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Excluding the interference of the yacht to the wind flow, the direction of the apparent

wind as indicated by a vertical axis wind vane referenced to the yachts head is

AWA = β - λ 4.4

so that β is determined from records of AWA and λ. Leeway is typically only a few

degrees for a modern yacht. Gatehouse (1968) described tests conducted on the 24’

yacht Reflection to find a location for Vs, Va and AWA sensors, and concluded that a

position 2 ft forward and 6 inches above the top of the mast was the most practical for

wind speed and direction. The interference of the sails created an error of +2o to

apparent wind direction. The sensor unit combined a 3-cup anemometer with a wind

vane. Peters (1988) describes the use of a 10’ carbon fibre pole to extend the wind

sensors well above the top of the yacht Amphetrete, MIT’s sailing dynamometer, and

describes the need to account for mast twist when under load. This was subsequently

recorded by a masthead TV camera pointing at the deck (Milgram, 1993). Others, such

as Masuyama et al (1993) and Hogg (1968) used gimballed bow units to position the

sensors at or near the centre-of-effort height and well forward of the sails. This had the

advantage of eliminating the need to calibrate the anemometers at heel angles or apply a

correction to the wind vane direction due to heel. Hogg listed the advantages and

disadvantages of various wind sensor locations, highlighting the influence of pitch, yaw

and roll on their output. He concluded that supporting the sensors on an inclined staff to

windward would be the best location, as it would be close to CE height and least

affected by pitch and roll. Kamman (1968) measured the deflection of the apparent wind

due to the presence of sails on a 1:6 scale model of Yeoman XIV in the wind tunnel at

Southampton. It was found that at the masthead of this model, heeled at 20o and set at

25o to the tunnel axis, the deflection was up to 7.5o, significantly more than found by

Gatehouse. Minimal deflection was found at a site to windward of the windward

spreaders.

If the wind sensors could not be located clear of the interference of the sails a correction

could be applied, and in any case allowance made for heel if the sensors are not
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gimballed. Kerwin, Oppenheim and Mays (1974) applied an arbitrary correction to the

angle indicated by the masthead vane on the yacht Baybea:

4.5

where AWAi is the indicated wind angle and AWAmin is a minimum value of AWAi

found during trials. This reduced the lowest apparent wind angle to 22o, and

proportionately thereafter until no correction applied at 180o. This has the greatest effect

on close-hauled, up-wind points of sailing. The only justification given was that the

computed figures for “the speed made good [to windward] are more reasonable”.

Milgram, Peters and Eckhouse (1993) used a tracking motorboat to calibrate the

measurements from the masthead extension on Amphetrete to reduce the error to around

1o. They pointed out that variations in the wind gradient profile added to the uncertainty.

Corrections to apparent wind speed and direction for heel angle φ depend on the type of

sensors used. Simple wind vanes with an axis perpendicular to the deck plane, i.e.

vertical at zero heel, require a correction of the form

4.6

as given by Tanner (1968) who shows by example that at 30o heel the wind vane would

under-read by 3o at 25o apparent wind angle. Curiously, Kerwin, Oppenheim and Mays

(1974) added an estimate of leeway to apparent wind angle (corrected for sail

interference) before correcting for heel, but without examples of pre- and post processed

data it is not possible to tell where they placed the cosφ term in their calculations.

Gerritsma, Kerwin and Moeyes (1975) used the form given by Tanner. They also

applied a geometric correction to the indicated apparent wind speed:

4.7

Others, such as the MIT team, calibrated their anemometers for heel and strut

interference in a wind tunnel. Hafner (1979) claimed that a shrouded propeller type
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wind speed sensor, positioned to point into the apparent wind, required no correction for

heel.

Boat speed sensors have typically been of the hull-mounted paddle wheel or impeller

type. As part of the development of the well known Brookes and Gatehouse system,

Gatehouse (1968) established that an impeller mounted at approximately 25% LWL aft

of the forefoot but forward of the keel, projecting 2 inches from the hull, provided

adequate accuracy. Calibration was by timed run over a measured distance in opposite

directions to counter the effect of tide. Masuyama et al (1993) mounted their Vs and λ

sensors at the bottom of the gimballed bow unit that also carried the wind sensors.

Because yaw motions would adversely the output of the sensors at this position, for

dynamic motion studies such as tacking a DGPS receiver at the yacht’s CG was used.

Leeway has proved difficult to measure directly. Attempts to record the angle of a

towed log line, for example MacAlister Elliot (1983) and Hafner (1979), have been

hampered by the effect of wind on the tow line. Bow mounted units, as indicated above,

are susceptible to yaw motions whilst navigational techniques (Gatehouse 1968) are

prone to interference from tide and surface drift. For monohull yachts for which tank

test data is available, leeway can be determined from a matrix of model tests results for

a range of Vs, heel and rudder angle δ. This was the technique adopted by Gerritsma,

Kerwin and Moeyes (1975) for their investigation of the yacht Standfast. Their model

tests had shown that rudder angle had a significant effect on leeway, making it another

requirement for measurement. Garrett (1995) used the Standfast data to show that the

approximation

λ = Ksinφ/Vs2 4.8

where K is a constant, holds true to within 1o.

Sensors to measure pitch and roll angles have ranged from pendulum inclinometers

(Davidson 1936), through electronic clinometers (Herman 1988) to vertical gyros and

full 6 DOF 3-gyro integrated ship motion packages (Letcher and McCurdy 1987).
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4.3.3.3 Test Methods and Data Collection

In general, two schemes are described in the literature for the conduct of sailing

performance measurements. One is a set of specific tests where the yacht is sailed on a

range of true wind courses whilst readings are taken or data logged, and the other is to

record data during actual races when the yacht is expected to be sailed at its best.

Davidson (1936), who was interested in extracting sail force coefficients for the 34’

sloop Gimcrack, had the yacht sailed for what the helmsman considered best speed to

windward, with readings from pitot log, inclinometer and hand held anemometer noted

when everything was “steady”. Although in the stronger winds the presence of waves

may have become significant, the tests were in general conducted on flat water.

The introduction of chart recorders (Hogg 1968) provided some degree of automation to

the data gathering process, by which time yachts were sailed on a range of courses

relative to the true wind to build up a more complete picture of performance. With the

advent of personal computers small enough to be carried on yachts, continuous logging

became possible. Herman (1988) describes the use of an IBM XT to sample sensor

output on MIT’s sailing dynamometer Amphetrete and perform online averaging and

corrections for heel before display and storage. Peters (1992) states that the averaging

interval was typically 10s, and that logging would only occur when the conditions were

relatively steady. Between 1 and 4 minutes worth of 10s averages would then be

averaged prior to further analysis.

Letcher and McCurdy (1987) continuously logged data from two 12m yachts and a

chase motor boat as part of the Stars and Stripes America’s Cup development program.

The two yachts would “race” one another on a pre-arranged course relative to the true

wind, with the range and bearing of one yacht relative to the other recorded by optical

range finder and hand held compass for the duration of the 5 – 10 minute test. If there

was a significant change in the true wind direction or speed, or if the yachts came too

close or far apart the test would be aborted.
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Brandt and Hochkirch (1995) tested a replica of the Hanse cog, a 23m cargo vessel from

around 1380, in winds from force 0 to 7 (Beaufort scale), logging continuously from on-

board sensors. Each test was carried out over 10 – 15 minutes at constant sail trim and

course.

Data gathered from yachts whilst racing include hand recorded values of instrument

displays (Kerwin, Oppenheim and Mays 1974), which are just snapshots and susceptible

to any damping incorporated into the yacht’s instrument system. For the Standfast tests,

Gerritsma, Kerwin and Moeyes (1975) fitted the yacht with an analogue electronic

integrator to average sensor output over 5 minutes, which the authors believed to be

sufficient to ensure stationarity after inspection of continuously logged data. The yacht

was sailed in deep but sheltered waters off Zeeland with the full range of sail

combinations used whilst racing.

4.3.3.4 Data Analysis and Interpretation

The final use to which performance data is to be put has determined the form of result

analysis and presentation. Experiments to measure sail force coefficients have not, in

general, required the production of Vs against γ polar diagrams.

The earlier experiments, such as those by Davidson (1936) and the Yacht Research

Council/NPL tests on the 5.5m yacht Yeoman IV (Tanner 1968), simply plotted one

measured parameter against another. Through the scatter of data points curves of best fit

were drawn either by eye or with least squares techniques. Commenting on the scatter

evident in these and other trials, including full scale static force measurements, Tanner

concluded that the instantaneous records made of Va and β-λ, being transient values,

are unlikely to correspond to observations of Vs except by chance or if conditions were

steady for a sufficient time.

Filtering, averaging and damping of sensor output have been suggested as ways to

overcome the scatter of results. Gatehouse (1968) used exponentially weighted

averaging, in which the more recent sensor output has greater “weight” prior to display.

Gerritsma, Kerwin and Moeyes (1975) used electronic integration over 5 minute periods
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and Hafner experimented with averaging over an unspecified run-of-wind, probably of a

few minutes duration. The wisdom of processing sensor output prior to logging was

brought into focus by the Walker Wingsail Systems plc libel action against Yachting

World magazine (Walker, 1994). In this instance, a proprietary software package

accepting data from wind and boat speed sensors calculated and sorted values of Vt and

γ into bins of unspecified size before storage. The actual raw data values were therefore

lost, as were (in this case) details of the bin size or “filter settings”. Record damages

were awarded against Yachting World following their publication of a boat test using

this system.

Brandt and Hochkirch (1995) commented on the need for integration of recorded data

over long measurement periods, but in their analysis of the Hanse cog chose to use what

they called “quasi-steady” data sets where during two consecutive measurement periods

of approximately 2 – 3 seconds speed and leeway remained constant. From the scatter

of points on their Vs against γ polar they calculated smoothing curves using a

polynomial to describe the dependence of Vs on Vt and a Fourier series for the

dependence of Vs on the apparent wind angle whose coefficients were dependent on

wind speed. The sine coefficients in the Fourier series allowed for asymmetric sailing

performance Port tack from Starboard.

For their “steady state” tests of the cruiser Fair V, Masuyama et al (1993) used 18s

averaging periods, taken when the sailing was considered as being steady. Scatter plots

of Vs against γ and Vs/Vt against γ were compared to predicted performance curves.

Also plotted were graphs of Vs, δ (rudder angle), φ (heel) and λ (leeway) against γ in

rectangular coordinates. Most authors have used the dimensionless ratio Vs/Vt as a

yacht performance parameter, since as Hogg (1968) pointed out that to obtain sufficient

data to fill-out a complete set of polar curves of Vs for a useful range of true wind

speeds would be very time consuming. Unfortunately for Vs/Vt to collapse onto a single

curve requires the drag of the hull to vary with the square of the speed through the

water, which will typically only be approximately true at low speeds.
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Letcher and McCurdy (1987) briefly mention the determination of sail forces from non-

steady tests, which includes almost all data gathered from sailing in the natural wind.

The example they gave was for the downwind case where Va = Vt - Vs. Assuming the

sail force is proportional to the apparent wind speed, the equation of motion of the yacht

is:

4.9

where m is the apparent mass of the yacht (including added mass of water), Ps is the

equivalent (“parasite drag”) sail area and R(Vs) is the upright hull resistance at speed

Vs. From a continuous time series of Vs and Va, dVs/dt can be calculated and Ps

derived. Unfortunately examples are not given, such is the secrecy that surrounds most

of the research activity in the America’s Cup.

4.3.3.5 Comparative measurements with Junk rigged vessels

The MacAlister Elliot and Partners Ltd report (1983) into the FAO Bay of Bengal

Project contains the results in Vs against γ polar form of the trials held in Madras of 7

rig types, including a junk variant, on 28’ monohull beach boats. Quantitative

measurements were taken as described earlier, as well as comparative racing trials.

Figure 4.1 is a reproduction of the results.

The analysis of the data collected, in the form of spot readings of Vs, Va and AWA

taken from a towed log and bowsprit mounted wind sensor unit from which Vt and γ

were calculated, included “interpolation to a standard true wind speed” of 13 knots. It is

not stated if this was a simple linear interpolation or extrapolation, nor are the raw or

processed data points indicated. A 13 knot standard wind speed was chosen “because

most of the rigs had data points close to or spanning this speed, while some had few

above it and others few below it”. Clearly, there is a danger in extrapolating points in

this way since the drag of a 28’ monohull at around 6 knots will most definitely not be

linear with Vs.

( ) ( )VsR.PVsVtρ
2
1
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Figure 4.1 BOBP sail trials results (MacAlister Elliot 1983)

Not withstanding this caution, the junk rigged boat did not come out particularly well

compared to the others tested, although the MacAlister Elliot report praised its “great

ease of handling”. Commenting on the trials, Overa (1983) wrote: “The Chinese Junk

rig was a bit disappointing. With its many lines and battens, it still twisted out of shape

when going to windward and close reaching. While performing well on a downwind

run, it is a heavy, complicated rig set on an unstayed mast.”

4.3.4 Conclusions from Background Review

The following conclusions were drawn from the background review:

• Comparative boat-on-boat testing has provided the highest resolution and

repeatability for distinguishing between rig types or design changes, but is

susceptible to vagaries of crew and helmsman and in itself does not provide

quantitative performance data.
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• Both external and on-board systems for establishing performance polars are subject

to variations in wind speed and direction characteristic of the natural wind, leading

to inevitable scatter in data.

• Although not specifically mentioned in the above, it may be reasoned that external

measurement, including the use of two boat testing and instrumented chase boats,

involves considerable resources of people and time to manage. For on-board

systems this requirement is less demanding.

• The minimum requirements from on-board systems are records of Va, Vs, AWA

and λ from which Vt and γ can be calculated to compile performance polars. If the

yacht under test heels, φ should also be recorded. If hull test data is available λ can

be calculated from Vs, φ  and rudder angle δ.

• Corrections can be applied to overcome interference due to sails and hull in the flow

field. Logging compass heading provides a means to establish sail interference but

this may be problematical if the sail rig (or hull) is asymmetric.

• Bow sprit mounted sensors have proved adequate for upwind measurements but are

subject to interference from yacht yaw motions, while masthead sensors are

appropriate for all-round measurement but subject to roll motions. Mounting sensors

at both locations can give information of wind gradient.

• Logging raw sensor data continuously during testing permits a variety of analysis

methods to be applied, dynamic as well as steady state. Filtering or averaging sensor

output before logging should be avoided.

From this review, and from consideration of the size of the differences in performance

reported by Smith (1989), it was concluded that recording the 3 parameters Va, Vs and

AWA continuously would be suitable for an initial investigation. Refinement to include

λ would be added as and when resources permitted.
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4.4 Methods

4.4.1 Yachts Capricorn, Jillie, Nymph and dinghy Disa

The instruments described below were carried on four vessels: two cruising yachts

Capricorn and Jillie, one trimaran Nymph and a RNSA14 dinghy called Disa. Their

relevant details are listed in Table 4.4.

Name Capricorn Jillie Nymph Disa
Hull
Type

LOA
Owner/Skipper
Mast

Sail

Area

Sunbird 28
Monohull bilge
keel
8.53m
M. Donovan
Aluminium,
centre-line.
Smith #3 (same
as #2)
40m2

Vertue
Monohull long
keel
7.92
M. May
Aluminium,
off-set.
Smith #2

40m2

Dragonfly
Trimaran
centre board
8m
I.S. Smith
Carbon fibre,
centre-line.
Smith #5

40m2

RNSA 14’
Dinghy
centre board
4.27
G. Chapman
Pine, off-set.

½ scale
Smith # 2
10m2

Table 4.4 Junk rigged yachts used for sailing trials.

The sails for these tests were all designed by I.S. Smith and derived from his Fenix sail

described in Chapter 2. They all feature a fan-wise distribution of battens, a high-peaked

yard and are of relatively high aspect ratio. All were set on the Port side of the mast.

The Jillie and Capricorn sails are identical, and that made for the 14’ dinghy was scaled

from the drawings for Jillie’s sail. The Smith #5 carried on Nymph was of slightly

lower aspect ratio. The masts on Jillie and Disa were offset to Starboard so that the sail,

being set on the Port side of the mast, would pivot about an axis through the centre-line

of the craft.

The battens on Jillie and Nymph were made from 30mm x 2mm “pultruded” GRP

circular tube. These were intended to flex to give the sail a satisfactory cambered profile

in approximately 12 knots of wind. Those on Capricorn were a mixture of GRP and

aluminium with some articulated hinges offering a very limited ability to give the sail

camber in light winds. Disa’s battens were 1” 16swg aluminium with specially designed

adjustable hinges that allowed the battens to take up a shape giving the sail camber from

0% (flat) to 10%. The hinge detail is shown in Figure 4.3 and their location on the sail

in Figure 4.4. Not shown in 4.3, for clarity, is an elastic cord between the two nylon

caps threaded through the central bush, nor the cords that pull and hold the caps away


