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THE MECHANICS OF SAILING
SHIPS AND YACHTS

By K. S. M. DAVIDSON

A persistent urge for higher speeds under sail has stirred man’s
imagination from eariiest times. Through the long centuries of
sailing, the peculiar exhilaration of speed got into his blood. Besides,
faster ships always had an advantage over their slower rivals, in both
the merchant and military services. Now, when only yachits are
driven by sail, the special flavour of making a fast passage without
benefit of power and the fun of racing continue to weave their spells.
Speed has perhaps an even greater hold today than ever before. The
fascination of it scems destined to continue indefinitely.

Butall through history the desire for speed has had to be tempered
invarying degree toaccomplish other ends. Cargo-carrying capacity
and sca-keeping ability have tended to demand considerable fullness
of hull form, and this works against spced. ‘T'hus, looking back a
long way, it is not surprising to find that two fairly distinct design
trends are distinguishable. In large ships intended to carry cargoes
on long voyages, the hull forms became very full, while in small
craft intended only to carry a few men on shorter voyages or in fine
weather the lean lines of the earliest log canoes were retained. The
small craft were relatively faster for their size, while the large ships
had wider uses and were able to keep the seas in all reasonable
weather.

Modern cruising and racing yachts are descendants of the large
square-rigged ships of a hundred years ago rather than of the small
log canoes of antiquity. They reflect much the same philosophy as
the ships, in the balance struck between speed and other qualities.
"T'hey have good space below decks, and they are thoroughly reliable
sca-boats. Nevertheless, their average speeds size for size are just
about double those of the square-rigged ships,

Much of what follows relates to this remarkable accomplishment.
The roots lie deep. Many ideas and countless experiments have
played a part. "Fhe connecting thread is a progressive improvement
in the ability to sail close to the wind. NMost of the ditferences of
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432 SURYVEYS IN MICHANICS

design between the old ships and niodern yschis bear in ves w e e
another on windward performance, and windward peefieaas
accounts in no small measure for the two-to-one gain an aree g
speeds.

In the main, the modern yacht=vas evolved from the backgrourd
of the past. Nor has it yet received extensive study in the hight ol
what is now known about hydrodynamics and acrodynamics. The
tremendous activity in these two fields, stimulated by the needs of
power-driven ships and of aeroplanes, had not even started when
the essential features of the modern yacht began to emerge, soon
after the middle &f the last century. It is therefore especially
interesting to apply modern knowledge and methods of hydro-
dynamics and aerodynamics to the yacht, to examine what has been
accomplished up to this time, and to study the chances for further
improvement. A good deal of attention is given to recent efforts in
this direction.

"The story would not be complete without some mention of high-
speed sailing craft, in which space below decks and sea-keeping
ability are made secondary and speed is given first place. In small
sizes, as has long been known, hull fullness can be greatly reduced
without reducing sail area because the lateral stability needed to
carry sail can be provided by other means such as shifting the crew
to weather. This is the principle of the carlicst log canoes and of
many modern small craft. Speeds can be increased in this way by
something like three times. It is possible to visualize further in-
creases of speed to perhaps six or seven times in sheltered waters if
more drastic steps are taken to provide lateral stability or its
equivalent.

PART I

There is much evidence to support the statement that, size for size,
the average sailing speeds of modern yachts are of the order of
double those of the old square-rigged ships. "The evidence is sampled
in table 1. The term *size for size’ refers to the well-known fact that
mere increase of size with no change of design will increase salling
speeds roughly in proportion to the square root of the increase of
length. "Thus in comparing the speeds of ditlerent types of vesacis
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e craft it is not speed alone that counts, but speed in relation to
Jength, o relative speed V(L. I'able 1 shows both actual and
relative speeds. There is a striking uniformity among the relative
speeds for each type, and a ratio of just about one-to-two between
the mean values for the two types.

Table 1. Average sailing speed;“

Average Average
actual Length  relative
speed  overall speed

Date Type ¥ (knots) L (ft.) VIJL Remarks
1492 Columbus 31 70 0'45 Good passage S
1837  Sumner 6} 200 o 44 Good passage c!ua:j-
1850 Clipper ships 6 250 o038 Mean figure r;i;_g
1902 Preussen 7 # 410 035 Mean figure SRS

1 Fore-
1935 Stormy Weather 6} 53 0'go Good passage | and-
1935 6 m. boats 5t 36 097 Mean figure aft-
1935 J-Class boats o} 135 o84 Mean figure rigged

yachts

Columbus’s speed of 3} knots is for his first westward passage
from the Canary Islands to the West Indies, 3100 miles in 34 days.
He himself seems to have considered this a very good passage, and
itissupposed that he must have carried the north-east trades behind
him most of the way.

Sumner was the ship captain after whom the ‘line of position’
method now used generally in celestial navigation was named.
Describing the incident that led to his discovering the method, he
wrote: ‘Having sailed from Charleston, S.C., 25 November 1837
bound for Greenock, a series of heavy gales from the westward
promised a quick passage; after passing the Azores the wind pre-
vailed from the southward, with thick weather; after passing longi-
tude 21° W. no obscrvation was had until near the land,. ... The
weather was now more boisterous and very thick, and the wind still
southerly; arriving about midnight 17 December, within 4o miles,
by dead reckoning, of Tuskar light, the wind came south-east,
making the Irish coast a lee shore...." The distance is about 3300
miles, the time 22 days, the speed 6} knots. Sumner obviously held
fair winds with plenty of strength.

<1 BLS




434 SURVEYS IN MICHANICS

Columbus's and Sumner's voyages probably represent aesds s
best performances that could be made by sca-going vesscls i s
respective eras. Both were by square-rigged ships under faveuneg
conditions. There is no great certainty as to the sizes of the sy,
but their lengths cannot have been very far from the figures givenin
Table 1. The two relative speeds should therefore be directly com-
parable, and the fact that they are nearly the same suggests that there
was not much real improvement in performance between 1492
and 1837.

Contrast these voyages with Stormy Weather's 6} knot speed in
1935—a hundred yedrs after Sumner. Stormy Weather is a modern
sea-going yacht, designed for occan racing or cruising and a
thoroughly able sea-boat. Onalength of only a quarter of Sumner’s
ship, she bettered his actual speed by something like one-quarter of
aknot, over much the same distance, 3100 miles from Newport, R.1,
to Bergen, Norway, in 19-2 days. ller relative speed was twice
Sumner’s. Further, her passage was made in June, in variable
summer weather which included a week of head winds and only two
days with the wind free enough fora spinnaker. Nor is this passage
to Norway an exceptional one by modern yachts. It is a good
passage, but there are plenty of others which are at least as good and
not a few that are better. Bolero, somewhat larger than Stormy
Weather but otherwise much the same, averaged

V]JL=o0-99 in the 1950 Bermuda race
0-68 in the 1954 Bermuda race
0-83 mean,

The Bermuda race, 635 miles from Newport, R.L, is rather too short
to ensure a good averaging out of the weather. But the mean figure
for the two races cited should compensate for this, as the first race
was sailed in fresh winds and the second in light breezes; the mean
is not far from Stormy Weather's relative speed to Norway. Incident-
ally, the two figures for Bolero give an idea of the spread lh‘.lt. is likely
to occur, and it will be noted that even the lower figure is fully half
as much apain as the mean figure for squarc-rigped ships in I:\l\!l‘ B
I'he remaining entrics in the table are rather rough medan faees,
but they add corroboration. ‘The 6-knot speed goen for the e
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the "record’ long-distance passages of these vessels—Hong Kong
t» London, Plymouth to Sydney, and so on—that were considered
noteworthy at the time and have gone down in history. The 7-knot
speed for Preussen, one of the last of the big German square-rigged
ships, built of steel, was worked out by her captain from his own long
experience and is based upon a goodly number of voyages in the
Chilean nitrate run to Europe. 'The speeds for the two modern
racing classes are long averages for day-racing by these classes under
all kinds of conditions. It has been said that the J-boats, the large
yachts which used to race for America’s cup before the last war,
were the ‘ fastest all-round sailing vessels ever built’. T'able 1 rather
confirms the statement, giving them a wide margin of actual speed.
Table 1 includes only wholesome boats, able to keep the seas inall
reasonable weather. Lven the racing classes listed are remarkably
good sca-boats. When the J-boat Yankee crossed from America to
England in 1935, her navigator, a man of great experience in ocean
racing, was loud in his praise of her sea-going qualities. The out-
standing feature of sound sea-boats is their reasonably great fullness
of hull form, which gives them reasonably high displacement in
relation to length. It is characteristic of all hull forins of this sort
that their resistance curves take a sharp upturn, due to heavy wave-
making, at relative speeds V/[y/L of only a little more than unity,
assketchedin fig. 1. This puts a fairly effective limit on the maximum
relative speed that can be reached. For no way has yet been found
to avoid the sharp upturn by modifying the hull shape without
reducing its fullness, and there is a limit to the driving force that can
be developed by the rig even under the conditions most favourable
for maximum speed, namely, a broad reach with a lot of wind well
abaft the beam. Supposing the wind to be increasing, there will
always come a time when sail has to be shortened either to avoid
damage to the rig or for some other reason.
T'he maximum relative speed cannot of course be stated exactly.
But if the extra speed now and then added, by coasting down the
fronts of following seas, is disregarded, the figure

anx./-\/‘L =115,

based on overall length, appears to be roughly representative of
wholesome boats in general. There are numerous records of clipper
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ships having logged about 18 knots for perhagm a dav v evnn ds
2 or 3 days at a stretch, which ona mean length of say 3¢5 11 g0y,
sponds to a relative speed of almost exactly 1-18. Stormy 1 oiige
once logped 88 knots for about 48 hours, corresponding to e iatiig
speed of 1-20, but this was in big following scas. The J-boats reactcd

115
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§ Yuwe gatzm are instnctive in thar imphcation fur the future. They
sdworn that average relative specds have now been brought so close to
the manimum relative speeds set by heavy wave-making resistance
that further improvement along the same general lines of develop-
ment must of necessity be of more limited magnitude. This does not,
however, detract from the remarkable advance thathas actually been
made in the last hundred years or so.

The improvement of two-to-one in average relative speeds cannot
in truth be laid to any single thing. Nevertheless, the underlying
pattern is clear: a progressive improvement in the ability to carry
sail and to go to windward, that is, to make progress against the
wind. If there is any one thing that is sure, it is that average speeds
of the order of 8/10 of maximum speeds could not possibly be
attained unless good progress could be made in head winds.

Looking back a long way into history, surely it was an easy step,
once a manageable boat of sorts had been contrived, to think of
hanging up an expanse of cloth or woven rushes to catch a favouring
breeze. The idea must have occurred quite naturally to almost
anyone with the least ingenuity who had experienced the enormous
difference between pulling upwind at the oars and drifting gently
downwind without effort. "Thus it is not surprising to find that the
earliest representations of sailing boats show a rig designed to the
best advantage for sailing before the wind. A rectangular sail hangs
from an horizontal yard, which is slung ahead of the mast to allow
the sail to belly out forward. This is the simplest form of the

02 06 8 ! square rig.
Vit g It must soon have been discovered that the wind could be brought
Fig. ¥ : around somewhat on to the quarter to sail a course a few points away
g . ; from the wind direction (see fig. 2). The sail could be trimmed to
y ir maximum, corres ondmgagamtoarelatwc ] ‘ : - ‘ &
abou‘; ’:’;‘ skno:s attheirim ’ P { remain about at right angles to the wind. 'T'he lateral component of
speed of 1°15. . i — Jative g " .
PM'iximum relative speeds have therefore remained largely un- ) tl.u: s,.x.ll fnr(,.c would be relatively small and would not cause much
h ; d, whil lative speeds have doubled. Hence the sidewise drift. But there the matter seems to have rested for at
changed, while average relative s ha - : ] G b . vs Trin the e ohi e
nEec . e .eds have doubled, increasing ; least two thousand years. Eric the Red's ships and William of
ratios of average to maximum spe¢ ' I : Normandy’s ships had simple square rigs
N oirely s : in squarc-rigged ships ; ’ ) X g
from (say) 045/1-15 or roughly ‘;F‘lo e ol l":lhh : 5 Nor was there any basic change until long after that. More masts
. 3 . ( TN yad - 1 S 5 -
to (say) 090/ 315 or roughly 8,10 1n modern y ¢ were fitted, and topsails, topgallant sails, and royals were added as
& Lncntentally, power-deiven mierchant versals Lmbay oo gt ;;..cl.l t'l..;l::l; : the ships grew higgt‘l’. These Changes avoided the difeuliles of
- ative apesd of 167, the [ aied . ; - : o gt . :
“The fist M nurrlum.l: at 1y \1.--;. "ln:!.l.flt tve s of 3 @ i ll]ilklng il ]]andhng larger individual satls, bide thcy did Tt
st 18 hneots has @ tlatone apsad
- ""?",*‘ﬁﬂ'ﬁvrf’v?.‘n‘wﬁ F‘#\%W — —
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accomplish much else. There is little 10 indicate that sry sent
advance was made for several centurics in saitling closer ta the wirad
It was evidently taken for granted that this could not be doser,
Apparently everyone expected either to wait for fair winds or to take
his chances of being blown off course. 'T'he effort was devoted to

Wind
Force

134 pt.

‘ Force Wind

'\'\ -
&

<
é

&

7
Fig. 2
developing such features as forecastles, aftcr-castles,.cxaigcr;t.c:
poops, fighting tops and the like, which,. far from helping the s!q‘
to sail closer to the wind, must effectively have prevented t}l:"
doing so. To judge by the drawings of ships of the fourtccAm‘ 1! lj
seventeenth century, nearly as much force must have heen create

by the windage of the superstructure and rip -
e would act altent evactly Qs
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It was not much before Nelson’s time that the ungainly ex-
crescences of the earlier ships began to disappear. There is plenty
of evidence that the advantages of windward ability were obvious
to Nelson. They must have been recognized widely in his day.
Seaborne commerce and naval power had become large issues,
commanding a great deal of thought and attention. Diagrams of the
battle of T'rafalgar show the combined French and Spanish line at
about six points from the wind before action commenced (fig. 3). It
is unlikely that six points were being made good. The wind was
light, and texts on seamanship of the period and for some time
thereafter dwell at length upon the liberal allowances that needed
to be made for sagging off to leeward. Seven points would probably
be nearer than six as an estimate of the course actually being sailed.
But seven points is a very considerable improvement over the
twelve points or so which must have been about the best that could
be done by the ships of a century or two earlier. Seven points not
only avoids losing ground in head winds but permits a little pro-
gress to be made to weather. Would Nelson have dared sail to
Egyptin 1799, giving up the weather berth in the prevailing wester-
lies of the Mediterranean, if, failing to meet the French, he had had
no chance of getting back to the westward in reasonable time? On
the other hand, how much easier would have been his decision to

sail east if his ships had been able to make 3} points from the wind,
like modern racing yachts.

Actually, for the same sailing speed, 3} points produces four
times the speed made good dead to weather when compared with
7 points, and twice when compared with 6 points, as is shown by
fig. 4. The clipper ships of the 1850’s could probably do 6 points as
against Nelson’s 7 points. Thus the improvement over the clipper
ships of two-to-one in average relative speeds which has been
effected in modern yachts is consistent numerically with the im-
provement effected in windward ability. It would be a mistake to
read too much into this close numerical correspondence, for wind-
ward ability is obviously not all that is required to maintain high
average speeds. Windward ability is nevertheless a vital factor.
Witness, for example, the Bermuda races that have been cited, in
both of which Bolero was close-hauled on the wind or nearly so for
practically the entire time.
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The attack at Trafalgar
21 October 1805

Five minutes past noon

®® British, 27 ships
=  French, 18
E» Spanish, 15

The French and Spanish ships marked -+ were taken or destroyed
in the action

] 33 ships

; References
A, Santa Ana, Alava’s flagship
B. Bucentaure, Villeneuve's flagship
P, Principe de Asturias, Gravina's flagship.
R, Redoutable

S. Royal Sovereign,
Collingwood's Mlagship

T, Santissima Trimdad

V, Victory. Nelwon's flagshp

Fig. 3
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Of all the changes that have contributed to the great improvement
of windward ability in modern times, probably the most important
is the shift from the square rig to the fore-and-aft rig (fig. 5). At
any rate it is fair to say that the improvement could not have come
about without this shift. For the square rig was quite unsuited to
close windward work.

Inorder to sail on the wind at all, it is evidently necessary that the
sail force lie far enough forward of abeam to have an appreciable

8 pt. =90°
o
N g
o
; 9
o
|
| |
Component
I made good
._I | Wind
s | | gl
020 ’
Sailing
p="0:38 speed, V
078 =
1-00
Fig. 4

driving component along the course. This in turn requires, first,
that the apparent wind meet the sail at an angle to its mean plane, as
in an aerofoil, rather than straight on; secondly, that the lift/drag
ratio of the rig as a whole be reasonably high. These conditions
apply, of course, to either type of rig.

‘T'he basic difficulty with the square rig seems to have been that
the weather leech, or leading edge, of the sail could not be set up
hard enough to make it stand properly. Not being attached toa spar
as in the fore-and-aft rig, there was no way to get a good enough




442 FURVEYS IN MECHANICS

purchase onitto prevent its sagging off badly and very hely o erang
aback when the ship's head was brought to cven 6 PoInts fren the
true wind, the apparent wind then coming from somewhat farther
ahcad. Another problem with the square rig, particularly in larger

Y.

True wind

Square rig

3§ pt.

Fore and aft rig

Fig. 5

sizes, was to find a way of carrying the weight of the heavy yards while
at the same time allowing them to be braced around to more than
about 45°. No doubt this problem could have been solvad. Hut
besides the ditliculty with the weather Jeech there was the further

ke
comphicatuon that unless the foot of the sal was aut vary hihom

S
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would foul against the shrouds when braced around. Six points was
for these reasons about the best that could be done with the
square rig.

None of the same difficulties plague the fore-and-aft rig. In its
modern form the luffs, or leading edges, of the mainsail and jib are
supported by the mast and headstay respectively. The mast is, of
course, stiff, and the headstay stands well when the sails are sheeted
down hard because it takes the whole aftward pull of the mainsail
and carries a lot of tension.

In its essential features the fore-and-aft rig is by no means new.
Its development can be traced from a long way back. The essential
features are the full support of the Juff and the fact that the sail is
abaft the shrouds instead of ahead of them and can thercfore be
flattened in without limit. These features were present in various
forms of the lateen rig which existed at least six or eight hundred
years ago, The lateen rig can itself be considered a fairly direct
development from the square rig. It involved only two basic
changes, namely, slinging the yard under the shrouds instead of
above them, and then canting it until finally the sail became
triangular instead of quadrilateral. With these changes both sides
of the sail could meet the wind, on alternate tacks. This meant,
however, that whereas the sail could belly out away from the mast
on one tack, it was blown against the mast on the other, as shown
in fig. 6. Hence the sail had a single stnooth camber on one tack, but
was less effective on the other tack because it was ‘cut’ by the mast
into two shorter cambers. Possibly the idea of actually splitting the
sail into two parts, to form mainsail and jib, evolved at about this

point in history. The overall configuration of the lateen rig, which

was quite a good one from a modern point of view, would not
thereby be much altered and the performance would become the
same on both tacks. In addition, the chafe of the single sail
against the mast would be eliminated.

Whatever the true historical sequence of events, the fore-and-aft
rig was certainly well known in smaller boats when the square rig
was still in its heyday for large ships a hundred years ago. In facr,
all of the square-rigged ships of that time carried jibs and main-
sails of the fore-and-aft variety in addition to their square sails.
There were many jibs and these were supplemented by triangular
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staysails between the masts. ‘There was at least one *emacrmad ',
called the spanker, on the mizzenmast, Indeed, the gradual o, 4
from the square rig to the fore-and-aft rig was already well undes
way.

Why was the shift to the forecand-aft rig so gradual? It cannot
have been for any lack of appreciation of the need for increased

Fig. 6

average speeds. The large square-rigged merchant ships were
already being hard pressed by the early steamships and spcc:_.l was
the order of the day. Moreover, the ability of the steamships to
make progress in head winds was being urged as a strong pomtan
their favour.
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Onc reason is perhaps the fairly widespread belicf that the sailing
ship could hold its own against the steamship by following routes
where fair winds prevailed. Greatstrides had been made in working
out the pattern of meteorological and oceanographic conditions on
the main trade routes of the world. It was astonishing to what
extent the trade winds and the ocean currents could be counted upon
to produce quick passages if careful attention was paid to the routes
followed. The steam tug had solved the problem of being held in
port by adverse winds. As a consequence, the advantages of good
windward ability probably did not stand out as clearly as they might
have under other circumstances,

But a more telling reason is, surely, that the fore-and-aft rig was
not yet able to demonstrate its inherently greater potentialities for
windward work. Until the windage of spars and rigging could be
drastically reduced, and until flatter and better-setting sails could
be made, the lift/drag ratios of fore-and-aft rigs were little better
than those of square rigs. These developments took time. Wire
rigging had to be introduced, and many other improvements. The
realization came only very slowly that really large gains were
possible. The point seems to have been missed for some time that
in a long view of the situation the various improvements that were

being developed could be fully exploited only in the fore-and-aft
rig, and not in the square rig.

PART 1I

Modern yachts are a far cry from square-rigged ships. Progressive
changes in the rig produced progressive changes in the hull, until
at last the overall configuration and the proportions have become
radically ditferent. In fig. 7, a large and a small racing yacht are
compared at the same scale with a typical square-rigged merchant
ship of about 1860. The very different proportions are evident,
and stand out even more strongly when the principal dimensions
are reduced or expanded to a common overall length to permit
direct comparison-—100 ft. in the lower tabulation adjacent to
fig. 7.

s iR s
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The yachts are seen to have considerably less fullness of hull form.
It has been implied earlier that they have reasonably full hull
forms, in the sense that they have good space below decks and are
good sca-boats. This is true. The fact is that the old ships had
abnormally full hull forms according to modern notions.” For many
centuries full-bodied ‘round ships’ and fine-bodied ‘long ships’
existed side by side. The round ships became the cargo carriers
and the long ships became the war galleys, largely propelled with
oars. 'The square-rigged ships of the nineteenth century were the
lineal descendants of the ancient round ships. But it will be seen
in table 2 that they were already much less full than say Columbus’s
ships, and that at the end of their era, in the biggest sizes like
Preussen, their fullness had dropped down much farther, to
roughly that of modern bulk carriers like tankers. There is no great
difference of fullness between Preussen and Stormy Weather. The
racing yachts continue the gradual trend towards decreasing hull
fullness that has evidently been going on for a long time.
"The extended overhangs of the yacht hull, which date from about
the 1880’s, are in principle a very ingenious concept. Basically, they
permit the displacement on a given overall length to be greatly

Ship J-boat

6-metre
Actual dimensions

Length overall, LOA (ft.) 242 135 36
Load waterline length LWL (ft.) 221 87 23°5
Beam, B (ft.) 45 25 65
Duraft, H (ft.) 23 .15 5'4
Sail area, S4 (ft.*) (actual) 22500 10000 6oo
Wetted surface, .S (ft.¥) 15200 2200 192
Displacement, A (tons) 4100 166 41

SA/S 15 4'5 31

SA/A 5'5 6o 146

Relative dimensions

Length overall, LOA (ft.) 100 100 100
Load waterline length, LWL (ft.) 91 64's 65°5
Beam, B (ft.) 186 185 181
Divaft, H (ft.) 9'5 111 15'0
Sail area, SA (ft.?) 3850 5500 4600
Wetted surface, S (ft.?) 2600 1210 1480
Displucement, A (tons) 290 68 88

VA IV (Vs displacement in ft.?) 29 55 47

Fig. 7. Comparisun of square-rigged ship with racing yachts.
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Table 2. Hull fullness

Displacement on a nominal overall length of 100 fi.

Tons

Square-rigged ships:  ~

(1492) Columbus 440

(1860) Ship (fig. 7) 290

(1900) Preussen 160
Modern power-driven ships:

Large tankers 120-150

Fast liners, airplane carriers 50-70

Dc:‘lrnyers, cruisers 45-60
Modern sailing yachts:

Stormy Weather 130

6-metre (fig. 7) 88

J-bout (fig. 7) 68
Canoes:

16 ft. Canadian canoe (with two 50

men and their gear)
Gékstad Viking ship (c. A.D. goo) 50

reduced without corresponding loss of the lateral stability needed
to carry sail. In fig. 11, a 6-metre boat hull is compared with an
hypothetical destroyer-type hull having the same overall length and
displacement. It turns out that the two hulls have nearly the same
wetted surface at rest. However, the much larger mid-section of the
yacht and her very deep kecl give her tremendously greater power
to carry sail when on the wind. Also the immersed lateral plan.c area
is more concentrated towards the mid-length. This provides a
better aspect ratio, (draft)*/area, which helps to reduce the induced
resistance arising from the lateral water thrust that offsets the lateral
component of the sail force. . o
"I'he yacht rig, too, has a much better aspect ratio, (lmg]'lt)ﬁ(sall
area), than the ship’s square rig, and this helps to reduce the mduc'cd
acrodynamic drag. The yacht rig incorporates two ff::ut}trcs \\'hlcb
have come into general use only quite recently, within tl"f- p.mf
twenty-five years or so, but which from their names are obviously
adaptations of carlier concepts. These are the _}I.lrl-hl'-.ltlcd. or
‘Bermuda’ mainsail, and the overlapping or *Genoa’ pb. “The ruu!
does away with the gl or upper supporting spar of the -Ali-h ¢
quadnlateral mainaail, This saves werphitalottand reducos the vice

r Ltothe wained
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i s upper portions. The Genoa jib, with its large overlap, is
thought by some to perform the function of a slot at the leading
edge of an acrofoil, preventing breakdown of the flow over the lower
portions of the mainsail due to the high angles of attack of these
portions which persist because the skew cannot be wholly elimi-
nated. This rather elaborate notion may be questioned, but the
overlap of the Genoa jib does add sail area without requiring any
change in the fore-triangle dimensions of the rig.

Last but not least the yachts have proportionately very much
more sail area than the ship. They have ratios of sail area to wetted
surface SA/S of over twice, and ratios of sail area to displacement
SA/A of the order of ten to twenty times. The ratio SA/S, which
governs only at very low speeds, is independent of the size of the
craft. T'he ratio SA4/A, which governs most of the time, varies
inversely with the size on account of the square-cube relationship
involved. Higher values of SA/A would therefore be expected in
the yachts because of their smaller size. But the yachts also have
nearly twice the non-dimensional ratios VSA/YV which describe
proportions.

"The rock upon which the more successful systems for fixing
racing handicaps among yachts have been built is that to first
order, disregarding differences of design, changes in SA/A cause
corresponding changes of average relative speed V/,/L which de-
pend only on the characteristic shape of the resistance curve.
Using the same principle, and starting with the V//L of 0-go given
for yachts in table 1, a V[\/L of about o050 emerges for the smaller
SAJA of the ship. However rough, this result can be compared
with the ‘mean figure’ of about 040 given for ships in table 1, and
is enough to show how important it is to carry sail.

The larger non-dimensional ratios VSA/YV in the yachts are
possible because of the proportionately greater lateral stability,
The smaller non-dimensional ratio in the ship is well enough
explained by the structural difficulties encountered in very large
rigs: structural problems have an unpleasant way of becoming less
tractable as size increases.

What sort of performance in a technical sense is actually attained
by modern racing yachts? A great many general statements have

<9 BDS
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been made regarding this question but there are not many syste-
matic data. Altogether, the work done on the subject has not been
very extensive.

IFig. 8 i3 taken from some studies of a successful 6-metre boat of
fairly recent vintage. The boat is close-hauled in a 12-knot true
wind. '

"T'he sailing performance, represented by the triangle comprising
sailing speed V, true wind speed V., and apparent wind speed V,
was determined in this instance from a respectable number of
observations on the boat itself under sail. It will be seen that at
a sailing angle v of only 3} points from the true wind the sailing
speed is very nearly halfthe true wind speed (5-9/12) and corresponds
to a relative speed V/J/L of very nearly unity (5-9/y/36). These are
really rather remarkable figures. A 12-knot wind is only just over
the line into force 4 on the Beaufort scale, where it is described as
a ‘moderate breeze’. Yet with only this much breeze the relative
speed of the boat has already reached some 85%, of the nominal
maximum relative speed, taking the latter to be 1-15 as mentioned
earlier. Furthermore, the notations on the Beaufort scale, dating
from about 1800, give '5-6 knots full and by’ for the speeds of
square-rigged ships in a force-4 breeze. ‘Iull and by’ would

Particulars Rig
Length overall, O/ (ft.) 36'0 Lift, L (Ib.) 475
Load waterline length, 23'5 Drag, D (1b.) 78
LIVL (It) Lift/drag ratio, L/D 61
Beam, B (ft) [ Lift coeflicient, Cp, o'8o
Draft, H (ft.) 54 (non-dimensional)*®
Displacement, W (Ib.) 9400
Sail arca (with Genoa jib),  6oo Hull
Sl (fe.?) suli .
Lateral area hull, LA (ft.%) 70 }{l:cll‘ng l:o_“';i'(fé glh') ?62
Right arm at 20° heel, RA 096 Blatance 3 41
:"“ ) ’ ch:mg furcc/remsitnnce. IC!,'R 33
‘ e Heeling force coctlicient, Cy 007
Suiling performance (non-dimensional)*®
Heel angle, ¢ (deg.) 20 Resistance/displacement, R/W o015
Sailing speed, V (Imuts)s) 59
True wind, Vy (knots 1% * Non-dimensional force
Apparent wind, V', (knots) 17 s e o T
Apparentwindangle, f(deg.) 26 cocflicients are defined by
Sathng angle, ¥ (deg.) 39 F=CpAlpl?
(3 points) .
Speed made good to 46 where, in consistent units, Fis force,
windward, V,,, (knots) A is surface area, p is fluid density,
Leeway, A (deg.) 3 v is speed.

Fig. 8. Analysis of 6-metre boat close-hauled in 12-knot wind.
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; probably mean something like 7 to 8 points from the wind for those

\\.t!li';t-f
Buresu
forecasta

Light
Gentle
Moderate
Fresh
Strong
Gale
Wheds
gk

|
|
|
|
|

ships. The evidence is, then, that a 6-metre boat could actually
outsail a square-rigged ship, boat for boat, when going to weather

Terms used
in LS

gsets . B L “ v . in this moderate breeze. . “hy
¥ gégg _E 52 1 5 f E i DA S S SR | g The angle of heel was observed at the same time as the speeds and
Egggg geg § o o o - s sailing angle. "The heeling force H, which may be called the basic
. force magnitude, could then be estimated from the lateral stability
gg‘g g 5 E - ;I? E E:: § i ::.; T':: :‘E char‘uctcristics of the boat, whic}? were known. For simplicity, the
E‘S‘. Egg’ A & & 3 RS 3 ¥ = g j hcchr?g. force was assumed to lie in a plane normall to the mast
G containing the estimated centre of effort c.E. of the sail plan.
%E PET IR S-T - i § i* i Tf i f §z. : To complete the resolution of forces it was evidently necessary
E,s A~ % b oq W & s b= ; to know only one more force magnitude, which could be either the
§3% - @ = %9 B & r g4 resistance R of the. }13111 in th'e du"cctlon Opposite to its motion or
;;E §§ Lo & h g I TR - S R B 2 % the drag D of the rig in the direction of the apparent wind. It was
S 82 ) 3 i w s 3 " clear that in principle the hydrodynamic characteristics of the hull
43, 5 '-%‘ ?E‘ g & gg BB E s %g 2 . 6% . or the acrodynamic characteristics of the rig might be determined
E 5 § 23 54 E’E gg Eﬁgéﬁ E%@?Egﬁ é&m{ %5% EE E by separate experiments, which would ordinarily be more con-
i R gggégg = E«EE?EE@ EEE%E b é%‘?ggg?ﬁ | ‘g veniently carncd_ out in model scale than. in full scale. There was
§ £5 3 %E g £% . EE E*E{ 5 @E-g;é? 78 T gf: ; %ég U%E., i another alternative, that ‘the Ch:il'ﬂth:l‘lSthS‘ be‘ deduced fror:.n
S i £ Buliupsd 5% 3 E :E_n—*:‘ Bet ggi? TS B measurements on the boat itself of the force directions and magni-
@ 5 B EFEEEsEH EE :ég&: EE 55‘: £ ?;‘;E ;?3§;§ E%%E:E E tudes at all points of attachment between the hull and the rig. As
‘*En < Qu Fd @ = F ) 3 a matter of fact, some work has now been done along all three of
:§ ,,% ?:“E 48, .3 ‘?,;"g' 5 2 ; 3 these lines, notably by Davidson, Warner and G I. Taylor, re-
. g}ﬁ £ éﬁ'ﬁs ’2% ‘2,%% 4 Es é F 4 spectively.* In the present inst:u.lce, model experiments were em-
_L: 'E%' Eé E;ggggg ggii ) .Si E E ployed to determine the hull resistance. T'he model was ba[!astefi
= i ag %%QE‘; giiﬁ@ 4 g2 & o bt ¢ to have the desired heel angle, and the leeway was adjusted until
& §§ poeEk EEEE"?EE% 138 B EE 3 i the scaled-down heeling forca‘: was developed at the proper scaled-
E%‘E 3 EEE;Z?EE;%E%%E% £5 ﬁ-é i ¢ down su|1{11g speed. The resistance was then measured and con-
“e E"- HARERS S “E 5" &% .k ;:f ‘ verted to full scale by the usual nethods employed in model work.
i o . . . ng ﬁi‘—g Eg ; . It will be scen in fig. 8 that th.c heeling f'nrcc His a|b?/m 597 of t.hc
}}E‘%hi E 3 é s 55;, ?% ?;ﬁ .““5:3._’.':' 5! 'E 2 : dlspluccmcr’lﬁ :md. _tlmt the resistance R is -abnut 149, of the dis-
%E £52. e ek f &a :E;*;—].E 3 ;;yﬁﬁ ’;‘i § piuu.-mc-.nt. | hc. lift/drag ratio L/D of the rig works out at 6-1, and
EE%E %; ;% E% E‘E ER £ ZEis €:-2 gjﬂ §? i?'f 8 the lift/drag ratio MR of the hl.-lll at 3-3. What. t!?cse figures really
i Ef’;% % 23 w3 _?_—.h ':‘.‘: s ToEToplls el i A : signify, and whether or not they indicate that a limit on pcrfur.ma.nce
s i i :f:'— £ E— SRl N ke 10 has been closely approached within the framework of the principal
13 1 dimensions and proportions, can be judged only by analysis and by
;i: ?’2 ¥ t v gE f E i ;' ! l E 1 z 1 L l-‘unlul-r wurklhus been u:jdn"rmkcn within the past two years by the Yacht
bt : % ‘¥ '? ;3 i ! ' I i? i i i f ‘ : Research Council in Grear Britain.,
! {- g L : E ! 4 - b i i > 4 €
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24 e comparison with other acrodynamic and hydrodynamic experience.
N ’;gf,’ No great claim can be made for the absolute accuracy of the figures
\ I because of the narrow basis on which they rest. But that is only an
20 T additional rcason for trying to extract as much as possible from
{i 30° them. oy
F ! ‘The studies from which the figures were taken actually covered
£16 ?,._-150_.} a range of true wind speeds up to about 22 knots, embracing angles
S ‘ of heel (in 5" steps) up to 35°. I'ig. g shows the sailing speeds and
1N I 200 the hull resistances over these ranges and provides a greater breadth
> Speed made good{—/ +— Salling speed
E to wea‘h:r o 15°
; /
v B y,
=
£ ey
'/
4 ""‘;'oﬁ’— 59
0 ;
2 3 4 5 6 7 8
Speed, V (knots)
300 Heel
350 )a / - .
250 !
30° ﬂ
5 200

Fig. 10

~
v
[}
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of view than does fig. 8 alone. The complete set of diagrams like
fig. 8 reveals comparatively little variation with heel angle in either
of the two lift/drag ratios, H/R and L|/D. The sharp upturn of
the speed curves thercfore follows closcly the sharp upturn of
the resistance curves, being due mainly to the need for rapidly
increasing wind strength to provide the necessary force to offset the
rapidly increasing resistance. It will be seen that nearly the best
speed has already been reached when the true wind has reached
12 knots and the heel angle 20°, as in fig. 8. It follows that radical
improvements can scarcely be expected unless something drastic

Resistance; R (lb.

- -
8 g
3
)
R~
T~

° 8
191,
50 e

6 o7 08
0 L__Eé,_,o;".... t s

e
2 ) 4 5 ¢ b (]

Seand W (bt

09 10 vy |11V

PSS vi— —— Ll

s et o e AT

o o woesd eead Bl seegrasinise o B et o

Fag v aideng purt soevas




456 SURVEYS IN MPCHANICS

can be done to reduce the resistances in the highct-op«d repsocns o
the curve.

But this does not exclude the possibility that substantial, if o
radical, improvements might be made without major changes of
design or dimensions. As matters stand today, boats like the 6-mctres
are built to strict measurement rules which govern their principal
dimensions and proportions, and races between them are often lost
or won on time margins of a few seconds. An improvement of say
5%, in their performance on the wind would therefore be quite
dramatic. ‘ ‘

It is easy to shotv by manipulating the speed triangle, as in
fig. 10, that a 5%, improvement over the speed made gno-d- to wind-
ward in fig. 8 would result if, for example, (1) the same sailing speed
V and snilring angle y could be attained in g knots instead of 12 knots
of true wind by increasing the sail force Cocfﬁcicntl, or (2) thcfamc
sailing speed in the same true wind could be attained Wlt-ll 4" less
sailing angle. 'The first would lower the speed curves in fig. 9
bodily, the second would push the curve of speeds made good- to
the right. T'he main point is that in either case the apparent wind
angle /# would have to be reduced by about 2-5-", and it can be
verified that this would in turn require either an increase of about
369, in the lift/drag ratio L/D for the rig, or an increase of about
189, in the lift/drag ratio H|R for the hull: if H/R for the hull
remained unchanged, L/D for the rig would have to increase from
6-1 to 84; if LD for the rig remained unchanged, H[R i_ur the hull
would have to increase from 3+3 to 3-9. Viewed in the light of the
past, improvements of this order of magnitudc_ do not seem b?yuﬁd
reason. Improvements of much greater magnitude have obvu.)usl.y
been made over the past hundred years. 'T'he jib-headed mainsail

and the overlapping jib may well have effected improv.cnwntsvnl
least as large, though reliable figures are not casily d?lcrmmvd’. I\;Jr,
are the present lift/drag ratios in themselves p.'.ll'[lt‘lll‘-!l‘l)' hf};}l, »y
acrodynamic standards. Conventional subsonic acroplanes have
lift/drag ratios of the order of 15-20. N
1'o try to assess the possibilitics more exactly it 1s ll:al.'hl‘ TR
a hittde further into detail, employing the usual mothods of avroe-
dvnamic and hydrodynamic analysis. Tuking he H as 2 stating

i ; . oo I CT N LI LR S
point, the non-dimensional bt cocthaent € of the 13
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given as o-8o. This rather high coefficient implies a rather high
angle of attack of the sails. A reliable estimate of the mean angle of
attack is difficult to make because of the skew of the sails. However,
a little judicious juggling of figures suggests that for the conditions
of fig. 8 the mean angle of attack is probably in the neighbourhood
of 8-9°. Some confirmation of this estimate is given by generalized
aerodynamic data, which indicate that a similarly cambered aerofoil
of the same geometric aspect ratio as the 6-metre rig, (height of
mast)®/(actual sail area)=3-2, would be expected to develop a lift
coefficient of 0-8o at an angle of attack of about 8°, However, the
aerofoil would then be expected to have a lift/drag ratio of around
10, which is more than half again as great as the 6-1 lift/drag ratio
of the rig. ‘T'hus it would appear that there is still room for significant
improvement of the yacht rig without altering the sail area or the
aspect ratio. 'T'he problem, following the lead of the aeroplane, is to
improve the set of the sails and to reduce the drag.

"The hullis somewhat less simple to analyse. For although it may
be regarded as an aerofoil in so far as it develops a hydrodynamic
force to balance the sail force, the hull must also provide buoyancy
to float the weight and have lateral stability to carry the sails. With
these three things to do, the hull ought not te be criticized in too
summary a fashion for turning up with a lift/drag ratio H/R of not
much more than half the lift /drag ratio L/D of the rig (3-3 as against
6:1). The problem is to unravel the separate influences of its several
duties.

Taking the hull as a simple weight carrier, the resistances in the
upright position, without heel or leeway, may be compared directly
with those of (say) a destroyer type of ship of the same overall length
and displacement, as in fig. 11. When this is done, it is seen at once
that a not inconsiderable price has been paid in the yacht form for
the relatively greater beam and draft and the shorter waterline. At
the 5:9-knot sailing speed of fig. 8, the upright resistance is some
801, greater. The long overhangs of the yacht form are evidently
less ctfective than the immersed ends of the ship form in delaying
the sharp upturn of the resistance curve at the high end of the speed
range, where wave-making is large. ‘T'he yacht form is also poorer
in the low-speed region where wave-making is negligible, and this
in spite of its having very nearly the same area of wetted surface,
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Resistance, R (Ib.)

458
Even at 3 knots its resistance is some 20", greatef, presamaths
because the greater beam and blunter underbody ?mn INCTCamw the
resistance per unit of wetted surface by accentuating eddy-making
at the stern,

When lateral stability is taken intE) account, however, the higher
resistances of the yacht form are found to be amply compensated
for. 'I'he heeling force that the destroyer-type form could support
at 20° heel angle could scarcely be more than 100 Ib., assuming a

SURVEYS tN MECHANIOS

300
Resistances
upright
200 |-
100 -
1 ) B3
2 4 6 8

Salling speed, V (knots)

Fig. 11. Comparison of 6-metre and destroyer-type hulls of
. same length and displacement.

centre of effort at the same height as for the yacht. This 1s c')lnllly atb}::
more than 20 %, of the 465 Ib. given in fig. 8 for tl_w yacht: u;t e
yacht form has a clear advantage from the point of vxc\\:j&id by
lift/drag ratio H/R of over 2} :1, even when the rcsxst'tm(u: J.11 S
heel and leeway is disregarded. The figures are H}R.—nd.;. ){-,r,-“\“ .
for the yacht form and H[R=100[62= 106 tur:llu estroyer-t
form at 59 knots.

: il ceway is 2 1.
The resistance added by heel and lecway
1'he resistance a y o which ped aee
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the lift/drag ratio H/R from the above figure of 4-2 to the actual
hgure of 3-3. Fig. 12 indicates that only about 4 Ib. of this added
resistance is attributable to the heel angle alone. The remaining
25 Ib. is attributable to the leeway, or more properly to the fact that
a hydrodynamic lift is being developed by virtue of the leeway.
The 25 1b. is therefore in principle an induced drag in the aero-
dynamic sense, which theory says should vary in the manner

1020 b, =
A

P
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~
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232 b
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400 -

Heeling force, H (Ib.)

300 -

200 |-

100 [~

e s

Induced
4

|
S0 100 7 150 200 250
b
e
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Resistance, R (Ib.)

Fig. 12, Forces on 6-metre hull at 5-g knots with 20° heel angle.
From model experiments,

suggested by the experiments, namely, in proportion to the square
of the amount of lift developed. "T'here is some question regarding
the constant of proportionality. Elementary aerofoil theory gives
the expression Cp,; = C#/n AR, where C'p is the non-dimensional
cocflicient of induced drag and AR the aspect ratio. Taking the
aspect ratio of the yacht’s underbody profile as (draft)?/(lateral
area) =041, thisexpression yields 24 Ib, for the induced drag, which
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is in remarkable agreement with the expernimental figure. A Gosmtam
arises, however, because on the one hand the clementary thewry s
really applicable only to aerofoils of much higher aspect rato andg
sometimes underestimates the induced drag of acrofuils of low
aspect ratio, while on the other hand, it can be argucd that the
yacht’s lateral plane ought to be considered a half-aerofoil, so thay
with a mirror image above the water surface the aspect ratio would

causcd the resistance first to drop and then to rise. If the initial
drop in resistance is attributable to the reduced leeway of the hull
proper as distinct from the keel, which seems probable, the hull is
evidently very sensitive to small changes of leeway. The subsequent
.risc in resistance does not necessarily confound this reasoning, for
it can be explained on the ground that continuing increase of the

weather helm eventually increases the resistance of the rudder or
be doubled and the theoretical induced drag halved. There scems rudder-keel combination, but only after the leeway has been reduced

to be little chance of resolving the question completely. But the so much that further reduction has a negligible effect on the hull
alternatives have compensating effects, and a complete answer is proper.

perhaps more of acaderhic than of practical interest.

{
Fl
i

%

‘I'he answer is of less practical significance than the implication _ tl0 C.LR.
of fig. 12 that the lift is much too small to develop the maximum -4
lift/drag ratio H|R of which the hull form is inherently capable. § L o
If the experimental value of the parabolic constant were to remain
unchanged at higher lifts, more than twice the actual lift, around ry s
1000 Ib. or 11, of the displacement, would be nceded to develop I
the maximum lift/drag ratio. A 6-metre boat already has nearly g 150 - U
three-quarters of its total weight concentrated in lead ballast at the g
bottom of the keel, so that there is no chance of doubling the lateral y & 15
stability and hence the lift. Even if this were possible, however, and ! o ~——_ pesisat<s
even if the experimental constant held, the lift/drag ratio would still ; ik
not exceed about 4-3. The real trouble lies of course with the high i . . ' ; .
resistance that exists before the induced drag is added. % 4 5 0 A p e
Anuthcrm;lttcrufsomeimpnrtanccistlmtnf‘hal-.mcc'.'l‘hisisthlc i P ER‘L:E . Weather helm (deg.)
name usually given to the tendency or otherwise for a l)f;;lt to sail | B 13 2:1 ;zd ::1 ;:llenn;{!r: ::]n 'g;rém:lu; ::rliln:: nst-sg' knots with
a straight course with very little helm angle. Mechanically, the :
resultant hydrodynamic and acrodynamic forees have to lic in ?hu ! Tl.lc 6-metre boat itself sailed with practically no helm and was
same vertical plane when the course is straight. Generally speaking ‘ considered ‘well balanced’. Thus she sailed at nearly the best point
it is desirable in practical sailing, first to trim the sails to best ” on_ the resistance curve of fig. 13, leaving no room for significant
advantage, thereby fixing the fore-and-aft position of the centre of \ gain from a change in the fore-and-aft location of the rig with respect
effort c.E., and then to bring the centre of the lateral hull force C.L.R. i to the hull which would alter the centre of effort position c.k. The .
to the required fore-and-aft position for balance by a very small § !ate‘ml force centre ¢.L.R. must then have been in the position given ?'
adjustment of the helin. It is therefore important to know the etfect : in fig. 13 for practically no helm, which is some 459 of the overall E'
of helm angle on the hull resistance. Model experiments on g 3 length from the bow. 'T'his is the same position as is shown in fig. 8, .
6-metre hull made for this purpose indicated that changing the H where it is seen to be well ahead of the geometric centre of area of {
helm from lee to weather by a fow degrees was quite slogiht Fhu lateral plane. By working from this lateral force centre c.L.R., b
moving the foree centre aft Tt also reduced the leeway. Bt o ttcan then be concluded that the centre of effort ¢.k. must also have
' iy ——— - ko
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been well ahead of the geometric centre of arca of the sail plan s s
shown in fig. 8. ‘The position of the centre of cffort thus dedixd
can be accounted for quite well by assuming the mean wind pres.
sure on the jib to be twice that on the mainsail, an assumption
which is consistent with a rough integration of some pressure
measurements on sails made by Warner and with the known
effectiveness of the Genoa jib.

It is well established that the centre of pressure of rectangular
acrofoils is normally at about one-third of the chord from the
leading edge, or well ahead of the geometric centre of area. There
is good evidence ton‘that the centre of lateral pressure nf_the
generally rectangular underbody profiles of normal ship hulls lic at
about one-third of the length from the bow, when the hulls are
making leeway. This accounts for the long hnwspr_its of the e-.u'lit.:r
sailing ships, their object being to put the centre of effort n-f the rig
far enough forward to effect proper balance. The generally tn-.m‘gulf\r
underbody profile of the yacht form is evidently successful in
moving the lateral force centre aft by about 12 o/ of the overall length
(0'45-0-33) and thus successfulin largely avoiding the need for bow-
sprits, which are at best a nuisance.

'I'he triangular underbody profile of the yacht form secms Lo have
another advantage connected with balance. The deep forefoot of
the carlier ships had a tendency to dig into the back of tl}c wave
ahead when the vessel was running before a heavy sea. This could
be dangerous, as the lateral force centre could tcmplumr%ly be moved
a long way forward, which might lead toa lu.ss of directional cuntlml
by the rudder. In this event the vessel might bmuch' to, slclwl_ng
around broadside on and going over on her beam ends, jeopardizing
the rig if not having more serious conscquences. It may be that thf
real, if only partly understood, reason why th.e very blunt ‘1()\\“.-:
persisted for so long in the square-rigged ships is that they }}‘.ul 1.‘.-:1:;
tendency to dig in and would therefore provide some s-.m‘-gu.u' :
against broaching to. Anyway, it is a fact that t.l:c blunt bows g».lnlt.
\\;uy to sharp bows only as sailing closer to lhu_wun'l F)cc;nm"pu»l le
and there was less need to run before the wind, The obvious ulnf—
advantages of the blunt bows in head seas must then l_n.u‘c lu"wll::
apparent, ‘The yacht hull with its cut-mway torctoot 1opnudd

susceptible of bhroaching o,
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Summing up, it is more difficult to gauge for the hull than for the
rig how much room there is for improvement within the framework
of fixed overall length, displacement and draft. "The hull is more
complicated to analyse. As matters stand the form of the yacht hull
represents, for its purpose, a considerable technical advance over
that of the ship hull. Any reduction of resistance without loss of
lateral stability would, of course, be a net gain.

Broadly speaking, the combination of the principal dimensions
and proportions embodied in the 6-metre boat is representative of
a great many present-day racing, ocean racing, and cruising yachts
It has evolved gradually over the years and has stood the test of

. time. It is rather encouraged by a number of the measurement

rules that have been devised as a basis for establishing racing
handicaps for these boats.

T'here tend to be quite consistent relationships between the three
main variables, sail arca, displacement and length, which are
tolerably represented on a geometric basis by the expressions

NSA[Y V=494,
v'V=013L + 05 for racing boats,
v/'V=0"16L-+0-8 for cruising boats,

where SA4 is the actual sail area, V the immersed volume corre-
sponding to the displacement, and L the overall length. The racing
yachts in fig. 7 conform fairly well to these expressions. It will be
seen that as the size of boat increases there is progressively less sail
area and progressively less fullness of hull forin in proportion to
displacement. IHowever, these two trends have compensating
effects. Relative to displacement, the first reduces the hecling and
driving force components developed by the rig in the same wind,
while the second reduces the lateral stability and the resistance of
the hull at the same relative speed /L. In consequence, there
1s to first order no very great change in either the heel angle or the
relative sailing speed when close-hauled in the same wind as size
is increased within the usual yacht range.

Noris there very much change of speed in any one size on different
points of sailing. This is shown by fig. 14. As the sailing angle is
widened in the same true wind the apparent wind is rapidly reduced,
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thus reducing the resultant sail force developed. But this reduction
is at first much more than offset by the larger component of the sail

Ya=170 koo force that becomes available for driving: later it is offset in some
Close R =141 tb. degree by the greater sail force coefficients that are developed as the
hauled ——_—r sheets are freed and the sails become more bellied; finally, when
y=34 pt. ¥ knen the apparent wind gets far enough aft to allow a spinnaker to be set,
it is largely offsct by a substantial increase of actual sail area.
(@ Moreover, provided the wind is not much less than about 12 knots,
variations of driving force produce much smaller variations of
/< speed because the curve of hull resistances is so steep. L'or the
y=8 pt. V, =135 knots 6-metre boat in 12 knots of true wind, the speed changes by less than
Wind - 10Y%, whatever the point of S‘d-llll"lg. A ‘polar’ diagram (‘Jf sailing
abeam K : speed plotted on sailing angle is in consequence nearly circular.
¥ =64 knots | A distinguishing feature of the traditional combination of dimen-
o sions and proportions in the modern yacht is therefore the consistent
relative speeds it produces, provided there is any reasonable breeze
at all. The comparatively small improvement of speed in wind
=12 pt. v, =848 knots i strengths greater than ubuut- 12 knots was seen in ﬁg.lg. It is now
. ' scen that the influences of size and of the point of sailing are also
Broad R=180 b. comparatively small. ‘I'he ‘average’ relative speed tends to hover
reach Vi i ngits . around unity under all conditions,
4
(©) : “ PART III
V. w60 knots i High-speed sailing may be defined as the attaining of relative speeds
\(_\” =36 p A : materially greater than unity. It will be evident from what has gone
Dead R=120 Ib. before that the essential need is to circumvent the sharp upturn of
free : the curve of hull resistances. One way to accomplish this is to reduce
V=60 knots the hull fullness drastically, sacrificing space within the hull and
) ! a measure of the sca-keeping ability of the normal yacht. The

problem is then to provide lateral stability in some way that does
not require high displacement, so that sail area can be retained.
i Otherwise the net gain may be small.

. ! Light-displacement craft are not new in principle. For many
Polar diagram of Vand y centuries there have been canoes, proas and the like in the South
Pacific and other places with much lower displacement in pro- |
portion to their sail area and length. T'here are today large numbers !
of modern craft, for example, racing dinghies, of which the same
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thing is true. In all instances the combination of the three nu, «
variables, sail area, displnccfnem and length, is radically dn!h-n;m
from the traditional combination found in the yacht.

The key to these light-displacement craft is that they are
essentially small. They are small enough for the weight of their
crew to come to a sizeable fraction of their total displacement.
Under these circumstances, the lateral stability to carry a lot of sail
can be provided by shifting the crew to the weather rail, to out-
riggers, or to ‘trapezes’ that hang from the masthead. A 6-metre
is not a large boat. But with a crew of four at 150 Ib. each, not
counting the helmsman, the weight that can be shifted is less than
7%, of the total displ'acmncnt (600/9400), and the narrow beam of

e
W

Fig. 15 .

the hull prevents this weight being shifted very far to weather.
A 6-metre is in fact about the smallest size of boat in which the
traditional combination of the major variables has been maintained.
In some of the still smaller craft that are popular these days the
crew weight may reach as much as 509, or even more of the total
displacement, and because in many instances the hulls are relatively
wide the crew can get well out to weather even without outriggers.
There are all manner of gradations among light-displacement
craft. 'T'o get a general view of their comparative performance,
imagine as an example a craft which has the same sail area and lenpth
as the 6-metre boat in fig. 8, but which carries a movable erew of
six instead of four and has a total displacement of only 2300 1,
or one-quarter of the 6ometre’s displacament. The crow wachitae
then about 3o, of the wtal displicemoent Enoordor toatch the
heeling force Hoof 405 1. tor the Bt boatat 2o buerd s g Via
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Fig. 16. Com[:!ariscm. of resistance of 6-metre boat of 9400 b,
light-displacement craft of 2300 Ib,
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Fig. 17. Polar diagram in 12-knot wind for 6-metre boat and
light-displacement craft.

3jo-a

e e oL I

i,




§ - ST WY P W WY.L MeR, B

crew would need to be dopemed weie ( FE b0 mestlus o v boud
Pl bouh #ovun
could be of the “shup® type rather than the "vacht’ tyje bau s
of the very lenient requiremnent for lateral stabubty, and fig 4y
indicates that this change would by itself save conmderably wa
resistance, even if there were no reduction of displacement. I he
reduction of displacement would ~effect a further lurge saving.
A resistance curve can be estimated from available data for ship
forms, as in fig. 16, and an allowance made for induced drag. With
a suitable centreboard the induced drag would probably be less
than the induced drag of the 6-metre boat hull and could scarcely
be more. T'he polar diagram in fig. 17, developed from this resistance
information, for 12 knots of true wind, shows a maximum speed of
nearly 18 knots when the wind is a point or more abaft the beam.
This is three times the roughly 6-knots maximum speed of the
6-metre boat in the same wind, and corresponds to § instead of § the
wind speed. T'he craft is in effect close-reaching instead of broad-
reaching on this point of sailing because the apparent wind is drawn
far ahead by the high sailing speed, and the full heeling force of
465 Ib. is being exerted. For all higher points of sailing the diagram
assumes that wind would be spilled by easing the sheets or sail
shortened in order to prevent the heeling foree exceeding 465 Ib.
In summary, comparing with the 6-metre boat:
the sail area and length are the same;
the hull fullness, as in table 2, has been reduced from 88 to 22;
the geometric ratio/S4/</Vhas been increased from 4710 7°4;
the heeling force ratio /W hasbeen increased fromorog too:20;
and at maximum sailing speed in a 12-knot true wind,
the relative speed V[|/L has been increased from 1 to 3;
the speed ratio V[V, has been increased from }§ to §;
the resistance ratio R/ 1V has been increased from o-02 to o-08.
There is nothing wildly extreme about this craft. Tts weight
without crew is rather on the low side, and it would be rather large
compared to most of the light-displacement craft being built today
—though not larger than, for instance, the famous Chesapc-ftke Bay
canocs, which used to carry crews of cight or ten and imm_ u.ll
accounts furnished really exciting sport. On the whole, the c-r-.ulvt 15
reasonably representative. What has happened is that, by relieving

centre hine, whinh would of Gomrse bee gguite foand o

- s A —Tnr padi &

FTHE MELUFIANMILE U AILINNYLY DINIIFO ANV TALNRLYS +*+ %

the hull of the requirement of inherently high lateral stability and
reducing the displacement, the sharp upturn of the resistance curve
has been circumvented and the speed allowed torise, without any im-
provement whatever in either of the two lift/drag ratios L/ D or H|R.

The remarkable flattening of the resistance curve is due mainly
to the very great reduction of wave-making by virtue of the small
displacement. In combination with wide beam the hull may be
lifted somewhat at high speeds, so that it tends to plane or skim
over the surface of the water, instead of ploughing through. Co-
ordinated data for ship hull forms indicate that the hull fullness as
defined in table 2 has to be reduced to well below 70 or so before
any material benefit can be had from the flattening of the resistance
curve. 'Thus the reduction of hull fullness from 2go to 88 between
the square-rigged ship and the 6-metre boat in table 2 is relatively
ineflective, whereas the further reduction to 22 in the craft under
consideration is extremely effective. A hull fullness of around 70
can be said to define roughly the distinction between heavy-dis-
placement and light-displacement craft.

The tendency to plane at high speeds raises the question of
whether a hull form with V sections like a fast motor-boat might
not be preferable to a hull form with rounded sections like a ship.
Actually, for relative speeds of the order of 3, there is little to choose
between the two kinds of form, provided of course that both are well
designed. It is only when relative speeds of at least 4 are reached
that V sections begin to show a clear advantage.

An interesting consequence of the attainment of relative speeds
materially greater than unity—and therefore a characteristic of
light-displacement craft in general—is a peculiar ability to coast
down the fronts of following or quartering seas. 'T'his can add to the
speed and is great fun. "The physical relationship between the speed
and the length of natural gravity waves in deep water corresponds
to a relative wave speed of

VolVA=134,
where V,, is the wave speed in knots and A is the wavelength in feet.
T'hus a craft that can sail at a relative speed V/\/L of at least 1-34 can
keep up with natural waves that are at least as long as her own length.
Waves only a little longer than this are often big enough to lift the
craft bodily and carry her along continuously on a wave front. The
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normal yacht, with its maximum relative speed of the oeder of ¢ '
Just misses in this respect. The natural waves that she can keep op
with are only about § of her own length, Like the waves she hersely
is making, and these are too short to have much effect. She may be
carried along intermittently to some extent, as was Stormy Weather
on the occasion that has been mentioned earlier when an average
relative speed of about 1-20 was logged for some 48 hours in big
following scas. But this seems to beabout the limit for normal yachts,

T'he bellying outward of the polar diagram of sailing speed against
sailing angle, when the wind is brought more or less abeam, seen in
fig. 17, is characteristic of all high-speed sailing craft, and has to be
accepted. Itis the direct result of increasing the speed ratio V[V .,
On the wind, the saiking angle has to be widened to prevent the
apparent wind drawing so far ahead that the sails will not fill. Off
the wind, the craft runs away from the wind and reduces the apparent
wind strength; in fact, the speed achieved dead to leeward can
usually be improved by ‘tacking downwind’, thereby developing
more apparent wind. Only with the wind more or less abeam is
greatly increased speed possible.

It would be idle to attempt to argue the relative merits of the
6-metre boat against those of the particular light-displacement craft
that has been considered here. It is simply a matter of how much
one chooses to emphasize maximum speed for its own sake and how
much one cares to sacrifice in the way of sea-keeping and so on, in
order to get it. Nor is there, after all, any need to argue the case.
There are all sorts of craft intermediate between these two,
embodying the full range of compromise between speed and t‘he
other desirable attributes. One can take one’s choice. "T'he point
for present purposcs is really this: that the maximum speed esti-
mated for this light-displacement craft appears to be close to the
best speed that has actually been attained in 12 knots of wind by any
sailing craft up to the present time—which leads naturally to the
question of how much more speed is possible.

Here the discussion becomes speculative, for nobody knu“.s the
answer 1o that question. However, the requirements for hagher
maximum speeds are fairly clean, and by u-;lsunin;:. from them it s
not too dithicult to persuade onesell that a speed of say 4o knotsn

a 12-knot true wind ought to be feasble, and even higher specds
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not beyond the realms of possibility. At 40 knots in a 12-knot wind
the ratio V/Vp is evidently nearly 34, as compared with 1} for
the light-displacement craft that has been discussed. To make this
jump, rather different tactics need to be employed.

The basic requirement is to increase the ratio H /R, which was not
done in going from the 6-metre boat to the light-displacement craft.
The reason for its necessity if much higher speeds are to be attained
can be seen in fig. 18. 'This diagram gives a broad picture of the
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Fig. 18. Limits on V'/F¢ in terms of H/R and L/D, fixed by geometry.

purely geometric relationships which fix the maximum possible
ratio V[V that can be reached with various combinations of the two
lift/drag ratios H/R and L/D. 'The most favourable sailing angle y is
assumed, with the true wind ;. normal to the apparent wind V,.
When [I/R=2-5, as for both the 6-metre boat and the light-
displacement craft, the chart shows that the maximum possible
V[V, is less than 2 if L/D remains at 6, and would be just short
of 2} even if L/D could be increased by a factor of say 3, raising
it to 18 or to about the L/D of a modern subsonic aeroplane.
On the other hand, if H/R could be increased by a factor of 3
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raising it from 2:§ to 75, the maximum V' Iy could go o s
Jjust short of 34 with no improvement at all in L, D), while any
improvement in L/D would have an immediate effect.

There is a big difference between improving L/D and improving
H|R. The first requires basic acrodynamic developments, whercas
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Fig. 19. Specific resistance against relative speed.

the second is in many ways simply a matter of design. Writing for
H|R its equivalent H H/W

: R RIW’
it becomes clear that a high value of H/R requires either a high value

of H/W or a low value of R/W. The resistance characteristics of any
type of hull can be expressed in the form

R|W=f(V[$W),
where fis a function and V/%/I¥ expresses the idea of relative speeds
in the same way as V/{/L, but provides an even more fundamental
basis for comparing ditferent hull forms because displacement is
a more fundamental characteristic than length, Figo1g compares
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the 6-metre hull and the light-displacement hull on this basis, and
shows also a dashed line to mark roughly the lower limit of the
ratios R/ that can be obtained by any presently known mecans in
the region of higher ratios of V/[{/W. The fact is that in this region
of high relative speeds there is not yet available any type of hull
form or other means of providing water support for which ratios
of R/ of less than something like 1/10 can be counted on. It
follows therefore that if H/R is to be increased to something
like 7:5, it is neccessary that H/W be increased to something
like 0-75. .
"I'here are in principle various ways of doing this, apart from shift-
ing the crew an impgssible distance to weather. Catajtlaralls, com-
prising two long narrow hulls abreast of cach other (fig. 20), with a
connecting framework, have existed for a long time. Some of them
are said to have sailed at well over 20 knots. Here the object is to
keep the line of action of the resultant of /1 and I between thf: two
hulls, thus providing very high lateral stability—at least unt:_l the
weather hull is lifted clear of the water. Obviously there is no
reason why H/W cannot reach 075 or even more. 'I'he same pI‘il"l-
ciple is employed in iceboats, with their widely separated main
runners,
Other schemes have been put forward in recent years, and some
of them have been experimented with, There is the pnssihilit.y,
which Barkla has mentioned, of supporting a craft on hydrofoils
formed to circular arcs, centred at the height of the rig's centre of
effort so that the resultant of £ and I falls normal to them. "'here
is the scheme of substituting some sort of rigid acrofoil for the usluul
fabric sails, so oriented with respect to the hull that the line of action
of the resultant sail force passes throngh the centre of gravity ¢.G.
Both of these schemes eliminate the heeling moment, thereby vastly
simplifying the problem of increasing /1. And t-hvu.' are many
other ideas—most of them, incidentally, involving somewhat
formidable structural problems.
Who can say what masimum speed will some day be attaned
in sheltered \\:ltt‘ra h_\' tollowing one or another of the various
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