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NOTATION

A Boundary-layer factor

A Cross-sectional area of underwater ship hull

B
1 

Inner law factor

B
1 ~ 

Value of B
1 
for smooth surfaces

B., Outer law factor

B
r 

Roughness inner law factor , Equation (13)

Br O  Value of B
r 
for fully developed roughness

CF Fla t -p late drag coefficient , Equation (3 5)

C Moment coefficient  for ro ta t ing disk , Equat ion (44)

C Viscous drag coefficient , Equation (54)

D Pipe diameter

D Viscous drag
V

Boundary-layer factor

D Flat-p late drag

f Fanning f r ic t ion factor for pipe flow , E quation (21)
‘I,,

f Form factor

H Two-dimensional shape parameter
ACC ESSION tor

h Axisymmetric shape parameter NTIS WhIte Sects
DDC ~~ a

k Roughness hei ght LI~~~4OIJNCED a
JUSTIFICATION 

______________

k 1, k
2 

Other roughness lengths ~~~~~- _
—._-

k Roughness Reynolds number , Equation (5)
DiSt. .,rAIL and/or SPtcj~~L Length of body —

L1, L 2 Other body length s 14•

L* Nondimensional length , Equation (67) —

M Moment or torque of oneside of rotating disk

i i
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P Perimeter of underwater hull cross section

q Wak e factor

R Disk radius

R Roughness configuration, Equation (6)

RD Pipe Reynolds number, Equation (22)

RL Body Reynolds number, Equation (36)

R
R 

Rotating-disk Reynolds number, Equation (45)

r Radius of body of revolution

rA Radius of equivalent body of revolution based on cross-sectional area

r~ Radius of equivalent body of revolution based on perimeter

S We tted surface area

S Shape of body, Equation (56)

u Mean veloc ity in shear layer

U Veloci ty outs ide boundary layer or at centerline of pipe

Forward velocity of body

Shear velocity

V Average velocity of pipe flow

x Axial distance from body nose

y Distance from wall

y
* Nondimens ional y, Equation (4)

ci Angle of meridian contour of body of revolution

Boundary-layer thickness

Similarity-la~ roughness characterization

(t~B) Derivative of 1~B

ii Boundary-layer Reynolds number, see Equation (25)

Darcy-Weisbach friction factor, Equation (23)

Kinematic viscosity of fluid

iii



p Dens ity of fluid

T Wal l shear stress

Angular velocity factor for enclosed rotating disk

Angular velocity of rotating disk

Subscripts

e end of body

en enclosed rotating disk

r condition of roughness

s condition of smoo thness

unenclosed rotating disk
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ABSTRACT
Methods are described for obtaining similarity-law characteri za-

tions for arb itrary roughnesses indirectly from measurements of pipe-
flow head loss , flat-plate drag, and rotating-disk torque . The rough-
ness characterizations are used to make viscous-drag predictions by

means of boundary-layer calculations . A simplified drag-prediction

method using form factors and equivalent rough flat plates is

described in detail.

ADMINISTRATIVE INFORM ATION
This work was authorized and funded by the Naval Sea Systems Command

(PMS 393), Task Area SO4ll OOl , Elemen t 6456lN .

INTRODUCTION

The prediction of the increase in drag due to a particular roughness
on sh ips does not seem to be a straigh tforward procedure, espec ial ly  for a
roughness with an arb itrary geometrical conf igura ti on . One paper advoca tes
just full-scale ship tests1 while another 2 con siders only dev iations from
smooth cond itions for a towed fr iction p lane w ith various roughnesses without
further analysis for full-scal e conditions . The role of the similarity-law

roughnes s charac ter iza tion does not seem to be understood in extrapola ting
results obtained under model-scale conditions . The pred iction of the
viscous dra g of rough bodies by any boundary-layer analysis , even at the
equation-of-motion level , requires as an input a similarity-law characterization

for the particular roughness conf iguration being considered .
At high Reynolds numbers , the primary effec t of roughness is in

increas ing turbulent skin friction which is the case to be cons idered here .

‘Johnsen , S., “Drag Reducing Coatings for Ship Hulls ” presented to 8th
2Skandinaviska Lackteknikers Forbund Congress, 

29 Sep - 1 Oct 1976.
Wes t, E.E., “The Effect of Surface Prepaiation and Repainting Procedures
on the Fric tional Resistance of Old Ship Bottom Pla tes as Pred icted from
NSRDC Friction Plane Model 4125,” Naval Ship R~D Center Repor t 4084
(May 1973).
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Since the physics of turbulent flow and turbulent skin friction is not
sufficiently developed to provide theoretical predictions for even

smooth surfaces, let alone rough surfaces, the velocity similarity laws

have proved immensely valuable in supplying engineering solutions on a

semi-empirical basis.

The velocity similarity laws have proved to be very successful in

correlating turbulent shear flow s , internal and external , such as pipe flow
and boundary-layer flow, and for smooth and for rough surfaces .3’4

For rough surfaces , the velocity similarity laws lead to roughness
characterizations which have been verified in princ ’ple by the classical
experiments by Nikuradse 3 on dense sand-grain roughness. Here, different

size sand gra ins in pipes of different diameters gave fric tion losses and
velocity profiles which are closely correlated by a similarity-law

characterization . Hama5 has shown that a roughness characteriiation is the
sane for both pipe flow and boundary-layer flow .

An inherent problem with irregular roughness is the diff iculty of
actually manufacturing a reduced-scale roughness if desired to suit reduced-

scale laboratory experiments. The most feasible procedure is to treat an

irregular roughness as a full-scale roughness per se even in laboratory-scale
exper iments.

A direct roughness similarity-law characterization requires the
measurement of a velocity profile correlated with a local wall shear

stress. This is usually an arduous and difficult undertaking, especfially

when the shear layer is thin. It is much easier to obtain a roughness

similarity-law characterization indirectly from more convenient overall

measurements such as the average velocity and pressure drop in pipe flow ,

the drag of a towed flat plate and the torque of a rotating disk . The

indirect characterizations , however , require appropriate analytical
relations derived from the similarity laws themselves .

3Schl ich ting , H., “Boundary-Layer Theory,” 6th Ed., McGraw-Hill , New York ,
A l968.
“White , F.M., “Viscous Fluid Flow,” McGraw-Hill , N .Y. (1974).5flama, F.R ., “Boundary-Layer Characterist~.cs for Smooth and Rough Surfaces ,”
Transactions of Society of Naval Architects and Marine Engineers , Vol . 62,
pp. 333-358 (1954).

2
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The purpose of this paper is to present and assemble explicit

procedures for obtaining roughness similarity-law characterizations in-
directly from overall measurements of pipe flows, of towed f la t p lates ,
and of rotating disks based on appropriate analytical relations . The

presentation also includes methods of util izing the roughness charac terizations
to make predictions of the viscous drag of underwater bodies from various

boundary-layer analyses. Emphasis is given to a simpli fied method based on
form factors and equivalent flat-plate drag charts for particular roughnesses.

Simple methods are presented for preparing these flat-plate drag charts from

similarity-law characterizations . Numerical examp les are given to

illustrate the procedures .

VELOCITY SIMILARITY LAWS

The present state of development of the velocity simi larity laws

for turbulent shear flows past irregular rough surfaces are first reviewed.
6

The cl assica l veloc ity simil ar ity laws developed by Prand tl and by

von K~rm~n for flow through smooth pipes led to a logarithmic formula

wh i ch successfu l ly  correlated ex isting frictional data. The similarity

laws were ex tended to rough pipe s b y N ikurad se who success fu l ly  correla ted

the frictional data of dense sand-grain roughnesses of different sizes

in various diameter pipes . A variety of other roughness configurations

have also been investigated since then . In time , the velocity similarity

laws have been extended to other shear flows like boundary-layer flows .

Tn general for turbulent shear flows the two laws which provide

similarity to the mean velocity profile by relating it to the wall shear

stress are :

1. The inner law or the law of the wall which applies to the flow

immediately adjacent to the solid boundary .

2. The outer law or the velocity defect law which applies to the

remaining outer region of the shear flow .

As originally analyzed by Millikan , cons ideration of an overlapping of the
two similarity laws in the shear flow resul ts in a logarithmi c functional

6ir~Yt1~il1e , ~~~~~~~~~~~ “The !~‘-ictional °esista’ce ant! Ttirb~~ lent  Roundar” Lave~
of Rough Surfaces ,” Journal of Ship Research , Vol . 2 , No. 3, pp. 52-74
(Dec 1958).

3
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form for both similarity laws within the common region of overlap . Outside
the overlapping region, a functional form is provided by the law of the
wake and a wake modification function.7

Inner Law or Law of the Wall

A similarity law may be developed for the mean velocity u of the

turbulent flow in the region close to a rough wall with an irregular
configuration by considering the roughness of the wall defined by any

number of length parameters k , k1, k2, . . .as an addition to the usual
parameters of wall shear stress T~, density p and kinematic viscosity of

the fluid e? , and normal distance from the wall y or

L&~~ ~~~~~~~~~~~ 
(1)

By dimens ional analysis , the variables may be grouped into the following
nondimensional ratios :

-

~~~~ ~ [~i ,  k , R~ (2)

or

~~~~~ 

(3)

where

(4)

(5)

is the shear velocitYI U.~
* C

~/? 
and

R. ~~~~ ,.
~~~~

— , • •  ‘ (6)
k ~~ ,.

7Cranv ille , P .S., “Similarity-Law Entrainment Method for Two-Dimensional
Turbulent Boundary Layers in Pressure Gradients ,” David Taylor Naval
Ship R~D Center Report 4657 (Dec 1975).

4
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are dimensionless ratios representing the shape of an irregular roughness

configuration .

Outer Law or Velocity De fec t Law
In general for turbulent shear flow s , the velocity defect U-u

has been experimentally found to be directly independent of viscosity,

except close to the wall and a function only of wal l shear stress ~C..j ,

density of fluid , and distance ~nwaid~~-y or

U-u. f w ) ~~~~~~~~S~~~~~ 
(7)

Here Ii is the velocity at the center of a pipe or the veloc ity at the
outer edge of a boundary layer of thickness ~

By dimensional analysis

~~ 
(8)

U1.

represents the outer law or velocity defect law which has been

experimentally found to be unaffected by a rough wall.
3’5

Logarithmic Veloc ity Law and Similarity-Law Roughness Characterization
Both the inner and the outer similarity law s may be considered to

be effective in a common overlapping region of a shear flow . Equating the

y-derivatives of the inner and the outer laws results in a logarithmic

relation for bo th laws in the overlapp ing region.6

For the inner law, the logarithm ic veloc ity law becomes

& ~~
. ~~~~ ~~ (9)

where
A = constant

B1 = B 1 0  
+~~~,B (10)

B1 ~ 
= constant value of B1 for smooth walls

and

(11)

5 
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t~ \~ “j 4 
~
- (16)

A smooth surface gives

Iu *
5 (17)

*At the same y then

~ 
_ 1~~\ 1~— \B - (18)

The direct velocity method was used by Nikuradse 3 in his classical

flow measurements for dense sand-grain roughness in a pipe fl ow . Since

such velocity measurements may he difficul t and arduous to perform, it

is more convenient to resort to indirect methods requiring lust overall

measurements , such as the average velocity and pressure drop for pipe
f lo w , the total drag of a flat plate , and the torque of a rotating disk .

Pipe Flow
In ful ly-developed pipe flow , it is more convenient to determine the

average velocity from the rate of mass flow than to perform a velocity

survey . The similarity laws may then be used to relat e the ~B-characterizatic’n

to the average velocity .

In general , for straight circular pipes with fully-developed turbulent

flow (no entrance effects), the fr iction loss or pressure drop represented

by wall shear stress tw may be related to an average velocity V of the pipe

flow , pipe diameter D, fluid proper ties of dens ity p and k inematic viscos ity

v, and a geometrical description of the irregular rough wall k , k1, k7,...,

wh ich symbol ica l ly  becomes

3 

~~ 
\\I)D~~)~~, te)~~)~Il, ...] (19)

A dimens ional analysis resul ts in a fric tion factor f as a function
of two dimensionless ratios , a Reynolds number RD 

and a rela tive roughness

D/k for a particular roughness conf iguration R or

7 
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(20)

where
the Fanning friction factor f is given by

- tvJ
(21)

and the pipe Reynolds number by

Vt)
— (22)

The Darcy-Weisbach friction factor A may also be used where

(23)

The 1~B-characteri zation may be related to overall factors as
fo l lows. For a circul ar p ipe , the average velocity V is given by

v (24)

where 6=D/2 , pipe radius
wh ich in inn er law variables becomes

= ~ - 

* ~ 
(25)

where . —;--
Application of both velocity similarity laws and neglec t of the very
thin laminar and buffer sublayers results in

A ÷ B,10 ~~ 
.
~~~~ ~~~~~ (26)

8 
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Since by definit ion

(27)
and ~~

-
~~- y +  K~ (28)

then for rough surfaces

(#-) =
~~

tv
~
1TR

~ 
+~~(~10 ~~ - -

~~~~~~~~~
-
~~~~ ~~~~~~~

- -
~~~
- 

~~~~

For smooth surfaces AB = O and then

(30)

For the sane value of

(~~~~ )r (~~~~~~) 

(31)

and the corresponding k is given b y

~(-i~ ~~~~~~~~ 
(32)

which follows from defini ti ons.
The procedure for determining ~B[k *,RI from pipe flow is then

as fol lows .

1. For roughness conf iguration ~ ins ide a pipe of diameter 0 plot
the measured data reduced to dimensionless ratios f and RD in
coordinates versus log j~ RD. Then plot the smooth friction line

in the same coordinate system .

C’

___ _ _ _ _ _ _ _ _  --~~~~~~~~~~



2. At specific values of abscissa uT RD determine ~B from
Equation (31) and k* from Equation (32).

Flat Plate
For the case of a towed flat plate with an irregular rough surface ,

it is certainly more convenient to measure the drag and towing velocity

than to measure the local velocity profile in a thin boundary layer and
the accompanying local wal l shear stress. Indirectly the similarity

laws may then be used to determine the A.B-characterization as a function

of roughness Reynolds number k* from the total drag and towing veloc ity.
In general , the drag D of a rough flat plate towed parallel to its

motion depends on forward velocity U,~,, surface area S, length L, fluid
properti es of density p and kinematic v iscosi ty v and a geometrical
description of its irregular rough wall k, k1, k21 ... which symbol ically

becomes

5 \~‘-L) S.  L~ e ).)~ ~~ (33)

A dimensional analys is resul ts in a drag coeff icient CF as a function
of two dimens ionless ratios , a Reynolds number RL and a relative roughness
L/k for a particular roughness configuation R or

C c 5 ~~~~~~~~~~~~~~ 
(34 )

where drag coefficient

Cc 

~~p U 2 
S 

(35)

z

10 
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and Reynolds number u..o~ (36)

The ~8-characterization , may be obtained indirectly from drag
measurements of a rough surface by considering deviations from a
smooth friction line as follows.

An application of the similar ity laws results in a logarithmic
formula for the drag of rough flat plates

~~~~~ + 1 — - ~~~- - .~!2. 2~ + \y~ ZD , (37)

Here D
l 

is a boundary-layer constant defined in Reference ~ and (
~

B)
e

is the value of ~B for the boundary layer at the end of the flat plate .
For a smooth wall i~iB = 0. Then

\p~ RL CT ~ ~~~~~~~ + — ~~~~~ - 
~~ ~yi 2. t). (38)

Consider a plot of ~~~~ against log RLC F for both rough and smooth
plates . Then at the sam~ ‘7alues of RL

C
F

(~~~ )e (
~1 (39)

The corresponding k
: 
at the end of the fla t pla te is ob ta ined as follows :

From def in i t ions

* I i  ~ n ik
V. — (40)

and the corresponding local friction

~~ 
- (41)

~ 
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The procedure for determiningAB [k R] is then as follows :

1. For roughness configuration 1k on a flat plate of length L plot

the measured data (CF. RL) in coordinates~~~ against log RLCF. Plot

the smooth friction line in the same coorc~i
’
~~te system .

2. At specific values of abscissa RLCF, determine AB from Equation

(39) and k from Equations (40) and (41).

Rotating Disk

Although the boundary-layer flow on a rotating disk is three dimensional

in contrast to the two-dimensional flow on a flat plate or through a pipe,

the rotating disk provides a convenient method of characterizing roughness

effects particularly at high speeds. Determining the AB-characterization

directly by a velocity survey of the boundary layer of a rotating disk is

physically feasible but definitely more arduous than determining tiB

indirectly from overall measurements.

In general the torque or moment M of one side of a rotating disk in an

unbounded fluid medium depends on the angular velocity u , the radius R,

fluid properties of density p and kinematic viscosity ~.i , and the geometry

of the irregular rough wal l k, k1, k2... or symbolically

M = 
~~ 
{w,R )r) )1~~~~~~~~ \~~~~~\.(~~~, ...~~~~ (42)

A dimensional analysis results in a moment coefficient Cm as a

function of two dimensionless ratios, a Reynolds number R~ and a relative

roughness R/k for a particular roughness configuration R or

r f  ~
~ [Rg. , _j ;- , Rj (4.3)

where moment coefficient

c~ = —~~~~~~~~~“
I 

(44)
PR ”-’

and Reynolds number
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The~~ B-characteri zat ion may be obtained indirect ly from overal l
measurements as follows. The application of the simi larity laws results

in a logarithmi c fo rmul a 8 for rough surfaces

* 

= R~ ~~ ~~~~ 1~~~
1,0 

4. (
~

)
~ ~~~~~~~~~~~~~~~~~ 

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~

-‘

where (
~

B) e and (AB) ’
e are the values of ~~ B and (LB) ’ at the ed ge of the

disk , and

~ A 
7S.. flvder.” ( 4 )

For a smooth surface~~ B = 0 and (SB) ’ = 0.
Then

A. I n 
~~R ~~ S — 

~~~~ 

-

if 1n~~-~[~~ 4
2

Consider a plot of ~~~~~ against  log RR
.
~JE for both rough and smooth

surfaces . Then for the same value of

~~ 

~~~~ [ ( )  
- _ _ _  + (49)

The corresponding value of k
e at the edge of the disk is ob tainedas follows

From definiti ons

= 

~
-
~~~~~

) R~ (k) (5 0)

8Granv ille , P.S., “The Torque and l urbulent boundary bayer of Rotating
Disks with Smooth and Rough surfaces , and in Drag-Reducing Polymer
Solut ions ,” .lournal of ~hlp research , ‘.~o1. F’, No. 4 , pp. 1~~l - l” S  (‘~ec 1”73) .

13
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and the corresponding local friction at the edge of the disk is

(~~
) = ,/

~ 
-JE~, .{ - A + (~~B)~~ ./I- .

~~~~~ 

(51)

The procedure for determining~~.B [k*,R] is then as follows .

1. For roughness configuration ~ on a disk of radius R plot the
measured data (C

m i R
R
) in coordinates q -  against log R

R iç.
Plo t the s~ oth friction line in the sa~~

’coordinates.
2. At specific values of abscissa R

R i~
’m , determine A~B from

Equation (49) and k* from Equations (SO) and (51). The effect of

may be obtained by reiteration. Application to enclosed rotating disks
is shown in the Appendix.

A check on the val idi ty of the similarity laws for rotating disks

is given by the excellent agreement of the torque of a rota.ing disk

covered with dense sand grains with similarity-law predictions for the

fu!ly rough reg ime 9 .

APPLICATION OF SIMiLARITY-LAW ROUGHNESS CHARACTERIZATIONS

TO PREDICTING VISCOUS DRAG

Boundary-Layer Calculations

Since the viscous drag of bodies may be determined from the boundary-
layer development ,10 the increased drag due to roughness may also be
determined by applying the roughness characterization to a turbulent

boundary-layer prediction method . In general there are now two principal

turbulent boundary-layer methods :

1. “Differential” methods for solving the boundary-layer equations

of motion directly by using a turbulent shear stress model such as that of

eddy viscosity or mixing length .

9Dorfman, L.A ., “Hydrodynamic Resistance and the Heat Loss of Rotating
Ol iver and Boyd , Edinburgh , 1963.

Granville, P.S., “The Calculation of the Viscous Drag of Bodies of
Revolution ,” David Taylor Model Basin Report 849 (Jul 1963).

14 
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2. “Integral” methods for solving the integrated boundary-layer

equations of motion by using relations for velocity profile and local

skin friction. To date, no “differential” method has been published
which includes roughness effec ts although Cebec i and Smith11 allude to a
possible method. The effect  of roughness has been included in an
“Integral” method which extends the two-dimensional empirical h ead

entrainment method by altering the local sk in friction. 12 The effect  of

roughness may also be readily included in a similarity-law entrainment

method for two-dimensional and axisymmetric boundary layers .
7’13

Form Fac tors for Rough Surfaces
For streaml ined bodies for which no apprec iable flow separation

occurs a simpl ified method has been developed14 for separat ing the effe ct
of shape and of roughness on viscous drag . A form fac tor is defined which
accommodates the effect  of shape while  an equivalent fl at p la te  is defined
which takes care of roughness effe cts.

In general the drag of a body D
~ 

depends on the forward speed U,, , the
surface area S , the density ~ and kinematic viscosity ~) of the fl uid , the

forward length L, and other lengths defining the shape L1, L2,... and the
geometry of the irregular roughness k , k

1
, k2... or

= 
~~ 

(52)

A dimens ional analys i s resul ts in

C..,, = 

~~ 

6 , -
~~~

_ 

(5.3)

where drag coefficient is given by

~~Cebec i , 1. and A .M.O. Smith , “Analysis of Turbulent Boundary Layers ,”
12Aca 1em~~ Press , New York , 1974.
Dvorak , F .A. , “Calculation of Turbulent Boundary Layers on Rough Surfaces
in Pressure Gradient,” AIAA Journal, Vol . 7, No. 9, pp. 1752-1759

13~~~~ 
1969).

Granville , P.S., “Similarity-Law Entrainment Method for Thick Axisymmetric
Turbulent Boundary Layers in Pressure Gradients ,” David Tay lor Naval Ship
R~D Center Report 4525 (Dec 1975).
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‘-V ~~~~~ (54)

the Reynolds number by

~, _ _ (55)

the shape of the body by length ratios

~~~~~~~ L,
~~~~i ’- — ) • • •  (56)
I.~ I.~,

and the shape of the irregular roughness by length ratios

S _•
~~~~~

— 
tII k~ 

(5 7)

A form factor f is defined so that

(58)

where CF is the equivalent flat-plate drag coefficient. An equivalent

flat plate is defined as a flat plate with the same surface area and

length as the body.

By a simplified boundary-layer analysis it may be shown14 
that a form

factor f may be determined approx imately from the pressure along the body
represented by velocity ratio . Here U is the velocity outside the boundary
layer.

For two-dimensional foils at zero angle of attack 14

(u)
S, seo ”i~~~t)

14
Granville , P.S., “A Prediction Method for the Viscous Drag of Ships
and Underwater Bodies with Surface Roughness and/or Drag-Reducing
Polymer Solutions,’ David Taylor Naval Ship R~D Center Report SPD-797-Ol
(Oct 1977).
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Here H is a two-dimensional shape parameter

x is a chord distance from the nose
q is a wake fac tor
e is a subscript representing conditions at the tail end and

~ is an angle of the tangent of the contour relative to the chord

For bod ies of revolution in axisymmetric flow 14

r ç\IU \
— 

~~~~~~~~~~~~~~~~~ 
sec .t èft) (j \

\T;~I ,U(r ) ~~~ ~ 
~~()  (

~ ) (60 )

Here h is an ax isymmetric shape parame ter
r is a radius of cross-section of the body of revolut ion

x is an axial distance from the nose

and ~ is an angle of the tangent of the meridian contour relative to

the axis

For ship hu l l s 12 
two equivalent bodies of revolution are used in

Equation (60) to give

1 ~
)

f (~
_’) c~~~~(~~) ~

U
~)Ae 

(61)

Here r is a radius of a cross-sect ion of an equivalent body of
p I u ’

revolution based on perimeter . (~~
-
~ ) is a veloci ty ratio of an

equivalent body of revolutionbased on cross-sectional area defined by rA .
Also

(62)

17
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and

r~ ~~~ (63)

where

P is the local perimeter of a ship ’s underwater hull.

A is a cross-sectional area of a ship underwater hul l at an axial station .
A constant value of N sucn as ii = n = 1.4 is recommended although other
values of H could accommodate any changes in form factor f due to viscous
effects. For two-dim~~sional foils q = 1 and for bodies of revolution

q = 7.

FLAT-PLATE DRAG DIAGRAMS

Flat-Plate Drag Diagrams from Roughness Characteri zations
For a given irregular roughness configuration ~ the roughness

characterization~~B is a function of a single dimensionless ratio , Reynolds
number k *. The requirement is to convert~~B to a flat-plate drag

coeff icient CF as a function of two dimensionless ratios , Reynolds number
R
L 

and relative roughness L/k . A convenient method to determine each
point C~ [log 10 RL, L/k] is what may be termed the method of the interaction
of two loc i: one locus to satisfy~~B and another to satisfy k . These

may be performed graphically. The first locus to satisfy~~B depends on a
smooth fr iction line’5 such as

— O .O1Th

~ ~
)s (to~ 0~~~- ~~~~~ 

1~ (64)

which agrees with the well-known Schoenherr line at high Reynolds numbers

but is more accurate at low Reynolds number . From Equation (37) for the

same values of CF and in common logarithms

15Granville , P .S .,  “The Drag and Turbulent Boundary Layer of Flat Plates
at Low Reynolds Numbers ,” Journal of Ship Research , Vol . 21 , No. 1,
pp. 30- 39 (Mar 1977) .
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Hence , for constant .~~B the locus for the fric tion line w ith roughness
is offse t by a constant amount in the log10 RL direction .

The second locus which satisfies k* is obtained by taking the

common logarithm of Equat ion (40) and b y u t i l i z i n g  Equat ion (42) so that

tO5~Q ~~L = ~ + (66)

Each value of relative roughness L/k produces another locus .

The intersection of the two loci produces a point (C~~ log 10 RL)
for a particul ar L/k and R. Other points are determined to define a

friction line CF [lo g
10 

RL, L/k] for roughness configuration i~.

Roughness Friction Lines for Different Flat-Plate Lengths

If  a f r ic t ion  line for a part icular roughness R is known for one
length , it is often necessary to obtain friction lines for other fiat-plate

lengths . To f ind C F one way would be to determine theAB-correlation and
use the method of two loci previously described. A more direct procedure is
now described which also involves two loci .

Each point on a given roughness friction line for a p la te of length L ,
repre sents a value of~~B and k . The object is to obtain a point on a new
roughness fr ict ion line for a different length p late L 2 with the sane values
ofA.B and k . The locus of a line with the sameAB is given by Equation (37)

~~~~~ ~~~~~~~~~~~~~ 
— ____

wh ich shows that the locus is offse t a fixed dis tance from the smooth
friction l ine in the log 10 RL direction . 

*
The other locus for the sane value of k but with a d i f fe ren t  length

L
2 

is obtained as follows . Consider a combined factor L* where by

definit ions

19



-

1
I — ~~~~ ~~I... — Ir — — -  —\ L 1

UL
With — given by E quatior .  ‘il ’

=

For the same values of CF and same

— g

Here RLi l and RL,2 are .:e ine : tor ..

The procedure is to drab. a r e er . t

to sa t i s fy  Equat ion ( t ~~ :~~r .. pc~r.~
a locus is drawn wh ich is cf~ set a cor ,st* r ~
direction . The locus fur ~~~~. sa~~ an~ ~‘-

constant distance giver , by i~~’g~~~ r~ 
t•he ~~~~~~~

constant L and that for con~~a~~ 
g 

.~~~~‘ ~

line corresponding to 1en~ t~. 1, as ~

N’Utt~~1’AL f~ frJ4~
To illustrate the pr nLe~ ’ .” .c 1~~5Cr~~~e

examined . The first case t~ he :or.s~~ j.r,

rotating disk with a randor ro..~~ nrss ma .’

about 0.005 inch .16 The , 
~ 

data ~ rr -

against log R
R~~

•
~m 

in Fi gure 1 f~ ~~~~~~~ rout’

values of R
1k~~

E , the ~~~~ ec~ r i r s c t e- ._~

Equation (40) with (.~B) conc i ~ r . ~~ r ~~

is obtained from Equations (SO ) ar,~ 1” ~~
16Ainfilokhiev , W .B . an d A .~ rergt -or , “11w ~s r a

Surface Roughness in H i ~~t t  Po~~ — . r  S o I , . .
Department of Naval Arch it ’ . * ire F xperzmen’ a

_ _  _ _ _  --~~~~-,~~~~~~~~~~ -- .- -. . .



Figure 2. The slope of the correlating line gives the values of (~B)’
which is then used to recalculate the values of AB as given by Equation

(4g). The reiterated final results are also plotted in Figure 2.

The preparation of a flat-plate roughness diagram , CF, RL, is shown
in Figure 3 for L = 300 feet and L = 600 feet. The curve for the smooth

surface is plotted from values calculated from Equation (64). Selected

points (&B , k*) of the roughness correlation of Figure 2 are treated as
follows . In ac’cordance with Equation (65) a locus of constantAB is drawn

offse t a value of - from the smooth curve (A = 2 .5) . A locus of cons tant
k* for L = 300 feet and L = 600 feet are plotted to satisfy Equation (6~i)

by calcula ting RL as a function of CF. The intersections give points on

the lines for L = 300 feet and L = 600 feet respectively. The procedure

is repeated for other values ofA.B and k *. The resulting curves are plotted

in Figure 3 within the limits of the experimental data. The largest value of

Reynolds number RL 
for L = 300 feet is RL 

= 1 .8 x IO9 which corresponds to
a speed of about 4 3 knots which is higher than the operating veloc ity of
most vessels . This shows that the rotating disk eas i ly provides resul ts
applicable to full-scale speeds .

The next case to be considered is roughness on a towed flat plate ,

a 21-foot friction plane •. The roughness was cast from the bottom plating

of a ship hul l which had been grit blasted to bare metal and painted with

vinyl paint . It was designated as Plate C in Reference 2. I t  was very

rough with a roughness height of about 0.03 inch . The drag

data is plotted in Figure 4 as4~~ against log R T C F . theAB-charac~,~~-izationC~ . . iz
is calculated from Equation (40) from values of the difference in

between the rough and smooth plates at the same value of RLCF. The

corresponding values of k* are determined by using EquationS (4]) and (42).
The results are shown in Figure 5 for the AB_ k* correlation.

Although the flat-plate roughness diagram can be cal culated from the
A B-characterization, a more direct ex trapolation method for the towed flat-
plate drag data will be used to illus trate the method of preparing friction
lines for different lengths of flat plate . The locus of a constantAB is

shown in Figure 6 as a constant offset of the smooth friction line in

21
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accordance with Equation (3fl . A reference line for constant L* is

then shown satisfying Equation (68) by selecting a convenient value of

L*. The loci of lines of constant k* are shown offset from the reference

line by a constant distance in accordance with Equation (69). The

procedure is repeated for selec ted values of the measured friction line.
Two lengths of 300 feet and 600 feet are shown as an illustration . The

maximum value of R
L 

for the 300-foot plate s 7.2 x ,o
8 which corresponds

to a speed of about 17 knots. For higher full-scale speeds, it is then

necessary to increase the speed of the towed friction plane to provide

extrapolations for operating ship speeds .

CONCLUDING REMARKS
The three methods described here of characterizing the drag increase

due to roughness have various advantages and disadvantages. Hydrodynamically,

fully-developed turbulent pipe flow provides constant local conditions in

contrast  to the variable turbulent boundary layers on flat plates and
rotating disks. The three-dimensional boundary layers on rotating disks
are more complicated than the two-dimensional boundary layers on flat plates.

The difficulty of appl ying irregular roughnesses to the inside of

pipes may require pipe test sections split longitud inal ly for easy access.
In addition , pipes have to be long enough to attain full y developed pipe
flow . Since the wall shear stress results in a very small longitudinal

pressure gradient, the pipes have to be very straight and very level for
accurate measurements . If the roughness app l ied to the ins ide of a pipe
has appreciable thickness, the new effective inside diameter may have to be

accurately determined.

A major problem with towed flat plates in bas ins is obtaining a
sufficiently high enough speed without undue free-surface effects . However

this is not a problem with plates in a water tunnel. On the other hand high

peripheral speeds are easily attained on a rotating disk . In addition , a

rotating-disk apparatus is usually a one-purpose equipment in constrast to

multi -purpose towing carriages or water tunnels used for flat plates which

compete for time with other hydrodynamic testing. It would be

reass uring to conduct def initive exper iments to ver ify that the same
AB-characterizations result irrespective of method .

22 
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APPENDIX - Enclosed Rotat ing Disk

For an enclosed rotating disk 17 
the effective angular velocity is

reduced to •w where 4’ is a factor accounting for the sw irl of the
enclosed fluid,0<cf~ l .  C

m and RR are modif ied accordingly in Equations
(44) and (45) for use in Equations (46) through (51) as follows

4M
WI (70)

and
L

~wR
(71)

The factor ~ may be exper im en ta l ly  determ ined by a compa rison
of the smooth lines of~~~ plotted against log R

R~V~~ 
for enclos ed and

unenclosed rotating disk~~. Since 4 does not affect the product R
R
.
~~~

,
then from def initions

- (
~~~~~~)sn- (72)

where subscripts en and refer to enclosed and unenclosed conditions
respectively, The factor ~ may be found17 

to be a function of R~ Yr.

17 . .Daily, J.W . and R.E. Nece, “Chamber Dimension Effects on Induced Flowand Frictional Res is tance of Enclosed Rotating Disks ,” Journal of
Basic Engineering (Transactions of ASME), Vol. 82, Series D , pp. 217-232
(Mar 1960).
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