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Abstract

During ship design, its service speed is one of the crucial parameters that determine its future operational
profitability. As sufficiently exact calculation methods applicable to preliminary design stage are lacking, the
so-called contract speed, the speed a ship reaches in calm water, is usually specified during the draft stage.
The service speed obtainable by a ship under real weather conditions (mainly wind and waves) is one of the
most important parameters influencing a ship’s profitability on a given shipping route. This paper presents
a parametric model of calculating total ship resistance on a given shipping route under actual weather
conditions (wind, waves, sea current), that could be useful in the initial design of container ships.

Introduction

During ship design, one of the parameters most
crucial to the operational profitability of a ship is its
service speed under seasonal weather conditions.
The service speed and total resistance of a ship can
be determined during its operation, or calculated on
the basis of complete design documentation or from
the results of model basin tests. An algorithm for
estimating total ship resistance (resistance on calm
water, plus resistance from wind, waves, sea cur-
rents and rudder adjustments) was presented in
Szelangiewicz and Zelazny (Szelangiewicz &
Zelazny, 2006). This method cannot, however, be
used in preliminary stages of ship design, when
important decisions must now be made only on the
basis of the ship’s hull geometry, which has been
the only information a ship designer typically has at
his disposal during the initial design stages. The
details of hull geometry are insufficient to allow
service speed under expected weather conditions to
be estimated.
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This article presents an approximate method of
estimating a ship’s resistance on calm water, as
well as the additional resistance from wind, waves,
sea currents and rudder adjustments that would be
useful to know in the preliminary design of a con-
tainer ship (additional resistance from waves was
presented in Zelazny (Zelazny, 2015).

The total resistance of the vessel on
a given shipping route

While a transport vessel sails on a given ship-
ping route (Figure 1) under real weather conditions,
acted on by wind, waves and currents, then addi-
tional resistance as well as drift moments appear
and, in order to keep the vessel on a constant
course, these drift moments must be counterbal-
anced by a rudder plane and resulting carrying
helm.

The total resistance of the vessel under real
weather conditions on a given shipping route is
given by the following expression:
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Figure 1. Example shipping route and directions of wind,
waves, current

R.=R_+AR (1)
where:
R, — ship resistance in calm water (Figure 2);
AR =R, +Ryy +Ry @
R., — additional resistance from the wind;

R.» — additional resistance from the waves;

R.x — additional resistance of e.g. steering devices
(e.g. rudder fin), that keep vessel on a given
course (disturbance of the course are also
caused by the impact of wind and wave).
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Figure 2. Parts of total ship resistance R,, R,, M, (water,
wind, waves), course of ship, and direction of current, wind,
waves

The resistance of the vessel on the water as affected
by sea current and drift angle

The ship’s still-water resistance is usually meas-
ured by model tests or is calculated for the ship in
rectilinear motion. In real weather conditions, the
ship sails at a certain drift angle due to the oblique
action of wind and waves and/or possible surface
sea currents. Hence, the still-water response for the
ship at a steady speed, is composed of the following
elements:

1

R, ZEPW S VRZV Cx(ﬂRV)
1
Ry ZEPW S VRZV Cy(ﬂRV) (3)

1
M, ZEPW SLV? Cm(ﬂRV)

100

where:

R\, R,, M. — components of still-water resistance
forces, moment of ship sailing at drift angle
Pry, and surface sea currents, respectively;

p» — water density;

S — lateral projection of underwater ship hull
surface onto ship’s plane of symmetry PS;

Vry — relative ship speed;

Pry — relative drift angle;

L - ship length;

C,, C,, C,, — coefficients of resistance forces and
moment.

In Eq. (3), the relative speed and relative drift
angle are as follows:

VRV =A VRZVX +VR2Vy (4)

-V,
By =arc tan——2 ©)
RVx

Ve =V, =V cos Be

VRVy = Vy —Vsin B ©)
where:
V' — absolute ship speed, (Figure 2);
Vi=V-cosp, V,,=—V-sinf3 — absolute speed ship

components;
[ — drift angle at absolute speed, (Figure 2);
Ve — surface sea current velocity;
Pc — sea current direction relative to ship;
Be=ve—v (7

yc — geographical direction of surface current,

(7c = 0° northbound current, y-=90° east-
bound current);

v — geographical course of ship (= 0° north-
ward course, W =90° eastward course),
(Figure 2).

If the sea current velocity V¢ = 0, then the abso-
lute ship speed V and absolute drift angle f is valid

for Eq. (3).

Wind influence on ship

The mean wind forces acting on a ship in motion
can be calculated by using the following formulae:

1
R, = _EPA S, VRZA CAx(ﬂRA)

1
R, ZEPA S, VRZA CAy(ﬂRA) ®)

1
M., ZEPA Sy L VRZA CAm(ﬂRA)

where:
p4 — air density;

Scientific Journals of the Maritime University of Szczecin 44 (116)



An approximate method for calculating total ship resistance on a given shipping route under statistical weather conditions...

S, S, — areas of front and side projections of above
water part on ship onto midship and sym-
metry plane of ship, respectively;

Cuxs Cuys Cun(Pra) — acro-dynamical drag coeffi-
cients of the above-water part of ship sur-
face, dependent on the relative wind direc-

tion (Br4);
Vra — relative wind speed;
Pra — relative wind direction;

Via =1 VRzAx + VRsz ©)

Viae =V, cos B =V

. (10)
Viay =Vysin 3,
Bi=7.—w +180° (11)
P+ — wind direction relative to ship;
-V i
B, = arc tan — (12)
RAx

V4 — absolute wind speed, (Figure 2);
vy — geographic wind direction (¥4 = 0°— north
wind, ¥4 = 90° — east wind), (Figure 2).

Wave influence on ship

The mean irregular-wave—generated forces (i.e.
mean wave-generated drift forces) acting on a ship
in motion can be calculated by using the formulae:

B* 7
R, = 2pngJ.CWX(a)/ﬁW,V)S§g(a))da)
0
B> %
Ry =2p,8" - [Cl@) BV S (@)oo (13)
0

M, = 2prsz.Cwm(a)/ﬁW,V)S§§ (@)dw
0

where:

g — acceleration to gravity;

B — ship breadth;

Cuxs Cuyy Cun( @/ By, V) — coefficients of regular-
-wave-generated drift force depending on
the wave direction relative to ship Sy, and
ship speed V;

@ — regular wave frequency;
Bw — wave direction relative to ship;

By =u—y +180° (14)
u  — geographical wave direction, (u =0°

north wave, i = 90° — east wave);

S.{w) —wave energy spectral density function
(dependent on the significant wave height
Hg and mean wave T7).
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Additional ship resistance due to passive rudder

When a ship sails in waves, especially when
oblique wind and waves influence the ship’s mo-
tion, lateral forces and moments are generated
which would cause a change of course if not cor-
rected for by the rudder. In order to keep the ship’s
course constant, the rudder blade must be inclined,
and that produces the additional resistance R,z.

In the literature on ship manoeuvring, several
algorithms are given for calculating hydro-
dynamical forces on a passive rudder, including
those dealing with additional resistance (see Hi-
rano, 1980; Inoue et al., 1981). According to (Inoue
et al., 1981), the passive rudder forces can be
calculated by using the formulae:

R =‘FN sin5R‘
Ry =a, Fy cosdy (15)
M, =a, Fy cosdy

where:

o — rudder angle (Figure 3 — rudder angle at

boardside — & >0, the rudder angle at
starboard — & <0);

a, — coefficient of hull influence on the rudder
force Ryx;
a. — coefficient of hull influence on the rudder

moment M., on the rudder;
a,=a,-xg (16)

xz — abscissa of rudder axis measured from the
ship mass centre G (xz < 0);
Fy — rudder normal force, (Figure 3);

1 6.13-1 ) .
Fy=—p, ———— A, V; sina 17
N 2Pw1+2‘25 R VR R (17)
A — rudder aspect ratio;
Ar — rudder surface area;
Vk — water inflow velocity to rudder;
ar — effective rudder angle of attack.

As a result of passive rudder inclination, a mo-
ment, M., of force, R, appears, and in order to
maintain course, the rudder moment must have a
value as that balances the resultant forcing moment
due to the action of wind, water flow and waves:

M =-M_, (18)

where: M7 is the total moment of the marine envi-
ronment (wind, waves and current from the vessel
with the angle of drift):

My,=M_,+M_, + M, (19)
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Figure 3. Forces and moment on the rudder blade, rudder angle and angle of attack

Hence, the value of the rudder angle, oz, calcu-
lated by using Eq. (15) under the assumption that
a constant course is maintained, depends on the
wind and wave parameters and ship’s drift angle.

Approximate method of ship resistance on
calm water with sea current and drift angle

After comparing a number of methods of esti-
mating ship resistance for relative accuracy and
simplicity of the calculations entailed, a multiple
linear regression was chosen to estimate resistance.
The data required by the regression function to
estimate ship resistance in calm waters using
the Holtrop—Mennen’s method (Holtrop & Mennen,
1982) was taken from 56 container ships — three
datasets to test the model, and 53 to search for
amodel. The range of parameters (independent
variables) examined for the targeted group of
container ships is summarized in Table 1.

Table 1. The range of examined parameters for container
ships

L B T Cy; Cuy Cp v v LB

[m] [m] m] [-] [-] [] m’]  [m/s] [-]
max 380 56 15 0.77 0.85 0.78 214580 13.5 8.9
min 125 22 6 0.64 0.77 0.65 12420 25 5.4

A multiple linear regression takes the following
general form:

v=PLo+ b x\+ B+ + B x, +e  (20)
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where:
p;  — model parameters;
& — random effects;
y  — dependent variable (ship resistance here);
x; — independent variables (in this case geomet-

ric parameters of the hull).

Models of approximate function examined here,
have been drawn up on the basis of experience and
intuition having analysed the influence of ship
design parameters on its resistance. The approxi-
mating function (in the form below) has been
chosen from the analysis carried out:

R
—L = f(Ly,,B,T,Cy,V) (21)

where the dependent variable has the form of:

RT

=L 22

Y=y (22)
Based on analyses of the influence of the indi-

vidual parameters driving ship resistance in calm

water, a detailed form of approximating function

can be expressed as:

R
T _ 1.5 0.5 2.5
—=ay+aly +a,B +a, T +

v: o
(23)
1
a, M) 4 g05 1n(y)
B
where:
V  — ship displacement;

Ly, — ship length at waterline line.
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Coefficient values of an approximating model
for container ships are as follows:

ap a; ar as ay as
—7.23061 —-0.00071 1.94147 —0.00765 0.10817 0.00587
(R* = 0.930; Std. error of estimate = 1.64)

The coefficients C.(B), C,(B), Cn(P) for con-
tainer ships can be calculated from the following
formulae:

C.(B)=—-0.00085> +0.06618 +1
C,(58)=0.0002783% +0.0032083  (24)
C,(B)=0.0022518

The final form of the function approximating
force and moment resistance on container ships
with a specific angle of drift in calm water is as
follows:

R, =(~7.23061-0.00071L;; +1.94147B°° +
In(Cy)
C;

—0.007657%*° +1.10817 +

+0.00587V"° In(V)) 2(—0.0008 8% + 0.06618 +1)
— 2 -4 2 -3
R, =p, LTV*(1.36-107* B> +1.56-107 B)

M,=1.10-10"p, T I’ V* B.
(25)

Approximation of ship additional resistance
from wind action

Forces R.4 and R,,, as well as M.,, the moment
of wind action on the parts of the ship above water,
depend on the resistance of the ship’s shape above
water (given by coefficients Cy,, Cy4y, and Cy,), as
well as the surface area of the parts of the ship
above water, S,, and S,. As a result, the coefficients
Cux, Cay, Cam, Sy and S, are approximated here for
selected types of container ships (see Table 1).

The coefficients Cy, Cy, and Cy,, are either em-
pirically determined by conducting model tests
(Blendermann, 1990; 1991) of the above-water
parts of the ship in an aerodynamic tunnel, or by
calculations using approximation formulae (Isher-
wood, 1973; Vorabjew & Guliev, 1988). These
coefficients for a specific type of a ship, such as
a container ship, depend on the size of the ship size
to a limited degree. Coefficients Cyy, C4, and Cyy,
measured in an aerodynamic tunnel for a container
ship (Blendermann, 1990; 1991) have been ap-
proximated by a polynomial dependent only on
relative wind direction, fr4, (see Figure 2). The
following relationships were obtained:
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C,.(Bey) = 0.47676 +0.009918, , +
~2.5026-107* B2, +9.2900-107 B2,

R*=0.987
Cy(Brs) =0.019915,, —1.1108-107* B,
R*=0.981

C 1 (Brs) =—0.00488,,+1.056-107* Bz, +
~5.181-1077 B;,

R*> =0.980
(26)
Having developed approximations for coeffi-
cients Cyy, Cyuy, Cum, as well as for surfaces Sy and
S,, a set of equations for container ships take the
form shown by set (27) below:

R, = _% p,(467.7+0.0003V) V2, (0.47676 +

+0.009918,, —2.5026-10"* 82, +9.2900-10"’ ﬂ,iA)

R, = % p,(1848.1+0.0628V) V2, (0.019918, , +

~1.1108-10°* 52, )

M_ = % p,(1848.1+0.0628V )LVZ,(~0.00483,, +

+1.056-10‘4ﬂ,§A—5.181-10‘7/32)
(27)

Approximation of forces and moment
on plane rudder

In order to work out a simple approximating
formula, the following assumptions were made:

* From estimates of the drift angle Bz in the
rudder area (Zelazny, 2005), and from the distri-
bution of this angle performed during ship
movements along a shipping route, it has been
assumed that effective thrust angle (4) is given
by:

oy =0p (28)

* Rudder area, Ag, and aspect ratio, A, were made
dependent on basic ship dimensions.

Apart ship geometric parameters and rudder an-
gle in equation (18) it is also velocity V. It has
therefore been assumed that the approximating
model for velocity V; will take the form of:

Ve=a+bV (29)
Taking into account the approximation of rudder
area, Az, and rudder elongation, A, final expressions

for the forces and moment on rudder are given by
the following expressions:
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R, =|(0.0194LT +2.1874) c (a+bV ) (sin ;)

&R=%@J4—0&%)®OHMLT+218M)

-c(a+bV)*sin26,
ALR=—%L@J4—0&%)®0MMLT+218M)
-c(a+bV)*sin2s,
(30)
1 6132
where: c=| —p, ———— |-
27" A+225

Coefficient values a, b, and ¢ for an adopted
model for container ships are as follows:
a b A

5.333 0.329 1.795

Verification of approximation model of total
resistance of container ships

Factual verification of the model was carried out
by comparing the results of the regression model
with calculations made for illustrative ships whose
basic parameters are given in Table 2, as well as by
tank tests (for relative and absolute error). Results
of the model’s verification in the form of relative
error values (comparison of values obtained from
the regression with the results of exact calculations
for illustrative container ships) are shown graphi-
cally in Figures 4-7.

Table 2. Basic parameters of illustrative ships used to verify
the model

Container ships

Parameter
K1 K2 K3
Length of the vessel L [m] 140.14 17194 2102
Ship breadth B [m] 22.3 25.3 32.24
Draught T [m] 8.25 9.85 10.5
Block coefficient Cp [—] 0.641 0.698 0.646
Waterplane coefficient Cyp [-] 0.809 0.828 0.807
Displacement V [m’] 17290 29900 47250
Ship speed V [m/s] 8.44 9.62 11.37
Ry [kN]
1000
900 1~ o approximation (23)
800 1— A
700 4~ — H-M method (Holtrop & l
600 1— Mennen, 1982 . l
—a— publication (Abramowski, I
500 = 2011)
400 ,/f;/,
300
200 //_//
100 A’___’e/e/ 'l V [m/s]
0 ® Y T T T T T T .
0 1 2 3 4 5 6 7 8 9 10

Figure 4. Resistance of container ship K2 on calm water
within drift angle
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Figure 5. Resistance (forces and moment) of container ship
K1 on calm water with drift angle for different speeds V'

Scientific Journals of the Maritime University of Szczecin 44 (116)



An approximate method for calculating total ship resistance on a given shipping route under statistical weather conditions...

R.4 [kN] Rz [kN]
150 it

9

/

100 7

; /

7
6 / 4
7
; Vi
7
V.
4 %
9
3 //
2 72
’d

-100 I E/

0 : ‘
-150 0 0.5 1 1.5 2 25 571 3
Ry [kN] Ry [KN]
1000 1

140

0
120 /
/ -
100

2.5 o1 3
o [°]
M4 [kN] M,
-# [KNm] or []
15000 g 0
0.5 1 1.5 2 2.5
m]
10000 /-\ 2000 A
NN
5000 N
-4000 N
N
0 5 =N ’ \g‘
" W 69 I" b 120 150, 180 N
i) o -6000
5000 ARG A Pl N
L o~
-8000
-10000 v \\
N
15000 - -10000 \\
0
-20000 -12000
V4 [m/s]
?Eola -14000
— 154 [ approximation 27) v [ms]
20a
10
o 5w o 9 a;p } approximation (30)
° 10w calculation (8) ——-10wz .
& 15w calculation (15)
O 20w X 9wz

Figure 7. Forces and moment on rudder calculated for
different ship speeds }'— container ship K2

Figure 6. Wind forces and moment for different wind
speeds V,, — container ship K2
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Conclusions

The final form of the formulae approximating
total ship resistance during a cruise on a specific
sea route is quite complex. However, the resis-
tance components R,, R, and the torque M.,
depend on the basic geometric parameters of
the ship available at the preliminary design
stage —length L, width B, draught 7, side
height H, displacement V, block coefficient
Cp, and waterplane area coefficient Cyp.

The number of basic geometric parameters used
in the approximation formulae developed is sig-
nificantly lower than that in other known ap-
proximate methods. Therefore, the approxima-
tions developed can be easily used at
preliminary ship design stages.

The tests show that the approximation model
developed is accurate enough to be used in pre-
liminary ship design. Also, a comparison of
newly developed approximations of total resis-
tance components with other approximations
presented in the literature showed the former
were more accurate.

High accuracy of the final parametric model was
achieved mainly by using a multiple criteria re-
gression. Artificial neural networks were used
only to approximate the additional resistance
from the waves for which the highest accuracy
was achieved.

The individual components of the total resis-
tance calculated with the approximation formu-
lae may contain some errors, but ultimately the
total resistance estimation error for model ships
was no more than several per cent. The greatest
relative errors were obtained when approximat-
ing the forces and the torque on the plane rud-
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der; however, the impact of these components
on total ship resistance is negligible.
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