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Abstract. A regression analysis of the bare hull uprightsiesice of the DSYHS was presented in a previousrpdpis
new regression includes also tank test resultsefdad and appended hulls of the DSYHS and in addttiose of the US
Sailing Nine Model Series.

NOMENCLATURE
Agm Stem angle, positive forward Lo Length of transom overhang
Ant Water plane area, forward of max. section Ly Length of the actual water line at rest with
Anp Water plane area, aft of max. section trimming moment applied
Ax Area of max. section = maximum Lwio Length of the designed water line
immersed area of all cross sections Ries Residuary resistance force
ATK  Angle of attack, see text ROK  Exit angle in the heeled lateral plane
BM Longitudinal metacentric height Tx Draft of heeled canoe body at max. section
By Beam in the heeled water plane at max. tied Thickness of keel at root
section U Water speed at edge of boundary layer
Ckedl Chord length of keel at root U, Ship speed
Fn Froude numbed,, / (g-Lw )"? Van  Volume attenuated with depth, see [1]
g gravitational acceleration = 9.81 /s Ves Displaced volume of canoe body
le Incidence angle at water plane entrance V, Part ofVg forward of max. section
Ewp Exit angle at stern of elevated waterplane V, Part ofVs aft of max. section
Ly Distance from front ok, to max. section X, ¥,z Coordinate systenx;direction from stern
L, Distance from max. section to aft elng, to bow,z-direction upwards
Lcb Distance front of.,_to centre of buoyancy p Density of the water
Lcf Distance front of.,, to centre of flotation o Standard deviation

1 INTRODUCTION

A regression analysis of the bare hull uprightstesice of the Delft Systematic Yacht Hull SerieSYBIS) was
presented in a previous paper [1]. For sailing y@dhis desirable to extend this analysis andudelalso all
tank tests with appended hulls and also thosewbheat performed in a heeled attitude. Since theigatibn of
the first paper [1] additional tank test resultsdmme available. In 2015 the Sailing Yacht Rese&mimdation
(SYRF) published results of a tank test programmfrd003 that was until then not available in therope
literature. The tested fleet is called the US 8gilNine Model Series [2]. This was a great oppadtyuio extend
the database for the regression analysis.

In the original Delft-method the effect of heeltisated as an additional resistance that is adul¢etvalue of
the upright resistance [3]. The method that wa®chiced in [1] allows the determination of the stance at any
given attitude, heeled or upright, without calcimgtthe upright resistance as an intermediate défh the
addition of the heeled and appended models of B¥éHS and also all the USSAIL-models, the total nemtf
interpolated towing tank results at fixed Froudenbers increased from 1276 to 2718 experimental iaitats.
The data points are spacedFatintervals of 0.05 betweeRn = 0.1 and 0.8. In the mediufn-range each
regression at a fixeBin uses the data of approx. 250 independent test{finef different hull forms or hull
attitudes. The exact numbers fidrare given in table 1. No other regression analysithe open literature is
based on such a large number of different tests.

2. CORRECTION OF THE RAW DATA

According to an E-mail exchange with the reseasctar Delft, the measured resistance values werg onl
corrected for the parasitic drag of the sand stiNis corrections were applied for the blockage @ffen the
tank. The results published by the SYRF are raw,dsithout any correction, except for mechanicailsstalk.
The aim of a resistance prediction is the predictié the drag force in unrestricted waters of iitéindepth.
Therefore the measured drag values had to be ¢tedréar the blockage effect and the finite deptkthie towing
tank. At Delft the experiments were conducted i 0.1 towing tank, which has a width of 4.22m ardepth
of 2.50m [4]. The towing tank of the IMD at St. ddhis 12m wide and 7m deep [5]. Schuster’s mefeband
Tamura’s model of a Rankine Ovoid [7] were useddorect the measured speed to the equivalent spieed
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infinite depth. The measured force was correctemraing to Tamura [7], which is especially necegssrthe
high Froude-numbers in the Delft-tank with its lied depth. The corrections amounted up to 10%.

3. VISCOUSRESISTANCE OF THE HULL WITH APPENDAGES

The viscous resistance is computed for the healé#drhthe same way as in the upright case [1]. Plaaforms
and profiles of keel and rudder were taken from@#d-models that came with the test results. The&rBS
uses the profile NACA 62015 for the keel and NACA 0012 for the rudder. WBSmodels have profiles
NACA 64,A013 for both keel and rudder. The viscous restgaof the appendages was determined by an
integration of the profile drag at 8 different sent along the span of the fin. The section drag e@mputed
with the program XFOIL [8] as a function of the Reyds-number. Polynomials of higher order weresditto

the drag curves, so as to enable interpolatiorhefprofile drag for each desired Reynolds-numbée Htal
viscous resistance of the yacht was assumed toebguim of the viscous resistance of hull, keelradder, plus

an interference resistance as described in [9].r&higluary resistand® . is calculated by subtracting the total
viscous resistance from the measured resistance.

4, SELECTION OF THE PARAMETERS

The aim of the regression analysis is the detertioimaof appropriate coefficients for the predictioh the
residuary resistance of the hull [1]. All textboo&a statistical methods stress the importance ofdawy
collinearity, when selecting the dimensionlessatalgs for the regression analysis. Therefore irrttial paper

[1] a large portion was devoted to the inspectidnthee database and to the analysis of the problém o
collinearity. The variables that were used were tpaomposed of global dimensions, like total ldngbieam,
volume etc. The dimensional analysis gave the sstaiumber of dimensionless variables that contaieof
those global dimensions. The variables were ch@sesuch a way that collinearity was reduced. Whaa t
database was now increased with additional huih$f2] it soon became evident, that the originahlset of
variables with only the global dimensions does suffice to describe the resistance of a wide warigthull
forms. It seems that the resistance does not ceperd on global dimensions but is also heavilygriced by
local changes in hull properties like e.g. the laaarvature of the hull. More than 100 new parametgere
tested in the regression analysis with the hopfintbvariables that improve the accuracy of thedmted hull
resistance. Several local angles were defined aadhe flare angles at different stations and eo&rand exit
angles of different waterplanes. The residual megnare [10] was used to identify good parameter
combinations. In the end it turned out that vaealthat are almost collinear are still valuabledose the subtle
differences between nearly collinear variableslobgl parameters seem to contain valuable infoonagbout
local hull properties. The new strategy for findiaghelpful regression did therefore not look atcessible
collinearity any more, instead the residual mearasgand the absolute sum of the coefficients wenémized.
Under this strategy a set of 35 dimension-lessabtes was defined for the canoe body and two andditi
variables for the keel:

BL=2x pL=2x =T q,=Xx AV\/lzm Aw, = VA Axl:m sz—m

Ll L2 Ll I-2 Ll L2 Ll L2
7\ 7\
LV, :i LV, = = VA ="+ VA =2 C,= Vi Cp, = A Cn= Vi Q2= A
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=__ Wi = C, = U,=""% U,=—"=- U__ =2 [|. ROK
Cus L, (B, Cuz L, B, X B, T, 04 Uwz 25 Uoo2 max Uwz E Asr
LeB=t® | cp=td Flszﬂ Flszﬂ le:ﬂ ML= gy =5 Eup
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A few remarks are necessary to clarify the defimitof some variablesl,, is the water speed at the edge of the
boundary layer 4% dfy, behind the forward end of thgy, Ussy, at 25% ofLy. Unex IS the maximum water
speed along the hulRROK is the angle (rocker) between the lower line efldteral plane and the water plane at
the aft end of thd,. Fl is the flare angleEyp, the exit angle of a waterplane, is the differemcaalf beam
between max. section and stern at an elevated plateT,/3 above the designed water plane, divided_py
The reason that all angles are calculated fronin#tiebeam divided by the x-distance is becausemiterplanes
of the heeled hull are not symmetric to the ceimerlLo (transom overhang) is the distance between thenalft
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of the Ly and the aft end of the hulATK is an angle of attack that is different from zerdy in the heeled
attitude. If the hull heels, the line through tra@ftbeam points is not straight but curved. Theatise between
this curve and the straight line from bow to starhe position of the max. section is taken anédd byL, to
yield ATK.

The denominator of the dependent varialylg for the resistance of the canoe body is definetthiee different
ways. The different versions will be used for diffiet Fn-ranges, as listed at the end of table 1.

Vo= Rew _ Rescs v = Rec
cBl — CcBIl — CBIIl —

1py, 2 Yancs 1P, AL+ A) spw e

2 LWL I‘WL

The residuary resistance of the keel is made diiopless according to:

__ R
Ykee; keel

1 2 attn,keel
spU, E'L
Cres

The total residuary resistanBes is assumed to be composed=f cs + Reskea- At €ach fixedmn the method of
full search was employed for the choice of the babset out of the 37 variables.

5. RESULTSOF THE REGRESSION ANALYSIS

5.1 Linear regression

For the linear regression a number of 16 variafideshe resistance of the canoe body and 2 vasatolethe
keel gave the best results. Using the nomenclahaiewas introduced in [1] one can write for frerange of
Yegi

16 Vatm'ke% 19
Y (X)) =5, +]Z:;,,Bjxi,j +ﬁ(ﬁu + ;ﬂjxi,jj+ &
Lo

The denominator of is the same as fofcg. For Yeg andYcg) the denominator in front of the bracket changes
accordingly. Including the two intercepfs andfy; there are 20 coefficients that need to be detethiihe
variables 1 to 16 for the canoe body have to beamas a subset out of the 35 available variathles;jariables

17 to 19 for the keel are always included For> 0.3. The first condition for the choice of the thegbset is a
very small residual sum of squaRSS;

N is the sample size, which is listed in table 1€fach fixed=n. The second condition is a small absolute sum of
the coefficients. For this criteria all variablesvk to be centered and standardized [10]X.andY have zero
means and standard deviations equal to one. Tiduddsum should fulfill:

19
Z‘ﬁj‘ <s
=1

Looking at the possible subsets that are foundeérfull search there is always a tradeoff betwekrwaRSS and
a low sum off}]. The number 10 is a good upper thresisdtdthis linear regression with 20 coefficients.case
of standardized variables the coefficiefitdescribe the influence of the variat{eon the predictiorY. If there
are large coefficients with alternating signs dmelabsolute sum ¢fis too large, the prediction of the resistance
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will become very sensitive to small changes intheables and the predicted values might play héfvibe hull
form lies slightly outside of the database.

The chosen variables and the coefficients for ttaadardized variables are listed in table 1. Bezaalb
variables are centered, gl are equal to zero. The choice of the variabled ourse arbitrary. A different set
of variables could give similar results. The phg#lic"right" parameters are disguised in the "nbiseated by
the measurement errors.

fore body mid ships

Fn N | Cp | BLy | TLy |AWL | LV: | VAL | Ca | Cur | AX2| le | Uos | Uss | Flg [ Aam | Cx | Flx | BT | Umx| ATK
0.10 151 -0.2d -0.14 -0.21 0.52] 0.03 0.50 0.07] -0.40 0.15
0.15 180 -3.81 -1.63 2.32 0.45 0.01 0.37] -0.28 1.14 0.29
0.20 215 -2.39 -0.67| 1.10 0.34 0.03] 0.42 -0.25 0.94 0.27]
0.25 245 -1.37 -0.20 0.26 0.28 0.07] 0.34 -0.20 0.84 0.23
0.30 250 0.15 -1.31 0.29 0.71 0.14 1.46 0.19
0.35 254 0.24 0.50 -1.04 -0.06 0.24 -0.13 0.7 0.11
0.40 254 0.13 0.76/ 0.46] 0.59 1.19 -0.27 0.71 0.05
0.45 254 0.17] 1.54 -1.04 -0.43 -0.40 -0.33 0.37] 0.77] 0.19
0.50 216 0.94 1.24 -0.32 -0.30 0.73 0.26 0.11
0.55 186 0.48 -0.37 0.93 0.78 -0.06| -0.12 -0.15 0.06|
0.60 164 0.49 -0.49 1.14 1.02 -0.06 -0.10 -0.16| 0.07
0.65 116 0.20 -0.07 0.71 1.10 -0.20 -0.15 -0.51 0.07]
0.70 92 0.27 -0.0§ 1.12 1.29 -0.20 -0.14 -0.65 0.05
0.75 79 1.22 -1.11 -0.31 -0.23 -0.23 0.14 -0.08 -1.27 0.06
0.80 62 1.32 -1.29 -0.29 -0.21 -0.17| 0.24 -0.06 -1.44 0.05

entire hull after body keel

Fn | LCF |LCB|BML| Cp, | BL, | TLo |[AW, | LV, [ VA, | Caz | Cv2 | AX; | ROK | Fls | Ewe | OVH | pi7 | tB | kL | Yes
0.10 1.01 -0.81 -0.40 0.37 -0.72 0.16 0.80 Yeai
0.15 -1.09 -0.57 0.44 1.07 -2.0§ -0.2§ 0.12 Yeai
0.20 -0.30 -0.84 0.22 0.8§ -1.39 -0.24 0.67 Yeai
0.25 0.08 -0.86 0.14 0.62 -0.87 -0.21] 0.92 Yeai
0.30 -0.24 0.78 0.88 -1.42 -0.99 0.72 0.22 -0.1§ 0.09 -0.3§ -0.50 0.97 Ycg
0.35 0.41 -0.61 -0.7§ -0.24 -0.09 0.76 -0.44 0.04 -0.21 -0.25 0.63 Ycau
0.40 -1.58 1.31 -0.43 -0.45 -0.89 0.18 -0.01 0.00 -0.09 -0.14 0.33 Ycau
0.45 -0.61 0.43 -1.12 -0.95 -0.39 0.34 0.03 -0.42 -0.43 1.13 Ycau
0.50 -2.02 1.34 -0.3] 045 0.50 -0.59 0.14 -0.79 0.04 -0.11f -0.03 0.31 Ycgu
0.55 -1.22 0.92 0.07 0.55 0.3§ -0.39 0.29 0.04 -0.11 0.04 0.22 Ycgn
0.60 -1.43 1.12 0.1 0.63 0.48 -0.47 0.18 0.07 -0.13 0.0 0.29 Ycan
0.65 | -094 0.78 0.55 -0.33 093 0.22 0.19 0.07 0.03 0.15 Y
0.70 | -1.24 1.23 0.71 050 0.97 0.22 0.14 0.04 0.13 0.09 Y
0.75 -0.82 0.47 0.27 -0.38 1.17 1.10 0.11 0.32 -0.05 Yeaii
0.80 | -0.73 0.5 0.23 -0.35 1.04 1.24 0.07 0.39 -0.08 Y

Table 1. Coefficients of the selected variablesin the linear full search

The relative error for the prediction of the remigte R is depicted in figure 1. The standard deviatiois
divided byY, the average of; for i = 1 toN. The denominator under the root sign represemsdgrees of
freedom of the error vector. At low Froude-numbthe residuary resistanc is very small, therefore the
relative error increases &a decreases.

<iIQ
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For some readers it might be surprising that thecten of variables differs significantly from thane of the
upright case as described in [1]. This can be éxpthby the collinearity of the variables. The irgibn of the
heeled and appended test runs requires additiemalbles and increases the measurement noisectnascase
the variable selection by full search is drivemtcertain degree by random errors.

5.2 Quadratic regression

For the quadratic regression 8 variables for tsestance of the canoe body and 2 variables fokéleé gave the
best results. Using the nomenclature that wasdotred in [1] one can write for then-range ofYcg :

Vattnke%
Yi(X,) = ,80+Z,8x Ta—a ﬂ45+Z,8X P

Vattn Cy j=46 I
Lo

The 444X; for the canoe body are made up from 8 linear, &oatic and 28 mixed terms. Together with the
two intercepts and the two keel variables a sudBofoefficients have to be determined in the fedlrsh. Again
the choice is guided by a loRSS and a low sum off]. The absolute sum of the coefficients varied fioto 15.
The chosen variables are listed in tabl&g,differs from the linear case. The relative erarthe prediction of
the resistanc®, is depicted in figure 1. From this figure it isuvius that the quadratic regression is only
beneficial in the mediurrn-range. At low and high Froude-numbers the resigluesistance can be described
sufficiently by linear functions.

fore body mid ships
Fn N | Cpr | BLy | TLy [AW; | LV1 [ VAL [ Cwa | Cuu [ AXi | le | Uos | Uss | Flg | Asm | Cx | Fix | BT | Umx | ATK
0.10 151 X X X X X X X
0.15 180 X X X X X X
0.20 21§ X X X X X X
0.25 245 X X X | X X X
0.30 250 X X
0.35 254 X X X X X
0.40 254 X X X X
0.45 254 X X X X X X
0.50 216 X | X X X X
0.55 186 X
0.60 164 X
0.65 116 X X X
0.70 92 X X X
0.75 79 X X X X X
0.80 62 X X X X
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entire hull after body keel

Fn | LCF [LCB[BML| Cp, | BLy | TLy | AW, | LV, | VA, | Cz | Cvz | AX; | ROK | Fls | Ewp | OVH | fas | tkB | ckL | Yes
0.10 X Yeai
0.15 X X \C
0.20 X X Yeai
0.25 X X Yeai
0.30 X X X X X X X X X | Yeau
0.35 X X X X X X | Yem
0.40 X X X X X X X | Yem
0.45 X X X | X X | Yegu
0.50 X X X X X X | Yeau
0.55 X X X X | Yeau
0.60 X X X X | Yeau
0.65 X X X X X X | Yeau
0.70 X X X X X X X | Yeau
0.75 X X X X X X | Yeam
0.80 X X X X | X X | Yegu

Table2. Selected variablesin the quadratic full search

Above Fn = 0.6 the number of hull-variables was reducethffto 7 because the smaller sample Bizeould
cause an overprediction with the initial 48 vareshl

6. PREDICTED VS EXPERIMENTAL RESISTANCE

Figure 2 compares the predicted and experimentaésaf the total resistance for the new linearesgion and
for the Delft-method. The linear regression is ydetause it is even applicable if the hull formntérest does
not match exactly the hull forms of the databade quadratic regression would give much betterltefor the
database, but here we examine the less favoralsie. Géhe Delft-method uses 24 regression coeffisjent
including the effects of trim and he#, in the diagrams is defined in the following eqoatiRy, is either the
measured total resistance or the sum of viscousesidual resistance.

Y — R[Ot

tot
2 VCB

spU, I

o
0

In the ideal case all points would be lying on thegonal line. A high value of the kurtosis is aasl sign that
the distribution is peaked and not normal (Gaugsiine red dashed lines in figure 2 indicate theldands. In
case of a normal distribution of the errors, th2.acband would contain 95% of all test points. Becanfsthe

high kurtosis the distribution is not normal. Wahsample size of 3518 it is possible to deternmirecuantiles
empirically by counting. The results (94%) are iottb cases almost identical to the values of themabr
distribution. The statistic evaluation shows thmathie new formula the standard deviation and d&lecetror band
are reduced by a factor of 2.2 compared to thet{Dadthod.
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Figure 2. Total resistance coefficientsfor all experiments 0.1<Fn < 0.8

The relative error of the predicted total resistaiscdepicted in figure 3. The prediction errocadculated from

Yerror = Yot Predicted — Y, measured.

The + 26 band is reduced with the new method from + 20.4% 7.2%. The relative error is obviously larger at
the low end for smalFn. This trend is more pronounced in the Delft regi@s than in the new one. The
reduction of the errors is significant. It must fo@nted out, that these errors are only valid fadels that are
not too different from the tested models. For medat outside of this database the error will hgda because
of the selection bias in the regression analysistti@ contrary, for the models that are part ofdhtabase the
guadratic regression can be used. In this cased¢heand is only 5.5%.

100%
+
+
+ Delft regression
80% 1 ¥ +F ’
* * 2:0=0.204
60% A

40% -

20% -

0% -

-20% +

10% -

0% -

rror / Ylot measured

-10% +

-20% +

New linear regression

-40% T T T T T

Y tot measured

Y tot measured

Figure 3. Total relativeresistance error for all experiments 0.1<Fn<0.8
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The kurtosis of the final selection is still highdathe distribution is not normal. It is therefanéeresting to have
a look at the statistical distribution of the piitin errors for the new regression. The deviatiom the normal
distribution with a peak at the mean and missinlgies at medium distance to the mean is clearl\bhasin
figure 4. Another way to look at this picture igtAssumption of a normal distribution caused byntieasure-
ment errors and on top a superposition of a ranelmor caused by an unknown parameter. Figure Sctiethiis
hypothesis by assuming a smaller standard devitiotine normal distribution.

600

. Figure 4. Distribution of the prediction
error and comparison with normal
distribution of equal standard deviation

500 N=3518 3 prediction error
o0 =0.0175 = normal distribution
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w £
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Figure5. Distribution of the prediction
=1 prediction error error and comparison with a normal
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The unknown parameters that cause additional ralyddistributed small and large errors are to a migxtent

the quadratic terms that are left out in the linmadel, but in addition it might be a hull paramedteat was not
yet considered or it could also be the influencehef towing tank set up. The roughness strips hemged

between the test runs, this could have an influeNoemally the measured resistance is time depératahan

averaging process is employed, which is unknowrthit a detailed knowledge of the experimental gssc
and ideally the inspection of the raw data, a frthnalysis is not possible and the current errastnbe

accepted.

7. CONCLUSION

The new regression model improves the predictioth@fresistance of the hull of a sailing yacht carag to the
Delft-method. Future comparisons will tell, if timprovements will consistently appear also witHet#nt and
new designs. To enable this necessary feed-baelgetv prediction-software "UliTank" was developed &
available online [11].
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