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Abstract

This thesis is concerned with several aspects and techniques of converting data ob-
tained from sailforce models and from towing tank tests into an evaluation of the
performance of sailing yachts.

Froude’s assumption that the resistance of a body moving through water may
be treated as the independent sum of its residuary resistaiice and its frictional resis-
tance, is the base of towing tank testing theory. Hughes refined Froude’s method by
introducing a form factor to account for the 3-dimensional nature of the hull, and
Prohaska suggested an accurate method of determining this form factor.

The actual speed of a sailing vessel at a given sailing angle and wind speed is
estimated by a Velocity Prediction Program (VPP), which balances static, hydrody-
namic and aerodynamic forces and moments for equilibrium. Hydrodynamic data are
usually obtained from towing tank testing, while aerodynamic data are given by a
sailforce model, which consists of a table of lift and drag coefficients for a range of
angles of attack of the rig.

The areas on which research was done for this thesis are summarized below, along
with some conclusions.

For sailing vessels, it is best to calculate the form factor of the hull excluding
appendages such as fin-keels, bulbs and rudders. The relation between form facter and
heel angle is weak, and a sensitivity analysis showed that it is not worth calculating
a new form factor at each heel angle.

The resistance due to heel and yaw may be assumed to be a parametric function of
the speed-length ratio, the sideforce and the heel angle of the vessel. The parameters
of the above function are found by a weighted least-square-error fit of the towing
tank data. There is no easy way of determining the weight of each run for the above
process. Fortunately, however, the VPP prediction is not very sensitive to reasonable
weighting schemes. Another way of modeling the resistance due to heel and yaw,
based on the interpolation between data points, was examined. This method was not
successful and was abandoned until a way of overcoming its problems is found.

It is best to consider the frictional drag of the appendages separately, perform-



ing the data analysis on the bare hull, although the tests must be done with the
appendages on the model. Some experimental work was done for determining the
model scale appendage drag, and it was concluded that the errors in appendage fric-
tional drag prediction were small, but the velocity prediction was quite sensitive to
them.

After experimentally examining the errors in turbulence stimulator drag, it was
found that the final results were relatively insensitive to them, especially when relative
performance prediction is of primary concern.

Several sources of bad data repeatability were =xamined and it was concluded
that sideforce measurement errors were associated in part with carriage vibrations
and had a great effect on repeatability. Water temperature was not believed to affect
the results, although the model age was found to have some effect. The importance
of testing under identical conditions and within a short time span was recognized.

From all the above analysis, it was evident that it can be quite misleading to
merely compare resistances in the tank in order to evaluate performance. Relative
performance estimates require use of a VPP that uses model test data for its hydro-
dynamic force modeling.
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Chapter 1

INTRODUCTION

In this chapter, the background theory for estimating the performance of sailing
vessels from towing tank data is presented. Froude’s assumption, Hughes’ form factor
concept and Prohaska’s method for experimentally calcvlating the form factor are part
of this background information. The principles of operation of a Velocity Prediction
Program (VPP), which takes towing tank and sail-force data and calculates the speed
of a sailing yacht over a range of sailing angles and wind speeds are also explained.

In chapter 2, the form factor is further examined, by including a study on its
variation with heel angle and on the sensitivity of the full scale resistance prediction
to form factor variations.

Chapter 3 looks at methods of dealing with the resistance due to heel and yaw an-
gles and tries to examine the effect of various design parameters on these components
of drag.

In chapter 4, the drag of the keel and rudder is examined. It is explained why it
is advantageous to consider appendage friction drag separately, how it is calculated
and how sensitive the final result is to appendage drag errors.

Chapter 5 deals with turbulence stimulation of the flow past the tank models.
The accuracy of the nominal turbulence stimulator drag is examined by looking at
tests of the same model with a different number of stimulators. The sensitivity of the
velocity prediction to the estimate of the stimulator drag is also examined.

Chapter 6 deals with various sources of bad data repeatability, such as sideforce

13



CHAPTER 1. INTRODUCTION

measurement errors, carriage vibrations, water temperature variation and model de-
terioration.
Finally, in chapter 7, some concluding comments and recommendations are pre-

sented.

1.1 Prediction of the Full Scale Resistance from

Towing Tank Data

1.1.1 Froude’s assumption

In 1872, William Froude made a bold assumption which has proved to be of the
utmost practical importance, but of somewhat inadequate theoretical justification.
Faced with the dilemma thkat the frictional resistance of a body moving through a
viscous fluid is a function of the dimensionless Reynolds number, Rny = !!’_IL , and that
the wave-making and form resistances of a body at the free surface is a function of the
Froude number, F'n = 7‘;’1, Froude assumed that the total resistance can be treated
as the independent sum of these two components. This assumption is made ne ‘essary
in ship model testing by the impossibility of operating a ship and a ship model at
both the same Froude number and the same Reynolds number simultaneously. (5]

Assuming both the ship and model to be operating in the same fluid at the same
Froude number, it is evident that model speed, U,,, must equal the ship speed, U,
divided by the square root of the scale factor, A.

Un = \/ng% - (L1)

For the ship and model to operate at equal Reynolds numbers, the model speed
must equal the ship speed multiplied by the scale factor.

U,L,

v
Un = g-—2 = U (1.2)

It is obviously impossible to satisfy both of these conditions in water, yet it is essential
14
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CHAPTER 1. INTRODUCTION

that naval architects use model tests, and the laws of similitude, to obtain predictions
of the resistance of the full size ship. Froude’s assumption solves this problem, as
ship models may be tested at Froude numbers corresponding to those of the full scale
ship, estimating the frictional resistance to be that of a flat plate at the appropriate
Reynolds number.

Briefly, the model test procedure, as suggested by Froude, is as follows :

¢ The model is tested at speeds corresponding to the full scale Froude numbers
in order to determine the total model resistance coefficient, C}, as a function

of Froude number.

e The model frictional resistance coefficient, Cyn, at the appropriate Reynolds
number, is found from tabulated results of flat plate friction experiments and

calculations.

e The wave-making and form drag of the model is the difference of the total drag
and the friction drag. The coefficient of this drag is known as the residual

resistance coefficient, C,,.

C,-m = Cgm - Cfm (1.3)

o The residual resistance coefficient is assumed to be a function of the Froude
number oniy. Since model and ship operate at the same Froude number, the

ship’s residual resistance coefficient is the same as the model’s.

Cro = Com (1.4)

o The ship’s frictional resistance coefficient, Cy,, is found from the tabulated data

for plates operating at the full scale Reynolds number.

o The ship’s total resistance coefficient is the sum of the frictional and residual

resistance coefficients, plus corrections for bottom roughness, appendage drag,

15
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CHAPTER 1. INTRODUCTION

etc :

Cts = Cg + Com + {CORRECTIONS} (1.5)

and the total resistance, D,,, of a ship traveling at speed, U, and having wetted
surface, S,, is given by :

D, = Ct,%pS.U,z (1.6)

1.1.2 Hughes’ form factor method

As mentioned above, Froude’s method assumes that the wave-making and form drag
(residuary resistance) coefficient depends only on the Froude number. It is known,
however, that the form drag is viscous in nature and is caused by the pressure gra-
dients present when a 3-dimensional hull moves through a fluid. Hughes therefore
assumed that the model residual resistance coefficient is comprised of the sum of the
wavemaking resistance coefficient, Cyym, plus the form drag coefficient, C¢pn, but with

Crm equal to some fraction, «, of the flat plate resistance coefficient.
Crm = Cum + Cfrm. = Cum + Nofm (1-7)

The factor k accounts for the three-dimensional form, and is appropriately termed
the form factor. [5]

The form factor is assumed to be invariant with Reynolds number and the quantity
(1 + k)Cym is subtracted from the total model resistance in order to find the ship’s
wavemaking resistance. Given the total model resistance coefficient (equation 1.8),
the ship’s total resistance coefficient may therefore be predicted as shown in equation

1.9.
Cim = Cfm + Cum + K'Cfm (1-8)

Ciu=0Cy, + Cum + kCy, = Cio = Cern + (1 + n)(C,c. - C_fm) (1.9)

where Cy,, and Cj, are found from tabulated data at the appropriate Reynolds num-
bers.
16
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CHAPTER 1. INTRODUCTION

1.1.3 Prohaska’s experimental methed of calculating the

form factor

A method for experimentally evaluating the form factor was proposed by C. W. Pro-
haska in 1966. [4] His method is based on the supposition that the wave-making re-
sistance component, Cy,,,, for Froude numbers between 0.1 and 0.2 is approximately
proportional to the fourth power of the Froude number. Assuming that equation 1.8

is valid, the following relation is obtained by substitution.

Ctm F n‘

where A is a constant.
Thus, the curve of Cin/Cym versus Fn/Cy,, will be a straight line in the low
Fn region, which if extended would intersect the ordinate (Fn=0) at (1 + «). This

enables the form factor to be determined with good accuracy. [1]

1.2 The Velocity Prediction Program

The Velocity Prediction Program (VPP) provides a means of estimating the speeds
of ocean racing yachts over a range of sailing angles and wind speeds. In this section,
the basic principles on which the VPP is based sre explained. (3]

The basic task of the VPP is to balance static, hydrodynamic and aerodynamic

forces and moments so that the equilibrium boat speed may be found.

1.2.1 The sail-force data

The sail-force data consists of a table of lift and drag coefficients for a range of angles
of attack of the rig. Therefore, for a given apparent wind angle, there are data for

the following aerodynamic force coefficients:

1. A mazimum lift coefficient, Cry. This is the value of lift coefficient used only
when the sails are not flatteued.

17
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2. An induced drag coefficient, Cy, which is proportional to the square of the lift
coefficient. While this is predominantly associated with the aspect ratio of the
sail plan, it also contains that portion of the viscous drag which varies as the

square of the lift coefficient.

3. A parasitic drag coefficient, Cpp, attributed to viscous forces and/or flow sep-

aration on the sails which is independent of the lift coeflicient.

A parasitic drag coefficient, Cppo, due to the mast, rigging and hull is calculated
from the particular yacht characteristics and is added to the aerodynamic coefficients
listed above.

To get the actual aerodynamic forces from the above coefficients, it is necessary
to multiply the coefficients by 3p,72S,Vjy, where p, is the density of air, r is the

reefing ratio, S, is the nominal sail area and Vyw is the apparent wind velocity.

1.2.2 The hull resistance coefficients

The hull resistance as a function of boat speed is found either from towing tank
data, or is estimated by empirical formulae as a function of standard measurable
characteristics of the hull of the yacht.

In any case, however, the total resistance is assumed to consist of the hull upright
resistance plus a resistance increase due to heel and yaw (sideforce). When towing
tank data is available, the full scale total upright resistance as a function of speed is
found using the methods described in section 1.1.

The residuary resistance increase due to heel and yaw is found by fitting a poly-
nomial function of the heel angle, sideforce and speed to the towing tank data. This
method of calculating resistance due to heel and sideforce is presented more analyti-
cally in section 3.1.

Similarly, a fit of the hull hydrodynamic righting moment is also found and is
used by the VPP when balancing heeling moments. As with the resistance coeflicients,
when towing tank data are not available, an experimental formula is used to calculate

this righting moment.
18
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1.2.3 The VPP calculation procedure

The VPP follows the following procedure in order to evaluate the performance of a

boat :

1. A boat speed is chosen which represents a first guess to the final velocity pre-

diction.

The apparent wind velocity is calculated and hence all aerodynamic forces are

found.

The hydrodynamic sideforce produced by the hull is equated to the aerodynamic

sideforce.

A heel angle is found so that the hydrodynamic and aerodynamic heeling mo-
ment is equal to the hull static and dynamic righting moment plus the crew

righting moment.

. The net aerodynamic driving force is compared to the total hull resistance for

the above speed, sideforce and heel.

. Steps 2 through 4 above are repeated while adjusting boat speed so that the two

quantities compared in step 5 converge to be equal within a desired accuracy

range.

This procedure is repeated in order to optimize boat speed for various amounts

of sail reefing and flattening.

19
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Chapter 2

THE FORM FACTOR

In this chapter, the form factor concept will be further examined. The effect of form
factor variation with heel angle will be discussed and the total resistance sensitivity
to form factor errors will be examined. Towing tank results will be used as examples

in many cases.

2.1 Prohaska Plots for Sailing Yachts

It has been explained (section 1.1.3) that C. W. Prohaska came up with an experi-
mental method for celculating the form factor. The difficulty in accurately measuring
resistance at low speeds and the failure of turbulence stimulators at very low Reynolds
numbers, made it necessary for Prohaska’s method to go further than assuming that
all the resistance at very low speeds is residuary.

Hence, he proposed a method of extrapolating the low-Froude number total model
resistance from data in the range 0.1 < Fn < 0.2 by assuming that the wave-making
resistance coefficient at F'n < 0.2 is proportional to the fourth power of the Froude
number. [4], [1]

For sailing vessels which have appendages such as fin-keels, bulbs and deep rud-
ders, it is best to estimate the form factor of only the canoe-body (i.e. the hull
excluding the appendages). This is done because most work on form factor theory

has been done for conventional ship forms, which have no such appendages. Thus,

20
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Figure 2-1: Example of a Prohaska plot

the complicated form of a complete underbody of a sailboat with appendages presents
potential problems of not being in accordance with Prohaska’s experiments. How-
ever, the shapes of keels, bulbs and rudders are such that their no-yaw drag may be
predicted with reasonable accuracy and subtracted from the total model resistance,
hence safely obtaining the canoe-body form factor by Prohaska’s method.

An example of the form factor determination by Prohaska’s method is given in
figure 2-1. Note that in this figure, there is actually no data point at zero Froude
number, but it is estimated from the straight line fit of the other data points. The data
needed to produce this graph was obtained from a towing tank test of an America’s

Cup class boat.
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CHAPTER 2. THE FORM FACTOR

2.2 Form Factor Variation with Heel Angle

A fundamental difference between performing towing tank tests for ships and for
sailing vessels is that the later normally sail at heel angles up to 30 degrees whereas
the former are tested assuming they are to be operated upright. Thus, sailboats are
tested at a range of heel angles, making it possible that when heeled, their changed
underwater shape results in a different form factor at that heel angle.

It is also possible that the wetted surface of these boats changes with heel. This
may be a problem because the extra frictional resistance which occurs due to the
wetted surface increase is incorrectly attributed to wave-making drag due to heel. It
must be noted, however, that if this change of wetted surface is incorporated into the
change of form factor with heel, then the above situation is automatically accounted
for, as shown below.

If the wetted surface of the vessel is increased from the nominal value, Sy(nom),
by Sm(eztra), then the actual frictional drag coefficient normalized by Sy(nom) Will be
given by equation 2.1.

Rimeat)y  _ Bym(nom) + Rim(eatra) (2.1)

C m(real) = =

where Rypm(rear) is the actual frictional resistance, and Rym(eztra) is the extra frictional
resistance due to the wetted surface increase.
Making use of the fact that the frictional resistance is proportional to the wetted

surface area at a specific Reynolds number, the following relation holds.

Rfm(nom) R]m(eztra)
= 2.2
0-5PU3-;Sm(nom) 0.5PU,3| Sm(ectru) ( )

Ctm(nom) = Ctm =

Substituting into equation 2.1, the final result is :

Se(extra
C!m(real) = Cfm(l + Tm(r:m)l) (2'3)

Thus, it has been proved that the change in wetted surface due to heel acts like

a change in form factor, and hence it is not necessary to account for both of those
22
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Form factor versus heel angle
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Figure 2-2: Form factor versus heel angle

effects of heel separately.

In order to investigate how the form factor (including the effect of wetted surface
change) behaves with heel angle, towing tank results for several America’s Cup class
boats were examined. The form factor was obtained as a function of heel by making a
Prohaska plot for each angle tested. Figure 2-2 summarizes this experimental inves-
tigation by plotting form factor versus heel angle for several boats. It is interesting to
note that The form factor does not always monotonically increase, but for some hull
forms it decresses to a minimum and then starts to increase again.

As it can be seen, the effect of heel on « is not very large. It is therefore ques-
tionable whether the determination of the heel-form factor relationship is worth the

expense of making so many low speed runs with heel and no yaw, since these condi-
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tions never occur when the yacht is actually sailing. A sensitivity analysis is needed

to answer this question.

2.3 Sensitivity Analysis

In the previous section, it was indicated that it may not be worth making the low
speed upright runs required in order to determine the form factor at several heel
angles. In other words, it may be possible to obtain more accurate results by assuming
a constant form factor and making more runs closer to the sailing conditions of the
vessel. The error from assuming a constant form factor may thus be offset by more
accurately obtaining the wavemaking resistance and sideforce of the boat for heel and
yaw combinations that actually occur when under sail.

A sensitivity analysis is therefore needed to examine the effect that small errors
in the form factor determination have on the prediction of the full scale resistance of
the yacht.

Equation 2.4 gives the total upright resistance coefficient of the full scale boat.

Cio=Cr +(1+K)Cty = Cim + (1 + £)(Css — Cym) (2.4)

Defining the sensitivity of the total resistance prediction to form factor to be the
inverse of the total resistance multiplied by the partial derivative of total resistance

w.r.t. form factor, equation 2.5 is obtained.

1 0R, 1 9C, _ Cy — Cim g -1

R 0% Cu 0 Cem+ (14 /)(Css — Cpm) gm 1 (14 k)5 - 1) (29)

From equation 2.5, it can be seen that the effect of forin factor errors is small

when :

1. the model frictional resistance coefficient approaches that of the full scale vessel.
This happens only when model and ship are movirg at similar Reynolds num-
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bers. But when their Froude numbers are identical, their Reynolds numbers can
be similar only when model and ship approach the same size. Therefore, as the
scale factor, ), increases, the full scale resistance prediction becomes insensitive

to form factor.

2. the total model resistance becomes large compared to the frictional resistance.
This means that the wave-making component of resistance is high. Therefore,
errors in form factor become less significant at high speeds when a large part of

the total resistance is due to wave-making.

Actual values for the form factor sensitivity were obtained for a specific America’s
Cup model tested at the towing tank. The scale factor for this model was A = 0.31,
and its form factor was k = 0.235. Figure 2-3 shows the total resistance sensitivity
to form factor of this model at several speeds and was obtained by calculating the
frictional resistance from the I.T.T.C. line, measuring the total model resistance from
the towing tank test and then substituting them into the above formula for sensitivity.

For this example, it can be seen that the change in predicted total resistance
per unit error in form factor is < 26.7%. But referring to figure 2-2, the error from
assuming a constant form factor is less than 0.07 in the worst condition (model 1).
Thus, for the America’s Cup class models tested, the worst case error in predicted
resistance when assuming a heel-invariant form factor is less than 1.6%.

Although this 1.6% may not seem much, it is translated to 2-3 minutes around
the course. Of course, this is a worst case estimate because it assumes that the boat
is sailing at the heel angle whose form factor differs most from the upright form
factor; but still, it illustrates that ignoring the heel dependence of the form factor is
a potential problem.

Fortunately, the full VPP rnodel, which accounts for wavemaking drag due to heel
and yaw, is not as sensitive to form factor variations with heel as one would fear
from the above example. So when a constant form factor is assumed and the boat
is heeled, the change in viscous drag due to the different form factor is accounted

for by a change in the wavemaking drag. The error produced in this case is only
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k sensitivity vs speed-length ratio
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Figure 2-3: Form factor sensitivity versus speed-length ratio
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America’s Cup Course Race Times (Minutes

Wind Speed (kts) | Windward | Leeward | 135 Reach | 100 Reach | TOTAL
7.00 99.23 69.98 29.94 15.35 214.50
8.00 91.11 62.06 26.56 14.67 194.40
9.00 86.11 55.91 23.84 14.14 180.00
10.00 83.02 51.18 22.13 13.71 170.03
11.00 80.84 47.53 20.84 13.31 162.52
12.00 79.24 44.62 19.84 12.94 156.64
13.00 78.02 42.34 18.98 12.60 151.94
14.00 76.97 40.51 18.20 12.29 147.97
16.00 75.33 37.53 16.81 11.73 141.39
18.00 74.03 34.70 15.43 11.24 135.40

Table 2.1: VPP Output assuming constant form factor

due to the difference in the way the wavemaking and viscous forces are translated to
full scale (see section 1.1). Specifically, with the assumption of constant form factor,
the Reynolds number dependent change in total resistance coefficient, which occurs
due to the heel dependent form factor, is incorvectly included in the wevemaking
resistance coefficient due to heel and yaw which is only Froude number dependent.

For model 1, the design with the most form factor variation out of those shown in
figure 2-2, the VPP was run assuming both constant and heel dependent form factor.
The output is shown in tables 2.1 and 2.2 respectively. The difference between the
two cases is of the order of 0.03%, or 4 seconds around the course, which is quite
acceptable. Note how all of this difference occurs in the windward legs of the course
where the boat is heeled and yawed the most.

Thus it can be concluded that modeling the form factor to be dependent on heel
angle is not worth the extra runs needed to obtain the form factor at several heel
angles. For a prescribed number of tank data runs, with fewer “form factor” runs,
more can be done at speeds and heel-yaw combinations that correspond to actual
sailing conditions in order to obtain better data accuracy within the sailing range.

In order to examine the resistance sensitivity to form factor versus scale factor,
equation 2.5 was used in conjunction with actual towing tank data. Different scale

ratios were obtained b assuming various lengths of the full scale boat, calculating
27
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America’s Cup Course Race Times (Minut

Wind Speed (kts) | Windward | Leeward | 135 Reach | 100 Reach | TOTAL
7.00 99.16 69.98 29.94 15.35 214.43
8.00 91.03 62.06 26.55 14.67 194.32
9.00 86.03 55.90 23.84 14.14 179.92
10.00 82.94 51.18 22.13 13.70 169.96
11.00 80.77 47.53 20.84 13.30 162.44
12.00 79.18 44.62 19.84 12.93 156.57
13.00 77.96 42.34 18.98 12.59 151.87
14.00 76.91 40.51 18.20 12.29 147.91
16.00 75.26 37.53 16.81 11.73 141.33
18.00 73.98 34.70 15.43 11.23 135.34 "

Table 2.2: VPP Output assuming heel dependent form factor

k sensitivity vs scale factor
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Figure 2-4: Form factor sensitivity versus scale factor
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the full scale frictional resistance coefficients, and hence obtsining the form factor
sensitivities.

A similar plot to figure 2-3 was made, only this time with a constant speed-length
ratio at & range of scale factors. This plot is shown in figure 2-4. As expected, the

sensicivity of the full scale resistance prediction to form factor decreases rapidly with

the scale factor.
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Chapter 3

THE EFFECT OF HEEL AND
YAW ON RESISTANCE

In this chapter, the modeling of residvary resistance due to heel and yaw will be
examined. Two methods were implemented in the VPP and their relative merits will

be discussed.

3.1 The VPP Fit of the Resistance due to Heel
and Yaw

When a sailboat moves through the water under heel and yaw, it presents more
resistance than when it is upright and moving with no leeway. The VPP tries to
model this fact by assuming that the coefficient of resistance due to heel and yaw,
Chay, 18 given by :

Chay = C1 Cf + Cz(%)’ + {error fit} (3.1)

where C}, is the heel force coefficient, ¢ is the heel angle and C, and C; are coefficients

to be determined.

The first term of the above equation is due to the theoretical result that the
induced drag on a lifting surface is proportional to its lift squared, while the second

term is empirically justified. The “error fit” term is a polynomial fit of the difference
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between the first two terms and the actual data obtained from the towing tank, as a

function of the speed-length ratio, the heel-force coefficient and the heel angle.

{errorfit} = %‘1x.-.,-.k(%)“-"G,‘.”'"’cﬁ‘*-" (3:2)
where the indices i,j and k range from 1 to a value depending on the number of data
points available. The values of the coefficients, X; i, are found by performing a
least-square-error calculation using the tank data.

Obviouely, as the number of coefficients increases, the agreement between this
VPP model and the data improves. However, if too many coefficients are used, the fit
is not smooth enough and hence produces large errors in regions between data points.
The exact number of coefficients to be used for a given towing tank run sequence is
found by observing the total resistance as predicted by this VPP model. A way of
doing this is to look at curves of C,. versus speed-length ratio, to see if they look
smooth enough and if they are in fair agreement with the data points.

The exact range of the indices i,j and k is also found empirically. For example, it
was found that for the 105 run sequence which was used for the testing of America’s
Cup boats, the optimum range of indices was i=1..3, j=1..2, k=1..3.

With the indices taking the above values, the polynomial fit usually had a low
rout-mean-square error at the data points while still being well behaved between
them. So this 18 coefficient fit was adopted for the testing program. An example of
this fit on the 105 run sequence is shown if figure 3-1.

3.1.1 Weighting of the Data Points

Towing tank data is taken for a wide range of model speeds and several heel and yaw
angles, including speeds at which the boat is never expected to sail and heel/yaw
combinations which are impossible to occur in reality.

There are several reasons for this apparent waste of runs. First of all, since the
VPP model separates resistance due to heel and yaw from upright resistance, it is
necessary to calculate the upright residuary resistance as accurately as possible. This
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UPP curve fit for 22 deg heel
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Figure 3-1: VPP fit for 105 runs with 18 polynomial coefficients
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means making quite a few runs at no heel and no yaw which is not a likely situation for

a sailboat under sail. Also, in order for the VPP to reach convergence when itcratively

determining the vessel’s speed, it is necessary to have a wide range of conditions for
which reasonable values of resistance are produced. Finelly, it is very cumbersome to
have to estimate the expected sideforce/righting moment combinations, convert them
to yaw/heel combinations at each speed and then adjust the heel and/or yaw setting
on the carriage before each run.

Thus, only a few heel angles (perhaps four) are tested at a few standard yaw
angles (perhaps three) each.

In order to have the most accurate results possible, it is therefore desirable to have
the VPP fit match the data as closely as possible at conditions which are expected to
occur when the vessel is sailing. On the other hand, the accuracy of the fit is not as
important at unlikely combinations of heel, yaw and velocity. Therefore, a weighting
scheme was devised which tries to weight each run when the X ;. coefficients of the
error fit are determined.

This scheme gives a run double weight when the heel force and the heel angle are
in accordance. When the boat is sailing, the aerodynamic heel force coupled with
the equal and opposite hydrodynamic heel force, are balanced by the hull’s righting
moment. Hence, in order to determine whether a run is close to the above condition,
the heel angle is compared to the heel force multiplied by the vertical distance between
the sail and hull centers of sideforce and divided by an average static righting moment
per degree. If these two values are within a specified range, then the run is given a
double weight.

The above method is somewhat arbitrary in that there is no theoretical indication
why the weight of some runs should be exactly twice that others, and no specification
exists on how close the runs need to be in order to be weighted double. These values
were determined empirically, and thus the errors introduced by taking an average hull
righting moment and by ignoring the dynamic righting moment. In other words, the
offset in the heel-sideforce balance due to the errore, is compensated by the empirical
choice of the range of heel angles for double weight.
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For a particular testing program, the criterion for giving a run double weight

might be :

Fg h Fg h
<¢<1
0.6 _¢‘15RM,,.,

" RM,,

where h is the distance between sail and hull centers of effort (about 12 meters full
scale), RM,, is the average righting moment per degree and Fy is the heel force.

In addition, if the above criterion is satisfied, a run may be given quadruple weight
if it is within a specified velocity range. This is done in order to make the VPP fit of
the data as accurate as possible within the expected sailing speeds of the actual boat.
For the above example, runs at speed-length ratios between 1.0 and 1.2 satisfying the

heel-sideforce condition may be given quadruple weight.

3.1.2 Sensitivity to Weighting

The arbitrariness of the weighting of each run, as illustrated above, made necessary
an examination of the sensitivity of the VPP output to the weighting scheme used.

It is not obvious what kind of weighting produces the most accurate results. As
one extreme take the case where all runs have the same weight. Then, the fit in the
sailing region of the data will be affected by mismatches between the VPP model and
the data outside this region. On the other hand, if only runs in the sailing region are
considered, there is not enough data to have an accurate fit.

In order to further investigate the sensitivity of the performance prediction to
weighting, the weighting functions shown below were used in analyzing the data for

a specific boat.

e A parametric weighting function such that if 0.6%},.—’: < ¢ < 1.5%{,—5, then
weight = 2a. If in addition the speed-length-ratio is between 1.0 and 1.2 then
weight = 4a. Otherwise, weight = 1.0. Here a is the parameter to be varied. A
“standard weighting” that seemed appropriate is the above weighting functicn
with ¢ = 1. Cases for a=0 (all runs equal weight), a=0.5, =2, and a=10 were

elso examined.

e The standard weighting scheme but with no extra weighting for runs in the
34
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Figure 3-2: Differences in performance prediction due to different weighting schemes

speed range 1.0 < VVE <1.2.

e An analogue weighting function such that

weight = (1 +

1 1
arave 1
cosh(2.5%g 2= — 1.05) 1+ cosh(11—= — 1.1)

)

this function attempts to approximate the standard weighting, which seems

intuitively correct, with a continuous function.

The VPP was run for all the above run weightings and the resuits are summarized

in figure 3-2. It can be seen that the weighting scheme that gives too little weight

on the data outside the sailing range (i.e. a = 10 ), is inaccurate at low speeds. It

is also suspucted that the prediction with all runs having equal weighting is biased

D. A. Mantzaris
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Figure 3-3: Fractional differences in time around the course between standard and
no weighting cases

from data outside the sailing region, and hence must also be inaccurate.

Excluding the above two extreme cases, the sensitivity to the rest of the weighting
schemes is not very high. For the particular model examined, the VPP outputs for
the rest of the cases, agree within half a minute around the course at low wind speeds
and within 10 seconds at high wind speeds. Although this is not especially good
accuracy for purposes such as America’s Cup class boat velocity prediction, there is
not much that can be done about it, except to investigate the sensitivity to weighting
of other models.

Figure 3-3 shows, for several models, the fractional difference between the pre-
dict~ 1 time around the course for the standard weighting (a=1) and for no weighting
(a=0). Model 3 in this figure corresponds to the model investigated for the various
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weightings (figure 3-2). As it can be seen, this model is actually the most sensitive to
weighting, with quite a large difference from the rest of the models examined. Most
models should therefore be considerably less sensitive to weighting than indicated in
figure 3-2.

Intuitively, one would expect a weighting with 0.5 < a < 2.0 to produce the most
accurate results. However, there is no easy way of finding the optimum weighting
scheme. Fortunately however, the VPP prediction is not very sensitive to reasonable

weighting schemes.

3.2 An Alternative Approach to the VPP Fit

As seen in the previous section, the VPP error fit was somewhat arbitrary and the
results were affected by the weighting of each run for determining this fit. An al-
ternative method of determining the resistance due to heel and yaw, which does not
rely on such an arbitrary polynomial fit, was therefore investigated. The outline and
results of this investigation are given below.

Instead of trying to fit the data with a specific 3-dimensional function, it was
thought possible to interpolate between data points, keeping in mind the dominant
effect of the square of the heel and the square of the sideforce on the resistance due
to heel and yaw.

Tank testing of sailboats usually involves making runs at a few nominal values
of heel and yaw, at a range of model speeds. However, the heel seldomly takes its
nominal value, due mostly to the speed dependent roll moment produced by yaw,
coupled with deflections in the heel restraint system. Similarly, runs at nominally
constant yaw, produce sideforce coefficients which are speed and heel dependent.

One way to interpolate between data points could be to select the nearest data
points to the required speed, heel and sideforce and then take some sort of average
in order to find the resistance due to heel and yaw at that point. This method would
be highly inaccurate, mostly because at speed-length ratios relatively far from data

points, the resistance would not be accurately represented.
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Another more accurate way of interpolating would make use of the structure of
the data, in order to obtain the resistance at any speed for all nominal combinations
of heel and yaw. This is considerably more complicated, because all data points must
first be interpolated to their nominal values of heel and sideforce.

The correction to nominul heel is quite simple, because of the relatively small eftect
of heel variations on resistance. Thus, the partial derivative of Cha, with respect to ¢?
is assumed to be constant and equal to the average ratio of Chay/¢? at zero sideforce.
The resulting value for the heel corrected residual resistance is given by equation 3.3.

Chay

Chay1 = Chay — [72_](.-.).(c,‘=o)A¢z (3.3)

where Ch,y,1 i8 the resistance due to heel and yaw, at nominal heel and A#? is the
difference between the actual and nominal values of heel squared.

The correction for sideforce variations requires more care, because small differences
in sideforce account for relatively large differences in induced drag. Hence, g%?.._
is assumed to be roughly the average Chay,1/C# over all speeds for that particu-

lar heel/yaw combination. The resistance corrected to nominal sideforce coefficient,

Chay,2, is therefore given below.

C
Chapz = Chay — [ AC? (3.4)

¢=nominal )

Cz (“‘)'(g-w:coﬂ.n

where AC? is the difference between the actual and nominal values of sideforce coef-
ficient squared.

After the above corrections, fitting a curve to Chay,2, made possible the accurate
estimation of resistance at any nominal combination of heel and yaw. Usually, enough
runs are made at each heel/yaw combination so that a cubic spline is expected to
accurately define the resistance at any speed.

In order to obtain a value of resistance for any value of heel and sideforce, it is
necessary to interpolate between the curves of nominal heel and yaw, obtained by the
above method. From theoretical considerations and experimental verifications, it is

expected that resistance due to heel and yaw depends on the square of the sideforce
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Figure 3-4: Interpolation between curves of nominal heel/yaw

and the square of the heel angle. Thus, the interpolating scheme should incorporate
this dependence. Figure 3-4 graphically shows how the resistance due to heel and
yaw at arbitrary ¢ and Cj, may be determined by the four closest nominal heel/yaw

combinations.

The iesistance at the top-left point of figure 3-4 is therefore assumed to be given

by equation 3.5.

C"‘W(upuﬂ) = a2¢:igh +o (35)

where a; and a, are constants to be determiaed.
Similarly, the resistance due to heel and yaw at the bottom-left point is given by

equation 3.6.

C"‘W(loucﬂ) = az¢,2°w + o (36)

Combining the two above equations, the resistance at any point with the same

sideforce coefficient and speed as the top-left and bottom-left points of figure 3-4 but
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with heel angle ¢, may be found as shown in equation 3.7.

C'“W(lah) —_ (ChaV(copl-h) - Chav(tom!l))(i;:hclha;:z:l)am¢zigh - Chay(."l.n)¢lzow (3'7)

Similarly, for the side of high sideforce (right), the resistance is interpolated ac-
cording to equation 3.8

Chay; = (Chall(urinl) - CMv(Dolrilhl))¢z + C"“V(turiglt)¢’z'i"' _ CM”(”'"" M)¢?ow
Wright) (Phigh — Plow)

(3.8)
Finally, an interpolation between the points with high and low sideforce, at the

target heel angle, gives the following formula for the resistance at C) and ¢.

Chcy(, 0= (Ch“v(".’“) _ CM”"'!‘) )Cﬁ + CMWIG!‘)CK-’“‘U" - C""ll(rigm)clzi,lmn (3.9)
arget) (Cz'h‘-gh _ Cg'low)

where Chay gy 304 Chayiesy 8T€ given by equations 3.8 and 3.7 respectively.

Figures 3-5 to 3-7 show the calculated Chay curves for nominal heel and sideforce
for a typical towing tank test. As it can be seen, these curves fluctuate considerably
over the speed range, even with a least-square-error cubic spline fit through the data
points. This is andesirable because it causes convergence problems to the VPP. Also,
the fact that Chay does not behave exactly according to the square of the sideforce and
heel, makes the makes 1%';—,"- and a—%ﬁ'-, discontinuous, thus creating more convergence
problems. For example, if at a particular sideforce, the resistance at a higher heel
angle is actually less than that at a data point with less heel, the interpolated Chay
versus heel curve will have an unwanted sharp maximum.

Another disadvantage of this method was the fact that the interpolation was
made not between actual data points, but between estimates of datu points at the
“nominal” values of heel and sideforce. These estimates are based on the assumption

of quadratic dependence of Chay on ¢ and Ch, which is not entirely accurate. Hence
40
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Figure 3-6: Curves of Resistance due to heel and yaw (nominal values of heel &
sideforce, heel=22 deg)
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Figure 3-7: Curves of Resistance due to heel and yaw (nominal values of heel &
sideforce, heel=28 deg)

if the actual data points are considerably different than the nominal values (which is
often the case for sideforce), interpolation is done between erroneous values.

The VPP results for the above method of modeling the resistance due to heel and
yaw were not satisfactory. The VPP did not always converge to a solution, and when
it did, the results were generally not within the desired accuracy range (0.2 minutes
around the course) from the polynomial fit method.

Thus, the interpolation of curves method for Chey determination was abandoned

until a way is found to overcome the problems stated above.
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Chapter 4

APPENDAGE DRAG
CONSIDERATIONS

This chapter deals with the drag of sailboat appendages. The reason why such ap-
pendages should be considered separately in a tank test will be explained. A calcu-
lation of the drag of the model keel and rudder was performed experimentally and
will be compared to the prediction assuming fully turbulent flow. Finaily, a sensitiv-
ity study will be performed, so that the effect of the errors in calculating the model

appendage drag can be examined.

4.1 Introduction

As it has been mentioned in section 2.1, it is best to consider the frictional drag of the
appendages separately, and hence perform the data analysis on the hull (canoe-body)
without this component. The logic behind thie argument is that the local Reynolds
numbers of the appendages are quite different from that of the hull, and therefore
extrapolate to hull scale somewhat difficultly.

Separation of the appendage drag allows a more reasonable Reynolds factor se-
lection for the hull. The frictional resistance coefficient of a vessel is assumed to be a
function of the Reynolds number, Rn = UL, For a flat rectangular plate with motion

parallel to two of its sides, the selection of the length to use for the Reynolds number
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is the length of the plate in the direction of motion. For other shapes, however, the
choice of length it not so obvious. In order to use the experimental data collected for
flat plates to estimate the frictional resistance of a complex shape, a length equal to
the length of a flat plate of equal resistance at the same speed must be chosen. It
has been suggested that this length should be the mean “contact length” of a water
particle with the body. The ratio of the length of the body to the length to be used
for calculating the Reynolds number is called the Reynolds factor.

For conventional hull-forms, it has been found that a Reynolds factor in the range
of 0.7 to 1.0, produces satisfactory results. Specifically, hulls such as the canoe-body
of modern sailing yachts require a Reynolds factor of 0.7 to 0.8. If, however, the
appendages are considered together with the bare hull, then there existe no empirical
value for the Reynolds factor, mainly because the shape and size of the keel and
rudder vary considerably from boat to boat. It is thus much easier to deal with the

appendages separately.

4.2 Calculation of Model Appendage Drag

The only component of appendage drag which is best calculated separately is the
frictional drag. The residuary resistance of the appendages is then included in the
residuary resistance of the entire boat.

The casiest way to calculate the frictional drag of the appendages is to assume that
they are in agreement with the International Towing Tank Conference (ITTC) friction
line. For an appendage moving at Reynolds aumber, Rn, the frictional resistance

coefficient as suggested by the ITTC is estimated as follows.

0075
= (log(Rn) - 2)?

(4.1)

Here, the Reynolds number is based on an average length of the appendage in the

direction of motion.

This method, when corrected for form drag, gives satisfactory results for the full
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scale appendages. It is not as accurate, however, for the model scale appendages
tested in the towing tank. The actual frictional drag of a model appendage may
vary from the ITTC prediction due to some (unknown) degree of laminar flow on the
appendage.

For a more accurate approach, a set of upright (no heel, no yaw) runs could
be made with the appendage removed, and compared to the upright runs with the
appendage in place. The difference in low speed drag between the two tests should be
equal to the appendage drag, and could be used to model appendage frictional drag
for all the runs of the test sequence.

Such an experiment was performed in order to investigate the drag of the keel and
rudder of the 0.31 scale models used.

A particular model was tested, first with all appendages in place, then with the
rudder removed, and finally with both rudder and keel removed. By subtracting the
total drag of the second test from that of the first test, the drag of the rudder was
found. This drag was normalized by %pU 28 .4, where S,.q4 is the wetted surface of
the rudder, in order to obtain the actual resistance coefficient of this appendage.

Figure 4-1 shows the total drag coefficients of the hull and keel with and without
the rudder, based on the wetted surface of the model with all appendages. The
difference between these two curves, when muliiplied by the ratio %;1, gives the
actual drag coefficient of the rudder (here, S, is the wetted surface of the model with
all appendages). This drag coefficient is shown in figure 4-2, along with the ITTC
friction line, as a function of the model speed-length ratio. As it can be seen, the
two estimations of rudder drag coefficient are not in compete agreement. Specifically,
the experimental estimation of the rudder drag is somewhat lower than the ITTC
prediction. The fluctuations of the experimental curve at high speed-length ratios
are due to the wavemaking resistance of the rudder.

It can be argued that a rudder drag prediction of C4 = 0.0033 is closer to reality
than the ITTC friction line, because for model speed-length ratios less than 1.15 the
measured drag fluctuates around the above value. For greater gpeed-length ratios,
the difference of behavior between ITTC and cxperimental rudder frictional drag
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Figure 4-1: Total drag coefficients of the hull and keel, with and without the rudder,
based on the wetted surface with all appendages
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Figure 4-2: Actual and ITTC Rudder drag coefficients
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Figure 4-3: Total drag coefficients of the hull, with and without the keel, based on
the wetted surface with all appendages

coefficients is due to the wave-making resistance of this appendage. Therefore, the
high speed portion of figure 4-2 is not suitable for determining the frictional resistance
of the rudder.

A similar experiment was performed for the drag of the keel fin and bulb. Figure
4-3 shows the model (with the rudder removed) total drag coefficients, with and
without the keel, based on the wetted surface of the model with all the appendages ia
plu:e. Similarly tc the rudder test, the difference between the two curves, multiplied

by %:"- gives the drag coeflicient of the keel. This keel drag coefficient as a function
of model speed-length ratio is shown in figure 4-4.

The drag of the keel seems to agree with the ITTC line until a model speed-length

ratio of 1.15. After this, it increases rapidly due to ihe wave-making of the keel. Thus,
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Figure 4-4: Actual and ITTC Keel drag coefficients

49

D. A. Mantzaris
Evaluation of the Performance of Sailing Vessels Based on Towing Tank and Sailforce Data



CHAPTER 4. APPENDAGE DRAG CONSIDERATIONS

it was concluded that the ITTC friction line was a good approximation to the model

keel frictional drag.

4.3 Sensitivity to Appendage Drag Prediction

With the above experimental method, the drag of the appendages is obtained rela-
tively accurately for the upright runs. It is not known, however, if for the runs with
heel and yaw the appendage resistance remains unchanged. For example, reduction
of the keel-rudder interaction may change the the flow from turbulent to partially
laminar on the rudder when the model is yawed. It is also not known if slightly
different appendages that may be tested would have exactly the same behavior as
those examined in the above experiments, or if the same appendages would behave in
exactly the same way when mounted to (and hence interacting with) a different hull.
Hence, a sensitivity study was performed, to examine the effect of model appendage
drag estimation errors on the predicted resistance of the full scale ship.

The total resistance of the full scale boat is found by adding the full scale viscous
drag (hull frictional and form drag plus appendage drag, R.p,) to the estimated wave-

making resistance (Total model resistance minus hull viscous drag, minus appendage

drag, Rapm).
Rta = (1 + K)Rfl + Rapa + 'Al;{Rtm - (1 + K)Rfm - Rapm} (4.2)

Therefore, the fractional change in total resistance per unit error in appendage drag

is given by the following expression :

1 8R, _ -1
Rta 8R¢pm B A3R“

(4.3)

From figure 4-4 it can be seen that the erroz between the ITTC line and the
experimental keel drag coefficient is within 0.0003 at low speeds.
For a speed-length ratio of 0.8, a typical resistance of the full scale boat is of the

order of 350 lbs. At this speed, for a 0.31 scale keel with a wetted surface of 17.5 ft?,
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this error in Cjy is translated to approximately 0.19 lbs (assuming model length of
20 ft).

Using equation 4.3, the above error in model keel drag prediction error gives a
total resistance prediction error of 0.6%, which is of the order of a minute around an
America’s Cup course. This is a potential problem, because this is often the difference
between the performunces of designs being compared in the tank. If, however, all the
boats to be compared have similar appendages, it can be assumed that the total
resistance prediction error is the same for all vessels and their performances may still
be accurately evaluated on a relative basis.

When different appendages are attempted to be tested in the towing tank, how-
ever, the assumption that the appendage drag error is the same for all tests may
not be true. Hence, the maximum error in estimating appendage drag may be at
different speeds and of different magnitudes. Thus, it could be dangerous to compare
boats which are fitted with different appendages in the towing tank, as their relative
performances may not be accurately predicted.

Therefore, from the above sensitivity analysis, it was concluded that towing tank
tests could give misleading results when comparing models with different appendages.
This is not surprising, considering that the difference in Reynolds number between
the model and full scale boats, and the complexity of the flow past the appendages
as compared to that past the hull, could well result in a lack of flow similarity over
the appendages.

Hence, if it is desired to investigate the performance of various appendages, this
might be best done in a wind tunnel rather than in a towing tank. Ideally, both
towing tank and wind tunnel tests would be done so Reynolds and Froude number
effects could be assesed.

If various hull forms are tested in the towing tank and various appendages in the
wind tunnel, it is then possible to estimate the performance of any combination of hull
and appendages using the VPP, appropriately modified to incorporate towing tank
and wind tunnel data. This is based on the assumption that the interaction between
hull and appendages is similar enough for all combinations. Hence, the optimum
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appendages, as determined in the tunnel, combined with the optimum canoe-body,

as determined from the tank, is assumed to produce the best vessel.
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Chapter 5

TURBULENCE STIMULATION

This chapter deals with turbulence stimulation of the flow past the tank models. The
accuracy of the nominal turbulence stimulator drag will be examined by looking at
tests of the same model with a different number of stimulators. The sensitivity of
the velocity prediction to the exact determination of the stimulator drag will also be

examined.

5.1 Introduction

The Froude assumption requires that the frictional resistance of the model be known
well enough so that it can be accurately subtracted from the total resistance in order
to determine the residuary resistance (section 1.1).

Theoreticn.lly,‘ therefore, the full scale resistance could be predicted even with
laminar flow persisting over areas of the model, provided that those areas are known.
In practice, however, it is much simpler to ensure that the flow over the model is fully
turbulent, and then use the ITTC friction line to estimate the frictional resistance of
the model.

Experiments with ship models have shown that without special devices to stimu-
late turbulence, laminar flow often persists over considerable areas. The persistence
of laminar flow has been found to depend to a great extent on the pressure gradient

along the entrance and on the factors which affect this, such as the shape of stem
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profile, half-angle of entrance on the load waterline and the shape of the of the en-
trance area curve. When these features combine to give a negative pressure gradient
just abaft the bow, with consequent increasing velocity, the flow is stable and laminar
flow tends to persist over large areas, until the pressure gradient becomes constant or
positive.

Without turbulence stimulation, therefore, even comparative model tests may be
misleading. Two similar models with different sections forward could give results
apparently showing one model to have less resistance, whereas some or all of this
difference could be due to a greater area of laminar flow on the other model which
could not occur at full scale. 2], [5].

The practical answer to the problem is to deliberately “trip” the laminar flow by
some kind of roughness near the bow. The same principle is used for appendages, if
necessary. The device used for this turbulence stimulation often consists of a number
of cylindrical studs, fixed to the surface of the model.

In order to obtain the drag of the model, the stimulator drag is subtracted from the
total measured drag. For this reason, a drag coefficient, C,tud, is given for each stud.
However, the uncertainty of the stream turbulence level, the interaction between studs
and between the hull and the studs, the speed dependence of the stud drag coefficient,
the possibility of over-stimulation, all contribute to the given value of C,.q being very
approximate.

Although similar boats with the same number of stimulators may still be accu-
rately compared using an incorrect value of C,u4, this is a possible source of error,
especially if the absolute performance of a vessel is of concern, or whea comparing

models with a different number of stimulators.

5.2 Stimulator Drag Calculation

It is difficult to accurately calculate the actual stimulator drag coefficient. The most
straightforward method, which is presented below, consists of measuring the total

model drag for two tests with a different number of studs, and then subtracting the
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two values of total drag in order to find the drag of the exira stimulators.

This method has the disadvantage of estimating a small number by subtracting two
large ones, and hence is very prone to experimental error. Nevertheless, a reasonable
estimate of the stud drag can be found by averaging over the entire run matrix, and
over several tests.

For a particular set of tests, the value of the drag coefficient of each cylindrical
stud, non-dimensionalized by its frontal area (height x diameter = 8.68 x 10-5 ft?)
was Cq,,., = 1.0. Hence, normalized by a 78.4 ft? model wetted surface, C,puq =
1.11 x 107, Thus, this value was multiplied by the total number of stimulators under
water in order to obtain a drag coefficient due to the stimulators, Cturb, which was in
turn subtracted from the total model resistance coefficient so that the drag exclusively
. due to the bare model could be found.

Two tests of the same model with a different number of stimulators were used to
check the accuracy of the above value. The first test had a total number of 261 studs
attached to the hull and appendages, while the second one had the “standard” for
ike particular testing program, of 134 studs.

Figure 5-1 shows the upright total model resistance coefficients as a function of
speed-length ratio, for the two above tests. As it can be seen, the test with the extra
stimulators has more resistance.

By subtracting the two curves and dividing by the number of extra stimulators
(127), an estimate of C,i.q as a function of speed-length ratio may be found. Here
Citud is, as mentioned above, the stimulator drag coefficient, made non-dimensional
by dividing by the model wetted surface. This curve, along with the line of nominal
Citud, i8 shown in figure 5-2. Examining this result, it can be concluded that the
actual stimulator drag is on average slightly less than the nominal value.

The large effect of experimental error on this method of C,.;,, calculation may be
detected by the “wavy” nature of the curve of figure 5-2. In other words, the expected
smooth behavior of the stimulator drag with speed is distorted by tank measurement
errors. It is clear, however, especially after calculating C,,» from runs with heel
and/or yaw (see appendix C), that the nominal value of the stud drag coefficient was
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Figure 5-1: Total upright model resistance (including stimulator drag) for two tests
of the same model with a different number of studs
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Figure 5-2: Stimulator drag coefficient (per stimulator) as estimated from the upright
runs of two tests performed with a different number of studs. Shown also is the
nominal value of 1.11 x 18-°.
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Figure 5-3: Stimulator drag coefficient (per stimulator) as estimated from the upright
runs of another pair of tests performed with a different number of studs. Shown also
is the nominal value of 1.11 x 10-¢.

too high for this test.

A pair of tests of another model also suggested that the nominai value of C\pug =
1.11 x 10~° was too high. Figure 5-3 shows that the experimental value of the stim-
ulator drag coefficient for this model is even lower than that of figure 5-2. It was
suspected, however, that some sort of experimental error was associated with this
pair of tests, because the value of the stimulator drag turned out too low to be cred-
ible (in some cases of runs with heel and yaw, it actually was negative over part of
the speed range!).

Two conclusions may be drawn from the above analysis. First of all, it is difficult

to accurately calculate stimulator drag. Secondly, it seems that the nominal value
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for the stimulator drag for this particular testing program was higher than its actual
value. A rough guess is that it could be wrong by as much as 50%. In order to examine
the effect of errors in the nominal value of the stud drag, a sensitivity analysis was

performed.

5.3 Sensitivity Analysis

In order to investigate the effect of errors in stimulator drag prediction on the per-

formance evaluation of the full scale boat, a sensitivity analysis was performed.
Equation 1.8 gives the total model resistance coefficient as a function of the wave-

making and frictional resistance coefficients. Adding the drag effect of the turbulence

stimulators, equation 5.1 is obtained.

Cgm = Cum + (1 + K)Cfm + Cturb (5'1)

Thus, by analogy to equation 1.9, the total full scale resistance coefficient, taking

the stud drag into consideration, is given below.

C” = Cgm + (1 + K)(C!. - Cfm) - Cturb (52)

Defining the sensitivity of the total resistance prediction to stimulator drag to
be the inverse of the total resistance multiplied by the partiel derivative of total
resistance w.r.t. stimulator drag, equation 5.3 is obtained for sensitivity.

_— = 5.3
Ctl aCturb Ctm - (1 + N)(Cfm e C!n) + Cturb ( )

Some typical values were substituted into the above equation, in order to deter-
mine the effect of a typical stud drag error. For a 19.4 ft model made at a scale ratio
of 0.31, towed at a speed-length ratio of 1.00, a typical value for the total upright
resistance coefficient is C,n = 0.00423. For 135 exposed studs, the nominal value of
C\urp is 0.00015. Using the above values and a Reynolds factor (see section 4.1) of

0.8, the sensitivity obtained from equation 5.3 is -308.
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As seen in the previous section, a stud drag uncertainty of up to 50% was observed.
This means that C,,,, was correct within +0.000075. By multiplying this value by
the sensitivity, it was found that there was a 2.31% uncertainty of the drag prediction
due to stimulator drag errors.

As previously mentioned, this error is not important when comparing the per-
formance of similar models with the same number of stimulators. For compatison of
designs, it is important to use the same number of stimulators in similar arrangements.

Given that Cy,, is greater! than Cy,, it can be concluded that the sensitivity of
the results to stimulator drag decreases as the size of the model increases.

The sensitivity also decreases when the difference between Cim and Cy,, increases.
This happens at high speed-length ratios, where most of the resistance of the model
is due to wave-making.

Finally, as C,,.s increases, the sensitivity decreases but the difference between
actual and nominal stud drag, AC,..s, also increases. Hence, the percentage error
in velocity prediction increases if it is assumed that the error associated with the
stimulator drag is a constant percentage of the actual stimulator drag.? It is therefore
important not to use more stimulators than necessary (over-stimulation), so that the

error associated with them is minimized.

1For & model and ship operating in water at the same Froude number (Fn = U/\/3 L), the
Reynolds number (Rn = U L/v) of the model is lower than that of the ship. Since the ITTC friction
line monotonically decreases with Reynolds number, the model always has a higher coefficient of
frictional resistance than the ship.

2For the case investigated, where the error was assumed to be 50% of Clurs, the percentage error
of the resistance prediction is given by the function:

60 Cturb
%) =
C"'Ol'( 0) Ctm - (1 + ")(Cfm - C[a) + Cturb

which monotonically increases with positive Cyq,p.
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Chapter 6

DATA REPEATABILITY

One of the most serious problems of tank testing is the difficulty in achieving data
repeatability. This is especially true for the evaluetion of the performence of ocean
racing yachts, where the difference between a “good” and a “bad” boat may be of
the order of a tenth of a knot.

It is not uncommon, however, to have retests of the same boat give speed predic-
tions as far apart as a few hundredths of & knot. Obviously this is a problem and

some reasons for this data inconsistency were searched.

6.1 Errors in Sideforce Measurement

Errors in model resistance measurement are universally recognized to be of great
importance and hence care is taken to minimize them. On the other hand, one would
not think that errors in sideforce measurement affect performance evaluation as much.

It was observed, however, that it was quite common to have sideforce variations
between retests of the same model. This may be a clue about the origin of bad data
repeatability, hence a study on sideforce sensitivity was performed.

For example, figure 6-1 shows the sideforce coefficients for two tests of the same
model, at 15 degrecs heel. As it can be seen, these two tests have different sideforces
by 3-9%. In order to make sure that this sideforce change is not due to a different

rudder or tab setting on the model for each test, the drag must also be examined.
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Sideforce coef at 15 deqg heel
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Figure 6-1: Sideforce Coefficients at 15 degrees heel, for two tests of the same model
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Induced Drag Coef at 15 deg haed
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Figure 6-2: Induced Drag Coefficients at 15 degrees heel, for two tests of the same
model

Theoretically, the induced drag at a given speed is proportional to the square of the
sideforce. Hence, for the above example, if the induced drag of the test with the high
sideforce were greater by 6-19%, then a rudder or tab offset would be probable, and
the performance prediction for the two tests would be very close.

Figure 6-2 shows the induced drag coefficients for the two tests. Induced drag was
calculated by fitting a cubic spline through the model resistance at the nominal heel
angle (15 degrees in this example), then correcting it to account for measurement at
the actual heel angle, and finally subtracting it from the model resistance at heel and

yaw. Correction is done by means of the C; coefficient according to equation 3.1.
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Figure 6-3: Sideforce squared over Induced Drag at 15 degrees heel, 2 degrees yaw,
for two tests of the same model

Thus, the induced drag coefficient is given below.

¢2 — ¢:omiru|l

Cind(¢7 Ch) = Ct(¢, Ch) — Ce(Pnominal s 0) -0, 302

(6.1)

where Cind(#,Ch) is the induced drag at a certain speed, heel angle $ and sideforce
coefficient Ci, Ci(#,Ch) is the total model resistance as measured at the above con-
ditions, and @nominat 1S the nominal heel angle at which the no-yaw runs were taken.

As it can be seen from figure 6-2, the induced drag coefficients of the two tests are
not sufficiently different to justify the sideforce difference. This may be ccafirmed by
looking at the ratio of sideforce squared to induced drag for the two tests (see figures
6-3 and 6-4). For the 15 degree heel runs, the one test seems to have a consistently
higher ratio, thus improving its performance prediction over the other test and hence
implying tank measurement errors. Note that the drag differences between these twa
tests, over all the data taken, were negligible. However, VPP analysis predicted tlee
boat performance to be considerably higher for one test than the other.

In order to further investigate this effect of sideforce measurement errors, a com-
plete set of tank data points was taken and the sideforce on all of them was multiplied

by a specified factor. Then the whole data analysis was carried out with the modified
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Figure 6-4: Sideforce squared over Induced Drag at 15 degrees heel, 4 degrees yaw,
for two tests of the same model
data, and the velocity prediction was compared to the original case.

Figure 6-5 shows the change in performance prediction versus wind-speed, for
various amounts of sideforce increase. The performance is measured by minutes
around an America’s Cup course. A typical performance prediction of the VPP
for America’s Cup yachts is roughly 210 minutes at a 7 knot wind speed and 135
minutes at an 18 knot breeze. As it can be seen, sideforce errors affect performance
considerably. A 1% increase in sideforce improved the overall performance of the
boat by almost 10 seconds, a 2.5% sideforce increase made the boat approximately 20
seconds faster, a 5% increase made it 40 seconds faster and a 10% sideforce increase
resulted in an 80 second performance increase. From the above, it can be concluded
that the effect of a fixed percentage error in sideforce measurement, produces a roughly
constant velocity prediction error with wind speed. Furthermore, this velocity error
is proportional to the percentage error of sideforce measurement. Therefore, on a
percentage basis, the performance prediction at high wind speeds is more strongly
affected by sideforce measurement accuracy than that at low wind speeds.

In towing tank tests, it is quite common to have 2-5% difference in sideforce

measurement between retests of the same model, while differences of the order of
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Figure 6-5: Change in Velocity Prediction versus Wind Speed, for constant Sideforce
Measurement Errors.
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10% have been known to occur (Figure 6-1, for example). This means that sideforce
measurement errors are a potential problem, and care must be taken to minimize
them.

In the particular tank used, the model was supported in the water by means of its
own buoyancy and hence was free to perform heaving motions. This was accomplished
using two vertical heave posts, on which the model frame slid in order to allow vertical
motion of the model. It was thought possible that the sideforce inconsistency from
test to retest was due to some amount of friction in the heave posts. An attempt was
made to investigate this further by means of an experiment, as described in section

6.2.1.

8.2 Errors due to Carriage Vibrations

Another source of error which may contribute to bad data repeatability is the fact

the towing tank carriage motions may distort the measurements.

6.2.1 The “shaker” experiment

For the towing tank used, some “flat spots” in the carriage tires caused vibrations as
the model was towed down the tank. It was therefore desired to determine the extent
of the added resistance and/or the error due to non-linearity of the sensors caused by
such vibrations.

An experiment was therefore designed, the basis of which was to subject a model to
additional vibrations, of the order of magnitude of those imposed by the carriage, and
then to compare the results with and without the extra vibrations. In this manner,
it was hoped to determine the effect of carriage motions on the force measurements.

A possible additional effect of this experiment was thought to be the elimination
of some or all of the “go-no go” motion in the vertical heave posts. This was hoped
to be observed from the sideforce measurements.

A means of producing vibrations of the order of magnitude of those due to the

carriage, was to install a “shaker” in the model. This shaker consisted of an electric
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Figure 6-6: “Thor”, the Shaker
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motor with an off-center weight mounted on its shaft, and was mounted on the bulk-
head behind the keel trunk, with its shaft vertical. The device as mounted on the
model, is shown in figure 6-6. A single bolt was used to mount the device in place, so
that it could easily be rotated when the model was heeled, in order to maintain the
vertical position of the shaft.

The motor’s shaft was designed to be vertical because if the off-center weight did
not rotate in the horizontal plane, an oscillatory force component would be produced
in the vertical direction, causing the model to heave. This was undesirable because
such heaving motions were not significantly present in the normal runs without the
shuker installed. Since the objective of this experiment was to examine the effect of
the carriage vibrations, it was desired to siviulate them as closely as possible.

In order to produce noise which resembles that of the carriage vibrations, several
data were examined over the whole range of the tank run sequence. Appendix A shows
strip charts (the signals at the force sensors in the time and frequency domains), of
several runs at various speeds, heel angles and yaw angles.It was thue observed that
the dominant frequency of the carriage vibrations was approximately 4 Hz and the
noise amplitude as recorded on the force sensors, was roughly 40 lbs.

It was therefore decided that a sinusoidal disturbance of 40 lbs amplitude and
4 Hz frequency was to be produced by the shaker. The product of the mass and its
off-center distance may be easily calculated in order to produce such a disturbance.

In one direction (forward, for example), (he motion of the off-center weight may

be written as :
z(t) = d sin(2x ft) (6.2)

where d is the off-center distance of the mass, f is the frequency of rotation (4 Hz, as

determined above), and t is time.

Differentiating twice, the acceleration of the mass in the forward direction is found.

d’;t(zt) = —4n?fid ain(21rft) (6.3)

Having obtained the acceleration, it is a matter of multiplying it by the off-center
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mass, m, in order to obtain the disturbance force. Knowing that the amplitude of
this force should be 40 lbs, a required value for the product md may be found.
t Ibm
40 1b; 32.19 Ly

— 2 £2 —_ ~
|F| = 4x%f*m d = md = ERTILYN P 2 1, ft (6.4)

In order to obtain a compact device so that it may be easily installed in the model,
the distance, d, was made just large enough for the mass to clear the motor itself (see
figure 6-6). A mass of 4 lbs at a distance of 6 inches from the shaft was therefore

chosen to produce the required force at the required frequency.

6.2.2 Experimental results

After installing the device on one of the models as indicated above, a full test vras
performed with the shaker in operation. A few strip charts are provided in appendix
B for comparison with the ones obtained without the shaker in use. As it can be seen,
the amplitude of the noise has been approximately doubled with the shaker in use.

Figure 6-7 shows the upright resistance coefficients for the model with and without
the shaker in operation. As it can be observed, the only real differences between the
two cases occur at very low speeds and, to a lesser extent, at speed-length ratios close
to 1.1.

The runs with the shaker operating had less resistance at the low speed end,
but the measurements are not very reliable at such low speeds anyway. Apart from
leading to a different form factor estimation, this should not affect the performance
prediction, as those speeds are well under the expected sailing range. Considering
the fact that in the past, some serious towing tank data analysis was done without
even considering the form factor, it can be assumed that the error in its estimation
due to the low speed differences in resistance should not seriously affect the velocity
prediction.

Any difference around speed-length ratio of 1.1, however, may considerably affect
the performance prediction, as this is precisely the speed at which the vessels are
expected to sail. In this case, the whole difference in that region is cansed by a single

70

D. A. Mantzaris
Evaluation of the Performance of Sailing Vessels Based on Towing Tank and Sailforce Data



Ct

Total Resistance Coefs.

CHAPTER 6. DATA REPEATABILITY

Total Resist. Coéfs, Heel=0

i2/ 6/91 11:06:19

~ Hithout shaker
-
°T -8—a8—a- vau=o
e °
© © ] +
Yamu=2 o
Hith shaker

- )~ Yau=D
Q..
(] + + + Yau=2 &
@
-]
T
[}

+
[}
v
[}
st
e " —t " " ' ' 4 ——t ' + " } 4

8.68 8.89 1.00 1.20 1.40 1.60 1.80 2.00

Speed-Length Ratio

Figure 6-7: Comparison of total model upright resistances with and without the
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Figure 6-8: Comparison of resistances at 15 degrees heel with and without the shaker
in operation

data point at speed-length ratio of 1.15. This may be due to tank measurement
errors, but even if it is not, the resistance difference is only of the order of 2.5%.
Although this is not good accuracy for data repeatability, it must be remembered
that in this experiment, the “shaking” added is much more than the difference in
“shaking” between normal retests of the model. Hence it is concluded that the effect
of carriage vibrations on the measured upright resistance repeatability is negligible.

Figures 6-8, 6-9 and 6-10, show the total resistance coefficients for nominal heel
angles of 15, 22 and 28 degrees respectively. In order to easily determine the difference
between resistance due to heel for the two cases, a cubic spline was fitted through the
data points with no yaw.

As it can be seen, with the shaker in operation the model has more resistance
at heel with no yaw. When, however, the model is yawed (especially at 4 degrees
yaw), it presents less resistance with the shaker working. The fact that the upright
resistance was virtually identical for the two cases implies that the shaker caused the
model to have more resistance due to heel but less resistance due to yaw.

Figures 6-11, 6-12 and 6-13 show the sideforce coefficients for nominal heel angles

of 15, 22 and 28 degrees respectively. From these plots it may be observed that the
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Figure 6-9: Comparison of resistances at 22 degrees heel with and without the shaker
in operation
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Figure 6-11: Comparison of sideforce coefs at 15 degrees heel with and without the
shaker in operation

sideforce was consistently lower for the test with the shaker.

One possible explanation of the above results, may be that the shaker was not
accurately set for the no-yaw cases, but when the model was yawed the slight increase
in heel made the plane of motion more nearly horizontal. Vertical motion was thus
produced only in the heel/no yaw runs, hence increasing the resistance mainly in
those runs. Note that the effect of vertical vibrations is not known, but this theory
assumes that they somehow increase the model resistance, in order to agree with the
observed facts.

The-decrease in sideforce may be partially explained by the reduced drag due to
yaw. Even if the rudder or tab angles were not identical for the two tests, the drag
due to yaw should be roughly proportional to the sideforce squared. For the shaker
test, however, the decrease in sideforce is considerably more than the above estimate
based on the induced drag reduction. So the reason for this extra sideforce decrease
remains unknowsn.

Hence, this theory concludes that the shaking in a horizontal plane has virtually
no effect on resistance, and that the “go-no go” effect is either not eliminated by
shaking, or has no significant effect on drag measurement. The resistance data agrees
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Figure 6-12: Comparison of sideforce coefs at 22 degrees heel with and without the
shaker in operation
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quite well with this theory, but does not fully explain the sideforce decrease. Since
in many retests of the same model the drags agreed but there were serious sideforce
differences, this theory may provide a clue to the solution.

One possibility is that the extra noise produced errors associated with non-linear
behavior in the sideforce measurement sensors. Hence, for retests with carriage vi-
brations greater than normal, the sideforce measurements would change. Since the
amount of carriage vibrations varies according to the state of the tires, for example,
the inconsistencies between retests may be partly due to vibrations.

The next step was to run the VPP and find the velocity prediction for the test with
the shaker. Table 6.1 shows a comparison between the performance prediction with
and without the shaker. As it can be seen, the results are extremely close for reaches
and when sailing to leeward. All the differences are when beating to windward, but
even then the results are within one minute around the course at the low wind speeds
and within 10 seconds at the high wind speeds. Hence, the difference in performance
is almost entirely due to the extra sideforce decrease and drag due to heel increase of

the test with the shaker.

6.2.3 Conclusions

As seen in the previous section, although the amplitude of the model vibrations were
doubled, the difference in performance prediction only changed by 0.1 — 0.5%. Since
normally the difference in carriage motions between retests are expected to be of a
much smaller order, it is concluded that the vibrations do not have a detrimental
effect on the tank testing repeatability.

A side effect of the shaking action was observed to be a decrease in the sideforce
measurements. The exact source of this effect was not known, but is was suspected
to be due to stiction elimination, or sensor non-linearities. Further investigation is
necessary to examine the exact source of this sideforce decrease with shaking.

In any case, this sideforce decrease was the major contributor to the difference
in performance prediction between the two tests. Given that inconsistencies between

sideforce measurements had been the source of difference between many other retests,
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Test Wind Speed Race Times ?minutes)

(knots) Windward | Leeward | 135 Reach | 100 Reach | Total
Normal 7.00 92.65 70.21 29.97 15.54 208.38
Shaker 93.46 70.16 29.99 15.55 209.16
Normal 8.00 85.61 62.12 26.46 14.88 189.07
Shaker 86.44 62.20 26.52 14.91 190.07
Normal 9.00 81.10 55.89 23.93 14.35 175.27
Shaker 81.66 56.13 24.02 14.36 176.18
Normal 10.00 78.07 51.56 22.36 13.91 165.90
Shaker 78.41 51.79 22.35 13.89 166.43
Normal 11.00 76.03 47.81 21.11 13.51 158.46
Shaker 76.17 47.96 21.13 13.49 158.74
Normal 12.00 74.64 45.12 20.16 13.13 153.05
Shaker 74.66 45.09 20.13 13.12 152.99
Normal 13.00 73.59 42.98 19.34 12.78 148.68
Shaker 73.51 42.96 19.30 12.77 148.55
Normal 14.00 72.74 41.24 18.59 12.44 145.02
Shaker 72.60 41.18 18.57 12.44 144.80
Normal 16.00 71.37 38.39 17.21 11.83 138.80
Shaker 71.15 38.32 17.21 11.84 138.51
Normal 18.00 70.19 35.72 15.85 11.28
Shaker 70.01 35.70 15.87 11.30

Table 6.1: Comparison of Performance Prediction with and without the shaker

D. A. Mantzarie
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it is believed that this experiment has helped locate the problem.

6.3 Other Possible Errors

It was initially thought that much of the inconsistency of the results of various retests
of the same model was due to water temperature differences. Thus, a water temper-
ature sensitivity analysis was performed, by examining the performance prediction
of several models tested at various temperatures. Then, the velocity prediction for
each model was plotted against tank water temperature, in an attempt to determine
a trend.

This analysis showed that there was no obvious effect of temperature on the re-
sults. There was, however, a definite decline in performance prediction with the num-
ber of retests performed on any particular model. In other words, for some reason,
the more a model was retested, the slower it was predicted to be.

This effect could be due to some loss of “stiffness” of the model after being in the
water for several tests, and subjected to the stresses associated with towing it down
the tank.

Actually, on average, there was a slight decrease of performance with rising tem-
perature, but it was thought that this was also associated with “model aging” ex-
plained above. The fact that the water temperature rose as testing progressed (due
to the season of the year) made it seem like there was some sort of temperature de-
pendence, while in reality the major differences occurred due to the deterioration of
the models with testing.

All the possible sources of bad data repeatability make it evident that in order to
compare the performance of a number of vessels, it is advisable that tank testing is

done under identical conditions and within a short time span.
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CONCLUDING COMMENTS
AND RECOMMENDATIONS

This chapter summarizes the conclusions that have been drawn from within this
thesis.

First of all, it is evident that in order to compare the performance of two vessels,
it is not enough to simply compare the resistances of their models. The different
scale-up of frictional and residuary resistances, the significant effect of sideforce on
windward performance, the importance of data points within the expected sailing
conditions, all contribute to the significance of using a Velocity Prediction Program
to evaluate the performance of sailing vessels.

In order have good data repeatability, it is best to perform tests under as similar
conditions as possible, and within a short time span. This implies that it is bad
practice to mix data points from different retests of the same model.

Water temperature differences, model deterioration, carriage vibrations, affect the
results to some degree, although the temperature was found to have a negligible effect.
Carriage vibrations did not directly affect the results, but somehow induced sideforce
measurement errors, thus providing a clue to one source of bad data repeatability.
Stimulator drag errors also have a relatively small effect.

It was found that towing tank tests of models with different appendages could

give misleading results. It is therefore preferable to confirm the performance of such
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appendages by means of wind tunnel tests.

Some recommended approaches for the data analysis include the consideration of
the bare hull (without appendages) for form factor and frictional resistance purposes,
and the modeling of the resistance due to heel and yaw as a parametric function of

speed-length ratio, sideforce coefficient and heel angle.
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Appendix A

STRIP CHARTS OF RUNS
WITHOUT SHAKER

This appendix contains a series of typical “strip charts” taken at the following nominal

conditions:

Model Scale Speed (feet/sec) | Heel Angle (degrees) | Yaw Angle (degrees) ‘
6.25 0.0
13.00 0.0

9.00 22.0
8.25 0.0
11.00 22.0

Each set (page) of strip charts consists of six signal records. From top to bottom,
these correspond to the readings of the two roll gauges, the aft and fore drag gauges,
and the aft and fore lift gauges.

The time histories of the above signals are shown on the left-hand part of the
charts. The values displayed on the left of these are the mean value and the root-
mean-square of the voltage signal, the signal-to-noise-ratio (where the signal in this
case is the difference between average voltage levels of the run and the zero recording),

and the average force in pounds.
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The scale of the above charts is shown in the bottom left-hand corner of each page,
and should be interpreted as the distance between two major “tics” on the vertical
axis.

On the right-hand side of the strip charts are the Fourier transforms of the signals.
The scale is shown ir the bottom right-hand corner of the page. The two numbers
in that location are the height and width of the “boxes” allocated to each signal, in
Volts and Hz respectively.

The numbers at the bottom of each page, between the two scale values, are (from
right to left and top to bottom) :

Initial (stationary) heel angle, Heel angle for the duration of the run, Yaw an-
gle, Rudder angle, Tab angle, Model speed in feet/sec, Total drag in pounds, Total
lift in pounds, Roll, Yaw moment, Duration of run, Drag coeflicient, lifi coefficient,

Coeflicient of Heel moment and coefficient of Yaw moment.
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Appendix B

STRIP CHARTS OF RUNS
WITH SHAKER
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Appendix C

STUD DRAG CALCULATION
FOR HEEL/YAW

What follows is series of plots of the stimulator drag coefficient, C,s;m, a8 defined in
chapter 5, for runs with heel/yaw, versus speed-length ratio.

The values of the drag coeflicient indicated on the vertical axis should be multiplied
by 10-¢.

The stimulator drag coefficient (per stimulator) is estimated from a pair of tests
performed with a different number of studs. Shown in each plot is also the nominal
value of 1.11 x 10-6.

The nominal values of heel and yaw for each plot are indicated at the top of the

page.
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