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Calculation of Ship Viscous Resistance and
Its Application

by Tetsuo Nagamatsu*, Member

Summary

The present paper describes a method for calculating viscous resistance of ships
based on a higher order boundary layer theory, which is solved by the integral method.
Higher order terms in the direction normal to the hull surface were thoroughly ex-
amined on the basis of the flow characteristics measured near the stern for an 8 meter
long ship model. Viscous-inviscid interaction is taken into account by an iterative
calculation procedure with underrelaxation method. The frictional and viscous pres-
sure resistance components are calculated separately by integrating wall shear stress
and pressure over the hull surface to obtain explicitly the correlation between hull
form and viscous resistance components. Furthermore, in order to change the ship
hull form systematically and easily, the ship form is represented by use of the expo-
nential splines.

From comparison between calculations and measurements, it is found that the
present method predicts the viscous resistance of full form ships with allowable ac-
curacy and will become a useful tool for systematic investigations of various ship

forms in the course of hull form design.

1. Introduction

It is the recent trend in the hull form develop-
ment that means based on towing tank testings
are complemented by advanced hydrodynamic
theories. Determining a ship hull form with low
viscous resistance is one of the important technical
items in the design of full hull form. To obtain
viscous resistance theoretically, calculation of
viscous flow around ship hull is necessary, and
there are two methods available nowadays. One
is the integral method and the other the differ-
ential one. The latter has high potential to predict
complicated turbulent stern flow with three-
dimensional separation, which is very difficult to
predict by the former method. From the aspects
of cost and easiness to use, however, the integral
method is advantageous for routine use, especial-
ly when use is made for a large number of itera-
tion such as optimization procedure.” The meth-
od is also effective to formulate the correlation
between ship hull form and its viscous resistance
explicitly.

In the author’s previous paper®, the integral
method was adopted to solve higher order bound-
ary layer equations taking into account pressure
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variation across the boundary layer and viscous-
inviscid interaction, and ship viscous resistance
was calculated as a sum of frictional and viscous
pressure resistance obtained by integrating wall
shear stress and pressure over the hull surface
respectively. This method for calculating viscous
resistance is useful to know directly the contribu-
tion of local ship form to each component of vis-
cous resistance as compared with a method using

Squire-Young formula, which estimates only

total viscous resistance.

The method described in the present paper is

a result of some improvements over the author’s

previous method.

(1) The variation of metrics and curvatures in
the direction normal to the hull surface is
taken into account.

(2) All convective terms in the direction normal
to the hull surface are taken into account on
the basis of the flow characteristics measured
near the stern.

(3) For faster convergence in numerical calcula-
tion, an iterative procedure with under-
relaxation for viscous-inviscid interaction is
adopted.

(4) Viscous pressure resistance component pro-
duced at the region downstream of numerical
breakdown is estimated by referring to the
pressure measurement close to the stern end. -
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Furthermore, for the handy use of the present
computational method in hull form design, the
ship form is represented by use of exponential
splines which is simple and improves the degree
of fitting of hull forms.

Lastly, some calculated examples are shown
and the applicability of the present method for
design purpose is discussed.

2. Governing Equations for Thick
Boundary Layer Near the Stern

2.1 Higher order boundary layer equations

From many experiments and calculations made
in the last decade, it is found that the ordinary
first order boundary layer equations can be ap-
plicable to the flow over a large part of a ship
hull, but not to the flow close to the ship stern,
where the boundary layer thickness is non-uniform
along frameline. The boundary layer is thin at
the bottom due to the extreme divergence of
streamlines and thick at the side, especially at
a concave part of frameline near a half of drauhgt,
due to convergence of streamlines in addition to
the decrease of the body sectional area. Such
thick boundary layer is characterized by, for
instance, strong viscous-inviscid interaction, pres-
sure variation across the boundary layer, lower
turbulence level than that in thin boundary layer
and noticeable magnitude of normal velocity
component. On the other hand, it is well known
that viscous pressure resistance is closely con-
nected to the shape of ship stern. Therefore,
instead of the ordinary boundary layer equations,
higher order boundary layer equations including
above characteristics of the thick boundary layer
should be derived to calculate viscous pressure
resistance.

Streamline coordinate system (£, 5, {) shown in
Fig. 1 is adopted in the present study. £-axis
coincides with the projection of inviscid stream-
lines just outside the boundary layer to the ship
hull surface, and 7-axis intersects orthogonally to
the §-axis on the hull surface. {-axis is outward
normal to the hull surface. %1, 42 and ks are metric
coefficients of the streamline coordinates. If
hs is assumed from the boundary layer approxi-
mation to be unity, 41 and %2 at an arbitrary
position in space can be expressed as

hi=lhw(1+Kiswl) , he=haw(l+Kesuwl) (1)

where subscript w means the value at the wall.
Kis and Kss are normal curvatures and defined
as®

Kisw Kasw

K13=1+K13w§ , Hu= 1+ Kol (2)
.1 %) 1 (51/12)
Kisw= T <a§ ' Kozw= oo \ 0T o (3)

Fig. 1 Coordinate system

Geodesic curvatures Kgi and K1z are also defined
as
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T Kl | (1 Kuwl) (1+ Kzwl)

aKzsw

h1wa§

(4)
Kie Kizw 4
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% 0K 15w
]/LZwa’)]
where

. 1 ahzw _ 1 ahlw
K21w~k1whzw g K= hwhaw 09

(5)

Normal curvatures, which are not considered
in the ordinary boundary layer equations, play
an important role on characterizing the pressure
variation across the boundary layer and turbulent
shear stresses in the stern flow, so that the terms
of normal curvatures should be retained in the
governing equations. Thus, higher order bound-
ary layer equations applicable to the thick bound-
ary layer near the stern are derived as

%_g?+ v a +w.a_§-+(K12u—K21U)U
1
1 67'13

}21 ;sf(p) p 3

(2K13+Kza) T; (6)

+ Kisuw-t-

v v

u v +__+
on .

v
K
In OF e T Hesvw

0

o¢
o (p

+ (Kaiv— 1{12%)%+h_2 %< P>

—71; aggs -(2K23+K13)—§3—=0 (7)
+—v~§—w¥+ L K
W=7 ag 13U

u 0w

/Zl 65

— K +a—§(£)—o ()

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

Calculation of Ship Viscous Resistance and Its Application

49

and the continuity equation becomes

1 du 1 Ov  ow
n 6§+hz 677 aC + Ko+ Kisv

+ (Kis+ Ka)w=0

(9)

where 713 and 723 are the shear stress components
including Reynolds stresses. These equations are
identical with those in the previous paper® except
the first three terms in Eq. (8). Eq. (8) describes
the pressure variation across the boundary layer
and then closely relates to the viscous pressure
resistance. It is therefore important to evaluate
the order of magnitude of each term of Eq. (8)
precisely based on the experimental investigation.

2.2 Experimental evaluation of higher order
terms

For the purpose to examine the order of magni-
tude of each term of Eq. (8), flow measurements
were carried out along potential streamlines
calculated by Hess-Smith method near the stern
of a full form ship model, Ship-A, as shown in
Fig. 2. The ship model is geometrically similar to
the model used in research program SRI1074.
The length between perpendiculars is 8.0 m and

2 ] 1/2

il
Fig. 2 After-body plan and streamlines of
Ship-A

the block coefficient 0.83. A five-hole probe of
NPL type of 3 mm in diameter was used for the
measurements of velocity components and pres-
sure. The probe was traversed in the direction
normal to the hull surface. The spatial deriva-
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Fig. 3 Comparison of magnitude of higher order terms in Eq. (8)
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tives of velocity components were obtained from
the gradient of the curves fitted to the measured
values and then each term of Eq. (8) was evalu-
ated. Some examgles are shown in Fig. 3. The
values of the normal curvatures Kimw and Kaw
calculated on the body surface were used here.

The measuring points are not so dense to evalu-
ate precisely the velocity gradients included in
Eq. (8), so that the diagrams in Fig. 3 are not
fully valid quantitatively but may be sufficient
to compare the order of magnitude of the each
term qualitatively. It is found that the fourth
term in Eq. (8) is the most dominant term. The
first three terms in Eq. (8) are as same as or larger
rather than the fifth term. From this fact, all
terms in Eq. (8) are retained in the present study,
while the present author dropped the first three
terms in the previous paper?, and Larsson and
Chang dropped the second and the fifth terms
under the small cross flow assumption®.

2.3 Equations for boundary layer calculation

In the present paper, the integral method is
adopted to solve the aforementioned governing
equations. The momentum integral equations
based on the streamline coordinate system are
derived from the similar manner to the previous
paper and are written as

1 ods
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where the integral parameters are defined in
Appendix.

The Coles’ wall-wake law is used as the velocity
profile in the boundary layer

u= u*f0<L’:§>cos B+ Uks £2(£19)

”Z@‘*f‘)(%?é) sin i+ Uk £1(¢/9) )
where
sl _ Ly (1l
f0< V > IK1 ( * >+B (13)
§/5 ‘—“2‘{ cos< >
and
k=0.41, B=0.50 (14)

B and us are wall cross flow angle and friction
velocity respectively and defined by

T23w

tan = Tisw (1)
U= VTwlp , Tw*=Tisw’+Tasw’ (16)

k1 and ks are obtained by substituting {=¢ into
Eq. (12) as follows.

ki=1 —l*- o (@)cas/)’

f0< >51n/j’

Furthermore, velocity profile for the normal
velocity component w is necessary to solve the
above higher order equations. For simplicity, an
approximate profile of w is employed on the basis
of the experimental results, although w should
be determined to satisfy the continuity equation.
Fig. 4 shows the normal velocity component
measured near the stern of Ship-A. From these
results, the profile of w can approximately be
expressed as

w=W-{/8 (18)

(17)

The normal velocity component I at the bound-
ary layer edge is obtained by integrating the
continuity equation. Nakayama et al® and
TLarsson and Chang® are used the same expres-
sion of w.

The distribution of turbulent shear stresses in
¢ direction is necessary to perform the integral of
Ty, and T3 in Egs. (10) and (11). Referring to
turbulence characteristics measured near a ship
stern?, the mixing length /m is roughly assumed by

In/8=0.28/8 0<g/6<0.3 } 9
Im/6=0.06 0.3<{/6<1.0 (19)
and then shear stresses are evaluated as
Tz _ .| du 723 dv
o —=2. Z )
\%l% Bmlala @0
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Fig. 4 Measured normal velocity component

An entrainment equation for three-dimensional
flow is employed as the auxiliary equation.

1 8(6—8%) 1 0d*

Niw ag haw 677
= = 1 0U
e e (5 — O
=F~(0—0d¢ ){U h1w6§+Kzlw}
6 17 e
+02 KUﬂzwa + xzw)
—’_{K13w0+K23w5} asz (21)
hwdE

where F is the entrainment rate and Head’s
relation for two-dimensional flow is applied along
the streamline for the three-dimensional flow as

F=0.0306(H*--3.0)~0-533 }
s s (22)
H¥*=(d—0:%)[01

2.4 Viscous-inviscid interaction

As mentioned before, the interaction between
the boundary layer and the external inviscid flow
may become remarkable near the stern, where the
flow characteristics are closely related to the
viscous pressure resistance.

The viscous-inviscid interaction problem is
usually solved by an iterative procedure in which
the potential flow and the boundary layer calcu-
lations are repeated alternately taking the mutual
influence into account. A method adopted in the

present paper is the same in the previous paper,
and is the so-called surface source method®:®.
In the method, the source distribution is deter-
mined to allow the specified transpiration velocity
on the body surface, resulting from interaction
with the boundary layer. The transpiration ve-
locity is determined to satisfy the outer boundary
condition which combines smoothly both normal
and tangential velocities outside and inside the
boundary layer.®

U 04.*
hyw OF

U 9ds*

W= haw O

oU
+34% </11w(7§ +K21wU)

2 OK OKosw
/21w6§

+ 085 < ou +K1sz) Ué
haw0y

_é(Kzsw-f-QI{xsw)(ha[gg

The transpiration velocity Wpw tends to in-
crease unreasonably near the stern due to insuffi-
ciency of the boundary layer approximation.
Following Hoekstra and Raven!®, an under-
relaxation method is adopted for the iterative
procedure in the present paper, which is effective
to improve the covergence or to avoid divergence.

Wit = i (Wit — T77%) (24)

+IlewU> (23)

where ¢ is the iteration count and « is the under-
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Fig. 5 Transpiration velocity at S.5.1

relaxation factor.

The iterative procedure is terminated when the
transpiration velocity Wpw attains the value of
convergence. As an example, Fig. 5 shows the
change of the transpiration velocity at S.5.1 of
Ship-A. From the diagram, the iterative proce-
dure may be considered practically to.be con-
verged at 6th iteration. It is also found that, at
$.8.1, the transpiration velocity is negative on
the bottom of ship and positive on the side. This
produces extra-sink distributions on the bottom
and extra-source distributions on the side at 5.5.1
due to the viscous-inviscid interaction. An inten-
sive discussion on the effect of viscous-inviscid
interaction is made in Ref. (3).

3. Representation of Ship Hull Form

3.1 Exponential splines

Mathematical expression of hull form is con-
venient to construct the curvilinear body fitted
coordinate system for viscous flow calculations
and to change hull form systematically for
parametric studies. In this connection, a method
proposed by von Kerczeck and Tuck™ was
adopted in the author’s previous paper. In the
method, each cross section of a ship hull is repre-
sented by use of the conformal mapping. The
mapping coefficients at each cross section are
approximated by polynomials of . Although
this method is simple and expresses a hull form
with reasonable accuracy, there are some room
for improvements:

(1) Representation of cross sections near ait end

. is difficult.

(2) The cross sections always intersect with load
water line at right angle (recently this is
improved by von Kerczeck and Stern'®).

(3) Undesirable waviness in the longitudinal

direction of cross section occurs.
(4) Representation of flat plane such as bottom
and vertical wall is impossible.
In the present paper, to improve this situation,
exponential splines method is introduced for the
expression of hull form.

In general, when  and ¥ are an independent
and a dependent variables respectively, and values
of ¥ are given at discrete points x=:, the expo-
nential spline is defined as the solution to the
boundary value problem on each subinterval
(21, Tiq1) (=1, -+, N)

(D*—p:DHy=0, z<T<Tip (25)
and the boundary conditions are

Y(®) =Yz, Y(Ter)) =Yi1,

Y (@)=Y, ¥ (Tir) =Y i1t (26)

where D is differential operator and prim means
differential with respect to #. A tention parame-

ter p: is determined by iterative procedure in

order to eliminate extraneous inflection points!®.
If p; is zero, Eq. (25) becomes a differential
equation for a cubic spline and if p: tends to
infinity, the solution of Eq. (25) becomes to be
like the polygonal or broken line interpolation.
The general solution of Eq. (25) is written as

y=A%cosh (p:x)+B*sinh (p:z)
+C*x+D* ‘ (27)
where constants 4*, B*, C* and D* are deter-

mined to satisfy the boundary condition (26).
This results in

1
= (¥ sinh [Pe(Tif1— 2
v pi?sinh (Pif) {y"ssinh [Po(@i1:— )]
+y"spusinh [Po(@—Z4) ]} '
__y”i Lip1— T
+<yz pi2> I
Y \ 2=
i (28)
where
hi=%ip1— X4 (29)

The quadratic differential ¥ (¢=1,---, N+1)
are determined to satisfy the continuity of first
differential at @ =x¢, and are obtained by solving
the following tri-diagonal simultaneous equations.

<p1 cosh (pl_hi)_._i> v’

<—1—~ pl >,y112
sinh (pih1) A1) P \h1 sinh (pihi)/ pi®
YUY

hi

—y"1 for i=1

< 1 . Di-1 >y”i~1
hiea  sinh(Piahia1) ) PP
<Pi—1COSh(pi—1]’Li_1)_ 1 > 1
sinh (pi—ihi-1) hioy) Pl
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sinh (pihs) ki) pd
< 1 i > Y i1

hi sinh (pz}]’;') P2

A

(p«;cosh(pihi) 1>1 .,

_Yu—Yi Yi—Yia

=9 ... N
hi Diy for i=2,--,
«L_;VQL_~WWN
hy  sinh(pwha) ) Pt
‘ < P cosh (pxhx) _L) Y
sinh (pxhw) haw/ Pyt
=y — LA TYN for i=N+1
i
(30)

3.2 Representation of ship hull form

Now, let us express a hull form by use of the
exponential splines. x, ¥ and z are the Cartesian
coordinates as shown in Fig. 1, and they are made

dimensionless by a half of ship length. A new

parameter ¢ is introduced along the frameline at
each station and defined as non-dimensional arc
length measured from keel line; =0 corresponds
to the keel line and ¢=1 to the load waterline.
y and z coordinates along frameline at each sta-
tion are expressed as a function of ¢ by using the
exponential splines respectively.

y=f{), z=9() (31)

Fig. 6 shows a comparison of cross sections of
Ship-A expressed by the exponential splines and
conformal mapping method. The superiority of
the exponential splines can be seen. As frameline
expressed by exponential splines coincides com-
pletely with one drawn by use of batten, the
deviation can not be detected in Fig. 6. Next,

s-line is defined longitudinally as a curve of ¢= ,

constant on the hull surface. ¥ and z coordinates
on s-curve are also expressed as a function of z
by using the exponential splines. :

y=F(z), 2z=G(x) (32)

As an example, Fig. 7 shows the body plan and
s-curves expressed by the exponential splines.
It can be seen that the representation of ship hull
form by the exponential splines is satisfactory.

Once Egs. (31) and (32) are determined for a
parent ship form, parametric variations of ship
form are easily conducted. For example, a new
ship form with different ratio of the principal
dimensions is obtained as

y=yif(f), =70 }

y=yiF(x), z=7:G(x) (83)

where y1 and y: are constant representing ratios
of principal dimensions. Therefore, systematic
series of principal dimensions of ship hulls can be
constructed immediately by changing the values

° Givin points

Exponential splines

Conformal mapping

Fig. 6 Comparison of framelines expressed
mathematically by two methods

of yrand ys. Fig. 8 shows an example: body plan
for the values of y1=1.0 and y.=1.154 (Bld=
2.25) whose parent ship is Ship-A (B/d=2.6)
shown in Fig. 7. Next, when we want to make
minor change of frameline shape locally, only
neighbouring framelines and s-lines of the inter-
ested part are recalculated to determine their
exponential splines. Such a local change of
frameline shape is difficult for the conformal
mapping method. Further, frameline shape being

- kept unchanged, parametric changes of sectional

area curve and/or fullness of ships may also be
possible. It can be therefore said that the present
method expressing ship form by exponential
splines is satisfactory and useful to investigate on
a wide variety of ship forms in the design stage.
This method can also be efficiently used in optimi-
zation problem by non-linear programming.

4. Calculation of Viscous Resistance

4.1 Method for calculating viscous resistance
of ships

Viscous resistance of a ship is obtained as a
sum of frictional resistance Rr and viscous pres-
sure resistance Rup. According to their physical
properties, Rr can be obtained by integrating
the shear stress over the hull surface and Rup by
integrating the pressure. Frictional resistance
coefficient Cr is expressed as
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Fig. 7 An example of mathematical expression by exponential splines
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Fig. 8 Body plan of a ship form changed by
use of exponential splines

RF 1 Twz
C 1 —_—
T (12)pU.ES sggs(l/z)przdS
e[ reraesf, oved
=5 U, Crldx+ . Crdx (34)

where 7wz is z-component of wall shear stress. S
and U are hull surface area and uniform velocity
respectively, and xp denotes the position of nu-
merical breakdown in the boundary layer calcu-
lation. Cr’ is frictional resistance coefficient at
each transverse cross section and is given as

0

Twz
Cr'= _Twz
g S_m 12U (35)
where surface element dS is written as
Lypp*
dS=—""~cdxdp (36)

4

¢ is argument when cross section is transformed
to the unit circle by conformal mapping.

In the present paper, the second term of the
right hand side of Eq. (34) is omitted because its
contribution seems to be negligibly small. Viscous
pressure resistance coefficient Cyp is written as

R‘Dp
(1/2)pU.2S

Ll (G
= {S_l dz\_ (Cro—Cp)aldp

Cvp-:

1 0

+| dxg (Coo— Cou) 01 d¢} (37)
vTg —x/2

where [/ is x-component of the outward normal

unit vector on the hull surface. Cpw, Cpe and Cpo

are pressure coefficients defined by

: Pw— P Pe—Poo
Cz:w= s C:ue=

DpUE 1/2)pU.2

(p/ )p 1/2)p (38)
Cr= U2

where P» and Po are the pressure at the hull
surface in viscous and potential flows respective-
ly, and p. and p. represent the reference pressure
and the pressure at the boundary layer edge
respectively.

In order to understand physical properties of
viscous pressure resistance, Eq. (38) is divided
into three parts as

CvaCvp1+Cvp2+Cvp3 (39)
where
Lon? (2 0
Cvplz 2%" S_I:dxg—tﬂ(Cpa—pr) 0'Zd¢

8

L 2 (x 0
Com="522 g_lf d S (Cro—Co) ol dsh

—_r

25 . (Cpo“C;pw) O'ld¢

i
B
(40)
Cup: represents the pressure resistance caused by
the pressure variation across the boundary layer
and Cuwpz caused by the viscous-inviscid inter-
action. Cops is the pressure resistance at the hull
part downstream of the position of numerical
breakdown .
An integrand of Cup: can be evaluated by inte-
grating Eq. (8) in ¢ direction.

cpg—-cpw~—2< ) {ACpi+ACm+ACys

+ACps+ACys) (41)

ACp: (¢=1,2,3,4,5) correspond to the first five
terms of Eq. (8) and are given as

1p_ g L oW
ACp= S TF KT T O a)
1P 8 gl 0w
ACm= g”ﬂm“; a7\ s
1/ W\* (42)
aCw=3() B
AV;M*— *fflaw{(5“51*“'611}—4&:13@0(5—51*
~0:0}
Acpsszsw(ﬁzz—Kzawazz)

Using the velocity components U and W at the
boundary layer edge, the pressure coefficient Cpe
at the boundary layer edge is evaluated by
Cpe=1—(U*+W? (43)

As ACp1, ACps and ACps depend on the growth
of the boundary layer, it may be difficult to know
beforehand the correlation between them and
geometrical ship form explicitly. On the other
hand, 4Cyp: and ACps are directly connected to
the normal curvatures Kisw and Kasw. If potential
streamline is convex, Kuw is positive and then
ACyps becomes negative. This leads increase of
viscous pressure resistance. ACys is usually small-
er than ACps because cross flow angles are not so
large.

In order to examine accuracy of the present
method, the calculated pressure Cpw on the hull
surface is compared with the measured one in
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Calculation Ship-A
o e Measurement
0.4 o
No.2 Streamline o
Positive o3 r
0.2
Cp
0.1
. 0
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| S -0.1 -
Cpw S.S.1
®*[ No.5 Streamline L
0.2 t o © ©
G o | R ° '\pr (Measurement)
(e}
0 —" ©°
Negative -0.1
«®
0.2 ¢ .
No.10 Streamline ™ Cpw (Measurenent)
0.1 +
o
¢ o 4 ¢ °
c.1 o
0.2 ©
. . . . . Cno
Fig. 9 Comparison f:’f pressure distributions 0.2+ No.12 Streamline
along frameline at S.S.1 o b O Cpy (Measurement)
¢ °
Fig. 9. The measurements were made twice on 0.1k p °
different days for an 8 m long ship model. There 0.2 }
is small quantitative gap between calculations s
and measurements, but a qualitative agreement ' ) ) )
is fairly well. | e 2 14 AP
Next, let us describe a method to evaluate Station
Cops.  The characteristics of (Cpo—Cpu) values . o
Fig. 10 Pressure distributions measured

after the position of numerical breakdown were
examined on the basis of flow measurements.
The pressure Cpw on the hull surface of the stern
along the four streamlines shown in Fig. 2 was
experimentally obtained first and then they are
compared with the pressure Cpo on the hull sur-
face in the potential flow in Fig. 10. It is noticed
that the difference between Cp and Cpw increases
gradually towards the stern end. The same is
observed in other experiments by, for example,
Larsson!® and Hatano et al.'® However, an in-
crement of the difference is very small, therefore
it may be assumed that the difference between
Cpo and Cpw is constant along the streamlines, viz.
cm:-L-l”’i\\ (Cpo—Copw) dy dz (44)
25 JiTg

const. along
each streamiine

4.2 Calculated results and discussion

The viscous resistance coefficients of Ship-A
are calculated by the method described above
and are shown in Table 1.- In the case of Ship-A,
Cupt, Copz and Cups are almost same magnitude,
though Cupe is negative value.

near the stern

Cro, the frictional resistance coefficient for a
flat plate, is calculated by applying the present
method, and form factor Ky due to the frictional
resistance and Kp due to the viscous pressure
resistance are calculated by

1+ K;=Cr/Cro, Kp=Cup/Cro (45)

Kp is considerably larger than K as can be seen
in Table 1. Therefore, it is said that much atten-
tion should be paid to the viscous pressure re-
sistance in the design of full form ships. The
calculated form factor K is slightly smaller than
the experimental one Kexp obtained from the
resistance test. However, the degree of this
discrepancy seems to be acceptable in practical
use. _

Next, wviscous resistance calculations were
performed for full form ships whose breadth-
draught ratio was changed by use of aforemen-
tioned exponential splines. Body plan of the ship?

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

Calculation of Ship Viscous Resistance and Its Application 57

Table 1 Principal dimensions and calculated results of viscous resistance

Ship-A Ship-B Ship-C
Items Original B/d series U-form Vv-form
Lop (m) 8.00 8.00 8.00 5.00 5.00
Lpp/B 1 6.83 6.83 6.83 6.00 6.00
B/d : 2.60 2.25 3.00 2.76 2.76
Cb 0.83 0.83 0.83 0.80 0.80
Rn x 1078 12.2 12.2 12.2 5.0 5.0
Crg 0.00269 | 0.00269 | 0.00269 | 0.00308 | 0.00308
Kexp 0.322 | ----- | —---- 0.425 0.358
Cvpl 0.00056 | 0.00066 | 0.00103 | 0.00043 | 0.00086
Cvp2 -0.00050 |-0.00079 | -6.00090 | -0.00021 [-0.00059
g Cvp3 0.00044 | 0.00098 | 0.00035 | 0.00128 | 0.00070
"g Cp 0.00293 | 0.00295 | 0.00291 | 0.00332 | 0.00340
3 Kp 0.186 0.316 0.178 0.487 0.313
% Ke 0.089 0.097 0.082 0.078 0.104
C K 0.275 0.413 0.260 0.565 0.417
Cvcal/Cvexp 0.964 | ----- | ~---_ 1.098 1.043
Note; Cv‘cal = Cvp + CF‘ , Cvexp = CFO( l+Kexp )
Ship-B  eeemeo Ship-C J J
S [ I
NN\ -
\ \ \ \ Ship-C
\
AR 5

A\
N

\ \\\\\ 1/2
]
\ \
NN \
NN

Fig. 11

Fig. 12 Distributions of viscous pressure re-

H 1( N 1 .
Body plans of two tanker models sistance component at S.9.1

with breadth-draught ratio of 2.25 is shown in
Fig. 8. According to the calculated results shown
in Table 1, the viscous resistance of the ship with
smaller B/d is larger than that with larger B/d.
This trend agrees with the experimental results?.
It is also found that the difference of viscous re-
sistance among them comes from the difference of
the viscous pressure resistance, because frictional
resistance is almost same.

Lastly, viscous resistance calculated and meas-
ured for two tanker models'®, Ship-B and Ship-
C, are shown in Table 1. Their fore-bodies are

identical and the shape of frameline of their after-
bodies are slightly different as shown in Fig. 11.
The calculated results agree with the measured
ones fairly well and the present method detects
the difference of viscous resistance caused from
small difference of frameline shapes as well as
measurements.  Fig. 12 shows the girthwise
distributions of viscous pressure resistance com-
ponent calculated at S.S.1. An evident differ-
ence between Ship-B and Ship-C is observed along
the girth from position C to G. The viscous pres-
sure resistance is obtained by multipling the
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——— Ship-B

0.31

Girth

Fig. 13 Comparison of directional cosine and
normal curvature

directional cosine / at the hull surface to (Cpo—
Cpw), and the normal curvatures Kisw and Kasw
are closely connected to (Cpo—Cpw) as known
from Eq. (42). Consequently, directional cosine
I and normal curvatures, especially Kiw, are
important geometrical quantities. The girthwise
distributions of / and Kuw at S.S.1 of both ship
models are compared in Fig. 13. A considerable
difference of Kuw is observed between positions C
and E, while / is almost same magnitude in both
models. This implies that larger viscous pressure
resistance component of Ship-B shown in Fig. 12
is mainly caused from larger normal curvature
Kizw.

As described above, the present calculation
method can predict viscous resistance of full form
ships and understand the relationship between
the viscous pressure resistance and local hull
form. Therefore, the present method may be-
come a useful tool for design and improvement of
hull form.

5. Concluding Remarks

An improved method for calculating ship
viscous resistance is presented. The viscous re-
sistance is calculated as a sum of frictional and
viscous pressure resistance, which are obtained by
integrating shear stress and pressure over the hull
surface in order to know directly the correlation
between the hull form and viscous resistance
components. The shear stress and pressure on
the hull surface are obtained by solving the
momentum integral equations of the boundary

layer, including higher order terms and viscous-
inviscid interaction which characterize thick
boundary layer near the stern.

Furthermore, in order to make systematic
changes of ship form easily and to examine many
candidates of the ship on their viscous resistance
quickly and cheaply at the design stage, ship
form is represented mathematically by use of the
exponential splines. It is found that this method
representing hull form is satisfactory and effec-
tive for practical use.

The calculated results of viscous resistance of
full form ships by the present method agree well
with the measured ones. And then it is expected
that the present method including mathematical
representation of hull forms may become a useful
tool for designing ship hull forms.
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Appendix Definition of integral parameters
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where ¢ is the boundary layer thickness and

—Lge
_25‘

o>

Tisw and Tasw are the wall shear stresses in £ and

7 directions.
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