SSSU 55
ISSN 0140 3818

- )
UNIVERSITY

OF
SOUTHAMPTON

DEPARTMENT OF SHIP SCIENCE

FACULTY OF ENGINEERING

AND APPLIED SCIENCE

(/”;IND TUNNEL TESTS ON A 1/16TH-SCALE LASER MODE;ﬂ‘\\\

by

Dr. R.G.J. Flay
Visiting Senior Lecturer

Ship Science Report No. 55

K June 1992 j




*

WIND TUNNEL TESTS ON A 1/6th-SCALE LASER
MODEL

By Dr. R.G.J. Flay
Visiting Senior Lecturer*

Ship Science Report No. 55

On Sabbatical leave at Department of Ship Science from The University of
Auckland, New Zealand, January - June 1992.



SUMMARY

An analysis of full-scale wind structure relevant to sailing yachts is carried out in
order to develop a target model for wind-tunnel simulations. Unavoidable differences
between real onset yacht flows and idealised wind-tunnel simulations are pointed out.
Detailed measurements of the actual wind-tunnel flows developed for the present tests are
discussed in depth, and are compared to idealised cases, concluding that although the
simulations are not as good as physically possible, they are perfectly adequate for the
present test programme,

Measurements of the forces and moments acting on a 1/6th scale model of a Laser
yacht for apparent wind directions of 30 and 60 degrees, for heel angles of 0, 10, 20, and
30 degrees, and for smooth and turbulent sheared flow are presented. The results are
discussed in terms of sail aerodynamics, and a transformation procedure is developed
which leads to an excellent collapse of the measured results on the basis of calculated sail
lift and drag coefficients.
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1. INTRODUCTION

The wind tunnel is a very useful tool for carrying out tests on yacht models to
enable predictions of full-scale performance to be made. However, aerodynamically
yachts are very complicated devices and there is not necessarily a one to one
correspondence between wind tunnel performance measures and real performance of the
full-scale prototype. This arises through a variety of reasons, but is mainly due to the
difficulty of adequately simulating the full-scale onset flow to the yacht in the wind
tunnel where the model is stationary. Other difficulties arise such as getting adequate
sail shapes when the models are too small.

A practical difficulty when undertaking wind tunnel tests is deciding on
appropriate sail configurations to test. A sail requires a minimum of say 10 variables to
specify its shape, and to cover various ranges of heel angle and apparent wind angle, as
well as wind speed requires an inordinate number of individual tests unless simplifications
are made.

One outcome of the Conference on The Science of Sail Design at the University of
Western Ontario, in June 1982 (Ref. 1) was that it was agreed that a "standard” sail
should be selected and tested to enable comparisons to be made among the results from
different facilities. This is done in calibrating Aeronautical wind-tunnels (standard
AGARD models) and Wind Engineering wind-tunnels {(CAARC model). The laser vacht
(Fig. 1) was selected as the standard because it simply has a single mainsail, and it is a
very common design worldwide.

Following on from some earlier wind-tunnel investigations where America's Cup
designs had been tested by the Mechanical Engineering Department at the University of
Auckland, (12 metre and K class designs), it was decided that a detailed’ study of various
shapes of mainsails flying on a Laser model would be carried out. This study was carried
out as a Master of Engineering research project (Ref. 2), and involved the systematic
testing of a large number of different sails in different configurations on a 6th scale
model Laser yacht, with a stiff cantilevered mast (Fig. 2). It was felt that it would be
useful to continue the tests on this model, concentrating in particular on the effects of
heel. Thus the present studies of the effects of heel, and also the effects of testing in
smooth and a turbulent shear flow, were carried out at the University of Southampton in
the 7'x5' wind-tunnel while the author was there during part of his Sabbatical leave,
January - June 1992.

The test programme on which this report was based was carried out during the
7th, 8th and 9th of April, and although it would have been desirable to have had a longer
test period, this was not possible due to the pressure of wind-tunnel bookings for
commercial testing.

The report describes the apparent wind structure of the onset flow in full scale
and points out the simplifications which have to be made in practical wind-tunnel tests.
It then presents the actual wind-tunnel flow, and discusses how this differs from the flow
which was ideally desired. The results are then presented and analysed and compared to
relevant results in the literature. The effectiveness of the method used to
non-dimensionalise and collapse the results is discussed.

2. APPARENT WIND STRUCTURE
2.1 Velocity Profile

The apparent wind structure seen by the sailing laser depends on the true wind
speed, and the direction the yacht is heading. This study will be confined to the upwind
sailing case, and it will be assumed that the true wind speed, Vi = 5 m/s = 9.7 knots, a
fairly pleasant wind speed for sailing. Furthermore, it will be assumed that this speed
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applies at a reference height of 40% of the mast height of 6m, or 2.4m, as it has been
found previously that the centre of pressure of sails is around this height. Assuming that
the true wind angle Bt is 45° and the boat to true wind speed ratio, '

gives the velocity triangle shown.

12
Va = (V2 + Vo2 + 2V, V cospp

A
Bp = sinl (V—i sin )

Thus the apparent wind speed is

Va

Pa

Va = (5% (0.5% + 1) + 2 x 0.5 x 52 cosd5)!/2
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)

(3)

The drag coefficient of the water surface, and consequently the roughness length,
Z,, depends on the mean wind speed, as increased wind speed (and fetch) increases the
height of the waves, and consequently the surface roughness. However, aerodynamically
waves turn out to be very smooth, probably because they are rounded, and in general are
translating in the mean wind direction. One correlation for roughness length as a
function of the mean wind speed at a height of 10m, VlO is available in Cook (Ref. 3)

and is

Z, = 5x10° V5%

@

At elevations below about 50-100m, in the absence of thermal effects, the true wind

velocity profile is described by the simple log-law

= U* zZ
V=54l z

Guessing that Z ) ~ 0.2mm allows the speed at 10m height to be estimated

- 10
Vio _ " Goo02
s 24

5.0002

(&



giving Vig = 576 m/s

and hence z, = 5x107 (5.76)%/9.81

= 0.17mm

which is close enough, so we shall assume Zo = 0.2mm for subsequent calculations.

The motion of the yacht affects the “apparent” roughness length Z,, as the sails
are of course sensitive only to the apparent wind formed by the vector sum of the boat
speed and true wind speed. Sailing upwind tends to flatten the velocity profile as far as
the yacht is concerned, whereas sailing downwind tends to make it more non-uniform.
For the rather contrived cases of sailing directly upwind or downwind (81 = 0 and 180°
respectively) the effect of hull motion on the incident wind is simply to modify the actual
roughness length Z to an apparent roughness:

ZA 1 Vs

. ) . b=
T =5 (upwind) ; =f (downwind), where f = (7()) \Z\ {6)

where h is the reference height, in this case 2.4m.

For the present case, if fy were 0°, the apparent roughness length would be

24 0.5
Za = 9250002

= 0.002mm

or reduced by a factor of about 100. If Sy were 180°, Z, would be increased to about
20mm.

For the real upwind case the situation is more complicated, and the apparent wind
varies in speed and direction with height so that the velocity profile appears twisted. The
variation of apparent wind speed with height is given by

VA@) = (V32 + V1@? + 2V V@ cospp2 ()
where from (5)
21 zZ
V(@) = 00.43 0 50002 @)
and V()

BA@) = sin™ (—;— sin f7) ©)

Apparent speed profiles for various values of fAr, and Vg/Vp = 0.5 are given in
7



Fig. 3, in conjunction with the true wind velocity variation with height. When
extrapolated to zero speed, it is clear how the apparent roughness length is diminished for
upwind cases, and increased for downwind cases. When the speed profiles are normalised
by the speed at a height of 10m, the differences are more apparent (Fig. 4). The real
upwind case where S = 45° has quite a similar velocity profile to the contrived case
where By = 0. The biggest changes occur for downwind cases, and this can be seen more
clearly in Fig. 5 where the height axis is linear, and the speed is dimensionless.

The variation of apparent wind direction (ideally) is shown in Fig. 6. For upwind
cases the variation in direction is small, but it increases as BT increases. The difference
in wind direction with height (i.e. twist) with respect to the wind direction at (.5m
height (near boom) is shown in Fig. 7. Here, the angle scale has amplified the change in
direction compared to the previous figure, and whereas for Sp = 30° the change in
direction over the sail is only a few degrees (2), when Sy is 150° it is increased to almost
13° twist. In practice, wind twist may be less than indicated here for the upwind case
and more for the downwind case, due to the flow tending to accelerate at low levels as it
rises to pass over the hull. In so doing, the velocity component perpendicular to the hull
centreline is increased which causes this effect. (Ref. 4).

The preceding comments illustrate that there is some legitimacy in conducting
wind tunnel tests of yachts sailing upwind as far as the velocity profile is concerned, but
that for the downwind case, the compromises required will be more severe.

For the present example where it is desired to simulate the flow for a yacht sailing
upwind with (say) By = 45°, the speed profile should be based on a log-law distribution,
with Z, around 0.002mm in full-scale. Since the test model is one-sixth of full-scale, this
means that Z, in the wind-tunnel should be 0.002/6 = 0.0003mm, a very small value.
The wind speed variation over the height of the sail is thus relatively small, but is:
nonetheless still significant.

2.2 Turbulence Intensity

The wind engineering community accepts (Ref. 5) that it is essential to model the
spectrum of turbulence (Ref. 6) accurately in building aerodynamic studies in order for
the model flow field to truly represent fullscale. This is because turbulence in flow has
two aerodynamic effects. It promotes early transition of laminar boundary-layers (Ref.
T, and it must therefore be modelled correctly to reproduce boundary layer behaviour in
attached flow, and the associated pressure distributions and occurrence of separation.
Turbulence also increases the rate of entertainment in shed shear layers in separated
flows, thus reducing their radius of curvature (Ref. 8). In turn this affects the pressure in
the wake, or base pressure, which can increase or decrease depending on the afterbody
shape and can even change the direction of lift on certain bluff bodies by promoting
reattachment and thus altering the direction of the wake. In wind tunnel studies of
buildings, the state of the boundary layers on the model is not usually significant in
determining the loads, except in certain cases where the shapes are very rounded, and the
main function of turbulence modelling in the wind tunnel flow is to reproduce wakes and
separation bubbles which mimic full-scale behaviour.

Surprisingly, most vehicle aerodynamic studies have been done in relatively low
turbulence wind tunnels (Ref. 9), when one would expect from wind engineering studies
that the turbulence generally preseat in flows onset to vehicles (except for the case of no
traffic and no wind) would affect the aerodynamic behaviour. Recently some analysis of
the turbulence relevant to vehicles has been carried out (Ref. 10), and it is likely that this
point will receive more attention in the future with the drive towards cars with good
handling and low drag in the normal situation of turbulent onset flow.

Yachts can only sail when it is windy, and since they operate at the bottom of the
carth’s boundary layer, they always operate in a turbulent shear flow. As shown in the
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previous seclion, the sea is aerodynamically quite smooth, and this means that over the
range of typical mast heights, the turbulence intensity will be of the order of 10%, much
less the 15-40% typical for buildings.

The effect of atmospheric turbulence on full-scale sails is not known with
certainty, and indications in the literature are confusing. For example, in Ref. 11 it was
found that the critical Reynolds number for the drag of a sphere was not affected by
atmospheric turbulence whereas in wind tunnels it was found that a small amount of fine
scale turbulence had a major effect on the resulting coefficients. Since it is not known
what effect it really has on yacht sails, it is difficult to say whether it is important to
mode] it accurately in wind tunnel simulations,

In the author’s work, a pragmatic approach has been taken where it has been
attempted to model as well as possible the approach turbulence as seen by the moving
yacht in full-scale. Since to the author's knowledge there are no published data of
turbulence measured by a sensor attached to a sailing yacht, it is useful to try to deduce
what the appropriate turbulence level is to give guidance on what it should be in the wind
tunnel. The following analysis for the Laser yacht under consideration follows the
method developed in Ref. 12,

The turbulence has to be considered with respect to a moving reference frame
attached to the yacht. This is similar to the approach taken in Ref. 13 concerning
turbulence with respect to moving ground vehicles. The yacht motion, however, can be
considered as consisting of two parts, a mean part, plus a dynamic parl. The dynamic
part occurs because the yacht reacts to turbulence, particularly large low frequency gusts,
and thus it performs a filtering function.

Rectilinear translation of a vessel through the boundary layer does not alter
variance of the turbulence, provided that the relative velocity of the vessel to the wind is
not less than one third of the mean wind speed. This assumption is therefore valid for a
vessel speed of half the mean wind speed, except at very low heights when sailing
downwind where the relative wind speed becomes very small (Ref. 14). It does change
the apparent frequency of the turbulence however. Using the analysis of Ref. 13, it can
be seen in Fig. 8 that for sailing upwind (81 = 0°) the apparent frequency is increased
and vice versa for downwind (8 = 180°) compared with the stationary yacht case.

These atmospheric wind spectra illustrate that most of the turbulence is at
relatively low frequencies, in the region of 0.01 Hz or 1 cycle in about 2 minutes. For a
Laser yacht, which reacts quickly to "gusts” this is a very low frequency. The helmsman
continually alters the orientation of the Laser to generally keep the heel angle roughly
constant, and he would see a gust at this low frequency as simply a variation in the mean
wind speed. A cut-off frequency between high frequency turbulence likely to be
important in sail aerodynamics, and low frequency turbulence can be deduced if, for
example, it is assumed that gusts with wavelengths greater than say 10 boat lengths are
simply changes in the same wind speed. For a yacht length of say 4m, this is A = 40m,
and for an apparent wind speed of say 5m/s, a gust of this wavelength would take 8
seconds to pass the boat. Changes in the hoat’s heading will filter out changes in wind
direction, whereas low frequency changes in speed are not really filtered out, just
assumed to manifest themselves as changes in mean wind speed. Furthermore, rather
surprisingly, it was found in Ref. 8 that the wake behaviour behind bluff models in
turbulent flows could be reproduced by introducing a wire upstream of the model on the
stagnation sireamline. From this it would also appear that fine-scale turbulence is also
the key in controlling wake behaviour, -

Based on the aforementioned arguments, we shall then deduce the relevant part of
the turbulence spectrum as far as the yacht is concerned, on the premise that the high
frequency part is the most important. If we suppose that the yacht acts like a first-order
high-pass filter, with a half-power point at D, then the effect on the wind spectrum is as
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illustrated for the stationary yacht case in Fig. 9. Here it has been assumed that n_ = 1/8
= (0.125 Hz, but this was a somewhat arbitrary selection.

This means that much of the turbulence in the normal atmospheric wind spectrum
can be omitted, as frequencies less than about 0.03 Hz are not that important, leaving
only the high frequency part. This is an enormous help, because it is the large low
frequency eddies which are most difficult to generate in wind tunnel simuylations, usually
requiring rather lengthy test sections. We need only generate some suitable fine scale
turbulence, and this can be done using bars and grids in a relatively short test section.

It can be shown by integration of the filtered spectrum in Fig, 9 that the
contribution to the turbulence variance is reduced to about

oy’ = 0.16 0,2, (10a)
S0, Oy = 040y 7 (10b)

It turns out that the turbulence variance is not affected by apparent wind direction
(unless the relative wind speed becomes too small, as mentioned earlier), but the apparent
turbulence intensity T,:lf = aufl\‘f A IS affect(?d by translation of the yacht because this
changes the apparent wind speed in the denominator.

If it is assumed that the apparent velocity profile can be described by a log-law
with suitable choice of apparent roughness length, ie.

A\
A 1 Z
-l: = 'k— In a, (11)
(where k is von Karman’s constant = 0.4).
and further, if it is assumed that
g, = 25 u, (12)

as observed by measurement (Ref. 15), then the apparent turbulence intensity for a yacht,
as a function of height, is given by

04

Tug, 5 - (13)

Z
lll -
Zp

Turbulence intensity profiles for upwind, downwind and yacht stationary
conditions are plotted in Fig. 10. For the upwind case, it can be seen that the idealised
turbulence intensity should be about 3%.
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3. TURBULENCE GRID DESIGN

The normal procedure at the University of Auckland for creating a sheared,
turbulent onset flow for yacht studies is to generate it with a grid of appropriately spaced
circular bars spanning the test section upstream of the model. A computer program from
Ref. 16 using methods based on theories by Cowdrey, and Owen and Zienkiewicz was
used for this purpose. A listing is given in Appendix 1, along with input and output from
the present run.

The program requires the user to input a power index n to describe the velocity
profile shape, ie.

ﬁ - (Zr%) | (14)

the test section height in inches, h, a value for the pressure drop coefficient k0, the bar
diameter in inches, and an error tolerance.

In the present design 5/8" diameter aluminium alloy tubes were used as they were
readily available. By curve fitting a power-law profile to the ideal log-law profile in the
sail region (Fig. 11) a value n=12 was selected. For the 7'x5’ test section, h=60, and by
trial and error it was found that k0=0.25 and 10l=0.002 gave 16 bars which appeared to
offer reasonable blockage. A schematic drawing of the grid is shown in Fig, 12,

It needs to be noted at this point that the grid design method does not consider
turbulence, and the selection of the pressure drop coefficient, and tube diameter has to be
done on the basis of experience in order to attempt to get the correct turbulence levels,

4. THE FLOW SIMULATION
4.1 Data Acquisition and Analysis

The flow simulation was measured by attaching a hot-wire and pitot-static probe
to a traversing rig borrowed from Wolfson MTIA as shown in Fig. 13. The pitot-static
probe was connected to a Betz manometer and pressures recorded manually, whereas the
hot-wire output was connected to an analogue to digital input channel on a CED 1401, an
Intelligent Interface, manufactured by Cambridge Electronic Design Lid., Science Park,
Milton Road, Cambridge CB4 4FE. The voltage output from a potentiometer on the
traverse, attached to the screw thread, and giving a signal proportional to height above
the floor was also connected to a CED A/D analogue input channel. The CED was driven
by a program called TURBOAD written by Wolfson MTIA staff.

After appropriate calibration, text-files of heights and corresponding means and
standard deviations of the hot-wire voltages were created. Each data point corresponded
to measurements at 100 Hz for 20 seconds. This process allowed velocity and turbulence
intensity profiles for the smooth flow (grid out) and turbulent flow (grid in) cases to be
obtained at the model test position near the downstream end of the test section (see Fig.
13). The manually tabulated pitot-static probe readings confirmed the accuracy of the
hot-wire for the mean velocity measurements.

In addition, at heights above the floor of 200, 400 and 800mm, 16384 samples
were saved in separate files to enable the power spectral densities to be evaluated. These

data were obtained at a sampling frequency of 2000 Hz with a low pass filter setting of
1000 Hz
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4.2 Velocity and Turbulence Profiles

In Section 2.1, it was argued that Z, for the upwind sailing case should be about
2x10%m. At 1/6th-scale in the wind tunnel, this gives

Zpp = 3x107m.

The vertical profile measurements were taken when the reference pitot-static probe
(mounted upstream of the turbulence grid about 200mm from the wall, lm above the
floor, on the left hand side looking upstream) measured a pressure difference of 3mm of
water. At the test position reference height of 40% of mast height, taken as 400mm
above the floor, this gave a velocity of about 7m/s. This can be seen in Fig. 15 which
shows the 2 sets of smooth flow results, and one set of turbulent flow measurements. A
curve corresponding to the ideal case is also shown (Z, . = 3x10“7m) which has been
matched to the measured turbulent profile at 400mm height, The agreement is good for
the height range 200 - 900mm, but is poor at lower heights. The same results are shown
in Fig. 16 with power-law axes, and in Fig. 17 with log-law axes.

Since they both have log height axes, Figs. 16 and 17 expand the graphs at lower
heights, exaggerating the differences between ideal and measured. Clearly the measured
profiles are not as good as they might be, although in Fig. 17, extrapolating the velocity
profile curve downwards from readings about Z = 200mm would give an estimate for
Z Am close to that actually desired.

It is clear that the velocity profiles are all too low at low levels. There is even
quite & boundary layer for the smooth flow case as well. The reason for the discrepancy
in the turbulent flow case probably lies partly with the grid design program which
assumes uniform onset flow to the grid. The distance from the grid to model was 3.5m,
which aiso gives the boundary layer plenty of feich to thicken. A step in the floor height
of around 100mm at the front of the moving belt ground plane could have also produced
a separation bubble, thus thickening the boundary layer as well. The suction sysiem to
bleed off this boundary layer was not used in the present tests.

The measured turbulence intensity profiles are compared with the ideal upwind
profile in Fig. 18. This figure shows the good flow quality of the test section in the
smooth flow case away from the floor, where the turbulence intensity is typically about
0.2%. As for the velocity profile, the idealised and measured turbulent profiles agree
quite well at heights above about 200mm, but at lower heights the actual flow is far too
turbulent. This applies to the grid out results too, for heights below about 100mm.

These results indicate that the grid tube density was too high near the ground, and
that the model was placed too far downstream in the test-section. Unfortunately, it was
not possible within the test programme to right these two problems. There was no time
available to re-test with a different turbulence grid, and the model had to be located at
the downstream end of the test section because the moving belt ground plane was
installed in the test section floor and was not able to be removed for these two tests.
Thus measurements of forces and moments on the Laser model were taken with the onset
flow as it is shown here,

4.3 Wind Spectra

The turbulence grid design method does not consider turbulence at all, just the
velocity profiles. Spectra at heights of 200, 400 and 800mm above the floor were
therefore measured at the model test location to see if they had any resemblance at all to
the desired shapes developed in Section 2.2,

16384 samples were obtained at 2000 Hz at each height, and these were then
analysed as 8 blocks of 2048 samples. A fast Fourier transform was run on each of the 8
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blocks. The 8 spectral estimates at each frequency were then averaged to reduce the
standard error. In addition, the samples were averaged over frequency as well, over 13
equal log-frequency bands, to finally give 13 spectral estimates. Since there are more
samples in each band at higher frequencies, the statistical reliability of the estimates
improves as frequency increases. These spectra had a bandwidth from f; = 2000/2048 =
0.977 Hz to f5 = 2000/2 = 1000 Hz.

In order to improve the statistical reliability of the results at frequencies around 1
Hz, it was decided to digitally filter the raw samples by simply adding each eight
consecutive samples up to obtain new samples approximately equivalent to sampling at
1000/8 - 125 Hz, resulting in one block of 2048 samples for each height. Spectral
estimates were therefore also obtained for these lower frequency samples over the
bandwidth f3 = 125/2048 = 0.06104 Hz to fy = 125/2 = 62.5 Hz. Block averaging
obviously could not be carried out, but frequency averaging over 13 equally spaced
log-frequency bands was carried out as before.

The resulting smoothed spectra can be seen in Fig. 19. Pairs of full and dotted
lines correspond to the measured spectra. There is reasonable agreement where each set
overlaps, which confirms that the averaging process used to obtain the larger bandwidth
overlapped spectra behaved properly. Spectra at 800mm height were very similar to the
400mm curves, so are not shown to improve readability. It can be seen that the peak of
the 200mm height spectrum is at around 6 Hz, and the peak of the 400mm spectrum is at
around 20 Hz, some 3 times higher. However, the idealised spectrum has a peak at
around 1-3 Hz which is much lower. This curve is the same one as the dotted curve in
Fig. 9 except that it has been normalised so that the area under it is unity, and it has
been shifted on the frequency axis to preserve the correct reduced frequency, ie.

(_.H_L) - (H_L)
Y/ model V Jull-scale

m\( Ls
0pm = D (%s—) (Tm-) .

Thus, 0y = ng (1) 6)

Ilm = 611fs

It is clear that the bar grid generates turbulence at too high a frequency by a
factor of about 8, The vortex shedding frequency of the bar can be found from the
Strouhal number, giving

For V = Tm/s and D =5/8" = 15.87mm

o, = 0.2x7/0016

= 88 Hz

It is interesting, and perhaps rather surprising that there is no evidence of the bar

13



vortex shedding frequency in the spectra. This is probably because the measurements
were taken some 220 bar diameters downstream of the turbulence grid.

To summarise, it can be seen that the turbulence simulation is not particularly
good as far as its spectral content is concerned, and that larger bars, or possibly some
other method is required to generate turbulence spectra which resemble the desired
shapes more exactly. However, the variance of the turbulence is only slightly less than
that desired ideally.

5. MODEL AND SAIL DETAILS

The moedel used in this, and the earlier study (Ref. 2) at the University of
Auckland was a simplified 1/6th scale model of a Laser sailing dinghy. A rigid mast
made of a uniform 1lmm OD steel tube was used rather than a scaled down version of
the flexible prototype. The mainsail was attached with a bolt-rope to a thin slot cut in
the mast. It was cantilevered in two deep-groove roller bearings located inside the hull,
and was thus able to rotate freely. The model mast height was 1m (measured from heel
axis near the hull bottom to the top of the tested sail).

Sail trim was adjusted using electric winches located inside the hull which
controlled mainsheet and boom vang tension. During testing it was found that the boom
vang winch was not powerful enough, and it was difficult at times to get enough leach
tension. The mainsheet winch worked well. The mainsail foot was attached to the boom
by an outhaul at the clew only. No gap between the sail and boom resulted from this
means of attachment.

The test rig was attached to the balance as shown in Fig. 20 by an arrangement
which allowed vertical height adjustment, and rotation about the heel axis fitting near the
bottom of the hull. The hull could be separated to give access to the winches and heeling
mechanism. During testing the model was located in a circular cutout in the test section
floor. A cardboard surround was taped over most of this, leaving a vertical gap of less
than 5mm between the hull and surround. When the hull was heeled to 20 and 30°, it
was raised on the 4 threaded studs as required so that there was no contact between it
and the test-section floor. This vertical height shift was measured so that the actual
distance between the balance horizontal axis and the reference axis (taken as the heel
axis near the hull bottom) could be used in subsequent moment calculations.

The mainsail was constructed from the lightest grade of Mylar sail cloth obtainable
at the time. Initially the Sailmaker (TM) sail mould development program was set up to
plot the required panels on sail cloth, however, as the seam shape was so small, the
plotted panels were not of sufficient accuracy. Thus based on the advice of a local NZ
sailmaker, a more old fashioned method was adopted, as described below.

The approximate outline of the complete mainsail was marked out on a single
sheet of sailcloth. Using crosscut panels, the seam shape (curve) and taper were marked
out at various luff heights. Seam shape was drawn using a flexible metal strip that
formed the required curve across the chord. Keeping the curvature of the strip constant,
the same form of seam curve could be drawn at various luff heights. By increasing the
curvature, the camber (draught) could be increased, and by moving the location fore and
aft, its chord-wise location could be shifted.

Individual panels were cut and joined. The curved panel edge was placed onto the
straight pancl edge of the adjacent panel which had double-sided tape attached. After
the panels were joined, the correct luff curve for the mast was drawn on the developed
mainsail. Finally, the leech curve was drawn to form the final planform of the mainsail.

The sail used in the present tests had a 913mm Iuff, a 360mm foot, a uff/foot
ratio of 2.5 and a maximum camber of about 13% at 50% of the chord at a height of
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about 33% up the lff. A reference area of 0.1642 m?2 was used for the tests. For
moment coefficients a reference length of lm was used, the distance between the heel
axis fitting and the sail head.

6. BALANCE DETAILS

There was some difficulty in obtaining a suitable balance for the sail tests at the
University of Southampton, as the low test speed required of around 7 m/s meant that the
loads were much smaller than normally obtained in common wind tunnel tests there.
Dynamometers used for keel tank tests were available, but could measure lift and drag
only, whereas it was desired to measure heeling moment as well In the end a
compromise solution was reached whereby a 5-component (vertical force not measured)
dynamometer developed especially for wind tunnel tests of rudders (Ref. 17) was used. It
is a very strong and stiff dynamometer (hereafter referred to as balance), and is capable
of measuring loads of about 100ibs. The rudder and skeg can be mounted and rotated
independently on it. The overall balance can be seen in Fig. 21, and a cross-section
showing the roll centres in Fig. 22.

The model yacht was mounted where the rudder is shown in Fig. 22, and the
lower handwheel was used to alter the direction of the model (to obtain the desired test
apparent wind angles) so that the yacht and balance axes were always parallel. In other
words body, not wind axes were used. The top handwheel was used once only to centre
the top balance plate for the tests.

The balance was extensively calibrated around 1977, and has not been recalibrated
since. A check calibration was carried out to verify the repeatability and linearity of the
balance for the rather small anticipated loads, and this was found to. be good for lift,
drag, and heeling moment, but the pitching moment output was clearly erroneous. This
didn't matter, as measurements of pitching moment were regarded as of secondary
importance.

The balance was repeatable to about #0.3uV, and signals during testing of about
20pV were expected, giving an accuracy of about =2%.

7. DATA PROCESSING
7.1 Data Acquisition

The balance strain gauges were connected directly 10 a strain gauge amplifier and
power supply (Manufactured by Fylde) by purpose built cables and plugs. This was
connected to a very accurate Schlumberger voltmeter (Model No. 7061) which used a
special patented averaging method to give average voltages from each channel to 0.1xV.
This unit was controlled from software written by Stephen Turnock, a Research Fellow in
the Department of Ship Science. This software scanned through each of the 5 data
channels or the supply voltage channels the number of times specified (usually 10) and
recorded the resulting voltages, averaged over the (say) 10 consecutive scans to 7 decimal
places in an ASCH text file, In addition, information concerning the test was added as
needed, such as heel angle, wind on or off, turbulence grid in or out etc.

A separate file was obtained for cach test, (eg for a particular apparent wind
angle), where each file simply contained the unprocessed voltages and experiment
information as described above. This hard copy allowed "by hand” verification to be
made of the software used to analyse the test data files.

7.2  Preliminary Data Reduction

The data acquisition program had been adapted from a version used for rudder
tests, and as such, it actually recorded some additional extranious information which was
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not required in the present work. A program called EXTRACT was developed by the
writer to exiract only the pertinent mean resuits for the present tests, and the experiment
information, and to write them to a file. The data were then scaled for variation in the
supply voltages V, and zero offset voltages V,, in all channels, assuming a linear
variation in these values with scan number between measurements of them. Thus the
recorded bridge voltage V1 was scaled to give a voltage V proportional to the applied
force at the original calibrated voltage V..

V = (Vp -V ) x V.V,

The original calibration of the balance in Ref. 16 quantified the interaction
between the five components of the balance. The matrix expression given below uses the
interaction matrix and incorporates the calibration constants to give the sideforce, thrust,
yaw, roll and pitch (F; through Fg respectively) in N and Nm.

[ F, | | 0338035  -1.1881x1003 -3.952x10°04 ‘La8a8x10® 326081093 | [ A ]
By || 212x10% 0252512 -6.659x10°04 16823x1093  9901x1004 v,
Fy [ = |-182100% 234561004 3.9366x1002 1.344x1004 3.2x10°04 vy |
Fy 7002109 2. 3 7x1005  .3.4036x10°03 6.34925x1092 20491004 V4

| Fs | [ -33x10°06 633341004 147x10°95 -3.008x10°04 4.8468x10°0% Vi_J

where V; - Vg are the corrected balance voltages in uV.

However, there was one “fiddle” done in the application of the interaction matrix.
As noted previously, the pitching moment voltage V5 was incorrect, and it was felt that
this incorrect voltage would generate errors in the other channels through the interaction
matrix. To eliminate the source of error, an estimate of what V5 should have been was
made, based on the thrust voltage V, by assuming that the pitching moment was due
entirely to the thrust force acting at 40% of the mast height.

Vs = 0.2525 x V; x h/4.84685 x 10”2

where h is the vertical height above the balance axis of a point 400mm along the mast.
Vg was estimated as shown before the balance matrix was applied to each set of
corrected balance voliages.

The next manipulation to the data was to move the moment centre from the
balance to the reference centre in the boat. This was defined to be the point
-corresponding to the intersection of the mast and the heel axis. This point was 0.085m in
front of the vertical axis of the balance, and 0.122+h above the balance axis, where h is a
variable distance which depended on heel, and was measured at each test. Momenis
based on the yacht reference centre were calculated as follows from the forces and
moments (F, - FS) resulting from application of the interaction matrix.

M3 = F3 + 0,085 x FI (yaw)
M, = F, - F; x (0.122 + h) (roll) -
Mg = Fs - F x (0.122 + b) - Fg x 0.085 (pitch).

F¢ is the estimated vertical force (positive downwards) assuming that the sideforce acts
perpendicular to the mast, i.e.

F6 = Fl X tan ¢
where ¢ is heel angle.

M3 and Mg are of no real interest; indeed pitch was measured incorrectly, but
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they were processed in any event for completeness.

The final part of the preliminary data reduction was to convert the measured
forces and moments into coefficients. Since all tests were done with the wind tunnel
pitot-static probe measuring 3mm of water, this was done with the following set of
equations:

= Fi/3x981xAxr
= Fp/3x981xAxr
= M3/3x9.81xAxrxL
My3x98lxAxrxL
M5/3x9.81xAxrxL
F6/3x9.81xAxr

<Q§O EOEO L0

where the reference area A = 0.1642 m? and the reference length for moments L = 1m.
r is the ratio of the dynamic pressure at a point 400m along the mast from the heel axis
to the dynamic pressure on the wind tunnel probe. For smooth flow r = 1.03. For
turbulent flow r varies with height above the wind tunnel floor, h. Curve fitting the
turbulent flow calibration velocity profile in the region h = 400mm gave the following
empirical expression for r:

r =0.76239 + 0.0005326 x h
where h here is height above the floor in mm.

The preliminary data reduction process described above resulted in force and
moment coefficients based on the boat moment reference centre, where all the force and
moment coefficients are in horizontal and vertical directions. These basic coefficients are
manipulated in the following sections in order to collapse the data in a meaningful way.

8. MEASURED DATA

The preliminary data reduction process described in the foregoing results in the
following coefficients of particular interest = C, (thrust) and C; (sideforce) in the
horizontal plane, and Cpp (heeling moment). These are plotted as a function of heel in
Figs. 23, 24 and 25.

The thrust coefticient in Fig. 23 for an apparent wind angle of 30° shows almost
no variation with the range of heel angles tested from O to 30°. The coefficients for both
the smooth and turbulent flow case also for this apparent wind angle show amazingly
good agreement, and in all cases are about 0.4, with a slight drop to 0.3 for ¢ = 30°
Clearly the use of the dynamic pressure at 40% mast height works well. For the A, =
60° results (smooth flow only measured) the coefficients are higher (around 1.0) and
show a more significant drop for ¢ = 20 and 30° which is well fitted by a cosine heel
squared function.

The sideforce coefficients results in Fig. 24 do not show such a perfect collapse of
the smooth and turbulent results for #, = 30° as for thrust, but nonetheless, it is still
good. The reduction in Cg with heel is fitted well by a cosine heel function. The Cg
results for 8, = 60° show no consistent variation with heel. Not surprisingly, because the
sail has been let out further, C; for B = 60° is much less (about 2/3) of the g5 = 30°
values,

The rolling moment coefficient (or heel coefficient) is due to the sideforce acting
part way up the mast (about 40%), and to the vertical force acting out at some distance
horizontally from the heel axis. Because it arises mainly from the sideforce, it can be
seen that the variation of C , with ¢ (Fig. 25) is somewhat similar to the variation of Cg
with ¢ (Fig. 24) although smaller. Note that Deakin (18) found that Cpp reduced
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with ¢ according to cosl'3¢. If it is assumed that the s;ide and vertical force components
act in such a way that the net force is perpendicular to the mast, then the height of
application of this force can be estimated.
Referring to Fig. 26 we have;
Cim L = Cgdcosg + C dsing

and by assuming that

—— = lang
s
it follows that

4 Cm _ Cem cosd

L h C
i S

C(cosg + E'ﬁ)

cos?

The result of this calculation is shown in Fig. 27 for all test cases. Heel angle
clearly has little effect apart from increasing the scatter at 30° heel and, on average, the
force acts about 37% of the way along the mast, close to the 40% reported by many
workers.

A similar kind of analysis cannot be applied to the thrust results to get its height
of application because the balance measurements of pitching moment were in error.

9. SAIL AERODYNAMICS

The foregoing section merely discussed the display of the measured data, the only
assumption being in Fig. 26 where it was assumed that the side component of the sail
force acted perpendicular to the mast. The results verified that the dynamic pressure at
40% mast height gives a good collapse of the coefficients, and indeed, the results verified
that the sideforce does in fact act near that height. However, one would really like to be
able to predict the various coefficients at various heel angles and so on, based on a
knowledge of the sail aerodynamics. In other words, it would be very convenient to be
able to predict the performance of the sail rig at various heel angles from the results of
measurements at a single heel angle.

In this section we will suppose that a yacht sail of given shape produces an
aerodynamic force which can be described by conventional lift and drag coefficients
which are a function of the angle of attack between a reference chord line on the sail,
and the component of the wind resolved in a plane which is horizontal in the fore and aft
direction, and inclined at the heel angle ¢ in the beam direction. It can be loosely
described as the plane of the deck. It is convenient to sub-divide this angle of attack into
two further angles, the effective wind angle, Sg which is the angle between the wind
component and the centreline of the yacht, and the sail sheeting angle, 4, the angle
between the yacht centreline and a reference sail chord line which we will take as the
boom direction, measured in the deck plane. These angles are shown in Fig. 28.

In this inclined plane, and for a particular sail shape, we have

CL = C (Bg-9)
Cp = Cp B -0
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and from Fig. 28 it can be seen that the thrust (horizontal), and sideforce (inclined at ¢)
coelficients are related to the sail coefficients by

CT(b - CLSinﬁE-CDCOSﬂE

Resolving these into the horizontal plane gives

Cr- Cl‘¢ is already horizontal)
so  Cp=Cp (g - 9) sin Bg - Cpy (B - 9) cos fg (1)
and since Cg = Cs¢ cosg, it follows that
Cg = [Cp_ cos B + Cpy sin BE] cosg 2)

Equations (1) and (2) enable the sail lift and drag coefficients to be deduced from
measurements of Cg and Cr in the horizontal plane by the balance.

CT=CL(ﬁE‘d)SlnﬁE‘CD(ﬁE-d)COSﬁE (1)

Cyecosp = Cp (BE - 9) cos Bg + Cpy BE - 9) sin E 2)

Re-arranging leads to

C

CL (g - 0) - COS‘; cos Bg + Cy sin A 3)
. c

Cp (ﬁE—d)=—a-§¢— sin B - Cr cos A @)

Further, by assuming that the heeling moment arises wholly from the elevated
action of the sideforce, we get

CS
CrmL=Cs¢ =?S¢h

where L is the reference length, and h is the height of application of the sideforce.
Hence,

n € h :
Coun =T oo = 1 [CL 8 - 0 cos B + O g - 0 sin g

Finally, if the lift and drag coefficients in the wind tunnel axes are required, the
following pair of equations carry out the rotation necessary (see Fig. 29):

CLw = Cgcos fp + Crcos By
CDW = CS smﬁA - CT Cos ﬁA
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The Effective Wind Angle, fg

This angle was introduced above. We now consider its geometrical interpretation.
We take the case of a yacht at an apparent wind angle 84, apparent wind speed V,
heeled at an angle ¢ (see Fig. 30). The apparent wind velocity component parallel to the
yacht centreline is V pcosf 4, and the component perpendicular to the centreline, and in a
plane inclined at the heel angle ¢ is Vsingpcos¢. These two components form a
right-angled triangle in the deck plane, and the effective wind angle, B, is given by

VA sin 'BA 005¢

e T TV e Ba

whence Bg = tan™1 (tan B cos)
For B, and ¢ < ~ 30° this can be approximated to

PE = B cosg

When the boom is out to leeward from the yacht centreline an angle §, then the
sail angle of attack is

Bg = BE-0-= tan’! (tan Ba cosp) - 4

‘We now have a set of equations which enable the sail coefficients to be obtained
from the balance measurements and presented as functions of g = fg - 4. If for a given
sail shape the sail coefficients can be described by Cp_ (8¢) and Cpy (B), then universal
curves corresponding to these functions should be able to be obtained from wind tunnel
measurements at various values of S5, ¢ and 6. If a good collapse can be obtained, then
this means that such results can be used in a predictive manner.

10. RESULTS AND DISCUSSION

As mentioned previously, the sail test programme involved two apparent wind
angles B4 = 30 and 60°, 4 heel angles - 0, 10, 20 and 30° and tests in both smooth and
sheared turbulent flow. For each test case corresponding to a particular flow type and
apparent wind angle the sail was set by adjusting the mainsheet and boom vang to get
maximum thrust at nominally zero heel. The sail controls were not altered as the heel
was changed, and the luff and foot tensions were not altered at all t hroughout the test
programme. It was also found that in all cases the boom vang tension needed to be as
tight as possible - the winch was driven until it stalled. In the 5 = 30° tests the boom
was pulled in over the deck and the vertical component of the sheet tension tended to
keep the sail leech tighter than for the g, = 60° test cases where it had less effect and
the leech twisted away more noticeably,

The model design used a rotating straight mast cantilevered from within the hull
which was perpendicular to the heel axes. This means that, in theory, for a constant
boom vang tension, altering the sheet tension (changing &) should not alter the sail shape
significantly - it should simply rotate with the mast. This was not quite the case in the
present test arrangement because of the reduction in the vertical component of the sheet
tension as ¢ increased, but nonetheless, it was decided to compare the S = 30 and 60°
results as if they resulted from the same sail shape.

The sail lift and drag coefficients were calculated for all test cases and are shown
plotted in Fig. 31. When g, = 30° the angle 4 from the centreline to the boom was 5°,
and when 5 = 60° it increased to 35°. Thus it can be scen that all results lic in the
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relatively small sail angle range 20 to 25°. The lift coefficient is about 1.5 and the drag
coefficient about (.5. The smooth and turbulent flow results are in relatively good
agreement which is somewhat surprising given the substantial differences between the
flows. The B = 60° results show lower lift and higher drag coefficients.

The comparison between the two apparent wind angle results is not entirely fair
because of the increased sail twist at 5 = 60° noted already. Some allowance for this
can be made by simply setting J to some larger effective angle. The effect of setting & =
40° is illustrated in Fig. 32. This figure shows Cy reducing in a somewhat linear fashion
towards O as ﬁE-d is decreased, and the trend of CD is now to increase at the same time.

It is clear now that the tests have been completed that it would have been useful
to have had data for a range of smaller values of Sg-d as well. To discover whether there
are universal functions Cy (Bg) and Cp(Bg) for a particular sail shape for various values
of ¢, B and O requires that the sail shape be maintained in all cases. For a Laser with
a cantilevered mast this should be able to be achieved by keeping the boom vang tension
constant. However, although such tests are interesting aerodynamically they are not
particularly relevant to sailing where the sails are always adjusted for a given apparent
wind angle to maximise thrust, providing the heeling moment is not too large. In fact,
one can argue that the sails should be adjusted to maximise the ratio thrust/sideforce,
corresponding to the low windspeed sailing condition, and to maximise thrust for a given
sideforce (or heeling moment} in the case of the high windspeed sailing condition.

Nonetheless, the present results have illustrated that for A A = 30° the sail
coefficients, as defined herein, are virtually identical for the smooth and turbulent cases,
and the B, = 60° results show lower lift and higher drag, as could be expected from the
somewhat more iwisted shape in this test case.

11, CONCLUSIONS

The ideas of wind engineering and mechanics can be used to develop models of
onset flow to sailing yachts. Such models show that it is more legitimate to wind-tunnel
test yachts sailing upwind than downwind because in the former case wind twist is
smaller and the velocity profile is more uniform than in the latter case.

An analysis of wind turbulence has shown that only the high frequency end of the
atmospheric wind spectrum is important as far as yacht sail aerodynamics is concerned,
and thus only this part needs to be modelled in wind-tunnel simulations.

A grid of horizontal bars can be used to generate velocity and turbulence intensity
profiles which simulate these parameters quite well, but the spectrum of turbulence
generated this way shows that the turbulence length scale is really too low, and in the
present case the turbulence spectrum was energetic at frequencies which were too high by
a factor of about eight.

The simplified yacht model was adequate for the test programme apart from the
boom vang winch which was under-powered so that it proved difficult to get sufficient
leach tension. The high capacity, stiff dynamometer {(balance) used in the tests had
acceptable accuracy for thrust, sideforce, and heeling moment, but it would have been
interesting to have had measurements of pitching moment and vertical force as well.

The 30 deg apparent results showed essentially constant thrust and
effective-height-of-sideforce with change in heel angle, but the sideforce reduced
according to cos(hecl) and the associated rolling moment coefficient showed little change
with heel. This was the same for both the turbulent and smooth results.

The 60 deg apparent results were somewhat different. The sideforce, and rolling
moment coefficient were all essentially invariant with change in heel angle, but the
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effective-height-of-sideforce showed a small reduction with heel and the thrust coefficient
showed a reduction proportional to cos® heel).

When the measured forces and moments were converted to lift and drag
coefficients based on a wind axis system in a plane perpendicular to the mast, the
collapse of the data was quite spectacular. The angle between the apparent wind
direction and the boom was about 23 deg in all test cases, and gave a mean lift
coefficient of about 1.5, and a mean drag coefficient of about 0.5, By making some
allowance for sail twist, and increasing Sg - 4 by 5 deg for the 60 deg apparent results,
€ showed a reduction as B - d reduced. It was also clear that the 60 deg results had a
higher drag coefficient than the 30 deg results, probably resulting from the more twisted
sail shape in the former case. It would thus appear that this method of collapsing
wind-tunnel data is a worthy candidate for further study.
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Fig. 4:

Normalised apparent speed profiles on semi-log axes.
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Dynamometer.
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Fig. 24: Horizontal sideforce coefficient versus heel.
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Sail forces resolved into the plane of the deck.
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Resolving forces into wind-tunnel axes.
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APPENDIX 1

COMPUTER PROGRAM FOR TURBULENCE GRID DESIGN AND INPUT AND
OUTPUT USED IN THE PRESENT DESIGN
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power index = 1200

tunnel height h = &0.0000

pressure drop coefft ko =
bar diameter d = .6250
’ _t;l = .0020.
- cowdre? method
rno bars = 16
bar ne height(inches) space
1 .3125 .0000
2 . 1.8990 1.5865
3 | 3.7464 1.8474
4 5.8083 2.0615
5 ‘ B.0741 2.2658
6 | 10.545¢ 2.4714
7 13.2324 2.6868
8 . 16.1516 2.9192
9 19.3278 3.1762
10 22.7956 3.4578
11 T 26.6030 3.8074
12 30.8184 4.2154
13 35.5430 4.724%
14 . 40.9366 5.393%
15 “ _ 47.2772 6.3406

16 55.1336 7.8563

-2500

o and z
no bars = 1¢
bar no

1

2

10
11
12
13
14
15

16

method

height{inches)

.3125
'2.1267
4.2073
6.5042
9.0063
11.715%4
14 .6418
17.8026
21.2744
24 9432
1290103
33.4992
38.5209
44 2549
51.0263

5%.5521

space
. 0000

1.8142

- 2.0806

2.2948%

2.5021

2.7091

2,922

4.4889

5.0217

5.7340

6£.7714

B.53258



(]

y]

w0 @

18
11

12

~d

49

cwrite(*,12)n,h k0,d tcl

real zc.I3¢,101,7507,.8last.slost

program to calculate grid bar epacing forgiven power

law profile using the cowdrey and owenzienkiswicz forpulas
dimension zc(50},z5c(50),z02(50), znoz(%Ol.=1ast(‘0) s1lost (50}

real k.kKO0.n,h,tol.d,s.x,C.v. .0, cldk a.8.y,o

1nteger j,i.m,j0,numi,nunz

open(é,filez’prn’)

write(x,9) -

format(’ enter exporneni. tunnel height (?n), Dar dia {in), dpia’.
rnao(* 113 n,h.d,kd.tcl

fo:mat(Sf?-d)

if(n.eq.0. )00 to 1130

i ’ tolerance separated by commes” )

write input parameters

neight 0= 7

1=k .
ho.4x, 'bar diamet

format(1H0,4x,° puwer ingex = *,f6.2.71h0. 41, T tum
1f8.4,/1h0,4x,  pressure drop coefft KO = ,f; 4. /1
2er ¢ = 7,f7.4,/1h0 4%, el = 7 F7.4) '
write(*,7)

format(’ type 0 if correci?’)

read(j,6)

Format(il)

if(j.re.D) go to 2

write(s,12)n.h,k0,d. 1ol
set initial conciitions

j=1

s=d

x=0. ;
zsc{j)=0.
ze{j)=d/2.

c= h*((n;(n+1 Y)##n R (1. +k0)%%{n/2.))

write Tirst bhar conditicis
write(*,125)
srite(6,125)

format{in0. cowdrey itsration’)

wr‘ta(*4--J] J._Ectf) s.x,ze(3) .
write(6.13)3,3.25¢(i).5.%.2¢(d) .
format(iho,zx,’ c(’,i:,’)‘f5x.’s’,8x.‘x’,&x;’zg(‘.i?’}f,/iho,é(ix
1,f7.4)) ‘ -t
calculation: for zuccessive bars

=3+l

m=1

write(*, 1433.]

write(6,14)3,]

format(iho.2x, "zac(’,i2.7) 6%, 8", 8x, "% ,8x, z¢ (7 .12.7)7)

zoc{i)=za{i-1+s/2.

iteration cycle

velzsc(3)/c)**(2./n)

if((4.~3.%v).1t.0.) go to 1001
sz(2.%d*{v=1.))/(v-2.tsari((2. —v)**z -4 _¥(v-1, ) {(v-1.0))
w=ze{j~1)+s/2.

write(*,15)zsc(j),s,x - e R

write(6,15)zse(j},s.x
fotmat(lho,2x,f7-3,2x,f8.4,2x,f8.4y



& o

Lezelte/2.
-*ﬁ{fwrltE(* 15)LSC(J) s, X
coo-owrite(6;15)zsc(j),s, %
15
© ~if(x.ge.h)go to 200,

15

17

format(1ho,2x,f7.3, 2x 8. 4 2x f’

jo= 3*1000 .
"if(m.eq.10)go to 1000
m=m+l ’
if(abs((z5c(3)- x)/ch(J)) it. tol) oo’ to
zec(j)=x

go to 40

centraline height of bar
zc(3)=2c(§-1)4s

numl=j '
slast(j)=s
write(*,16)2c(3)
~write(6,16)zc())
format(lh+,32x,f8.4)
grs—d

write(*, 173g
write(é.17)c

“format(ih4,50x,Zihesparation of bars =

Cif((ze(j)+s+d).ge.h) ac to 200

200

&0

300

[¢]

400
410

[¢BN e

~

500

500

'go to 30

50

JF7.4)

repeat for owen and zlenxlﬁnklewlcz method

write(*,60)
write(s,50)

fermat(/,” owen and zisnkiewicz method begins’

=L

s=d

zs0z{})=0.

zez{i)=d/2.

j=i+l

m=l .

if(slast(j}.1t. d) slast(3i) =s
zs0z(j)=z0z(j-1)+slast(j)/2.
oldk={d/slast{j))/({1. —d;slasft)))**z )
az=l.1

e=(n+l.)/n

iteration cycls
b=sqgrt{l.+cldk)

K=({({hx*(z_/ n))*(i +¥O\*f(a+b)*¥2 - (\e*e)*((a+b)**(2 feYix(zsc z(‘
15)%x(2./n))*({b+a*¥(h/zs0z{I) V¥ (1. /m))*¥(2. /(n+1.)))))/(({zs0z(j ) ¥

2¥ (1. /n)yrexprax(n**(1./n)))x*¥2.)

calculate specing s
s=(2.%K*d)/(1.472.%*k-sqrt{1.+4 _*k})

y z0z(j-1)+3/2.

j0=3 '

Cif(m.2q.10) go to 1000

m=i+ L

if(v.ge.h) go to 400

if(abs((y-zz0z(i))/y).1t.tol) ¢o to 500

180z(]) )=y
oldk=k
go to 400

i

centrellne feight of bar
zoz(j)=z02(j-1)*s

num2=j

slost(j) =

1f((zoz(3)+s+d) ge.h) qo to 600
aoc to 300 ’

%&yeu%s
wirite{s.24)

’l/)




CLeENLIZLILR NRLIYIL WL uel

f£?5¢QMZQZ(J)‘ZOZ(J 1)+s

l':Llf((zoz(J)*“d) ge h). go. to 600 '
L .go to 300’ : Sl 3

(2 WE‘

o ‘flnal 1ayout
600 write(é,24)
: write(*,24)
24 format(1ih0,8x, cowdrey method”,30x,’o and z methed’™)
write{6.18)numl, num?2
write(*,18)Ynuml, nun2 : :
18- format(1h0,4x, mo.bars = 7,12.32%,’no hars.= ",i2)
write{é6,19) -
write(*,19) :
19 format(ih0,4x, ’bar no’ 6x. hplqht(lnches) ,4x, Tspace’ 9%, "bar no’,
1éx, *height(inches)’ ,4x, space’)
if(ruml.lt.num2 }ouml=num2
€50 do 700 1=1,numl. S ;
700 write{é, Ll) i,zc(i).slast(i).1, Loz(l).slost(l)
21 format(ih0,éx,i2, l“x,fe 4.5%,F7.4,9%,12,12x . T8.4,5%,F7.4)
ao to 10
1060 walte(b,_z)jo
22 format(1ho,4x, 30 = 7,1i5,2x, convergence too slow’)
go to 1130 ' ' ’
1001 write(6,23)
23 format(1iho, 4x, v greater than 4/3° )
- 1100 stop
and



APPENDIX 2

EXTRACT.PAS - PROGRAM USED TO EXTRACT THE INFORMATION FROM
THE DATA RECORD, AND PERFORM PRELIMINARY DATA REDUCTION.
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{$R+3 {Range checking c-n,} ‘ E X TRA'CT" PA_S

{$B+> {Boolean complete evaluation on?

{$5+3 {Stack checking on2 . .
: {$1+}  {1/0 checking onl : Pr\h—i-eoL 13 Mov 199 "L
LEN+2> iNumeric coprocessor (possibly) )

{SE+3 {Emulate coprocessor if not physically present

{$M E5500,16384,655350} iTurbo 3 default stack and heap?

PROGRAM EXTRACT;

llses ‘ :
Crt,dos,Printer; {Units found im TURBQ.TPL?

var
infile,cutfile, results: text;

tilename, filenamel, filenamez,
comment, '
. name
tstringl20l;

filesnd
rhooleans
ch
tchar;

i; j,MARKER, noafints, noofreals, testno, day, month, year,
- hours,minutes, sailnumber, noofchs, noofreadings,

windaonaff, turbulencecncff,

line, linenc,earlierlinens,

wind, turb,

count,
o filecounter

tinteger;

rudderangle, skegangle, apparentwindangle, heelanqle,

heightabaveref, baropress, temp,dynpress, area, h,

reflength - .
tdoubles;
chan: array [1..30] of integer;
vazlt: array [1..30] of double; ‘ .
Vs, zeros,Vsz,F,€F, cwa @ array [1..100,1,.8] of double;

Vcal : array [1..5]1 of double;
linenumber,
reads,

turbulence
: array (1..1001 of integer;
apparent, .
heel,
height,
temperature,
q, heightupmast
: array [1..100) of double;

function tan(angle:doubled:double; { tangent of an angle
begin )

tan: =sin(angle)/caos{angler;’
end; { end of functicon tanm 3}

procedure set_up;
begin
' filecounter: =0;
wind: =0;
turb: =03 . o . . -



Carear =0.16416; -
reflength: =1.0;
delete(comment, 1, length{commentl};
for i3=1 to S do

Veallfil:=7.0;
Vcall31:=11.0;

-

end;
procedure zero; i beginning of the file 3
begin

rewrite(outfile)d;

clrscr;

writeln('beginning of processing of file ', filenamel,
' containing balance voltages’);

write('MARKER = ' ,marker:2);

readln{infile); '

readin(infile, noofints, noofreals);

if noofints €37 then writeln('no of integers = ', noofints:d);
if noofreals <5 then writeln('no of reals = Tynoofreals:4);

-readlnl{infile, testnol;
readln{infile,day);
readindinfile,mzxnthl;
readln(infile, year);
readln(infile, hoursl;
Areadln(infile,minutEE);
readlni{infile,sailnumber);
readln{infile, rudderangle);
readln{infile, skeganglel;-
readlin(infile, apparentwindangle);
readln(infile, heelanglel;
readln(infile, heightaboveref);

write(’'  test number = ',testno:l3;
writeln(’ sail number = ',sailnumber:Z);
write(’date of test = ?,day:2,’ ' ,month:2,? -7, year:4);
“writeln(? time of test = ",hours:2,7:7 ,minutes:2);
write('rudder ang = ',vudderangle:7:2,’ deg’’;
writeln(? skeg ang = ',skegangle:7:2,' deg (pos clockwise)?);
write(’apparent wind angle = ',apparentwindangle:7:2); .
writeln('heel angle = ',heelangle:7:2,! deq, (positive to leeward?? 3;
writeln(Theighkt of model above reference = 'yheightaboveref:7:2,7 mm!l;
k8 write data to file 37 ’
writeln(outfile,’beginning of processing of file !, filenamel,
© ' containing balance voltages?);
“owrite(outfile, "MARKER = * ,marker:2);
write(outfile,” test number = 7, testno:r3l;
~~ writelnfocutfile,’' sail number = ’,sailmnumber:2);
write(outfile,’'date of test = 7 ,day:2,’~',month:2, 7 -7 ,year:4);
writeln(outfile,? time of test = ', hours:2,7:" , minutes: 2);
write(outfile,’'rudder ang = ',rudderangle:7:2,' deq'};
writeln(outfile,? skeq ang = ',skegangle:7:2,' deqg (pos clockwisel?ld;
write(outfile, 'apparent wind angle = !,apparentwindangle:7:2);

writeln(outfile,’heel angle = ',heelanqgle:7:2,
' deqg, (poesitive to leewardl’);
writeln(outfile,’height of model abave reference = !,
heightaboveref:7:2," mm’);
writeln(outfile)d;
end; { end of procedure zera 3

procedure one; { barcometric pressure, air temperature,
begin )

readln{infile,baropress);

readln{infile, temp);
. .¥readlnlinfile,dynpress);’ T

dynamic pressure

[



end; " Cend of procedirs ohe 3 s

r -,

procedure twothreeseven; { supply valts, zeros, or actual data 2
begin
readlnd{infile, noofchs);
readln{infile, noofreadings?;
readlniinfile);
for i:1=1 %o noofchs do
readln{infile, chanfil,voltl[il);
gotaXY(1,8%;
writeln('MARKER test sail apparent heel height 7,
'baro temp q chans readings turb wind!);
writeln(marker:4, testno:6,sailnumber: 3, apparentwindangle: 8: 2,
heelangle:7:2,heightaboveref: G 1, baropress:6: 1, temp:9: 1,
dynpress:6: 2, noafchs:6, noofreadings: 6, ’ Tyturb:E, T T,wind:32;
gotoXY{1,113; clrenl; : ’
gobtodY(1,12);  clreal;
aotoX¥Y(1,137; clreol;
gotoXYdl,142;  clreol;
.gotoXYol, 11, )
write(’chans ');
for i:=1 to noofchs do
writelchanfil:12);
writeln;
write(?valts ');
for i:=1 to noofchs do
write(voltlilz12:7);
{ gotoXY(l,18&8); :
write("hit any key to continue '3;
ch: =readkey; ) )

'

write tao file >
if marker=3 then

begin
writef{outfile, "MARKER test =ail rudder skeg apparent heel height baro 7,
! temp q chans readings turb wind?l;

chanlnoofchs+11: =16;
for i:=1 to noofchs+l dao
write{outfile,chanlil=11);

writeln(outfile);
end;
if length(comment) >0 then
begin

writeln(cutfile,” 3 7, comment);

‘delete(comment, !, length Ccomment )} ;
end; : ' :
writefoutfile,marker:4,testnoré, sailnumber: 3, rudderangle:sé: i,
skegangle:6: 1, apparentwindangle:8: 2,
heelangle:7:2Z, heightaboveref:6: 1, baropress:€: 1, temp:S: 1,
dynpress:6: 2, nocfchs: &, noafreadings:6, 7 *yturb:g,t ?,wind:31;
if marker=2 then

for i:=1 to B do

write(outfile,?’ )5

for i:=1 to noofchs do

write(outfile,voltfil:z11:73;
writeln(outfileld;

end; € end of procedure twothreeseven 3

3,

procedure four; { get new height above reference I .
begin ’

readln{infile, heightaboveref);
end; { end of procedure heightaboveref 2

- R -



v

praocedure fivesix;

begin
gotoXY(l,16);
" cwriteln(lst, Tprocedure S 6 used by mistake, Marker = ',marker:31;

end; { end of procedure fivesix 2

procedure eight; { end of input file has been reached 3
begin ‘
gotaXY(10,240;
writeln('end of input file ’,filenamel,’ reached properly’};
writeln(lst,'end of input file *',filenamel,’ reached properly’;
writeln(outfile,’8 end of file'l;
closel(infiled;
closeloutfiled;
fileend: =true;
end;. { end of procedure eight 3

ipracedure nine; {  commsnt . 3
begin
gotaXY(1,18);
write('comment marker - ');
clreal; '

readln(infile, comment);
., writeln(commentl);
end; { end of procedure nine X

procedure ten; { new heel angle 3}

begin
_ readlnf(infile, heelanglel;
end;  { - end of procedure 10 3

procedure eleven; { new apparent wind angle 3

begin '
readlni{infile, apparentwindangle);

w2rd '

procedure twelve; { new temperature 3

begin

readln(infile, temp);
cend; { end of procedure twelve 3

procedure thirteen; { new skeg angle I
begin -

readln(infile, skegangle);
end; { end of procedure thirteen 3

-,

procedure fourtesen; {( new dynamic pressure 3
begin

readlniinfile,dynpress);
end; { end of procedure fourteen

procedure fifteen; { wind on/off 3
begin '

readlntinfile,wind);
end; { end of procedure fifteen



“procedure sixteen; ¢ turbulence on/off ¥ 7
begin '
readln(infile, turb);

end;

r

{ end of procedure sixteen

(W]

pracedure aget_file;
begin
fileend: =false;
clrscr;
repeat

gotaXyY (1, 103 ;

writeln(’enter input file name (without extension? T

clreaol;

Wwrite(? . or Q to quit

reaxdlan(filenamel;

for i:=1 to length(filename) do
filenamefil: =upcase(filenamelil’;

if filename='Q' then halt;

filenamel: =filename+? .YRF';

filenameZ: =filename+’ VLT’ ;

assigniinfile, filenamel);

{$1-2 '

resetiinfilel;

{SI+7

it I0vresult<>0 then
write(filenamel,’ does not exist

{$I-2

reset{infilel;

{sI+}

until I0result=0;
assign(outfile, filenameZ);

end;

{ end of procedure get_file X

procedure extractdata;
begin
repeat -

readlniinfile,marker);
case marker of

Q: zerog

1: ane;

2,3,7: twothreeseven;

4: four;

5,6: fivesix;

g: eight;

I nine;

1: ten;

11: eleven;

12: twelve;

13: thirteen;

14: fourteen;

i5: fifteen;

16: sixteen;’
else

writeln(lst,’not in range 0O - 16,
end;

until fileend;

end;

{ end of procedure extractdata 3

!};

- try again’l;

MARKER = ’,marker:&);

procedure supplyvoltages; { get the supply valtages

begin
reset(ocutfiled;
for i:= 1 to 7 do

.repeat . s

readlnCoutfiled;



readln{outfilel;
read(outfile,marker)
until marker=2;
lineno: =1;
earlierlinenc: =lineno;
read(sutfile, testno, sailnumber, rudderanale,
skepangle, apparentwindangle,
heelangle, heightabaveref,baropress, temp,
dynpress, noofchs, noofreadings, turb, wind;
for i:=1 to noofchs do
readCoutfile,Vsllineno, 1123
repeat
vepeat
readlnfoutfiled;
read(outfile, marker};
if marker<>? then lineno:=lineno+l;
until <marker=2) or {(marker=8);
if marker=2 then
hegin
read(outfile, testno, sailnumber, rudderangle,
-skeganqglé, apparentwindangle,
heelangle, heightaboveref, baropress, temp,
dynpress, noofchs, noofreadings, turb, wind?;
for i:=1 to noofchs do
read(outfile,Vsllineno,1i1);
for line:=earlierlinernc+t to linenoc-1 do
for i:=1 to noofchs do :
Ysfline,il: =Vslearlierlineno,i1+(Vellineno, il-
VYslearlierlinens,ild*(line-earlierlinency/(linenc-earlierlinenad;
earlierlinenc: =lineno; : . N
end; ' )
if marker=8 then
begin
lineno:=linenc-1; .
for line:=earlierlinenc+1l to lipeno do
for i:= 1 to noofchs do
Vslline,il: =Ysfearlierlinenao, i3;
end; :
until marker=8;
closeloutfilel;
writeln(lst);
writeln(lst,'supply voltages’);
write(lst,’channel *);
for iz=1 to noafehs do
write(lst,i:12);
.Wwriteln(lst);
writeln(lst,’line no.t2;
for line:=1 to lineno do
beain .
write(lst,line:5,’ 'y
for i:=1 to noofchs do
write(lst,Vsfline,11:12:7);
writeln(lst);
end;
end; {{ end of procedure supplyvoltanges 3

b

procedure findzeraes; { get the windoff balance voltages @ 3
begin
reset{outfilel;
for i:= 1 ta 7 dao
readlnountfile)d;
repeat
readln(outfile);
read(cntfile, marker)
until marker=2; LT

.



" lineno: =1; : . : -
earlierlinenc: =lineno;: :
read{outfile, testno,sailnumber, rudderangle,
skegangle, apparentwindanale,
heelangle, heightaboveref, barcopress, temp,
dynpress, noofchs, noofreadings, turb,wind?;
for lime:=1 to 100 do zeroslline,noofches+ll:=0.0;
repeat '
repeat
readlnfoutfiled;
read(outfile,marker);
if marker<*>2 then linenc:=linenao+l;
until (marker=7) or (marker=8); .
if marker=7 then '
begin
readt(outfile, testnn sailpumber, rudderangle,
skegangle, apparentwindangle, |
heelanqle, heightaboveref, baropress, temp,
dynpress, noofehs, noxfreadings, turb,windd;
if wind=0 then
begin
if dynpress<:> 0.0 then
writelnilst,’zera black and dynamic pressure = 7,dynpress:6:3,
' line number = T,linenc:3);
for i:=1 to noofchs do

read(ontfile, zevosllineno, 1335
if earlierlineno=1 then

for line:=1 to linenc-1 do

for i:=1 to noofchs do
rerosfline, i3: =0.0;
if earlierlinenx<>1 then
for lines:=earlierlinenc+i to linena-i du
for i:=1 to noofchs do
reroslline, il =zercslearlierlinena, il :
+{zerosllineno, i ]—"erusEearllerllnenu i3}

. #¥(ling~earlierlinensd/(linenc-earlierlinenal;
zerosflinenco, noofchs+11:=-33.0; :
earlierlinenc: =1inenc;

end;
end;
if marker=8 then
begin
lineno: =lineno-1j;
for line:=earlierlinenc+l to lineno dao
for i:= 1 to poofchs do
. zeroslline,il: =zeroslearlierlinena,i];
end;
until marLer-B-
close(outfiled;
writeln(lst);
writeln(lst,’zeros!);
write(lst,’'channel '3;
for iz=1 to noofchs do
writel(lst,i:112);
writeln(lst);
writeln(lst,’line no.l);
for line:=1 ta lineno 'do
Izegin
write(lst,line:3,’ L H
for i:=1 to noofchs do
write(lst,zerosiline,id:12:7); _
if.zeraslline, noofchs+11=-33.0 then writel(lst,’ zerall;
writeln(lstij; :
end; :
end; { end of proacedure zeros 2



procedure balance_matrix;

begin

{ fudge the pitch voltage, which is garbage, measured from the balance
this. is done so that the interacticons from pitch will not cause

-

incarrect errors ¥

Vs:[count,ﬁ]:=0.quq*VE"[cuunt,:]*fiii4heiqhtEcHnntJ*qmﬂ*
cos(heel[c”untl¥p1/18ﬂ))/f4 84E680e~-2*1e3);

L]

P

end; {

writeln(let,’pitch voltage

i

0. 338035 *
-1.188100a2-3%
—3.952000e-4%
-1.484800e-3*
-3, ZE0500e-3%

FLeount, 12:

Flcount,2l:= (2. 1Z20000e-5%
0. 252512 *
~5. 6590002 -4 %
1.682300e-3%
~3.901000=-4%

~0. 000182 *
2.845000a~3%
2. 936600 2%
1. 244000e -4%
). Qo032 ¥

FLcount,31: =

(7.002000e~4%
=2, 370000 -0%
—3 036002 -3%

3249250 2%
¢;0450009~4*

Flcount,43: =

Flocount, 5]-—( =3.300000e-6%
G.333000e-4%
1.47Q000e-5%

~-3. 008000 ~4%
4. 846830e-2%

ig = ' VMoszlcount,53:11:7);

Vszlcount, 1.1+
Veslcount, 2734
Vgzlcount, 33+
Vszlcount, 41+
Vezlcount,31)%leb;

Vszfcount, 11+
VszLcount, 21+
Veszlcount, 3]+
Vezlcount, 43+
Vszlecount, 3] %1let;

Veszlcount, 11+
Vezleount, 23+
Vszleount, 31+
Vszlcount, 43+
VezTeount,33)xlet;

Yezlcount, 131+
VegzElcount, 21+
Vszlcount, 31+
VezLeount, 43+
VezLcount,310xlet;

Vszlcount, 11+
Veszlgount, 21+
Vszlcount, 33+
Vszleount, 43+
Vszlcount,S1)*led;

L] *

ectimate vertical force assuming that the sideforce acts perpindicular

-

to the mast X

FLcaunt,E1: sFLcount, 13*tan(heelangle*pi/180.00;

procedure moveMRC;
hegin

FLcount,31: =FLcount,

FlLcount,4): =FL count, 431-Flcount, 1 1% (0,
FEcaunt,S].—Fthunt,qi F[caunt,:]*(ﬁ 1Z2+heightlcountl/1000.0)

end of procedure balance_matrix 3

23+0.085%FLcount, 13;
1LL+hLiqhtECuuntlflﬂDD.ﬂh,

-FLcount, 810, 085;

if Flcount, 13<>0.0 then

h21ghtupma5tECUunt]'"FEcount 4l%cosCheelangle#pi/ 180, ﬂl*lOUO/F[Cﬁunt 1]

elcse

heightupmastfcountl: =0.0;

3

end; < end of procedure moveMRC ¥

pracedure coefficients;
begin _ o .

e



. end; < end of procedure wind_axes 7

ﬂ&’ .

h:=400.D*CGS(heelangle*pillao.0)+heightab0veref-115.O+S:0}H' "

if turb=1 then
q[cuunt]:=°*9.81*(0.75239+0.0005326*h)

else
glcountl: =3%9.81%1.03;

for i:=1 to 2 do .
CF[caunt,iJ::Ftcaunt,i3/(area*q[cmunt]);

for i:=3 to I do
CFEcount,i]:=F[caunt,i]/(area*reflength*q[count]);

CFEcount,6l: =Flcount, 61/ Carea*qlcountdl;

end; < end of procedure coefficients >

procedure wind_axes;
beqin

cwa[count,l]:=CF[cnunt,ZJ*sin(apparent[caunt]*pi/iB0.0)-
+CFLcaunt, t1%coas{apparentlcountI*pi/180.00;
cwa[caunt,zl:=CF[count,ll*sin(apparenttcount]*pi/lBO.D)
-CFLcount,2]1xcos(apparentloountl*pi/180.00;
cwal count, 31 =CFEccunt, 33;
cwa[caunt,43:=CFEcgunt,4]*cms(apparenttcaunt]*pi/180.0)
+CFLcount,Si*¥sin{apparentlcountl*pi/z180.00;
cwa[caunt,ﬁ]:=CFEcaunt,S]*cos(apparenttcountl*pi/lBO.D}
) —EFEcount,4]*sin(apparenttcount]*pi/lBD.D?;'
cwal count,&1: =CFLcount,E1;

r 1

pracedure corvectdata;
begin
resetfoutfiled;
foar 1= 1 ta 7 do
readln{outfile)d;
repeat _
readlnloutfiled;
read(outfile, marker?
until marker=2; -
lineno: =1; '
count: =0;
read(cutfile, testno, sailnumber, rudderangle,
skegangle, apparentwindangle,
heelangle, heightaboveref, baropress, temp,
dynprezs,namfchs,noofreadings,turb,wind);
repeat )
repeat .
readln(outfile);
read{outfile,markerd;
- if marker<>3 then linenc: =lineno+l;
until (marker=7) or (marker=8);
if marker=7 then
begin
read (cutfile, testno, sailnumber, rudderangle,:
skegangle, apparentwindangls,
heelangle, heightaboveref, barcpress, temp,
dynpress,noofchs,naofreadings,turb,wind);
if wind=1 then
begin
if dynpress<>3.0 then .
writeln(lst,’data block and dynamic pressure = ', dynpress: &3 2,
t line number = 7,linenc:3);
count: =count+i; '
linenumberfcountl:=linenc;
apparenttcount]:=apparentwindanglé;
heellcountl: sheelangle;



5

fieightlcountl: =heightaboveret; I
temperaturelcountl: stemp;
it count]: =dynpress;
reasdsCcount]: =noafreadings;
turbulencelcount}: =turb;
for 1:=1 to noofchs do
read(outfile, VszLcount, 113 ;
for i:=1 to noofchs do ]
VezLcount,ild:=(Vszlcount,il-zerosllinenc, 113%Vcallil/Vsllineno,1i3;
balance_matrix;
moveMRC;
coefficientes;
wind_axes;
end;
end;
until marker =08;
closefoutfiled;
writeln(lstl;
writeln(lst,'voltages carrected for supply and zero offsets?);
write(lst,'channel ');
for i:=1 to noofihs do
write(lst,i:l2);
writeln{lstl;
writeln{lst,’count line no.');
for liner=1 to count do
beagin
write(lst,line:3,’ *ylinenumberllinel: 3, 7 -
for 1:=1 to noofchs do
write(lst,Vaz{line,131:12:7);
writeln(lstl;
end;
Wwriteln(lst); ' .
writeln(lst,'balance matrix applied and MRC moved to boat');
"write(ist;'channel T'3;
write(lst,?’ sideforce thrust yaw moment roll momt?,
' pitch momt?d;

(o

writelnl{lst); :
writeln{lst,’count 1line no.?);
for line:=1 to count do
begin
write(lst,line:3,? 'ylinenumber[linel:3,? 7Y
for i:=! to noofchs do
write(lst,Flline,13:12:7);
writeln(lstld;

erd;.
writeln(lstd); :
writelni(lst,? COEFFICIENTS? )
write(lst,'channel '); .
write(lst,’ side thrust yaw mom?,

T roll pitch Fv hupmst®);
writeln(lsti; :

writeln(lst,? line height heel tu apprnt?);
for line:=1 to count do
begin
write(lst,line:2,’? t,linenumber{linel:Z,"’ 'yheightllinel:é: 1,

heelllinel:&:l,turbulencellinel: 2, apparentilinel:6:1);
for i1:=1 to noofchs do
write(lst,CFLlline,i3:7:3);

write(lst,CFLline,81:7:32, heightupmastllinel:E:12;
writeln(lstl;

end; )

writeln{lst);

writeln(lst);

writeln(lst,? WIND AXIS COEFFICIENTS? );
write(lst,'channel '}; ’ :
- writellst,?' _ .- . . lift drag yaw ', - -

- . . N \‘



- P rall T pitch’ T Fv hupmestT ;e
writelni{lst);

writeln(lst,?’ line height heel tu appynt’};

for line:=1 tao count do )

begin
write(lst,line:2,’ flinenumberllinel: 2, heiqht[line]:s:l,
heelllinel:6: 1, turbnlence[11ne3:E,apparenttllne] 115

for i:=1 to nuafchs do
write(lst,cwalline,i3:7:33;

write(lst, cwalline,61:7:2,heightupmastllinel:&:1;
writeln(lst);

end;

writeln(lst);

writeln(lstd; )

end; { end of procedure correctdata 3

[}

procedure saveresultsinatile;
begin )
if filetounter=0 then
»begin
writeln;
write({’enter results file name (without extensicn) '3;
readln{namel;
for iz=1 %o lenqth(name3 do
rnamelil: supcase(namelil};
name: =name+? .CPS’;
assign{results,namel;
rewritel(resultsl;
end
else
append(results);
writeln(results,’0 proce:sed resultts from ', filenamel,’ and ', filenameZ’;

writeln(results,!test no. date time gail no. hara press’);
writeln(results, testno:3,! day.i,’~',mnnth.;,'—’,yeér:4,' ',
huurs.z,’-’,mlnutes.h,' P ysailnumber:3,” ' ,barcopress:17:3);
wrlte(resnlts, line apprnt heel height?, .
. ' temp q reads turb hupmast’l;
{ writelresults,! Vs= - ',
’ ty; _ _
writel(results,” F ’ 'y
¥ ‘ 'y
H writelresults,? CF ',
’ l':)- -
L writel(results,’ cwa’?l; >

writelni{results);
foor iz=1 to count do
begin
write(results,i:3,linenumberfil: 6, apparentlil: 8:2,heelfil:6: 1,
height[il:7:2, temperaturelil:&6:1,qlil:G:1 yreadslil: 3,
turbulencelil: S, heightupmastlil:7:11;
for j:=1 to noofchs dao
write(results,Vszl[i, j1:11:7);
for j:=1 to noofchs do
write(results,FLi, j1:11:7);

%

> for j:=1 to noofchs+l do
write(results,CFLi, j2:11:27);
{ for ji=1 to noofchs+l do .

[

writel(results, cwali, jl:=11: 73'
writeln(results);
end;
closel(results);
end; { End of prucedure saveresultslnaflle H

"

function_ finished:boolean;  { finished all files? .



begin .- : :
write(’process another
repeat -
ch:=upcase(readkey);
until ch in E7Y7,'N'I;
finished: =(ch="N");
end;
{ main 3
beqin
set_up;
repeat
aet_Tile;
extractdata;
supplyvaltagess;
findzeros;
correctdata;
caveresultsinafile;

file C(y/n) 7

filecounter: =filecounter+l;

iuntil finished;
end.

!');
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SUMMARY

An analysis of full-scale wind structure relevant to sailing yachts is carried out in
order to develop a target model for wind-tunnel simulations. Unavoidable differences
between real onset yacht flows and idealised wind-tunnel simulations are pointed out.
Detailed measurements of the actual wind-tunnel flows developed for the present tests are
discussed in depth, and are compared to idealised cases, concluding that although the
simulations are not as good as physically possible, they are perfectly adequate for the
present test programme,

Measurements of the forces and moments acting on a 1/6th scale model of a Laser
yacht for apparent wind directions of 30 and 60 degrees, for heel angles of 0, 10, 20, and
30 degrees, and for smooth and turbulent sheared flow are presented. The results are
discussed in terms of sail aerodynamics, and a transformation procedure is developed
which leads 10 an excellent collapse of the measured results on the basis of calculated sail
lift and drag coefficients.
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1. INTRODUCTION

The wind tunnel is a very useful tool for carrying out tests on yacht models to
enable predictions of full-scale performance to be made. However, aerodynamically
yachts are very complicated devices and there is not necessarily a one to one
correspondence between wind tunnel performance measures and real performance of the
full-scale prototype. This arises through a variety of reasons, but is mainly due to the
difficulty of adequately simulating the full-scale onset flow to the yacht in the wind
tunnel where the model is stationary. Other difficulties arise such as getting adequate
sail shapes when the models are too small.

A practical difficulty when undertaking wind tunnel tests is deciding on
appropriate sail configurations to test. A sail requires a minimum of say 10 variables to
specify its shape, and to cover various ranges of heel angle and apparent wind angle, as
well as wind speed requires an inordinate number of individual tests unless simplifications
are made,

One outcome of the Conference on The Science of Sail Design at the University of
Western Ontario, in June 1982 (Ref. 1) was that it was agreed that a “standard” sail
should be selected and tested to enable comparisons to be made among the results from
different facilities. This is done in calibrating Aeronautical wind-tunnels (standard
AGARD models) and Wind Engineering wind-tunnels (CAARC model). The laser yacht
(Fig. 1) was selected as the standard because it simply has a single mainsail, and it is a
very common design worldwide.

Following on from some earlier wind-tunnel investigations where America’s Cup
designs had been tested by the Mechanical Engineering Department at the University of
Auckland, (12 metre and K class designs), it was decided that a detailed study of various
shapes of mainsails flying on a Laser model would be carried out. This study was carried
out as a Master of Enginecring research project (Ref. 2), and invoived the systematic
testing of a large number of different sails in different configurations on a 6th scale
model Laser yacht, with a stiff cantilevered mast (Fig. 2). It was felt that it would be
useful to continue the tests on this model, concentrating in particular on the effects of
heel. Thus the present studies of the effects of heel, and also the effects of testing in
smooth and a turbulent shear flow, were carried out at the University of Southampton in
the 7'x5’ wind-tunnel while the author was there during part of his Sabbatical leave,
January - June 1992,

The test programme on which this report was based was carried out during the
7th, 8th and 9th of April, and although it would have been desirable to have had a longer
test period, this was not possible due to the pressure of wind-tunnel bookings for
commercial testing,

The report describes the apparent wind structure of the onset flow in full scale
and points out the simplifications which have to be made in practical wind-tunnel tests.
It then presents the actual wind-tunnel flow, and discusses how this differs from the flow
which was ideally desired. The results are then presented and analysed and compared to
relevant rtesults in the literature.  The effectiveness of the method used to
non-dimensionalise and collapse the results is discussed.

2. APPARENT WIND STRUCTURE
2.1 Velocity Profile

The apparent wind structure seen by the sailing laser depends on the true wind
speed, and the direction the yacht is heading. This study will be confined to the upwind
sailing case, and it will be assumed that the true wind speed, V¢ = 5 m/s = 9.7 knots, a
fairly pleasant wind. speed for sailing. Furthermore, it will be assumed that this speed

5



applies at a reference height of 40% of the mast height of 6ém, or 2.4m, as it has been
found previously that the centre of pressure of sails is around this height. Assuming that
the true wind angle A is 45° and the boat to true wind speed ratio, '

Vv

.05 o)
VT -

gives the velocity triangle shown.

Va = (V2 + V2 + 2V, Vg cospp /2 @
V7
Vv
Ba = sin’! (o~ sin pp) Va Br ©®
A
1>

Pa
Vs

Thus the apparent wind speed is
Va = (5% (052 + 1) + 2 x 0.5 x 52 cosas)!/2

VA = 6995 m/s

. -1, S .
sin™( <995 sind45)

Ba = 304°

The drag coefficient of the water surface, and consequently the roughness length,
Zo, depends on the mean wind speed, as increased wind speed (and fetch) increases the
height of the waves, and consequently the surface roughness. However, aerodynamically
waves turn out to be very smooth, probably because they are rounded, and in general are
translating in the mean wind direction. One correlation for roughness length as a
function of the mean wind speed at a height of 10m, Vg is available in Cook (Ref. 3)
and is

Z, - 5x107 V0% @)

At elevations below about 50-100m, in the absence of thermal effects, the true wind
velocity profile is described by the simple log-law

- U Z
V=" ln— 5)
04 " Z,

Guessing that Z; = 0.2mm allows the speed at 10m height to be estimated

- i0

Vio _ In 56002
3 24
0.0002



giving Vip = 576 m/s

and hence z, = 5x10° (576)%9.81

= (0.17mm

which is close enough, so we shall assume Zo = (.2mm for subsequent calculations.

The motion of the yacht affects the “apparent” roughness length Z,, as the sails
are of course sensitive only to the apparent wind formed by the vector sum of the boat
speed and true wind speed. Sailing upwind tends to flatten the velocity profile as far as
the yacht is concerned, whereas sailing downwind tends to make it more non-uniform.
For the rather contrived cases of sailing directly upwind or downwind (Bt = 0 and 180°
respectively) the effect of hull motion on the incident wind is simply to modify the actual
roughness length Z , to an apparent roughness:

Zy o1, ) h, v
—Z-O— =5 (upwind) ; =f (downwind), where f = (7()) Vr (6)

where h is the reference height, in this case 2.4m.

For the present case, if A were 0°, the apparent roughness length would be

24 0.5
Za = 0255002

= 0.002Zmm

or reduced by a factor of about 160. If A1 were 180°, Z, would be increased to about
20mm.

For the real upwind case the situation is more complicated, and the apparent wind
varies in speed and direction with height so that the velocity profile appears twisted. The
variation of apparent wind speed with height is given by

VA@ = (V2 + VI@? + 2V Vi@ cosppt? (D)
where from (5)

Vi@ - 5 g0 @

BA@ = sia™! (g —sin fp) 9

Apparent speed profiles for various values of Ar, and V¢/Vip = 0.5 are given in
7



Fig. 3, in conjunction with the true wind velocity variation with height. When
extrapolated to zero speed, it is clear how the apparent roughness length is diminished for
upwind cases, and increased for downwind cases. When the speed profiles are normalised
by the speed at a height of 10m, the differences are more apparent (Fig. 4). The real
upwind case where S1 = 45° has quite a similar velocity profile to the contrived case
where B = 0. The biggest changes occur for downwind cases, and this can be seen more
clearly in Fig. 5 where the height axis is linear, and the speed is dimensionless.

The variation of apparent wind direction (ideally) is shown in Fig. 6. For upwind
cases the variation in direction is small, but it increases as Bt increases. The difference
in wind direction with height (i.e. twist) with respect to the wind direction at 0.5m
height (near boom) is shown in Fig. 7. Here, the angle scale has amplified the change in
direction compared to the previous figure, and whereas for Ay = 30° the change in
direction over the sail is only a few degrees (2), when Sy is 150° it is increased to almost
13° twist. In practice, wind twist may be less than indicated here for the upwind case
and more for the downwind case, due to the flow tending to accelerate at low levels as it
rises to pass over the hull. In so doing, the velocity component perpendicular to the hull
centreline is increased which causes this effect. (Ref. 4).

The preceding comments illustrate that there is some legitimacy in conducting
wind tunnel tests of yachts sailing upwind as far as the velocity profile is concerned, but
that for the downwind case, the compromises required will be more severe.

For the present example where it is desired to simulate the flow for a yacht sailing
upwind with (say) By = 45° the speed profile should be based on a log-law distribution,
with Z , around 0.002mm in full-scale. Since the test model is one-sixth of full-scale, this
means that Z, in the wind-tunnel should be 0.002/6 = 0.0003mm, a very small value.
The wind speed variation over the height of the sail is thus relatively small, but is
nonetheless still significant.

2.2  Turbulence Intensity

The wind engineering community accepts (Ref, 5) that it is essential to model the
spectrum of turbulence (Ref. 6) accurately in building aerodynamic studies in order for
the model flow field to truly represent full-scale. This is because turbulence in flow has
two aerodynamic effects. It promotes early transition of laminar boundary-layers (Ref.
7), and it must therefore be modelled correctly to reproduce boundary layer behaviour in
attached flow, and the associated pressure distributions and occurrence of separation.
Turbulence also increases the rate of entertainment in shed shear layers in separated
flows, thus reducing their radius of curvature (Ref. 8). In turn this affects the pressure in
the wake, or base pressure, which can increase or decrease depending on the afterbody
shape and can even change the direction of 1ift on certain bluff bodies by promoting
reattachment and thus altering the direction of the wake. In wind tunnel studies of
buildings, the state of the boundary layers on the mode! is not usually significant in
determining the loads, except in certain cases where the shapes are very rounded, and the
main function of turbulence modelling in the wind tunnel flow is to reproduce wakes and
separation bubbles which mimic full-scale behaviour.

Surprisingly, most vehicle aerodynamic studies have been done in relatively low
turbulence wind tunnels (Ref. 9), when one would expect from wind engineering studies
that the turbulence generally present in flows onset to vehicles (except for the case of no
traffic and no wind) would affect the aerodynamic behaviour. Recently some analysis of
the turbulence relevant to vehicles has been carried out (Ref. 10), and it is likely that this
point will receive more attention in the future with the drive towards cars with good
handling and low drag in the normal situation of turbulent onset flow.

Yachts can only sail when it is windy, and since they operate at the bottom of the
earth’s boundary layer, they always operate in a turbulent shear flow. As shown in the
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previous section, the sea is aerodynamically quite smooth, and this means that over the
range of typical mast heights, the turbulence intensity will be of the order of 10%, much
less the 15-40% typical for buildings.

The effect of atmospheric turbulence on fyll-scale sails is not known with
certainty, and indications in the literature are confusing. For example, in Ref. 11 it was
found that the critical Reynolds number for the drag of a sphere was not affected by
atmospheric turbulence whereas in wind tunnels it was found that a small amount of fine
scale turbulence had a major effect on the resulting coefficients. Since it is not known
what effect it really has on yacht sails, it is difficult to say whether it is important to
model it accurately in wind tunnel simulations.

In the author’s work, a pragmatic approach has been taken where it has been
attempted to model as well as possible the approach turbulence as seen by the moving
yacht in full-scale. Since to the author's knowledge there are no published data of
turbulence measured by a sensor attached to a sailing yacht, it is useful to try to deduce
what the appropriate turbulence level is to give guidance on what it should be in the wind
tunnel. The following analysis for the Laser yacht under consideration follows the
method developed in Ref. 12.

The turbulence has to be considered with respect to a moving reference frame
attached to the yacht. This is similar to the approach taken in Ref. 13 concerning
turbulence with respect to moving ground vehicles. The yacht motion, however, can be
considered as consisting of two parts, a mean part, plus a dynamic part. The dynamic
part occurs because the yacht reacts to turbulence, particularly large low frequency gusts,
and thus it performs a filtering function,

Rectilinear translation of a vessel through the boundary layer does not alter
variance of the turbulence, provided that the relative velocity of the vessel to the wind is
not less than one third of the mean wind speed. This assumption is therefore valid for a
vessel speed of half the mean wind speed, except at very low heights when sailing
downwind where the relative wind speed becomes very small (Ref. 14). It does change
the apparent frequency of the turbulence however. Using the analysis of Ref. 13, it can
be seen in Fig. 8 that for sailing upwind (8 = 0°) the apparent frequency is increased
and vice versa for downwind (8 = 180°) compared with the stationary yacht case.

These atmospheric wind spectra illustrate that most of the turbulence is at
relatively low frequencies, in the region of 0.01 Hz or 1 cycle in about 2 minutes. For a
Laser yacht, which reacts quickly to “gusts” this is a very low frequency. The helmsman
continually alters the orientation of the Laser to generally keep the heel angle roughly
constant, and he would see a gust at this low frequency as simply a variation in the mean
wind speed. A cut-off frequency between high frequency turbulence likely to be
important in sail aerodynamics, and low frequency turbulence can be deduced if, for
example, it is assumed that gusts with wavelengths grealer than say 10 boat lengths are
simply changes in the same wind speed. For a yacht length of say 4m, this is A = 40m,
and for an apparent wind speed of say 5m/s, a gust of this wavelength would take 8
seconds to pass the boat, Changes in the boat’s heading will filter out changes in wind
direction, whereas low frequency changes in speed are not really filtered out, just
assumed to manifest themselves as changes in mean wind speed. Furthermore, rather
surprisingly, it was found in Ref. 8 that the wake behaviour behind bluff models in
turbulent flows could be reproduced by introducing a wire upstream of the model on the
slagnation streamline. From this it would also appear that fine-scale turbulence is also
the key in controlling wake bebaviour. :

Based on the aforementioned arguments, we shall then deduce the relevant part of
the turbulence spectrum as far as the yacht is concerned, on the premise that the high
frequency part is the most important. If we suppose that the yacht acts like a first-order
high-pass filter, with a half-power point at n, then the effect on the wind spectrum is as
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illustrated for the stationary yacht case in Fig, 9. Here it has been assumed that n, = 1/8
= 0.125 Hz, but this was a somewhat arbitrary selection.

This means that much of the turbulence in the normal atmospheric wind spectrum
can be omitted, as frequencies less than about 0.03 Hz are not that important, leaving
only the high frequency part. This is an enormous help, because it is the large low
frequency eddies which are most difficult to generate in wind tunnel simulations, usually
requiring rather lengthy test sections. We need only generate some suitable fine scale
turbulence, and this can be done using bars and grids in a relatively short test section.

It can be shown by integration of the filtered spectrum in Fig. 9 that the
contribution 1o the turbulence variance is reduced to about

oy? = 016 02, (10a)
so, oy = 040y (10b)

It turns out that the turbulence variance is not affected by apparent wind direction
(unless the relative wind speed becomes too small, as mentioned earlier), but the apparent
turbulence intensity Ty = 0,4V is affected by translation of the yacht because this
changes the apparent wind speed in the denominator.

If it is assumed that the apparent velocity profile can be described by a log-law
with suitable choice of apparent roughness length, i.e.

VA 1

Z
T (11

(where k is von Karman’s constant = 0.4).

and further, if it is assumed that

o, = 25u, (12)

as observed by measurement (Ref. 15), then the apparent turbulence intensity for a yacht,
as a function of height, is given by

0.4

ln —
Zp

Tl]z, A (13)

Turbulence intensity profiles for upwind, downwind and yacht stationary
conditions are plotted in Fig. 10. For the upwind case, it can be seen that the idealised
turbulence intensity should be about 3%.
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3. TURBULENCE GRID DESIGN

The normal procedure at the University of Auckland for creating a sheared,
turbulent onset flow for yacht studies is to generate it with a grid of appropriately spaced
circular bars spanning the test section upstream of the model. A computer program from
Ref. 16 using methods based on theories by Cowdrey, and Owen and Zienkiewicz was
used for this purpose. A listing is given in Appendix 1, along with input and output from
the present run,

The program requires the user to input a power index n to describe the velocity
profile shape, i.e. ) :

el < a0

the test section height in inches, h, a value for the pressure drop coefficient k(, the bar
diameter in inches, and an error tolerance.

-In the present design 5/8" diameter aluminiuin alloy tubes were used as they were
readily available. By curve fitting a power-law profile to the ideal log-law profile in the
sail region (Fig. 11} a value n=12 was selected. For the 7'x5" test section, h=60, and by
trial and error it was found that k0=0.25 and tol=0.002 gave 16 bars which appeared to
offer reasonable blockage. A schematic drawing of the grid is shown in Fig. 12.

It needs to be noted at this point that the grid design method does not consider
turbulence, and the selection of the pressure drop coefficient, and tube diameter has 1o be
done on the basis of experience in order to attempt to get the correct turbulence levels.

4, THE FLOW SIMULATION
4.1 Data Acquisition and Analysis

The flow simulation was measured by attaching a hot-wire and pitot-static probe
to a traversing rig borrowed from Wolfson MTIA as shown in Fig. 13, The pitot-static
probe was connected to a Betz manometer and pressures recorded manually, whereas the
hot-wire output was connected to an analogue to digital input channel on a CED 1401, an
Intelligent Interface, manufactured by Cambridge Electronic Design Ltid., Science Park,
Milton Road, Cambridge CB4 4FE. The voltage output from a potentiometer on the
traverse, attached to the screw thread, and giving a signal proportional to height above
the floor was also connected to a CED A/D analogue input channel. The CED was driven
by a program called TURBOAD written by Wolfson MTIA staff.

After appropriate calibration, text-files of heights and corresponding means and
standard deviations of the hot-wire voltages were created. Each data point corresponded
to measurements at 100 Hz for 20 seconds. This process allowed velocity and turbulence
intensity profiles for the smooth flow (grid out) and turbuient flow (grid in) cases to be
obtained at the model test position near the downstream end of the test section (see Fig,
13). The manually tabulated pitot-static probe readings confirmed the accuracy of the
hot-wire for the mean velocity measurements.

In addition, at heights above the floor of 200, 400 and 800mm, 16384 samples
were saved in separate files to enable the power spectral densities to be evaluated. These

data were obtained at a sampling frequency of 2000 Hz with a low pass filter setting of
1000 Hz
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4.2  Velocity and Turbulence Profiles

In Section 2.1, it was argued that Z, for the upwind sailing case should be about
2x10%m, At 1/6th-scale in the wind tunnel, this gives

Zpam = 3x10 7m,

The vertical profile measurements were taken when the reference pitot-static probe
{mounted upstream of the turbulence grid about 200mm from the wall, Im above the
floor, on the left hand side looking upstream) measured a pressure difference of 3mm of
water. At the test position reference height of 40% of mast height, taken as 400mm
above the floor, this gave a velocity of about 7m/s. This can be seen in Fig. 15 which
shows the 2 sets of smooth flow results, and one set of turbulent flow measurements. A
curve corresponding to the ideal case is also shown (Z, ., = 3x10'7m) which has been
matched to the measured turbulent profile at 400mm height. The agreement is good for
the height range 200 - 900mm, but is poor at lower heights. The same results are shown
in Fig, 16 with power-law axes, and in Fig. 17 with log-law axes.

Since they both have log height axes, Figs. 16 and 17 expand the graphs at lower
heights, exaggerating the differences between ideal and measured. Clearly the measured
profiles are not as good as they might be, although in Fig. 17, extrapolating the velocity
profile curve downwards from readings about Z = 200mm would give an estimate for
Z 5 m close to that actually desired.

It is clear that the velocity profiles are all too low at low levels. There is even
quite a boundary layer for the smooth flow case as well. The reason for the discrepancy
in the turbulent flow case probably lies partly with the grid design program which
assumes uniform onset flow to the grid. The distance from the grid to model was 3.5m,
which also gives the boundary layer plenty of fetch to thicken. A step in the floor height
of around 100mm at the front of the moving belt ground plane could have also produced
a separation bubble, thus thickening the boundary layer as well. The suction system to
bleed off this boundary layer was not used in the present tests.

The measured turbulence intensity profiles are compared with the ideal upwind
profile in Fig. 18. This figure shows the good flow quality of the test section in the
smooth flow case away from the floor, where the turbulence intensity is typically about
0.2%. As for the velocity profile, the idealised -and measured turbulent profiles agree
quite well at heights above about 200mm, but at lower heights the actual flow is far too
turbulent. This applies to the grid out results 100, for heights below about 100mm.

These results indicate that the grid tube density was too high near the ground, and
that the model was placed too far downstream in the test-section. Unfortunately, it was
not possible within the test programme to right these two problems. There was no time
available to re-test with a different turbulence grid, and the model had to be located at
the downstream end of the test section because the moving belt ground plane was
installed in the test section floor and was not able to be removed for these two tests.
Thus measurements of forces and moments on the Laser model were taken with the onset
flow as it is shown here,

4.3 Wind Spectra

The turbulence grid design method does not consider turbulence at all, just the
velocity profiles. Spectra at heights of 200, 400 and 800mm above the floor were
therefore measured at the model test location to see if they had any resemblance at all to
the desired shapes developed in Section 2.2.

16334 samples were obtained at 2000 Hz at each height, and these were then
analysed as 8 blocks of 2048 samples. A fast Fourier transform was run on each of the §
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blocks. The 8 spectral estimates at each frequency were then averaged to reduce the
standard error. In addition, the samples were averaged over frequency as well, over 13
equal log-frequency bands, to finally give 13 spectral estimates. Since there are more
samples in each band at higher frequencies, the statistical reliability of the estimates
improves as frequency increases. These spectra had a bandwidth from f; = 2000/2048 =
0.977 Hz to f5 = 2000/2 = 1000 Hz.

In order to improve the statistical reliability of the results at frequencies around 1
Hz, it was decided to digitally filter the raw samples by simply adding each eight
consecutive samples up to obtain new samples approximately equivalent to sampling at
1000/8 - 125 Hz, resulting in one block of 2048 samples for each height. Spectral
estimates were therefore also obtained for these lower frequency samples over the
bandwidth f3 = 125/2048 = 0.06104 Hz to [y = 125/2 = 62.5 Hz. Block averaging
obviously could not be carried out, but frequency averaging over 13 equally spaced
log-frequency bands was carried out as before,

The resulting smoothed spectra can be seen in Fig. 19. Pairs of full and dotted
lines correspond to the measured spectra. There is reasonable agreement where each set
overlaps, which confirms that the averaging process used to obtain the larger bandwidth
overlapped spectra behaved properly. Spectra at 800mm height were very similar to the
400mm curves, so are not shown to improve readability. It can be seen that the peak of
the 200mm height spectrum is at around 6 Hz, and the peak of the 400mm spectrum is at
around 20 Hz, some 3 times higher. However, the idealised spectrum has a peak at
around 1-3 Hz which is much lower. This curve is the same one as the dotted curve in
Fig. 9 except that it has been normalised so that the area under it is unity, and it has
been shifted on the frequency axis to preserve the correct reduced frequency, i.e.

v
model full-scale

m\ { Hs
= o () ()

Thus, iy = g (1) (6)

Ny, = 6ngg

It is clear that the bar grid generates turbulence at too high a frequency by a
factor of about 8. The vortex shedding frequency of the bar can be found from the
Strouhal number, giving

v
DS = 02 6

For V = Tm/s and D = 5/8" = 15.87mm

0.2 x 7/0.016

=
H

88 Hz.

It is interesting, and perhaps rather surprising that there is no evidence of the bar
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vortex shedding frequency in the spectra. This is probably because the measurements
were taken some 220 bar diameters downstream of the turbulence grid.

To summarise, it can be seen that the turbulence simulation is not particularly
good as far as its spectral content is concerned, and that larger bars, or possibly some
other method is required to generate turbulence spectra which resemble the desired
shapes more exactly. However, the variance of the turbulence is only slightly less than
that desired ideally.

5. MODEL AND SAIL DETAILS

The model used in this, and the earlier study (Ref. 2) at the University of
Auckland was a simplified 1/6th scale model of a Laser sailing dinghy. A rigid mast
made of a uniform 11mm OD steel tube was used rather than a scaled down version of
the flexible prototype. The mainsail was attached with a bolt-rope to a thin slot cut in
the mast. It was cantilevered in two deep-groove roller bearings located inside the hull,
and was thus able to rotate freely. The model mast height was lm (measured from heel
axis near the huil bottom to the top of the tested sail).

Sail trim was adjusted using electric winches located inside the hull ‘which
controlled mainsheet and boom vang tension. During testing it was found that the boom
vang winch was not powerful enough, and it was difficult at times to get enough leach
tension. The mainsheet winch worked well. The mainsail foot was attached to the boom
by an outhaul at the clew only. No gap between the sail and boom resulted from this
means of attachment.

The test rig was attached to the balance as shown in Fig. 20 by an arrangement
which allowed vertical height adjustment, and rotation about the heel axis fitting near the
bottom of the hull. The hull could be separated to give access to the winches and heeling
mechanism. During testing the model was located in a circular cutout in the test section
floor. A cardboard surround was taped over most of this, leaving a vertical gap of less
than 5mm between the hull and surround. When the hull was heeled to 20 and 30°, it
was raised on the 4 threaded studs as required so that there was no contact between it
and the test-section floor. This vertical height shift was measured so that the actual
distance between the balance horizontal axis and the reference axis (taken as the heel
axis near the hull bottom) could be used in subsequent moment calculations.

The mainsail was constructed from the lightest grade of Mylar sail cloth obtainable
at the time. Initially the Sailmaker (TM) sail mould development program was set up to
plot the required panels on sail cloth, however,. as the seam shape was so small, the
plotted panels were not of sufficient accuracy. Thus based on the advice of a local NZ
sailmaker, a more old fashioned method was adopted, as described below.

The approximate outline of the complete mainsail was marked out on a single
sheet of sailcloth. Using cross-cut panels, the seam shape (curve) and taper were marked
out at various lWff heights. Seam shape was drawn using a flexible metal strip that
formed the required curve across the chord. Keeping the curvature of the strip constant,
the same form of seam curve could be drawn at various luff heights. By increasing the
curvature, the camber (draught) could be increased, and by moving the location fore and
aft, its chord-wise location could be shifted.

Individual panels were cut and joined. The curved panel edge was placed onto the
- straight panel edge of the adjacent panel which had double-sided tape attached. After
the panels were joined, the correct luff curve for the mast was drawn on the developed
mainsail. Finally, the leech curve was drawn to form the final planform of the mainsail.

The sail used in the present tests had a 913mm Iuff, a 360mm foot, a luff/foot
ratio of 2.5 and a maximum camber of about 13% at 50% of the chord at a height of
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about 33% up the luff. A reference area of 0.1642 m? was used for the tests. For
moment coefficients a reference length of 1m was used, the distance between the heel
axis fitting and the sail head.

6. BALANCE DETAILS

There was some difficulty in obtaining a suitable balance for the sail tests at the
University of Southampton, as the low test speed required of around 7 m/s meant that the
loads were much smaller than normally obtained in common wind tunnel tests there.
Dynamometers used for keel tank tests were available, but could measure lift and drag
only, whereas it was desired to measure heeling moment as well In the end a
compromise solution was reached whereby a S-component (vertical force not measured)
dynamometer developed especially for wind tunnel tests of rudders (Ref. 17) was used. It
is a very strong and stiff dynamometer (hereafter referred to as balance), and is capable
of measuring loads of about 100lbs. The rudder and skeg can be mounted and rotated
independently on it. The overall balance can be seen in Fig. 21, and a cross-section
showing the roll centres in Fig. 22.

The model yacht was mounted where the rudder is shown in Fig. 22, and the
lower handwheel was used to alter the direction of the model (to obtain the desired test
apparent wind angles) so that the yacht and balance axes were always paraliel, In other
words body, not wind axes were used. The top handwheel was used once only to centre
the top balance plate for the tests.

The balance was extensively calibrated around 1977, and has not been recalibrated
since. A check calibration was carried out to verify the repeatability and linearity of the
balance for the rather smali anticipated loads, and this was found to be good for lift,
drag, and heeling moment, but the pitching moment output was clearly erroneous. This
didn’t matter, as measurements of pitching moment were regarded as of secondary
importance.

The balance was repeatable to about +0.3uV, and signals during testing of about
20uV were expected, giving an accuracy of about £2%.

7. DATA PROCESSING
7.1 Data Acquisition

The balance strain gauges were connected directly to a strain gauge amplifier and
power supply (Manufactured by Fylde) by purpose built cables and plugs. This was
connected to a very accurate Schlumberger voltmeter (Model No. 7061) which used a
special patented averaging method to give average voltages from each channel to Q.1uV,
This unit was controlled from software written by Stephen Turnock, a Research Fellow in
the Department of Ship Science. This software scanned through each of the 5 data
channels or the supply voltage channels the number of times specified (usually 10) and
recorded the resulting voltages, averaged over the (say) 10 consecutive scans to 7 decimal
places in an ASCII text file. In addition, information concerning the test was added as
needed, such as heel angle, wind on or off, turbulence grid in or out etc.

A separate file was obtained for each test, (eg for a particular apparent wind
angle), where each file simply contained the unprocessed voltages and experiment
information as described above. This hard copy allowed "by hand” verification to be
made of the sofiware used to analyse the test data files,

7.2 Preliminary Data Reduction

The data acquisition program had been adapted from a version used for rudder
tests, and as such, it actually recorded some additional extranious information which was
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not required in the present work. A program called EXTRACT was developed by the
writer to extract only the pertinent mean results for the present tests, and the experiment
information, and to write them to a file. The data were then scaled for variation in the
supply voltages Vg, and zero offset voltages V, in all channels, assuming a linear
variation in these values with scan number between measurements of them. Thus the
recorded bridge voltage Vi was scaled to give a voltage V proportional to the applied
force at the original calibrated voltage V.

LV = (V- V) x VIV

The original calibration of the balance in Ref. 16 quantified the interaction
between the five components of the balance. The matrix expression given below uses the
interaction matrix and incorporates the calibration constants to give the sideforce, thrust,
yaw, roll and pitch (F; through Fg respectively) in N and Nm.

[ F, ] | 0338035 -1.1881x1003 -3.952x1004 ‘14848x1003 326051093 | | v,
F, 212005 252512 6.659x10-04 16823x100%  9.901x100¢ v,
Fy | = |-182a004 234561004 3.9366x1002 1.344x10-04 3.2x10°04 V3
Fy 700221004 -3,37x1005  .3.4036x1003 634925x1092  2.049x1004 V4

| Fs | [3:3x1008 63331004 147x10°03 -3.008x10°04 4.8468x10702 Vs

where ¥V - V5 are the corrected balance voltages in uV.

However, there was one “fiddle” done in the application of the interaction matrix,
As noted previously, the pitching moment voltage V5 was incorrect, and it was felt that
this incorrect voltage would generate errors in the other channels through the interaction
matrix. To eliminate the source of error, an estimate of what V5 should have been was
made, based on the thrust voltage V, by assuming that the pitching moment was due
entirely to the thrust force acting at 40% of the mast height.

Vg = 0.2525 x V,, x h/4.84685 x 1072

where h is the vertical height above the balance axis of a point 400mm along the mast.
Vg was estimated as shown before the balance matrix was applied to each set of
corrected balance voltages.

The next manipulation to the data was to move the moment centre from the
balance to the reference centre in the boat. This was defined to be the point
corresponding to the intersection of the mast and the heel axis. This point was 0.085m in
front of the vertical axis of the balance, and (0.122+h above the balance axis, where b is a
variable distance which depended on heel, and was measured at each test. Moments
based on the yacht reference centre were calculated as follows from the forces and
moments (F; - Fs) resulting from application of the interaction matrix.

M, = F3 + 0.085 x F) (yaw)
M, = Fy - F| x (0.122 + h) (roll)

Fg is the estimated vertical force (positive downwards) assuming that the sideforce acts
perpendicular to the mast, i.e.

F6 =Fy xtan ¢
where ¢ is heel angle.

M3 and Mg are of no real interest; indeed pitch was measured incorrectly, but
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they were processed in any event for completeness.

The final part of the preliminary data reduction was to convert the measured
forces and moments into coefficients. Since all tests were done with the wind tunnel
pitot-static probe measuring 3mm of water, this was done with the following set of
equations:

Fi/3x981xAxr
Fy/3x 931 x Axr
M3/3x 98l xAxrxL
My/3x981xAxrxL
M5I3x9.81xAxrxL
Fg/3 x9.81 x Axr

<qgo aqé') 0.0

where the reference area A = 0.1642 m? and the reference length for moments L = Im.
r is the ratio of the dynamic pressure at a point 400m along the mast from the heel axis
to the dynamic pressure on the wind tunnel probe. For smooth flow r = 1.03. For
turbulent flow r varies with height above the wind tunnel floor, h. Curve fitting the
turbulent flow calibration velocity profile in the region h = 400mm gave the following
empirical expression for r;

r =0.76239 + 0.0005326 x h
where h here is height above the floor in mm.

The preliminary data reduction process described above resulted in force and
moment coefficients based on the boat moment reference centre, where all the force and
moment coefficients are in horizontal and vertical directions. These basic coefficients are
manipulated in the following sections in order to collapse the data in a meaningful way.

8. MEASURED DATA

The preliminary data reduction process described in the foregoing results in the
following coefficients of particular interest = C; (thrust) and C; (sideforce) in the
horizontal plane, and C; (heeling moment). These are plotted as a function of heel in
Figs. 23, 24 and 25.

The thrust coefficient in Fig. 23 for an apparent wind angle of 30° shows almost
no variation with the range of heel angles tested from 0 to 30°. The coefficients for both
the smooth and turbulent flow case also for this apparent wind angle show amazingly
good agreement, and in all cases are about 0.4, with a slight drop to 0.3 for ¢ = 30°
Clearly the use of the dynamic pressure at 40% mast height works well. For the 8, =
60° results (smooth flow only measured) the coefficients are higher (around 1.0) and
show a more significant drop for ¢ = 20 and 30°, which is well fitted by a cosine heel
squared function.

The sideforce coefficients resulis in Fig. 24 do not show such a perfect collapse of
the smooth and turbulent results for 8, = 30° as for thrust, but nonetheless, it is stiil
good. The reduction in Cg with heel is fitted well by a cosine heel function. The Cg
results for 8, = 60° show no consistent variation with heel. Not surprisingly, because the
sail has been let out further, CS for g A = 60° is much less (about 2/3) of the B, = 30°
values.

The rolling moment coefficient (or heel coefficient) is due to the sideforce acting
part way up the mast (about 40%), and to the vertical force acting out at some distance
horizontally from the heel axis. Because it arises mainly from the sideforce, it can be
seen that the variation of C| with ¢ (Fig. 25) is somewhat similar to the variation of Cg
with @ (Fig. 24) although smaller. Note that Deakin (18) found that Cipp reduced
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with ¢ according to cosl‘3¢. If it is assumed that the $ide and vertical force components
act in such a way that the net force is perpendicular to the mast, then the height of
application of this force can be estimated.
Referring to Fig. 26 we have:
Cim L = Cgdcosgp + C dsing

and by assuming that

&

it follows that

Crm Crm cos¢

C
sin 5
CS(cosr,b + co;?)

= a

The result of this calculation is shown in Fig. 27 for all test cases. Heel angle
clearly has little effect apart from increasing the scatter at 30° heel and, on average, the
force acts about 37% of the way along the mast, close to the 40% reported by many
workers.

A similar kind of analysis cannot be applied to the thrust results to get its height
of appiication because the balance measurements of pitching moment were in error.

9. SAIL AERODYNAMICS

The foregoing section merely discussed the display of the measured data, the only
assumption being in Fig. 26 where it was assumed that the side component of the sail
force acted perpendicular to the mast. The results verified that the dynamic pressure at
40% mast height gives a good collapse of the coefficients, and indeed, the results verified
that the sideforce does in fact act near that height. However, one would really like to be
able to predict the various coefficients at various heel angles and so on, based on a
knowiedge of the sail aerodynamics. In other words, it would be very convenient to be
able to predict the performance of the sail rig at various heel angles from the results of
measurements at a single heel angle.

In this section we will suppose that a yacht sail of given shape produces an
aerodynamic force which can be described by conventional lift and drag coefficients
which are a function of the angle of attack between a reference chord line on the sail,
and the component of the wind resolved in a plane which is horizontal in the fore and aft
direction, and inclined at the heel angle ¢ in the beam direction. It can be loosely
described as the plane of the deck. It is convenient to sub-divide this angle of attack into
two further angies, the effective wind angle, S which is the angle between the wind
component and the centreline of the yacht, and the sail sheeting angle, &, the angle
between the yacht centreline and a reference sail chord line which we will take as the
boom direction, measured in the deck plane, These angles are shown in Fig. 28.

In this inclined plane, and for a particular sail shape, we have

CL = CLBg-d
Cp = Cp Bg-9)
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and from Fig. 28 it can be seen that the thrust (horizontal), and sideforce (inclined at ¢)
coefficients are related to the sail coefficients by

Crg = Cp sin Bg - Cpcos fg
CS¢ = CLCOSﬂE+CDSiﬂﬁE

Resolving these into the horizontal plane gives
Cr = Cr is already horizontal)
so  Cr=Cp (Bg - 90)sin g - Cp B - 9) cos (1)
and since Cg = qub cosg, it follows that
Cs = [C_ cos Bg + Cpy sin Bg] cosg (2)

Equations (1) and (2) enable the sail lift and drag coefficients to be deduced from
measurements of C; and Cy in the horizontal plane by the balance.

Cr = CL (Bg - &) sin B - Cp, (B - 0) cos B 1)
Cycosp = Cp, (Bg - 6) cos B + Cpy (BE - 6) sin PE @

Re-arranging leads to

C

CL Bg - 9) “KS&T cos B + Cr sin fg 3)
C

CD(ﬂE-a)a—EO—:-g sin B - Cg cos B @)

Further, by assuming that the heeling moment arises wholly from the elevated
action of the sideforce, we get

CS
Cl‘mL=CS¢h--_ca§¢h

where L is the reference length, and h is the height of application of the sideforce.
Hence,

h Cs

h -
Crmﬂ_L cosg _L[CL(ﬁE'd)COSﬁE+CD(ﬁE~d)smﬁE]

Finally, if the lift and drag coefficients in the wind tunnel axes are required, the
following pair of equations carry out the rotation necessary (see Fig. 29):

CLw - Cscos By + Croosfiy

Cpw = Cs sinf - Cy cos By
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The Effective Wind Angle, A

This angle was introduced above. We now consider its geometrical interpretation.
We take the case of a yacht at an apparent wind angle 8 A apparent wind speed V,
heeled at an angle ¢ (see Fig. 30). The apparent wind velocity component parailel to the
yacht centreline is V 5 cosf,, and the component perpendicular to the centreline, and in a
plane inclined at the heel angle ¢ is Vsinfjcosg. These two components form a
right-angled triangle in the deck plane, and the effective wind angle, g, is given by

Vo sin B, cosg

tan ﬁE = VAOOSﬂA

whence Bg = tan’! (tan B, cosg)
For B, and ¢ < ~ 30° this can be approximated to

BE = Bp cosp

When the boom is out to leeward from the yacht centreline an angle 4, then the
sail angle of attack is

Bg = ﬁE-d=tan'1 (tan B cosg) -

We now have a set of equations which enable the sail coefficients to be obtained
from the balance measurements and presented as functions of Bg = B - 0. If for a given
sail shape the sail coefficients can be described by Cp (Bg) and Cpy (Bg), then universal
curves corresponding to these functions should be able to be obtained from wind tunnel
measurements at various values of 85, @ and 4. If a good collapse can be obtained, then
this means that such results can be used in a predictive manner,

10. RESULTS AND DISCUSSION

As mentioned previously, the sail test programme involved two apparent wind
angles B85 = 30 and 60°, 4 heel angles - 0, 10, 20 and 30°, and tests in both smooth and
sheared turbulent flow. For each test case corresponding to a particular flow type and
apparent wind angle the sail was set by adjusting the mainsheet and boom vang to get
maximum thrust at nominally zero heel. The sail controls were not altered as the heel
was changed, and the Iuff and foot tensions were not altered at all t hroughout the test
programme. It was also found that in all cases the boom vang tension needed to be as
tight as possible - the winch was driven until it stalled. In the 85 = 30° tests the boom
was pulled in over the deck and the vertical component of the sheet tension tended to
keep the sail leech tighter than for the 85 = 60° test cases where it had less effect and
the leech twisted away more noticeably.

The model design used a rotating straight mast cantilevered from within the hull
which was perpendicular to the heel axes. This means that, in theory, for a constant
boom vang tension, altering the sheet tension (changing &) should not alter the sail shape
significanily - it should simply rotate with the mast. This was not quite the case in the
present test arrangement because of the reduction in the vertical component of the sheet
tension as d increased, but nonetheless, it was decided to compare the 5 A = 30 and 60°
results as if they resulted from the same sail shape.

The sail lift and drag coefficients were calculated for all test cases and are shown
plotted in Fig. 31. When 8 A= 30°, the angle 4 from the centreline to the boom was 5°,
and when 8, = 60° it increased to 35°. Thus it can be seen that all results lie in the
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relatively small sail angle range 20 to 25°. The lift coefficient is about 1.5 and the drag
coefficient about 0.5. The smooth and turbulent flow results are in relatively good
agreement which is somewhat surprising given the substantial differences between the
flows. The B, = 60° results show lower lift and higher drag coefficients.

The comparison between the two apparent wind angle results is not entirely fair
because of the increased sail twist at 5 = 60° noted already. Some allowance for this
can be made by simply setting 6 to some larger effective angle. The effect of setting 4 =
40° is illustrated in Fig. 32. This figure shows Cp reducing in a somewhat linear fashion
towards 0 as Sg-d is decreased, and the trend of Cp is now to increase at the same time.

It is clear now that the tests have been completed that it would have been useful
to have had data for a range of smaller values of Sp-¢ as well. To discover whether there
are universal functions Cy (8g) and Cpy(Bg) for a particular sail shape for various values
of @, B and J requires that the sail shape be maintained in all cases. For a Laser with
a cantilevered mast this should be able to be achieved by keeping the boom vang tension
constant. However, although such tests are interesting aerodynamically they are not
particularly relevant to sailing where the sails are always adjusted for a given apparent
wind angle to maximise thrust, providing the heeling moment is not too large. In fact,
one can argue that the sails should be adjusted to maximise the ratio thrust/sideforce,
corresponding to the low windspeed sailing condition, and to maximise thrust for a given
sideforce {(or heeling moment) in the case of the high windspeed sailing condition,

Nonetheless, the present resulis have illustrated that for A A = 30° the sail
coeflicients, as defined herein, are virtually identical for the smooth and turbulent cases,
and the B = 60° results show lower lift and higher drag, as could be expected from the
somewhat more twisted shape in this test case,

11. CONCLUSIONS

The ideas of wind engineering and mechanics can be used to develop models of
onset flow to sailing yachts. Such models show that it is more legitimate to wind-tunnel
test yachts sailing upwind than downwind because in the former case wind twist is
smaller and the velocity profile is more uniform than in the latter case.

An analysis of wind turbulence has shown that only the high frequency end of the
atmospheric wind spectrum is important as far as yacht sail aerodynamics is concerned,
and thus only this part needs to be modelled in wind-tunnel simulaticns.

A grid of horizontal bars can be used to generate velocity and turbulence intensity
profiles which simulate these parameters quite well, but the spectrum of turbulence
generated this way shows that the turbulence length scale is really too low, and in the
present case the turbulence spectrum was energetic at frequencies which were too high by
a factor of about eight.

The simplified yacht model was adequate for the test programme apart from the
boom vang winch which was under-powered so that it proved difficult to get sufficient
leach tension. The high capacity, stiff dynamometer (balance) used in the tests had
acceptable accuracy for thrust, sideforce, and heeling moment, but it would have been
interesting to have had measurements of pitching moment and vertical force as well.

The 30 deg apparent results showed essentially constant thrust and
effective-height-of-sideforce with change in heel angle, but the sideforce reduced
according to cos(heel) and the associated rolling moment coefficient showed little change
with heel. This was the same for both the turbulent and smooth resuits.

The 60 deg apparent results were somewhat different. The sideforce, and rolling
moment coefficient were all essentially invariant with change in heel angle, but the

21



effective-height-of-sideforce showed a small reduction with heel and the thrust coefficient
showed a reduction proportional to cos? heel). '

When the measured forces and moments were converted to lift and drag
coefficients based on a wind axis system in a plane perpendicular to the mast, the
collapse of the data was quite spectacular. The angle between the apparent wind
direction and the boom was about 23 deg in all test cases, and gave a mean lift
coefficient of about 1.5, and a mean drag coefficient of about 0.5. By making some
allowance for sail twist, and increasing fg - d by 5 deg for the 60 deg apparent results,
(L showed a reduction as g - & reduced. It was also clear that the 60 deg results had a
higher drag coefficient than the 30 deg results, probably resuiting from the more twisted
sail shape in the former case. It would thus appear that this method of collapsing
wind-tunnel data is a worthy candidate for further study.
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Fig. 1: Full-scale Laser yacht.

Fig. 2: Model Laser.
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Fig. 13: Photograph of the traversing rig.

Fig. 14: Photograph of data logging equipment.



m L] L} 1
' ' ' v . '
' '
' ' . . v . .
- ' ' ' ' ' ' .

L} 1 1 1 L} L} L] L L]
&AL leenees (ST S S S S R L.
= R LEr T ! 3 L — “beea

) 1 1 1 ' 1 ' v
Q pHe ' 1 . ' ' i ' . '

(@] ' ] ] ' ] ' i .
—— L] L] L] ) t L] L} L] L}
D . ' ’ ' i ' ' ’

' ’ . ' ' . v
= 3_ ....... pemamaa e fmmmmmm— [ O [, JL S [ S e

. , ' . f ' '

' ’ ‘ . ' ' '

L] i 1 1 ) L] L} 1

' H ' . . i '

L] t L} L] " L 1

' 1 ' ' ' ' 3 ' '

2_ ------- [ JEp— e [, O O Femeeeaal R, [T

v ] v h v v ' v

1 1 L} L] 1 1 L] ] 1

i ' ' » H ' . '

' ' s ' ' v i

L} L} 1] r L] [} L}

' . B P '

. . ' . '

1 ........ L e mamaa LU Femmm—- L — ymee——— Amm———— B A

H . ' . H H
. ’ ' ' v .
' i ' ' i ' ‘
' . ’ ' '
. ' . . .

height, Z, mm

0 100 200 300 400 500 600 700 800 900 1000

Fig. 15: .Ideal and measured velocity profiles, linear axes.

smooth, 7.4.92

smooth, 8.4.92

E3

turbulent, 8.4.92

ideal,ZAm=3e-7m

velocity, m/s

v
.
'
'
] '
'
i )
'
a '
[ 5 " ' RN
1 [T ' oo " " [N
— -——dea el bt s deedandad e LT Juyuysn Wy iy Ngw AN N M
] Y e n v NN
] o L] . [} 1
» IR o
. IR [ T b
' [N e . Foor v
' BB ET] IR LR
» R LR ] oo e
fer==n “rT-raTTree-s-- el el b ol bl e 2l Bl ket p oy
[ G a [T + et
' o «
[ o ] [
' [ [
' v .
[ [ ' [ [l
. v ()
] [ " ' l .
1 ] [ R 1 ] [N BN
L i Bl L Lt & W PRSP S S A
[l P e " ' VO
¢ P '
. [ '
. o ] N
] [ ] [N
. [ v BN
. [ ] v IRER]
v [ ] Vo v
v [l 1o ] [ T
v 4 [ ' R
i [ 1 [N
1 ' o a RN
1 " [ a3 RN
1 (] 1 1 1 Yoo ey
1 " ' ‘. " T ey
' o " ' ' ‘. EEETE
1 b I ERT ] ]
+ PR T A M + L
1 LI BLLALALE LN 1 U TriTtt

Fig. 16: Ideal and measured velocity profiles, log-log axes.

10

smooth, 7.4.92

smooth, 8.4.92

E

turbulent, 8.4.92

ideal,ZAm=3e-7m

100

height, Z, mm

1000




smooth, 7.4.92

smooth, 8.4.92

E 3

turbulent, 8.4.92

ideal, ZAm=3e-7m

velocity, m/s

-
4
] 1 ' . C o rra
D e I R L ) "y e ) W [y A s PR S S S DR
[B] [ . + . v '
]
]
+

] oo Vo
o 1 ] T s . [ S Y B )
Lo onaea e e gy . [ T I
Y 1 ' o E ey [ T
I EREE 1 ' [N RN 1 [ T R A
I EEE] v ] [ I P B
RN ’ ] N ] oo
1- """""""""" Lol ate I bt ol e aidaladed Sablinde Tlale Blbl ' ok 2ol R AL RS 84 B e e i bl Bl
[ T A 1 ] [ T B 1 [ ]
' [l e ] " [ B R [ f a4 s
] ' [ A i ’ [ A ] 1 ¢
1 ' L ] . [ 1 L
’ ' ‘.
1 1 ] [l [ ] [

G - t — it t it t iiiiii;
1 10 100 1000
height, Z, mm

Fig. 17: Ideal and measured velocity profiles, semi-log axes.

TP POSENS S SEM SOM SEM ESN DU S OO S smooth, 7.4.92
A -

L s S S S smooth, 8.4.92
- A A A x

104 “ """ """ """ turbulent, 8.4.92

I T e —

oo b ideal,ZAm=3e-7m

TU, %
P
X

.

:‘:-:- .-:
M }

T T

0 i i . = | = s |
0 100 200 300 400 500 600 700 800 900 1000
height, Z, mm

Fig. 18: Ideal and measured turbulence intensity profiles.



z=200mm, low

z=200mm, high

z=400mm, low

wnown o s

z=400mm, high
idealised
O T 7T 7Tyt I T 1 T TTTITT T 1 LR LELLLA | ] T T
0.1 1 10 100 1000
n, Hz
- Fig. 19: Idea! and measured turbulence spectra.

Fig. 20: Photograph of underside of model.



Dynamometer

L 26

1g

F



“RRwoweaAp jo $313u90 o1 an, 7z g
_ | e
T T m !
L I
" “ (R
] - - | | 4
| | ;:mﬁ\.J
C ) H C ~
_ |
“ — — 1
| _
! | ( ) I
I
1! .
I
b _ [ .
ﬁ!!d.O&—u | " s )
U 68t 'L ! S . @ _ o
) .’ B
v 4
! ’ ; % q
Lt (=L L)
—— , i Ay wevez
B [ S | T @
] hv\ ] -
S R I R e e _ #
.A\ / /N/Z Z N . 2 wIAWOWVNAG F0 dol
Anawisnfov/saanvnvars ' |
WOOII THNNML QM M _

(wwSi-85+)

uws29

N

. /é%ww/// /////%”




thrust coefficient, Ct

side force coefficient, Cs
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Fig. 23: Thrust coefficient versus heel. ‘
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Fig. 24: Horizontal sideforce coefficient versus heel.



rolling moment coefficient, CMr
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Fig. 25; Rolling moment coefficient versus heel.
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Fig. 26: Sketch showing application of side and vertical forces.
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Fig. 27. Effect of heel on the effective height of the sideforce.



Fig. 28:
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Sail forces resolved into the plane of the deck.

Fig. 29

Resolving forces into wind-tunnel axes.
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Fig. 30:  Definition of the effective wind angle.
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Fig, 31: Lift and drag sail coefficients for 6 = 5 and 35°
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Fig. 32: Lift and drag sail coefficients for 6 = 5 and 40°.
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power index = 12.00

tunnel height h = 40.0000

. pressure drop coefft kO =
bar diametef d = L6250
tol = .0020

cowdrey method

noe b

bhar

1

2

14

15

16

ars = 16
no height{inches) space
.3125 .0000
1.89%0 1.3865
3.7464 1.8474
5.8083 2.0619
8.0741 2.2658
10.5456 2.4714
13.2324 Z2.686438
16.1516 2.9192
19.3278 3.17¢62
22.7958 3.4878
26.6030 3.8074
30.8184 4.2154
35.5430 47244
40.9366 5.3934
47.2772 £.3408
£5.133% 7.8563

.2500

o and z
no bars = 16
har ne
1

2

i5

16

method

height(inches)

L3125
2.12¢7
4.2073
6.5042
F.0063
11.71%4
14.6416
17.80%6

21.2244

2%.0103
335.4992
35.5209
44.2549
51.0263

5%.5521

space

.00G0

1.8142

2.080¢6

2.2989

2.50z1

2.70%1

2.92¢2

3.1610



9]

4]

10
i1

L4

490

-~

real zc,Isc,Iicz,isei.slast.slost

program io calculate grid ber spacing forgiven oowsr

law profile using tha cowdrsy and r’n«ienzie kiewicz formulas

dimension zc(50},25¢(%0).z0z2{50), z=o7( 0" slasti(50).s1ost(50)
real k.k0.n,h,tol.d.s ,x.c,v,a.oldk. LY, :

integer j,i.m,)0,numl,num?
open(é,Tile="orn’)
write(*,9)

format(’ enter exponent, tunnel height (in), far dia (in}, dp/fa’
1 ' tolsrance separated by commas’)

read(*,ll) n,h.d,k0.tcl

format(5T7.4)

1f{n.eq.0.)ac to 1150

writs input garamsters

write{=*,12)n,h.k0.d,tcl

.urmat(lﬁ0,4n, power Ln'ev T 7 5.2 h0 4k tunnel heicht ao= T,
1T8.4,/1h0.4x, pressure diop coefit kKO = 7 f?.,.,xhu 4%, Bar diaset
2er d = *,f7.4,/1h0,4x.° toi = T FT4)

write(*,7)

format{’ type 0 if correct?’)

read(j,e)

Format{il)

if(j.re.2) ao 1o 8

write(5.12)n,.h,ko.d.tel

set initial couulti s

j=1

s=d

x=0.

2sc())=0.

zol(j=c/2.

czh¥((a/(n+1. ) )*¥*n)3( (L. +R03*%{n/2.))

write first bar conditicins

write(*,125)

write(6,125 )

format(ih0. cowdrey itsretion’)

writs (*.--)] jLzse{i), s, ze(])

write(6.1303,3.2s¢{i.a.x.2c(d)

furmgt(lLO.Zx, zsc(’,i:,’)' R SRR TSNV TN T5F SN e RN A [ § (3
1,f7.4))

calculatiome Tor successive kars

j=i+l

m=1

writel* 143)3.3

write(é,14)3.]

Foraet(ihd,2x, zze(’ .12, )Y 6%, 75 8%, Tx 5x za (712707
zsc{i)=2e{i-1Y4+s/ 2,

iteration cycls
v=(zsc(3)/c)**(2./n)

iF((4.-3.%¢).1t.0.) go to 1001

s=(2.%d*(v-1.))/(v-2. taart((2.-v)**2 -4 *(v-1.)*%(v-1.}))
w=ze(j-1)+s/2.
write{*,15)zsc(i),s
write(6,13)zsc(j)
Torrat(1h0.Lx,;7

2x,73.4)

3.2 .F8.4.



S

[

-:'write(* 15)zsc(i),s,x -
- write(é,15)zsc(j),s,x - - F
" format(1ho,2x,f7.3.2x, fS 4,2x, fB 4)

15

16

17 o

300

[

O

-~

Cc

400
410

&N0

R=sCl J—L, Tyt L.

if(x.ge.h)go to 200
j0=3*1000
if(m.eq.10)go to 1000
m=m+l
if(abs((zsc(j)-%x)/zsc(3)).1t.tol) ao to 50
zsc(jI=x

go to 40

centraline heicht of bar
2c(jl=ze{j-1)+s
numi=j
slast(j)=s
write{ %, 18)ze())
write(6,16)zc(3)
format{ih+,32x,T8.4)
Gss-d
write(®,17)g
wirite(s.175q

roat( i+, 20x, Zlhseparation
if{(ze(j)+s+d).ge_h) ac to 20
gc to 20

of Cars = ,f7.4)
o

repeat for owen and zienkisrkiewicz methed
write(x 60)
write(s,50)

format(/,’ owen and zisnkiewicz method begins’

=1

s=d

zsoz (j)=0.

zcz{j)=d/2

j=j+l

m=1

if(slast(j).1t. d) slast(j) =s
zsoz(j)=zoz(j-1)+slast{j)/2.
oldk=(d/slast(j))/((1.-d/slast(j))*=*2.)
a=zl.1

a=(n+l.}/n

iteraticn cyole
bzsgrt{li.+oldi)
ke (((hex(2, /n))x( 1. +k00 = (a+h)
13ysx(2. /s ({b+ax(h/zs0z(3))*
2x(1./n))reshhrax{n*x(1./n)))*xz.

calculate spacing s

sz(2.%k*d) /(1. +2. ¥k-sqrt(1.+4 . %k })
y=zoz(j-1)+s/2.

JU =) ’

if(m.2q.10) go to 1000

m=m+l

if{v.ge.h) go to &d0
1f(abs((y-zs0z(3))/y}1.1t.tol) go to 500
zsoz(j )=y
oldk=k

g0 to 400

centraline height of bar
zoz{j)=zzoz(j- 1)+s

numz2=j

slost(]) =

if({zoz (])+b+d) ge.h) go to 600
ao to 300

/)

#2 )= ({exe}*x((ath)*+x{2_/e))¥({zscz(
(L./n))=¥(2. /(n+1. 1))/ (((zs0z(3 )%
)

it —dayoute—— e N
writela_ 740 ' -



CEllLl Lo Ilc.l.gltl. Clouat

. 500 zoz(j)zz0z(j- l)+5 P

S num2sy - - l

Slost(3)°E5 - - i

'1f((zoz(3)+s+d) ge h) go to 600 R
go to 300 S

Flnal 1ayouto
600 write(s,24)
writa(*,24)

24 format(ihg,3x, cowdr2y asthed”,30x, ' and z methad ™)
write{(4.,18)numl, num2 :
write(*, 18 numl, nua2

18 format{1hQ,4x,’no bars = *,12.32x, ' nc kars = 7,12}
write{s,19)
write(*,19)

19 format(1h0,4x, ’bar no’.éx. height{inches}’,4x, space’ .9x. har no’,
6%, "height(inches)’ . 4x, "space’)
it (numi.lt.num2)numl=rum?

&850 do 7060 i=1.numl

700 writs(6, 41) i,z¢(i),slast(i),. 1,20z (')

21 furwat(lho 6%,12,12%, f8 4.5%,T7.4,9x
co to 10

1000 write(6,22)30

22 formai(1h0,4x,’j0 = 7,15.2x, convergence tco slcw’)

ago to 1100 ' )
1001 write(s,23)
23 format(ih0,4x,’v greater than 4/37)

=1 o=t(1)
i2,12%.T8.4.5%,T7.4)

- 1100 stop

aid



APPENDIX 2

EXTRACT.PAS - PROGRAM USED TO EXTRACT THE INFORMATION FROM
THE DATA RECORD, AND PERFORM PRELIMINARY DATA REDUCTION.
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{ER+> {Range checking cnl} . E X TQ A C.To PA‘S

{$B+3 {Boolean complete evaluation on?

{$5+2 {Stack checking on’ )

{$I+7 {I1/0 checking an’ - P‘(‘Wﬁ‘{d ]?3 /\/C’\Jl ’qq 2.
{HN+7 iNumeric coprocessor (possibly) 3

{$E+32 {Emulate coprocessor if nat physically present

{&M ESS00, 16384, 6553602 (Turbo 3 default stack and heapl

PROGRAM EXTRACT;

Uses ;
Crt,dos,Printer; {Units found in TURBOD. TPLY

var
infile,outfile, results: text;

filename, filenamel, filerames,
commant,
name
tstringlZ0];

filesnd
:boaleang
ch
:char;
i, JyMARKER, naofints, noofreals, testna, day,month, year,
hours,minutes, sailnumber, nozfchs, nuufrﬂadlnqs,
windonoff, turbulenceoncff,
line,linenﬁ,earlierlineno,
wind, turhb,
count,
filecounter
tinteger;

rudderangle, skegangle, apparentwindangle, hnelanqln
heightabaveref, barcpress, temp, dynpress, area, h,
reflenagth

:double;
chan: arvay [1..30] of inteqger;
volt: array £1..301 of deuble;
Vs, zeros,Vsz,F,CF,cwa @ array [1..100,1..31 of double;

Veal : array [1..533 of double;s
limenumber,
reads,

turbulence
array [1..1001 of integer;

apparent,
heel,
height,
temperature,
q, heightupmast

: array [1..1001 of double;

function tanCangle:doublel:double; {1  ftangent of an angle
begin

tan: =sinf{angle)/coscanglel;
end; { end of function tanm 3

procedure set_up;

begin
filecounter: =0;
wlnd-‘H;

turb: =0;



Carea: =0, 163187
reflength:=1.0;
deletel{comment, 1, length (comment) )
for i:=1 to 5 dao

VecalfiJ:=7.0;

Veall31:=11.0;

end;
procedure zero; { beginning of the file i
begin

rewrite(outfilel;

clrscr;

writeln('beginning of processing of file ry,filenamel,
' containing balance veltages?);

write("MARKER = ',marker:2);
readlntinfile);
readlniinfile, noafints, noofreals);

if noofints <37 then writeln('no of inteqgers = Pynoofints:4);

-

if noofreals <3>3 then writeln('no of reals = Yynoofreale:4r;

readin(infile, testnaol;
readin(infile, day};
readlnlinfile,month);
readlni(infile, year);
readln(infile, hoursi;
readin(infile,minutes);
vreadln(infile, sailnumberl;
readln{infile, rudderangle};
readin(infile, skegangle);
readlin{infile, apparentwindangle);
readln{infile, heelanglel;
readin{infile, heightaboveref;
write(’ test number = ',testno:3);

writeln(’ sail number = ’,sailnumber:2);

write{'date af test = Tyday:s2,? ' Lamonthi 2,7 -7, years 4 ;
writeln(? time of test = ',hours:2,7:7 ,minutes:2);
write(’rudder ang = ?,rudderangle:7:32,' deg’);

writeln(’ skeg ang = !,skegangle:7:32,' deg tpos clockwised?);
write(’apparent wind angle = ’,apparentwindangle:7:2);
writeln('heel angle = ',heelangle:7:2,' deq, (positive to leaward)? 1;
writeln('height of model above reference = 'yheightaboveref: 7: 2,7

[}

write data to file 3

writeln(outfile,’beginning of processing of file 'y, filenamel,
' containing balance voltages’s;

write(outfile, "MARKER = !f,marker:2);
writel(outfile,t test number = !, testno:3);

~~ writeln(outfile,’ sail number = ’,sailnumber:2);
write(outfile,’date of test = 7,day:2,’ - , manthi3, " -7, year:4);
writeln(outfile,? time of test = !, howrs: 2,71, minutes:Z);
write(outfile,’rudder ang = 7,rudderangle:7:2,' deg’);
writelntontfile,’ skeq ang = ’,skegangle:7:2,’ deg (pos clockwisel)?l;

writef(outfile, Tapparent wind angle

'rapparentwindangle:7:2);

writeln(outfile,'heel angle = ’,heelangle:7:2,

' deq, (positive tao

leewardl?’ ;g

writeln(outfile,’height of model above reference = 7,
heightaboveref:7:2,’ mm’);

writeln(outfiled;
end; < end of procedure zero 3

procedure one; {  barometric pressure,

begin
readln(infile, barapress);
readlnflinfile, temp);
readlntinfile,dynpress);

'y
mm’ J;

air temperature, dynamic pressure

¥



end; { end of procedure cne 3

r b

procedure twothreeseven; { supply vaolts, zeros, or actual data >
begin .
readln{infile, nocfchs);
readln(infile, noafreadings);
readlin(infilel;
for i:=1 to poofchs do
readlndinfile, chanlil,voltCil);
QotaXY(1,81;
writeln('MARKER test sail apparent heel height 7,
"haro temp q chans readings turb wind®};
writeln(marker:4, testno:6, sailnumber: S, apparentwindangle:8: 2,
heefangle:7:2,heightabaveref:5:1,barapress:6:l,temp:ﬁzl,
dynpress:6:; 2, poxfche: 6, noofreadings: 6,7 fyturbig,t T,wind:3);
gotoXYol,110; clreocl; - '
gotoXY (1, 12); clreal;
qobtaXY(1,13%; clrecl;
gotoXY(1l,14); clrenl;
gotoXYOl,113;
write(’chans ');
for 1:1=1 to poofchs do
write(chantil:12);
writeln;
write(?vaolts 7)),
for 1:=1 to noofchs do
writel(vol®l[il:z12:7);
£ gotoXY(1,18);
write('hit any key to continue 7);
chs: =readkey; 3 '
write tao file 7
if marker=3 then

[

begin
write(outfile, "MARKER test sail rudder skeg apparent heel height barc 7,
'temp q chans readings turb wind?l;

chanlnoofchs+11: =16;
for iz=1 to noofchs+l do
write(outfile,chanfil:z:11);

writeln(outfilel;
end;
1f length(comment) >0 then
begin

writeln(outfile,” 5 ', comment);

deletef{comment, |, length{commentll;
end; i
writefautfile,marker:4, testno:6,sailnumber: S, rudderangle: b d,
skegangle:g:l,apparentwindangle:8: 2,
heelangle:7: 2, heightaboveref:&: 1, baropress:6: 1, temp:5: 1,
dynpress:&: 2, ncofchs: &, noofreadings:6,"' ryturb:E, " T,wind:z33;
if marker=2 then

for i:=1 to 8 do

writetoutfile,’ ta;

Tor i:=1 to noafchs do

write(outfile,voltfil:z11:7);
writelnloutfilel;

end; < end of procedure twothvreeseven

-

procedure four; { get new height above reference 7
beagin

readlniinfile, heightaboverefl;
end; € end of procedure heightaboveref



procedure fivesix;
begin
gotoXY (1, 160;
writeln(lst, 'praocedure 5§ 6 used by

B

end; ¢ end of procedure fivesiw )

procedure eight; { end of input file has been reached

begin
gotoXY (10,240 ;
writeln('end of input file ?,filen
writeln(lst,’end of input file *,f
writeln(outfile,'8 end of file’);
cloSe(infiled;
closeloutfiled;
fileend: =true;

end; { end of procedure eight 3

procedure nine; {. commeEnt . 3
bagin
aotoX¥Y (1,132 ; _
writed’! comment marker - !3;
clrecl;

readln{infile, comment};
writeln{commentl?;
end; ¢ end of procedure nine X

procedure ten; { new heel angle 3
begin

readln(infile, heelangle?;
end; { end of procedure IO >

procedure eleven; {  new apparent w
bagin

readlniinfile, apparentwindangle);
enid ;

procedure twelve; { new temperatu
begin

readln(infile, temp);
end; { end of procedure twelve

procedure thirteen; { new skeqg an
beqin

readlniinfile,skegangle);
end; { end of procedure thirteen

procedure fourteen; { new dynamic
begin

readln{infile,dynpress);
end; { end of procedure fourteen

pracedure fifteen; { wind on/off
begin

readln{infile,wind);
end; { end of praocedure fifteen

[}

mistake, Marker

Tymarker: 33

amel, ' reached properly’);
ilenpamel,’ reached properly’:

X,

ind angle 7

-

re 5

gle >
-

¥

-

pressure

()

r



procedure sivtesn; <  turbulence on/off 3
beaqin
readlnfinfile, turbd;

r A,

end; { end of procedure sixteen

procedure get_file;
begin

fileend: =false;

clvrscr;

repeat
gatoX¥ (1, 100 ;
writeln{'enter input file name (without extensicony 71
clrecl;
write(r or g to quit *og
readlini{filenam=};
for i:=1 to length(filename) do

filenamelil: =upcase(filenamelil};
it filename='Q’ then halt;
filenamel: =filename+’.YRF';
filename: =filename+’.VLT';
assigni{infile, filenamell;
{61-3
resetliinfile);
{$I+3
if I0result<>0 then
write(filenams=1,' does not exist - try again’l;

{€I-3
resetiinfile);
{EI+%

until I0Oresult=0;

assignioutfile, filenamel);

end; {1 end of procedure get_file 3

procedure extractdata;
begin
repeat
readlnlinfile,marker);
case marker of
O: zerog
l: one;
1y 3,71 twothreeseven;
: fourg
: Tivesix;
eight; -
nine;
ten;
eleven;
twelve;
thirteen;
four teen;
fitteen;
l1e: sixteen;
else
writeln(lst,’'not in range © - 16, MARKER = ',marker:6);
end;
until fileend;
end; { end of procedure extractdata 7

[y}
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o e
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procedure supplyvaltages; { get the sapply voltages 3
begin
resgt(outfilel;
for i:= 1 to 7 do
readln{outfiled:
repeat



readlnf{outfile)l;
read(outfile,marker?
until marker=2;
linenao: =1;
earlierlinenc: =lineno; .
read(outfile, testnao, sailnumber, rudderangle,
skegangle, apparentwindangle,
heelangle, heightabaveref,barcpress, temp,
dynpress, nocafchs, noofreadings, turb, windd;
for i:=1 to noofchs do
read{ontfile,Vslliinena, 1123
repeat
repeat
readln(outfileld;
* read{outfile,markerl;
if marker<>»3 then linenc:=linenc+l;
until (marker=2) or (marker=8);
if marker=2 then
begin
read{outfile, testno, sail number, rudderangle,
skeqgangle, apparentwindangle,
heelangle, heightaboveref, barcpress, temp,
dynpress, nofchs, noofreadings, turb, windl;
for ir=1 to noofchs do
read(outfile,Vsllineno,11);
far lipe:=earlierlinernc+l to linenc-1 do
for i:1=1 {o nocfcehs do
Yslline,il: =Vselearlierlinens,il+(Ysflinena,il-
~ Yslearlierlineno,ili*(line-earlierlinenc)/(linenc-earlierlinenc);
earlierlinenc: =lineno;
end;
if marker=8 then
begin
lineno: =lineno~-i;
far line:=earlierlinenc+l to linenz do
far i:= 1 to noofchs do
Velline,1l:=Vsfearlierlineno,il;
end;
until marker=8;
closel(outfiled;
writeln(l=stl;
writeln(lst,’supply voltages’);
write(lst,'channel ");
for i:=1 to nocfchs do
writetlst,i:12);
writeln(lstl;
writelnilst,’line no.tl;
for line:=1 to lipena do
begin
write(lst,line:3,’ ry;
for i:=1 to npoafchs do
write(lst,Vslline,il1:12:7);
writelnt(lst); '
end;
end; { end of procedure supplyvoltages 32

a

pracedure findzeros; {  get the windoff balance valtages 5
begin
reset{cutfiled;
for i:= 1 to 7 do
readln(outfilel;
repeat
readlnCoutfiled;
read(autfile,marker?}
until marker=2;



lineno: =1;
earlierlinenc: =linenc;
read{outfile, testno, sailnumber, rudderangle,
skegangle, apparentwindangle,
heelangle, heightabaveref, baropress, temp,
dynpress, noofchs, noofreadings, turb,wind);
for line:=1 to 100 do zeroslline,noofehs+l1l:=0.0;
repeat
repeat
readlnfoutfiled;
vead{outfile,marker);
if marker<>3 then lineno:=linenaot+l;
until (marker=7) or (marker=8);
if marker=7 then
bégin
read(ontfile, testne, sailnumber, rudderangle,
skegangle, apparentwindangle,
heelangle, heightaboveref, baropress, temp,
dynpress,naofchs, noofreadings, turb, windd;
if wind=0 then
begin
if dynpress«<> Q.0 then
writeln{lst,’zera block and dynamic pressure = ',dynpress:B:X,
' line number = ',lineno:31;
for i:=1 to nosfchs da
read(outfile, zeresllinena, 110 ;
if earlierlinenc=1 then
for line:=1 to linena~1 do
for i:=1 to noofchs do
zeroslline,1iJ: =0.0;
if earlierlinenc<>1l then
for line:=earlierlinenc+] to lineno-1 do
for iz=1 tz noofchs do ’
zerasfline,il: =zercslearlierlinenc, i]
+(zerosflineno,il~zeracslearlierlinenco,11)
#¥{line-earlierlinendi/(linenz-2arlierlinenad;
zeros[lipeno, noofchs+1J:=-32,.0; ‘
earlierlinenc: =lineno;
end;
end;
if marker=8 then
begin
linenc:=1linenc-1;
for line:=earlierlinenc+l to linenc do
for i:= 1 to npoofchs do
zeroslline,il: =zeroslearlierlineno,1];
end;
until marker=3;
closefoutfiled;
writelni(lst);
writeln(lst,’zeras’);
write(lst,’channel '3;
for i:=1 to noofchs do
write(lst,i:12);
writelnilstl;
writelnllst, "line na.73;
for line:=1 to lineno do
begin
write(lst,line:5,? Ty;
foor i:=1 to noofchs do
write(lst, zeroslline,iJ:12:7);
if zeroslline,noofchs+13=-93.0 then write(lst,’ zerao'l;
writeln(lst); :
end; '
end; { end of procedure zeros 2



procedure balance_matrix;
begin

r
LY

-

-~y

end; <

fudge the pitch voltage, which is garhage,

measured from the balance

this is done so that the interacticons from pitch will not cause
incorrect errors

w
o+

Vsz[eount,51: =0, 2823%Vszlcount, 21® (128 +heightloount 1+400%

costheellocountI*xpi/1BOX)Y /(4. 84685e-2%1e3);

writeln(let,’pitch voaltagqe

FLcount,1]:

FCocount, 21:

Flecount,32: =(-0.000182

FLcount,4l:= ¢

CO.33BOZS #
-1.1881002-3%
-3.952000e 4%
~1.484800e-3%

-3. ZEQS00e 3%

Rl =t

0.252512 *
5. E£39000=2-4%
1.682300e-2#
3. 3010002 -4%

*

845000 -4 %
3.936600e~2%
1.344000e 4%
0. 00032 *

=
P

L OOZ20008 -4 %
. 370000e-5%
- H0OZE00e -3
- 2349250 -2%
» 043000 ~4%

RN LT 5 B B

Flcount,31: =( -3, 200000e-6%

e=timate vertical force assuming that the sideforce acts perpindicular

to the mast
Flcount,61: =F[count, 11*¥tantheelangle®pi/180.0);

6.3323000e-9%
1.470000e-5%
-3.00B0GOe -9 %
4. 846830 -2%

a3
¥

procedure moveMRC;
begin

end; {

[P

is = ', Vszlcount,51:11:7);
Vozlcount, 131+
Vezl{count, 21+
Vszlcount, 21+
Vszlcount, 41+
Vazlecount, 31 %1eb;

Vezlcount, 13+
VaszLcount, 21+
Vegzlcount, 31+
Vszlcount, 41+
VUszlcount,3ldxies;

Vezlcount, 11+
Vgzlcount, 23+
Vezlocount, 31+
VMszloount, 41+
Vezlcount,3l)*let;

Vezlgount, 13+
Vszlcount, 21+
Vezlecount, 31+
Vezlcount, 43+
Vszlcount,Sllxled;

Vgzlcount, 11+
Vgzlcount, 21+
YezLcount, 21+
Vszleount, 434+
VezlLcount,51r4let;

end of procedure balance_matrix 3

FlLcount, 33: =FLcount, 31+0.085%FLecount, 173;
=FLcount,41-Flcount, 1 1#(0, 123+heightlcountl/ 1000, 008 ;

Flecount,41:
Flcount,51:

=F[ caunt,5I-FLoount, 21 (0. 122+heightlcount]/1000. 02
~FLcount, 81%0, 08T5;

if Fleount, 11<30.0 then

heightupmagttcount]:=F[cnunt,43*costheelang1e%pi/180.0)*1000/F[count,1]

elcse

heéghtupmast[caunt]:=0.0;

end of procedure movelMRC ¥

procedure coefficients;
beain



h:=400.0%cos(heelangle*pi/180.0)+heightabaveref-115.0+5.0;
if turb=1 then
qlcountl: =2#9. B1* (0. 76239+0, O00IZEE*H)
else
glcountl: =3%3.B81#1.03;
for i:=1 to 2 do .
CFLcount, ils sFLcount, 11/ (area*glcountld;
for i:=3 to 5 do
CFLconnt, i1z =Flcount, il/(area*reflength¥glcount1);
CFLcount,61: =FLcount, 63/ (areaxqlcountll;
end; { end of procedure coefficients ¥

priocedure wind_axes;
begin

cwa[caunt,l]:=CF[cmunt,El*sin(apparenttcnunt]*pi/lBD.O)-
+CFLeonunt, 11#cas{apparentlcountl*pi/180.071;

cwa[caunt,i]:=CF£count,ll*sin(apparent[cmunt]*pi/lSD.D)
~CFLemunt, 2l%cos(apparentlcountI#pi/180.00;

cwalcount,31: =CFLcount, 335

cwafceunt,#]:=CFtccunt,4]*ca5(apparenttcount]*pi/lBQ.D)
+CFlcount,Sl¥sin{apparentlcountI*pi/ 180,073

cwa[count,S]:=CFCcaunt,S]*CQs(apparentEcaunt]*pi/lB0.0)
~CFLcount, 41*sin(apparentlcountl*pi/180.0);

cwalcount,&61: =CFLcount,E];

end; < end of procedure wind_axes 3

procedure correctdata;
begin
resetl{cutfiled;
for i:= 1 ta 7 do
readlnioutfiled;
repeat
readlnoutfiled;
readfoutfile,marker)
until marker=2; -
linenao: =13
couwnt: =0;
read(outfile, testno, sailnumber, rudderangle,
skegangle, apparentwindangle,
heelangle, heightaboveref, baropress, temp,
dynpress,noafchs,naafreadings,turb,wind};
repeat :
repeat
readin(outfiled;
read(outfile,marker);
if marker<>3 then linenc: =linenotl;
until (marker=72 ar (marker=8);
if marker=7 then
beqin
read(outfile, testno, sailnumber, rudderanale,
skegangle, apparentwindangle,
heelangle, heightaboveref, baropress, temp,
dynpress,naafchs,noﬁfreadings,turb,wind);
if wind=1 then
begin
if dynpress<{:2.0 then

writeln(lst,’data black and dynamic pressure = ',dynpress:6: 2,

' line number = ’,linenc:3);
count: scount+l;
linenumberlcount]: =linenc;
apparenticountl: =apparentwindangle;
heellcountl: =heslangle;



[

heightlcountlt=heightahaveret;
temperaturelcountl: =temp;
vfcountl: =dynpress;
recdslcountl: =nocfreadings;
turbulencelcountls =burb;
for i:=1 to noofchs do

‘read (outfile,Vszlczunt, 112;
for i:=1 to noofchs do

Usz[caunt,i):=(V5:Ecount,i]—zerws[lineno,i])*VcalEi]/VéElinenm,iJ;

balance_matrix;
maveMRC;
coefficients;
wind_axes;
end; '
end;
until marker=8;
closeloutfiled;
writeln(lsty;

(]

writeln(lst,'valtages corvected for supply and zero offsets’ i

write(lst,’channel ');
for i:=1 to noafchs do
write(lst,1:123;
writelntlst);
writelndlst,’count line nou’);
for line:=1 to count do
beagin
writel(lst,line:3," 'ylinenumber{linel: 3,
for i:=1 to noofchs da
write(lst,Vs:z[1line,1i1:12:7);
writelnflstl;
end;
writeln(lst);

writelnd(lst,'balance matrix applied and MRC moved to boat?);

write(lst,’channel . 73;

write(lst,? sideforce thrust yvaw moment

_ ' pitch momt’ g
writeln{lstl;
writeln(lst,’count line no.?i;
for line:=1 to2 count do
begin
Wwrite(lst,line: 3, ', linenumberllinel: 3,
for i:r=i to noofchs do
write(lst,Flline,il:12:7);
writeln(lst);
end;
writeln{(lst);
writeln(lst,”’
writeilst, ' channel ');

rzll momt?,

COEFFICIENTS! 3;

writef(lst,’ side thrust yaw mom?,

' roll pitch Fv hupmst’?;
writeln(lst);

writeln(lst,? line height heel tu apprnt’
for lipe:=1 to count do
begin

write(lst,line:2,? 'ylinenumberllinel: 2,

heelllinel:&:l,turbulencellinel:2,apparentllinel:E:1);

for i:=1 to noofchs do
write{lst,CFlline,i1:7:3);

write(lst,CFLlin=e,861:7:32, heightupmastllinel:
writeln(lsti;

end;

writeln(lstl;

writeln(lstl;

writeln(lst,’

write(lst,?channel *t);

P

*yheightllinel:G: 1,

E:12;

WIND AXIS

write(lst,”’ lift drag vaw

¥

COEFFICIENTS? 2



' yall’ pitch  Fv hupmstr )
writeln(lstl;

writeln(lst,’ line height heel tu apprnt’i;
for line:=t to count do '
begin -
write(lst,line:2,”’ ' linenumberClinel: 2,’? fyheightllinel:&: 1,

heelllinel:6:1, turbulencellinel: 2, apparentllinel:c:1);
for i:=1 to noofchs do
write(lst,cwalline,1]:7:32;

write(lst,cwalline,£l:7:3,heightupmactllinel:itrll;
writelnllistl;

end;

writeln(lsti;

writeln(lsty;

r

end; < end of procedure correctdata

[

(o)

procedure savervesultsinatile;
begin
if filecounter=0 then
begin
writeln;
write(’enter results file name (without extensiond '1;
readln(namea)l;
four i:=1 to length{namel) do
namelil: mupcase(namelil};
name: =name-+! . CPS*;
assign(results, nameld;
rewrite(results);
end
elce
appendiresults);
writeln(results,’Q processed results from ', filenamel,’ and ’,filenameil;

writeln(results,’test no. date time zail no. baro press'l;
writeln(results, testno:3,"? tyday:2,' - ,month: 2, -, year:4,’ L
hours:2,’: T, minntes: 2, ! 'ysailnumber: 3,7 ' ,barwpress:7:3);
writel(results,? line apprnt heel height’,
' temp q veads turb hupmast’l;
{ write(results,' Vs= ',
¥ r);
write(results,’ F T,
¥ !');
> write(results,' CF ‘ 'y
r Y‘);
{ writelresults,’ cwa’)d; ¥

writelniresult=);
foy i:=1 to count do
begin
write(results,i:3,linenumberlil:&,apparentlil:8:2, heellil:b:l,
heightCil:7:2, temperaturelil:6:1,qlil:5:1, readslil: 3,
turbulencelil: 3, heightupmastlils7:13;
{ for ji=1 to noofchs do
writel(results,Vszl[i, j1:11:7);
for j:=1 to noofchs do
write(results,FLi, jl:11:73;

¥ for j:=1 ta noofchs+l do
write(results,CFLi, j3:11:27);
L for j:i=1 to poofchs+t do

(]

write(results, cwali, j1:11:73;
writeln{results};
end;
closel(results);
end; £ end of procedure saveresultsinafile 2

-

function finished:boolean; ¢ finished all files? 3



begin

write(’process another file (y/n

repeat .
ch:=upcaselreadkey);
until! ch inm [?Y7,"N'1;
finished: =(ch="N*2;
end;

r

{ main ¥

begin
set_up;
repeat

get_file;
extractdata;
supplyvoltages;
findzercss
carrectdata;
saveresultsinafile;

filecounter: =filecounter+l;

until finished;
end.

2

!');



