perfectly round, filled with water at rest.
In which direction would the draining water rotate in the northern hemisphere?
What is the name of the force that would be responsible for this rotation?
Does water from your sink always rotate in that direction?

The draining water builds a funnel. What is the name of the force that presses
water to the sloped wall of that funnel?

The funnel gets narrower at the bottom. Does the water rotate faster or slower
there, explain.

The Suez Canal was finished in 1869, the Panama Canal in 1914. If you had sailed
around the world before the WW1, would you have preferred a westward or eastward
direction. Today, would you prefer an eastward or westward direction. Explain your
choices.

Explain why tall ship trading vessels often had square sails, but today’s yachts rarely do.

If a sailboat crosses a straight river of 6mi width with a velocity of 10mi/h at an
angle of 30° to a perpendicular crossing, how long will it take? How long will it
take if you tack in the middle and continue with an angle of 15°. Make a sketch
and show where you use trigonometric functions.
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History of Different Sails: fore-aft-sails

Arab region, later dominant in the Mediterranean: Lateen sails, i.e. fore-and-aft sails.
a) b) c) d) e)

\
/7 V! (ﬁ |
/ﬁl\/\F\\ \

Other fore-and-aft sails:
a) Lateen sail, (b) Sprit sail, (c) Gaff sail, (d) Lug sail, (e) Bermuda sail
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Early 1400s AC: Ming Dynasty reaches the Red Sea with 100s of sailboats.
Sail type: Junk sail

rigging (shrouds, fore or backstay) as mast is supported by the sail.

Pacific (Indonesian) migration: 3500BC to 1000BC

Type sailing canoes, often with two hulls, bidirectional with 1800 sail rotation. Reported by
Roman writers to have reach the Red Sea.
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Early Rudders:
Mediterranean, rudders on both sides.

’

Norther Eur(;pan, one rudder on the right, the starbérd side, leaving the port side for
docking at port.

Around 1000AC: Invention of central rudder
with firm connection to the bow
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R = g

Commercial long-distance sailing diminished in the late 1800s AC:
1890: 41% of tons were transported by sail. 1902-1910
1914: 7.5% of tons were transported by sail.
1937: 1.5% of tons were transported by sail.
1,6
14 -
1,2
1.0 - Steam ships
_ 087
S 06 -
=
04 -
021NN JON o/ Sailing ships
0,0 y— - e
1860 1870 1880 1890 1900 1910 Thomas W.
Newy built ships in Great Brittain Sai”ng Ship’ On|y 7-mast schooner.

Larson, largest pure
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Sporadically new ideas get tested for commercial sailing, e.g. the large glider support up to
1200ft helght prowdlng up to 2000kW or Flettner rotots using the Magnus effect.

1 v powered-
:-~o ntl/index.html

hitps:/leh.wikip8diasorg/iki/Sky Sails
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Transition to pleasure and sport sailing

For sport and pleasure sailing, smaller boats are used, one or two masts, focusing on
speed and comfort, rather than volume.

The term, yacht, originates
from the Dutch word jacht,
which means "hunt", and
originally referred to light, fast
sailing vessels that the Dutch
Republic navy used to pursue
pirates and other transgressors
around and into the shallow
waters of the Low Countries.
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For sport and pleasure sailing, smaller boats are used, one or two masts, focusing on
speed and comfort, rather than volume. Original strategy: low weight, deep keel, large sail!

4‘1 i z

=t | e e
= . 4 :ﬁ;

A -

' Herreshoff Westward 1910
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Speed records are now held by multi hulls and foiling boats, to above to 60 knots.
(Commercial displacement boat usually about 10 knots, record was 22knots)

TS ‘ :
- - : - A ® =
< 4 -',",-A . -~ v
3

,,,,,,
i gL

0y -
et . ‘
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\.UNIé~
o 2

A&} Aerodynamics and Hydrodynamics

America cup 2024 — more than 50 knots

American Magic
https://youtu.be/n0JFEL1rVBs

Note: Ice sailing can be even (much)
faster, record 124kn ! (already 1938)
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Speed on a sailboat — the Knot

Boat speeds are measured in knots.

1 knot (1kn) = 1 nautical mile / hour [1 7%]

1 nmi is the length of one arc-minute on the equator = 1852m = 1.151mi
(1852m = 40,003,200m / 360 / 60)

North Pole
1852 m

1°/60
<

)
$
S
)
~ 90°

Equator

Old definition of one meter:

10,000,000t part from the north pole to the
equator, on a circle through Paris.
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1@} Distances Sailed

Q =
QD A2

24h records: For a Tea Clipper a good “Day’s run” was 200 nautical miles.
The record day’s run was 465 nautical miles (1854).
Today’s 24h distance record = 908 nautical miles (trimaran, average 38kn)

( )

Trans Atlantic records

19th century trans Atlantic trait: 3-4 weeks.

Record 12 days (1905, 3-mast Atlantik) held until 1980.

Today: 3day 15 h (2009)

Note: the Steam ship record (the blue ribbon) is 3days 12h (1952)

Around the world records
Tea Clipper: around 130 days (subtracting times for loading)
Today: 40days 23h (trimaran, 2017)
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Velocity Made Good (VMG)

Global trait ships were optimized for the trait winds (from stern).
For races, the speed against the wind is important.

Velocity Made Good is the component of the velocity against the wind.

True True For a square-sail rigged clipper, a
Wind Wind . 0
Direction Direction good upwind angle was 67.5°.
el VMG = 38% of boat velocity
i 7
UP BoatSpeed
WIND 5.8 Knots Modern yacht reaches about 400,
ik L — o 1
el o VG-D VMG = 77% of boat velocity
Knots Knots
- e Boat Speed
wagéﬁgue wino  \ 4O Today’s top performers have VMG
. \ of nearly 2 times the wind speed

(against the wind!).
VMG = velocity - cos® |
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The Portuguese man’o war

The sail, and the keel act like
bird wings !

A Portuguese man’o war
has a sail as body part.
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Cornell University Homework 3

Which knot should you use to attach a rope that you
might need to release after it has been tightened by
large tension?

What sail type does this historic boat from Brittany
have?
What is its boat type?

What are advantages of Junk sails? Check web to
find advantages beyond those mentioned in class.

For what purpose did square-rigged ships have a
fore-aft spanker sail?

How many nautical miles is the equator long?

If you sail with 10kn close howled with 450 to the

wind, what is you VMG? If you angle is ¢, what is

your VMG?

If you sail along the equator for 2700nmi and then make a right angle to the
north and sail 5400nmi. What is the shortest distance on the earth’s surface to
your starting point?

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Cornell University Homework 4

What sail types can you identify in this mid 17t century palntlng from Slmon
de Vlieger? — S ‘
If H is the mast height,
equal to the length of
your main halyard and
you measure AH some
distance W behind the
mast, how can you
calculate the mast
height?

You pull over the mast
and measure H, L, and
D. Derive a formula that
calculates the angle 6.

Derive a formula for the - B0 '
angle ¢. \r;sa_ "

&
If your speed is v, the angle to the apparent wind is y, give s aentwind: »
a formula for the true wind speed v,,.

|

Water speed: —v;, T —»

——
T —r

...............

True wind: Yw
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Measure the torque as a function of angle
T=F-sin() =m-g-GM -sin(¢)

Determine the angle 6.

> = H?+1?2-D?%-h?

L—H = De, + hé, & cos(h) =

2‘H-L
Determine the angle ¢.
. __DH-DL cos(6)—h Lsin(8) N
sin(@) = D2+h?2 ¢

> m-GM and ¢.

Measure the force for many e
. — ' aG. 2B -
different L and compute m - GM \ |

and ¢ each time. Plot m - GM L+ /
against ¢. '
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https://forecast.predictwind.com/tracking/display/Dolcenea/
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ts.

Forces from the air

Direction of water
flow against the boat

-
-
-
-
-
o
.
-
-
-
»
4
.
-
-
-
-
»
L
..
-

———— o

o —

Ly

Direction air flow against
the boat (apparent wind)
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a) Force diagram: Velocities relative to the boat

Boat velocity: Vg

..........

True wind: Vw

Angle between true wind
and boat velocity: y,,

Angle between apparent
Apparent wind: v wind and boat velocity: y
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The wind and apparent wind projected onto the heeling surface of the

boat have a smaller angle to the boat direction, as if the boat was closer
hauled.

=» Disadvantage: A heeling boat can go less close to the wind.
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Vg

\ Boat velocity
o"' vw ' . v "'. b
| /\.E c
Ve

| Especially in ice sailing, the wind can appear from the front, even it truly is from behind. _
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True wind

The wind appears to come from significantly different directions “b
when turning the boat.

The wind appears to increase, causing larger boat speeds. Often
the increased boat speed only increased the apparent wind,
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b) Force diagram: Orientation of the boat

Angle between
apparent wind and
sail (boom): a

Angle between boat axis
These are the angles when looking perpendicular down and boat velocity: g

on the deck, which is not necessarily parallel to the
water surface, because the boat heels by an angle 6.
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D4

Glide angle: €y

tan(ey) = Ly /Dy

L,, Ry

The total force can be decomposed into sums
of two perpendicular vectors, relative to the
boat velocity:

With Dy = drag force,Ly = lift force.

Total force from
M the water: Ry
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T, Ra
Glide angle: €,

tan(ey) = La/Dy

D, = drag force

Glide direction through air

Gravitational force on
the airplane

}
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the air: R,

Total force from

The total force can be decomposed into sums of
two perpendicular vectors.

Ra

Relative to the boat velocity: R, = F, + S,
with F, = forward, S, = sideways.

Relative to the apparentwind : R, = D, + L4
with D, = drag force, S, = Lift force.

Glide angle: €,

Which angel is 47

.0....
.0.00.0.'.... es
e
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Direction of water

Direction of
apparent wind

. The total force R, from
the air and the total force

current

Ry from the water must

be exactly opposite:
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Starting to gain speed:

After acceleration in beam reach:

Ice sailing:
Ice friction Dy = 0.
Total hull force Ry = Ly 1 to skis

Apparent wind direction from L,/D,.

Vi

Airplane gliding: s R ;ﬁlﬂlﬂ-‘-

In optimized gliders 2 ~ 50 » ¢ ~ 1°
A
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Sailing strategy

Chose a course =2 y,,

Choose an angle of the sail to the apparent wind = «
It will take a while until equilibrium is reached.

At equilibrium = L,&D, of the sail = S,&F, = v&f

After equilibrium has been established, the velocity in the chosen
direction is only a function of the sail angle a. One usually wants to
fined the a that makes v the largest.

Several challenges remain:
Choose the best course to reach the final goal.
Establish the equilibrium for maximum v as quickly as possible.

Change other available sail properties that increase the
maximum v.

Leech tension (via Boom Vang)

Luff tension (via Cunnjngham)

Mast bending (via bactstay tension)
Changing sails
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square salil

Square rigged Lateen rigged Sprit rigged  Gaff rigged Lug rigged Bermuda rigged
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Different Types of Boats: The Hull

HULL-BASED CLASSIFICATION

J |

4 — Multi-Hull Crafts q

R

MONOHULLS CATAMARANS TRIMARANS
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Cat: one foreword mast, no jib
Sloop: one center mast, one jib
Cutter: one center mast, two jibs

Two masts:

Yawl: Smaller, aftmost mast
behind rudder post

Ketch: Smaller, aftmost mast
before rudder post

Schooner: Largest mast aftmost

gaff cutter

fisherman
staysail </

gaff schooner staysail schooner

cutter

wishbone ketch
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Different Types

of Tall Ships

Ship = Full-rigged ship, all square
sails + a fore-aft spanker

Brig = 2-mast full-rigged ship

Barque: only aftmost mast
(mizzen) is fore-aft rigged

.. antine: only foremast is square
rigged

Schooner: all fore-aft rigged, no
mast higher than the second

Freedom: uncommon, without
standing rigging

Georg.Hoffstaetter@Cornell.edu

Full-rigged Ship

3 Masted Barque

m

Brigantine

Barquentine

£ 4
m

4 Masted Barque

178

3 Masted Schooner

4 Masted Schooner

h &

Bermudian Schooner

A

Sloop

3 Masted Staysail Schooner

AA
\/

Bermudian Ketch

Gaff Cutter

u

Freedom

2 Masted Topsail Schooner

A

Bermudian Yawl

1y

Gaff Ketch

.

Caravelle

2024



BILGE KEEL CENTERBOARD KEEL WING KEEL
(good for beaching) (low draft, remove downwind)

BULB KEEL FIN KEEL DRACGERBOARD KEEL
(remove downwind)

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Cornell University Homework 5

What hull type is shown?

What boat type is shown,
what type of rigging does it
have?

What boat type is shown?

What kind of keel do these
boats have? |
T (-

-

NS 2 = X =

How large is the forward force on the sail of an ice sailor at constant velocity.

If the drag force on a hull is Dy = 10Newton, and the lift in the water is Ly =
100Newton. What is the total force on the hull? How large is the forward force
F, of the sail? If the apparent wind angle is y = 45°, what is the lift L, of the sail?
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»‘\N'\sting P
ot"
[
®
4&'
/

Righting torque No righting torque =S
Celtic torque
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Torque around the vertical axis.

Forces on the hull (including the rudder) Ly
are act further aft that the forces on the
sail.

The forces on the sail act further
A in the lee, the more open the sail
is and the more the boat heels.
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Put the Hydrodynamic Center Cy behind

the Center of Sail Cs.

This distance is called "Lead” AL
(usually 5-10% of boat length)

Upright boat

.
“

*
*
*
*
*
*
*
*
*
*
.
*
*
*
*
*
*
*
*
*
“
*

Center of Sail
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Torque around the vertical axis.

The forces on the sail act further in the lee, the
more the boat heels.

However, increased lateral forces Ly and
can partially balance out the torque.

If the outward shift of The Center of Sail Cs is
more than required for compensation, the boat
pulls windward, i.e., it has Weather Helm.

If it heels less, the boat has Lee Helm.

Heeling boat
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The keel and the rudder produce lift: Ly = Ly ¢ + Ly g

Weather helm tries to turns the boat windward

Increased lift on the rudder, and decreased lift on the keel

shifts C, backward. =» torques are balanced again!
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The Broach: when steering is not enough

When the torque becomes so large that one cannot correct by rudder:
(a) the torque from the heeling sail is too large,
(b) the heeled rudder produces too little lift.
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Observation on Flotation

The Center of Gravity wants
to go down

Center of Buoyancy wants to

The Center of Buoyancy is the
Center of Gravity of the displaced
water.

go up.

A
———

Center of Gravity

Force of Gravity

Force of Gravity on
the displaced water

-+ Center of Buoyancy
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indefinitely? Explain why not.

A boat of 100kg rests in port. How large is its buoyancy
force?

A boat rests upright port. Explain why the center of B
gravity and the center of buoyancy lie on a vertical line. &= =&
Is the center of buoyancy above or below the center of
gravity?

A boat heels while sailing uniformly under strong winds. Do center of gravity
and center of buoyancy still lie on a vertical line? ;

A catamaran rests in port, where
approximately is its center of buoyancy?

You are on starboard tack sailing in a straight line. If you now steer to port, is the
hydrodynamic center moving forward or backward? If you steer to starboard,
how does the hydrodynamic center then move?
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Center of Gravity
Center of Buoyancy

For a perfectly round cylinder, the Center of Buoyancy does not
depend on rotation by ¢.

If the Center of Gravity is in the middle, the log can rotate freely.
If the Center of Gravity is below the middle, it goes up under rotation.
The Center of Gravity is then pulled down to is lowest point.

The Center of Gravity will then be exactly above or below the center of

buoyancy to counteract the gravitational force.
Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024




Righting of a Tilted Boat, box model

Torque around the longitudinal axis

Box
e Weerine
T

Center of Gravity
Center of Buoyancy
The height of the Center of Gravity does not depend on rotation ¢.
The Center of Buoyancy moves under rotation, mostly sideways.
The Center of Buoyancy is then pushed up, restoring the boat’s angle.

The Center of Gravity will then be exactly above or below the center of
buoyancy to counteract the gravitational force.
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Righting of a Tilted Boat

Torque around the longitudinal axis

Buoyancy
Boat ‘

¢
The height of the Center of Gravity
generally changes with angle ¢.
The Center of Buoyancy generally .
changes with angle. .
The boat is twisted in the direction \ BO
where the height of G-B decreases. s
At equilibrium, these centers are .
exactly above each other to ' G - B-
counteract the gravitational force. re
' Bo: B of upright boat
Gravity
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The Metacenter — Center of Oscillation

Torque around the longitudinal axis

Righting torque: x, - F;

Arm of righting = GMSln(q))
torque: - lSJ Sa

Buoyancy force Fg

Metacentric ‘
height GM y M : Metacenter
p
B A
T ;B
Ly} g
‘‘‘‘‘‘‘‘ ’
G : Center of Gravity
B B : Center of Buoyancy

Gravitational force | Fg |
B,: B for upright boat
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Determination of Shift in Buoyency

G: Center of Gravity is the average position of all masses of the boat.
Bo: Center of Buoyancy is the average position of all displaced water.

How much does B change when
the boat heels?

| g

| XQ - . - W: Water line of the heeling boat
¢ o ') ya 7 -
J WLO: Water line of the upright boat
S R

The displaced water mass X(m)
shifts Buoyancy by

n ‘ ! I ‘ —_—

| ByB = 2 - average x of the triangles
width W | | ) 2(Am - x) Lenath - Wsi Vol
— o< .
5 (Am) eng sin(¢@)/Volume

Often written as ByB = I7-"sin(c/b)
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Determination of the Metacentric Height

Often written as. ByB = IVlsin(qb)

Note: V :the vblume of the displaced water
Iy : surface moment of inertia of the water-line surface

. M ) - .
. BD BoB= By Msin(¢)

\. G-_‘ B- > BoM =2

Conclusion:

BoM is determined by analyzing the water line.
G B, is determined by analyzing the upright boat.
=>» Metacentric Height GM = ByM + B,G

’
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Conclusion:

Wider Boats have
much better lateral
stability.

7‘," If L and V are constant.
BaM = X
/ 0 |4

I

<
V

L-w3
WZ

'.. BD A -"...mocW

M B,G ~ unchanged

Component of righting torque:

Ty = BoM - F, < W3

Metacentric Height GM = ByM + B,G

Georg.Hoffstaetter@Cornell.edu
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Conclusion:
Larger Boats have

better lateral B -~ \
stability. D ¢ |

\ rG 8. BoG o size

VY

X Size

Metacentric Height GM = ByM + B,G « size

I | Righting torque: T = x, - F; « size*

Georg.Hoffstaetter@Cornell.edu
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Arm of righting torque x, [m]

16
14
1,2
1.0
08
06
0.4
0,2
0,0
-0,2
0.4
-0,6

------ With sailors in hiking out in a trapeze

N\ Catamaran
- Reeling inters the water

- Cabin enters the water

**
+*
“
\d

“
*
*
**
*

Contessa 32

Point of capsize
when the arm

becomes negative
v T ro—— T

0 20 40 60 80 100 120 140 160 180
Heeling angle [degrees] | ¢
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There is already a righting arm, even
for the not heeling boat.

At small angles, the righting arm
changes little.
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With small angles the righting arm hardly
changes letting catamarans fell less smooth.

Arm of righting torque x, [m]

- o e =
o N & O
A 1

_;’

© o
s O
2

I
1 !
!

N

N, Catafaran

N

Dinghy

YD-40

| °

Contessa 32

an AN an on ann 41N 44N aon 40n

Heeling angle [degrees]
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Buoyancy.

Catamarans and Dinghy’s are form stable.

Form Stability: Center of Buoyancy moves down
because the flat boat shape (not because the keel

moves by an angle ¢).

Center of Gravity is usually above Center of

s ¥

S
F'S

Arm of righting tor

<
o

20 40 60 80 100 120 140 160 180
heeling angle [degrees]

o
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N\ Catamaran

.
.
*
*
*
“
*

------ With sailors in hiking out in a trapeze

Reeling inters the water
‘‘‘‘‘ Cabin enters the water

For real boats the
metacenter is changing
with angle. E.g.,

because the water line Y Y T T

width changes and 60 80 100 120
BM o W3. Heeling angle [degrees]

140

¢

160 180
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Stability for Center of
Gravity above or below
Center of Buoyancy.

Arm of righting torque x, [m]

0.‘
.0
" o
L -sin *
*
.0
. . K
L] L] *
. . ot
[ ] L] *
*

‘ .i. Center of
i » Gravity

Waterline

Center of Buoyancy

L L

20 40 60 80 100 120 140 160 180
Heeling angle [degrees] 0)
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GM decreases a little
with ¢.

For stability, G cannot
be much above B.
This example would
be unstable!

»
/
I

/

\
Catamaran

Dinghy

Arm of righting torque x, [m]

e
G
~
-
.
«
o
~
G
.
..
.,

Waterline
: Center of Buoyancy

. /= Center of Gravity

0 60
Heeling angle [degrees]

L)

80
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Weight Stability: Center of Buoyancy move

because the weight is lifted by the angle ¢.

Center of Gravity is usually below Center of
Buoyancy.

Keel boats are weight stable.

Can hardly capsize =

—> Reeling inters the water

Cabin enter
the water

O 10

Contessa

0 20 40 60 80 100 120 140 160 180

Heeling angle [degrees]
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—»> Reeling inters the water

No kink because

there is no cabin
I

Weight Stability: Center of Buoyancy moves

Contessa 32

because the weight is lifted by the angle ¢. ;
Center of Gravity is usually below Center of o W

Buoyancy. 0 20 40 60

80 100 120 140 160 180

Keel boats are weight stable. heeling angle [degrees]
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Cornell University Homework 7

A perfectly symmetric, uniformly filled cylinder swims in water. l;;
Where is its center of gravity G?
|s its center of buoyancy B, above or below its center of gravity?

When the cylinder rotates, how do center of gravity and center of
buoyancy B change?

A metal wire is glued along one side of the cylinder, how does this change
the center of gravity? How will it change the center of buoyancy?

Where is the metacenter M? What is the metacentric
height GM?

A perfectly symmetric uniformly filled rectangular box of height §
b swims to 2/3 submerged in water.

Where is its center of gravity G and the center of buoyancy B,?

When the box rotates along its longest axis c, which is horizontal, how do
center of gravity and center of buoyancy change?

If the center of buoyancy moves horizontally by B,B = AB when the box
rotates by an angle ¢, where is the metacenter, and what is the metacentric
height?
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Swing Keels to increase the Metacentric Height

Advanced racing boat, e.g., of the Open 60 class have keels that can be canted laterally to
move the center of gravity further away from the center of buoyancy.

Additionally, they can add water ballast the flows to the deep part of the boat to further move
the center of buoyancy.

CENTRED KEEL NO BALLAST CANTED KEEL NO BALLAST CANTED KEEL BALLASTED

1537 2145mm

2225mm
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Derivation of Formulas

Measure the torque as a function of angle
T=H-F-sin(f) =m-g-GM -sin(¢)
Determine the angle 6 = T

> = H?+1?2-D?%-h?

L—H = De, + hé, & cos(h) =

2-H-L
Determine the angle ¢.
. __DH-DL cos(6)—h Lsin(8) N
sin(¢) = D2+h?2 ¢
>GM=—01!
g m sin(¢) B
> ——

different L and compute m - GM

and ¢ each time. Plot m - GM '
against ¢.

e
Measure the force for many \ G B .
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Measure the torque as a function of angle
T=H-F-sin(f) =m-g-GM -sin(¢) H
Determine the angle 6.

- —

— - N —\ 2 — -2
L-H=D +h2>(L—H) =(D +h)
>H?>+4+1?—2-L-H-cosf = D? + h?

H*+L*-D?—h?
2-H-L

‘e
.
.
.
L4
L2
“
.
.
.
.
.
.
.
.
£ d
L2
“
.
.
.
‘e
.

cos(8) =

.
‘e

Determine the angle ¢.

Lsin(8) = Dcos¢p — hsing

Lcos(6) = H — Dsing — hcos¢
(a)-h+ () -D=>

; DH-DL cos(6)—h L sin(8)
sin(¢) = Y

e~

‘e
.
.
.
.
e
.
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Measuring the GM with different mass distributions

Measure GM and GM,, with and without a
person standing next to and holding onto
the mast.

Let the boat’s center of gravity (CoG) be a
distance y¢ above the deck.

A person of mass Am standing with its CoG
distance y above deck raises the CoG of the /

Am —
boat by — (y—yg) =GMy, —GM.
m+Am
Y6 =Y~ T am (GMo — GM)

Having (even many) sailors congregate a
distance y.; above deck will therefore not
diminish stability of the boat.
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Elliptical approximation of B,M

Measure the width W and length L of the waterline.

An Ellipse has the surface moment of inertia of I, = 614L W3

Note on the side: This comes from L = 2a, W = 2b,
3

2
Iy = [, x*dxdy = 2 p3 J {1- Y dy =2ab3 f:izz cos* pdp = Za b3 in
3 a 3 / 3 8

Use B M:I—VziL,WBPWater
0 v 64 m

Measure m GM and look up the weight m of the boat.

Use GM= ByM + GB, to check whether the Center of Gravity is above
or below the Center of Buoyancy, and check validity of the elliptical
model.
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Torque around the transverse axis

The Center of Buoyancy must be in front of
the Center of Gravity.

The longitudinal Metacentric Hight is

computed as GM. It is much larger than the
transverse one, because the surface
moment of inertia is much larger around the
transverse axis.

Typical longitudinal GM: several meter
Typical transverse GM: less than one meter

More wind pushes the bow deeper, moving the
hydrodynamic center forward = Weather helm.
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Resonant Longitudinal Oscillations (Pitching)

P - - s

e e i :

-_— = ot S —
CAN THE CAPTAINBECITEDFOR
a RECKLESS BOATING?
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A swing has a natural oscillation period. It is given by
Tswing = ZH\P Where g is the gravitational

acceleration of earth of g = 9.8 —.

Note 1: If a grand father’s clock has a pendulum of
1m length, it ticks back and forth every second,

because V9.8 =~ 7 t0 0.4%.

Note 2: One meter (3.3 feet) was initially defined by a
Frenchmen as 10,000t of the distance from north to
south pole, on the longitude going through France.

Note 3: A longitude is a circle on earth that includes
both poles.
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(&) Latitudes and Longitudes

Q =
QD A2

Latitudes (or Parallels) and Longitudes are used to define locations on
earth.

Latitudes go from 00 through Greenwich/UK to 1800 East and 1800 West.
Longitudes go from 09 on the equator to 180° South and 180° North.

LATITUDE LONGITUDE
T
horizontal y ; ' ve.rtical
lines e ‘ lines

é{ b -

Equator | B (longitude)
(latitude)

Prime Meridian

Y®UR
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Driven oscillations, e.g., of Pitch Rotations

When pushing a swing at its natural oscillation period, it reaches the
highest amplitude.

The pushing is then maximally out of phase with the velocity, i.e., the
strongest push happens when the velocity is 0, at the peak of the
swing. The largest velocity is 74 oscillation after the push.

Largest pitch speed

forwara Strongest rotation forward
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Problems with Pitch Oscillations

Unpleasant, albeit possibly exciting.
Periodic change of wind in the upper parts of the sall => slowdown
Breaking action by the waves =» slowdown |
Wear and tear on sails and rigging.
ar“rFa\
+£10° /
/ |
{ |t
.v“ l.
0‘l "
+10° / |
f A
* ; .h*’_———-—’
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When the time period of the pitching or
rolling is close to the waver period, the
oscillations are resonantly reinforced to
large amplitudes.
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Cornell University Homework 8

Start writing your experimental report for measuring the Metacentric Height by pulling
over the mast and measuring F(¢) by including the following sections:

Abstract: A short text that gives enough information to let the reader decide
whether they should be interested in the report. Include why the topic is
important, what you measure, and your result including its precision.

Introduction: A section that gives background material, e.g., what is the topic
important, where does it find application, how can relevant quantities be
measured and why do you use the presented method of measurement.

Measurement: Describe your method of measurement, derive relevant formulas
and present your data. Evaluate your data and present your result, including its
precision.

Conclusion: This summarizes your result and analyzes how the measurement
could be improved or what it could be used for in the future.

Acknowledgement: Thank people who have helped you, including funding.

References: A list of literature that you have used. Each item of the list has a
number, often in square brackets, e.g., [1]. And this number is placed in the text
where the literature has been used.

As Homework, hand in a draft report for which you will receive helpful suggestions.
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Frequency and stability

The righting torque T accelerators the angle ¢:
— d’¢
T=m-g-GM -sin(¢) = @effﬁ

Off: effective moment of inertia around the center of rotation, inc. moving water.

This leads to a swinging motion with the time period

Octr
Lswing = Zn\/ m - ge. GM

Long periods provide comfort and cause less damage
on mast and material. But too small GM is not stable. * Bp
For a 74 filled ellipsoid with W, length L, and draft D: 1B B 7

14m

— 12T - _T 3 ' G
m=_-— p WLD and@-lS.SpLDW \

N 2T f 114 W seconds
ving T 209 i Jom JGM Vmeters '

The fudge factor is often chosen to be f (s = 2. GM is required to be

sufficiently large. Commonly used is 0.9m, if not more precisely specified.
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Stability Check

Measure transverse
periods to determine

transverse GM (usually
around 1m).

Similarly measure

longitudinal GM (usually
several m).

Pulling the mast to an

angle measures m GM,

which can be compared to
(1) and (2) if the mass of

the boat is known.

Safety at Sea,Stability Check

HOW TO CHECK THE STABILITY

1. MINIMUM FREEBOARD
Minimum =200mm F = 17xLOA+700 (mm)

LOA = Length over all {in m B 2'3‘:”
F - 1~
1 £ i if

B is measured inside fenders

Measured with maximum losd on board

Georg.Hoffstaetter@Cornell.edu

2. MAXIMUM ROLLING PERIOD

The rolling period, measured in seconds, is an indication of the boats' stability. Comparing two boats
with the same beam, the one with the lower rolling period is more stable. The maximum rofiing
period acceptable for good stability Is dependent on the beam and the freeboard of the boat.
E is given in the table below.

ltis based on the formula: Tr = KxB

VvV GM
fwhere K = 0.8, Minimum GM = 0.60 + 0.05B — 0.25f)

(Ono complete rol when
the mast is back in
the same position

How to measure the rolling period

@ The fish-hold must be empty but the boat must carry a normal amount of fuel and freshwater.
The fishing gear and crew must be on deck. The boat must be away from the quay with the
mooring fines slack.

@ Start the boat rofing by making the crew run from side to side.

@ When the boat Is roling freely, stop the crew amidships quickly and start the stopwatch when
#e mast Is furthest to one side. Count five rofls and take the time. Divide this time by 5 to get
the time for one roll. Repeat the same procedure three times and calculate the average time for
~ne rofi. Measure freeboard = f (mm) and beam = B (m). If the measured rofiing time is less
than what Is shown in the table below, the stability Is acceptable.

NOTE: This Is only a check. If possible, a complete stability investigation shouid be done
by a naval architect.

BEAM “B” (in metres)

2 22 24 26 28 3 32 34 36 348 Bl
ROLLING PERIOD (in seconds)

FREEBOARD 200 2 22 |24 |25 | 27 |29 |31 |32 |34 |35 |37
{ Gy 2 400 21 |23 | 25 | 28 | 28 3 32 |33 |35 |37 | 38
| inmm 600 22 |24 |26 |27 129 |31 |33 |34|36]) 38 4
| 800 23 | 25127 |29 |31 |33 |34 |36 |38 El 4.2




Waves can resonantly excite a boats bouncing up and down in the water.

Valiant

08

a)
06 4
0.4 4
4 T L ]

Resonant waves for /-

. . g{ b)
heave oscillations. i
/

100 50 30 20 10

12 1
10 1
™
6 4
4 4
2
0

100 50 30

Problems:
Wear and tear, e.g. in drill rigs.
Slowing down of the boat.

Amplitude of heave oscillations [m]

Amplitude of pitch [?]

449 Resonant waves for _
~ 0.7s+/ Dy [ft] pitch oscillations.

Ay = waterline area e 4 Comblneq
resonant resistance -

Vy = water volume
and slowdown.

Dy = water depth

Resistance by waves [kN]

Wellenlange [m)
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Resonant Oscillations (Rolling and Pitching)

Georg.Hoffstaetter@Cornell.edu

When the time period of the pitching,
rolling, or heaving is close to the wave
period, the oscillations are resonantly
reinforced to large amplitudes.

If this happens to you:

Change the time period of the waves by
changing your direction or your speed.

Change the time period of your boat by
changing GM by moving masses,
typically to lower in the boat.

Change the time period of your boat by
changing the moment of inertia,
typically moving masses more to the
center of the boat.

Put up sail to damp oscillations, e.g., in

a motor sailboat.
PHYS 1205 Physics of Sailing Fall semester 2024
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The edges of the sail create turbulences. The
one that is a little strong creates a force in its
direction and the sail starts moving there.

This motion creates an apparent wind that
increases this force but reduces the turbulence.

When the turbulence on the other side becomes
stronger the motion reverses.
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In a broach one roles so much that
the ruder becomes too ineffective
to control the boat angle.

The increased heel increases

weather helm that rotates into the
wind.

The wind from the beam and the
the added lift from the rotation
increases the heel further.
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Self excited downwind rolling at y,, = 90", with sail angle « = 90".

Because the motion increases the
force that created it, it builds an
unstable feedback system.

R,

> Fos Unstable oscillation
4 —l
\\Vaon —

Amplitude

To avoid instability, one can change either
course (y,,) or sail angle (a).

Sailing with these oscillations can be faster, as it
uses self created apparent wind.

Damped oscillation
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Instability control by sail angle:

Damping of oscillations

0,15

0,10 4
0,05 A

0,00 -

instabil

65 70 75 80 85 90
Sail angle a

VRot
Rollen v Rollen
nach Bb v nach Bb
. o 2

Instability control by wind angle:

0,2
[7)]
S 01-
'g stabil
'S 00
n
(@) instabil
‘S 0.1
o
£
Q .02
E
@®
0O o3 . . : . )
140 150 160 170 180 190

Course directiony *

This can be used
for butterfly sailing.

Vroll

d]
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Direction instabilities — around the vertical axis

Joshua Slocum, the first to sail alone around the world, had no auto
steering and simply fixed his rudder for a desired course. This only works
for long-keeled sailboats.

Narrow deep keels produce faster boats but produce less directional
stability. Continuous human steering or autosteering are then needed to
avoid directional instabilities after a sudden change of wind.

Unstable direction oscillations  ~——-

Original course
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Right of Way on Water

The opposing boat is called the give-way vessel.

Opposite tack rule: Same tack rule:
Starboard tack has right of way. Leeward boat has right of way.

The boat with right of way is called the stand-on vessel.

Overtaking rule: The boat
ahead has right of way,
even if it is a power vessel.

Vessels when under salil
have right of way over
power boats.

Ships, tugboats with tows,
commercial ferries and
fishing vessels have right
of way over sailing
vessels.

Sailing vessel using its
motor is considered a
power vessel even when
sails are hoisted.
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Aerodynamics and Hydrodynamics

The water we sail on can be treated as an uncompressible fluid. Its
volume does not change significantly during the pressure variations of
weather and environment.

While air is compressible in pumps, and air pressure waves transport
sound, if we average over times longer than sound periods, also air can
be treated as uncompressible in the natural environment.

i
I

The phenomenon of flowing air around the sail and
of flowing water around the keel become identical.

Aloay |

This flow has no sources or drains
where flow lines would end or start.
And flowlines cannot cross.

Juswiiedxg
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Low pressure

//

High pressure

If pressure from velocity variations were the sole reason for forces on sail
and hull, there would be no force on the cylinder, because velocities are

the same in front and behind of it.

=» Arotating spoon in a coffee would not twist and mix the coffee.
PHYS 1205 Physics of Sailing Fall semester 2024
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Internal Friction

For forces from the incompressible fluid (air or water) to be
transferred to the sail or keel, two things need to happen:

The fluid particles attach themselves to the boat parts.

There is friction between the fluid particles
The fluid right next to the boat parts gets
dragged along with the boat.
The fluid some distance from the boat has - . | ——
the velocity of wind or water. laminar _{, £ - 4

_ . . _ boundary R _,f_>
Displacing or rubbing one layer of fluid layer __, Y .

against the other costs energy and _ |
therefore puts forces on the boat. Velocity gradient

Friction forces & velocity associated pressure forces
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Aerodynamic paradox (b)

There are velocity-associated pressure forces on the boat, even
thought there is no liquid velocity directly at the boat.

Explanation: Small pressure forces between liquid layers add up.

There are friction related drag forces even though each molecule only
has a tiny attachment force to the boat.

Explanation: The small forces from many molecules add up.

Friction and pressure forces in laminar flow.

In laminar flow, friction forces tend to
contribute more to the drag than pressure
forces
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Internal Forces and Viscosity

There friction force per area increases with the velocity gradient.

The proportionality constant is called the viscosity: pu.
Av
Frriction = 1 - Ax Area

N

laminar
boundary —p

layer ;
»> > -

Velocity gradient
Faster flow =» More friction force

Note: Often one plots Fr,;.t;0n/v* Which reduces approximately with 1/v .
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Turbulence and its Forces

Internal forces in the fluid and attachment to the surface give rise to
turbulences.
The velocities in turbulences produce additional pressures.

The associated energy goes into rotation of the vortexes.
Pressure forces tends to contribute more to the drag than friction.

Laminar Flow Turbulent Flow

Low pressure
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Long, narrow, streamlined boats have a narrow
region of turbulences and thus loose less energy

into vortexes.

Compromise: A longer hull has more wet area and

more drag from laminar flow.
Flow separation

Small pressure
_,___/\ rag
—— =
T~  —" Narrow

wake

Low pressure

Large pressure drag

>
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Thickness of Boundary Layers

Turbulences communicate velocities between regions of the fluid.

The distance between fluid regions that go with the boat and those that
have the wind or water velocity is thinner with turbulences.

The region with turbulences is thicker than the region with laminar flow.

T=B-SCIENCE.COM

I
I
I
I
I
I
I
I
|
I
|
| boundary C) m
|
|
|
|
|
I
|
|

turbulent N O
layer - N
— — ] B
T e
layer ry_> T = - \CJ/ O Q/\Q

e —_—

Georg.Hoffstaetter@Cornell.edu _ PHYS 1205 Physics of Sailing Fall semester 2024



Internal Forces and Viscosity

There friction force per area increases with the velocity gradient.

The proportionality constant is called the viscosity.

Av
Ffriction = Uu- E - Area

f=B sCi=NC=.COM

—_—

laminar
boundary
layer

e

—_—

a
‘ 0 Q{

Faster =» More friction force Turbulence =& More i—z = More friction force
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Friction when flow separates from the surface

— Laminar flow: F,ic¢i0n/v? goes down with 1/v.
Turbulent flow along the full surface:
Frriction/V* goes down with 1/v.

__Turbulence separates from surface
Increasing lost energy

100%

s
\ \\ * iy
- - s ™
\-\ Pressure
e
> L
~~._ Friction

v v it v
100 10° 102 Velocity 10* 10 108
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Rare advantages of Turbulences

Because the outside fluid velocity of air or water is achieved closer to the

surface, the overall flow pattern can look more like laminar flow with
increased turbulence.

The reduced turbulent region can reduce the overall drag.

100%
""" Increased turbulence
\/_-) reduced turbulent reglon
67% )
S | Critical\Jurbulence
S| e * =
Q \ ‘ Fast-moving air
33% ] Nt
\'\, Pressure
FQCEOV‘ Works great for golf balls, no
0 v —Smamepe v useful application for boats yet.
100 10° 102 Velocity 10¢ 105 108
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— Laminar flow: F,ic¢i0n/v? goes down with 1/v.

Boundary layer along the full surface ]
rat

Turbulence s from surface’
Free stream — ;
velocity — —_
LA -
—_—— S Bounda
Roughne =103 | | | ...~ ;
100% """ ss eme —== | imit of Layer —

" boundary § Y 2 A T L L
\ layer & /  J ae=="T
i sepal m n - 9
. 9 9 deceleration 9

Velocity  Start of Stern
gradient  separation

deceleration

With increasing v, the separation
moves to the bow and the turbulent
' layer gets wider = drag « v?

Velocity "
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Advisable Roughness along the Hull

= ot

\

Rough rule:
Don’t penetrate out of

£
=
7
Q 200 - the laminar boundary
5 layer.
5 150 -
© x 0.2 mm
% 100 - s z"ﬁ,@%’ Roughness < S
2 i,
g ¥ \DK" 'ﬁ._\ ______
o ~—===| =» 30u for 7kn.
al A
0 -
Stern Center Bow
25ft 0

Note: the diameter of one hair is about 100 um.
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Vincent van Gogh's
masterpiece "The
Starry Night" 1889

“(A study) examined the scale (the) 14 main whirling shapes to understand whether they
aligned with physical theories that describe the transfer of energy from large- to small”

“the sizes of the 14 whirls or eddies in “The Starry Night,” and their relative distance and
intensity, follow a physical law (of) fluid dynamics, o

https://www.cnn.com/2024/09/19/science/starry-night-van-gogh-hidden-math/index.html
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https://www.sciencedirect.com/topics/physics-and-astronomy/kolmogorov-theory

Scaling sails in air

The forces that produce the flow pattern are due to the moving mass of the
particles and due to internal friction.

Question: Can one produce a small model of a sail or a hull but change the
velocity of the air or the water, so that the ratio between these forces stays
the same? The flow pattern would then stay the same.

Result:
When the velocity is doubled

the force from moving masses becomes 4 times larger: Particles
have twice the momentum, and twice as many particles move per
second. = E, 4. X V2.

Friction forces between two plates double.

If the size of the setup is doubles, friction forces increase by 2, because
the area doubles — increasing friction by 4, and the distance between air
layers doubles, reducing friction by 2. =» Fr.;.;i0n X V- Size.

Increasing v by the same as decreasing the size makes the same flow.
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Sail models in water, or hull models in air ?

Air and Water are both incompressible fluids and should therefore behave
the same. But they have different densities and viscosities.

Question: Under what conditions are is the same flow pattern produced
by air and water?

How can one change the size of the wing and the speed of the water to
get the same flow even though density pe=——m——
and viscosity are different? " = =

Or can | test a hull model in an air
channel with an air velocity that
produces the same flow pattern?

Flow model of an airplane wing in water

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



The Reynolds Number

Result: If the ratio of viscosity forces (from forces between molecules)
and kinetic force (from moving masses) are the same, then the flow

pattern is the same.

This ratio is the Reynold’s number and scales like: R = fT' v - size

size: a characteristic length, e.g., length of the sail.
v: speed of the fluid

p: density

U: viscosity

Because F, 455 % p - V%, Frriction X U - v/size

%is 15 times larger in air than in water.

A hull model in air produces the same
flow pattern as in water, if the air velocity is
15 times larger.

—— . — —

Flow model of an airplane win
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Advisable Roughness along the Sail

U

R=E.

U

v - size and £ is 15 times larger in water

=>» roughness on the sail can be 15 times larger than on the keel.

8

3

8

8

(3

0

Permissible roughness [um]
2

| \7 kn

Stern Center
25ft

Bow

Note: the diameter of one hair is about 100 um.

Rough rule:

Don’t penetrate out of the
laminar boundary layer.

3 mm

Roughness < —
Y v knot

0.5mm for 6kn.

Thread seams on a salil
are usually permissible.
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Common but wrong concept
The momentum model (already mentioned in 1673 and often since)

1%
Fy
175
WA vS
R, Sa
. RA
“‘ TA . . . L g

“
«**" Particles in the wind push on the sail parallel to the wind velocity
v, but the wind glides along the sail and only a force R, perpendicular

to the sail is created. This force can be decomposed into two forces, Fy and Sy.

This model might work in space where occasionally none-interacting particles strike
a sail. It is wrong in air, where particles interact with each other and establish
pressures. An individual particle treatment is therefore not appropriate.
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The wrong Lift and Drag on Wing, Sail, or Keel

Common but wrong concept
The path around the curved part of a wing is longer, air on this path must be
faster to arrive at the tail of the wing together with the air on the shorter path.

The higher velocity is associated with less pressure.

Fast Moving Air= Less Pressure

e gy

—e —_— — —
Slow Moving Air= Mare Pressure

711

It is wrong because there is no reason why thi
path along the top and the bottom of the sail Lft
needs to take the same time. Usually, thetop T o R

path is much faster. Also, this would not explai ==

how a tilted symmetric wing can producer lift.

.......

Slower air
(higher pressure)
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How does a wing really work?

Kutta condition: in steady state, flow leaves a
wing’s sharp trailing edge smoothly.

Solution for incompressible fluids To satisfy Kutta condition, a circulation
without circulation around the wing: around the wing needs to be added:

At steady state, there is an air rotation around a wing, which makes particles
reach the back much faster over the top than over the bottom. The larger velocity
creates less pressure, resulting in lift.
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N Stagnation point
N moves back

Turbulent
boundary

—-— With increasing velocity,
the vertex separates to a
distance behind the wing.

\ -—
e
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The Kutta-Joukowski Formula for Lift

Note that it takes a while for the circulation to be established. Every change of
the sail changes the stagnation point, which then must move back to the trailing
edge again. It takes about 6 sail or rudder length to reach steady state to 90%.

=>» Sail and rudder changes changes should generally be very slow should
generally be very slow to not disturb the circulation too much.

While lift per length L/b is created, a circulation pattern is established that is
independent of the wing shape (density p, velocity p, circulation T' = ¢ v ds):

SN

= PUxp I’

Note: While the circulation pattern and the lift are created by internal and surface
forces, the footprint of the lift is a circulation that can be evaluated away from the

wing, where these forces do not influence the flow pattern.
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(a) The lift is where the total air velocity is increased, not where the velocity
against the surface is larger.

(b) It takes some time for the steady state pressure pattern to be established.

(c) The common explanation of acceleration by pushing air away is wrong !
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https://www.youtube.com/watch?v=QtP_bh2lMXc

Sailing with the Magnus Effect: Fletther Rotors

. R —— = = S
L . = > Y

Bruckau makes an Atlantic crossing 1925

Force is linear in v, not v?
=>» less sensitivity to gusts.

Force 90° to wind
=» great for beam reach.

Catamaran Felensburg 2007
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Energy savings in planned and existing
cargo transport F
|

- ﬂrﬁ%n

. WOERREREN NN
C)

= Ik 2
s ow fSea

. =~ Total fuel consumption [tonne) 2 Flettner - Max speed
Total fuel consumption [tonne] No Flettner - 18 knots

~ Total fuel consumption [tonne] 2 Flettner - 18 knots
Total fuel consumption [tonne] No Flettner - 15 knots

Total fuel consumption [tonne] 2 Flettner - 15 knots

§1 2

https://newatlas.com/transport/airbus-low-carbon-ocean-fleet-flettner-rotors/
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The circulation is moves the circulation point to the sharp end of the wing, sail, or
keel. For this Kutta condition) the circulation I" is proportional to:

the velocity v,,, the angle to the fluid a, and the width of the wing b

Also, the Lift is proportional to the length of the wing (area A over width b), if it has

uniform cross section.

Sails are sensitive to gusts;
Tripling wind does happen at Cayuga lake, e.g., two weeks ago =» Lift times 10!
If you feel you might want to reef the sail, you should immediately reef the sail.

For largest lift, increase the sail angle, i.e., close the sail, until just before
turbulence develops (as shown by tell tails). (However, drad may also increase)

twice the wind leads to 4 times the lift.
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Pressure on a Wing, Sail, or Keel

The decrease in pressure on the lee side of the sail is much larger than the
increase of pressure on the windward side.

The decrease in pressure is largest toward the front of the sail.

Different applications need
different profiles:

The keel usually only sees
small approach angles.

The airplane needs to maintain
lift most urgently.

In a sail, approach angles and
sail shape can be changed.

Lee side

Pressure difference

0

1 \—/,' . .
Windward side

2 -

g

00 02 04 06 08 1.0
Position
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Pressure for different wing profiles

Breakdown of Kutta condition, separation
2 of flow, breakdown of lift, stalling.
14 1 ) Rt e
u
b()
1,2 4 S
& -
1,0 4 ‘é” >
4 Tl |
o 081 < I
£
06
0.4 1 Linear dependence on sail angle
. Maximum just before breakdown of lift
& Deeper wing allows for more lift
0.0 Keels need only small angles =» narrow
0 2 4 6 8 10 12 14 16 18 = Rudder needs large angles = deeper
Sail angle in degrees Airplanes must not stall =» deep wings
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Communication of Sails with their Mast

A sail functions like a wing made of a bent sheet.

In modern elongated masts, turbulences between mast and sail are minimized.

s

= Streamlined mast

=2\

/N Older mast, e.g., for
Gaff rigged boats.
—— /\
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1915

Measurement
of the pressure

- mit Latten
-==- ohne Latten

\ Unterdruck
(Leeseite)

Pressure difference

0 20 40 60 80 100

% Length

Battens maintain the sail shape at the leech,
avoiding curling of the leech that produces
pressure and drag

=>» Lift goes up, but drag can go up faster
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20 {
S
15{
la
1.0 1
- 0,5 1 Sail
—
o'o /

-20 -10 0 10 20

Approach angle in degrees
The optimal point has the largest L/D

The optimal angle is smaller than that
with maximal lift

The optimal angle has the wind
approximately tangential to the Iuff.

Only for large velocities, a solid wing
shape has advantages over a sail

Wing

Sail

- - ad

-10 0

e~
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Like a wing, deeper sails can

t/c
m p reach larger approach angles.
REEE i 0.1 Deeper sails produce more lift.
/ bos Even negative approach angles
can produce lift, as known from
008 sheets on a laundry line.
g Too much lift can produce too
/ 0.0 0 much heel. It then helps to flatten
ey the sail.

s 4 hd . 4 v -

10 -5 0 5 10 15 20
Approach angle in degrees

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Communication between Jib and Main Sails

ay

/’/—\ . .

B e gy Wrong common explanation: The Jib does not
’_»" \ . . " " .

—— ————— funnel air with higher velocity over the main.

) —  ——__ Correct: The jib rather reduces the lift on the

A main, but the combined long sail has larger lift at
/F\\\\’ its front, i.e., at the jib.
— T Thejib also reduces the damage from the mast.

—
——
-

Vorsegel mit GrofRsegel

~
-~
~
\\
‘\

0 E /Grofssegel mit\k:rsegel\
I e
- i

0,0 0,2 04 06 08 1.0 0,50 0,75 1,00

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



The boat in the safe lee position

can go steeper against the wind
with better VMG.

In bicycling, don’t give wind
shadow to your opponent.

In sailing, don’t give lift to your
opponent.

-~ —_—

'S, —gp Richtung des ungestorten Win
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More heel indicates the safe lee position,
taking lift from the opponent.
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In downwind sailing one can give turbulence to one's opponent.

The distance where the downwind boat can be influenced is about 4 mast
heights.
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Circulations does not change

Circulation is the sum of all ¥ encountered on a closed loop 133 + Al_f3
['=¢V-ds = Sumoverv-AS along the closed loop.

Force on a little cube of fluid:

The sum of these forces and gravity move the fluid cube

accelerating its velocity:

AV « AF; + AF, + AF;5 + A Fy.

As the closed loop moves with the fluid, circulation could

change.

because the forces on the moving cubes along the
closed loop change the velocities, but the forces all
sum up to 0, as all changes along a closed loop sum

up to 0. As v+ Av
because the path over which one sums changes .

during At as the cubes flow; As changes by AvAt. v -

The change to the circulation is then the sum over v - As + AvAt

AGAL = ~[(5 + AB)? — $2]At = A(5?) At. But, again, AT =0

in a close loop, all these changes also add up to 0. while following the flow
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The velocities summed over this path are 0.

=>» The velocities summed
over this path must also be 0.
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Circulations don’t Start or End

In incompressible fluids, circulation or vertices don’t have a start or end
point. They get created in loops or end at the boundary of the fluid.

~
~
~
N
~
~
~
~
N
~
~.
~
~
N
~
~
~
~
~.
~
~
~
~
~
~
~
~
~
~
~
~
..
~

Vertex loop
behind a wing

Velocities summed over this
path are therefore also 0.
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> Circulation around the
. ,,wing from bottom to top

f \{, /)
. = ‘.A- -)/\ "‘/:,]
7/ ’}"—-‘-.| \ .—-),&
. L/ 'h \/ ) ,‘~~
Higher © YA ‘
v /‘.’ )
(/ i —_
pressure below 7 _f o
T UM }-- -
c" ,"\ d — . . y
_ _ N a Circulations don’t start or end
Circulation accompanying = [/~ 4 inside an incompressible fluid
the lift creating circulation T v

around the wing. | ’

Circulation over the mast
of each sail in an ocean
race, shown in the fog.
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Wing circulation visualize by dye

Behind sails and tapered airplane wings a sheet of
circulation combines into a vertex.

For planes the vertex remains for miles and can be
dangerous for trailing airplanes.

Birds use the upwind ahead by flying in V-formation.
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Approach angle changed due to circulations

Wind angle - The circulation behind the sail changes
increase ¥ i

‘ the wind direction after the salil.

The effective approach angel is
» decreased by an angle «a;.

Unaltered N Yg(ij”udct’ci‘gg'e To have the approach «, the angle to
approach (| .~ ' the apparent wind must be a + «;.
angle L Altered effective approach D,
e angle at the wing P
!
- L - —: Lv
Oy

Interpretation: The boat must
drift a little downwind to gain the
energy it left in the circulation.

I
I
I
!
!
'
r
I
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Winglet on a wind generator

America Cup Winnders

1851: Yacht club of NY

24 more times: Yacht club of NY
1883: Royal Perth Yacht club

With the first (and secret) wing keel

Winglets on an airplane

!‘ &*\
m wﬁam ; :
ine g \&) “#*“ " .’6‘|
TR \aea &‘x
( e \Qﬁ. ‘{; \.\
\ NSRS 4 W

Wing keel ofAustralla Il, America Cup 1983
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Sail Shape for Uniform Wind Angle

The kinetic energy of a particle is Ey;, < v2.
(A car with twice the energy does 4 times the damage.)

The total sideways wind in the vertex is proportional to the sum of velocities.

For a given W « Yv;, the energy Ey;, & Yv7 is smallest when all partlcles have
the same velocity = minimal drag.

A sail shape with the same sideways velocity
everywhere along the leech minimizes this energy.

Additionally, the effective wind angle is then the same at
all height up the sail.

It turn out that an elliptical sail shape approximately
has this property, called elliptic loading of the circulation.

It is disturbed by twist in the sail.
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The circulation around the end of the wing is less relevant for longer wings and
taller sails or keels.

Optimized gliders have long an narrow wings.

Racing keels are long and narrow

Sails have gotten longer and narrower, if lateral stability can be maintained.

&
\ 3 . By
\7‘ \ ‘ .
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The Air-Water Interphase

Circulation also exists around the foot (lower edge) of a sail, except when the salil
goes down to the deck. ‘

The Drag on the sail increases strongly
with the gap under the sail, by 64% when
the gap is 5% of the sail height.

1.0

0.9

0.8 H \
S 07 l,,
= —

|

0.6 N : "

0.5 5

04 4 : » .

0.0 0.1 0.2 0.3 0.4

h/H
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Circulation influencing the Water

The Sails The Keel

On the low-pressure side of the
keel, water lowered, also inducing
waves.

One wing is
replaced by
water.

Its circulation is taken over by water
waves, increasing drag of the boat.
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Wind speeds tend to be lower on the waterQ surface (and O
directly on the water.

If the wind is a laminar flow with stable layers, the wind
changes more slowly than for turbulences above the water.
1,0

Stable layers

unstable

0,0

0,5 06 0.7 0,8 0.9 1,0 1.1
v/v(15m)

=>» The apparent wind is more forward for
lower true wind =» closer low part of sail.
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Sail Twist for Uniform Wind

. ~
Wind i
angle it
increase

For triangular sails (Bermuda rigging), Twist is

useful to compensate for the decreasing induced 2w
. ind angle

HH : : Unaltered .
angle form the trailing circulation. approach | D/ L reduction
angle Altered effective approach
angle at the wing

Sail type

: Change «; in approach
U @ ‘ ‘ L“n/_‘ﬂ \ I a, I /

angle due to circulation

Required sail angle «a.
=>» Twist for a triangular sail

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Statements so far related to long narrow sails or keels
that crate lift by circulation around the wing, and where
the flow around the top and bottoms were relatively
small perturbations.

This does not apply when

The keel is long and not deep. ichtung -] .-
/ \”/://‘
ﬁ i S ,::/'

There is sweep to the keel.

Strongly different flow at different parts.

Effektive Anstromungsricl
am Segel
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As with a sail, the largest force is created in
the front region of the keel.

The back region of a long keel therefore
does not contribute much to the lift force but
increases the drag force.

.

Ineffective part of the keel

S r————
Development [ —— 17" century
to deeper and

S e T &

narrower T~ 1851s Schooner America’

keels.
1895s America Cup Defender
But they have N P
less directional = =7
T —— 1985s Volvo Ocean Race
stability. L/ v

\ =l

“ \/ \\ .\ N \Ld
2020 Vendee
Globe Race
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16

Best L/D
ratio

——

14

Bermuda rig

" A=6  A=3
T\ 15

12

10

Lift

08

06

04

02

r=1Gaff rig

Tall, narrow sails are better
for close reach (upwind)

Round deep sails are better
for broad reach (downwind)
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Sweep of Keels

profile
alonga  The top of the keel that is disturbed
keel by waves becomes less important.

Positive sweep angles:

the fluid flows along the trough
minimal pressure toward the bottom
of the keel, making it more effective.
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Waxing First Waxing Waning
Crescent Quarter Gibbous Gibbous

Moon Phase Names

Third Waning
Quarter Crescent

© 2018 starinastar.com

Minimum light

A water wave also has phases:

Minimum light

The velocity of the crest is \/

called the phase velocity v,,.

Wavelength
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BBV

A
Crest Amplitude

| Wavelength

If the water does not flow, water particles must move as much to the right as they
move to the left. And waves make particles on the surface move up as much as
down.

Periodic motion of a pater particle on the surface of a wave

While transporting water from the wave crests to the trough, all particles oscillate
back and for the and up and down periodically on elliptical trajectories.
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Particle Motion in Water Waves

While transporting water from the wave crests to the trough, all particles oscillate
back and for the and up and down periodically.

At the same time, the water cannot be compressed anywhere. (

keeps the same area)

And at the sea floor, there cannot be any vertical motion
If there is no circulation, formulas for the particle motion can be derived.

shape

Deep-water waves

0.10 ——w;————————————————————
oos; . @ ‘
0.00 | e
~005 n** Vo
0101 e e et 2 s Tt 04—
0151 secea, Lt e VL0 0 . e -
-0.20 0.0F4
0.0 0.2 04 0.6 0.8 C
Shallow-water waves 0.1}
-0.2§
=» The horizontal oscillation 0l
diminishes with cosh(k(h + z)). :
~0.4F
The vertical oscillation diminishes ;
c . -0.5F
with sinh(k(h + z)). :
-0.6 Y

T T T T T T T T T T T T T T T T T T %" T
L] .
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Deep and Shallow-Water Waves

Assuming harmonic motion:
A particle initially at x,, z, is at xq + A, (zp)sin(w t — k x4) and
Zy+ A,(zp)cos(wt — k xy).
It's velocity is
wA,(zg)cos(w t — k xy) and
—wA,(zp)sin(w t — k xy).
To 1st order in small amplitudes:
vy = wA(z)cos(wt —k x)
v, = —wA,(z)sin(wt —k x)
Uncompressible means d,v, + d,v, = 0 or kA, (z) = d,A,
Circulation free means d,,v, = d,v, or kA,(z)= 0,A,(2)
02A,(z)=k?A,(z) with A,(0) = Aand A,(—h) =0
sinh(k(h+z)) cosh(k(h+z))
sinh(k h) sinh(k h)
Fork h > 1, A,(z) = A«(2), i.e., circular motion.

A,(z)=A and A,(z) = A
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Deep and Shallow-Water Waves

The wave structure Deep-water waves

becomes independent of Shallow-water waves

the water depth when it is

deeper than half the m

wavelength. . H }
Waves in Cayuga lake ‘ T
are deep-water waves.
They don’t change with ‘
depth, except directly at :
shore. @ A2 n

&

Several km long tsunami !b
waves in the ocean are ¥ — e ———
shallow water waves. Q — > e y
Their characteristics Riccid

change with depth.
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Stationary Waves in a River

If a river flows at the same speed as the wave, it's phase velocity v,,, butin

opposite direction, the wave pattern is stationary, and water particles flow up and
down through that pattern.
Uph — Avx h

. . Particle velocity
River velocity v,, <G J——tp

x on crest

River
velocity <= : Y The particle must have picked up this extra
V.  Mp———————

X ) " energy by flowing down the slope of the wave.
Particle velocity in

trough v, + Av,

A general wave could have any wavelength and any oscillation frequency. But
energy conservation for a water particle describes how much its velocity is
changed by flowing down a hill under gravitational acceleration g.

The velocity Av,, depends on the oscillation frequency, and having it change just

by the right amount while flowing down a quarter wavelength means that for any
wavelength only velocity v, is possible.
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Stationary Waves in a River

Uph — Avx h

. . Particle velocity
River velocity v,, <G —— V

x on crest

River
velocity <= I— V

* The particle must have picked up this extra

v, C—— energy by flowing down the slope of the wave.
Upp + Avy

Energy conservation for a water mass m describes how much its velocity changes
by flowing down a hill under gravitational acceleration g.

1 2
Em(vph — Av,)? + mgAz = Em(vph + Avy)

For small amplitudes: 2 v, - Av, = gAz

2 vy - @ cosh(kh) = g sinh(kh) with v, = %

Each wavelength

_ . _ g has its own
2 w =./k gtanh(kh) and Phase velocity: v, = \/k tanh(kh) velocity!
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Deep-Water waves

For very large depth, h > A: Vph = ‘% ~ 1.3kn \/A[ft]

Wave shape X = Xg— Asin(k xg)
parametrized by x,: z = Acos(k xp).
>,
"""""""" A_l_________A=007)

The wave shape has steeper crests and flatter troughs.
This increases with amplitude until the crests are so steep
that the wind catches them am produces white caps.

A = Largest waves:

X odA<E
2TT

Axg

Vertical acceleration: Z = Aw? —g = Ak —1 < 0

A=0,07A A=0014

In reality: A < A
14
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A water wave also has phases:

The velocity of the crest is

called the phase velocity v,,,. \

A boat excites waves of many
wavelength. Initially their sum

averages out everywhere,

except at the boat.
00

R

N A
A
"/‘4'4«*’»

ol
;} % P $
R

(&&.w §

fon
; I S S S R
0 10 20 30

BBYJUS

Amplitude

| Wavelength

When all these waves

“r propagate, they average

out at most places,
excerpt at a group of

\\\\\\\\\\\\\\\\\\\\\\\\

waves called the wake.

For deep-water
1

(from vy, = dw/dk)

=» Observe on the lake
how small waves pass
from the back to the front
of a wake pattern.
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Shallow-Water waves

For small depth, h < A:

vpon = y/gh ~ 3.3kn \/h[ft]
All wavelength have the same velocity. = There is no dispersion of waves
with different wavelength.

At smaller depth, wave becomes slower. = Waves get larger at the beach
while they pile up.

Tsunamis are most devastating at shallow costs, because of
this pileup, and because their particles mostly move
horizontally. }

Tsunami waves are always shallow-water waves, even in the
ocean. They have several 100km wavelength, but the
oceans are on average around 4km deep. — S

-

A |

At 4km depth, their speed is ,/gh = 430 % , 15h from Chile to Hawaii.

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024




&, 5
OED e

There is a divergent system with an angle of 35 degrees.

The concave waves have a radius equal to their distance from the boat.
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Waves behind a boat

w Crest for one wavelength that W
corresponds to phase velocity v, . Uph <>

.\
)
S /
.
N
.
5
\ \
s JARE
\ /
s /

Al
. 37—_

—_——

B,

a Vg

Because different wavelengths are
created, the main feature travels with the

group velocity, i.e., with v, = %vph.

All these main features occur most densely
packed at G,.

1
@ = Arcsin (5) = 19°

The waves there propagate in toward W,:

; o] (o] w o]
B, a USAt/4 USAt/Z B, 0 =90° —a =45° — 52 55
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Waves behind a boat

For the waves that keep up with the boat v,,, = v

There are waves with a spread of frequencies emitted = v, = > Us.

Therefore, the dominant wave features have a radius that is 7% the

distance of their origin to the boat.

1
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Wavelength in Deep-Water Wakes

2
Deep water: vy, = ‘g—n

You can measure the speed by measurlng its wake S waveIength

=53 \x.,

You can check whether the water 5 deep by measurlng the wake s angles

g Mﬁ%! ztm'f
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Wave Resistance and Hull Speed

The dominant creation of waves comes from the bow and the stern. It costs
energy and creates the wave resistance.

The wave resistance is always a bit larger when the wave from the bow and the
stern add to each other, and less when they subtract from each other.

Bow and stern - Ep—— =~ —
waves add T ——

Bow and stern

waves subtract a) i=LI2  Fr=028
When the boat length L becomes : )
bigger than 4, the boat must sail b) J”zz_"\” i
: : > B ~———————
uphill against the wave ET———
limiting speed = hull speed _ © a=L Fr=040
ey
L
Vhult = g—n = 1.3kn /L[ft] d) i>L Fr>0,40

|
|

Froude Number Fr = 0.4 v/vpy;
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084

S
o
A

Resistance
-
-

A

02+

0,0 Y

VGIOCity V= vhuu/Z

V= Upy3/4

Total wave resistance
ﬁ
Gliding
Transverse
wake e
,-s\\ .,'/-f
)4
7
/ o Wy
/ / N
/ ./' N
/ 7/ S
Prr— ." . N
S From divergent
wake
..... v T Y
A=0.25L A=0561L A=1L 1=1.561L A=225L

V=Vpun V= VUpud/4 vV =Upy 3/2
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How much Power does a Yacht Produce?

To move the boat, the sails must provide power to overcome the following effects:
Friction of water along the boat.
Increase of water friction because of sideways drift.
Increase of water friction because of heeling.
Friction in air from sail, mast, rigging, cabin, and hull, and circulation.
Form resistance, e.g., energy put into waves and eddies behind keel.

How does the power of sailing
yachts compare to motorboats?

Example: a 350hp engine.
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Velocity

500

0

—~

0,0

NN
Ims'=6kn .
M
)
3

\\

|

\.

Friction

A=013L A=0.25L A=0.65L

V= Vpun/4 V= Vpu/2 V= Vp3/4 V= Vpyy V= vy 5/4

A=1L A=1561L
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+3250W ~ 4.4HP
980 N

D [N]

Friction

L) A}
0.0 UV = Vhull V= 2Vpyun vV = 3Upyy
Velocity
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Review: The Reynolds Number

Result: If the ratio of viscosity forces (from forces between molecules)
and kinetic force (from moving masses) are the same, then the flow

pattern is the same.

This ratio is the Reynold’s number and scales like: R = fT' v - size

size: a characteristic length, e.g., length of the sail.
v: speed of the fluid

p: density

U: viscosity

Because F, 455 % p - V%, Frriction X U - v/size

%is 15 times larger in air than in water.

A hull model in air produces the same
flow pattern as in water, if the air velocity is
15 times larger.

-t ——— e —

Flow model of an airplane win
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Review: Wave Resistance and Hull Speed

The dominant creation of waves comes from the bow and the stern. It costs
energy and creates the wave resistance.

The wave resistance is always a bit larger when the wave from the bow and the
stern add to each other, and less when they subtract from each other.

Bow and stern - Ep—— =~ —
waves add T ——

Bow and stern

waves subtract a) i=LI2  Fr=028
When the boat length L becomes : )
bigger than 4, the boat must sail b) J”zz_"\” i
: : > B ~———————
uphill against the wave ET———
limiting speed = hull speed _ © a=L Fr=040
ey
L
Vhult = g—n = 1.3kn /L[ft] d) i>L Fr>0,40

|
|

Froude Number Fr = 0.4 v/vpy;
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Optimizing boat shapes on smaller models

Pdensity

Review Reynold’s number: R = -V - size

Hyiscosity

v L
Vhull \j 21

A smaller boat model has the same flow pattern in air, if it has the same
, . . . size
Reynold’s number in air, i.e., if V0401 = Vhogr ——22

Review Froude number; Fr =

SlZ€model

A smaller boat model has the same flow pattern in water, if it has the same

, . . . size
Reynold’s number in water, i.e., if Vypge1 = Vpogr ——22%E
SlZ€model

A smaller boat model has the same wave pattern, if it has the same Froude
. . ’Size

There is no velocity where simultaneously the same flow pattern and the

same wave pattern can be modeled in smaller size.
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Small models augmented by friction calculations

Laminar flow: Friction force is proportional to velocity * size: F < v - size
Turbulent flow: Friction force F « v? - area « (v - size)?
=» A model with the same Reynold’s number has the same friction force.

A boat’s wake pushes the boat back with the wave-resistance force. If the model
has the same wave pattern as the boat, it experiences the same wave slopes.

A model with the same Froude number has a wave resistance force

Fyoat = Fmodel - :
SlZEmodel

Experience: it is harder to compute the wave pattern than the friction forces,
especially for laminar flow.

Strategy: Use model to measure the wave resistance and calculate the friction.
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Model
measurement
(D)
2
S i I
D &
O <
CI!_J _____
—_ c
[ o
O 0
- =
—_ LL
8
S

Measure total
resistance for same
wave pattern, i.e., at

/Sizemodel
v =7 —_—
model boat SiZepoat

Model
calculation

Calculated

Scale wave forces

Boat

to boat size calculation
7/
‘ n
/

7 CI>J %
/ g %

(D)
Q =

c

®

el

. 3 .9

Slze (7))
F —F ) boat @ -
boat moel : bt o
SlZ€model/! + =
S o
Ne) .
= — S
(o) © O
= IS 9
2 = ©
= 3
©
&)

Calculate friction
of the model and

subtract

Calculate friction of
the boat and add
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The Ability to Carry Sail and its Scaling with Size

If all parts of a boat are scaled in size, the sail-carry-number stays unchanged:
SCN3 = Sail Area®  size®

Volume? size®

If one plots the SCN for many keel boats, one sees that larger boats are not just
scaled up in size, but that larger boats tent to have larger SCN, i.e., sails are
scaled up more than the rest of the boat.

Why can larger boats carry more than the scaled sail?

The heeling torque from a sail is approximately T;,;; « area - hight « sizeZ,;,

The righting torque from the keel is approximately Ty,.; < dept - mass « sizey,;
The keel of a larger boat can therefore compensate more than a scaled up sail.

In similar wind conditions, the same heel angle occurs if size’ ;;/sizep,;; for two
boats is the same.
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v
In similar wind conditions, the same //
e .3 . 4
heel angle occurs if sizeg,;;/sizey,; o~ //
for two boats is the same, i.e. when : /
: . ,8/3 _ . 2.7 /
sail area « size,, ;; = sizep;, NE 70 | w/ e
N Pleasure yachts
L iah | hei w50 | . . 2.340.1
arger pleasure yachts might scale their © sail area & sizey;
sail area less than with 8/3 because 40 | A
: : : S /
To of a large sail sees higher winds. B30 | " .
Are meant for larger sees. /
Are meant for higher wind speeds. " R
1 - A
' i
/
e A%A
/39 Racing sloops
. .. / . 2.710.2
Note: The slope in a double logarythimic i QR Area X sizep,;
plot indicates a power law: y = a - x¢ ‘
5 10 20
Length / m
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Wave resistance for different shapes

Several quantities are used to describe rough shape features:
Width of water line = Wy,,;, Length of WL= L;,;, Volume displaced water = V
Hull depth (Wlthout keel) = Dhull

Width-Depth-Ratio WDR = ZVWL , small for deep narrow hulls (like catamarans)
hull

\Y
cylinder section volume

Prismatic Coefficient Cp = is small for sharp boats.

£ Small DWR helps up to vy Sharpness only helps for small speeds

= 180 0,70

™

N b) 8 0,68 -

o —

: . WDR = 4 5 om.

= 'g 0,64

P WDR = 3 2 o6z

% 100 2 060

2 WDR = 2 8 ose

8 © 0,56 4

c 75 £

© n

17 5

@ 5 0,52

G>) 50 1 1' 3' ~ v 0,50 v v

© 1 3 : v
— — - 1 _ -

= 4 2 4 Vhun 2 4 1 Vhun
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Above hull speed, the wavelength of the bow
wave becomes longer than the boat length
so that the stern gets lowered and the boat
sails uphill against its own bow wave.

Once the boat is light enough to further
accelerate two things happen:

The wavelength gets so long that boat
gets closer to the top of its bow wave
where its slope decreases, and the wave
resistance becomes less.

The motion against the uphill water
produces a vertical pressure force, the
hydrodynamic lift, so that less water is
displaced than the weight of the boat.
The height of the bow wave therefore
decreases.
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100 Waterskiing
>
80 - At 2 10 2.5 times the hull
speed, the water
60 - displacement is only half the
_________ boat weight.
40 4 /L/\x |
[
I
B Lifting of the :
: Pressure profile
center of gravity
0 0 /

Good for gliding hulls are light and have: : —spray

Gliding

Fraction of the hydrodynamic lift (%)

0°1/2 1 15 2 25 3 35 4 45 wel
V/Vhun

Wide and flat hulls, with sudden end (420)

Changeable weight distribution to achieve
best glide angle of about 7°. —
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Can waves be good for speed ?

Motion together with water particles on a circular orbit, e.g., a rubber dinghy. The
centrifugal force changes the apparent gravity.

Centrifugal force

q Vwave

Reduced
(apparent) weight

The reduced weight at the wave crest
reduces the righting torque, reducing
stability against heeling.

Centrifugal force
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Can waves be good for speed ?

Widerstand

Scheinbares G
einbares Gewicht

Zentrifugalkraft

Good for gliding hulls are light and have:
Wide and flat hulls, with sudden end (420)

Changeable weight distribution to achieve
best glide angle of about 7°.

Georg.Hoffstaetter@Cornell.edu PHYS 1205 Physics of Sailing Fall semester 2024



Lift L, and Drag D, of only the sail With a boat, it also yields

N forward and sideways forces.
r a for the largest forward force -

Restrictions to the sideways
force to limit heel—

200

150 1

—_

—

100

50

Apparent wind
-

200
D.[N]

The sideways force S,, and
therefore heel, is reduced by

decreasing «, i.e., opening the sall
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Tangents for the peak velocities Haul

=» Conclusion: Usually, the optimal sail angle is rather similar (and around
3009) for all directions, except for a broad reach of more than about 135
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Sail angle a@ and apparent wind v determine the
forward force F, and the sideways force S, in air.

F, determines the boat velocity v;.

vs and the hull angle f determine the lift Ly in
water. Which must be equal to the sideways force
S, in air.

Drag-Lift polar
diagram in water
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The Velocity Polar Diagram

Port tack

Close hauled
Common boats:

Peak VMG ~ "7W

aty,, = 45°

at y = 30°

?— High v,, = vg limited
independent of angle

Beam reach " Peak downwind VMG

aty,, = 20°

12kn

The VPD of a certain boat type
is often hard get, because it
depends on weight of the crew,
type of sails, type of propeller,
condition of the hull and sails, ...

20 kn

The velocity polar diagram shows the peak velocity that
can be achieved for each angle to the true wind y,,.
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Determine how to divide a trajectory to

increase the effective speed

Close reached 0) Broad reached

Fastest app?oach to
the forbidden region.
(Long Leg Leading, in
case wind changes)

Determine the angle with the best velocity
component in the desired direction.

f . L1

12 16 18 vglkn]
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Determining the Best Path

The velocity polar diagram, >
times a small time traveled At, >
indicates the area one can \ :
reach in that time. :
Adding this diagram to each point
one can reach within At produces
the envelope one can reach in 2At.

Adding the velocity polar diagram to
each point on the envelope shows the
area that can be reached in 3At ...etc

Every point on the envelope of nAt can
be traced back to the start to show the
fastest path for any angle.

Destinations in the no-go zone can be —
reached by tacking with the VMG. 7

Destinations in lower-velocity directions
can be reached by direction changes

Lower velocity directions are to be avoided.
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The same procedure of

Creating the envelopes that
can be reached.
Tracking back the trajectories

that lead to the envelop
fastest. (b71) uniform wind,

(b2) varying wind.
can be used when the wind

depends on the position of the
boat, and on the time when it is

there.

Trajectories tend to bulge into strong-wind regions.

When direction changes are needed to avoid
lower-velocity directions, chose these to lead

through stronger-wind areas.

Lower velocity directions are to be avoided.
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