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A study on the Valuation of Resistance increase due to
any quality at hull roughness
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Abstract

This paper deals with the method of determining the drag of hull surface which has any quality of
roughness.

The method consists mainly of the theoretical point of view, then the theory enables the drag coeffi-
cient to be calculated at full scale.

The hydrodynamical roughness function of hull surfaces AU., affected by the hull roughness are
considered as to two cases, smooth surface and rough surface case separately.

The inadequacy of a single parameter to define hull roughness is discussed and thus an additional
texture parameter is prposed.
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1. ME

B dFe o AHX (any quality)® #H37]
(roughness) & 7t AAl ®9 (hull surface) &)
9 (drag & AR 3te BHS o7 Aok B3y
2 d¥Hel7] B o8 A F3td FEHASF
(drag coefficient) & A A =27} (full scale)o| A A
37 #13led, dA9 A7 (hull roughness) 2
A8 F3s we A A §4 (hull rou-
ghness function) AU, & vh112]-$ ¥ (smooth
surface) 3 A #HHo gz Easle AAYIHo}
aa8]3 AAle A3 7] (smooth roughness) & <13
AFoll th3led 749 parameters! A2 7] FEo)
(roughness height) 7t 2 &4 & 3= Heol A
ofd & e HAFPAHAR d&f WA zAE D
olof wte} A& 7o) W& ¥ (drag) F7IE tex-
ture parameterE &g B9 S F3FHtk

2. ®7}&t2d (added drag)

AAel F2 A% (propulsive performance) &
tank test2 %8 F3A & YA o} HAA
71 (full-scale) ol A2l 4439 (viscous drag) &
AANGE AFT3HA] B3 Yot ol BHAE
AAE Ao gtoz G4 o] AAY F
& BA3HA Rated 2 ol &7t Stk AA4gHe
AAAE 845 F9 FaE F2A4FS 2As
=d AtA 7HF F8A] Fojol & aiol A
AHQA BAE Hrhste 71Fo R "l AAR
Hol Az (rough) 7%, B &4o] oprisen
E3) A4 4AY|(fuel consumption) ol Aje]l #3
7] (roughness) 2] &3+ AFsich oA« ofdt
Prte B AF2} Technical Reporte] o] &3¢l
o2 Ry 7k A E A9 Alterna-
ting-Direction Implicit (A. D. ) methodE ©]-&3%F
3zt EA 9 roughnessE T#HdA QL AAZE
7 wakeoll @3 A & B ATt AHAE viE
o2 &9 roughness7t# &g HAZ7| N
HARA S il oo g F234 88 5
AL Holth

Full scalel| A9l ¥ AAZE 123 AAF

g 73] YA BH AHVR g
g3 A oj1ze)e Aol EHR’} 4% profile
g8t Ik &% profile F, +59 58
Fo1A g xjo Al 713k EHS}"% BE-g F
% ¥ (time-mean velocity profile) &
A He)E 93 A (partial differential equation)
dEH4 AAZ A2 (boundary layer equation)
S Eojok & Aotk
olWf A& HW (rough surface) S HA}SI=|
oA, A 719l dAlEo] hix, yl)t olF &4t
2 Hol7] wFol g ojeige]l Uk
Grigson (1) Clauser function (Au, )& =AM
ozM ohEE e 27HA AMEE WEdth

1) ztztel AR %9 (rough surface) & AHA 2 4

FdE 49 Au, 2T Yz
2) Auy 9 THL ofF YT HAx=E At

o Lo
A meks e

oj9}o] o 7tA] 9| ¥ s &
92 e 71kt A ]l E’\}JSE% Au, B 4
Fited A7 g 5 Ak

1987'd ITTC performance prediction® A+
model basin test2 FE MY FZ71E%= A
4} (single-screw ships) 9] F371 Aol wigh Q=
& HEE Ao
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o] WolMe AAZ7|NA dAgdgE AF
(full-scale viscous drag coefficient) & T8t &
Eor k3 1=

CFR: (1+K) CF5+AC
o7 oAl HAAF (form factor) K= model®]

towing test® ¥E Aojx1 AA V] (roughness)
o] 71913} &2 A4 (drag coefficient) & 71 AC
(19783 ITTO & dh&7 ol Fzic}[17]

10°AC=105 (h/L)}—0.64

o714 he AA FHANAM 50mm ZHol9] sam-
ple (R,(50))& #3ld HFg HF Eoloith

ArH oz FMAdMe 19879 ITTCHS At
g3t AA 7] (full scale)ol M Cpre F83kT
AR 2 Ao B B i Ak 2R
& 27183 (added drag)e Reynolds number



V- L/vol w2t ¥sdtA s o) & s
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Aete e e NS AMRER FHI
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10°AC=44{(h/L)"*~10Rn~ Y3} +0.125

ek 1984 ITTC) A% 19789 ITTCS 4
% wlAAA R K18 (added drag) S ©E
A9 ol Fag Wy HAE R
AE Aotk 1EE FUF LxolM HitH
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Fig. 1 Relationship between AC
and roughness
o]l AAA7e A (full-scale resista-

nee) & F3oE ZHA A2 7] (roughness) 9l
o3} A= M9 physical keye A9
8 (surface) 2] A2 7184 (roughness function)
Auy ©lth

E A 242 dragE A3 9+ Clauser
function®] ZAlol qlt} FEH O R 50mm Hol&
sample® ¥ ste] 23 Hit Fo] R(50)°] R,

Ul A o) M) FRE BIF AT

(50){250ume. 2 Aoz w118)g (smooth)
A% AA7NE (roughness function)E ojd t}
& parameterE % v7FA 2 R(50)# ow g
BAE M Aoz Hol Ui, R0 2A
g A2l A7) (average hull roughness, A -
H - R)& A ZF shipsol 114 power penalties

AP, — AP
L2 %100 % =58((K,) P~ (K)"3) (Bow-

den and Davision formula)

o714 P = total power

AP,=the difference in power for a
rough ship

ALHP,=the difference in power for a

smooth ship

K, K,=the average hull roughness in

microns for a rough and smooth ship re-

spectively

o ddste} AMgE D gl

E5 AA7] B Adre Fae] g 7
Q1% parameters$}el #AE ZAS Y $18te F
ol dede] A o) o]Foix| i QL surface”t R,
(50)>250um°. 2 At 3 2.2 roughd 3%+ AA
7] &7k h=R(50)%] 499 £33 BAE 3
A gete AE Kol A7)

a8 o]fE B dAFNA= surface”’} rough3t
73%-9} smoothdt 298 o] o882 Hajsly
=3

3. &5 profile2] X

%% profile2 #EAEY (finite difference
method) & ol 83te] & F& o} o7
e 2 AEY (integral method) 0.8 Eu 2ol
el wet $% REE Vet o wie
AL 72§ &I profile®] ZARol AN 93t
7] Foll AHA FH/Adol aTEE FHol gl
© g Alite] Al og IUI £% pro-
fileo] B33 HAIHA o}F folg Hwtyolet A
Ztglo} it B3s 339 BEAE AAE 219
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o} Fuly A BS
3 Ac(16).
EAE A2 & (rough surface)o}A A7
@& (turbulent flow)ol] th3dle) A zha}at,
Granvill (13)-2 39| 7}7H& Zoll A similarity
law (Appendix 13%)-g o]&3ld £% profiled
g3 2ol ALY S IH
ZU/r hU/, il i )

u/ug, =fy( s —

2
v h'h 1)

u, & FHEEE (friction velocity), he #2719
= o] (roughness height)dll ti&te] Aeigt &3 3|
o)1, iy/h, iy/h, .= FAY AFolrh

A9 (2, 3)9 o3t Az Ao A= iy

hel #& FA4 Alx & second parameter?}
[e]
AR

al

goluh o= Fxeol B2 "J ’E}Oﬂ/‘ip ?S}L}—J
Al 4~ (parameter)$]l A& 7]9]  &eol (roughness
heighh) to.2 ZH3HS Holi it}

Outer similarity lawS ©]&3% 2193814 (dime-
nsional analysis) <

U-u

Ury

ola, (1) A3 (2) Ao
72 tg2lo] wrEo] ),

Z
= fz(g) (2)

AN welA gt
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Ursy v h
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Fig. 2. The roughness function AUy

Fig. 2 9} Zo] §& o) AxadAg 4 (4]
o 2]3lH, &% profiled viiz2]® ¥ WA (smooth
surface) ol W3t g3 -2 Coles® 4% pro-
fileg zte 3oz &4eid ok

u Z Ufs

= A-ln +Bo+¢(z/8) ()

Urs

8, (z/8) ¥l HA A3, FAHHF (viscous
sublayer) ] F7& JYElHE §,= Reynolds num-
berﬂ 2 Aol M i 00018 F=ol2 MAE
o T7% (wake term) &2 7.780.15¢] ZAA =

(boundary layer) ol A& FA 5] A5, R.7F R 3
X 10°0] 3 gtElo) A3 o= YHI AT e

o2 Hof U

(2) 22 ®wo] o) 11¢ (smoothness) A+t A
(roughness) ol % #¢lol AYd-S AE (5 6)llA
Bo F3 9l

A2 1 s¥= 2zt AR (rough) 73¢9k w11
% (smooth) ZAgolM o]z, uiz HHANA 9+
wWolzl oA stream® W3O Z long-time ave-
rage velocity2txl &t Coles9 4% profileZ T
&7 #oh



u Z Us-
= A-ln
Ufsr A%

+Bo — Au + (

& 714 Au, ¥ Clauser’s function, & A3 7)
%< (roughness function)& 2 v)8}il, ys= oh2t
%= (friction velocity), A« Von Karman's cons-
tant k2 reciprocaio)®, Box 3tue] AFE vin
&89 H7 (smooth surface) 8] oM+ LA sch
83 ¢ (z/8)e FF3(wake term)olth

FEWo] smooth 3ICHH A7t sty P&
#H3§ &% (time average velocity) u u,°] uE
Au,=00] "ok Holl A §A) zpolzt grh.

(4) A7 (5) 8¢ ¥, A3 7] (roughness)
9] RE S3F Au, Tl A3 (5) AL W
(smooth) A9 A vluHe] A4 Yk

u+s—u+r:Au+

%, el FHI AR HY Atolg]
Fadstd = &4
velocity loss function) Au, olth

Fig 3 A3 g9 fjnele 3
EAE B F3 vt

Aol

34 (non— dimensional

B

20

o 10

Fig. 3 Typical velocity profile for rough

surface

21 ()9} A(5)= i AA S (turbulent boun-
dary layer)® o}l 83 wdd FF (fully
developed turbulent)d| %= -8 %o} zic}

2=8%) A%o) tlate (5)4& ALg3te, AA =
8% SEF &4 §ot WA aExn AAEH

SRS O M o) T Ine] SRRl #HS B

s Y+ ¢(z/3) (5)

wake®] A& HLsH HA A7 (full scale)ol
A A wet AT Uy F el A 4
+ 9% # vk (Appendex 2 #%)

B4 EFEAM &9 @} Moz Eo Y
7td 33 A% (drag coefficient) Cpg T3E
Atk A7IA Crrel BT s A7) M E
A F 7 waked] HHE FRIANT Au, 9 #E
83 AAHs= Ax Fad} A

4. &z 24 &= (roughness function,
velocity loss function)

of 1221 H'H (smooth surface) &2 & Eof
& Fx49 %X (dimensionless velocity)u, 9}
3 Z9H(rough surface)oll &) u, o] ol
a9 3E 5 AYFE 92 parame-
terE9 Frz dojHch

XX

Ups = Ugr =/\Uy

o714 he 23 7| (roughness) 9] &o]o
Ztolil, ip/h, iy /h, v AL BH A9
parameters o] T},

%Nﬁ
fir

dtdo g Wa HEHARE &5 &4 4
(velocity loss function)® th&3 o,
yANV I =A'ln(1+h+/m) ............ (6)

2} (6) & &A% AX(moderate quality)e] ¥
Hell e ok 2 2 Qo)

o714 me A7 Eol(roughness height)
o= & B 49 arameter°]‘3}.

Fig.- 49| graphv 27438 Axeo HH 3 &
T £4% vdEdn gled), e 92 Jehy
A1),

o 7lof) o] 8 BE datavz 29 ‘HHI AU
(apparant amplitude) 2 B2l A& 7] ¥ol(rou-
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ghness height)oll A& F1L glo} o2& & ANuy =A-In F
dge BT Utk (6) 4% wFsa A3 n
AL ’ ’ n)
b AR Aol Bed ge (DA Faho =A@’ + Fa (h/m)” (1)
AuyE YR h/mel Bi7b 2L Feede
@2 Ao Te G 2w, GAs) EEe ()49 Wl <ol ek
7 -
su
6 -
serica 107 wia (aed s b
AvANT I 1.2 . Equation (6)
NS s.e0
o M 230 3 reate 107n/a
Q 9.3 [ 1.02
o e © 4
Ly N o ééy Vo @ g
o Q
. o _(g 1
_,.;—:/’M ' |
-1 -0.5 o 0.5 t log(h /m)

Fig. 4 Velocity loss function of hulls of moderate quality :

Equation (6) is obeyed.

Replica experiments of Lewkowicz, Musker and Das.

Plate

ae |
.

experiments ; Kauczunski

and Walderhaug

g b

t log L]

Fig. 5 Three different hull surfaces obeying equation (6).

The symbols indicat -

A surface (a)

O surface (b)

_28_—

[J surface (c)



Fig. 5= 37kA19 t24 €387 sl tishe
0E F79 FAHAE BAFa gtk

(a) = pipeoll A &71& AF&-31aL, (b) = ductol
A seE ARgSta 1Elan (o) = A #W
(rough surface)oll Al Aot o oA
Ebgt {78 (smooth surface) 9] o]} &3] F-0] 7]
= water tunneloll A ol H o} 747t H (sur-
face)! A Au, & @A h, 9 FU3 FFE e

o

Fig. 5914 Hoz M58 2(6)9 graphe]il
o] ML fitting 3= =M ma FS 4L 4+
c}.

A A7 o] (roughness height) 2] &3 o & 50-
mm sampleE ¢ profile®]l h B¢ oA A& 5o
Ao, het m & oS3 Zr}

surface  (a) (b) (c) (c)
h(mm)042 010 012 035
m 75 42 25 31
10°Ce 169 163 167 177

3 A & Rn=10%14 Zo] 200me| plate°]
et Cppol #tolth =& (d)v 3 [9)9] sur-
face formelth. ()% () & B g-E o H] = ha
=35hc QA TE dragell= & o)z} Qich. (a) 9
(d)& ¥3H ha’} hdBt} EA48%E Crla)e
Crr{d) Bt} kb HL ks et

&0 & Lewkowicz and Musker (9] & &x<&
4 &= (velocity loss function) A3 A3 7]
(hull roughness)®] zol9} A7 glvte A&
w3

o714 factor-me &3 (drag & ZF7HA17]
Aol Eol (height)HE Fa% HA7] (rough-
ness) 49 A4z A ozt

Aug ol ge g ATl i3l test flowe
2Row RE oA factorm Au,E FF
3led FAL fitting t2 24 Fdojzich

Fig. 62 1771¢] M2 ©& #H9 Clauser fun-
ction (Au, ) Bolxm JTH(8). 1370 HAE &
A% Aol U A= shipd HHE eI QU
o}, 24zt me Fig 544 T A& fitting 3IE2 4
dol it

A B ol M o] #Ehing el FEEol BES BFR

2
r/
4 A-ln h,/m ./ /[
/\U+: \/\ ;
- A-tn( 1 +h, /m) .'-;7.'
3 Yoo
P
| B
s k
o 57
/_/
lv L 1 1. dd
-1 0.8

Fig. 6 Seven differenrt painted surface
obeying (6).

For determining drag, however, ther are

17 Clauser functions and all are different.
The sand is Nikuradse’s, with grain size
0.01mm

Tabel 1 : Details of coated surfaces of Fig. 6.
Flow Test Flow Values offuand m

Surface Symbol  Fxperiment Geometry A (um m
1 ) Okuno, pipe 300 22
2 O Nicholson 360 60
3 Im] and l.ewkowicz 310 120
4 O 390 80
5 <7 360 250
6 fay 300 75
7 A lewkowicx pipe 260 110
8 v and Musker 420 75
9 * 170 33
10 n 350 31

11 [ ] 550 18.5
12 o+ Musker and pipe 160 22
13 be Des 230 24
14 & Kauczinsky and test plates 80 41
15 [ Waiderhaug in water 120 25
16 ©) tunnel 200 22
17 @ itusn aml duct 100 42

Naess

Log(h,/m)& 7I2%22 34H RE datar
(6) 2] ute} 3hrje) FHMo g 18 5= Q) Fig
62 Au, 7} AAlR 7] (large scale) oA plot= o2
ol (6)Ho] ¢ & TEeEge AL HAgFu
Ak

_29_
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A71A Zel 23 A& st &) o3
(6) 23} wluste] W2 3z}

¥ 22 Hamall5)= (6)4& th&d #do] &
g F¥3 APAS Ak

Au, = 5.66 - log (3.30+

ks'uf/v)_z_gz .................. (8)

()& b33 o] &t
Auy =566 - log (1.006+k.,./m)

vheF m =328 (k. k) o1 % (6) )3} o}F v] %38t
o] #df,

o714 ke A&7 YA (roughness element) 2
A =710l kst FE3] H2ZX(rough con-
dition)oll A #2 &g HAYA7l= Nikuradse
grains®] = 7]olt},

(8) 4% colebrook roughness functionol&} %t
ok

Be ol HUL I1REY Ao slolA m ¢
24 Boli t$-7] &4 34(loss function) 7}
Colebrook roughness functiong}il 2 &= ¢l o
?7tA] 7)318H Q] B oS (features) o A <
A LeAA g3 ot

(6) 2] 213 33X grain Z717F 0.0lmmE
uniform sand& Zt+ Colebrook function®} W] 1L}
W, sand FML h, mollA 4z7] “0"og "ol

AT Auy o] 07 FH e T AsHo=w
obF e @& etk Yo' Fig 6& 3859
A= AA7)e #Aide] AA Colebrook roughness
AMe Loy gede=RS
Ak

Table 12 Fig. 69 data®} & X ol of
3 het m &S YT 2tk m g2 het #A
HojA A 3 h R o] HA #HH dcks A=
4 F Ut

Fig. 72 #& &0l
el ot &= &
hiA-3es

¥y HelFa

N L

rulm

e ERAA ALY
o wshse

2z

6 "

P . ’
-] R W M) I N I WA WA W AP

I log hy, 2

Fig. 7 Experiment of Streeter.
The surface profiles all have the same h and
repetition length.
streeter 1a, I, 1lI, and 1L

Upper set of data surfaces with rectangular

From the bottom
ridges

#4434 (Loss function) (6) 2o] HA A& o
¥H vbEA S (skin friction coeffieient) Cp9}
Cpg oFF M8 Ao HE fFrsof A4 9l
o},

Table 2 | Values of m deduced from
towing tests.

Surface A, mm m 10%h/m, mm
Yi 0.065 40 14
YLV . e 1
Yiva . .- 1
Y2 0.055 55 1
Y24 e L 1
Y2P .. N 1.2
Y6 0.07 30 2.3
Y8 0.085 70 1.2
Y9 0.15 60 2.5
Y10 0.19 70 2.7
Y11 0.29 105 275
Y12 0.43 115 4.2
Y7 1.0 not Colebrook
Y4 0.77 not Colebrook




AC(Rn, Auy)ol g o2 TMQ
T A3, o FES AXRI v Be
24 43 2} vlaEo 3 5 gig

Grigson(1] 9] Mo 2J3td, 12709 A&
Zte B Colebrook¥Hrol] Y51 cie AL
HAF A Sltk me) e A4S fitting oz
dojFtt. old EHo H¥e HHAH Au,9
F3EY 9 Fasich Justd g} dyEe

AREHIEE ol M o BKHTE NS FHESN BIS W%

¥ A8Xe £ 223 hey/ve @ WY
7t BE 27 mjEolg}

Table 2+= hot m9} & Yehlm Qo

Fig. 82 Yokoo et al (10)2] 43 datag o] &3}
o 14708 Aol tdted BF T Qo) o &
& AHEE Ze 29 Y70 o @e Folg e
Y4ED ne 48492 2EH, o 3e e
Zethe A Bo Fa gl

3.4
2 -
[LI

Fig. 8(a) Four test surfaces of Yokoo. Abscissae are R, from 4X10°
to 2X10. Ordinates are 10° Cpp.
The curves are theoretical assuming the roughness is

Colebrook.

1.7

Fig. 8 (b) Eight test surfaces of Yokoo. Surfacees Y7 and Y14 are
clearly not Colebrook i compare the experimental curves

0 R o Tl
v O
Sl'ﬂfl\"“\‘\

(heavy) with the theoretical
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. A=

Cope o|8H 2 F3te AAF AASY A
2 A, & 8 ol Aok 2HF HE
zZkn s 3t=rtrt Fa s

a3 FHAJN AN, £xEd A
uy o ZAM Uk HAl=T e A H
(drag) & H713817] 98l A zhzt A A A
2 g2 @2 23 e Au, 9 ZFE dHo
27503t

2 A7 E AuE AEYS B8ty o2
o8 Fae PHA AF 2ol 97 Wyl o
3te AFE& A

Clauser ¥4 (function) 8] 2o H3e F&=
RPN A== HAEFY (viscous dragl S 2
Aake=d lojA] AArie] Eo|ntE Fasith 1
7] W7o &=&AES (velocity loss function)
Aue F09 AR parameterd] het me
st guEo

ACE ZA37] A% 19873 ITTC ¥4
ARl AWM S-S FaglA FEar)
e g #E AA] Foldw AAPET o
A ZEe B A7 Lo Q83 4
9l 3t DataE 2 RHch

AAEH (hull surface) @] Clauser functions-S
A2 A& Mete]l Zof747] Bdo) sl quality
9] Ao (controD) & 337 Yatd A AN
ZA5ojzorsln B7ld 43 (added drag) & A
viakE g Augel didte Zlsd Ay 1Elm
coating typesoll thdla] data banksE wHEo]zjok
s ct

H o

Nomenclature

A = reciprocal of von Karman’s cons-
tant

Bo = constant in law of smooth boundary

aya, = coefficients in polynomials for F

Au, = Clauser’s function

Cer = drag coefficient of rough surface

Crs = drag coefficient of smooth surface
k = height of grain, form factor
AC = increase in drag coefficient caused by

roughness, Crr— Cys
R., R, = Reynolds unmber, based on L, x
L © Leng. of plate, x . coord. along su-

rface with stream

R = maximum peak-to-valley height

R(50) = fifty-point height on sample of stan-
dard length

h = range of height on 50-mm samples
of profile

u = long-time average velocity, u, =u/u

Uy = friction velocity

= any measure of height of roughness
= Length of waterline
5 = time-average thickness of turbulent

boundary layer

= U/
v = kinematic viscosity
k, = height of Nikuradse sand grain
5 = momentum thickness
m = second parameter of roughness
z = coordinate normal to surface, z.=
auy/v
U = velocity of free stream of ship
Suffix
s = smooth case
r = rough case
+ = nondimensional quantity

Texture Parameter
m : Text parameter (= 2nd parameter)

h . Height (=lst parameter )
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Appendix 1).
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=fl—, k¥, T
f[k ]

24 VeRd 4 gl
A7 * =uz v, k*= U+ kv
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u = T,/ p (friction velocity)
T = k/ky, k;.”ky, - (roughness texture)

u<= streamwise mean velocity component, t,+=
wall shear stress®]il zi= rough walloll 4 normal
distance o] t},

§9, turbulent shear layer®] w7z R-Eof 03]
M similarity lawe @& Aoiglx)e] 840]
velocity defect®] #4=2 vehl 2o}
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4719} BA A A=1041, Bo=50, ¢ = 0.
55A (1—cos (nz/d)) & #3IH C,;=3.78, C,=25.
022 "k A By, By, oo p— (N— 1) finite
series (i/m)e] AFZ R,/ mo 2 5ol gl
o

2 AN TFaA oA FHAF
(drag-coefficient) & t}-&3} o] Hrc},

2k,

A (C, — C,/CL) X

Crr = exp({L/A)
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slojol & VMg Fad FARE O fFY S48
Z Jetd e e AujgAR Aol B Zolw, thi
o2y &Y, coordinate system¥ 7 7)ol w}
2% grid generation, numerical scheme, 1211
separations Moo 25 doit= FAFFo] A
S Aolth. wehA o3 at o] AR FokF £
At

7}, Partially-Parabolic Reynods-Averaged

Navier-Stokes Equation

Navier-Stokes eq.2] solution % full elliptic so-
lution®l A first order boundary layer theory2} so-
lution7} A} & wHA 7124, first order boundary
layer theory:= ship stern®} wake region®lA] flow
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}. Numerical Scheme
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2}, Turbulence Model : Two-Equation (k-g)
Model
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