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Abstract. Based on a literature survey the paper providestiemsafor engineering calculations of the trippeghsitional
boundary layer with sand grain strips. Typical &ggilons are ship model hulls in a towing tank.

NOMENCLATURE
As Free surface between the grains, per grain ~ x Distance on the surface downstream from
G friction coefficient = forward stagnation point
drag force/ (p/2:U,.>area)
fir Linear combination factor in transition zone y Intermittency factor
H Shape factob/o* 0 Thickness of b. I. at/U = 0.99
k Height of the roughness particle o* Displacement thickness of b. I.
Lw Length of waterline 0 Momentum thickness of b. I.
Re, Reynolds numbed,-x / v p Density
Rey Reynolds numbed-§ / v v Kinematic viscosity
Re. Reynolds numbeuk / v
Tu Turbulence level in % Subscripts:
u Velocity within the boundary layer
U Velocity at the edge of the b. . k at the top of the particle
U, Undisturbed velocity in front of the body lam for laminar flow
Vr Volume of the roughness particle turb for turbulent flow
0 at location of trip

1 INTRODUCTION

A ship model that is tested in the towing tankhag tlesign Froude number will be run at such a leyriRlds

number, that the boundary layer is in the laminareson the forward half of the hull. Since in th# size ship

the b.l. will turn turbulent almost immediately lbath the bow, viscous effects will not be modeledrectly. To

overcome this deficit, the b.l. is often artifidiatripped near the bow in the hope, that the tesyturbulent b.I.

behaves similar to the one along the full size .shie tank tests of the Delft Systematic Yacht FBdlies were
all conducted using small strips of carborundundsfom a b.l. trip [1]. These tests form a huge amatuable

database that can be used for resistance prediatiosailing yachts. To extrapolate the measursidtance to
full scale using Froude's method, the viscous tasi® of the model must be known. The size angdis@tion

of the sand grain strips have a significant infeeeion the state of the b.l. and hence on the viscesistance.
The viscous resistance of the model hull whereébthes tripped at the bow can be twice as higthasresistance
of the same hull with natural transition. The dafathe DSYHS can therefore only be used corredtithé

influence of the sand grain strips is known in defBhe following literature survey is conducted fiad a

simplified model for engineering calculations, twinvestigate the complex physics of turbulentvio

The effect of various methods of stimulating tréingi in the boundary layer on a tanker model in tiheing
tank was studied by Breslin and Macovsky [2] alsegd1950 with the help of the hot-wire method. Theults
indicated that the nature of the b.l. behind awige and behind a sand grain strip differ subsadigt Klebanoff
et al. [3] showed the fundamentally different cloéea of the two-dimensional disturbances behindmwire
and the turbulent wedge behind a three-dimensianaghness element on a flat plate in the wind turBiace
our task is the analysis of the DSYHS data, thiofahg study will be limited to the influence ofehhree-
dimensional roughness. The roughness element sies abstacle in the flow that causes a horsesbrdexvon
the wall in front and hairpin-vortexes with theirds normal to the wall, close to the separatioeslirat the rear
side of the obstacle. The transition of the flownfr laminar to turbulent occurs due to wake instigbdnd
vortex shedding behind the roughness element. imbarl instability mechanism of the b.l. is by-pakse

Braslow et al. [4] reported that there is a minimgmain height to start the transition to turbul@otv. This
minimum height is a function of the local Reynofdgnber and the thickness of the b.l.. Smaller gragve no
influence and the flow will remain laminar. Brasl@ives for aircraft wings the numerical value oD@0r Re,,
the Reynolds number based on the grain size thatdwoitiate transition. This value is valid beyotite local
Reynolds numbeRe, = 1.510°. Closer to the leading edge the necessary graiisilarger, numerical values
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are not given. Klebanoff et al. [5] measured valf@sRe, of 325 for hemispheres and 450 for cylindrical
elements. In a review of the literature they fowatlies forRe, as low as 45 for flat triangles and up to 1000 for
cylindrical elements.

Detailed experiments, including hot wire anemometrgre conducted by Doenhoff and Horton [6] on aO¥A
65(215)-114 airfoil. This airfoil has a favorableepsure gradient up to 50% of its chord. The véfoci
distribution is similar to the flow along the holf a sailing yacht, were the maximum velocity césvde found
at the midship section. Doenhoff and Horton replmetphenomenon that the flow is identical to theitar flow
over a smooth surface if the grain size is notdaegough to initiate the transition, i.e. the flowes not
"memorize" the roughness strip. They also found the transition depends only on the conditionghat
downstream end of the roughness strip; the stresenextent of the strip had no effect. Kerho andgBrir]
support this with measurements on a NACA 0012 #iviith different locations and extents of the rbngss
strips. This opens up the opportunity to make uUseest results gained on rough surfaces in geneital the
roughness starting at the leading edge and thearlelatabase is not only limited to small stripsomghness.
The independence on the extent is of course onlg f@ the initiation of the transition, not fohé¢ magnitude
of the drag.

2. CRITICAL REYNOLDSNUMBER UNDER THE INFLUENCE OF ROUGHNESS

Newer test results on rough surfaces make it plessdbreplace Braslow's "rule of thumb" with a maletailed
computation of the critical Reynolds number at $iffon onset. An empirical correlation of more th&00 test
results was lately reported by Lorenz et al. [8]eTests were made in the stator of a gas turlaiseacle, which
is a flow situation with a mild favorable pressygmadient because the flow is accelerated. The m#cis a
correlation for the b.l. momentum thickness thateiguired to trigger the transition. The input ahies are the
roughness height and density, the b.l. displacentgcikness and the turbulence level of the freeastr. The
pressure gradient along the surface is not coresider

2.1 Equationsof theempirical correlation

The geometric roughness height is converted intefective height using the following equations:

JIRLES
R )
l -028
kg =K DSS[ﬁl—J N\,
/\R
Forkg > 0.0X6* the roughness has an effect on the critical moumerhickness:
1 -1
Re9,(:rit,rough = [ + 0'00937[rr0uth (2)
ReB,crit,smooth
The roughness function is computed from the follgv@quations:
frongn = EXH(— k) [k, — 002)” + (1 exp(-k;)) fk, — 001) T
a =min(04Tu+ 08,30)
3
C=01Tu+ 085
— keﬁ
57 5%

Lorenz et al. use for the critical momentum Reymahdimber over smooth surfaces an own correlatiah th
depends only on the turbulence level. It might beds to use the well established correlation by-&hannam
and Shaw [9] which also takes into account the qumesgradient. A slight modification by Fraser et[20]
adapts the A-G&S correlation to the more recertriesults:
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g(m) = 691+ 12750+ 6364° for m<O0 @)

g(m)= 691+ 2480n-12270n° for m>0

m=8 Y

v dx

The parameter range for the correlation was= 0.2 — 15.7 % an®/o* = 0.1 — 6.3. The procedure is now as
follows:

1. determine geometry and amount per area of the rmsghparticles, calculakg: from eq. 1

2. calculate the properties of the laminar boundaygdavithout roughness, starting at the forward
stagnation point and continue downstream to theaed of the sand grain strip

3. calculateRey, it, rough fOr this location, using eq. 2-4

4. compareRe, from step 2 with the critical value from step fthe critical value is exceeded, the
transition of the b.l. will begin. IR, is less than the critical value, the b.l. will @mlaminar and the
sand grain strip is hon-existent for the flow.

To check the validity of the calculation methode firocedure is applied to the cases described] iané [7].
The boundary layer calculation required in step garformed with the program XFOIL [11].
2.2 Comparison with test results of a NACA 0012 airfoil

The roughness elements used by Kerho and Braggv§ré staggered hemispherical shapes glued onto a
substrate. The height above the substrate wasn25The center to center spacing was 1.3 mm. Jdosnetry

200
—Lorenz +eq. 4
m turbulent
+ laminar

150 ~

100 ~

Reg

50 -

Figure 1. Momentum Reynolds number at theroughness strips of a NACA 0012 airfoil

gives a value of 11.4 fofg. For the roughness positions close to the critiedlies, the results are depicted in
figure 1. Kerho and Bragg did not determine thecexgatical Reynolds number; they just measuredtivethe

b.l. behind the roughness strip was laminar or ulenit. Lorenz's correlation line for the criticabyholds
number successfully separates the turbulent anthé&ansases. This is a helpful result, because dhghness
strips are so close to the leading edge that Bréslule would not be applicabl®d < 0.510°). The usage of
eq. 4 is necessary to correctly identify the tuebtistatus for the case kb* = 1.28. If instead the critical
momentum Reynolds number over smooth surfacesog®ged by Lorenz were used, laminar flow would have
been predicted.
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2.3 Comparison with test results of a NACA 65(215)-114 airfoil

Doenhoff and Horton [6] used grit No. 60 carborumdgrains, cemented to the surface by a thin coaheliac.
The density is only approximately given with 50800 grains per sg. in.. The same sandpaper typtijs
were used by Braslow and a more detailed descnipitieluding a histogram of the grain sizes, isegivn [4]. A
close up photograph can be found in [12]. From thisrmation an average grain size of 0.0112 inot a
density of 724 grains per sq. in. can be dedudege lassume that the lowest 20% of each grain atiedbin the
shellac we gek = 0.228 mm andiz =13.6. The critical Reynolds numbers for the stéitransition, calculated
and measured, are shown in figure 2. Consideriadatt thak/s* is outside of the correlated parameter range,
the prediction seems to be acceptable. The discogpat 50% ak/s* = 10 is large, but Braslow's rule would be
100% off at the lower end and would not be appliedtr the higher values &fo*.

100 1

Reg_ crit

—#— Wind tunnel, Doenhoff
—— Lorenz

1 10 100
k/&*

Figure 2. Critical momentum Reynolds number at the roughness strips of a NACA 65(215)-114 airfoil

2.4 Comparison with test results of a cylinder

In the two previous test cases the roughness heightlarger than the displacement thickness obtheWe
now need to know if Lorenz's correlation also woftis smaller roughness heights. The range bedoiv < 1
was investigated by Feindt [13] on a cylinder, itudjnally placed in a closed wind tunnel with seale
different, but constant pressure gradients appliéé. cylinder was covered with commercially i@de sand

400
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250 = H H H | H
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= Wind tunnel, Feindt |}
— Lorenz :

zero pressure gradient
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k/é&*

Figure 3. Critical momentum Reynolds number without pressure gradient, surface with No. 60 grit
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paper. The No. 60 grit has a density of 2200 grgs sqg. in., which is much higher than in the pres
example./1r decreases down to 6.1. The comparison of caladilatel measured critical Reynolds number in
figure 3 is somewhat disappointing. The suctioframt of the leading edge of the sandpaper thaetessary to
remove the incoming b.l. might have had an infleenthe suction rate was kept constant and was not
individually adjusted. The maximal error is 45% tbe higherk/o*. Feindt also measured the influence of a
constant non-zero pressure gradient in the windiglion the critical Reynolds number. Figure 4 shaofnes
comparison between measured and computed valudle lideal case the symbols would lie on the diagjon
line. The maximal error is 16%. It is obvious tha inclusion of the pressure gradient in equadioim the form
proposed by A-G&S, improves the prediction compacedorenz's original paper.
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ST I N R R s o Figure 4. Critical momentum
i | g = g Reynolds number in retarded flow
§ § grit No. 60-220
L% - ]
f 3 i im E
L e T e b e
2 | ‘ e m
g o b
T E 3 ht .y E
)1 . R e e e
' i i i i i
o m % - 07452 W2
e
100 i i i i i
100 150 200 250 300 350 400

Re 5, computed

Finally Feindt provided results for an accelerafiedv with a constant negative pressure gradiergufd 5
compares measurements and prediction. The maximualis -14%.
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In summary one can say that the predicted transReynolds numbers are only approximate, but Isétter
than all previously proposed approximations. Bra&aule was developed for wind tunnels with extegmow
turbulence levels. As Feindt's measurements wendumded at a turbulence level of 1.2%, Braslowls fails
under these circumstances. At the measured tramdiicationRe, reaches only values between 40 and 200,
which is far less than the threshold of 600 thatilandicate transition to turbulence accordingni®rule.
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3. TRANSITION ZONE

The measurements of Kerho and Bragg [7] show tiatransition zone behind a b.l. trip can be sigaiftly
longer than in the case of natural transitionakes a certain distance and time for the turbupots to grow
and merge and to develop into fully turbulent fld#vthe b.l. calculation along the ship's hull wexwitched
from the laminar to the turbulent equations at tfamsition point, the overall viscous resistancelddbe
seriously overestimated. It is therefore necessarknow the length of the transition zone and inliton a
method is required that allows the calculationhef $kin friction coefficient and the b.l. thicknesghis zone.

3.1 Transtion length

An explicit investigation of the transition lengifiRe, is reported in [14]. Gibbings et al. come to tbadusion,
that the length of the transition zone can be tated to the value of the Reynolds numBey at the location of
the b.l. trip. Figure 6 shows this correlation &ravailable data. Since the transition lengthesby two orders
of magnitude for an identical value B&,, this seems not to be a realistic correlation.

1E+07
+ Smits et al. [16]
m Erm [15]
A Gibbings et al. [14]
1E+06 ~
* Kerho & Bragg [7]
& 1E+05 -
<
1E+04 ~
1E+03
1E+04 1E+05 1E+06

Reya
Figure 6. Transition length as a function of the Reynolds number at the location of thetrip

The experimental results in figure 6 were gainedifferent wind tunnels at different turbulence dés; soTu
has obviously to be taken into account. For natweaaisition Fransson et al. [17] demonstrate, ti@transition
length is proportional to Tt Further information can be found in [5]; Klebahef al. argue that the transition
length will most likely depend oRe,.. These statements lead to the correlation thdepscted in figure 7.
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Figure 7. Transition length -Tu? asa function of Re,
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In this diagram the transition length of the expennts by Gibbings et al. [14] was taken from tli&rgram of
the shape factor, &, is given only for this data. Their b.l. trip cosis of balls on a flat plate. Kerho and Bragg
[7] used a NACA 0012 airfoil for their experimentsth hemispherical roughness elements. The testsrhy
[15] and Smits et al. [16] were conducted with fiddtes at zero pressure gradients; a row of cyiatistuds
was used for the b.l. trip. The relative roughnbsight k/d varied between 0.3 and 1.5 in the experiments
depicted in figure 7. From natural transition itkisown, that the pressure gradient has an influencéhe
transition length and most likely this is also tase for the tripped transition, but the availatdé is presently
insufficient for such an analysis. Considering different experimental configurations in figureifi¢luding the
NACA 0012 with a pressure gradient, the correlaseems to be acceptable for engineering calcuktiohe
curve drawn in the diagram follows the equation:

ARe, [Tu? = 875[Re, — 0001[Re,” )(5

It is interesting to note, that even in the earlgasurements by Breslin and Macovsky [2] the infageof the
turbulence level is visible. As a result of thergased turbulence induced by the breaking bow wthee,
transition length close to the water surface ismshoorter than down below.

3.2 Transition model

There are several models for the b.l. calculationhie transition zone with natural transition. Aveoview is
given by Narasimha [18], more recent results canfdaend in [19]. A successful approach is the linear
combination of a laminar and a turbulent velocitgfile. The idea reflects the fact, that at a gipemt in space
the flow alternates in time between a laminar flamd a turbulent spot. The time share, during whieh
turbulent fluctuations are present, is called imittiency factory. The value of 1 describes the fully turbulent
flow and O the undisturbed laminar flow. For detaibout the definition of see [20]. The linear combination
allows calculating the properties of the transidéibb.l. The calculation of the laminar flow staatsthe forward
stagnation point. The turbulent properties aredated for a fully turbulent flow that starts upstm of the
transition point. The starting point is determinieg the condition that the turbulent b.l. thicknesat the
transition point matches the value of the lamirasec In the transition zone the two velocity pesfiare linearly
combined. The following equation is used e.g. far $kin friction coefficient:

Cf = ftr l]:f Jturb + (l_ flr)mf Jam (6)

In case of natural transition, the linear combimatfactorf, is identical to the intermittency factgr The
displacement thickness can be calculated in theesamy asc;, the momentum thickness requires a more
complex calculation [21].

It is an open question, whether this model, thatsssfully describes the natural transition, cao &k used in
the case of a tripped b.l. The Reynolds numbehénttansition zone is much lower in the trippedecasd the
turbulent velocity profile that is needed for theelr combination might not exist at these |Ba values.
Valuable information is given by Park et al. [22] @ result of their numerical simulation. The dlsitions of
the turbulence properties within an individual wignt spot aRe, = 300 closely resemble the properties in the
developed turbulent state Be, = 1840. Even if the turbulence is not sustainebictv is the case if only
turbulent spots appear over a short time, theidnatoefficient within these turbulent spots cancla&ulated by
extrapolating the 1/7 power-law approximation dawhow Reynolds numbers. In a similar manner Sp§2a]
studied the flow at low Reynolds numbers by digiatulation and concluded that in sustained turlzdethe
wall and wake regions begin to overlapRa} lower than 400, with the consequence that therittgaic layer
disappears. Therefore a classical "fully developeabulent flow does not exist beloRe, = 400, but the
velocity profile can be approximated by a power.|&mits et al. [16] came to slightly different réspywhen
they measured the tripped turbulent b.l. behindwa of pins in the wind tunnel. Even Be, = 354 for zero
pressure gradient and at 261 for a strong favonat@ssure gradient flow, they found a logarithngigion in the
velocity profiles. Nevertheless the skin frictionefficient could be fitted well by a simple 1/7 pemtaw
approximation. Their approximation with an additibmrorrection for the turbulence level accordingStefes
[24] will be used for the determination @fy,, within the transition zone.

Finally we need an equation for the calculatiorf,ofis a function of the distance from the trippingide. As
already indicated, for a tripped b.l. the valughef factorf, is not equivalent to the intermittency factor ashe
case of natural transition. The reason for thisrdjsancy is the region of separated flow behindtistacle. The
turbulent fluctuations and therefore the internnitte factor are high because of the vortex sheddimgreas the
shear-stress at the wall is low and can even becmyative in the recirculating flow region. The exmental
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results in [5] illustrate this situation for a sieagoughness element. The momentum thickness indi@ is a
copy from [5], with the curves for the laminar andbulet b.l. added. The momentum equation for ol

%Ef:%+(2+H)B€Ed£ ()
dx U dx

enables the approximate calculationcpfwhich in this case contains not only the wallahstress, but also the
pressure drag in the region of separated flow.dlliyéoehind the obstacle; is therefore dramatically increased
by the drag of the obstacle itself, then a regib8-B recirculating flow follows, with vanishing Wahear stress
in the flow direction and after that we see thedged increase of; from the laminar to the turbulent level. The
fully turbulent level is not quite reached, whia) according to [5], due to the 3-D nature of tlwavffield
behind a single roughness element.

| roughness element |

3.0 0.035
—— experiment
25 1 —— laminar SRk —&— experiment
— turbulent _ i
0025 | laminar
——turbulent
53 0.020 +
g 3
® 0.015 4
0.010 +
0.005 +
0.0 : ; ; : 0.000 P - . .
0 200 400 600 800 1000 6.0E+05 B.0E+05 1.0E+06 1.2E+06
X-X o (Mmm) Re,

Figure 8. Momentum thickness and calculated friction coefficient from [5] for single roughness element
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Figure 9. Friction coefficient calculated with momentum equation, data from [7] for roughness strip

Applying the momentum equation 7 to the data ofh$eand Bragg [7] yields; as depicted in figure 9. Again
the coefficient contains an additional pressure diigectly behind the roughness elements and appeigs the
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skin friction further downstream. There is appdsenb region of recirculation as in figure 8. Thisght be
caused by the interference of the many wakes betemdral staggered rows of roughness elementslifiédeae
combination method seems to give a good approximaif the wall shear stress. The published intéemdty
factors in [7] make it possible to compare its gitowurve with that of the linear combination factas taken
from figure 9. Since decreases with the distance from the wall, theevairectly at the wall is taken for the
comparison. The result is depicted in figure 10.akgady previously explaineg,andf, are quite different in
the case of a tripped b.l.

1.0

Figure 10. Comparison of intermittency and
linear combination factor for

R T NACA 0012 with roughness strip
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R e e i
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On the basis of the survey in [18] the followinguation is proposed for the determination of thesdin
combination factor:

2
f=1-exg - 250 °& R 8)(
ARe,

The transition lengtiARe, can be taken from equation 5. For the exponerdlaevof 2 was chosen, which is
debatable. Fransson et al. [17] suggest for natwaakition, based on their measurements, an exyparfe3
(Johnson model) whereas in Narasimha's originakwioe exponent is 2. The best fit to the experirmkedata
for the tripped b.l. at lowu in figure 9 was achieved with an exponent of 1e Elponent seems to depend on
the turbulence level; a final decision can not lyetmade. Figure 11 serves to illustrate the qualitit of
equations 5, 6 and 8 by comparing it to the expenita data of Erm. Most; values were measured with a
preston tube, the few higher ones were determingdarClauser charffu = 0.32 %.

0.006
Figure 11. Measured friction
coefficients by Erm [15]
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tripped with arow of pins
0.004 +
DR + experiment
laminar
0.002 + turbulent
— — linear combination
0.001 T+ i
0.000 : : : : 1
0E+00 1E+05 2E+05 3E+05 4E+05 5E+05 B6E+05

Re,

© Ulrich Remmlinger, page 9



4, EXAMPLE CALCULATION FOR THE HULL OF A SAILING YACHT

The equations derived in the previous paragraphe meorporated into a computer program that catesl the
boundary layer along the ship's hull, using angraémethod as described in [25]. With this toasipossible to
calculate the viscous resistance of the modelbkernDelft-towing-tank. The model Sysser 72 is usectlas an
example. The b.l. trips of the DSYHS consist okethwvertical strips at different distances from liwav. The

active strip that causes transition can vary, ddipgnon the Reynolds number. Figure 12 shows thistemce
coefficient as a function of the Froude number. therfixed model size the Froude number is propodi to the
Reynolds number. The resistance coefficient igittag force divided by stagnation pressure and dedteface.
The residuary resistance is determined by subtigdtie viscous resistance from the total measwsidtance.
The viscous resistance curve that is the resuthefintegral b.l. calculation shows, that the tidms point is

jumping from the 3rd roughness strip to the 2nd &roude number slightly greater than 0.15. A ségamp

occurs above 0.33, when the transition point mdves the 2nd to the 1st strip at the bow. Thesedsnd
increases in the viscous resistance are also eigibthe total measured resistance. Indeed, theecofr the

residuary resistance is smooth. The viscous resistealculated with the ITTC correlation line &t 1, is also

depicted in figure 12. This value is obviously tlawge and of course does not reflect the variatibrihe

transition points.

0.004 T T T T
—aA— total resistance, experiment : : : :
= = viscous resistance, ITTC ! ! ! : |
—&— viscous resistance, b.l.-calculation } } } !

0.003 4| = resuduary resistance 4 | | L

| | |

- | ‘ | | |
c | |
2 ! ‘
2 | |
© |
o | |
o i -
o 0.002
(8]
c
s
0
(%]
o

0.001

0.000

Froude number

Figure 12. Resistance coefficientsfor model 72 of the DSYHS

5. CONCLUSION

The equations in this paper that describe the ittanscaused by a boundary layer trip make it gassto
calculate the viscous resistance of a ship modéd 8and grain strips in the towing tank. For theYBIS the
resulting viscous and residuary resistance give®ee realistic picture than the ITTC value that baen the
basis of the regression analysis at Delft Universit
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