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Abstract. The ITTC-57 correlation line is still very popultar the prediction of the viscous resistance ofrbfails. This
paper answers the questions whether this is a &@afidmption and in which cases it is possible fime@ correlation line.

NOMENCLATURE

c Chord length of foil % Momentum thickness of b. I.
Co Total drag coefficient of foil v Kinematic viscosity

Cr Total skin friction coefficient of plate

k Height of roughness particle Subscripts:

I Length of plate

Re Reynolds numbed,.-.c /v k at the top of the particle
t Maximum thickness of foll lam for laminar flow

u Velocity within the boundary layer tr at location of transition
U Velocity at the edge of the b. . turb for turbulent flow

U, Undisturbed velocity far in front of the foil 0 at location of trip

X Distance from leading edge

1 INTRODUCTION

Today's velocity prediction programs (VPP), e.d, fteat the keel and rudder as vertical hydrofoilse
physical model for the determination of the liftdadrag forces of hydrofoils is taken from the theof the
airplane wing. Important input parameters to thisdel are the fluiddynamic characteristics of thefipe
sections. The most reliable source for the NACAgviections is the compilation of experimental ressbly
Abbott and Doenhoff [2]. A more modern approachhis computer program XFOIL [3] that determines the
aerodynamic characteristics numerically. It emplaysanel method for the solution of the potentiavfand
solves iteratively the integral boundary layer doues. The diagrams in [2] or the program XFOIL are
convenient, when the geometry of the section a$ agethe speed and the angle of attack are fixddkaown.

In a VPP the difficulty arises that these quardi@e not known up front, but are iteratively vagyduring the
solution process. It is therefore desirable to hawdosed form mathematical expression that cansid in the
VPP for the computation of the lift and drag coméfints. To keep this paper to a moderate sizeciipesis
limited to the determination of the drag coeffidiah zero angle of attack. The chances for a gésehation of
the problem will be discussed at the end of theepap

2. PREDICTION METHODSFOR THE DRAG COEFFICIENT

The theoretical determination of the drag of a wegtion was initiated in 1937 by Squire and Yo[#]jgBased

on Prandtl's boundary layer theory they calculateel two-dimensional profile drag as a function bét
momentum thickness and the velocity at the traibdge. These parameters depend on the geometng &bit

and on the chord based Reynolds number. In 194enibtdtl [5] proved theoretically that the drag-fupcti
could be separated into a product of two functiamg of it being the friction coefficient for therbulent flow

over the flat plate. The second factor dependsherpbtential flow around the foil and on the tréinsi point

(equation 1)

U
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Hoerner [6] changed this function without proof aseleted the dependence on the transition poimn fiioe
second factor. For a given profile family the satdector depends in this case only on the thicknats of the
foil (equation 2). He proposed two different thieks functions, one for the NACA four-digit seriesl ane for
the NACA 6-series. The first factor is now not ampre the friction coefficient for turbulent flow,ubthe
coefficient for the mixed flow over the flat platéth the transition at the same location as orfafile

C,=C.[f (%) @)
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Hoerner writes [6, p.6-5]: "The skin-friction dratso depends, of course, on the location of thentiary layer's
transition point on section chord." Since the tiéms point is a function of the geometry of thel fthe angle of
attack and the Reynolds number, we have nothingegaand are basically in the same situation aén t
beginning. We could stop now and conclude thatreetation in functional form is not achievable. Mdetheless,
many VPPs use correlation lines, so it would berggting to analyze their validity. A second apgien of
correlation lines is the analysis of towing tankpesments. Since the towing tank models usually leynp
boundary layer trip to fix the transition at a giMecation, there is some hope that at least isetloases the drag
forces will be predictable.

2.1 Thethicknessfunction in the drag coefficient

In the following analysis we will use the NACA 00f2ofile section as a test case. For this profimify
Hoerner proposes:

4
C, =C. 1+ 2d+60[ﬁ3] )(3
C C

In figure 1 Hoerner's curve is compared to the drpental results of Abbott and Doenhoff [2] for ixefd

Reynolds number. As we are also interested in tiag doefficient with a boundary layer trip, a datsint

according to McCroskey [7] is added. McCroskey extitd all available test results of the NACA 00lagv
section, grouped this large amount of data afteir ticcuracy and calculated approximating curvegHe best
fit to the data. Because this paragraph only deils the thickness function, the values of the Gioeit Cr in

equation 3 are chosen to make the dashed linesideiwith the 12% data points.
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Figure 1. Thicknessfunction for the NACA 00xx profile family

Furthermore figure 1 is used to compare the contpresults from XFOIL with the other data. The titios
point in XFOIL was fixed to simulate a tripped bdiany layer. Obviously XFOIL slightly underpredidise
drag coefficient, which is a known phenomenon JfOIL was developed in 1986 and uses for the bogynda
layer constants the values that were consideréel stdahe art at that time. Meanwhile new experitakresults
[9] indicate that the constants in the b.l. equatishould be adapted. As the gradient of the tleiskrfunction is
more influenced by the potential flow around thé é&nd the b.l. constants would rather influence tiverall
level, a shift of the curve would only show up e tvalue ofCr in the following approximation of the XFOIL-
results:
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In figure 1Cr is chosen so as to match the 12% data pointsitportant to understand that the value€oin
equations 3 and 4 are not identical. It can be st Hoerner's equation and XFOIL only differlav t/c
ratios.

Figure 1 is only valid for the NACA 00xx family. imilar diagram could be drawn for other profilenfies.
The constants in equations 2 and 3 would havedogd and would be unique to each family.

2.2 Thelaminar skin friction coefficient of the flat plate

Since the first part of the flow is always laminag need the friction coefficient for laminar amdhulent flow
to compute the total resistance of the mixed flonthe flat plate. For laminar flow the skin friati coefficient
is well established and can be taken from any tekb

_ 1328 5)
F,lam \/@

2.3 Theturbulent skin friction coefficient of the flat plate

C

The integration of the local skin friction coeftit along the flat plate in 2-D flow from the leagliedge to the
locationx yields the total friction coefficien€e as a function ok. In an idealized condition, where the flow is
turbulent right from the leading edge, one woulll €a the friction coefficient for fully turbulent flowSince in

the real world there will be always, even with aibdary layer trip, a very short laminar portiortla start of
the b.l.,Cg, wm is a theoretically extrapolated value. As alreaujicated, new experimental results have been
published in the last 15 years, which brought nesight into the problem through the applicatiorthef method

of oil-film interferometry. This method allows thdirect measurement of the local skin friction camdint,
independently of the measurement of the velocitgfiler close to the wall. These results have ledato
reevaluation of the constants in the Coles-Fernkemmation. With each newly published PhD thesis the
constants change a little bit, but these lateshgds are insignificant for practical work. A goadrsnary of the
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Figure2. Total skin friction coefficient for the turbulent flow over aflat plate
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current knowledge about turbulent, flat plate bamdayers is given by Nagib et al. [9]. The eqoiasi in [9]
allow the calculation of the total skin friction efficient as a function of the Reynolds number dase the
length of the flat plate. The result is depictedigure 2. The historical experimental data in fig2 are taken
from [10-12]. Hughes results are corrected foralge effects according to [13]. Osterlund [14] utes new
oil-film interferometry; compared to his data thiler measurements gave lower values for the tdtal s
friction. This might be an explanation for the uratediction of the profile drag with b.l. progranisat were
“tuned" to the earlier test results. Experimentsea Reynolds number of i@re sparse. Hughes plates seem
to have had a laminar entrance that caused a feduntthe total skin friction coefficient. He usgéhs at the
leading edge for turbulence stimulation. It seeiifficdlt to achieve fully turbulent flow at the loav Reynolds
numbers. Even without experimental proof it carabsumed, based on the theoretical backgroundthiaddlly
turbulent flow is currently best described by theght-Monkewitz approximation also belo®e = 1. This
approximation can be replaced by equation 5 withih01%.

Cr wp = 0549(flog(Re )+ 009 > )(6

2.4 Thetreatment of mixed flow for theflat plate

The flow is laminar up to the transition point aafterwards turbulent. In boundary layer codes tligee switch
from the laminar to the turbulent equations at trensition point. Displacement, momentum and energy
thickness of the laminar boundary layer at thahpare taken as starting values for the turbulemputation. In
reality the transition does not take place at dmgehappens within a transition zone. The lengthhef zone
depends on the local Reynolds number and on thespre gradient. A simple prediction formula for théal
skin friction of the plate can only be a crude axmation of such a complex process, even if thadition
point is known. Before the advent of computers Biianmethod [15] was considered the best choicaHe
prediction of such flows. For a flat plate with fleegthl and the transition point & the skin friction is:

CF = CF,turb [CF lam Xtr F turb th’ ]lﬁ ) (7

i.e. in the fully turbulent total resistance theblent portion up to the transition point is reggd by the laminar
resistance. When calculating these replacements, Rbynolds number in the equation for the friction
coefficients must be based on the distance fronketiging edge to the transition point.

3. THE DRAG COEFFICIENT AT ZERO LIFT FOR A TRIPPED BOUNDARY LAYER

If we follow Hoerner's proposal, equations 3-7 dtidee sufficient to predict the drag coefficientafNACA
0012 profile. At this point we must discuss the hadsm of a boundary layer trip. A boundary laydt @anly
become turbulent, if the Reynolds number basedhenldcation of the trip is sufficiently high and tifie
roughness elements reach high enough into th8taslow et al. [16] recommend a grit of sparsebtritiuted
carborundum particles where the particle heighggeal to its width. Lek be the roughness height, then the
roughness Reynolds number should be:

utk _

Re = )
If Re is smaller, the b.l. will stay laminar, Re is larger, there will be an additional drag, calby the
roughness. This mechanism works, if the trip larat fulfills the following condition:

RQJ— y %108 9)

SmallerRe require a much higher roughness to trigger thesttian, which will create an additional drag. Thes
effects are illustrated in figure 3. The approximatby McCroskey for a trip at 5% chord is showraagashed
black line. This is his best guess based on allahla experimental data, but it is also interegtio look at the
details of some of the test data. It is obviousffiailt to trip the b.l. below the Reynolds numbefr1¢F. A 60-

grit roughness, wrapped all around the leading gfigen 5% at the lower surface to 5% at the uppefase
does not trip the b.l. &e = 7-10°, becaus&e is only 3.510". In Loftin's test the roughness is increased and
extended to 8%. This increases the drag signifigamit still does not avoid laminar flow Be = 7-10°. Kerho
and Bragg reported in [19] fdRe = 7.510° that a roughness height of 380 at 5% chord resulted in a
transition zone from 6% to 45% chord length. Thidi¢ates a very stable laminar b.l., even in theaaof
increasing pressure, because the NACA 0012 seletisiits minimal pressure at 12% chord.
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Figure 3. Profiledrag at zero lift for the NACA 0012 wing section with b.l.-trip

If the b.l. can not be made turbulent bel®g = 1(, the question arises, if this kind of mixed floanche
predicted. The results of an XFOIL analysis are aspicted in Figure 3. If the transition poinfileed at 5%,

XFOIL gives good results abovRe, = 1.410°. Below this value the computed drag is too higkcause the
transition does not take place at the tripping cevas predicted in equation 9. At the lower Reymalumbers it
is more realistic to use XFOIL with free transitid¥icrit was set to 0.16, because that gave a trangioint at
5% chord forRe, = 1.410°. It is also interesting to compare the XFOIL-résuhith CFD-results of RANS
solvers [20]. The vertical bar in figure 3 indicatthe variation of the results, caused by the &haitthe

turbulence model. Considering the relatively higbyRolds number and the fixed transition point whigaith

simplify the solution, there is no advantage oveOXL. This is also stated i8],

At last equation 7 is used to predict the mixedvfl&or the wing section the lengtin equation 7 is replaced by
the chord. The transition Reynolds number is catea from:

Re, = Max 2[Re, 2010°}
R (20)
and X, =G g
Re
In this formulaRe, is multiplied by a factor 2, because there isaagition zone and the turbulent character will

not develop immediately at the tripping device. Tésult is the blue line in figure 3. At the lowead, the curve
merges with the line for fully laminar flow.

To summarize the findings one must conclude, tlsienof the curves matches the experimental datatend

prediction of the drag is only possible abdve = 1. At lower Reynolds numbers the situation is uraiert
because the dependence of the transition zoneumhness height, roughness position and Reynoldbeuis
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unknown and can not be simulated in XFOIL eitheavidg this said, it is not possible to predict thag of a
model keel in the towing tank, if the model hullless than 5 meters long. This can be shown, taltieg
experiments at the Delft University as an examplee experiments for the Delft Systematic Yacht Fadries
started 40 years ago and the database has beetedipdatinuously to keep track with the developnient
modern yacht design. The details of the trippingicks are only described in the earlier papers.[AL]the
lower end Froude number of 0.2 the Reynolds nurbbeed on average chord length of the keel i4@.7This
Reynolds number is marked in figure 3. From théigformation it follows thaRg = 813 andRe = 8245. This
indicates that turbulent flow was most likely noheeved becausRe is an order of magnitude too small. In the
Delft procedure the drag is measured twice wittbearndum strips of different widths. The drag fera width
is calculated by extrapolation. This linear extidagion must be called questionable, if the traositstatus of the
b.l. in the two tests is not known. The green dbtiee represents the Delft method of combiningagigum 3
with the skin friction coefficient of the ITTC-5Tk. This line is used at Delft for the scalingtioé keel drag.
Figure 3 shows that the usage of this line at madale assumes fully turbulent flow. Whether thecdbed
extrapolation leads to the required drag valuefddly turbulent flow is also questionable. Basedtba above,
all results for the keel drag derived from modstdeat the Delft towing tank should be used witltican.

4, THE DRAG COEFFICIENT AT ZERO LIFT FOR FREE TRANSITION

Free transition is important for the predictiontleé drag for the full size yacht. Typically a 10tereyacht at a
Froude number of 0.2 (4 knots) would haRe = 310°. The case for free transition is depicted in feydr
McCroskey's best estimate is again shown by thbethblack line. The earliest experiments were cotatlin
1939 in the Variable Density Tunnel [22], which tahkigh turbulence level. A much lower level wakiaged

in 1949 in the Langley Low-Turbulence Pressure Blfit8]. These results must be considered as thednes
available, because the later measurements by Laastime same tunnel [17] were subject to a highed a
unknown (!) turbulence level. Ladson writes [p."Zhis increase" (of the turbulence level) "was tksult of
successive damage to the heat exchanger becafreezihg as well as deterioration of the screeh$s.drag
data is on the level of the VDT of 1939. At Reyrmitumbers below-50° the drag rises, because the fully
laminar flow separates at the rear end of the @illy after the transition to turbulent flow the@w remains
attached up to the trailing edge. Betwdeam = 7.510° andRe, = 2.251C° the transition point moves from a
point at 65% chord to 44% [19]. This decrease @& ldminar portion and therefore increase of thegdra
counterbalances the decrease of the turbulentfskiion coefficient with increasing Reynolds numb@&he
overall drag coefficient of the foil is thereforer®st constant betwedre, = 1¢ andRe, = 10.. The prediction
of this behavior is difficult. The Delft-methodabout as wrong as the assumption of fully turbuflent.
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Figure4. Profiledrag at zerolift for the NACA 0012 wing section with freetransition
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The XFOIL-predictions (Ncrit = 9) are about 14-20%0 low. ORC uses tabulated values for the drag
coefficient [1]; the curve in figure 4 is a splirgerpolation of these values. The curve is ab@% 200 high.
Why the ORC choose such high values is not knowre Best solution for a VPP seems to be the spline
interpolation of tabulated values. A different s€points is required for each wing section andkhess ratio.

5. CONCLUSION

5.1 Tank testing

For large models (> 5m) the drag of the keel capreelicted from equation 7, if a suitable b.l. tispused. In
this case the hull drag can be determined by sttiricathe predicted keel drag and an estimatedfarence
drag from the measured total drag of the mode¢hdfmodel is tested with a drift angle, the dragease for the
keel can be taken from [2] or computed with XFOHar small models the test with a keel is not megiiilp

because the forces can not be predicted reliabllgelkeel is needed, because the flow around whashaltered
by the keel at larger heel and drift angles, thenkeel forces need to be measured separatelythvthelp of a
load cell dynamometer between keel and hull.

5.2 Full size prediction

For the drag of the keel at full size in the healéttude with a drift angle, there is no corradatiine that could
be used. One can only recommend, using the measiuagdpolars in [2] at a Reynolds number closehto t
speed range of interest. The dependence on theoRisynumber could be neglected betw&en= 1¢f andRe,

= 10 If higher accuracy is needed, the polar curvelccde shifted parallel to McCroskeys line. A funthe
possibility would be the use of XFOIL and changeitNiteratively until the results match the polans[2]. In
this case XFOIL could be regarded as an interpmiaiol for the experimental results. In summalngré is no
simple method to calculate the keel drag in a VPP.
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