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ABSTRACT

There are many tips for sailing a boat as fast as possible; the most notable is a
fast boat = a flat boat. | planned to look at “Does hull trim and balance affect the
speed of a boat?”

The aim of my essay was to determine whether keeping a boat perfectly flat m v’
lead to the greatest speeds. | investigated this by consulting severai different '
resources related to fleet racing, performance sailing and emailed engineers and
design departments linked to high performance yachting. | found some exceptions to
a flat boat = a fast boat rule, such as racing yachts and hydrofoiling dinghies. Once |
had gathered suitable information, | compared what | had found and set up a couple
of tests to validate theories or prove otherwise.

| built a water tank, a wind tunnel and a model boat. | designed the water
tank and wind tunnel on 2D design and made them out of acrylic, cut on the laser
cutter. The model boat was formed on a 3D printer once | had drawn it on
ProDesktop. | towed the boat through the water tank and found that placing ballast 5@\(@__
centrally and forward that the boat moved through the water quickest, while placing
the ballast backwards or to the side, the times were slower. The wind tunnel, i
although it didn’t work properly showed that there was increased amounts of
turbulence in the airflow, simulating that when the back digs into the water, it would
decelerate.

| concluded that normally a flat boat is a fast boat, and with increased {law%
degrees of heel or trim, the boats performance significantly changed. There are
cases where a boat shouldn’t be sailed perfectly flat, but a flat boat = a fast boat is a T

reliable rule and worth remembering.



INTRODUCTION

With the success of British sailors this summer in the Beijing Olympics and
the growing coverage on television and in magazines, the popularity of the sport of
sailing is rapidly growing particularly as it is becoming more and more accessible to
everyone. What | plan to investigate is “Does hull trim and balance affect the speed
of a boat?” In essence | want to find out if a flat boat is a fast boat.

Every sailing manual that | have learnt from or am now teaching from has
maintained the statement that a flat boat is a fast boat. it’s an easy to learn and
remember statement which, as a general rule, is fine. However, there are cases in
sailing where the boat sailed at her maximum speed is not flat. Americas Cup yachts
for example, dubbed by many as the “formula 1 of the sea”, are designed to go as
quickly as possible yet still be manoeuvrable. Depending on wind conditions and
surroundings you may want to sail them with heel to either side to attain maximum
speed. Similarly, boats or yachts which are not single hulled designs are never sailed
perfectly flat.

These cases make me wonder whether in fact the common statement is true.
With the increased popularity in the sport, more and more children and adults are
starting to race, whether at club level or in junior government funded fleets, and
with the increased interest in coaching, | am getting more and more chance to teach
students wanting to learn to race. Ensuring that the flat boat = fast boat statement is
true is therefore of paramount importance to me.

The British sailing team had its most successful Olympic regatta winning four
gold medals, one silver and one bronze in Qingdao showing a marked increase in the
standard of the top British sailors. There could even have been more medals
considering the team had a chance in every single class leading into the final race of
the regatta. Would these extra medals have been won if the boats had been sailed
less of mare flat?

Through the course of my essay | will look at what affect hull trim and
balance has on the speed of a boat and see whether a flat boat is in fact the fastest
boat.
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TERMINOLOGY

There are five essentials to remember when racing to get round a course or from
point A to point B the quickest. They are;

- Boat Balance

- Trim

- Sail Setting

- Centreboard

- Course Made Good

“Boat Balance”

Balance is the angle that the boat is kept windward to leeward, whether {looking
from the back) the boat is leaning on top of the crew or the boat is lifting the side
with the crew on out of the water. If in the diagram you suppose the wind is coming
from the left, the left side becomes the windward side and the right side becomes
the leeward side.

On diagram: If A were to drop the boat would tip to the windward side, whereas if
the boat were to tip towards B, this would be heeling over to leeward.

“Trim”

Trim is the angle that the boat is leaning towards the front or back. The helm and
crew in the boat can adjust trim by moving their body weight forwards or back. By
moving backwards, the bow can be lifted out of the water, and by moving forwards
the bow can be dug into the water.

L3

“Sail Setting” aéﬂ;&
Sail Setting is positioning the sails to maximise the impact of the wind. On a beat = -
(going towards the wind}) you have the sails tight in, while on a run (going with the C’(@"“"
wind) you have the sails fully out. You adjust the sails differently depending on wind

conditions and the angle that you are heading to the wind. ot ‘1 :

“Centreboard”



The centreboard is the large plate hanging from the centre of the hull to limit the

boat from slipping sideways in the water, It also helps keep the boat more stable
when being sailed. You vary the depth that this digs into the water by lifting it up or
putting it down depending on which point of sail you are on. Heading upwind you { Q
will have it right down whereas heading downwind you will lift it up as it speeds you {

£
up. Z N G

“Rudder”
The rudder is the board off the back of the boat which makes the boat turn by
moving from side to side. It is usually attached by hinges to the back of the boat.

(J’Port”
Port is the left hand side of the boat.

“Starboard”
Starboard is the right hand side of the boat.

”BOW”
The bow is the front of the boat.

“Stern”
The stern is the back of the boat.

“Windward”
The side that the wind would be coming from if sails were up and filled. Also the side
that the helm would sit on when sailing the boat.

“Leeward”
The side that the saiis would lie on if sails were up and filled. The opposite side to
where the helm sits.

“Bulb”
All yachts have keels with lead weights at the bottom to keep the boat from turning
over. The large weight at the bottom is known as the bulb.




Does hull trim and balance affect the speed of a boat?

The theory that a flat boat is a fast boat

The statement “flat boat is a fast boat” is widely accepted to be true and is a
truism which is easy to coach and easy to understand. However, there are cases
where you disregard this rule depending on wind conditions and the situation you're
sailing in. Sails play a key part in maintaining boat speed. In light winds, for example,
you want to heel the boat away to windward slightly so that the sails maintain their
best shape and supposedly give the most power.

"o
f

Speed with heel: Americas Cup yachts
There are cases, however, even where the wind is strong that a heel to
leeward seems to result in greater boat speed. The most obvious example is the
America’s Cup yachts. For the last campaign, the typical boat length was about 75ft
and the mast height was around 110ft. These boats are desighed purely for speed; 8/‘\1(4(
they are stripped down to the bare minimum to get every ounce of speed out of the !
boat. Yet these boats sail with a leeward heel of between 30° and 31°.% In fact, the
heel is so much that the top to the mast is 17 metres to leeward of the hull when the 9

A e 2
boat is sailing at top speed upwind. o Ky 1& %,_,Q& Pc\m,ujﬁ :

The reason for this heel is the éwe enerated by the vast sail area, 320
square metres upwind and 480 square metres downwind’. The power generated by
the sails is such that a 19 tonne bulb® is needed to keep the boat as upright as
possible. The bulb is controlled by a hydraulics system which, as the speed picks up
and the boat starts to heel, moves to the windward side to hold the boat at around
30°. The bulb could have been designed to move further if the designers had so
wanted, however 30° seems to have been chosen as the optimum angle. There must
be reasons why the angle has been selected as 30°. The Americas Cup teams are
heavily funded with the majority of their budget spent on the design so this angle
must be a carefully calculated figure. This angle must optimise the power in the sails
and the effect of the hull on the water. '

1 know through my personal
sailing experiences that, with a large
amount of windward heel, the boat will
naturaily want to head up into the wind
which leads to having to counteract the
turning by changing the angle of the
rudder which increases drag. So it would
seem that the designers have found the
batance between sail power generating .
speed and huli turbulence reducing boat
speed.

* paniel Bernasconi (team Alinghi designer), personal email, 28 August 2008
g Philippe Mourniac, Americas Cup jury notice IN0G4, g" April 2007
* Anon, BBC sport, 16™ April 2007



Speed with heel: Hydrofoiling dinghies
At the different scale of the boating world to the Americas Cup yachts are

hydrofoiling dinghies. A boat which hydrofoils is one that has a specially designed N

~) piece on the rudder so that when the boat is travelling quick enough, it can lift out L o (7
{T/) the water and just skim along the which reducing the drag completely and increasing ™ _. > .

;¢ thetop speed. it is generally atcepted and promoted by the leaders in the field of ‘”"Sfﬁ

international hydrofoiling moths, such as Rohan Veal and John Harris, that a slight

heel to windward is needed to generate enough speed for the boat to lift itself out of

the water.

[t would thus seem that if the hydrofoiling sailors are puiling the boat on top
of them slightly to maximise power, then the hulls should be designed so that at a
slight heel they slide through the water just as fluently as if the hull was perfectly
flat. So, sailing the boat pulled slightly to windward could be quicker than sailing the
boat perfectly flat.

Testing the importance of balance and trim

This is the theory that | have decided to test. | needed to set up a test rig so
that | could carry out an experiment myself. To do this experiment | had to make a
water tank and a model boat. [ also needed to develop a system to change the trim
of the boat and to pull the boat through the water at a steady pace.

The test: the water tank

When I got in touch with Daniel Bernasconi by email (28th August 2008), | was
told that | would have to use a towing tank to test a huli to get meaningful figures,
This meant | needed to design a tank which | could drag a model boat through and
time from one end to the other. The shortest length of time would mean the least
drag. On 2D design 1 drew a 60cm x 10cm x 10cm open topped box with a small hole
at each end so [ could attach a line from my boat to weights to drag the boat through

the water, _
'7,{:“6’_. Lut {--L(; ; TE b ;
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The test: the boat

| decided to build a model of a Firefly. A Firefly is the boat that | sail at school
s0 is relevant to me but is also sailed countrywide in school and university events.
The ariginal plan was to carve a model out of jelotung, 14cm long, 6.3cm across and
2.5¢m tall, but then my schoot bought a 3D printer towards the end of the term, so |
decided it would be much easier to use this. A model was built on Pro/Desktop using
the original dimensions. Due to the complex design of a Firefly, or any boat hull, with
smooth curves in multiple directions, the model was not exactly accurate but still
resembled a Firefly.

| added four notches about the hull. The ones front and back were for
attaching string to with weights tied on to drag the boat through the tank. The other
two notches on the sides were for adding heel to the boat, although these became
redundant as | later found a simpler method to alter heel. As | was just testing the
hull of the dinghy there was no mast added onto the model.

The water tank apparatus set t




of th cat on ProDestop

Once the boat was designed | set it to print on the 3D printer. A 3D printer
works by laying down successive layers of plastic to build up the shape. Whilst this
meant that | wouldn’t have a perfectly smooth surface, for the tests that 1 planned to
carry out the small contours on the hull of the scale model wouldn’t atter Thei
effects were negligible. Su.\]fm VL—,- . O NLm ‘KL‘*\“V\ '
of  ynfance el .
The test: the method

As well as experimenting with the balance, this test allowed me to examine
the effects of altering the trim of the dinghy. | filled the tank with water so that the
boat sat flat on the top of the tank with the string attached to the boat and threaded
through the hole as near to horizontal as possible. To change the trim and balance of
the hull, | simply shifted a small mass of weight (ballast) about predetermined
positions in the model huli. To tow the boat through the tank | used a low friction
string, such as fishing line, to cause the smallest differences to the results. | attached
the string to the notches on the hull at the front and back of the boat so it could drag
the boat through the tank in a straight line. The most important part of the towing
tank is that the hull that is being tested is pulled through the water with the same
strength so that the times are all comparable, The time measured was that between
the boat touching both ends of the tank. To pull the boat through the tank at a
consistent force every test, | attached weights to both the stern and bow lines, the
latter being a littie heavier than the former. In the starting position the stern weight
was hanging and | was holding the bow weight from pulling the boat through the
tank. | released the bow weight and started timing, finishing when the bow touched
the end.

| used three different ballasts in the hull, 5g, 10g and 15g. | put the ballast in
six different positions around the boat, from the front to the middie to the back,
through the centre of the boat and to one side. | ran the tests three times for each
weight in each position.
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The test: the results
See raw results on previous page,

Time {seconds) Other
observations

Weight {g) Position (1-6)

Pulling slightly left
Turning to the left
Turning ieft

[ REG R REOVE Y SR

Raw data typed up .

Bal!a(;zr;\:rne)lght) A\irerage ;ime for3 each p:smon 5(seconc{iis) T ——
5 183 ] 186 184 189 | 191 | 190 1,3,2,4,6,5
10 188 | 1.84 1192 | 198 | 2,17 | 1.99 2,1,3,4,6,5
15 200 | 197 1 197 | 221 | 237 | 2.18 2+3,1,6,4,5

The average times taken per position per weight and the order of results

To analyse these results | decided to create a scoring system as follows;

1 point

2 = 2 points
3¢ = 3 points
4t = 4 points
5 = 5 points
6" = 6 points

in the case of a tie, the combined points of the two positions were halved,
e.g. if 3 and 4 tie, each position gets 3.5 points.

-10-



The position of ballast that achieved the lowest amount of points was
deemed to be the best performing position of weight for boat speed. The results of
the scoring system are shown below.

Place Ballast Position (1-6) Points Results {5g, 10g, 15g)
i 2 5.5 3", 1%, 1" equal
2nd 1 6 15t 2I"Id 3?’(’
3™ 3 6.5 2", 3" 1% equal
4th q 13 4th 4!?! Sth
Sth G 14 Sth’ 5th, 41:h
Gih S 18 Gth sfh Gﬂl

The placing of the positions according to points system

The test: the analysis

These results clearly show that if the ballast is either dead centre or towards
the front of the boat then the time taken for the boat to travel the length of the huli
is less. Similarly, if the ballast is towards the stern then the time taken is much
longer. Within the top three places there is very little differential (one point) but
there is a big gap between the third piace in points (position 3 with 6.5 points) and
the fourth (position 4 with 13 points).

One thing that | noticed with position 1 (dead centre) is that as the weights
increased, it slipped from 1% to 2™ and then to 3", This could be due to apparatus
set up. The test rig was set up with the line horizontal with no ballast in the boat. As
the ballast was increased, more pressure was on the string as the line was at a
steeper gradient leading to slower times. However, even due to potential slight
experiment issues, | think that the test worked well. The results showed that every
position of ballast had fairly even results.

A further observation was made was that when the balfast was to one side,
the boat started to turn to the other side (as a boat does with sails filled}. This
suggests that by increasing degrees of heel to the boat you can help it to turn
through the water. By using this method during racing for small changes in direction
rather than using the rudder (which acts as a brake), you can maintain a constant
speed, helping you gain the crucial seconds.

My results show that ballast position 2 was the fastest boat, where the boat
was flat but the weight was moved forward. The second quickest boat was position
1. These results would suggest that as long as the boat is kept balanced and the
weight isn’t towards the back then there is least effect on the water from the hull.

S




The test: measuring trim with a wind tunnel
What makes the boat speed increase when the weight is moved forward in
the boat? The bow digs in more and lifts the stern out of the water. In the Firefly
design, as the front is quite pointy and the back is flat, by pushing the nose into the
water, the surface area is being lessened, thus reducing the drag of water on the
hull. There isn’t much said about trim (the position of weight in the boat) in most
sailing books, however it is generally believed that you want your weight further
forward than back, as by pushing the larger flatter area into the water you are !'(;m ({Q
creating a brake. There is a danger of moving too far forward and digging the bow 3?’” “
into the water and slowing down, but that is a much smaller risk than that of staying iww M ‘
oo far back.

In an attempt to see the effects of trim, | built a wind tunnel from a computer
fan and acrylic which was cut on the iaser cutter. | designed an open ended box on
2D design which was 40cm long and 15cm tall and wide. | used coloured smoke
which could be sent along the tunnel and show the areas of turbulence created by
altering the degrees of trim.

~12 -
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| set off a smoke pellet and switched the fan on which sucked the smoke
through the tunnel and then blew it past the boat sitting in the cylindrical inner
tubing. | took photos of each increase in degree of trim and compared the
differences. Unfortunately it was exceptionally hard to see evidence of any
difference between the varying amount of trim due to the glare generated by the
acrylic and the thickness of the smoke. Even with different coloured smoke and
backdrops it was hard to see any differences. However, the results did support the
fact that keeping the boat flat creates a much smoother flow about the surface of
the hull than with a large amount of trim. (See photos below).

-13 -



20° trim

The top photo shows a fairly clean flow of smoke past the model hull
whereas the second picture, shows a slight disturbance behind the hull where the
smoke is thinner.
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CONCLUSION

Balance

With respect to balance, the amount of desirable heel to maximise speed
depends on the type of boat. For the standard dinghy, not a hydrofoiling dinghy or a
yacht of some sorts with a keel, a flat boat is fastest. This was backed up by my test
results which also showed that with a slight heel to one side, even without sails,
centreboard or rudder, the boat started turning to one side. When sailing a
hydrofoiling boat it is preferable to get slight windward heel to aid the boat in
getting upwards movement to reach the maximum speed by effectively skimming
across the surface of the water. With high performance yachts, such as the Americas
Cup class, a leeward heel is preferable as this creates the most efficient balance
between boat speed and weight.

Trim

It was found through my towing tank test that the boat leaning towards the
bow was preferable to having the stern digging into the water. The more valuable
results were certainly gained from the water tank, although the wind tunnel
highlighted which areas were most affected by changing the trim. By digging the
stern in, the smoke became much more condensed between the model boat and the
tunnel itself. This then created an empty space in the smoke behind the boat which,
if put into the sailing situation, would create more turbulence and disturbance in the
water, thus slowing the boat. Also, by lifting the nose out of the water, it means that
the water takes a much clumsier path getting past the boat, rather than just being
effectively sliced apart as the boat progresses through the water.

Overall

With respect to the question “Does hull trim and balance affect the speed of
a boat?”, the test and research that | carried out definitely points to it being
beneficial to keep the boat flat. There was up to 0.5 second difference over the short
distance from keeping the ballast central and forward, to keeping it to one side and
towards the back. If this were applied to a fleet race where ali conditions were
constant, apart from the balance and trim, there would be vast differences over an
hour fong race between those who keep their weight centred and forward to those
who don’t pay much attention to their positioning.

Although not necessarily always the case, the flat boat = fast boat rule is a
reliable rule and one worth remembering.
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