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Urednistvo

Preliminary communication

Two methods of added resistance calculation are briefly presented, one developed by Faltinsen, and the other by
Salvesen. Both are based on the Salvesen, Tuck and Faltinsen linear strip theory, as they use it to define the wave induced
motions. The first one obtains the added resistance by direct pressure integration, while the second one involves the potential
flow solution. Also, as a third method, an empirical approximation of the Salvesen method for the short wave lengths region is
included.

The calculations of added resistance due to waves are performed according to the chosen methods for four different
ships: two containerships, a bulk carrier and a ro-ro vessel. The results are presented graphically, with the comparison to
experimental results for the available cases.

Keywords : added resistance, motion of a ship in waves, speed loss.

Odre divanje dodatnog otpora broda na pravilnim valovima

Prethodno priopcenje

U radu su ukratko izlozene dvije metode, od kojih je jedna temelji na Faltinsenovom radu, a druga na Salvesenovom.
Obje metode proizlaze iz Salvesenove, Tuckove i Faltinsenove linearne vrpéaste teorije, jer se pomocu nje odreduju gibanja
inducirana djelovanjem valova. Medutim, kod prve metode dodatni otpor dobiva se direkthom integracijom tlakova, dok se u
drugoj rjeSava potencijalno strujanje. Osim ove dvije, radi usporedbe je uvedena i treca metoda, odnosno iskustvena
aproksimacija Salvesenove metode za podrucje manjih valnih duljina.

Primjenom navedenih metoda, provedeni su proracuni dodatnog otpora zbog utjecaja valova za Cetiri razlicita broda:
dva broda za prijevoz kontejnera, jedna brod za prijevoz rasutog tereta i jedan ro-ro. Rezultati su prikazani graficki, uz
usporedbu s eksperimentalnim vrijednostima za dostupne slu¢ajeve.

Klju €ne rije €i: dodatni otpor, gibanje broda na valovima, gubitak brzine



1 Introduction

The capability to sustain speed in a seaway isajn@e primary objectives in the
design of marine vehicle. The added resistance sifia in a seaway is becoming of great
importance because of the increasing demand ispatation speed and voyage duration [1]
as well as because of the increasing conscientteeafeed to reduce emissions from the ships

[2].

The term “Added Resistance” is used to descrilee ghenomenon of energy loss
because of generation of waves as a consequerstgpomotions due to sea waves. To this
purpose the ship resistance in calm water is isecd®dy accounting for the effect of seaway.
The ship speed, required power and propeller ctexistics are usually estimated for still
water conditions. But during its exploitation, thleip encounters different sea conditions and
in many occasions the seaway influences the resistand propulsion features. The added
resistance of a ship in waves is generally expthibg three effects: the so-called drifting
force resulting from interference of incidence wawand waves generated by heaving and
pitching; the damping force associated with heavargl pitching in calm water; the
diffraction force due to the interference of wawsl ship. These forces are related to the
energy transmitted from the ship to the water andidve generation. In general, it has been
proved that the drifting force is the most sigrafit, while the diffraction force would make
the smallest contribution, more important for shaeves. The viscous effect due to the
damping of the vertical motions represents onlymalk part of this extra-induced loss of
energy.

Progress made in seakeeping, in both analyticahodstand experimental techniques,
makes it possible to determine added resistande swifficient accuracy for design purposes.
However, the accuracy of added resistance caloul@agpends very much on the accuracy of
ship motion prediction, but this problem will na bonsidered here. The same is valid for the
effect of wind loads on speed loss and the effettsh lead to intentional speed reduction
based on the ship master's judgment (such as shagpngropeller racing, ventilation,
excessive accelerations and green water on the.deck

The phenomenon treated in the paper is the addestarece of a ship advancing in
regular waves, which causes involuntary speed temuduring voyage in wind and waves,
the increase of the resistance requires an adequater increase in order to maintain a
certain cruising speed. The added resistance nsay ledve significant influence on ship’s
performance in moderate seas, especially for shipls blunt bow-forms. Therefore, a
preliminary estimation of added resistance consigea given sea condition needs to be
performed.

Different methods of added resistance estimatiam loa chosen, starting from the
simplest empirical ones to the most receomputational methods [3]. Several theoretical
methods of added resistance estimation can begubmit: Havelock [4], Maruo [5], Joosen
[6], Boese [7], Gerritsma and Beukelman [8]. Thesthods have been evaluated by different
authors (Strom-Tejsen et al., [9]), and none ofitheeems to predict the added resistance
accurately over a wide range of ship forms and dgpe@onsidering the disadvantages of each
of these methods, two other methods have been ajmatl in order to allow the added
resistance estimation for any ship type at anydpaed at any heading.

One has been developed by Faltinsen [10], and tiwer doy Salvesen [11]. Both are
based on the Salvesen, Tuck and Faltinsen lingprteeory [12], as they use it to define the
wave induced motions. The first one obtains theedddesistance by direct pressure
integration, while the second one involves the pioae flow solution. The idea of the paper is
to briefly explain and compare these two methodee €oefficients obtained by the linear
strip theory are used for the numerical calculabérthe required pressures and forces, and



the added resistance due to waves is expressedimamsionally. The results are presented
graphically, with the comparison to experimentautes for the available cases.

2 Added resistance estimation

2.1 The linear strip theory

The Salvesen, Tuck and Faltinsen linear strip théoicommon to both methods as a
tool to find the wave induced motion.

The theory assumes the ship to have a slendefanallwith lateral symmetry. The ship
is advancing at a constant mean forward spdeth sinusoidal waves with an arbitrary
heading. The translatory displacements inxhg andz directions arey; (surge),;2 (sway)
andzs (heave), and the angular displacement of rotatiotion about the, y, andz axes are
na4 (roll), s (pitch) andys (yaw) respectively, as shown in Figure 1.
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Figure 1 Ship motions
Slikal Stupnjevi slobode gibanja

The responses are assumed to be linear and harmbhé& viscous effects are
disregarded, so the fluid motions can be assumeir@stional and the problem can be
formulated within the potential flow theory.

The velocity potential for an incident wave, acéogdto gravity theory, is:
Do(X,Y,z:1) = (X, y,2)e" ¥, (1)

w=w, +kU coss. (2)

Herek is the wave number arttis the heading angle.

At this point the complex amplitude of the incidevdve potential can be expressed in
terms of real and imaginary, and this is wheredifferences between the treated methods
start.

In Faltinsen’s method the linear wave induced nmstiand loads are calculated first.
This way the dynamic pressures and dynamic elevatwe obtained. The added resistance is
then calculated by direct integration of the pressyver the wetted body surface.



What is particular is the setting of the coordinaystem, which is right-handed and
fixed with respect to the mean position of the sHipe origin is set in the plane of the
undisturbed free surface, tlzeaxis is positioned vertically upwards through tenmtre of
gravity of the ship, while the axis is in the aft direction.

Considering the Salvesen, Tuck and Faltinsen lisbgy theory as a tool to find the
wave induced motion, and the general assumptiome nmathe previous chapter, the Salvesen
method can be briefly explained as it follows.

For this method, also based on the linear shipenaieory, the coordinate system is
right-handed and fixed with respect to the meantiposof the ship. The origin is set in the
plane of the free surface, tlzeaxis is positioned vertically upwards through ttemtre of
gravity of the ship, while the axis is in the direction of forward motion.

In the linear strip theory, considering the cooadensystem, the spatial incident wave
potential can be defined as:

i9¢,

% - e(—ik(xcosﬁ+ysin/3’)+kz)
w 3)

where(, is the wave amplitude.

Considering the theory, for a slender ship witedat symmetry, the two linear coupled
equations that govern the heave and pitch motiotisel frequency domain are:

Zl._aJZ(M jk +Ajk )+|C(.B]k +Cjk N = F] ,for j = 3and5.
k=35 (4)
The exciting force and moment can be expressed as:

— ! D
F,=F +F (5)

The term Fi' represents Froude-Krilov force and moment, ﬁarepresents the
diffraction force and moment.

2.2 Linear wave induced motions and loads

The time-dependent potential can be divided intediparts:
a(xy. e =g +qg + @, (6)

where ¢ is the incident wave potentialy. is the velocity potential due to forced
motions in six degrees of freedom, aggs the diffraction potential of the restrained ship

According to Faltinsen’s method, after the analysfissach term, the time dependent
velocity potential can be written as:

; i - i - U U
RE™ =R+ @01~ Uy F @y~ )+ G+ (X)) =g DR

e e Ia)e (7)
In equation (7) the componerilig and U, are:
0= ; kz,,+ikxcosfS—-iapt
Uy = wlt, sinBle (8)



u, = — w&a @kqn +ikxcosf-iapt (9)
In the equations (7) and (8), is an average vertical cross-sectional coordinaitéch can be
chosen asH2, whereT is the local draught.

The dynamic first order pressure at a fixed subeempint can be expressed as:

o ., 0,
=-p(=+U_—)ge'™
p=-pl5 +U_ )% 10)

and the dynamic elevatidncan be written as:

7=F
Al o (11)

2.3 Added resistance by pressure integration met  hod

The pressure can be rewritten with the completen®@dl’s equation, and a Taylor
expansion of the pressure about the mean posifidgheoship can be made [10]. Since the
wetted surface changes according to the wave amplitsink and trim, the pressymgon the
ship corrected to second order in wave amplitudg tim@n be written as:

® 0 ¢(2)

® (2
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In this equationm indicates that the variables should be evaluatedhe average

position of the wetted ship hull. The contributitnthe mean force from the pressure term
€) 2)

p(aqﬂ +U g_qo ). IS shown to be zero, while by the integrationhaf bther terms the added
X

reS|stance force can be obtained:
=_[()]_Pd 2 2N - 2N — > 1 Y\
Fo=[1 =547 nds= @M, + M (7, = 250,076

0 a¢(1) Ua_¢
dy ot ox

0 a¢(l ‘U a_qo(l)

0z ot 0X )|m

+pf (72 + X176 = 217,) - oo + 07 = X105+ y17,)

d 0 0
c(B27)2+ (2272 1+ B2 ks
0x oy 0z (13)
In this equatiorc represents the water line curve, afid={ — (17, — xns + yn, is the
relative motion along the ship, whefendicates the wave elevation calculated by thedin

theory, and the bar over the expressions meansauwaeged values.
S is the average wetted surface of the body.



2.4 The Salvesen method

From the previous considerations, Salvesen’s faanfal added resistance has been
used as the basic tool of calculation:

R=-kcosp ZZj{Fj'* + Iij}+ R,
2 =35 (14)
- - |* - - . -y
In this equation/F; is the complex conjugate of the Froude-Krilov pzfrthe exciting
force and moment, anﬂjD is the same as the diffraction part of the exciforge F].D , except

that in Iij the complex conjugate of the incident wave po&ni, , appears instead of, .
The conjugates of the Froude-Krilov exciting forees:

R =ipw[[Ng dS R =-ipw[[xN.g dS
3 S (15)

The term Iij is closely related to the diffraction force andmemt F].D and is given

by:
E2 = [R(dx B =] (x&jﬁa(x)dx
J '\ ow (16)
With:
h,(x) = _pkjl//e,(N3 +iN,sinB) g dl
! 17)
R, = —%Z: %kcosﬁj e % (by, +b,,sin” B) dx
e L (18)

In the above equatiord, andN3 are the components in tlyeandz directions of the
two-dimensional outward unit normal vector in the plane,dl is an element of arc along the
cross sectioC andys is the velocity potential for the two-dimensiopabblem of a cylinder
oscillating in heave in the free surface. Furtheembk is the wave numbed is the sectional
draught and the sectional-area coefficient.

Using the output files from the strip theory pragrehowever it is possible to

evaluate” instead oflfjD , but from the equations (13) to (16) it seems 3 lejD if Uis

high and S C180°or U is low and S 90 ¢ This is confirmed by the obtained numerical
results.

2.5 The Approximated — Salvesen method

Since the Salvesen method seems to give accuraitisréor the longer waves region
(L/2<1.5), a correction for the short wave lengths arghas been made. The correction
consists in an approximated formula proposed brfsain:



R:lpg(1+2“Ustinzz9nld| (19)
2 g L1

where:
L, is the non shadow zone of the water plane area

n,is thex component of the inward normalo the water line
Jis the angle between the tangent to the watemlntethex axis (Figure 2).

Water line on the forebody

/

B/2

Figure 2 lllustration of nj; and 9
Slika 2 Prikaz vrijednosti n;i 4

The idea is to use Faltinsen’s approximated foantalevaluate wave reflection added
resistance and then combine with Salvesen’s results semi-empirical way. It must be
pointed out that this is not a theoretical formiolatfor added resistance but just a “numerical

tool”.
The numerical results show that:

R=a for L/A<1
R=a+b for 1<L/A< 2 (20)
R=b for L/A>2

where:
a—Laosa 3¢ e +#7)
J=35 (21)
b:%pg(ﬂ 261 jjsinzﬂnldl
L1 (22)

For the best accuracg,must be evaluated fgf C 180 if U is high and forg C 90 9f

U is low, but if the calculations are carried out #orcertain heading, it is obvious theat
cannot be evaluated differently for certain speiedsrder to obtain better agreement of the
results.



Furthermore, the term of “short waves region” candomehow undefined, since it
depends on the ship length. So, according to th@'sslgeometry and speed, the
expressioflR=b can be applied foL/A > 1.3And give convincing results.

3 Comparison of the results

The calculations using both methods have been donefdur ships: the ITTC
containershiBs-175(Lyp = 175 m,B =25 m,T = 9.5 m,Cg = 0.60), another containership, the
M/V ADEE (Lyp = 117.6 mB =20.2 m,T = 8.3 m,Cg = 0.653), theGrimaldi Ro-Ro vessel
(Lpp = 195.6 mB =32.25 m,T = 9.4 m,Cg = 0.73) and the bulk carri@tara Planina(L,, =
177 m,B =30 m, T = 11.8 m,Cg = 0.82). Theoretical results obtained by the treatethods
for the ITTC containershif®-175are presented in Figures 3 to 6, and a comparistimtie
available experimental values is also given. Theltedor the M/V ADEE are reported in
Figures 7 to 10, for the Ro-Ro in Figures 11 today for the bulk carrier in the Figures 15 to
18.

All the results are presented non-dimensionallyth&ovalueRaw represents the added
resistance due to waves, reduced to a non-dimeaddmmm by the following equation:

Raw (23)
pyL,> B/ L

The results are for different Froude numbers andeviawgths, while all the calculations
have been done for head seas. As expected, alm#thods predict the highest added
resistance due to waves at the wavelength appreeiynequal to the ship length/¢ = 1).
But, depending on the speed, the two theories stenain differences in the results. For
lower speeds, the Faltinsen method predicts lowdea resistance than the Salvesen method,
while for higher speeds it predicts higher addesistance. The Faltinsen method seems to
agree better with the known experimental result®e Balvesen method is not reliable for
smaller wave lengths, therefore it is correctedthy approximated formula. This can be
particularly noticed for the MNADEE results, where the discrepancy in the shorter wave
region is still present despite the applied coroect For L/. greater than 1.5 some
inconsistencies can be noticed in the experimaetallts, as well in the results obtained by
the Salvesen method, which seems to give significhanges of added resistance for a slight
change of wave frequency in the mentioned range.tt® first three considered ships the
results follow the same trend, and the peak vatliksr within £15 %, considering a mean
value. But for the bulk carrier the results areteunconsistent, and the cause of this
inconsistency might be the form of the hull, whz@mnot be considered as slender. It has to
be pointed out that for all the calculations thép'shgeometry has been described quite
roughly, with a modest number of points, and thepshof the stem and stern are not taken
into consideration. Therefore, complete precisionnca be expected, but the shape of the
curves and the peak values can be taken as acemaigh.
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4 Conclusion

A comparison of two methods for added resistangegular waves has been presented:
the Faltinsen method and the Salvesen method. Betinods are well known and widely
used, with the exception of the approximation tawér wave lengths in the Salvesen method.
Since the Salvesen method seems to overestimat&dtiexl resistance in the shorter waves
region, this approximation has been applied adtemat to improve its accuracy.

Since the basic theory of the methods is still @eipplied, a short overview of both is
presented. The calculations are numerical, compwerbdes written in Fortran and Matlab.
Two containerships have been chosen for the caloofattheS175and the M/VADEE, as
well as a bulk carrier and a Ro-Ro ship. The resarésnon-dimensional, and their absolute
values of added resistance can be calculated. \AVeitable, a comparison with experimental
results is also given. Both methods seem to prebetadded resistance in head seas with
similar accuracy in the longer waves region, exdéepthe bulk carrier. This is not surprising
because it is not a slender hull form, which is ofi¢he basic assumptions of the theory.
Therefore the results may be difficult to interpiso, the non-dimensional values of added
resistance cannot illustrate their influence oaltotsistance in terms of total loss of speed or
increase of power. A percentage value, considetegship resistance in still water, would
allow the prediction of the increase of power regdito maintain the ship speed in the given
conditions. The comparison between the required pdarea ship advancing in still water
and in a seaway is actually one of the basic targieseakeeping calculations.

However, for a preliminary estimation of added s&sice in regular waves any of the
treated methods can be successfully used, sintecédlcem provides the relevant data on the
expected increase of resistance and on the conslitiowhich it occurs.
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