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The practical application of riblet to three dimensional double model. for viscous drag
reduction. was studied analytically by intergal solution to three dimensional turbulent
boundary layers. The case of a V—groove riblet technique on the shear stress and boun-
dary layer velocities were incooperated in the computation of the flow over a smooth
slender ship hull. As the results the possible mechanism of turbulent drag reduction by
riblets are then suggested based on detailed studies of near-wall turbulence characteris-
tics. And a turbulent boundary layer calculation scheme based on a momentum integral
method was modified for the computer program. An example of the calculation results is

presented.
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Nomenclature

Cr :mean skin friction coefficient
C. :local skin friction coefficient
G : Clausers pressure gradient

parameter

H : shape factor, 6% /0

ks :mean apparent negative riblet
height

L ship length

R. :length Reynolds number

R.. : displacement Reynolds number

U. :local potential flow velocity

U : temporal mean velocity in x - direc-

tion at y
ATy : shift of logarithmic profile due to ri-
blets. AB
A Uy : shift of logarithmic profile due to
pressure
u,  friction velocity. vt/

. angle between surface shear stress
and surface potential flow stream-
line

d :nominal boundary layer thickness
0. :displacement thickness

¢ : momentum thickness
6’ :nondimensional momentum thick-

ness, 26/L

v kinematic viscosity

p density

tw : shear stress at the wall

Introduction

The possibity of getting a net drag reduc-
tion by riblets has initially been pursued
by Walsh(1982) and his colleagues at
NASA. The fact that the riblet can be
reduce turbulent viscous shear stress has

been ascertained by many studies(1982,
1986) and some models have been propos-
ed to explain the mechanisms of the drag
reduction by riblets(small streamwise
groove). One of the next interesting step is
to apply the riblet to industrial fields. In
particular. an application to ship model ex-
pected to provide major energy savings.
However, most of the riblet studies were
carried out in flat plate boundary layers
with few works in the past.

The use of riblet for the 1987 America’s
Cup winner “Star and Stripes was un-
doubtedly one of the most sucessful exam-
ple of marine application of the riblet dev-
ice. The work described with one third
model is a general study of experiments
supported largely by British Maritime
Technology using their Towing Tank at
Feltham(1987).

The purpose of the paper was to find a
practical calculation technique of assess—
ing the role of riblet to turbulent boundary
layer for the drag reduction over the bow
of model hull. The study has been carried
out experimentally and will be further pur-
sued. And the present work also is to
present the performance of riblet for drag
reduction in ship of double model through
comparisons of ribleted ship surface with
those from smooth ship.

Calculation Methods

There are several methods available for
the computation of the potential flow and
boundary layers of ships. The present au-
thor's have given preferance to personal

computer time and convenient usage, and
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have chosen a Hess and Smith method
(1967) for calculation of the potential flow.
described by Kim and Lewkowicz(1992). In
this method as a basis for the boundary
layer characteristics and skin friction resis-
tance calculations, the streamlines and
pressure distribution along the stream-
lines must be determined. For this pur-
pose a potential flow technique modified
by Kim and Lewkowicz(1992) has been
used. For boundary layer calculation the
1(1992)
method was chosen, assuming a small

Kim and Lewkowiczs Version

cross flow. Momentum integral equations
were used as basic equations. viz.

de
‘g—“— +0,(2+H)P —K (6, -0Oy)
94
=12C, (D
6,
4 ; +260,(P -K)+6,KA(1+H)
+K,0,=12C, (2)

Head's entrainment equation was chosen

as auxiliary equation,

de,, - H

—L—];—a——E—)—+@nHE(P‘K1)=F(HE) (3)

where

F(H)=0.0306(H; ~3.0)7:653 )
-9

e = 6 H (5)

Hy =~ 1.535(H -0.7)">75+3.3 6)

Kim's profile(1992) was used for the
crose-flow velocity representation. To close
the system of equations. a skin friction

law was added in the following form :

[2 _ AUy AT,
c =25lnRs +4.1- it (M

ri

UR

where the downward

represents
shift in the velocity profile due to riblet as
found from experiments by Gaudet(1987).
Again, for the turbulent boundary layer
calculation the Kim and Lewkowicz
method(1992) was chosen. It assumes a
small cross flow and is connected with the
Kim and Lewkowicz method for the slend-
er body potential flow calculation. As on
auxiliary equation Head's added to the
momentum integral equation. The follow-
ing form of the skin- friction law for the
boundary layer calculation on the smooth
and ribleted surface in moderated pressure
gradient was used :

AT, - AT,
N2 =25InR, +41- 20k L 800 (g
Cr T uT

u

. AU
The function * was found from Gau-

det(1987) described below and the pres-

sure gradient contribution to velocity de-

UP
ui’

parameter :

fect law was calculated as function of

AU
- P =1253(G-6.7) for G=6.7 (9)

T
or

AU
u‘[

=0.404(G -6.7) for G{6.7 (10)

For the estimation of the G value the fol-
lowing numerical approximation was used :

G(H)=3.3+exp (0.4667 - 2.722in
(H-0.6798)) for H=1.6 (11
or

G(H)=3.3+exp [0.4383 - 3.064i{n
(H-0.6798)] for H) 1.6 (12)

The procedure for the boundary layer cal-
culation described above was programmed
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for a 80486DX personal computer. The pro-
gram itself was kept basically intact in its
lay-out and structure but physical im-
provements were incorporated Version V.
I by making the shift by smooth and ri-
blet.

Thus altered program run well for all tri-
ed flow cases free from any numerical pecu-
liarities nor significant increases in the
CPU time.

The time is need to calculate velocities,
pressures and boundary layer characteris-
tics along 20 streamlines. A practical fea-
ture of this program is that it can be used
to calculate the boundary layer on a
smooth ship hull, on a ribleted hull and on
a hull with riblet only on some parts along
its length(the location of those riblet areas
can be changed). To assess seperately the
influenc of the riblet effects above. it was
possible to 'switch’ them on and off within
the program.

Drag Characterization in the
Case of a V-groove Riblet

In this study the modified program was
applied to a slender hull(Liverpool Model)
model shown in Fig. 1 which was tested ex-
perimentally in a wind-tunnel at Liverpool

~——= frame Linegs  ===== Potential Streamlines

Fig. 1. Body Plan and Potential Streamlines of
Model.

University.

The test results provided a data bank of
the wall friction coefficient values on the
hull in a smooth and ribleted ship modle.
As the example, the similarity laws are ap-
plied to the case of a V-groove riblet
where the lenth factor is h. the depth of
the groove and s. the lateral spacing of the
groove. respectively. For a particular case
of riblets of grooves with s/hA=1.28. Gau-
det(1987) presents drag characterizaition
data. AB. against logih’. Here R '=uh/v.
The beginning point for AB=0, log,sh'=0.
62. is inferred from a AB-s" correlation
shown by Gaudet.

Three regimes are delineated as follows :

1. AB=0. log,ch" {0.62. This regime may
be termed hydraulic smoothness.

2. AB)0. 0.62<log,oh *<1.37 This is a re-
gime of drag redution.

3. AB<0. logih' ) 1.37. This is a regime
of drag argumention or hydraulic rough-
ness.

The equations may be analytically fitted
in piecewise segment as follows :

1. logwh' (0.62, AB=0

2. 0.62<logih” 1.06,
AB=1.13 -5.84(1.06 ~logwh )"
1.06<logih*<1.37.
AB=113-11.76(og,:h" —1.06)

3. logwh™ ) 1.37.
AB=-Alog,[1+0.07(h" - 23.44)]

For maximum drag redution, AB=1.13
at logih'=1.06, h"=11.48. The effect of ri-
blet on the boundary layer was studied by
means of a specially designes balance fitt
ed into the cavitation tunnel at Liverpool
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University. The balance records the total
drag and the difference in drag between a
smooth and a riblet floating element in the
two surface sides of a slender hull. The
velocities in the boundary layer were
measured by means of a pitot tube.

The velocity decrement in the logaritmic
part of the boundary layer may be found
and based on the friction velocity u.. The
variance of skin friction over the floating
element is very near linear. so that mean
values for C. and u, can be taken for the
element.

For a smooth, flat plate we may write ac-

cording to Clauser and Hama :

\/ = =Aln Us 8% L, (13)
Cq v
and for a riblet surface :

’ 2 _ U‘g 5% AUR
-a--Aln v +B - "T_

Hence at the same displacement Rey-

242 (14)

T Smoath T Rough

nolds number :
AU; \/
u, Yc

Calculated Example

The boundary layers were calculated for
at length Reynolds number R,=3.58 - 10°
corresponding to a ship velocity of 13.
8knots. As starting section station no 19
was chosen and the calculations followed
to station no.l. The initial values of Ry and
C; for each streamline at the starting point
were required.

We assumde that these values were the
same for all streamlines and equal to 0. 0.
7-10" and 0.6 - 10” respectively for all the

smooth hull surface and equal to 0. 0.55 -
10” and 0.5-10° for riblet hull surface.
The cases of six(All Smooth, All Riblet. 1st
Riblet. 2nd Riblet, 3rd Riblet, 4th Riblet)
correspond to the situation when the
whole hull surface is smooth or riblet
respectively. In the four remaining cases(3.
4, 5 and 6) 75% of hull surface is riblet
and the rest is smooth, This ribleted stripe
with length equal to L./4 has a different lo-
cation along the ship length for each partic-
ular case. In the cases when the riblet was

. . . . A
taken into consideration the function UUR

T

was calculated by equation :

2 Ug =0.385 \/Ei-ki (15)
U, v :

corresponding to experimental results in
Gaudet(1987) for V-groove plate with a
riblet amplitude. The

mean apparent
results of the boundary layer calculations
are shown in Fig. 2 through 10. In Fig.1
the streamline plots are presented. In Fig.
2. 6. 8, 9 and 2 the changes of calculated lo-
cal skin friction coefficient and nondimen-
sional momentum thickness along the ship

Model Cals: WL3

o THL1*10E3 [-1

—

4+ Al Riblet
R IrdRiblet

* Al Smooth
-X- 2nd.Riblet

1t Riblet o
—6— sth.Riblet

Lengihwise Ship Co—ordinate

Fig. 2. Streamline momentum thickness.
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length and in he cross-sectional direction
are shown.

In this figures both results for the com-
pletively smooth and completely ribleted
surface are presented{case 1 and 2). In
Figs. 5. 6. 7. 8. 9, and 10 are shown the lo-
cal skin friction along the streamline "3
(passing the bilge) for all six cases. As can
be seen in these figures the transition
from smooth to riblet surface produces a
marked jump in C. values above those for
a completely riblet hull surface(case 2).
Similarly, the transition from a smooth to
a riblet surface results in C, values below
those for a completely smooth surface(case
1). For other streamlines the C, changes
have a similular form.

The nondimensional momentumn thicknesses
along the streamline "3 for cases 1 to 6 are
shown in Fig. 2. For the cases with partially
riblet surface the &'
the values for a completely smooth surface

values never exceed

and never go above the values for a com-
pletely riblet surface. The total friction coef-
ficients Cr for the ship model were calculat-
ed by integration of C, over the hull and

Model Cals.: WL3

Shape Factor (-]
1.6

1.5

1.3 L
1.2p
11 *  All Smooth ~—+ All Riblet ¥ 1t Riblet
' - 2nd.Riblet K 3rd.Riblet 0= ath.Ridlet
1
-1 ~-0.5 [ 0.5

Lengthwise Ship Co-ordinate

Fig. 3. Streamwise shape factor.

they aren't given in here.

First. the outcome of the present compu-
tations is shown in Fig. 2 where the
values of the streamwise momentum thick-
ness. for the model. at probably the most
representative WL3, are displayed for six
different computational cases: (i) All
smooth hull computed(All Smooth). (ii} All
riblet hull computed(All Riblet). (iii) First
quarter area ribleted ribleted hull
computed(2nd. Riblet). (v) Third quarter
area ribleted hull computed(3rd, Riblet)
and Forth quarter area ribleted hull
computed(4th, Riblet). Interestingly. only
very little effect on can be seen on either
4th ribleted hull.

The basic streamwise shape parameter.
H=0,,/0,,. along WL3 is plotted in Fig. 3.
It contains six curves for the same cases
as shown in Fig. 2. It can be seen that the
case from 1 to 6 modification in order im-
poses a much weaker effect on the
parameter. although forth case does
reduce slightly H values on the smooth
hull. As expected, a strong effect of the sur-
face riblet on AH is expectedly conveyed

Mode] Cals.: WL3

°  All Smooth ~— Al Riblet —& 13t Riblet
15 ~%- 2nd.Riblet A 3rdRiblet —O-  4thRiblet
10 F
sf
° *‘Q——*—/ s,
’ N
4
10 L L s
-1 -0.5 0 0.5 1

x Lengthwise Ship Co—ordinate

Fig. 4. Surface flow angle.
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by the second case modification. What
must be realised is that the TBL along WL3
is largely of a flat plate nature(typical to
midships). The all riblet covered case and
first case come to fore in pressure gradient
TBL flows where the upstream history is
of importance.

Figure 4 demonstrates the development
of the limiting wall cross - flow angle §;. as
invented by Kim(1992). along WL3 :

Yi s ang-cma—np (16)
U,

where n=%2 transverse co-ordinate: 0=
B.L. absolute thickness: C=proportionali-
ty parameter in the cross-flow model: sub-
scripts 1 and 2 denote streamwise and
crosswise cmponents. respectively. For al-
most the entire length of huli(extremely
except stern), the value of 0° (8¢ — 7 indi-
cating, as expected. a weak three-dimen-
sional TBL. All computational variants
more or less mutually agree throughout
the hull and there is minimal surface ri-
blet influence on #,. Nearer to aft some diff-
the riblets
change things somewhat but it is not easy

erences appear: seems to

Model Cals.: WL3

Cf*10E3

Al) Smooth
All Riblet
1t Riblet
2nd,Riblet
3rd Riblet
4th Riblet

TTILE

¢ . L -t n A " L

2
-0.8 -0.8 -04 -02 a 0.2 0.4 0.6 0.8 1
Lengthwise Ship Co—ordinate

Fig. 5. Local wall friction coefficient.

to discern any systematic trend. At stern.
on approach to separation, rapidly grows
to values greater than +16° in case of 1, 2
and 3, but except in case of 4th case.

Of main interest in this exercise was to
calculate the wall friction along WL3 of
the slender hull and compare the predic-
tions with measurements published by
Okuno and Lewkowicz(1987). These results
were assembled together in Figh. From
which it is apparent that the riblet modifi-
cation is beneficial to the .predictions on
reduction of resistance of hulls alike. al-
though more strongly so for the latter.
especially, when combined with local riblet
correction. _

Datas utilised in Fig. 5 were further pro-
cessed to obtain the girth averaged values
and as such are given in Fig. 6.

Here also it is clear that riblet surface
yields quite encouraging drag reduction
with most of the smooth of surface.

The wall friction distribution around the
hull allows to calculate the friction resis-
tance of the hull(at Fr=Froude number=0)
by integrating the C; over its wetted
surface(between WL0 and LWL). This cal-

Model Cals.: All WL's

Cf*10E3

.
2 “*- All Smooth © Al Riblet ®  pst.Riblet
6= 2nd.Riblet =& 3rd.Riblet X< 4th Riblet
1 . . L . L i L s
-08 -08 ~04 -02 [ 0.2 0.4 0.6 0.8 1

Legthwise Ship Co-ordinate

Fig. 6. Girth averaged wall friction coefficient.
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culation is only approximate as it is assum-
ed that past separation the wall friction
was zero and of course that the presesnt
method was predicting separation correcrt-
ly. It transpires from the model test experi-
mental data that the surface ribleted ac-
counts for ACr=1.31"-10° decrease in the
total hull friction coefficient over that for
the smooth hull.

Figure 7 shows that modification pro-
gram underestimates the decrease of total
skin friction of wetted surface with rilbet
surface. The largest decrease in Cr com-
pared to the smooth hull values was ob-
tained for case for completely rebleted of
surface when the ribleted strip was cover-
ed between station 1 and station 20. In
this case the decreasement of friction by
all covered with riblet surface amounts to
about 8.2% of the total wetted surface.
Case 2. i.e. a riblet stripe between station
1(from F.P.) and station 20(stern) - gives
the least decrease in Cr in relation to case
6. but simultaneously the ribleted surface
is also the smallest one, about 1.5% of the
total wetted surface only.

Model Calculations

o ( . s X [
J» -1.5
-3t -2.5
-3.3
& AN Smooth
s X All Riblet
-e.2 k- 1ut.Riblet
—&- 2nd.Riblet
4= 3rd.Ribl;
a2 3rd, Riblet
-“r ~—=— 4t.Riblet
- _— L L
1 2 3 4 5 [

% Decresse over case 8(Cf=4.2°E0])
Fig. 7. Riblets caused decrease in hull friction
resistance(% below smooth).

Zornally Smooth Hull

Policy decisions regarding the economy
and effectiveness of hull cleaning. antifoul-
ing protection and riblet surface may be
made on the basis of the idea of ‘zonal
hull treatment. It had been considered in
the past. Notably. Baba and Tokunaga
(1980). Kauczynski and Walderhaug(1987)
as well as Okuno and Lewkowicz(1987) ad-
dressed this problem.

Zonal analysis of the hull riblet is usual-
ly executed by assigning a state of surface
riblet to selected quarters of the hull
where each quarter is LWL./4 long.

It was convenient to apply the present
modified version in this manner in order
to assess how zonal smoothing affects the
girth averaged C;along the slender hull.

The final output of the exercise. shown
in Fig. 8. seems to suggest that the effect
diminishes quite markedly if the Tiblet
quarter moves progressively aft. Of course.
this exercise must be regarded with cau-
tion since no proper account could be

made of the consequences of zonal smooth-

Model Cala.

C{*10E3

All Smooth
All Riblet

1st.Smooth
2nd.Smooth
3rd.Smooth
4th.Smooth

Fhiddi

-1 -0.5 0 0.5 1
x Lengthwise Ship Co-ordinate

Fig. 8. Effect of zonal hull smooth on girth av-
eraged wall friction coefficient.
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ing upon the separated flow at the stern.
Nevertheless. the results could serve as a
handy indicator of a prevailing trend.

Comparisons with
Experimental Datas

Now the new modification version was
used to recalculate the TBL on a full size
ship whose slender hull had the same
shape as the tested model. Link is here
made with the sea trials referred to by
Nichlson and Lewkowicz(1983). Okuno.,
Lewkowicz and Nicholson(1985) and
Okuno and Lewkowicz(1987).

For those measurements taken the
present calculations offer a much improv-
ed and are assembled in Fig. 9 in all cases.

The reasons why old version yields so
very much poorer results(beyond hitherto
encountered diffrences) was not investigat-
ed in depth but is thought to have been
mainly due to the much higher Reynolds
number for the full size hull. At those con-
ditions the riblet effects relationship as a
governing equation could steer better the
overall TBL solution. For the same reason

Model Teats

C1*10€3
3 ’%ﬁ
2h
. B
b
* Al Riblet Exp. =+ ird.Riblet Exp. —*= 3stRiblet Lxp.
=& a1 RiMlet Cal. ~— 1rd.Riblet Cal. == 3stRiblet Cal.

o 1 A L L
[} 2 4 8 8 10

Re Number(E08)

Fig. 9. Comparison of model tests with present
calculations.

the correction with AH due to riblet ef-
fects might also be more effective.

Finally, when testing hull models and
transferring the laboratory data to the full
size counterpart. the right technique of
scaling becomes of some practical impor-
tance. Sasajima and Himeno(1965) propos-
ed a simple formula linking the surface ri-
blet induced decrease in the hull friction
coefficient for the model with that for the
full size ship. The formula reads :

and is valid if the riblet Reynolds numb-
er (UR*/v){10® is similar for the model
and the ship. The authors found that n=2
yields the best correlation for Eq.(17). The
formula was checked experimatally by
Baba & Tokunaga(1980) who tested it on
two large hull models of similar riblet Rey-
nolds number(Uk™/v)=410 but of different
size. Their hull Re did not change much. 1.
e. 2.2-10°( Re<9.3 - 10°. Watanabe et al.
(1969) applied the formula to a ribleted
model 150 Uh*/v{ 760 and 4.5 10’ { Re ¢
7.6 - 10" in oder to estimate the riblet fric-
tion resistance on a full size ship (Lucy
Ashton’) for which 1.52 - 10’ ( Re (2.53 - 10°,
but could not actually verify the overall
validity of the formula.

The present authors used modification
to check if the Sasajima~-Himeno formula
agrees with the Liverpool University
model tests and those for a corresponding
full size ship. For the two comparison
cases the same riblet function —that for
the model tests— was arbitrarily assumed
and the riblet Reynolds number set at Uh"/
v=400 for the ship and the model. Compu-
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tations were performed for a series of ship
Reynolds numbers: 10" ¢ Re ¢ 10"". Now, n=
n(Re) was abinitio anticipated and Figure
11. gives evidence to this. Whilst n=
2(Sasajima and Himeno (1965)) holds
around Re=10" Re ) 10°. the
present calculations seem to reveal that
for 1.1-10°CRe<{ 10", n tends to slightly
higher values reaching even 1.9<(n {2.1.

and for

Conclusion

(1) A calculational method has been
presented for boundary layer calculations
on smooth and riblet surfaces. An example
of this method applied to the estimation of
skin friction decrease for different surface
conditions has been added. It was our aim
to show that this method can be used as a
tool for hull form designers and ship own-
ers.

(2) Further modifications of program
were implemented to the Kim and
Lewkowicz(1992)

ship-hull turbulent boundary layers aim-

program for predicting

ing at a more realistic representation of
the hull riblet effects.

(3) The modifications proved quite suc-
cessful in calculating more accurately the
wall friction coefficient measured on a
smooth and local ribleted slender hull
model in a wind-tunnel.

(4) It was demonstrated that, disregard-
ing the complex effect upon the BL transi-
tion, for zonally smooth hull the most im-
portant contribution to the overall hull fric-
tion drag comes from the first quarter
(counting from bow) of the hull wetted
area. The contribution progressively dimin-

ishes as successive hull quarter areas fore
to aft are individually considered. This
analysis is unable to take into account the
role of stern separation and other thereto
related effects.

(5) An important model-to-ship scaling
formula was devised in Himeno & Sasaji-
ma(1967) making it possible to estimate ap-
proximately the riblet correction to the hull
friction resistance coefficient of a full size
ship hull from its geometrically similar ri-
bleted model counterpart. The validity of
this simple formula was checked and show
that. although valid in its original form for
some hull Reynolds numbers. it may need
to be adjusted if 1.1 - 10" ¢ Re € 10”.
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