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ARCHIVES OF CIVIL AND MEHANICAL ENGINEERING
Vol. VI 20D No3

Application of a Stereo PIV System for Investigations of Flow
Fieldsin Towing Tank and Cavitation Tunnel

P. ANSCHAU, K.P. MACH
Potsdam Model Basin, Marquardter Chaussee 10091Rdt5dam
anschau@svpotsdam.d, mach@svgotsdam.de

A newly installed submersible stereo PIV systensigieed for the use in the towing tank and operat
ing perpendicular to the main flow direction, isdébed. This Stereo Particle Image Velocimetryeays
allows the contactfree,-@mensional determination of velocity fields in tteaving tank and cavitation
tunnel. Flow conditions can be analyzed with a lrggm of a few thousand points simultaneously hwit
a frame rate of up to 15 pictures per second, giogia good insight into flow characteristics wittho
disturbing the flow. The paper will describe twphgpations of the system that have already beeriechr
out (propeller in open water condition and in the cawtatunnel) and will discuss merits and disadvan
tages of the new system. The potentials for vabdadf CFD calculations will be shortly discussé&ak
ture plans for further applications of the systeith lve introduced.

Keywords:particle imagevelocimetry stereoscopic PIViluid mechanicsship hydrodynamics

1. Introduction

A thorough knowledge of flow conditions is an important prerequisitedmpeti
tive ship and propeller design. Measurements of velocitgdieehind a model ship
with and without working propeller are usually done with a coneeat five-hole
pressure probe. It is easy and quickly to use but gives onlyatieraged results with
comparably poor spatial resolution; moreover it disturbs the fldd died cannot give
the necessary insight into flow separation phenomena. Additionafligwi directions
of only up to 28 can be measured. A more advanced technique it gser Doppler
Velocimetry (LDV), which has been successfully applied at the Potsdam MBzeel
sin for many years [1]. While the resolution in time and spacebeavery high when
using LDV (which can be useful for the investigation of urtbtgzeriodic flow phe
nomena), determination of velocity fields in a larger aredanwith high spatial
resolution becomes very tin@@nsuming. The investigation of a greater variety of
conditions (different operating points, rudder and drift angles.aiious combina
tions) is virtually not practicable respectively affordabiethis way. Conventional
two-dimensional PIV measurements are not satisfying for the omattipurposes be
cause perspective errors cannot be corrected from the measioeity field and the
third velocity component is not obtainable at all.

To overcome these limitations a new Stereo Particle ImagecWnetry (SPIV)
system from TSI was installed at Potsdam Model Basin whictv&the contactfree,
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3-dimensional determination of velocity fields in both the towing tamé the cavita
tion tunnel. The system allows the exploration of flow conditions aitesolution of
several thousand points simultaneously. The size of the physieabeirey watched
depends on the kind of optics being used. The double frame rate isL&pictures
per second, which is not sufficient for high frequency tranggenomena, but pro
vides a good insight into flow characteristics without disturlilrg flow. This way
time averaged flow fields can be measured with a considerpbtélsresolution.
Thanks to its modular design, the system can be set up in seegslthus allowing
for symmetric as well as asymmetric configuration of casend lightsheet (see
Figure 1).

Fig. 1. Two out of several possible arrangements of thduiam SPIV system [2]
Left Cameras on same side of lightsh&ght Symmetric, cameras on both sides

In this paper we will describe two experimental setups foickv SPIV measure
ments were conducted: a) open water tests in the towing tank)ahe cavitation
tunnel. Roughly similar experiments in a circulating water obhhave been reported
already in [3], but were conducted in a very different flowmegiln our experiments
all four “quadrants (positive/negative direction of inflow and rotation) of opigrgt
conditions of the propeller were investigated. We will presefdcted results and-ad
ditionally will compare these to CFD calculations. Finallg will take a short look at
future applications of the system.

2. Experimental set-up

With PIV technique the velocity field is measured by captunmg tonsecutive
pictures of the same illuminated area in the fluid. llluminat®mane with a light
sheet generated by a laser beam which is spread by a cylineingaThe fluid needs
to be seeded with small particles that reflect the lkglet. The displacement of the
particle images between the two pictures is measured usisg oorrelation methods,
and with the knowmt the velocity field can be calculated. If two cameras aesl us
(i.e. stereo PIV is applied), even the out of plane displageofehe particles can be
calculated.



Application of a stereo PIV system for investigasiof flow fields 7

2.1. Open water test

A schematic sketch of the SPIV system setup for use in the towing tank is show
Figure 2; an overview of experimental conditions is given ibld.arhe system cen
sists of a submersible tube (120 mm diameter, 2300 mm length)dixawd strea-
lined struts which allow an operating depth of up to 0.7 m Esgere 3). The tube
contains the two cameras, the corresponding tilted mirrors, thergimg and cylin
drical lenses for laser beam focusing and spreading and treg foir the laser beam
emission at the front end of the tube. The distance betweeadjustable tilt mirrors
was set to ~750 mm, which is a compromise between achievirdesined field of
view, a possibly large angle between the two cameras ragghgcehirror center axes
and a preferably small skewness of the front camera’s (CCD 1) viangag

Table Main experimental conditions in open water and tedivin tunnel propeller test

Open water test [Cavitation tunngl  Unit
Propeller advance coefficient 0.3 varying -
laser type Nd:YAG Nd:YAG -
Laser max. power 190 190 mJ/puls
max. pulse repetition rate 15 15 Hz
focal width (caml/cam2) 55/105 28/28 mm
viewing angle between cams. 15 20 degree
resolution 1200<1600 1200<1600 px°
Recording | max. double frame capt. rate 15 15 frames/s
converging lens focal length 1000 500/1000 mm
cylindrical lens focal length 50 25 mm
viewing area at light sheet 160x250 ~210x330 mmn?
Analysis interrogation window size 32x32 32x32 %
equivalent physical area 4.8x4.8 6x6 mmn?
Plane of position of light sheet 0.2/0.4/0.6Dp behind centerline -
observation plane of light sheet YZ XZ -

The laser beam is directed from atop via a mirror tubegb@s$ through the front
strut down to the lenses, where it is first focused and then expandstéstaof light.

The light sheet is aligned perpendicular to the main flow tilinecit is generated
by a duallaser system with two frequendpubled (532 nm), pulsed Nd:YAG lasers
with a maximum energy of 190 mJ/pulse. The beams from the seoslare com
bined into a collinear beam. On the one hand, with theldsal system the timing of
the two consecutive laser pulses can be adjusted almasaiigoi Another advantage
is the similarity of the laser intensity of the two psls®n the other hand the align
ment of the two laser beams poses a certain difficulty. Sipigad the laser beam is
done with a cylindrical lens, the focal length of which can b&sgdretween 10 mm
to 50 mm. The thickness of the light sheet is about 1 mm im#asurement area but
varies between 0.5 mm and 2 mm, depending on the distance fromisheofnthe
beam. Following [4], the thinner the light sheet is, the béteespatial resolution gets
even inz andy direction, but the resulting signt-noise ratio decreasest was ad
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justed after some preliminary tests to give the highest numimeasured vectors and
varied between 150 and 358, depending on the investigated quadrant and the dis
tance between light sheet and propeller plane. Alsmust be selected in a way that
particles will not pass the subject plane before the second captakeris

M Y AG 750mm

submerged probe Jf'm}' [

mirmror, 1
— N
)j Y BTN e 6232
! Tmirror . Le*" mirror
G
t’ll

980 mm

Fig. 2. Schematic sketch of experimental setup in opeentast (not in scale)

The two cameras being used have a resolution oft/p2t@l and a 120€1600
pixel? CCD chip. The lenses are of Nikkor type. The focal length eavabied step
wise between 28 mm and 105 mm and was set to 55 mm (CCD 1) nexlpebd5
mm (CCD 2).

Seeding particles of about 90n were used to give the necessary number of at
least 10 particle images per interrogation window (the smediepdf the picture being
analyzed with cross correlation).

Fig. 3. SPIV probe mounted under Fig. 4. Calibration target, 19x34 dots,
towing carriage 20 mm spacig
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The Calibration of the system is accomplished with a four plalieration target
(see Figure 4) with a 20 mm spaced lattice of white dajeead with diagonal bands
of alternating levels (1 mm difference) on either side. Biweeved mapping functions
allow the reconstruction of the 3D vector field from the tparticle displacement
fields of the two cameras.

2.2. Cavitation tunnel

The laser and the cameras from the submersible SPIV probeused to carry out
3D measurements in the cavitation tunnel with the same propslleefore. Figure 5
schematically shows the arrangement of cameras and light gieeenain difference
to the previous experiment is the light sheet alignment wihptiopeller axis. The
mirror tube of the previous experiment was not used, as theslaset enters through
a window from below the cavitation tunnel. In this experiment, all four quadrangs wer
investigated in front of and behind the propeller plane, providingore detailed in
sight also into the propeller inflow. The distance between @srad light sheet was
about 600 mm, the focal length of the cameras was 28 mm. No addsg@ung was
used in order to avoid contamination of the water; the natadl éf micro bubbles in
the tunnel water turned out to be sufficient anyway. To avoidaten (laser reflec
tions on cavitation bubbles can cause damage to the CCD chipuneregas in
creased by 0.8 atmospheres. The calibration had to be accomlisheessurised
condition as the observation windows camber a few millimetdrighacauses signi
cant distortion in the reconstruction of the velocity fields.

light sheet

cavitation hmnel, top wiesw -
width * height. 850+850 3
|azer beam enters from bettom L&)

———————————————

* : ! observable areas
1 | 1 -330mm *210mm
' | | respectively
F i
1 | 1

Fig. 5. Schematic sketch of experimental setup in caeitauinnel (not in scale)
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Essential for both experiments is the blackened hub and propédeonly will
strong reflections destroy pixels in the CCD camera, but —meoee important — they
will mess up the measurement, as particles completelydeutse actual lightsheet
can be illuminated. At best, cross correlation will only créate of spurious vectors,
but in the worst case the analysis will produce velocitigdidardly identifiable as
being wrong.

3. Image processing

Data acquisition and analysis is done with the provided sEt@BSIGHT 3G).
The 2D analysis of the left and right particle image disptants is carried out with
a multiple pass algorithm with interrogation window deformatiaking into account
the resulting vector field of the previous pass. This is especiallykuita flows with
high velocity gradients where the particle image displaoénmmay vary across the
window. The window size was 832 p¥X. After each pass a mean filter was applied to
remove spurious vectors. Finally, another mean filter was wtikiadill holes in the
vector field with interpolated data from neighboring vectorsuiféd shows an exam
ple of raw 2D vectors after the very first processing qleft). Several spurious
vectors can be detected, especially along the radius ofptlvertiex location. As this
is the area of high shear flow, several holes are presém picture. Figure @right)
shows the smoothed and filled vector field after completed piliagedbke tip vortex
and the characteristic acceleration of the tangential Mel®caused by the trailing
edge vortices can be clearly identified.

Fig. 6. Left Raw vectors after first evaluation st&ight Validated vector field after full analysis
and validation. The crescesihaped area at the top is the reflection of ther liight sheet on the hub

Due to the highly turbulent and unsteady nature of the propedliee this instanta
neous velocity field varies between consecutive revolutions.et@ gepresentative
velocity distribution for one rotational offset a set of shaftshis angular position is
averaged.
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4. Results

A selected example of the results of the open water ®sisown in Figure 7.
Vectors (top) show the transversal velocity components, andotiteurs show the
axial velocity component, all afD = 0.2. The advance ratio wads= 0.3. The tip vor

1. Quadrant, x/D=0,2, Theta=45°
D_
-50 |-
B e
e LSS
. - X “\“M:////////
=
E L
I~ L
=100 =
-150
T [ T S (S T S AN S S T S NN SO S SR S
-200 -150 -100 -50 0 50
¥ [mm]
1. Quadrant, x/D=0,2, Theta=45°
nR_ 10 0.9 0.5 0.7 0.6 0.4
O,
=50
£
E L
~ L
-100 [~
-150
S T S IS T S AN S S T S [ SO S SR S S
-200 -150 -100 -50 0 50
¥ [mm]

Fig. 7. Top Resulting axial velocity field from open waterttels= 0.3,x'D = 0.2,
rotational offsefTheta= 45°,n = 10 s*. Bottom Vorticity distribution
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tex is very well distinguishable, and at the upper left cof@3rthe beginning of an
other tip vortex becomes apparent. FigushBws the smoothed velocity distribution
along the marked radii for the normalized axigd) (tangential {t) and radial ¢r) ve-
locity componentsvx/'Va clearly shows the segregation between the inner (smaller ra
dii) and outer (larger radii) parts of the tip vortex at-ORB%hich in a way marks the
centerline of the vortex.

1. Quadrant, x/0=0,2, Theta=45" 1. Guadrant, x/D=02, Theta=45°
45
x y=
4 i
! \‘ I
. L
35 -~ & A 7
. ;
S SO
Pel R
i N i I W Y = IR, e
R = NS
g2 0 * z P N
& e - T o > )[/ \&m/\/s\“
15 e ~ 5
G, s \§ V\‘ Wy
1 o oo - / 1 A
eFos AT s o 7 5
05 RN o .
R 3 W <
e 4
0 B ’
05 20 60 90 720 30 60 a0
Theta[°] Theta["]
1. Quadrant, x/D=0,2, Theta=45° 1. Quadrant, x/D=02, Theta=45"
15 150
S - In 100 7
[ Tpet N #3 Lo
T 5 g X
w [ B T
““““““““““ of P DT g / ’t7 \ : v
1 ) v S/ N
— [ /7 = v 7 04 ol i = o
g i k) = 3
Sos SN ,l S ;r" 2 “ A e Y
- - N Ao Lkt 7 g 5 ! L L \7’,/,
e = ’ 1 I
s S e ‘\ , ;
o i 100
0 = PP Wﬂ% !
= ei__: N
E; =150 '\ +
035 60 50| ™o 30 50 90
Theta [°] Theta[]
————————— riR: 0.85
Fig. 8. Normalized axial (upper left), tangential | - - - - - MR 0.4 = riR: 0.9
(upper right) and radial (lower left) velocities | ................ R 06 —e— R 095
ang_l\_/r(])rtlcny‘l(é(zwier rlgh(;[) at seDIecgeg radii - R0F e R0
andTheta= 45°% 1. quadrank/D = 0. —— R0 —— R 1.05
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Vorticity is defined by the partial derivative of the velocity components

_Vy _orx
ox Oy

Q

and its distribution can be seen in Figure 7 (bottom). The sffaduced by the tip
vortex and the velocity defect following the trailing edge of tkedle can be easily
identified; even the shape of the blade becomes visible thhenedge vortices (lower
right). Figure 8 also shows the smoothed vorticity distribution albagpecified ra
dii. The slightly curved shape of the maximum’s ridge in FigucarY be found again
in the distribution of the peaks between 60° and 80°. As p&tusre taken via the
tited mirrors, the rotational offset increases from 9 okléa 6 o'clock position,
though the propeller is actually righainded.

In Figure 9 an example of the vorticity distribution in the tion tunnel experi
ment is displayed for an advance coefficien 6f0.7. The strong gradients in the tip
vortex and, directionally inverted, in the hub vortex can be seanlxl Moreover the
directionally inverted remaining of the trailing edge vorticas beidentified above
the vorticity cores.

02 1. Guadrant, z/D=0, Theta=0°

| haai

worticity: -200 -140 -80  -20 40 100

0.2

04

-06

/R[]

0.8

L L L L L
02 0 0.2 04 06 08
WD [

Fig. 9. Vorticity distribution in the cavitation tunnél= 0.7

Finally, a series of images showing the angular resolved peostipstream is
presented in Figure 10. Each of the images results from angra@+40 single cap
tures. By averaging these 9 vector fields a mean veldistgibution for the propeller
wake can be retrieved, similar to what one gets for example from LRgunements.
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70°

40°

20°| | - 10°

Fig. 10. Angular resolved propeller wake; every pietis phas@averaged from 1040 pictures.
1. quadrant (positive inflow and rotatiod)z 0.7

5. PIV and CFD

Since the analysis of the SPIV measurement provides mdse dafiteresting vari
ables of the flow (3 velocity components, turbulence intensityjciyrtstrain rate),
this technique can well be used for validation of CFD (Computtieluid Dynam
ics) calculations, both stationary and unsteady. However, a vergdatal resolution
is required in order to keep up with the detailed results ofrts@surements. As the
investigated volume is large compared to the scale of thealorstructures of inter
est, the number of grid elements can quickly exceed sevelamaklls, which poses
high requirements on the computer hardware. Both experiments wesigaved
numerically using CFD to solve the RANS equations [5]. A lstuctured, multi
domain grid was developed with about1®® control volumes. To close the set of
Reynolds Averaged Navier Stokes Equations the SST approach egsng addi
tionally a curvature correction method was applied. The aumatorrection adjusts
the turbulent production depending on the curvature of the streamllinéortunately,
the open water test simulation failed to render the detailseohé¢licoidal tip vortex
structure further downstream than about D.OBt x/D = 0.2 hardly any traces of the
tip vortices are to be found in the velocity distribution. Onsaaacould be the com
bination of turbulence model and grid spacing, as turbulence modgéneral dissi
pate turbulent kinetic energy. Following Rung [6], the SST model constant
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&

k .
C,, =140.44-max(1, 0.35), S =(;),/2SUSU being the shear rate tensor, can result

in a negative production term for the turbulent viscosityCar> 2:

P, ~v, (BS,@ K%}(ng ~2)+(2-C,, )} .

This can rapidly lead to a total decay of turbulence in areas of highrakesa

The simulation of the cavitation tunnel experiment was more prognisigure 11
shows an example of the calculated flow field for the 4. quadregative inflow
from right, positive rotation, turbine state) in the cavitation tunnelraxpet.
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Fig. 11. Velocity field around a propeller in aliime state, 4. quadrant (negative inflow, positvation)
in the cavitation tunnelfop: CFD calculationBottom PIV measurements. Mind the different scales
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The separating vortices are quite similar, though the simulptimes them further
downstream. The expansion of the slipstream is slightly strangee measurement
than in the calculation.

6. Conclusions and outlook

A newly installed submersible stereoscopic Particle Imadecifeetry system at
Potsdam Model Basin was introduced. The system can providiéeddtesight into
flow phenomena which are of vital interest for successful smippaopulsion design
and optimization. Selected results were presented for both theiregpts in the
towing tank and in the cavitation tunnel. While the measuremmaviealed vertical
structures in great detail in the propeller wake, the C&lbutations did only partly
reproduce these structures in the flow. Further investigahams to be done to be
able to simulate the flow closer to the conditions measured in the experime

In the near future the system will be utilized to measurewthlee field behind
a model ship with full appendages in various propulsion, inflow and rudder conditions.
The measurements will be done in many planes behind the propelbeth sides of
the rudder and will hopefully show the flow separation at theriedlirudder. In an
other experiment the wake behind a wing will be measured intaherary frame of
reference. This requires an extensive conversion of the sybemrause a very large
field of view is requested in a greater operating depth.

Acknowledgement

This research rpject was funded by the German Ministry of Educatod Re
search, BMBF.

References

[1] Mach, K-P.: Experimentelle Geschwindigkeitsuntersuchungen I8/ und LDA in 4
Quadrantenfir den Modellpropeller VP1453ericht Nr. 3326, Schiffbalfersuchsan
stalt Potsdam, April2007.

[2] Courtesy TSI, from personal communication.

[3] Lee S.J., Paik B.G., Yoon J.H., Lee C.Nlhreecomponent velocity field measurements
of propeller wake using a stereoscopic PIV techaidu Experiments in Fluids, Vol. 36,
2004, pp. 575585.

[4] van Doorne C.W.H., Westerweel J., Nieuwstadt F.T.Measuremenuncertainty of
stereoscopieP|V for flow with large out-of-plane motion, in: Particle Image Velocimetry:
Recent Inprovements, Proceedings of EUROPIV 2, 28@8nger, Berlin, 2004.

[5] Rieck, K.: Berechnung der viskosen Umstromung eines Propeiler4 Quadranten
P1423/VP1455, Bericht Nr. 3313, Schiffo®ersuchsanstalt Potsdam, Januar 2007.

[6] Rung, Th.:Statistische Turbulenzmodellierunigecture Notes, http://www.cfd3.cfd-tu
berlin.de/Lehre/TURB/script/script_vollstaendig.pa003.



Application of a stereo PIV system for investigasiof flow fields 17

Zastosowanie stereowizyjnego systemu PIV do badania pola przeplywu w basenie ho-
lowniczym i w tunelu kawitacyjnym

Opisany zostal niedawno uruchomiony podwodny system stereowizyjny PIV (Particle
Image Velocimetry), przeznaczony do pomiaréw w basenie holowniczym i pracujacy prosto-
padle do gtéwnego kierunku przeplywu. System pozwala na bezkontaktowy pomiar tréjwymia-
rowego pola predkosci w basenie holowniczym i w tunelu kawitacyjnym. Przeptyw moze byc
analizowany z rozdzielczoscia kilku tysiecy punktow jednocze$nie, z czestotliwoscia do 15
klatek na sekundg, co daje dobry wglad w pole predkosci bez zaktdcania przeptywu. Referat
opisuje dwa przypadki zastosowania (pednik odosobniony w basenie holowniczym i w tunelu
kawitacyjnym), oraz zalety i wady nowego systemu. Krétko oméwione zostaty mozliwos$ci we-
ryfikacji obliczen CFD. Przedstawiono plany zastosowania systemu w przysztosci.



ARCHIVES OF CIVIL AND MEHANICAL ENGINEERING

Vol. VI 20D No3

Full Scale | dentification M ethod of Four-Quadrant Hull
Hydrodynamic Coefficientsin Ship Manoeuvring

J. ARTYSZUK
Szczecin Martime University, Waty Chrobrego 1-2, 70500 Szczecin, Poland, artyszuk@am.szczecin.pl

A new identification method of forguadrant hull manoeuvring hydrodynamics (tempoyazilled
a“2xLT method), as essentially based on recording the manoayimistions excited by two fixedoint
lateral forces, is presented in detail, includihg toncept formulation and simulated res(oving the
method's potential). There isamely a significant lack of published data in this comtevhich are neces
sary e.g. to run the lowpeed harbour manoeuvring and berthing simulafibis rather simple and cheap
solution can be easily used for full scale shipat fare intended to be the primary field of appiaxs
where two fore and aft pushing tugs are requirddo Areerunning models, after installing two mobile
lateral thrusters, are a successful option, thdugghg subject to some scale effects.

Keywords:ship manoeuvring, mathematical model, identifiaatimurquadrant hull hydrodynamics

1. Introduction

One of the latest scientific efforts within ship manoeuynproblems is connected
with a validation range (application limits) of ship manoeuvrimgthematical models
— see e.g. [1],9]. This range, in terms of allowable drift angles and nondifoeak
yaw velocities, and their mutual combinations, is of course depetmdethe back
ground input data for the model parameters identification omastn. Those data
can be either of a kinematic nature (as related to shippmdthaviour in full or
physical model scale), or of a dynamic type (as comprisingpugriorce measure
ments in towing tanks on a physical model or fluid mechanics computations).

However, for harbour low speed manoeuvring it is hecessdrgv® a model with
the sacalled fourquadrant hydrodynamics in any of the following aspects — hull, pro
peller, or rudder. The forquadrant hull hydrodynamics, that means nondimensional
hull force and moment coefficients given as tvasiable functions of arbitrary (both
in magnitude and sign) drift angle and nondimensional yaw velocys @nyhow
the most important partNamely, it represents the only passive (resistive) fomme
ship manoeuvring, all other excitations or environmental factumsbe called active
(or steering) forces. In this way the fegqwadrant hull hydrodynamics essentially af
fects among others the modes of ispeed ship operation like: ship manoeuvring with
tug(-s) assistance only, ship drifting behaviour in wind and waves, oeampera
tion of stern (conventional or high lift) rudder and bow lateral thrustis.

The mentioned twargument functions, comfortably stored in appropriate lookup
tables, can be next visualised bysarfacé. The ship in her arbitrary manoeuvre ex
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periences always a certain time history of thet @wifgle and nondimensional yaw-ve
locity, and thus a certain sequence of the resfgebirdrodynamic coefficient. Such-tri
ples form a curve on the coefficient surface (itthe as the parameter), which is spe
cific to a particular manoeuvre. A set of manoeswan“drav” a region (patch) on
such a surface. The wider is such a region, the matespread of the model valiaie
range is, or its identification (by analogy) asdmh®n the kinematic motion analysis.
A multiple regression concept to identify the lopkables of the hydrodynamic coeffi
cients was presented ig]] It shall be mentioned that typical stern rudad@moeuvres,
even accompanied by high propeller loading (temporzciease of the main engine
rpm or propeller pitch as to give the effect of thealted"kick ahed”), do not provide
a huge contribution to the domain region of hulitedynamic coefficients, thus limit
ing the more extensive usage of the mathematicaemdtie efficiency of accelerated
turns and zigzag tests at various rudder angleslemenstrated irf].

In the present work, from the perspective of fquadrant hull hydrodynamics
identification, the effort is focused on the efficiency of d&eatsimple procedure, as
relying on the application of two different lateral forces Knbwn but varying mag
nitude and sign) at fixed longitudinal locations, which can be pradincthe realife
by tugs and/or lateral thruster units (the full scale poténtalby lateral thrust gen
erators as installed on free running physical models. The #attayften used to emu
late the tugs or lateral thruster units in manned scaled physariels for shiphan
dling training. The name “2xLT method” is proposed for the procedure.basic
purpose of generating two different lateral forces is &ater an arbitrary value of
steering yaw moment while keeping the same lateral stpéosrce. This means that
the “virtual’ application point of the lateral force can be continuously mabedg
and even out off the ship, hence extending the lever arm of lateral forch@wbifs
physical dimensiondual lateral forces also overcome the usual restrictions olt-a f
scale ship that regard the discrete/fixed locations of &mdgfor pulling tugs) and
bulkheads (for pushing tugs, suitable tug attachment points aezadjg marked on
a ships side).

Two cases of computed feguadrant hull hydrodynamic coefficients are used for
testing purposes, since there is a significant lack of publistoet®l test results (nen
dimensional force measurements) from towing tanks for anpisiaip motions. The
main and direct goal of this contribution is to verify whethenat it is possible to
cover the whole range of the drift angl@ondimensional yaw velocity domain of the
hull hydrodynamic coefficients while moving continuously the appboapoint of
a single constant lateral force along the ship's length. Thenaémtioned case of dual
lateral forces will allow a practical implementatiexecution of such a test.

2. Ship manoeuvring motions and hull hydrodynamics

In the case of a single external steering excitation (mgeaf lateral force and its
lever arm) the ship manoeuvring differential equations in body axes carikdeok |
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%(m+m11)=+(m+cmm22)vywz +Fy
%(m-i—mzz):_(m"'mll)vxa)z+FyH+Fy0 (1)
do

Z

dt

(Jz +m66): _(mzz_mn)"x"y + My +xp,0F

where:

Vy, Wy, W, — longitudinal, lateral, and yaw velocities,

m, J, — ships mass and moment of inertia,

my1, Mpy, Mgs— added masses and inertia,

Cm — empirical constant,

Fx, Fyn, Moy — hull resistance, lateral force, and yaw moment,

Fyo, Xey0— €xternal lateral force and its application point.

The underlined term in (1) means the Munk moment, so one shalubeusato
keep it separately, as shown, and hence to convert some hullgmernmformulas or
data, if such have the Munk moment already included. The &ifwoach is for some
reasons more frequently observed in the worldwide literature.

The hull generalised forces can be expressed without any physitssgquences in
the standard (the first one) or modified (the other one) form:

FxH Cth(ﬂ’ Qm) Cthm(ﬂ’ Qm)
Foy |=05pLT02 | ¢,(8,2,) [20.50L702, +0222)| ¢4n(B.2,) @)
MzH Lcmzh(ﬁ9Qm) Lcmzhm(ﬁ’Qm)

where:

p — water density,

L, T— ship's length and draft,

Cixhw Ciyhy Cmzn — I00KUp table stored hull hydrodynamic standard coefficients,
Cixhm Cryhm Cmzhm— lOOKUPp table stored hull hydrodynamic modified coefficients,

Vi B, Qm — total linear velocity, drift angle, modified dimensionless yaw vsjoci
according to:

vy=2 Vv, arctgf=—2,  Be(-180%+180°) 3)
VX
o - @L Q, e(-1,+1) (4)
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With regard to the standard form, instead of the modified mineless yaw ve
locity Q, the traditional definition of dimensionless yaw velocity (sometimes
marked as') is more often used in such expressions:

0. =2L o e(—o040) (5)

ny

However, both dimensionless yaw velocities and both types ohwditbdynamic
coefficients are compatible and convertible by the following relationships

Qm=L_21 W_Z=L2 (6)
I+w, 1-Q,

cﬁh(ﬁan) cjth(ﬁan)

nyh( an) ‘(1_Qi)= ij)hm(ﬂ’Qm) (7

Cnen( 5.2, Coeim (B> 2,)

Introducing the below relationships:

m my,, —2 m —2 J — Fo Xry0
k. = 11 , ko = , _ 766 , __Yz , F . = y , ' — Y 8
n= 2= Ts6 2 T, 2 30 e, LBT X Fyo I (8

wherecg andB are the ship's block coefficient and breadth, one can obtain more con
venient and readable form of differential equations (1):

dv, 1
dv; (1 + kll): +(1 + cmk22)vywz +E(v§y +w22L2)cthm(ﬂ9 Qm)
d -
l(1 + k22): _(1+ kll)vxwz +;(v§y +w22L2)cﬁzhm(ﬂ9 Qm)+F370 (9)
dt ( )2BCB
do, (— —2\ —lky =k )y, 1 L=
;;Z (rz r()() j: 2 L” — + ZBCBL (viy +w22L2)cmzhm (ﬂ’Qm)Jr xFyOOFyO

If the Munk moment is included (combined) with the hull yaw momignis pur
poseful to differently mark the latter, e.g. with an asterisk:

M, *= _(mzz - mn)vxvy +M_, (10)
. My * . M, *
szh - 2 2 1 cmzhm - 2 2 242
0.5oL"Tv,, 0.50L°T(vy, + ;L")

(11)

Hence, for example
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¢ ¢ +(k22—kn)cB%sinZﬂ-(l—an) (12)

* —
mzhm mzhm

Because the ship's hull is symmetric against the centre, ptasesnough during
the identification or validation of the foguadrant hull hydrodynamics to consider

only positive drift angleg, i.e. B (0°,+180°), but with both signs (full range) of the

nondimensional yaw velocit@, i.e. between —1 and 1. For negative drift angles the
following relationships can be here yielded:

€ fhm (_ |:3 ,Q,, ) € fehm (+ |,3 —Q,, )
nyhm (_ |18 > Qm ) =~ nyhm (+ |18 ’_Qm ) (13)
szhm (_ |ﬁ Y Qm ) - szhm (+ |ﬁ ’_Qm )

3. The computation setup

Two ships, A and B, for purpose of the present work have beeneskl&espec
tive data are summarised in Table. The ship A corresponds to a tanggmdfile the
ship B is a quite abstract full body ship. The hydrodynamic coefifisifor ship A are
presented in Figures 1 and 2 and follow directly the original tliearéormulas pub
lished in [6]. Having a look at both charts and comparing them atitér published
experimental data, it can be concluded that some future revssiteeded, especially
with regard to the hull yaw moment coefficient.

Table. Main particulars of exemplary ships

Parametel Ship A Ship B
ki1 0.074 0.03
ka2 0.781 1.00
7, 0.2288 0.2
T 0.1985 0.2
Cm 0.83 0.3

L 290 250
B 47.5 30
Cs 0.805 0.8

Ship B in the below computations is subject, by contrast, to sioytlenore read
able (thus suitable for a future improvement) rules for hydrodimeoefficients (one
should notice that fore and aft symmetry of the hull is thus implied):

(14)
C

o sl 1+ (-2
* (Csin2ﬁ+Da)Z o, )-(I—an

mzhm
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Fig. 2. Hull yaw moment coefficient by [6] formul&s ship A

Based on (14), as inspired to some extent by experimental datd4}, the charts
shown in Figures 3 to 7 were adopted for ship B. They contain vddous of the
coefficients presentation, since there is no solid standard in theuliterat

For both ships it has been also assumed that

Cm =—-0.01cos B-(1-022) (15)

The implication of (14) in relation to the hull yaw moment i thile adjusting
accordingly theC parameter, the chart of,.min Figure 7 could only consist of heri
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zontal straight lines specific to particular modified nondirrered yaw velocityQ,.
Additionally, whenD parameter is much lowered against Ghparameter, théoscil
lations' of c.ner With the drift angle for comparatively lo,, will violate and go
over the straight line correspondingg =1 (the spot turning).
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Fig. 3. Simplified hull sway force coefficient fehip B
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Fig. 4. Simplified hull sway force coefficient fship B— modified style of nondimensioning

Both ship A and B have been next exposed to applying a constal fatce to
portside,m =-0.01, at forward locations's, discretised every 0.05 up to 1.0. The

computation time limit has been set to 1200 seconds.
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Fig. 6. Simplified hull yaw moment coefficient fehip B
(the Munk moment included) modified nondimensioning

In practice, such a dense discretisatiorx'a may be only achieved using the
mentioned dual lateral forces (negative or positive ofigs)andF,o,, spaced at fixed
relative longitudinal locations'so: andX'r,0,, but technically limited now to the range

(-=0.5,+0.5). The following expressions, which are the basis of the “2xLT"hout
give the mutual relationship of both lateral forces:

Foo=Fo+Fp, (16)

y

1 — 1 1
Foo X'm0=Fo X' rortF0 X5 - (17)
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Therefore:
) _1
FyOl vayo

- ) and F o, +F ,=F,. (18)
Fyoz a xFyOl y01 y02 0

x'FyO
4. Thenumerical results

Figure 8 (ship A) and Figure 9 (ship B), show the drift angle — nondimensional yaw
velocity pattern yielded when ships are set initially tordst. Only drift angles up to
+90° can be realised (as accompanied by negative nondimensional jGoitie®),
since the ships start to increase the forward velocity atiget centrifugal term in the
surge motiorEquation of (1) or (9). The similar situation happens when making a turn
with the bow lateral thruster. The most interesting and promisorg both figures
seems to be almost the whole area up to thisd@i@ angle limit that is uniformly
covered. However, this is still one quarter of the area incoacern. The second
unique quarter could be reached when the application point of thévee(htected
towards the portside) lateral force would move astern of ilship section — the do
main region defined by e (+90°,+180°) andQ,, €(0,+1) is here yielded.
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Fig. 9. Relation betwee@,, andp, for ship B (no initial motions)

In view of the above it is recommended to set initially the shinegative forward
speed while the application point is positive, or at positive speed wheneta farce
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is exerted aft. In the first case, when the initial veloGit9.5m/s astern, the chart pre
sented in Figure 10 is received.

o

20 40 60 80 100 120 140 160 pB[°]180

Fig. 10. Relation betwee®,, andp, for ship A (initial astern velocity of order OrBs)

The effect of applying a longitudinal force (e.g. an additiona) tughis context,
i.e. for extending thég, Q) region as a similar action to imposing the nonzero initial
velocity, is put aside for the future research. It shathilse mentioned that, unless the
initial forward velocity is zero, the magnitude of the latdonte has some influence
on the relation betwee@,, andf — this does not take place when the ship initially
starts from the rest.

5. Final remarks

It has been proved through the performed simulation research thautioguad
rant hydrodynamics is essential e.g. for tug operation simulatmmthé same rea
sons, the fouguadrant hull hydrodynamic can be identified (estimated), evemein t
full scale, when two tugs are available.

This identification is carried out in three steps: 1 — recorthegship manoeuvring
motions for the continuously varying application point of the lhtenze, however
a separate run of the manoeuvre is necessary for eachtaelidgrenature) application
point, 2 — determining the time history of particular hull hydrodynamic coeffticfen
each run from the analysis of ship motions (a simple tramsfion of differential
equations and some knowledge/guess on added masses are requiegup)r&imat
ing the obtained 3D curves of hydrodynamic coefficients (as defieeslis the drift
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anglef and nondimensional yaw veloci@,, the time is the parameter for each point
on such curves) with a surface as explicit function of the botimagts. Various nu
merical algorithms can be used for the latter task.

It is believed that the tug inertia is negligible, sintéaict, one should consider the
whole system shifpug(-s) as a rigid body. This can be verified in next studies.

Using the investigated procedure, one can also verify the matioal models in
shiphandling simulators, which are often in a closed and endodedt. The author's
practical experience with these models indicates that sojustified simplifications
or even errors can be suspected, that are hardly to be distoVkeelatter is mainly
due to the fact that the model motion behaviour is bakposetl to the user, while
the very useful hydrodynamic coefficients are often confidential.
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Identyfikacja w skali rzeczywistej pelnych (4-¢wiartkowych) charakterystyk
hydrodynamicznych kadluba statku w manewrowaniu

Praca przedstawia potencjat zastosowania dwoch zrddet sity poprzecznej (np. holownikow)
do wyznaczania bezwymiarowych wspotczynnikow hydrodynamicznych sit i momentu ka-
dluba statku w pelnym zakresie kata dryfu i wzglednej predkosci katowej. Pozwala to na sy-
mulacj¢ dowolnych manewréw jednostki ptywajacej, szczegblnie przy matej predkosci linio-
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wej 1 na akwenach portowych. Dwa zrddla sity poprzecznej, przy zachowaniu jednakze ich
wypadkowej wartosci, daja mozliwo$¢ realizacji dowolnego momentu sterujacego, tym samym
punktu przylozenia (ramienia) sity poprzecznej. W efekcie, jak przedstawiono w referacie,
mozna osiagna¢ dowolne kombinacje kata dryfu i wzglgdnej predkosci katowej, tym samym
obja¢ cala dziedzing funkcji reprezentowanych przez poszczegolne wspotczynniki hydrodyna-
miczne. Okreslenie wspomnianych charakterystyk hydrodynamicznych odbywa si¢ poprzez
rejestracj¢ parametrow ruchu statku przy systematycznie zmienianym ramieniu wypadiow
sity poprzecznej i obliczenie z rownan ruchu hydrodynamicznych wspolczynnikow kadtuba
jako funkcji czasu. Ostatnim etapem jest aproksyanatrzymanych tréjwymiarowych krzy
wych (sktadajacych si¢ z punktow definiowanych katem dryfu, wzgledna predkoscia katowa
oraz danym wspotczynnikiem hydrodynamicznym — czas jest parametrem takiej krzywej) za
pomoca powierzchni reprezentujacej wspotczynnik hydrodynamiczny i bedacej jawna funkcja
kata dryfu oraz wzglednej predkosci katowe;.
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Many researchers have studied the roll stabilitgfops since it is the most critical case of cdpgiz
for conventional vessels. In this study externarted forces from waves or winds on a vessel ar@ mo
eled as a step exciting moment. Calculation of dynangle of stabilitydy, which is the first overshoot
angle of vessel response to exciting moment, istiha objective of this paper. For this purpose two
methods are used. The first onescatied traditional method, determingsg, by equalizing the external
heeling moment energy and righting moment enerdptevthe other solves the rolling equation assuming
step exciting moment and linear damping.

Additionally, a model experiment is carried outlwd step exciting moment then model rolling re
sponses are registered. The results of both thealr@tethods are compared with experimental results
The comparison shows that for large rolling ampliégisuch as 35 degrees, inclusion of linear damping
does not have any considerable effect dynamic amfgiability. It means that the traditional methed
reliable.

Keywords:Forced rolling, dynamic angle of stability, excgimoment, damping

Notations

Axx: [Kgm? — Roll added moment of inertia
Bas: [Kgm?Sec?] — Linear damping coefficient
D: [m] —Dynamic lever of stability

g: [mSec? — Gravitational acceleration

f(t) : [Nm] — Exciting moment

GM : [m] —Metacentric height

GZ : [m] — Righting arm

Ixx: [Kgm? — Ship longitudinal mass moment of inertia
Mo : [Nm] — Step exciting moment

Mya,: [NM] — Nonlinear damping moment

t: [Sed — Time

W: [Nm] — Potential energy of vessel

W': [Nm] — External work of exciting moment
wq: [Sec?] — Roll damped frequency

wn: [Sec’] — Roll natural frequency

¢: — Linear damping ratio

¢ — Relative error

@: [Rad —Roll angle
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@ : [RadSet!] — Roll velocity

¢ : [RadSed] — Roll acceleration

Dy, : [Rad — Dynamic angle of stability

@, : [Rad — Static angle of stability

A : [Kg] — Ship displacement

Hint: Parameters whose units are not mentionediarensionless.

1. Introduction

Large rolling and losing transverse stability is a knownaeasf ship capsizing.
Severe casualties have been still reported due to seviang.rblence, studying of the
phenomenon of ship rolling has become an interesting subject for ressarche

One of these cases may be considered as excitation of a veez&diimyal forces of
sea waves or winds. Such an exciting force is modeled as st@pmhin this study.
Questioned force leads to an overshoot heeling angle, whichesl cilhamic angle
of stability, as the most important and hazardous part of transigmbnse of a ship.
To evaluatedy, two methods have been introduced in this study.

Although most of these studies focus on frequetayain, timedomain solutions
of both linear and nehnear rolling equation have its own enthusiasts. Odabasi and
Vince (1982) studied the effects of initial angle variatiomd @Il damping on the roll
response of a ship under the sudden action of a wind [1]. Variodslsnof roll me
tion including nonlinear damping terms have been studied by Bass aidhrda
(1988). These models have been curve fitted on experimental msditheir validity
was compared with each other [2]. In 1998 Taylan determined steaggnse of
a vessel to sinusoidal wave for four types of ships assuming nonlinepindeend re
storing. He also studied the effect of different forms of noaliamping and restor
ing moment in resonant condition [3].

2. For mulation and mathematical model

In this section two methods for assessing of dynamic angleabilist are pre
sented. The first one is the traditional method which is alst imssome rule books.
The main feature of traditional method is disregarding of dagnduring of rolling
that leads to over estimation @f;. On the contrary, the second method solves the
rolling equation where the damping is included by assumption of a linear damping.

2.1. Energy method

Righting moment opposes the roll motion of a vessel. This leadbsorbing and
storing of potential energy whose amount is a function of heeling awghen the
ship is inclined from zero up to a given heeling arigh, the amount of potential en
ergy can be calculated as follows:
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D

W=Ag[GZ(@)do, (1)

0

where
— W represents the potential energy,
— A is the displacement of ship,
—gis gravitational acceleration,

— GZ denotes righting arm an#lis heeling angle.
The integral in Equation (1) is called dynamic lever obifitg “D” [4]. Figure 1
shows typical static and dynamic lever of stability of a barge.

D(®)=(GZ(®)dw. )

O Gy

! ! ! ! I ‘
! ! I _(}Z"(l’
NS — L PN —001D-¢ |

0

Static (m) & Dynamic (m deg) lever of stability

02 ‘ ? ' 5 5 i
0 10 20 30 40 50 60 70 80
¢ (Degree)

Fig. 1. Typical static and dynamic lever of stdbili

On the other hand, inclining of a vessel needs external work from excitimgmho
This work leads to both kinetic and potential energy on veBsesupposing a cen
stant exciting moment one can calculate the external work as $ollow

D
W= M, ddo=M,, ®3)
0
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where:

— W' represents work due to exciting moment,

— My stands for the step exciting moment.

Work due to exciting force partly changes to potential andtikirenergy and
partly is consumed by damping moments, which is neglected in this method. When the
roll angle reache®y,, the kinetic energy of the vessel instantly gets zero. dere
the work due to damping moment is disregarded. Therefore, exeitieqy is as
sumed to be totally stored as potential energy in this methodhi® basis, dynamic
angle of stability may be evaluated by equaling Equation (1) and (3):

_ MO cba’y

D(®)= o (4)
g
24 ‘ ! ! !

%B —D-¢ | ‘i
= ool d oo M bA ) e e g Sl
e 20 M, p(A g) . ]
T L L -
z
St
=]
e 1
=
=
g
~
] s s P 0 .
¥
()

0 .

} 30

Fig. 2. Use of energy method in determinatiorbgf

Equation (4) is used traditionally for calculationdf. By drawing either sides of
Equation (4) in the same diagram and finding their intersectian &fgure 4, dy
namic angle of stability easily is determined.

2.2. Analytical solution of rolling motion

The typical differential equation of roll motion can be expressed as:
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(Ixx+Axx)é+B44¢+M44v(¢’¢)+Ag&(¢)=f(t)' (5)

where

— |y Is ship longitudinal mass moment of inertia,

— As is roll added moment,

— |y + Ak IS equivalent moment of inertia. Dots represent differentiafiith re-
spect to time.

—By4 is the linear damping coefficient,

— Mag, is nonlinear damping moment,

— GZ denotes righting arm,

—f(t) is external exciting moment which is modeled as step funbtign this arti
cle.

Linear damping is the dominant damping for roll motion. In this studyémin
ear damping is disregarded. On the other hand righting arm shliwesar behavior up
to a certain heeling ang&.ica:

& =A g W P ((p < (pcritical) (6)

whereGM is transverse metacentric height.

In the case of large roll angle a polynomial of order tlurefive is used to model
the further part [3]. In this study the experiment is done by a Ihvduere the linear
behavior of restoring moment is pretty large. Taking intcact all above discus
sions, the Equation (5) takes the following form:

(I + Ay +mr?)b+ By, d+AgGM & =M,, @)
»(0)=0, @(0)=0: as initial condition

where

—mis the mass of suspended weight to exert sudden exciting moment,

—r is the radius of the apparatus where the meisssuspended from.

In fact, the terrmr? in Equation (7) refers to effect of an apparatus which gener
ates the exciting moment and it is small in compartsoequivalent moment of inertia.
Strictly speaking, in ideal condition this term doest exist. Solution of Equation (7)
yields:

(1) =[@1 Sinw,t + D2 Coswyt]e ™"

t , 8
+(I, +4,)" o j M, Sina,(t - A)e <) az (8)
0
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where

— 4_51 and 4_52 are constant values,

—{denotes damping ratio, which increases as the damping increases,

—wq andw, are damped and natural frequencies respectively which aredefs
follows:

£ =By /2, +4,)AgGM 9)

wﬁ=AgW/(mr2+Ixx+Axx), (20)

w, =w, 1= . (11)

In Equation (8) the first term on right hand side of equation ishttmeogeneous
solution of Equation (7) while the convolution integral is tagticular solution. Sub
stitution of initial condition in Equation (8) yields constant values to be Zéwus, the
explicit solution for Equation (7) takes the following form:

o) =—Mo [1—(1—42)'0'5 sin(a}dtﬂanl(ﬁ /g)je%’] (12)

_Agw

Experiments show that the linear damping ratio of ships range0r02 to 0.2 [5].

Therefore, the termy/1-¢ * can be well approximated by unitysingsome simplifi
cation the final form of roll response becomes as follows:

D(t)=D,[1- e Sin(w,t +arctan¢ )], (13)
where
@4 — represents static angle of stability in which sbgis on steady state condition.

By the same toke®m , andwq practically are the same.

3. Tests

A bulk carrier model with following specifications was set up:

Table 1. Main specifications of bulk carrier model

Draft (m) | Breadth (m)| LBP (m) | Displacement (Kg) Coﬂ?ﬁ(i:l?ent GM (m)
0.0635 0.205 1.040 10.3 0.76 0.0080

An experiment is conducted stepwise as follows:
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1 — The model stability characteristiasZ-& curve (Figure 3) andsM were
determined by means of inclining test. As one can see in Rgugéating arm is a lin
ear function of roll angle up @gijca = 20°.

T T T
001 GZ=GM ¢ /,I:I
— GZ=C P +C PO +C, 0™+ C 4,
00081 m Expermnental Data
-~
£ 0006 /
o
0.004 J/
0.002
- / ‘ ‘l’crmcn
0 s 10 15 20 25 30 35 40
¢ (Degree)

Fig. 3. Experimental righting arm of model

2 — A 8" order polynomial was fitted 0gz - & curve (Figure 3) and by integration
the dynamic lever of stability) — @ was determined.

Table 2. Main results of tests
No. | Load (Nm) | @4 (°) | @«(°) | w4 (Rad Sed)

1 1.03 1253 | 7.55 2.78
2 2.54 26.81 | 16.54 3.24
3 3.57 32.98 | 21.08 3.63

3 — Three different step exciting moments were exerted on moslah@wvn in
Table 2, and all roll peak amplitudes were recorded. For hagwmracy all tests were
repeated several times. By using Chauvenet criterion the deddéaa from mean
values of data set were recognized and disregarded. Very sihaimplitudes are
also neglected due to decline of period of oscillations which is a sign déretece of
laboratories apparatus damping with natural damping of model.

4. Resultsand analysis

The right sides of Equation (4), for three different excitimgments, are drawn in
dynamic lever curvéD — @). For evaluating the dynamic angles of stability, intersec
tions of dynamic lever with corresponding lines are determindediguare 4. In fact,
Figure 4 shows the results of traditional method based on calculations.
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Fig. 5. Identification of linear damping ratio (Etag moment = 1.03 (Nm)): Where in this figure
solid line“1” is plotted by Equation 13, dashed Iit®8 is lower envelope (Equation 14), dashed line
“3" is upper envelope (Equation 14) and dashed #fieshows static angle of stabilitypf = 7.559

On the other hand it is assumed that Equation 13 governs entinénexqual re
sults. As one may see in this equat@pandw, are both known (see Table 2), while
the damping ratio is unknown. On this basis, the method of least sfjuarés used
to find the best curve which envelops the experimental data. yntieation of this
curve the damping ratio arl, would be calculated. Figures 5, 6 and 7 show the best
curves, which can be fitted on experimental data with respeEqguation 13. The
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value of{ may be also assessed by fitting of upper and lower envelopesarBgat
use of Equation 13 the equation of upper and lower envelopes can tea wstfol

lows:

o(t) =, (1) (14)
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Fig. 6. Identification of linear damping ratio (Etwag moment = 2.54 (Nm)): Where in this figureisol
line “1” is plotted by Equation 13, dashed lit® is lower envelope (Equation 14), dashed fi@&is
upper envelope (Equation 14) and dashed“iieshows static angle of stabilitg{ = 16.549
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Fig. 7. Identification of linear damping ratio (Ettieg moment = 3.57 (Nm)): Where in this figureigol
line “1” is plotted by Equation 13, dashed lit® is lower envelope (Equation 14), dashed fi@gis
upper envelope (Equation 14) and dashed"iieshows static angle of stabilitg{ = 21.08j
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On Figures 5, 6 and 7 different curves are fitted to figure datnaping ratia for
the vessel. Except faby, Equation 13 may be used for modeling of roll motion quite
well. This may be confirmed according to minimum root mean scgraoe for fitted
curves and convergencein different identifications as in Table 3.

Table 3. Identified damping ratio in tests

Load (Nm) | ¢ :(Eq.13) | ¢ :Upperenvelope ¢ :Lower envelope G average
1.03 0.090 0.090 0.087 0.089
2.54 0.084 0.089 0.082 0.085
3.57 0.088 0.094 0.088 0.090

where:

— Caveragedenotes average Of

Knowing the fitted curve, the first over shoot angle of curve is regarded asidyna
angle of stability. Table 4 compares results of two themakethethods with experi

ment:

Table 4. Comparison of results

Test D, Energy method| Analytic method
es
Experiment| Pu £ (%) P, £ (%)
1 12.53° 14.66°| 17.0 | 13.21°| 54
2 26.81° 29.64°| 10.6 | 29.20°| 8.9
3 32.98° 36.92°| 11.9 | 36.58°| 10.9
where:

— ¢ represents relative error.

Although the analytical method has resulted in a lotgthan the energy method,
it is still apart from the reality. As it can be seen iml&a4 this is much considerable
in severe forced rolling. More over without considering thst faver shoot angle,
Equation 13 models the remained part of experimental result&xdilent accuracy.
Therefore, it can be concluded that damping power and quality froimniregy of me
tion up to first peakdy,” is completely different from the rest of rolling process.-Con
sidering above mentioned, Equation 13 is used to identifying a auithea certain,
which begins from origin and exactly crosses practiggl By applying this method,
regardless of rest of data, a local damping ratio can bevdegat for first half period.
Figure 8 shows the identification of local damping ratio in this range ifor térst.

Figure 8 implies that there is a dominate damping in first efiod which is ig
nored in this study. Strictly speaking, because of high mean anglibeity at the be
ginning of motion, the term of nonlinear damping in Equation 5 mustkee iato ae
count in determination aPy,. It seems that nonlinear damping acts strongly at the first
half period of rolling and vanishes sharply on the other parsattempt has been
made to find an average linear damping ratio that is shownhle ba It seems to au
thor that using the average damping ratio could leads to bettgdianoe with ex
perimental results than the previous approach.
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Fig. 8. Comparison of damping ratio in first hadfripd and rest of results: Where in this figureiGbhe
“1" is plotted by Equation 13(= 0.090) and dashed lin€2” is plotted by Equation 13(=0.18)

Table 5. Local damping ratio in first half period

Test é’m’erage Coa

1 0.089 | 0.130
2 0.85 0.150
3 0.090 | 0.180

5. Conclusions

Dynamic angle of stability of a ship is an important paramieteanalyzing ship
stability. Traditionally, the method applied to calculate the dyoamgle of stability
neglects the effect of damping forces. In this study, fovangship model the tradi
tional method as well as a method which takes into accoumffénet of damping by
assumption of linear model are used to calculate the dyramgie of stability for
ship.

An experiment has been conducted to measure the dynamical anghdilifyst
Table 4 compares the result of with two other methods. @brtahe inclusion of
damping shows better results than traditional method but there e&ror of about
5 up to 11 percents. The difference between experiment and tbabmaéthods in
creases as the amplitude of roll angle increases. Thenréassuch behaviour is that
the modeling of damping by constant linear damping coefficient is not correct.

The following may be concluded from this study:

There is not much difference between the results of tradltimethod and analyti
cal method. In the other words, in severe roll motion with roll ang#if 30 degrees
or more, inclusion of linear damping does not have any considerdbt# eh dy
namical angle of stability.
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Use of Equation 13 is recommended for modeling of forced rolling ditham
plitudes less than 12 degrees.

Nonlinear damping plays a major role to damp the roll motion afirgtenalf pe
riod of rolling. Hence, modification of Equation 13, for evaluating dynaanigle of
stability, seems to be essential.

Despite of exclusion of damping in traditional method it have 10 up pe&fents
of safety margin for ships.
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Analityczne i eksperymentalne badanie dynamicznej statecznoS$ci statku

Wielu badaczy stliowato stateczno$¢ poprzeczng statku, poniewaz przechyly boczne sa
krytyczne dla wywracania konwencjonalnego statku. W badaniach zewngtrzne sity od falowa-
nia i wiatru dziatajace na statek sa modelowane jako skokowy moment wymuszajacy. Oblicza-
nie dynamicznego kata przechylu @y, w odpowiedzi statku na dziatanie momentu wymuszaja-
cego, jest glownym tematem niniejszego referatu. W tym celu zostaly zastosowane dwie me-
tody. Pierwsza, tak zwana metoda tradycyjna, wyzaab,, przez poréwnanie energii ze
wngtrznego momentu przechylajacego i energii momentu prostujacego. Druga polega na roz-
wigzaniu rownania kotysan bocznych ze skokowym momentem wymuszajacym i ttumieniem
liniowym.

Dodatkowo zostaly wykonane badania modelowe ze skokowym momentem wymuszaja-
cym. Rejestrowana byty kotysania modelu w odpowiedzi na wymuszenie. Wyniki obu metod
teoretycznych zostaty poréwnane z wynikami badan do$wiadczalnych. Poréwnanie pokazuje,
ze dla duzej amplitudy kolysan bocznych rzedu 35 stopni uwzglednienie liniowego ttumienia
nie ma znaczacego wptywu na kat przechylu dynamicznego. Oznacza to, ze metoda tradycyjna
jest wiarygodna.
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3D Form analysis of rope defor mation with long
towed underwater hydroacoustic antenna

J. BIELANSKI
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The article describes a possible solution of thendary problem for the long rope and underwater
hydroacoustic antenna systevith density insignificantly greater than the déynsif the water and small
rigidity. There is only known a point of rope cowtien to the ship and depth on which the end of the
towed object is placed. The paper presents the/siaif the towed antenna system with rope anduealc
lation form of the system, forces of weights, buayaforce and lift with changeable longitudinal et
tension. The results of calculations give us infation abouthe depth of dip of the antenna end point in
function of ship speed and lengths of ropes towther results of antenna bending in horizontah@la
allow us to define an error in measurements ofrar@s. Taking into account this error if will give bet
ter accuracy of the executed measurement by therwater hydroacoustic antenna towed by a maneu
vering ship

Keywords:hydroacoustic antenna, hydrodynamic forces, intefoiees and form of rope for towing

1. Introduction

The growing employment of rope in techniques of research and exploitdtsea
causes that the precision of calculations of rope forms amdtemges from hydrody
namic loads and from towed objects must grow too. The artickepiedescription of
the force as over acting on the system towing rope with antenrghartdrope brak
ing. It formulatesin a threedimensional area, an equation of balance of power. The
formulated boundary value problem is solved in numeric way wittiefiasiement
method. It performs verification of account of antenna form vagreronly in vertical
plane behind assistance of measurement result rendered accessibly by US Navy

2. Problem for mulation

The ship towed under water a rope with hydroacoustic antennasoddé&ngth is
near 1700m and antenna length is about 250m length. There arenperyaint ques
tions are bendings of the antenna and rope in vertical and horizontal ljptghd he
answer for the first question concerns bending of the rope with antarwvertical
plane limits use of antenna on shallow water. The answer faetwnd question cen
cerns bending of the antenna in horizontal plane #ndis possible, an increase of
accuracy of the measurement by the towed antenna of maneuvering ship.
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In order to answer on the abewentioned questions there have been formulated
equilibrium equations for the load and internal longitudinal force in thewgpch are
used later to execute programs with numeric calculationsféhlie squilibrium state
of the rope is sought, without considering its load imposed by possidlements of
the water particles caused by waves. Any elastic straimeimape is omitted too. The
equilibrium state of the rope is reached by the following types of loads:

The weight of the rope and the antenna;
The buoyancy;
The hydrodynamic forces.

As a result of the abowmentioned foundation there has been received balance
equation of power acting on the element of the rope.

The figure below presents geometry of towed array.

L\I.

1 "\\
o
Q F C
Bu
Y &
[4] [8) L] [+] X
Q P C o] K

Fig. 1 Coordinate system Oxyz for the ship and the rogle amtenna

The formulated balance equations of power acting on the elemt® afpe came
into existence on base of Figure 2.
The hydrodynamic forces are calculated behind assistance of Morisoatfoaqu
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1
F,==pCJ,
n 2p n'n

Vn

d,
; . (1)
F=mpCrlyd

where:

F. — the continuous load in the rope acting along the aXiglirected as the flow
speed vector projected on the plane perpendicular to the rope’s axis;

F. — the continuous load acting tangentially to the rope’s axis;

pw — the water density;

C,, C: — the dimensioitess coefficients depending on the cresstion of the rope;

V, — the ceordinate of the flow speed vector projection on the axis notontie
rope;

V; — the ceordinate of the flow speed vector projection on the axis tangentibé
rope;

d — the characteristic dimension of the creestion of the rope (the rope diameter
for a rope with a round crosection), D — for the antenna).

It is possible to define relationships between the partshef hydrodynamic
continuous load and horizontals and vertical warehouse vectateshal tension of
the rope. Dependences behind assistance Figure 2 received:

dH _, dQ _ dT _.

E_ " dx - dx

d);(;) _ % =tgy(x) ~siny(x), @)
% = % =1gf(x) = sin f(x)
where:

H — the horizontal component of an internal tension in the rope;

Q —the vertical component of an internal tension in the rope;

h — the horizontal component of the hydrodynamic continuous load;

g — the vertical component of the hydrodynamic continuous load;

t — the second part the horizontal component of the hydrodynamic contimaalus |
for direction of movement traverse;

LX), w(X) — angles between tangential direction of the rope element aris in
vertical and horizontal plane respectively, see Figure 2.

It set up except it, that change of direction of the ship moveméhnet be
greatest than 30deg. From the foundation of small change of ship malvdimection
we get results which say that the horizontal part of hydrodynkrait of the ropeh
has the same value as during simple movement of the ship.
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Fig. 2 The continuous horizontal and vertical load andrimal longitudinal force
impact on the element of the rope or on the eleroktiite antenna

Dependences will accept form as lower:
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TheEquations (2) can be presented in following form:

<),
dx dx @)

i(Hﬂjzt
dx dx

and after differentiation in other form:

d’z dz\* dz Y
HW—FAF}?(EJ +AFn(_j _quzo

dx
dzy dy ! dy 2 ’ ©)
H—+A4, | —=—| —A4,.,|—= 1| =0
dxz Fnl(dxj Fnl(dxj
where:
A0:1/2,0WV52;

Arn = Ao d G, [cos(po) fo(X)]2;2
Ar=Aomd G [cosfyo) fo(X)]
Fn = A, Sirf( ), — the normal parts of hydrodynamic force acting on element of the

rope in vertical plane;

F. = A cog(f), — the tangential parts of hydrodynamic force acting on element of
the rope in vertical plane;

Bo=(p.—pw) S G

Vs — ship velocity;

fo(X) — the linear function of, fo(x = X(Q)) = 0, fy(x =x(K)) = 1, K —is the point on
the stern of the shiQ) — endpoint of towed array;

Aem = Ao d G, [sin(yo— ) fo(X)]

Ara = Ao d G [sin(yo—y) fo(X)]%

Fni = Aene Sin(y), — the normal parts of hydrodynamic force acting on element of

the rope in horizontal plane;
Fu = Ari1 cog(y), — the tangential parts of hydrodynamic force acting on element

of the rope in horizontal plane.
The antenna bending stiffness can be calculated from following relafonshi

4
1=l (6)
3841

where:
f — the deflection of the antenna axis from experiment;
| — distance between points of supporting antennas in water, from experisegent al
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Goo = (po —pw) X g X 1 x D/4;

po — the average density of the antenna material;
D — diameter of the antenna;

El — the antenna bending stiffness.

3. Problem solution method

The problem was solved with utilization of personal procedurdsdiandary value
problem.

The boundary and initial conditions defined in following manner:

— K — initial point of the rope on the stern of the ship wherg, z are known
coordinate — power of tension is measured here;

— O — point of initial antenna where the angles inclination ofrdpe andy are
equal to the angles of the antenna deflegtiandy;

— tension of the rope in poif is equal to the resisting force of antenna and ropes
braking;

— P— endpoint of antenna — pressure is measure here and it defines seoulsty
the depth of dip.

4. Resultsof calculationsfor exemplary object data

The calculations of the rope shape were performed for data in Table 1.

It presents results of these calculations in vertical serfa the form of the
function H,. This function presents dependence of the dip depth of the argadna
point P of rope length and ship velocity and coefficients of these fumeti- presented
in Table 2.

Table 1. The data of the rope with antenna

Unit of

Description of largeness Symbol Value
measure
Height of point of rope grapple over surface ofavat h m 2
Length of rope towing L1 m 100-1722
The diameter of the rope d m 12.7e-3
Length of antenna L m 263.65
The diameter of the antenna D m 90e-3
The average density of the antenna material Po kg/m® 1092.5
The antenna bending stiffness El Nm? 1.2e4
Length of rope braking antenna L11 m 22.86
Ship velocity Vi kn 12
Water density Pu kg/m® 1020
The dimensiodess coefficients of the forces Cn [-] 1.2
depending on the crosgction of the rope C [-] 2e-2
The dimensiodess coefficients of the forces Cha [-] 1.2
depending on the crosgction of the antenna Ca [-] 1.01335%C,
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Table 2. The results of the dip depth of the ardesmd poinP
Hox=L1)=axX+b X +cx+d
A B c d
Vw=5kn 0 —5.2e-5 0.385 —40
Vyw=10kn 2.1(3)e-8 7.2e5 0.127(3) -18
Vyw=15kn | —2.6672659270e8 | 9.2133085722¢5 | 4.04305169142 —7.7029104699
V=20 kn | —2.5068546517eB | 8.9475657793e5 | 5.4233008690€3 —2.8778165291
Vyw=25kn | 1.1499860866e8 | 7.637726865066 | 3.49290820272 —7.6664502365

These functions have graphic form as on the following drawing.

Hp(x=L1)=a+bx +cx+d

500
g
400
VW=10kn
300
Hplm]
200 wn/
VWW=20kn_—
/ /_/
100
1 " [Ww=25kn
T e
0 ]
-100
0 200 400 600 800 1000 1200 1400 1600 1800
L1[m]

Fig. 3 The functionH, describing dips depth of the antenna-gwéht (P) depending on the speed
of the ship towingv,, and lengths of the towed ropes

Results of calculations have been presented on following drawinigsrizontal
plane.

The Figures 4, 5 and 6 illustrate lines outlined by points in tinderway for ship
velocity V,, = 12kn andy, = 30deg andy, = 40deg, respectively. Whole process of
antenna turning lasts 5 minutes, Figure 4.

Deformation of antenna has a parabolic form in horizontal sudad maximum
dart of bending achieves value in initial stages of turningg Balom with ship velocity
12knots and course change angle= 30deg, Figure 5. Value of dart of relative
bending achieves value 0.04%. Similar value of relative bendingnina takes
a stand at the greatest value of executioner of kink.
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Fig. 4 Presentation of relocation poir@sP of antenna and poiit
of fastening towed rope to the ship in time

4000

3500 L~

/
3000 //
2500 //

2000 /
y[m] //
1500 {?&point K
1000 point C N //
/I

500 point P ~/

4

-
o

-500
0 1000 2000 3000 4000 5000 6000

X[m]

Fig. 5 The way in time of antenna poirt<, P and pointK on ship during maneuvers
of the ship with changes of course angle of thp abbuty,= 30deg
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Fig. 6. The way in time of antenna poirt<C, P and point on ship during maneuvers
of the ship with changes of course angle of thp abbuty,= 40deg

5. Conclusions

» On the basis of calculations with described mathematical midee was
prepared simple algorithm for fast scaling of antenna igitarea without time
consuming calculations of boundary value problem;

» The aboe-mentioned algorithm allows to calculate site of antenna alsv aft
interrupt of data transmission caused by failure. The errantdnna site decreases
with time.
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Trojwymiarowa analiza deformacji ksztaltu liny holujacej
i dlugiej podwodnej anteny hydroakustycznej

Artykut opisuje rozwiazanie zagadnienia brzegowego dla zestawu dhugiej liny holujacej
i podwodnej anteny hydroakustycznej o gestodci tej ostatniej nieznacznie wigkszej od gestosci
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wody i matej sztywnoS$ci. Znane jest tylko potozenie punktu zamocowania liny do okretu (p-kt
poczatkowy holowanego zestawu) oraz glgbokos$¢, na ktorej znajduje si¢ koniec anteny. Przed-
stawiono analizg sit dziatajacych na holowany zestaw, ich réwnania rbwnowagi oraz obliczenia
ksztattu liny i anteny pod wptywem sit masowych, wyporu hydrostatycznego i hydrodynamicz
nego z uwzglednieniem zmiennego wzdluznego napigcia w linie. Wyniki obliczen pozwalaja

na predykcjg glgbokosci zanurzenia konca anteny w funkcji predkosci okrgtu i dlugosci liny
holujacej. Ponadto wyniki obliczen okreslajace deformacjg ksztattu anteny (ugigcie) w plasz-
czyznie poziomej umozliwiaja okreslenie blgdu pomiaru anteny. Uwzglgdnienie tego bigdu
umozliwia uzyskanie doktadniejszych namiarow hydroakustycznej anteny holowanej pod woda
przez manewrujacy okret.
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The Europeaynion EFFORT (European Fifcale Flow Research and Technology) project focuses
on validating and introducing innovative ComputatibFluid Dynamics (CFD) prediction methods for
the performance of the ship/propeller combinatiorthe full scale, instead of the usual model scale.
Within the project existing CFD codes have beeremked, extensive full scale and medetle (PIV)
flow measurements have been conducted, and validafithe CFD predictions has been carried out. In
this paper an overview of the EFFORT project rasigitgiven and the innovations that have been imple
mented by EFFORT consortium group are shown. Théeinecale PIV experiments that have been car
ried out on two vessels are also discussed. Irpéper there are shown some of the validation esult
based on these experiments. Finally there aretedlexamples of the calculations that have beaiedar
out by CTO S.A. in which the validated CFD compiatas have been used as a design tool replacing the
model tests which are normally carried out.
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1. Introduction

A challenging new European cooperative project EFFORT (Europe&sdals
Flow Research and Technology) has been recently finished. Priotijeatives are
the refinement and validation of Computational Fluid Dynan@€B8D) prediction
methods for the viscous flow around a ship hull at the full sealkdtheir introduction
into practical ship and propeller design.

Hydrodynamic aspects play an important role in the quality stip. Dominant
criteria in the hull form design are often the resistaaiod powering performance; in
addition, the occurrence of noise and vibrations, importanthimrcomfort level of
crew and passengers, often has a hydrodynamic cause, stemming from thenogierat
the propeller in the disturbed flow field behind the ship hull.

Therefore, the detailed knowledge of the flow around theatt of a ship is criti
cal: In this area, flow separation may occur, with importansequences for the-re
sistance and power; and the flow field felt by the propeller shmeildetermined. Un
favourable characteristics of this flow field (e.g. laggatial variations of the velec
ity) may result in performance loss, propeller cavitatiomliteg to noise, vibrations
and erosion, etc. The viscous flow can be computed using Reynoldgyéad¥avier
Stokes (RANS) codes. This is becoming a common component in {halesign
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process, and good agreement with meabelle wake field measurements can be
achieved today.

The real purpose is to predict the fstlale flow, wake field and hull/propeller-in
teraction. RANS computations offer that possibility, and suchksfidle viscou$low
computations start to be used in the practical ship design; butdomnate these pre
dictions are, and to what extent they depend on the turbulence modedithgausot
really known. A validation of the fultcale ship viscous flow predictions has generally
been insufficient so far, mainly due to the virtual absemadifficult accessibility of
the suitable fullscale experimental wake field data. This is the fundampnotat that
EFFORT aims to address.

The following steps have been made in the project:

A full-scale measurement campaign in which extensive flow measureorents
board of two vessels — hopper dredgiLENSPIEGEL (Dredging International),
and the research vesséllawigator XX{" operated by the Maritime University of
Szczecin — have been done by MARIN (Netherlands) using {Cxsgpler Veloci
metry (LDV) techniques. In addition, also existing {fsdiale flow data was collected.
Corresponding modedcale measurements using Particle Image Velocimetry) (PIV
and other technigues have been done by Ship Design and ResearelfSGentCTO,
Poland).

A joint CFD development phase, in which limited refinements Haen made
(that play a central role in fuficale flow predictiorjs advanced turbulence modelling,
propeller/hull interaction, fresurface modelling.

There have also been made the extensive validation studies, to establishltbk le
accuracy and improve the modelling. Finally, the CFD tools, exteadd validated
in the project, have been used in design studies proposed by the industdglgrdsti

The project, supported by thé" Framework “GROWH” programme of the
European Union and by the industry, has been run for three andehadf ¥he con
sortium consists of the institutes MARIN, CTO, HSVA, and BasbtEssais des
Carenes; the universities of Helsinki (HUT), Athens (NTUS)czecin, Chalmers
University and Ecole Centrale de Nantes (ECN); and thestriduparticipants Rolls
Royce, IHC Holland, Kvaerner Masa Yards, Lloyd’'s Register, andWYzorden Pre
pellers. The project has been coordinated by MARAN.important step forward in
the use and usefulness of viscous flow computations in Europeanlesign, and
thereby in the quality and efficiency of the design procespscted owing to com
pletion of this challenging project.

More information about this project can be found on the EFFORDsite:
http://mwww.marin.nl/projects/effort

2. Basic and non-standard experiments

One important task of the project has been extensivadale flow measurements
on board of two vessels at sea and corresponding model test mezsgrén the
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towing tanks. The full scale measurements have bees oy MARIN using LDV tech
nigues. Corresponding model scale measurement® @btill wake have been done by
CTO using the PIV technique. Furthermore, basic in@ds have been carried out by
CTO and HUT, completed by measurements of the ndmia&e using PIV and
a five-hole Pitot tube (Nawigator) and a $igle Pitot tube (Uilenspiegel). NTUA have
performed wavgoattern measurements of a smaller model of the Ndorig

Nawigator XXI IHC — Uilenspiegel

= 1050 n
315

/
Lpp = 5400
B
T

II8s2
SR e

Fig. 1. Lines of vessels have been tested in EFFORT grojec
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The nonstandard model tests, for training/research vessel Nawigatoand for
hopper dredger Uilenspiegel, have been performed at the Ship Hydrodg Divi
sion of Ship Design and Research Centre S.A. (CTO). For Nawjghe following
tests have been performed: PIV measurements of nominal ahavedte field, Pitot
probe measurements of the nominal wake field, longitudinal wavtestuand the ma
noeuvring tests. For Uilenspiegel, PIV measurements of thewatad field and the
longitudinal wave cut tests have been performed.

The full scale measurements have been done on the research”Xzsgiglator
XX1" operated by the Maritime University of Szczecin and hoper drédgjeens
piegel” constructed by IHC Holland (Figure 1). ThHeawigator XX" vessel has the
following main particulars: length overall 60.30 m, breadth moulded 10.47 m, depth to
the main deck 4.2fn, draught 3.1%n, deadweight abs. 3@0The main destination of
the ship is training of students for the future work as défikers, engineers and ship
electricians. For this purpose she is provided with the moslern electronic naviga
tion, communication and automation equipment. Thdenspiegel”, second vessel,
has the following main particulars: length between perpendiclZ6$50m, breadth
moulded 26.80 m, design draught 5.00 m.

Fig. 2 View of Nawigator XXI vessel stern Fig. 3 View of model of Nawigator
XXI screw propeller

The measurements at model scale are unigue as they have beemgrkdccord
ing to the fultscale conditions of the ship allowing an examination of the infeief
the different Reynolds numbers on the flow field without the reityesf performing
major corrections. The main task has not been performing-acai prediction of the
performance of the ship, but providing experimental data for theatii of the
computations carried out within the EFFORT project. Therefore thiisese slightly
different from the standard ones. Fairing of the obtained curvesdtdseen carried
out in order to keep the information about the standard deviatibtiee measured
values. In order to have an idea about the repeatability shélasurements, repeated
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measurements performed on different days where the model haguiéeto the wa
ter again (HUT) and ITTC — UA analysis have been performed by CTO.

3. Wake-Field model scale PIV experiments

A large task realized in the framework of the EFFORTgmibhas been the appli
cation of PIV method for the velocity field measurements rfesaship model, with or
without the working propeller. As the method is relatively néhe, results have been
treated more carefully than those obtained with the Pitot pidespite some prab
lems faced during taking the measurements and processing the, tesuobtained re
sults look promising and show large potential of the PIV methode®earch pur
poses.

The principle of PIV measurements allowing to measure three comisooiethe
velocity in chosen plane is presented in Figure 4. The cameraslogated in the
streamlined body (torpedo), towed together with the model as shadviguires 5 and
6. The velocity field was measured in the sectional plane¢ddclose to the propel
ler disc plane. For Nawigator, the measurements were tadnwith and without
working propeller, for Uilenspiegel — only with working propeller.

Laser sheet

‘ Measurement area

Mirror 1 Mirror 2

=1 fl—ﬂm dn- _7,:'5“'

©opties

[—l' -—
e SEREEEE Y
s —

SRS

Fig. 4 PIV measurementsscheme of the equipment

Some obvious advantages of PIV method, compared to the Pitot probe eneasur

ments, are:
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 smaller intrusiveness,

» possibility of taking measurements in some regions not avaifablthe Pitot
probe measurements (e.g. a region close before the working propeller),

+ a velocity field in a relatively large area can be measunea short period of
time, which makes the method usable for the measurements of aadynow. The
Pitot probe measurements are usable only for a steady flow.

As the measurements were taken around the model towed in tmg tiank, the
PIV equipment had to be located in a device moving together withddelnThis de
vice houses two cameras and a laser light source. The photographs ofsheemeat
stand are shown below.

Fig. 5 PIV measurements on Nawigator XXI  Fig. 6 PIV measurements on Uilenspiegel model
model- the measurement stand

Fig. 7. Aft part of the training vessel Fig. 8 Aft part of the dredger

The photographs in Figus® and 8 show the model of the second example vessel —
the hopper dredger. The PIV measurements have been carried aulyfappended
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hull with working propeller. The velocity field has been measuneivo planes per
pendicular to the symmetry plane and the base plane — one of kaess is marked
in the photograph with the dashed line.

Planes o f measurement Measured Wakdield

y/D

Fig. 9. Planes of PIV measurements with examples of measent results
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As can be seen in the picture showing the arrangement of tleimee®nt stand,
the laser sheet points in the direction perpendicular to the syynplane. This
impliesthat a small part of the measurement plane shown in Figurki@den in the
shade of the propeller shaft and it is not possible to me#seineelocity field in this
region at the assumed arrangement of the measurement equipment.

1.2

08

0.2

Fig. 10 Axial velocity component PIV (CTO)  Fig. 11Axial velocity component CFD (ECN)

The velocity field measured in the remaining part of thimelahows an out
standing conformity with the CFD results which has been olidiyeECN — the
comparison is presented in Figure 9.
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Fig. 12. Transversal velocity component Fig. 13. Transversal velocity component

In Figures showing the PIV results, a narrow horizontal strip ofpiorsical ve
locity can be observed at z/D ~ 0.6. It comes from the fatthibameasurements have
been taken in two stages on different heights in order to tlo@emtire measurement
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area, and then the pictures from CCD cameras, overlappimgrimll part, have been
merged.

A conclusion can then be made for the future that if the maasuatse have to be
taken in few stages, thmundaries between the measurement areas in single stages
should not be located in regions where complex flow can be expected.

4. CFD computations of wake-field

The validation of the wake filed computations for two vesselst, iiir the model
scale second in the full scale, have been one of the mais tdsthe European
EFFORT project. The results obtained from RANSE solvers haae dmmpared with
the following experimental data:

* Pitot probe measurementst the model scale,

* Particle Image Velocimetry (PIV) measurements — at the model, scal

» Laser — Doppler Velocimetry (LDV) measurements — at full scale.

Ship Design and Research Centre S.A. participating in EFFOR€ngagied pri
marily in the model tests; however, some comparative computdtivesbeen carried
out, using the experience of other partners, in order to implemesffective proce
dure for the computations of the wake field.

Although different measurement methods have been used and themexperas
been carried out also at the full scale, the correctness GfRDeresults have been-as
sessed basing mainly on the most standard test resultstah@rBbe measurements
at the model scale. Other experimental results have been usedgs tie usability of
alternative measurement techniques.

Fig. 14 Nawigator XXI: underwater shape (grid for CFD cddtions)
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Figure 15 presents some examples of the comparison of measdredraputed
wake field for one of the database vessels: the trawvesgel*Nawigator XXI'. The
shape of Nawigator is presented in Figure 14.

4 Experiment CFD-CTO

1 EXPERIMENT . CFD - MARIN

| e

=
3

T ¥ P S ORRET

Turbulence model: standakek Turbulence model: Menterls w

| EXPERIMENT y CFD - ECN

T LN S B L FF L
¥

Turbulence model: RSM
Fig. 15. Comparison of measured and computed wakkfbr “Nawigator XXF

The following conclusion can be drawn basing on the above comparison:

» a general tendency can be observed to underestimate the da@tyvm a nar
row region in the upper part of the propeller disc,

* the experiment reveals a separated region of low axial weldaithe side from
the propeller huby(~ 75,z ~ 0). This phenomenon has been predicted correctly only
in ECN’s computations, where RSM turbulence model and a very dessie imas
been used,
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» the computations of CTO have been carried out with the use dteveetoarse
mesh (700 000 cells). The mesh, consisting of less than 1 millionis€ll$0O’s stan
dard for the free surface ship flow computations. The freactishape and the resis
tance value obtained for such mesh revealed to be accurate enowgimfmrative
studies of different versions of the hull, and this is thlestnfrequent computational
task in CTO. However, the comparison presented above showsutitatasrough
model is not sufficient for correct prediction of the waietdf On the other hand, ac
curate results obtained by ECN show that the RANSE model istalmapture the
wake flow phenomena if only the mesh resolution is sufficiadt@oper turbulence
model is applied. This encouraged CTO to carry out some additiomgdutations in
order to work out an affordable procedure for accurate prediction ofake field.

The following observations have been taken into account:

» a modification of the standard model for free surface flowgbirby increasing
the mesh density and changing the turbulence model to obtain an aecakatéeld
would result in unacceptable computational time,

* the time required to obtain a convergence of the free suriaeeid even few
times longer than the convergence time for the flow withoe¢ Burface. For a dis
placement ship, sailing at low or moderate Froude number, themck of the free
surface on the wake field can be often neglected. It is tlesomable to compute the
wake field separately, without taking the free surface into account.

It has been also assumed that the flow can be computed acctoatbly aft part
of the hull only, using the velocity field computed on the coanssh as the inlet
boundary condition. The domain for computing the free surface flowctangular
and ranges one ship length upstream, two lengths downstream aadcsitetland one
length downward. To compute the wake field, the domain dimensions hame bee
greatly reduced, as shown above, and the domain shape has been chaylgedfito c
cal (the cylinder radius was 0.55 of the model length).

The hull has been cut in the middle and the inlet boundary contiéi®een ap
plied there, using the velocity field computed with the coarsshnfit has been then
assumed that the flow in this region is still relativelyslie and the coarse mesh is
sufficient to evaluate it accurately). Similarly, the oy field computed with the
coarse mesh has been imposed on the cylindrical wall boundindothain. The
outlet has been located closer to the hull.

The blockstructured, hexahedral mesh has been generated with the use of ANSYS
ICEM CFD Hexa. The number of cells has been about 2 000 000.

The computations have been carried out using the FLUENT soltertwo tur
bulence models: SSFwand RSM. The results are showHgure 16.
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Turbulence model: SSFFw Turbulence model: RSM

Fig. 16 Comparison of computed and measured wake field

The results of the wake field computations with the mesh of highitgieyield the
following conclusions:

* the results obtained with the tvaguation SST 4w model are better than the re
sults obtained with the coarse grid, but are still poor,

* the results obtained with the RSM model are satisfactory, sonibdlel of turbu
lence seems to be a good choice for the accurate wake field computations,

 the numerical prediction in both cases tends to underestimateltity in the
upper part of the propeller disc. This effect is strongerlier3ST kw turbulence
model,

* in case when the computer resources are limited and the fesnitthe coarser
mesh for entire hull are available, the proposed method for figlkecomputations
can be considered attractive as the results are sofficiaccurate. However, the
problem of overestimation of the hull shade in the upper part qfrtpeller disc re
mains unsolved.

Realization of The EFFORT project resulted in accumulatiofarge amount of
valuable data both for model scale and full scale flow. Aeogrth EFFORT conser
tium agreement and EU rules this data will be made a public in few years.
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Przeglad rezultatow europejskiego projektu badawczego EFFORT

Celem europejskiego projektu badawczego o akrontRIEORT pt.: Furopejskie badania
i technika pomiaru optywu okretu w pelnej skali”, byt rozw6j metod Numerycznej Mechaniki
Ptynow (CFD) poprzez stworzenie unikalnej bazy wynikéw pomiaréw, w skali naturalnej (rze-
czywistej skali statku) podczas rejsd6w na otwartyorzu i na modelach badanych w basenach
holowniczych. W ramach projektu przeprowadzono jeynparametréw optywu kadtubdw,
W szczeolnosci pol predkosci,(w skali pelnej, technika laserowa LDV) i rownowazne, w skali
modelowej (technika PIV oraz klasyczna sondami Pitota, dla dwu statkdw: szkolne- ba
dawczego statku Akademii Morskiej w Szczecilawigator XXI o dtugosci Lpp=54.13 m,
oraz poglebiarki oceanicznej THC — Uilenspiegel, o dtugosci Lpp = 126.0m. Praca omawia
sam projekt badawczy oraz prezentuje nowa technike pomiarowa PIV. Wyniki pomiaréw
postuzyly jako podstawa do oceny wynikow obliczen optywu statkéw za pomoca systemow
rozwijanych w ramach projektu.
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To the problem of designing of board coverings
that recelveintensive local load

E. BURAKOVSKIY, P. BURAKOVSKIY, V. PROKHNICH
Kaliningrad state technical university, Sovetskagpect 1, 236000 Kaliningrad

This paper is devoted to the development of refimethods of locally loaded board coverings bear
ing strength evaluation. In domestic practice istiown for the first time that taking into account rigid
ity of a plate changes not only deforming natura ¢, but it dramatically varies qualitative cheteris
tics of a loading strength of a tie.

Keywords:plate, framework, hull structure, localldistributed loads, elastglastic deformation

Design of a hull structure with minimum weight is linked mgiwith metal distr
bution between plating which makes up 70-80% of whole weight, andimgver
framework. Nowadays we face this acute problem too.

It is clear that excessive reduction of tie dimensiondsda depreciation period
reducing and damaging increase, but at the same time ittieadsncrease of useful
carrying capacity and economic efficiency. On the other handadserof dimensions
will reduce economic indexes, etc. So we understand that choosiiegdrihensions
is optimization problem, but this problem is not completely solvel. well known
that damaging of hull structure is caused mainly by intensialyedistributed loads.
That means that the development of methods which will calchidtdies in elasto
plastic stage is topical.

Let us consider locally loaded hull covering with principal dipgcjoisting. To
simplify analysis we consider that covering is infinite wotdirections. Such ideali
zation does not v an influence on deformation picture, because strongly localized
plastic deformations, caused by intensive local loads, fguldly while moving away
from loading spot. On the other hand this idealization dramaticaihplifies the
whole the analysis.

Let us suppose local load moving about the covering (or it's ajgobarea) load
ing plate or rib in turn. We assume pressure on a square;8ppt200x200 mm as
a local load. Question about actual area of operational loatiZaiion is quite diffi
cult and needs original research.

It follows from covering structure that locally Iazdl plate and rib branch deforma
tion examination is necessary and enough to saigligity requirement. We should
bear in mind that only plates and ribs of equal solidity will emsninimum weight of
covering. We use probability of element destruction as a athssable balanced life
criterion. As applied to covering destruction probability on resckome normative
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deflection is probability of two independent occurrences andrdigted as probability
product (formula 1):

0, = [0,(WdQ,(w) = [0,(w)q,(W)dw, 1)

where
Qp(w) — covering destruction probability on normative deflection;
Qq(w)— probability of reaching of normative deflection

0,(w)=q,(m, Q,(w)=[q,(wdx. )
0

GenerallyQqg(w) can be determined using Kolmogorov's evolutionary equation of
the first kind. Determination scheme for stationary andstationary cases are shown
in [1].

Covering destruction probability in case deflection excé¥dievel can be written
as:

0, = [pm,)am (3)
0

where

Q, — covering destruction probability;

W, — deflection, corresponding fixed destruction probability;

(W) —destructing deflection frequency distribution function, which can be found
experimentally.

For beam structure destruction probability criterion can be writtehe following
way. Maximum plastic deformation value can be defined by approximatiplastic
deformation distribution in plastic hinge area under certaidingafunction. Integral
of this function is equal to plastic extension value defirmmbmling to plane section
hypothesis.

For symmetrical load of a beam we can write:

c

U, =2 J.g‘% . (1 +cos 2—ﬂxjalx , (4)

0 Cn

where
cm — coordinate of a point corresponding fiber fluidity moment value;
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Emax— desired maximum plastic deformation value.

So it is no difficulty to determine desired maximum plastiodehtion value from
above equatiof€may).

By increasing load in AP;.; beam receives deflection §f;. That leads to plastic
deformation value increase and removal of fiber fluidity poimg.defining new ce
ordinates of fiber fluidity points we approximate plasticodefation growth using
same cosine function. Dividing whole deformation process into phasedeéinihg
maximum deformation growth on each it is easy to find desired quantity

Eimax = gAgmaxi ' (5)

where

n— number of phases.

We should notice that increasing of number of phases will makdt raore accu
rate.

Disposing of specified maximum plastic deformation values ave judge about
margins of safety of construction. Comparing these values torpalstruction fre
guency function depending on plastic deformation phl@g.,) [1] it is possible to
find construction destruction probability depending on deformatiosepbd its ties,
defining &nax from (5)

Emax

P, = I WE A€ - (6)

0

In fact such interrelation is realization of probability erion of deformed beam
structure solidity. Providing equal destruction probability fated and ribs we bring
about equal solidity condition. It is necessary to have “fdefection” dependences
for all covering elements. Locally loaded plate calculation weswed above and has
no fundamental difficulties and can be carried out in accordance with [1].

While evaluating rib branch bearing strength traditionalfyitlibalance theory is
used with assumption made that board plating supporting force isifitsigt. Valr
dating was that rib was much more rigid then plate. Chainsstie significant in
plate with advanced deflections that can influence rib branclnbestrength. Atten
tion was paid [2] on problem of plate rigidity accounted ribr deflection consid
eration. So, rib branch analytical model is brought to considarafi@lasto—plastic
bend of beam loaded with point force and lying on elgdéstic foundation with lin
ear strengthening [3].

Rib foundation characteristics can be found from consideration fte#ctien of
fasciabeam two spaces long and loaded with point force in the middle of span.
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Such solution can be found using “plastic hinge momentary opening”Hegist
which is quite developed for fasdi@am [1]. Using piecewis@near approximation of
“force-deflection” dependence we can find elasto—plastic foundation ceastics

(Figure 1).
Found:
K=t k=Th ™)
W W, =W

Problem should be solved in appointed consecution because thrugtieaefor
fasciabeam is not known. On the first phase assigning d¢mealue we consider rib
branch deflection like elasto—plastic beam deflection lying astelplastic founda
tion with linear strengthening [3] to kinematic variable begpe mechanism. After
that it is possible to refingp value in accordance with [1, (8)] and correct foundation
rigidity parameters.

0.08 + 0.06ﬁ

Kp=—it, (®)
1.08+ 0.061—l

1

where

I, b — failure area dimensions (Figure 2).

Calculating process continues till failure area dimensimifisvary less then 5%
between previous and following cycles.

Varying rigidity of ribs and plates this method allows estarits influence on ribs
bearing strength and refine efficient ratio in rigidity of ribs andeglat

Thus for flexible platesfti = (60-120) (Figure 3) rib bearing strength increases
(5—-20%) with decrease of space (a) and is conditioned mainlyam bgidity. For
rigid plate% = (30-60) and% = (20-40) plate rigidity increase leads to rib bearing

strength decrease (10-15%). It is conditioned by changing of bearmotest area
and thrust coefficient of plates, which provide rib beam main@ndy foundation
reaction creation. Decrease of thrust coefficient of ridggdepsimultaneously with rib
destruction area decrease leads to rib beam bearing strength decrease.

Such rib behavior prevents from its solidity reserve estimdecause load, which
makes a kinematic mechanism of rib, depends much of platetyididis clear that
main factor leading to beam destruction is extension in extries fof plastic hinge,
which proportionate to beam destruction angle in it. With plateitjgincrease de
struction angle in central plastic hinge falls (up to 60%)a aesult maximum plastic
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extensions in plastic hinge remain much lower than that for bgangson flexible
foundation. Thus margin of safety for the same beam, changednetodic variable
mechanism and lying on plates of same thickness but differeresspgamn differ up to
1.5 times.
It should be noted that destruction angle in plastic hinge does nujeshgreatly
with plate rigidity change but is defined by thickness and space of boarding.
Data showing efficient increase of rib bearing strengtlitdyigidity increase are

of certain interest. Thus for flexible plaft’e = (60-120) 4.5 times rib rigidity increase
leads to only 70% increase in rib bearing strength (hereowsider bearing strength
as kinematic variable mechanism formation). For more rigixﬂepf = (30-60) 4

times rib rigidity increase leads to 20% increase in beatrength. Note that these
conclusions are made in assumption of bend destruction mechanigratiaal Fig
ures can vary if shear deformations considered.

—
—

P2

P

W1 We 15

Fig. 1 Foundation characteristics definition scheme

While trimeric hinge mechanism forms rib branch does not lose its bearingthtre
but become able to receive load much greater then load @fricitminge formation.
This effect is caused by increase of boarding maintenance feitb increase of
deflection. Besides longitudinal forces plays more evident pattus view rib branch
deformation after kinematic variable mechanism in “beyexiieme” condition. We
consider that rib branch destruction area is known and defined tayaisbetween
two external nosstationary hinges in longitudinal direction and double space in
transverse direction in accordance with [3]. Also consider destructesdaneirigid.
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Taking into account that destruction area dimensions are ktmwaefine longity
dinal force we use method linked with conventional division ingadrand flexible
ties, in accordance with [1]. That leads to thrust rib braigitity characteristic ex
pressed in rib thrust coefficiefp,,. For that matter in formulé) interchangé; and
b;.

Having construction thrust rigidity it is easy to describstrdeted units deforma
tion process. Compile system of deformation equilibrium and comiitgtidguations
for rib destructed units:

g - jr(x)dx =0, 9)
0

PI-T-f-2My(T)-M(r)=0, (10)

Up = Uy = Uy =D ey (11)

where:

!

Ir(x)dx — sum of foundation reaction acting on destructed unit;

0

M(r) — reaction force moment relative to beam point wisengscutting force equals
null;

/
Uy = %J‘(w'(x)y dx —beam end bearings rapprochement with the assunajtizeam
0

axis nontensility;

U, = FT '.lE — beam axis elastic lengthening;
M (T . . _ L
u, = ZQ. 0 87(“ ) _ beam axis plastic lengthening in plastic hinges;
T-1 o
A, un = — holddown beam shortening;
p.wun :
F . . -
Kp, =——+  —rib thrusting coefficient.
F +F

» T un
Solving this equation system we obtain “fodeflection” dependence. It should be

noted that with outside load increase plastic hinge moves toharidrice and leaves

plastic deformation area behind (Figure 2). Thus if outsidestetionary plastic hinge

is in 1 position while increasing outside fofeglastic hinge will move to 23, 4 po

sitions and so on. Consistent increas® ¢bad leads to foundation reaction increase
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and rise of longitudinal forc& to its limiting valueT,. After that theoretically beam
becomes a plastic string. Scheme of beam destructed unit moweittecbnsistent
outside load increase is represented on Figure 4.

Rib destructed unit deflection calculation results are repted on Figure 5. Gal
culations were made taking into consideration longitudinal foificep to reaching
limiting value.

Taking into consideration covering rigidity influence on rib bearimgngth we
can refine side stringer elagttastic foundation characteristics. That allows te de
scribe locally loaded stringer deformation characteristiceeraocurate. Approximat
ing rib “force-deflection” curve (Figure 2) with linear functions we findimefl side
stringer elastglastic foundation characteristics. Which model representsfanite
beam lying on elastplastic foundation with linear variable rigidity characteristics [3]

According to [3] stringer deformation process can be divided iagest Changing
from one stage to another is carried out in accordance with “mtangeplastic hinge
opening” hypothesis. On each stage we have system of deformatithremu and
compatibility equations. After appearance of outside-stationary plastic hinges it is
necessary taking into account longitudinal forces while load increasing.

[ [ [ [ [ [ [ [ [
| | | | | | | | |
| | | | | | | | |
| | | | | |1 | | |
| | f f f r .z | | |
I A A IR e s SO R B
| | | F————, | | |
| | | F——=+"" | | |
T . VFH o
| | N I
| | | | | | | | |
| | | | | | | | |
| | [ S B | | |
| | | 3~ - 4 | | |
| | | 2~L | _ | | | |
| | |1~ | | | | |
| | | | | | | | |
| | | | | | | | |
| | | | | | | | |
| | | | | |
a hi=1Za

Fig. 2. Covering destruction area transformatidmeste

It should be noted that with a load increase simultaneous movemerdastit pl
hinges in ribs and in stringers that leads to stringer thruesfigent continuously
change.
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Fig. 4. Rib destructed unit deformation schemefanddation reaction
distribution scheme in first stage of deformation
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Fig. 5. Destructed unit deflection change dependimgs rigidity with constant space

Obtained solutions allow to define locally loaded board covering mefayn
character, find extra solidity reserves, lower steel intgnshoose dimensions and
find optimum scheme of board covering tie arrangement accordibglamced life
criterion. Therefore designing ship hull lighter and economicalefepable at the
same time without lowering its reliability is allowed.
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Projektowanie mocnicy burtowej w przypadku duzego obciazenia miejscowego

Referat jest po$wigcony rozwijaniu zaawansowanych metod projektowania mocnicy bur
towej poddanej obciazeniom miejscowym, na podstawie oceny obciazenia. Pokazano, ze po
uwzglednieniu zmiany sztywnosci ptyty zmienia si¢ znacznie nie tylko charakter odksztatcenia
wzdtuznicy poktadowej, ale rowniez jej jakosciowa charakterystyka wytrzymatosci na obcia-

zenia.
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A great number of papers dedicated to ships coflisin. The basic difficulty is a complex probable
nature of this phenomenon on the one hand andaemasile influence of the human factor (difficultite
formalized by mathematical methods) on the othbis paper suggests one of such mgd@mplified to
a great extent. It doesnfor exampledescribe dangerous situations when ships are goioge direction
overtaking each other. Its practical importancthes matter to be discussed. But in any case thHeoest
think that its getting more precise and complicatdtigive an impetus to a new approach to the [mwb
It will make possible to avoid subjectiveness arnistakes in the future at forecasting catastrophes.

Keywords:navigation safety, mathematical model, ship collisions

Collisions of vessels are one of the most wide spread and hgmas/df damages,
occurred on the sea. For a perennial period a share ofawdlisi general amount of
emergency navigational events forms 29.6%. As for as losseoacerned this type
of navigational damages enjoys the position no. 1 [1-5].

A great number of papers dedicated to ships collision appeateorOae version
of mathematical model of ship collision is presented in this article. The dificulty
is a complex probable nature of this phenomenon on the one hand and considerable in
fluence of the human factor (difficult to be formalized by meatatical methods) on
the other.

This paper suggests one of such mgdgmplified to a great extent. It doesn'’t, for
example, describe dangerous situations when ships are going tlireckon over
taking each other. Its practical importance is the méabtdre discussed. But in any
case the authors think that it's getting more precise amplicated will give an im
petus to a new approach to the problem. It will make possibleoid aubjectiveness
and mistakes in the future at forecasting catastrophes.

The whole analysis will be carried out from the point efwbf one vessel which
we’ll call for simplicity ours, or our vessel. All the oth&mips we shall call opposing,
i.e. the influence of all the other ships going in the same ireatith us upon the
situation is ignored.

Let us suggest that all the ships (ours and opposing) move iepamlrses in
such a way, that their centres are always within a ldnitridor (the sides may €ex
tend beyond its borders). We shall designate half of the corig@dth— K. The
mean number of opposing ships in the corridor at the distance ofileneeiil desig
nateA.
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For the sake of simplicity we'll call half the breadthoofr vesseW. Trough in re
ality it is a half breadth of dangerous ships closing due td'sheking” effect (in
practice it is approximately 3 times hdlfeadth of ship’s hull)V is the speed of our
vessel. Random halfreadth of opposite ships we shall desigmaatand their random
speedv. We'll introduce a movable coordinates system, the beginninchiwhws at
ways in the middle of the corridoy;axis is oriented towards our ship’s movement.
But the beginning of the coordinates system is being shiftethtergeith our ship in
such a way that its coordinagg= 0. X-axis is our ship’s coordinat&;, is known and
constant. Random coordinat®f an opposite vessel we’ll designéte

I AY i
| |
| P
| |
| vesse| 2 :
I W2. !
: |
: |
| |
| | 1 vessel 1 ;
: | :

|
! | :

|

vV |

! |€2 E our vesse I .
} T . L.l LY
r -------- K _________ 7 g XF.I W l x‘

Fig. 1. Schema of ship moving without manoeuvring

The following table gives the summary of all random valuescritEing opposite
vessels and their characteristics.

Table. Summary of the random values, describingsipp vessels

. . Distribution Distribution Mathematical
Random value Designation - . e
function thickness anticipation
X-coordinate é F: fe =
Speed % F, f, N
Breadth w F, f, Q
Distance at
detection P Py fy P
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By collision we’'ll understand segments overlapping of these tifms svhen the
opposing vessel crossesixis, i.e. situation Whe[rg“ - x0| W+o.

It is vital to discuss the task in the simplest definitiwhen the collision danger is
being ignored, i.e. no attempts are made to avoid it. Naturally defmition will un
avoidable bring about collision, but currently we are beingésted in its probability
for some quite limited period of time. Further, by making ith@del more compli
cated, we’'ll try to take into account the manoeuvring attempts to avoisiaoll

The moments when the opposing vessels cxa@sgs form the Poisson flow with
the intensivenesd(V+N). All the random values, describing the situation, are-inde
pendent in statistical population.

The probability of our vessel’s collision with one of the opposihgn it crosses
x-axis in the above mentioned definition equals:

B (x) j fo) [ frdxaw. (1)

Xo—(W+w)

Note that the broader the vessel the greater the probability. deésitynate

B(xy)=1-P(x,). (2)

The probability that during the period of time [, equalsk, k=0, 1, 2... of op
posing vessels will crossaxis equals

MQ—AT(VW) _ (3)

So, the probability of no collision within period of time [[d,in this definition ae
cording to the full probability formula equals

P,(x,,V,N.A,T)= e TV*N i(AT V+N> 1t ))k =exp{—AT(V + N)B(x, )} (4)

And probability that such collision will occur, equals correspondingly
P,(x,,V,NAT)=1=P,(x,,V,NA,T). (5)

Taking into account that we are interested in probabilitiesneﬁa?w (xO,V,N,A,T)
close to 1, formulas (4) and (5) with a mistake to a safer side may beuset sty
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P,(x0,V.NAT)=1-AT(V + N)R(x,), (6)
P,(xy, V,N, 4, T)= AT(V + N)PB(x,). (7)

Let's make the model more complicated by taking into consideratiempts to
avoid collision by means of manoeuvring.

Let's suppose that our vessel detects opposing one at random eljsteafter
which both vessels start manoeuvring, trying to avoid collisiorthis situation we
have no right to suggest independence,df, w andv. So we suppose that we known
probability Py(X, Vo, I, X, W, V) of our vessel's avoiding collision with the opposing
one at the condition that we detected it atrtlstance, itsX coordinate equals, its
breadth -w, speed . Our vessel's speed is equaMo

Note, that atlx—x,|># +w this probability equals 1 independently of other pa

rameter values, because no manoeuvring is necessary inthisosi to avoid colh
sion.
In this case the obtained probabilRy(W, xo) is getting less

PI(V, xo) = va(v Tfp (r{]?fw (w){ X +j;3‘zV,r,x, w,v)f§ (x)dx]dw]dr dv . (8)

Xo—(W+w)
The probability of no collision within period [T}
P,(x,,V,NA,T)=exp{- AT(V + N)R(V,x, )}, (9)

is getting larger correspondingly.

For the practical use of the obtained result it is necgdsamake more specific
distributions being involved in the model.

At first we shall discuss a degenerate example when thdtbhseaf all opposing
vessels are equal t€)2 Through such model may sum to have no practical interest,
but as a matter of fact its analysis helps to facilitaeostanding the behaviour laws
of more complex models. Moreover it will turn out that in adgpcase whelK is
much greater thew/ andQ it gives the same result as the more complex models.

For this model formula (1) is expressed

Xo+W+Q

Rlx)= [ fe(xdx, (10)

Xo—(W+Q)

and probabilityR,(x, ) will take the form
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. xo+W+Q xo—(W+Q) K
P(x,)=1- j fe(x)dx = j fe(x)dx + j fe(x)dx . (11)
Xo—(W+Q) -K Xo+(W+Q)

The first integral of this formula is equal to probabititypass the opposing vessel
by the port, and the second ey the starboard.

Taking into account thdt(x) = 0 atx < K andx > K, the final formulas for this
probability depend on relations betwd€nV andx,:

K
[ £y, —K<xy<—K+W+Q

Xo+(W+Q)

x-("+Q) K

R@W.x)={ [fid+ [f)d, -K+W+Q<x, <K-W-Q (12)

-K X0 +(W+Q)

xo—(W+Q)
J‘fg(x)dx, K-W-Q<x, <K
-K

The loss of integrals close to the corridor sides is easitpunted for by the fol
lowing figure:
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Fig. 2. Mathematical schema of ship manoeuvring
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HereK — W - Q < X, > K, and opposing vessels can not pass our vessel by star
board, so formula (10) possesses the only integral, equal to probability to pass our ve
sel safely by on our port. The analogues probabilities behaviour ésveldsin even
more complex models.

In a particular case of equal distribution of opposing vess#idygorridor breadth,

i.e.
£ 112K,  |x<K 13
X)= .
: 0, |x| >K
The formula (10) is simplified:
_ (K +|x| - -Q)2k,  K-W-Q<|x|<K
B(Q.IV,x)= (14)
(K -w-Q)/K, x| <K -W-Q
Let opposing vessels breadth have the gaiistaibution:
Foas ) =™, w20, (15)
o ['(a)
where
I'(a) — gammeéfunction:
I(a)= J‘x”*leﬂ‘dx . (16)

The physical meaning @f andb parameters is th& = ab™*, and opposing vessels
breadth dispersion equas ™ For simplicity we again suggest that opposing vessels
are evenly spread along the corridor breadthf i(e) is defined by formula (12).

Since the model is symmetrical agaipsixis, thenP;(—xo) = P1(Xo), and it is suffi
cient to find these probabilities only for raagativex,.

Taking into account thaw is much less thalK, we'll get:

B(x,)=1- %Twa_le_bw[_ J-‘}; (x—x )dxjdw =

0 (W+w)

0
jw"_le—bw min(K + x,, W +w)dw —
0
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o0

I ™ min(K — x,, W + w)dw =
o

w e ™™ (K + x, —min(K — x,, W +w))dw +

w* e ™™ max(0,K + x, — W —w)dw+

il
0
Twa le™ (K — x, —min(K — x,, W +w))dw =
0
el
0

Iwa e max(0,K —x, —W —w)dw= (17)
o
K+xo-W
Iwa e (K +xy W —w)dw+
ba
2K1"(a) max(OK Xo— W)

I w' e (K = x, — W —w)dw

0

The first integral of this formula corresponds to probabilitypéss the opposing
vessel by port, and the second one by starboard. The final &wrfad these preb
abilities depend on relations betwd€rWV andx,.

At Xo <K —Wwe get

a K+xg-W a K+xy-W

_1( 0)= DK +x, =) (K +x, 1) J‘w”*lefbwdw __0 J‘w”efbwdw +

2KT (a) : 2KT (a)
a K—xo-W a K—xo-W
b (K —Xo — W) J.Wa—le—bwdw_ J‘wae—bwdw _
2KT (a) 0 2KT (a)

(K +xy =) (a,b(K +x, = W)) T(a+1,b(K+x,-W)) .
2KT(a) 2bKT ()

(K =x = W)(a,b(K —x,=W)) T(a+1Lb(K-x,-W))
2KT(

KT(a) 2bKT(a)
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(2KT(a))! ((K +x,—W —ab™ )F(a,b(K +x, =W ))+ b (K +x, - W) e—b(K+xO—W))+
(KT (@) (& vy~ —ab™ (b —x, ~ )+ 57 (K —xy — ) 650 ) a8)
(2KT(a)) (K +x0 ~ W Q)T (@,b(K +x0 — W)+ b (K +xo — I} K=
(21@(“))71 ((K —Xg—W— Q)F(a,b(l( — Xy — W))+ b (K —xy - W)“ e*h(K—x(rW))
where
I'(a, X) — is a noffull gammafunction.
F(a,y) = j‘x*leﬂ‘dx . (19)
At X, = 0 this formula is simplified:
B(0)= (KT(@)) (K ) (a,b(k 7))~ b T(a+1,b(K ~)))= o0

(KT(a))™! ((K W -Q)(a,b(K -W))+b* (K -WY e*”(K*W))

At K—-W<x<K the second integral in the formula for probabilities is equél to
since atx, = K —W our vessel touches the corridor border by the starboard, after which
passing the opposite vessel is possible by port only. So

B(W,x,)=(2KT(a)) " (K +x, — W) (a,b(K +x, —W))=T(a+1,b(K +x, - W)))=

21
(2KT(a))” ((K 30 =W = Q) (a.b(K +xo = W)+ b (K +x, — W Y e 5507 D

The described model, in spite of its simplicity, is flexible efoagd allows to
adjust it very precisely to the statistic charactaristf some definite flow of vessels.
If we know the values of mathematical expectatdnand dispersiorD of half
breadth of vessels on some definite route, we may provide egaation of corre
sponding model parameters to them by varying parameters a amneelrésolve the
simple equations systems:

ab™ =M
{ e (22)
a =

which gives us

{a -M2/D 23)

b=M/D
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Suppose, we discuss two routs, where mean values of vesal drieadth are
equal- 20 meters. On the first rout these halfleadth have a very big spre&l<£ 9)
and in the seconthey are practically the samb € 1). The following two graphs of
gamna-distribution thickness of vessels hbleadth for these routs illustrate how the
model may be formed in these cases:

0.4 T T T T T T T T

035+

03f

0251 -

GRELS 1
01y ' -

.05

0 L L L L
10 12 14 16 14 20 2 24 2B s 30

Fig. 3. Result of illustration of mathematical mbde

Let's have a look at how these probabilities behave in the followingpgam

Suppose

K=5- mles=9260- meters,
T=1- hour,

A =3 mle'=23/1852-meter 7,
N = 14- knots,

a=16,

b=4/3- meter 7,

V =12- knots,

W= 10- meters,

X =0,

i.e. corridor breadth is equal to 10 miles, our vessel follow tidelenof the corridor
with 12 knots speed, and its breagt20m. Opposite to us move the vessels with the
mean speedf 14 knots, their mean breadtl 2 2a/b = 24 meter, random breadth are
in general within 10 to 40 m. On average there are 3 vesstile irorridor within 1
mile length. Our subject of interest is probability to avadision for an hour on the
condition, that all the vessels take no effort to avoid collision.
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In this case according to formulas (4) and (21)

B(0)= (KT(a)) (K - — Q)T (a,b(k — 7))+ b (K ) 6=

(926040 ~1040~1220)0(16,4/ 3307 %9260~ 1040))— (4207 /3)* x (926021 10.40)'° x ¢ 2603 1020ar"13)
92604 T'(16)

9238xT(16,37000/3) 9238
9260xT(16) 9260
B(0)=0,00237581,

~0.99762419,

Approximated equalities here are as a matter of fact verysprealculating abilities

of the modern computers do not afford to discriminE(é) and%. And, finally,

P,(x,,V,NA,T)=P_(0,3,14,3,1)=exp{—3-1-(12+14)P(0)} = exp{— 78- P (0)} ~
exp{—0.18531318} ~ 0.830844

We emphasize that such low probability of our vessel’s “salvis accounted for
by the lack of vessel’s steering.

It is to be noted that “monobreadth” model, according to formuladid4) in this
situation the same result:

9238

P(10,0)=(K -W -Q)/K = ,
{10.0)=( VK=
sinceK (9260 meters) is much more than(10 m) andQ (12 meters). If these pa
rameters could be compared to each other, the influence otlbseEadter of opposite

vessels onFl(O) | of not steered vessels would have lost all the meattiegorobab#

ity of P_(x,,V,N.4,T) would be close to zero, through it would differ by times for

“monobreadth” and gamma models.

The analysis of the suggested models shows that at compbrag@neral supposi
tions as to the character of opposite vessels’ flow, we easigple formulas, de
scribing probabilities of wreckee floating.

Numerical example showed that even a very short period ofaimdet low inten
sity of opposite vessels flow the collision probability of “raanaged” model is very
high. But it also allowed to make a supposition that in a typitatson wherK is
much greater thew andQ, in a “managed” model it will be possible to be limited by
its “monobreadth” variant, which will simplify all the calations. Whether this Ry
pothesis will prove to be true remains to be showed by further analysis.
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Zagadnienie bezpieczenstwa nawigacji w przypadku kolizji statkow

W ostatnim czasie pojawia si¢ wiele artykutow poswigconych kolizjom statkow. W niniej-
szym referacie prezentowany jest model matematyczny opisujacy kolizjg statkdw. Zasadnicza
trudnoscia jest, z jednej strony, ztozony charakter tego zjawiska, a z drugiej strony, znaczny
wplyw czynnika ludzkiego, ktory trudno opisa¢ metodami matematycznymi. W referacie pre
ponowany jest pierwszy taki model. Jest on w duzym stopniu uproszczony i nie opisuje, na
przyktad, niebezpiecznych sytuacji, gdy statki wyprzedzaja si¢ ptynac w jednym kierunku.
Omoéwiona zostata kwestia praktycznej uzytecznos$ci opisanego modelu. Zdaniem autoréw,
rozszerzenie zakresu i zwigkszenie doktadnosci modelu zainicjuje nowe podejscie do zagad-
nienia. W przysztosci bedzie mozliwe uniknigcie subiektywizmu i bledow przy przewidywaniu
katastrof.
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A methodology for evaluating the controllability
of a ship navigating in arestricted channel

K. ELOOT
Flanders Hydraulics Research (FHR), Flemish GoventrAntwerp, Belgium

J. VERWILLIGEN, M. VANTORRE
Maritime Technology Division, Ghent University, GlieBelgium

A methodology is presented for evaluating the adlatbility of a ship navigating in a restricted
channel by means of a hydrodynamic force analyiéiss method is applied to assess the controllgbilit
of a container vessel in straight channel reachdsrabends in two practical cases. By comparirifgidi
ent initial conditions and bottom configuration® timfluence of different ship characteristics (mdin
mensions, draft, rudder and propeller charactesistioperational parameters (such as speed, peopell
commands, and bank clearance), environmental péeesn@such as current and tidal level), and channel
characteristics (water depth, bank slope, bendusadin this controllability can be evaluated. Fsti-e
mating the components of the force analysis, useade of results of captive model tests in shatoa
restricted waters.

Keywords:Controllability of a ship, bank effects, structueaid operational measures

Notations
Arr. [m? —lateral rudder area
Cyr —nondimensional lateral rudder force
Cy —thrust loading coefficient:
— Tp
& prDpu;
Dp: [m] —propeller diameter
Fr: — ship length related Froude number
Fry,: —water depth related Froude number
h: H [m] —water depth at the ship
h,: [m] — water depth outside waterway
he: [M] — effective water depth
k. — propeller race contraction factor
L: [m] — ship length
Lpp: [m] — ship length between perpendiculars
m: [kg] — ship mass
n: [rpm] — propeller rate
Nmax [rPM] — reference propeller rate
Nyr: — hydrodynamic coefficient
Ng: [Nm] —yawing moment generated by the rudder
Nc: [Nm] — moment generated by current
R: [m] — bend radius
T: [m] —draft

Th
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Tp: [N] — propeller thrust

u: [m/s] - longitudinal ship speed

ua: [m/s] — advance speed at the propeller

Ur: [m/s] — average inflow velocity at the rudder
Vc: [m/s] — current velocity

V5. [m/s]— reference speed in the propeller race

8T,

V.=
! pD;,

w: —wake fraction

Xg: [m] —longitudinal position of the centre of gravity
yg: [m] — bank clearance

Yr: [N] — lateral rudder force

Z,+ [M] — mean sinkage

Pi: — bank effect coefficients

p: [kg/m3] — water density

1. Introduction

Manoeuvring simulation, either controlled by an autopilot (fase)ior by a hu
man operator (real time), is an approved tool for evaluatiagdasibility and safety
of ship manoeuvres and transits. In both control modes, the chaacdeand quality
of the controller may considerably affect the results andlgsions of the simulation
study. On the other hand, regardless of the control systenimipdssible to keep the
ship under control if the available control forces generatetidyudder are exceeded
by the forces disturbing the ship (e.g. bank effects, curmentgquired to perform
a given trajectory (e.g. bends). Due to inertia, a temporarglamée (e.g. due to wind
gusts, meetings, ...) may be acceptable in particular cases peummanent exceeding
of the control forces inevitably results into an uncontrollable ship.

In order to evaluate the inherent safety of a considered mamee methodology
can be used for comparing the available control forces watlictttes that have to be
counteracted. This hydrodynamic force analysis will only takeiyg moments into
consideration. This methodology can be applied to determine operatmits) {0 in
vestigate the sensitivity of ship controllability with resp&o parameter variations,
and to compare existing situations to new conditions.

With respect to parameter variations, generally a large nuofbgarameters af
fecting a manoeuvre can be identified. In the case of a shipgtakbend in a river
with longitudinal current, following neexhaustive distinction can be made:

* ship dependent characteristics such as draft, geometric domerfscale factor),

and manoeuvring behaviour;

» environmental parameters such as water depth variations, current and tide;

» channel characteristics such as bank geometry, water depth and bend radius;

 operational parameters such as propeller rate, ship speed and banke&learanc
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In this paper two situations will be considered based on pracisa studies.
Firstly, a ship navigating in a canal, following a straight seyparallel to the centre
line will be considered, which is typically the case in a-tvay traffic situation. As
a second example, the force balance for a ship taking a bendotmasthon an eccen
tric course on a river will be investigated.

2. Hydrodynamic Forces
2.1. Control forces

If external forces (e.g. exerted by tugs) are not takémadocount, the available
control forces are supplied by the rudder. If available, anfidthematical manoeu
vring simulation model for the considered vessel can be usedvbpwee first ap
proximation can be obtained by using following formula for the latierake Yg and
the yawing momenriilk at the rudder:

1
Yp = 3 P Cyp ”122 Apr (1)
L
N, = —%YR : 2)

The flow at the rudder is visualised in Figure 1 and dependgyarly on the
forward ship speed u and the thrust loading coefficizpt

q |
] aﬁ_ﬂ
Al— = —_
- Up =[1-w U
B f///f(ff/% [; )

— jf//fAUJ':UAl{m( CTh+1_1)
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>>
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|
/

Fig. 1. Flow at the rudder Fig. 2. Yawing moment caused by the curvature
of the streamlines of the longitudinal current



94 K.ELooTet al.

2.2. Curvature of thecurrent

The current in a bend is assumed to follow the curvature ofditerway. Conse
guently, a ship taking a bend will be subject to a yawing momgrtaused by the
different flow orientation at the stern and the bow (Figure 2},¢hn be calculated by
means of:

Ne=(N _me)uV_lg. 3)

ur

Ny being the linear yaw velocity hydrodynamic coefficient for ylasv moment,
which depends on the water depth to draft ratio. When a shipadleysd to starboard
the current will cause a yaw moment to port side when trenvhe ship is sailing up
stream.

2.3. Bank effects

In general, a ship following a course parallel to a bank wilsbbject to a lateral
force towards the nearest bank, and a yawing moment tidg te turn the ship to
wards the centre line of the waterway.

This effect is caused by an asymmetric flow due to thesgieépd and the action of
the propeller. If the flow due to ship speed is isolated, howdwelateral force may
be repulsive if the under keel clearance is very smail (L0% of draft). The yawing
moment, on the other hand, always acts in the same sensealsotvery sensitive to
water depth changes. Propeller action always causes d fatemaft acting towards
the bank.

Because the yawing moment generated by the bank alway®wetsls the centre
of the waterway, and a ship normally sails at the starboagdo$ithis waterway, the
bank will hinder a bend to starboard.

For the estimation of the yawing moment induced by a bank, a segranodel
described in [1] has been applied. The yawing momigk is subdivided into three
contributions:N ") due to the ship speed (pure towing conditiotf, due to the pro
peller loading (bollard pull condition), arld"™ due to a combination of ship speed
and propeller loading:

k
2
N =LY S A , (4)
heﬂ T

i=1 k=0

k
2
N(P) pLzTVZZ Z (P) l{ TJ , (5)
=1 k=0 eff
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k

1 2 2 . T

N = E,OLzT ViFry, Zﬂfp))@[ﬁ} : (6)
i=1 k=0 eff

The effective water depthy is calculated accounting for the mean sinkage
hy=h-z,, (7)
with

2
Fr;

2 2
n n
Zy, =T cl+02(_j +c3y3+64(_j Yp |T/—— - (8)
M nax Minax ﬂl—Frhz

The coefficients; and By in these formulas are deduced from comprehensive cap
tive model test programs, carried out in T@wving tank for manoeuvres in shallow
water (ceoperation FHR — Ghent University) Antwerp, with a ship loaded within
a range of drafts interacting with different banks, [2], [3]. The lwamifigurations di
fer in slope, water depth, and the level of a horizontal submerged bank.

2.4, Bend initiation

Based on the results of (simulated) turning circle manoeuamesstimation can be
made of the fraction of the available rudder capacity requirgabtform a bend with
given characteristics (i.e. radius), taking account of the skgoigard initial speed
and the propeller rate. Although these two parameters are Ilyointlependent, for
bend initiation they can be considered as such in practice.

20 0.16
=i o
a a. .0 . F
15 5 - / 0.12
[N I i
I RNy
o lfe—a-ar T
10{= e 0.08
%
< + Diameter / Ship Length 0.04
il o Fr (initial) '
a Fr (stationary)
0 _ ! ! 0
0 2 4 6 8 10 12 14 16

LAWT-1)

Fig. 3. Turning circle characteristics in functiohunder keel clearance for a container carrier ehod
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The present calculations will be based on captive manibgutest series carried
out at FHR with container carrier models at different drafid under keel clearances
[4], [5]; typical results are shown in Figure 3. As deep waterditions were not
tested, the model may be less reliable at large under keel clearancep. Watkrethe
manoeuvring performance of the vessel in Figure 3 is rather qowopared to the
IMO standards, which results in conservative conclusions.

3. Approach to a meeting in a straight reach of atwo-way traffic channel

Before a meeting situation in a restricted channel, theeleesse lined up along
their meeting lines, and are therefore subject to bankteffEor a specific ship in
a given loading condition with a specified under keel clearanceutiter angle re
quired to compensate for bank induced forces depends on the ship bpesuplted
propeller rate and the shiank distance. Graphs are generated for a specified engine
setting, indicating zones of required rudder capacity as didunof speed and bank
clearance.

Panamax cortainer vessel 64 m

Length between perpendiculars 2940 m —
Breadth 22m : i
Craft 10.5 m . 1 1.5B 1
Maix. speed 240 kn . 1 —!

Propeller diameter F4m - : —
Maix. Propeller revs 80 rpm 13.6 m 1 1 = 1

Fudder surface 728 m :

Fig. 4. Panamax container vessel sailing on hetingekne in the Gaillard Cut

O 8
\“y/ 7 7 7 F
Y/ - E
5 5 &
1 1
0 0.5 1 L5 2 2.3 2 25
, g  DISTANCE TO BUOY LINE/SCHIP BEAM [-]
N7 75
v 2
~ 0% - 20° V7 20% - 40%
AN A, G E D g o
N~ i N 40% - 60% P60% - 80%
3w
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DISTANCE TO BUOY LINE/SCHIP BEAM [-] B 1200 - 140%

Fig. 5. Required rudder capacity at different ptlgpeates
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As an example, a typical panamax container carrier meetingpaanstip in the
Gaillard Cut, the narrowest reach of the Panama Canal,cissdisd. At this location
a ship preparing for a meeting situation will leave areleee of about 1.5 times the
ship beam to the buoy line (see Figure 4).

In Figure 5 the influence of the propeller rate on the contibtiabf a ship is it
lustrated. It can be concluded that the ship, sailing on her méiegngith a speed of
6.5 knots requires 38% of the rudder capacity to counteract tikeelffects with pre
pulsion slow, increasing to 70% at dead slow, and 85% with the propeller stopped.

8 8

6

[=))

SPEED [kn]

5 5
H=136m H=146m

- }

0 0.5 1 1.5 2 331 0 0.5 1 1.5 2 2.5

DISTANCE TO BUOY LINE/SCHIP BEAM [ -] DISTANCE TO BUOY LINE/SCHIP BEAM [-]

Fig. 6. Required rudder capacity: effect of deepening

In Figure 6 the initial situation is compared with an enhancedtsh after deep
ening of the channel. For a ship with engine slow ahead, the mqudder capacity
drops from 38% to about 25% if the depth is increased to 14.6 m. Thisecar
plained by the fact that bank induced forces are very sengitieder keel clearance
variations.

4. Bend initiation on ariver
4.1. Situation

The Western Scheldt, the river connecting the Port of AntwethedNorth Sea
over a distance of 63 km, is characterised by an importdait tegime. Presently,
ships with a draft larger than 11.85 m — planned to be increased tmiB.the near
future — are tide dependent, and regulations limit the drdfieofessels as a function
of overall length. The methodology described above has been ajagplsdess the -ef
fect of increasing dimensions of container carriers on the clatiilaly of the vessels
at several critical locations in the fairway. One of ¢hkeations is the bend of Bath
(Figure 7), combining a rather limited bend radius of 1200 m avitestricted width
(350 m between the buoys) and thus a limited bank distance.

In order to initiate the bend successfully, the rudder capacttyeofessel, ascend
ing the river, will have to counteract the influence of the tthd current and the
banks, while a certain rudder capacity is also necessappéwse changing and sail
ing along the bend. The influence of wind, which can nevertheless be ampiorthis
area, will be neglected in the following example.
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Fig. 7. Meeting situation in the bend of Bath

The evaluation of the bend manoeuvre on the Western Scheldisele®d for
a container carrier with dimensions as shown in Table 1. Mordligetable contains
the reference situation for tide height, current velocity and bendsradiu

Table 1. Reference situation: ship in arrival iméef Bath

Length over all 352.2m
Beam 42.8m
Tide height to MLLWS 1.16m Draft 14.0m
Current speed (ebb) 1.73 knots Maximum speed 25.0kn
Bend radius 1200m Propeller diameter 8.5m
Maximum propeller ratg 104rpm
Rudder surface 83.1m°

In Figure 8 the bathymetry is displayed monitored in 2005. The sexdion is ap
proximated by a bank with a slope of 1/8 investigated in thentptaink. At a certain
distance the bottom becomes horizontal at a water depth edyat 2.0 m referred
to MLLWS. The effect of this submerged bank is discussed in [2].

1200 1300 1400 1500

900 1000

v [m]

Fig. 8. Real (2005) and approximated bottom prdfitater depth referred to MLLWS)
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The required rudder capacity is displayed in Figure 9. For pbeara ship with
speed through the water equal to 14 knots, propeller rate hatdband leaving
a clearance of 2 times the ship’s beam to the buoy line, n&8dsob the rudder
capacity to perform a bend and to counteract the effects of banks and current.
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DISTANCE TO BUOY LINE/SCHIP BEAM [-]

Fig. 9. Required rudder capacity at different ptlgpeates

4.2. Structural measures

The force balance methodology can be applied to assess theveffest of
several possible structural measures that can be considemagbrove the contrel
lability of a ship in the situation described above. Prefertigystructural measures
can be accomplished by dredging outside the waterway, as ina&tle dredging
works do not hinder the shipping traffic. The following structurabsures are cen
sidered (Figure 10):

* increasing the original bank slope (1/8) to steeper values (1/5-1/3);

* increasing the level; lof the submerged bank from —2 m to -3 m;

* dredging the toe of the bank.

o a0n ana 1000 g0 800 ana 1000 1100

/ original slope = 1/8 — original 111 =2m
107 f slope = 1/5

157 { slope=1/3

e 111 =3m

Fig. 1QL. Different bottom configurations to evaluate th#éuence
of structural measures on the controllability afsh

4.2.1. Effect of steeper slopes

The results for the bottom configurations with different slopescsied in Figure
10, are shown in Figure 11. At higher ship speeds the influencestetper slope is
significant. The required rudder capacity for a ship apeed of 14 knots, leaving
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a clearance of 2 times the ship’s beam to the buoy line, drampsdriginally 66% to
63% for a slope of 1/5, and to 60% for a slope of 1/3.

. 16 . 16
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>y 14 = 7. 14 -
AU £ 7 £
12 8 12 3
E LU
10 % 10 3
8 8
o 05 1 2 3 4 o 05 1 2 3 4
16 DISTAMCE T BLICY LINE £ SHIP B=AM [-]

7
NS
Es
I

D [kn]

0 0%-20% F 20%-40%
40%-60%  [A B0%.80%
K 509%-100% 100%-120%
B 120%-140%
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DISTANCE TO 3UDY LINE / SHIP BEAM [-]

Fig. 11. Required rudder capacity at different sgharbour full)

Another way to evaluate the influence of steeper slopes isatimparison of the
distances to the buoy line for which the ship, sailing at 14 knotspiescincontrol
lable. Initially the ratio of the controllable distance to the bigothe ship beam is 1.2.
This value decreases to 1.1 for a slope of 1/5, and to 0.8 for a 1/3 slope.

4.2.2. Effect of adifferent h,

The results for the bottom configurations with differeptsketched in Figure 10,
are shown in Figure 12. The effect is negligible: after deepehmmdporizontal bank
the required rudder capacity becomes 0.5% smaller for a shipwttii4 kn and

ye/B = 2.
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Fig. 12. Required rudder capacity with differentiues ofh; (harbour ful)
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4.2.3. Dredging the toe of the bank

Figure 8 shows an accumulation of sediments at the toe ofatimard bank. In
this case the required rudder capacity is shown for the sameenbas in Figure 8, but
the toe is dredged. From the evaluation in Figure 13 it is thedrthis modification
positively influences the controllability of a ship sailingaagmall distance to the buoy
line, due to the increase of the local under keel clearaviieh has an important €f
fect on both manoeuvrability and bank effects.
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Fig. 13. Required rudder capacity with and withihwt toe at the starboard bank (harbour full)

4.3. Operational measures

Besides structural measures to improve the controllabéifective measures can
also be taken by a conscious choice of different operational paersuch as ship
speed, clearance to the buoy line, tide height, current speed and draft.
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Fig. 14. Required rudder capacity to evaluate operatioieasures
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The effect of speed and clearance is clear from the prefigpuss. An increase of
the ship speed and a decrease of the clearance to the blardquiile a larger rudder
capacity. Indeed, often only a moderate decrease of speed ghtairstrease of the
bank clearance is required to obtain an effect that is compatabthe structural
measures discussed above.

To evaluate the influence of tide height, current speeddeait] following varia
tions of these parameters are examined:

* increase of tide height with 0.5 m (causing an increase of the kedeclear
ance);

* zero current speed,

* increase of draft with 0.5 m.

In Figure 14 the required rudder capacities are shown for teenge conditions
and the variations on these conditions as listed above. For a iihig w14 kn and
ya/B = 2 the required rudder capacity is outlined in Table 2.

Table 2. Required rudder capacity for sp¥eel14 kn and bank clearangg/B = 2.0

Draft (m) 14.0 14.0 14.0 145
Tide (m above MLLWS 1.16 0.66 1.16 1.16
Current speed (kn) 1.73 1.73 0.00 1.73
Required rudder capacity 65.8% 69.8% 54.5% 70.9%
5. Conclusion

A hydrodynamic force analysis methodology has been presented, batkd on
comparison of the available control capacity that can be inducdwhbydder and the
yawing moments that are required to compensate for exteistatbdinces such as
bank and current effects or to initiate a defined bend. Thihiod allows an evalua
tion of the effect of variations of the governing parameterhgm controllability, and
may be used as a tool to compare new situations with known ones.

The influences of propeller rate, speed, bank clearance, undarldamnce, cur
rent velocity, and draft on the controllability of a ship in straight and curvetiesaf
a channel have been illustrated. A comparison was made to tevphssible struc
tural and operational measures to improve the controllability of thershippénd.

Although this methodology may be very useful to provide a quandtassess
ment of the feasibility of proposed manoeuvres, and to quantify thet ef certain
measures on the controllability in a channel, one should keep in naihd successful
operation not only depends on the available rudder capacity, but athmamic ef
fects, the swept path, interaction between ships, transigyratisibility, human fac
tors, etc. On order to account for these elements, other tools ste$t ime simula
tion and full mission bridge simulator runs are required. Nbg&ess, the methodol
ogy described in this paper may give a useful indication.
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6. Summary

The controllability of a ship can be evaluated bg tomparison between the re
guired yawing moment and the maximum yawing momentrgésa by the rudder. In
this paper the method is illustrated by two manoesivihe first evaluation consideres
a ship sailing a straight course parallel to theata@entre line, the second evaluation
handles a ship taking a bend to starboard on amticceourse. In the first condition the
ship is only subject to bank effects. A ship takiends is further subject to the influ
ence of the curvature of the current and requingsaang moment to initiate the bend.

The proposed method offers an objective evaluation of the ditilitg of a ship.
This evaluation can be used as a tool for fairway design or fmirdgtraffic limits
by calculating the beneficial effect of structural and openationeasures on the con
trollability of ships.

The structural measures discussed in this paper are the a#lwérdeepening,
steeper slopes, deepening outside the waterway and dredging thiadaltlcan be
concluded that dredging at the buoy line is much more effectivedtiealging outside
the waterway.

Operational parameters investigated in this paper aresgleipd, propeller rate,
bank clearance, tide height, current speed and draft. In generalr variations of
ship speed and bank clearance may result into important effects on ship @oifitoll
Also the under keel clearance, affecting both ship manoeuwadild bank effects,
appears to be a very important parameter.
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M etoda oceny sterownosci statku w kanale

Przedstawiona jest metoda oceny sterownosci statku ptynacego w kanale, przy pomocy
andizy sit hydrodynamicznych. Metoda zostata zastosowana do oceny sterownosci kontene-
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rowca w kanale na odcinku prostym i na zakolu, vodwprzypadkach o znaczeniu praktycz
nym. Wplyw réznych charakterystyk statku (wymiarow glownych, zanurzenia, charakterystyk
steru 1 pgdnika), parametrow eksploatacyjnych (takich jak prgdkos¢, nastawy sruby i odlegtosée
od brzegu kanatu), czynnikow srodowiskowych (takich jak prad wody i ptywy), i charaktery-
styki kanatu (glgbokos¢ wody, nachylenie brzegu, promien zakola) na sterowno$¢ moze zostac
oceniony przez porownanie roznych warunkoéw poczatkowych i konfiguracji dna. W celu osza-
cowania sit hydrodynamicznych potrzebnych do analizy wykorzystano wyniki badan modelo-
wych na uwigzi na wodzie ptytkiej i ograniczonej.
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The effect of ship’s impact on sea bed in shallowater
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Maritime University of Szczecin, uWaty Chrobrego 1/2, 70500 Szczecin

The main goal of navigation is to lead the ship ami®f port of destination. The main limitation of
ship handling is the depth of port water area. 3tig’s movement on such area is connected with-prob
lems like shallow waters in which it is possibleingpact on sea bed. The consequence of such ezent c
results in the ship hull damage. The kind and degifehull damage mainly depend on the energy ab
sorbed by the hull during its impact against the Isettom. The paper presents the bass of a modehwh
describes the ground. A general algorithm of shgwement parameters determination during contact
with sea bed is determinate.

Keywords:safety of navigation, port water area, ship impatthe sea bed

1. Introduction

The marine navigation is the process of planning and reahsafia safe move
ment of ship from one place to another (port of destination).Tdie goal of naviga
tion is to handle the ship in accordance with the aim of itsomathen required pa
rameters of this process should bB&ined. Realization of this goal depends on assur
ance of suitable level of ships safety during thenoeuvring in water area. This is
achieved by contitting ship movement along a planned trajectory. However, various
factors may affect ship motion. The process of safe moveimevater area is called
safe navigation. The world fleet tends to expand in terms aff ¢apacity, with ves
sels growing in size, while their number is maintained on aainglel. The existing
ports are expected to servicgder ships than those for which they were designed.
The building of new ports is restricted on the one hand by naturditioms of sea ar
eas, and necessary large financial effort on the other hanet@homic and geopoliti
cal conditions change, dotions of cargo transport (bulk in particular) also change,
sometimes in a cycle lasting a few years. This in turn, snékalding new ports
a risky enteprise for investors, as the invested capital return amounts keast
twenty years. The goal of entering larger ships into theqgaortbe achieved through
changes in operating conditions within ports and modernization tairceonponents
of port basins and areas. These actions should result in ports hafiia@gs large as
possible on condition that specified safety level is maihed. Safe manoeuvring of
a ship within a given area requires that the manoeuvregy @fra ship with a specific
draft is comprised within available port water area having a retjdepth.

This purpose of ship’s manoeuvring is put into practice by sgpéhie ship move
ment on a planned trajectory. The ship, however, may be affecteariouys factors
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during that process, which sometimes make it difficult. Thians that in certain
conditions just any trajectory cannot be planned for the ship, and aithiiehand,
steering the traffic on a properly planned trajectory isahwtiys possible. The oceur
rence of factors affecting the ship’s movement causegdts Wway limitation. The
ship’s leading should be safe first of all, which means it lshoot cause any naviga
tional accident. A navigational accident is an undesirable woee which can cause
different losses. Mainly there are lives or health, loss oradanto ship or cargo, pol
lution of natural environment, damage to the port structure, ecoabioss due to
blocking of the port or its part, cost of salvage operation and other. Amonganeasr
there are those where ship manoeuvring is limited more thethén sea areas. These
areas are called limited waters. There are many defirati@hnames of such type of
waters [2]. The universal definition of limited waters niegythat it is area, where the
ship can’t choose the free way. This limitation is causefhttprs that affect the ship
manoeuvring. One of such kind of waters is port water areas.

2. Port water areas

The port approach and port areas are characterised by limited depth (stetéayv
and various port structures. These maade structures comprise surface or-sub
merged structures which together with installations, consbruerangements asseci
ated with these structures, technical equipment and other equipsterant to fune
tion given structure make up one technitalctional object. From the point of view
of limitations of traffic in an area, hydro technical structures, thevpaigr area gen
erally include the following structures:

* objects formed due to dredging and silting work, particularipda and ship
yard water eeas, such as outer harbours, basins, sea and inland fairways, kpproac
channels, passing and turning areas,

e channels,

» wharves making up enclosures of the shore and generally allshipgjto berth
and lie alongside,

 shore protecting structures, mainly breakwaters, bottomgtrening, dredged
fairway slope strengthening structures,

« structures of fixed aids to navigation, especially lighthousedaitua a sea area,
land- and watetbased beacons, leading marks and navigational lights, dolphins,

e structures situated within sea harbours, particularly moarango handling is
lets, landing stages,

 port buildings situated in sea ports, particularly breakwatease breakers,
cargehandling and lying alongside, others,

* structures connected with the seabed exploitationigsil platforms and pipelines).

Besides, they comprise structures of floating navigationalksnagparticularly
moored navigtional buoys. Figure 1 presents an example of water areztexstoy
port structures.
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Fig. 1. An example of port water areas

Safe manoeuvring of a ship within a given area requirestibananoeuvring area
of a ship with a specific draft is comprised within avagapbrt water area having
arequired depth. There are two undesired types of events [4] thatachtola naviga
tional accident within a port area:

* impact on the shore (or another port structure),

* contact with the sea bed.
The accessible port water area (for given depth) warrafesy smanoeuvring if

fulfills condition:

w0 Q, 1)

where:
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w- requisite area of ship’s manoeuvring,
Q — accessible port water.
The second condition given the realizing of safe manoeuver on area is:

H=>T+Rg, (2)

where:

H;— the depth in-th point of area,

T — ship’s drought,

Rs — safe under keel clearance (UKC).

Rs is the value of minimum under keel clearance of a ship manoguwithin
a given area to assure the ship safety that is no contadpt ksl with the bottom
should occur [3]. This clearance is also called the required or safiechesteance.

3. The risk of ship’ impact on sea bed

The situation when a ship’s hull impacts the sea bed oftetig@siserious dam
age. The damage may be of various kinds:

* tearing of bottom plating,

» crushing of deck,

« folding of web frames,

* stretching of shell plating.

That is why the evaluation of ship’s movement safety should dhowis impact
against the bottom, on condition that the effects of the impace@psio not exceed
the accepted level (hull damage). That incident can be describdtbas fo

Rao= Pu[Zc < Rg] for C < Ciin, (3)

where:

Z. — the list distance between ships hull and bottom during manoeuvring,

Rs — under keel clearance,

C - losses,

Cmin — acceptable level of losses.

The level of losses sustained from the impact againstrtuwnd depends on many
factors, the most important of which is the type of bottom (grouhthe bottom is
soft penetration to a certain depth does not cause any hull damage.

The conditions of ship’s safe impacting on sea bed are as follows.

where:
E —ship’s maximum kinetic energy absorbed by the bétidership,
Eq —ship’s admissible kinetic energy absorbed by the bienldership,
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p —maximum pressure of individual fender on ship’s hull plating,

Pdop — admissible pressure of individual fender on ship’s hull plating.

The energy absorbed by the ship’s hull hitting the sea bed is equal to the work done
by the ship dting the impact. The energy mainly depends on the force appearing
between the hull and the bottom. It is difficult to define thedand its curve as the
function of time by analytical methods. Therefore, simpler methosisdoan empiri
cal research data are used. The empirical equation given badsants the energy of
impact dependent on ship’s mass and the velocity at the marhampact. The wdi-
cal component of ship’s velocity should be taken into account in theseat@alcsi

E, =mV,2 /2, (5)

where:

E, — energy absorbed during impact,

m — ship’s mass,

V, — vertical components of ships velly.

The consequences arising from the fact that a ship hits the gwhiledmoving,
such as hull damage or, possibly, loss of cargo (particularlidlicargo, which may
pollute the marine environment) depend on a number of factordvehic be ex
pressed by a variety of measures [1].

The kind and degree of hull damage depends mainly on the energy absothed by
hull when hiting the bottom. The measure of hull damage used for thesazmatsof
the impact is the volume of damaged hull material. The reldpre®mbining the ab
sorbed energy and the degree of damage has been empirically worked out [6]:

E=47.2 xRy — 37.2, (6)

where:

E — energy absorbed by the hull duringpact,

Ry —degree of damage of hull material.

This empirical relation has been determined from the observatfdhe effects of
numerous collisions and is used for the assessment of @ol#sects. The value of
coefficient in formula (6) is results of its carried out of research.

Admissible pressure of an individual fender on the ship’s hullreépen her size
and design. And according to the type of vessel (a general camgerca container
ship, a tanker, a bulk carrier, a gas carrier) it can rémege 200-700 kN/m[5]. It is
determined on the basis of the analysis of deflections duringtitheses of the shell
plating structure which takes into account an adequate distributi@maér pressure
on the shell, longitudinal girders, and frames. At the same tiplease of elasticity of
ship’s shell structure is assumed. There are situationdiich work of deflection of
a given part of the shell plating is taken into consideration and vah@eestic strain in
the form of dents of the shell is accounted for.
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4. Probability of the hull damage
Pk (PU) = P [ngr 2 ZG] ’ (7)

where:
Q.. — admissible pressure on ship’s hull,

Zs — passive earth pressure.

While determining the probability of ship hull damage during the impaet
should take into account that not every such impact ends imasarccident. There
fore risk of ship’s impact on sea bed can be determined as:

I:)uw = I:)u x I:)k (Pu)v (8)

where:

P.w— probability of an accident during ship’s manoeuvres,

P.— probability of a ship’s touching the bottom.

The risk of ship impact against the sea bottom may be adsasna criterion for
the evaluation of the safety of ship manoeuvres within port waters.

5. The ship’s movement during impact of sea bed

During a ship’s striking the bottom of an area built of sandy or argillaceousdyroun
for a vessel in progressive movement, there occurs a drsidkimg of the hull into
the ground (until the ship stops). The mechanism of the shifkgtthe area’s bo
tom depends on the ship’s draft, namely whether thseVvés trimmed by the bows,
the stern or if it is loaded on an even keel. During a sisiplking the bottom of an
area of fragmented ground, for a vessel in progressive movemeatptioerrs gradual
sinking of the hull into the ground (until the vessel's stoppage).rgutiis process
there can be distinguished the plotiglphase bound with longitudinal motion and the
penetration (sinking) in a verticalrdction. Figure 2 presents this movement in the
case of a vessel being trimmed by the bows. A similangainenon will occur in the
case of being trimmed by the stern.

The penetration of the ship into the grourghehds on the relation between the
horizontalVy and veritcal V, components of the ship’s speégd The ship will stop in
a certain distanck from the point of the hull’s first contact with the bottom and the
penetetion to a particular depthy. In the initial stage of the ship’s penetration into
the ground is mainlyféected by horizontal forces. Stopping of the ship takes place on
a horizontal plane until the ship stops, whichésatibed as stopping distanigefrom
the first contact point to the stopping of the vessel.

On the basis of considerations presented there has been prepalgdrahm of
calculating vessel movement parameters when striking thevater area ground and
of forces impacting on the vessel’s hull. It has been applied am@wuter simulation
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model of the vessel's movement in the area. The model workslitime and serves
the purpose of preparing navigational analyses. This permitdetskmination of the
vessel striking the area bottom and its results (likelihmioldull damage)The stop
ping of ship will be fulfills when the initial kinetic energyn moment of first contact
with seabed) lecame completely lost:

szHO/Z—J PRle —_[ PBdI —IPRKdl =0, (9)

where:

m— ships mass and water added mass,

Vho — horizontal component of ships vely in moment of contact with sedzed,

| Pgrdl — work performed for overcoming étion force of the hull’s bottom part,

[ Pgdl — work performed for overcoming the reisince of friction of the lateral
parts of the hull,

[ Predl — work performed for overening soil wedge.

0 VH |I°
v | N

|

\Z

Fig. 2. Penetration of the ship’s hull into theétbm

The ship’s velocity during contact with ground of $ea will be decrease until
stopping. The way of ship’s stopping will be equal:

Le = [ Viidt for t O (to—t), (10)
where:

Lk — way of ship’s stopping,

tx — time to ship’s stopping,

Vi — horizontal component of ship’s velocity during phase of ploughing.
Vii = (2 XxAEg; / m)*, (11)

where:
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AEy; — decreasing of ship’s kinetic engy due to movement to contact with sea
bed, which it alters on work performed for hull resistanagmd ploughing.
The pressure of the ship on ground:

ng, (12)

where:

N — the push force of ship’s hull,

s— area of hull contact with ground.

The ship’s push on the ground is an effectanfréasing of ship’s draft. The greater
emergence bear witness about greater pushing. The magnitude of push falterwil
depending on ship’s draft and trim. The pushing for even keel will be equal:

g =it B0 (13)
S

where:

AT; — currently draft decreasing,

Lpp — length between perpendiculars,

B — breadth of ship,

0 — ship’s block coefficient,

y — water weight specific gravity,

S- surface area of hull contact with ground.

6. Determination of the effect of ship’s impact

In successive steps ship movement parameteisgdcontact with the ground are
calculated, what permits the determination of its results.féll®wing steps are ac
complished:

« calculating initial kinetic energy,

« calculating pressure of the vessel on the area bottom, teadecthe water level
or the vesel's draft,

 checking whether passive earth pressure (the ground’s reagtiea)not exceed
the permisible value,

» calculating the friction force of the bottom part of the vE€sdaull against the
ground, taking into account the friction coefficient,

» calculating the depth of the vessel’s gation into the ground,

» calculating work performed for overcomingdiibn force of the hull’'s bottom
part,

» calculating work performed for overaing the resistance of friction of the dat
eral parts of the hull for a specified depth of the vessel's @tinatinto the ground,
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« calculating work performed for ovenging soil wedge,
« calculating the decrease of the vesseifsekic energy caused by contact with the
ground,
» calculating the decrease of the vessel’s speed components.
The example of calculation using algorithm isgemted below.
Basic dates:
* length between perpendiculdsg = 260.0 m,
breadth of shifd = 42.0 m,
ship’s draftT = 12.8 m,
ship’s block coefficiend = 0.83,
* initial horizontal component of ship’s speég=5.5m/s,
« initial vertical component of ship’s spe¥d= 0.01m/s.
The results of calculations are following:
* over 265 sec from first contact of ship with 4xal its speed stopped up to zero,
« the length of ship’s stopping distanige= 295.0 m,
* the admissible pressure on ship’s hull there wasn’t overdoing in tles cas

7. Conclusions

The under keel clearance should ensure ship’s saf@auvring in a port area on
the one hand, and may restricted the imax ship’s draft on the other hand, particu
larly in port areas. It is possible to predict of maximsahing draft for entering ships
into the port by proper method of calculation. This result can bevachterough the
minimization of under keel clearance value while risk is kept ah@eptable mini
mum. A ship can touch the bottom of a nabig area due to the reduction of its keel
clearance. Such an event no has to necessaribily results afjelafmship’s hull. The
kind and degree of hull damage mainly depend on the energy absortedhu du
ring its impact against the sea bottom. The effect of simppgcting i.e. contact of
a floating body with sea bottom consisting of different types d$.sbiis possible to
determine of results of shp impact on sea begeiits to assess of navigational risk
and thus to improve the safety of ship movement in shallow water.
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Skutki uderzenia statku w dno akwenu portowego a pltytkowodziu

Glownym celem nawigacji jest bezpieczne prowadzenie statku do portu przeznaczenia.
Ograniczeniem realizacji tego celu jest gigbokos¢ akwenu. Ruch statku po takim akwenie jest
zwiazany z problemami ptytkowodzia, ktére moga by¢ przyczyna uderzenia statku w dno akwe
nu. Konsekwencja takiego zdarzenia moze by¢ uszkodzenie kadtuba statku. Rodzaj i wielkos$¢
uszkodzeniaaleza gtéwnie od energii absorbowanej przez kadtub podczas uderzenia w dno
akwenu. Referat przedstawia podstawy budowy motédiego uderzenia, przy czym przed
stawiono ogdlny algorytm okreslenia parametrow ruchu statku podczas kontaktu z dnem akwe-
nu.
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This paper presents legost, reasonable accurate system for model desigtor§ influencing
a ship’s manoeuvrability. The presented systemageth on modified Abkowitz’'s mathematical model,
with both linear and natinear differential equations.

Keywords:ship manoeuvrabilityship simulation, movement prediction, Abkowitz’s eiod

Notations

I,—mass moment of inertia of ship about an axis thinozentre of gravity,

M —mass,

Xg — distance along longitudinal direction, betweea tentre of gravity and origin of reference axes
fixed in the ship,

Up — initial speed of a ship,

u—ship’s longitudinal speed, v— ship’s transverse speed,

r —yaw rate, J—rudder deflection angle,

Au = U-Uy

X —total force in x direction, parallel to planesyinmetry of a ship,

Y —total force in y direction, perpendicular to plafesymmetry of a ship,

N — total moment about an axis through centre of ¢yavi

X% Y° N°—forces and moment acting on a ship at the equilipcondition,
Xu Xy, etc.— partial derivatives oX with respect tay, v, etc.

Y. Y., etc. — partial derivatives oY with respect tay, v, etc.

N N,, etc. — partial derivatives ol with respect ta, v, etc.

1. Introduction

A ship’s manoeuvrability is a major design factor when choosiegegific con
struction. Nowadays there are couple of common methods to preitistraanoeu
vrability. The computational power of the typical home computsuffcient to sup
port some computer ship manoeuvrability prediction systems (CSNBRS@d on Ab
kowitz's mathematical model this paper describes such ansyigestructure and cru
cial elements.

2. Application specification
A good computer ship manoeuvrability prediction system (CSMPS)dbeuwni

versal, accurate, and easy to use. Figure 1 shows the pregpesgdre of the system,
its main elements and their hierarchy.
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Application Interface

Visualization Module

Results Menager Equation Solver

Hydrodynamics
Coefficient Data Base

Fig. 1. General structure of CSMPS
2.1. Hydrodynamics coefficient data base

The ship designer typically will need to make a fast datmn for different sets of
coefficients. Because of this fact, the way, how we will holdctiefficients is signifi
cant. From one side, the database should be easy to maeaigenaally. From an
other it should be transparent to the user. An “XML” file systeas chosen for this
database. The structure of this file system is easy tarstadd and there is variety of
software libraries ready to read and write such files. glibsaries were used to pro
vide reading XML functionally inside the CSMPS. Finally @llues are held as text
variable with desired precision, making them easy to read and to manipulate.

2.2. Equation solver

This block provides the two most important parts of the CSMB$at®ns (linear
and norlinear) and the solver of a differential equation set. Bothheft are de
scribed in chapter 3 and 3.1 of this paper.

2.3. Results manager

All results received from the solver are saved in a spefiii. Such results are
usually analysed using a professional calculation computercapph. A reasonable
first cut of the behaviour can be determined by performing a prelmnrecalculation
of results to extract important parameters, within the resuttiagager module, and to
send them to the visualization module.
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2.4. Visualization

The visualisation module is not strictly necessary to implement in a CSMBS&,m
but it greatly simplifies the whole process of predicting agstirig ship manoeuwa
bility. It allows a designer to perform fast analysis ofrent results, catching preb
lems and errors before the main analysis will be performed.

An OpenGL is a free graphic library, which supports 2D as agBD graphics. It
was used as the basis of the visualisation module, becausa wéd-documented
standard, it is easy to find a lot of examples, and finally supported by companies,
producing graphics software and hardware.

2.5. Interface

The last part of the system, which has access to all démaeets is the application
interface. The graphical interface is best for this typapplication. It is fast, intuitive
and easier to use than text interface. It allows a desigreasily manipulate all of the
parameters of the application like equations sets, coefficitugs/and results.

3. Mathematical model

The proposed CSMPS uses the Abkowitz's mathematical model. @hergvo
versions of it: linear and ndimear. The difference between them is the number of
elements taken into account for the Taylor expansion.Hjuation from (1) to (7)
presents the linear model transformed into suitable form fanuheerical calculation.
The linear model is usually used to determine course staitiiy’'s manoeuvrability
for small rudder angle and in first stages of designing autopilots.

Linear equation:

._ﬁ
u_—m—Xu , (1)
v'=fim<lz—N,.>—ﬁ<m-xG—m], @
f=fim(m—m—mm-xg—m 3)
where:

Sfiw,v,r,0)=X Au+ X0, (4)

Ly, r,0)=Y;0+Yv+(Y —mu,)r, (5)
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fi(u,v,r,6)=Nso+ N v+ (N, —mx u,)r, (6)
Si@v,7,8) = (m =YL ~N,)~(mx, ~Y,)mx, ~N,) . )

The core of the equations are four main variables: the sbhipdstlidinal speeduj,
transverse speetl)( yaw rate () and the rudder anglé)(

The nonlinear model is usually based on first three elements of thl®Texpan
sion. It is much more accurate than the linear one, which is tibhywiidely used in
predicting ship’s manoeuvrability. This model is also recommended by the ITTC.

The basic movement equations 213) are the same for linear and for the #ioR
ear theory. The difference lies in the formulasffph, f;, which are:

1

fiu,v,r,8)=X"+X Au +%XWAM2 +EX Au’ +%XWV2 +

uuu

(é X +m-x;)r’+ %X&;éz + %XVWVZAM + %X,mrzAu +%X55”52Au , (8)

+( X, +myvr+ X ;vo+ X s5r6+ X, vrAu+ X ; voAu+ X 5 roAu

1 1 1
fz(u,v,r,é')=YO+Y0uAu+YOWAu2+va+gY Vi+=Y v’ +—=Y o’

vvy 2 vrr 2 V

+Y vAu+lY vu2+(Yr—mu0)r+%Y r3+lY rv2+er5r52

vu vuu rrr 2 rvy

, (9
1 2 1 . 2, 1 2 ©
+Y ru+—=Y rAu”+Y;0+—Y 0" +=Y; ov +—=Y; Or +
2 6 2 2
Y, 0Au + %Y&mé'Au2 +Y, svrd
f3(u,v,r,§)=N°+N°uAu+N°WAu2+va+%vav3+%var2
1 2 1 2 1 3 1 2
+—=N ;0" +N vAu+—N, vu" +(N, —mx;u)r+—N_r +—=N,_ rv
2 2 6
. (10)

+%Nr5r§2 + N, ru +%NmrAu2 + N55+%N55553 +%N5W5V2

SAu’ + N, vrd

Suu

+%N§W§r2 + N, 0Au +%N
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3.1. Drift angle modification

One of the most spectacular advantages of Abkowitz's model is thatbecaasily
modified. New hydrodynamic effects can be taken into account adijibkgparts
can be removed from the equations.

One of the methods to improve the accuracy of this modeltd recalculate drift
angle for the at rudder at each calculation step and use thimatfon to determine
the real force of the rudder. The standard Abkowitz's modelnass that the force on
a rudder is a function only of the rudder angle. Estimating trefby taking into
consideration the angle of the real flow around the rudder gresdlyces the ap
proximation error. The results using these calculations are shown inrchapte

3.2. Solution of the manoeuvrability equation system.

There are several numerical ways to solve proposed sets of differenti@bes|oh
motion. The simple methods, like Euler’'s are not recommendedgdrieral reason is
poor accuracy, but Euler's method is also considered not very stabld.as wel

The simplest reasonable solving method is the fourth order Rurtge algorithm.
The main ideaorder method is showing (11)

ki = hf (X, Yn),

ko = hf (X, + azh, y, + by,1kq),

ks = hf (X, + aah, yn + bako + b3 ko), (11)
Ky = hf (X, + ash, Yo + Dy 1K; + 0a 2k + 04 Ks3),

Yoe1 = Yo + CiKy + CoKy + Caks + Coky + O(N°)

where:

a,, bnn, C,, — parameters,

h — stepsize,

Vne1 — NEW function value,

Y — previous function value.

Usually the most powerful tools to solve ordinary differengégliations are the
adaptive step size control methods. The main purpose of using ®ibbds is to
achieve a predetermined accuracy with minimum computational effort [3].

One of the adaptive step size methods is the combination oflifieoent order
RungeKutta methods. This is well tuned to the mathematical model apipligection
3. Really accurate results can be achieved by using the corohiffiftth and fourth
order method (CasKarp parameters for embedded Rukgdta methods were taken
from [3]). However there are other combinations for this methikel,Prince— Dor-
mand (1981). This solver uses a combination of sixth and seventh attexdnhow
ever for chosen mathematical model and accuracy at thedk¥&-4 it doesn’t pre
duce much better results than the lower order methods. Moreovanethied is more
computational complicated and thus it was rejected.
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4. Resaultsverification

All of the results presented in this chapter are computed by bgithgpdynamic
coefficients for the Esso Osaka tanker. The-dallle trials and hydrodynamic coeffi
cients were taken from [5].

Figure 2 shows a comparison of a predicted trail (linear modeljudinsicale sea
trials. The agreement between them is rather poor. Only ri$tepfirt of the path is
close to sea trial results. Adding the drift angle test data't improve the accuracy
of the results, either. Moreover, even though the ship madeirfcié the drift angle
didn't yet reach the stable phase, see Figure 3.

¢ FULL SCALE TRIAL

1200 - —0—WITHOUT DRIFT ANGLE TEST

—<]— WITH DRIFT ANGLE TEST
1000 - % LI
L ] . .
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Fig. 2. Turning trajectory for linear equationé= 10 kts, rudder angle +3pb

The low accuracy of the results from the linear aetqafincipally due to an incom
plete set of the hydrodynamic coefficients of Esso Osdkas€&cond reason is the over
simplification of the linear model.

The agreement between fgltale trails and results from the Horear model are
rather good, especially when taking into accouetdtift angle correction. This greatly
improves the accuracy of the results, showirigare 4.

The diameter of turning circle from the computation that inclutiesdrift angle
correction is larger than the one measured on thadalk trail, but the same tendency
has the mathematical model proposed by the SNU professional laboratory [5].
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Fig. 4. Turning trajectory for nelinear equations\ = 10kts, rudder angle +3p

Figure 5 shows that the drift angle stabilized at valifea®8 falling into the range
presented in [5], from F3to 25. This figure demonstrates that recalculation of the
drift angle at every calculated time step is important. Althaihg rudder angle set is
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at 35, the angle of the actual stream around the rudder is reducetytd2. This is
the reason for the decrease of force generated by the rudder.

54 —O0— RUDDER ANGLE
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E? -20 4 \ F i,
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time, s

Fig. 5. Time history for angle at rudder (nlimear equations)

As mentioned in chapter 3, one of the advantages of the chosen mbeechislity
to complement this model with new elements. By adding the news#ecmay im
prove the accuracy of the model and the whole prediction of ship manoeuvrability

5. Conclusion

A well-designed CSMPS must be clear, useful and accurate. The solution presented
here is a good starting point to design a modelling system.dlits advantage is its
low cost. At the heart of the application is a set of diffeabiguations. The system
has ability to easily modify the mathematical model andalbges demonstrates high
speed of computation. Finally this system doesn't need immense ciiopak
power, so can be run on PC.

The results from the first ndmear model verification are very promising.
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Komputerowy system predykcji wlasciwosci manewrowych statkow.

W pracy przedstawiono strukture niedrogiego, umiarkowanie doktadnego systemu do okre-
$lania parametréw, majacych kluczowy wplyw na wlasciwosci manewrowe statkow. Zapropo-
nowane rozwiazanie zostalo opracowane na podstawie zmodyfikowanego modelu Abkowitza,
zaré6wno dla liniowych i nieliniowych rownan ruchu.
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Mathematical modelsin description of capsizing scenarios

T. HINZ
Foundation for Safety of Navigation and Environm@ratection

Nowadays, although the knowledge of the causespsizing is more and more vast, still the large
quantities of ships sink as a result of capsizingidents. Therefore, this particular subject is elyd
discussed in the paper as a major issue among pranynent research centres. Presently, the resfilts
the numerical simulations represent the most ingmbrpart in these debates. This paper is my first
attempt to demonstrate some of the main mathenhatiodels used in hydrodynamics to describe differ
ent scenarios of capsizing. Generally, the arttdecentrates on ndimear models due to the fact that
they are widely employed to practical calculatiofBese models are used both for capsizing tests and
very often, for judging design parameters, suclslasmiming, greemvateron-deck, etc. The choice of
mentioned scenarios was made according to thejuémecy in real circumstances.

Keywords:water on deck, parametric roll, broaching, model

1. Introduction

The most common reasons for capsizing of ships are the following phenomena:

» parametric roll resonance,

* broaching,

« water on deck,

« extreme and fricke waves,

* poor stability lost,

« free surface.

Both the estimation of free surface influence andssssent of poor stability lost have
been utilized for many years. There is ho neeccdonplicated mathematical models to
examine these scenarios. On the other hand, the first four isseasr distinguished
by much more complex physical background, what is described in detdlis ipa
per.

IMO in its work on supplementing stability regulations, présémree most signii
cant scenarios, which should be included into IS Code according toropindistin
guished experts in this area [1]:

» parametric roll resonance,

* broaching,

 deadship condition.

This article provides the description of scenarios connewettd following phe
nomena:
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* broaching,

 parametric roll resonance,

» water on deck.

Another scenario the smalled”deadship conditiofi will not be presented in this
work because it is still in the initial level of research.

Broaching is defined by Umeda ate phenomenon whereby the ship cannot
maintain her course despite maximum steering éffait [3].

The state that is characterized Hghe encounter period is a multiple of half of the
roll period, the roll motion develops with a period equal to therahroll period
Umeda calls the parametric roll resonance [3].

2. Existing computational models

The mathematical model is a description of real conditions shadually prepared
for using complicated mathematical methods.

In order to examine more complicated scenarios of the ship&zaag the more
advanced mathematical models are used for solving hydrodynamicembdrpéna.
The base for all these models is the second Newton’s Law. &ndhe solution of
the motion equation is not so complex. There are many computational librariegthat ar
capable of integrating the systems of ordinary differeetigiations. The features that
distinguish one model from another are the different ways of digtedg hydrome
chanical forces and coefficients that appear in the motion equations.

The models that are employed to describe the scenarios have tlieeaomcharae
ter because the hydromechanical coefficients, which are coedonmthem, are de
pendent on time.

It is extremely challenging to separate the mathematical Isxérden the software
where these models are used. Due to that, in this paper therdigisscenarios is
replaced by the division of software. This particular layswl$so sensible in the case
when the software (mathematical models) has more genenactéraand describes
different scenarios.

21 LAMP

The “LAMP” model has wide applications. It can be used to exathmeatability
of ships and the issues related to the ship structure behaviour in waves

The model that is included in the LAMP software is based on sisede®f free
dom (DOF) and potential flow. The model is Aorear. There are two kinds of ap
proaches used in the model: one related to the mixed source fiiomalad another
one connected with the IRFased formulation (Impulse Response Function).

The first formulation is based on the division of the computation ttointo two
parts: inner domain and outer domain (Figllyeln the inner domain the Rankine
sources distributed over the wetted surface of the huisésl, the matching surface
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and the free surface between the hull and matching surfaceh@]odter domain is
solved with Green functions distributed only over an arbitrarilypetiamatching
surface, because these particular functions meet both the dimradition of free sur
face and the radiation condition. In the case of the matchingceutfae conditions
connected with the velocity potential and the continuity of deviestare imposed.
These assumptions allow to conduct further calculations accordlittgetboundary
elements method.

Fig. 1 Computational domain in mixed source formulatiéng]

In the IRF formulation, velocity potentials are ym@mputed for steady forward
speed [P0O06]. Further computations are reduced to the combination of the potentials of
IRF with the actual ship motions and wave height.

Despite the forces connected with the pressures that arenthetdraccording to
above conceptions, this method uses thepressure forces for instance [5]:

« forces generated by amtlling fins,

« forces generated by the positioning systems,

» forces generated by the propellers and rudders,

* viscous roll damping.

There are four approaches used to conduct the computations reldbeddreen
water on deck phenomena.

3. Hydrostatic and Froude-Krylov forces

The deck pressure is computed from the linear condition for the waeadb sub
merged deck element. Such an approach is a combination of hydrbgisggsure
and FroudeKrylov forces [6].

4. Semi-empirical model

In this model the computations are calculated using an empéakpakssion de
rived from Zhou [7], aside from it, the approach proposed by Buchnepiea here
as well [8].
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5. Shallow water flow calculation [6]

In this case a finitsolume method is applied. The calculation is done only for the
longitudinal and transverse motions assuming that these calculatocsnaucted for
the shallow water conditions.

In the shallow water method, the equations of conservation of fhassid me
mentum (2) are calculated in the time domain using the agptbatis used in shal
low water's computations. Simultaneously, the effects connectiédsiickiness are
not taken into account in the calculations. This method waeedffey Stoker. The ac
celeration normal to the deck is omitted in the computations,eakethe tangential
velocity and pressure are constant in the case of the whaht. In this method, 3D
calculations are reduced to the calculations in 2D space. The division of ciomaita
domain is demonstrated in Figure 2 [6]. The axis Z in configuratitrich is con
nected with the deck, is placed parallel to the direction ofitgtaonal acceleration.
The area is divided into cuboids with the surface of lGasand the surface of sides
As.

Fig. 2. Fluid's element in shallow water method [6]

dm 0

—=— | pdVol n)dS=0, 1
- athVp o+cjsp(v, n) (1)
d(mv) _ 0 fvpdVol+_[vp(vr -n)dS =

dt ot 2, 2 o)

= [ pl=nds)- fdeol

cs, cv,
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After appropriate transformations are done, the equation of e@tieer of mass
takes the form that can be used to attain the numenatid® (3), similar form is
taken by the equation of conservation of momentum (4) [7].

M/hijrl ZM} hkj+1 _- (3)

ee ‘e

R/ "“+ZR Vil = s (4)

ee 6‘ eq q

This particular approach is used as the main method in ordelctdata the influ
ence of water on the deck in the LAMP system [6].

6. Full Computation Fluid Dynamics (CFD) Calculation

The flow calculation is computed using a firitelume method (FEM) and a3
volume grid. In comparison to shallow water, flow calculatioddse for three mo
tion directions: vertical, longitudinal and transverse flow [6].

Figures 3, 4 and 5 present results of regular wave roll calculation fee8 [&:

 without Effect of Water on Deck (Figure 3),

 with Hydrostatic Forces of Deck (Figure 4),

* including FiniteVolume Water on Deck (Figure 5).

, d
a0y %8

P v e

Fig. 3. Regular wave roll without Effect of Watar Beck- roll angel [6]

The computation of parametric roll resonance in LAMP systepeiformed as
a part of the numerical simulation of the ship motion. The roll daghpoefficient is
computed using the method [9]:

» an empirical method derived from the Kato,

* methodology coefficients adapted from model tests.

Figure 6 presents comparisons of effects of roll damping cadpuith different
methods.
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Fig. 6. Comparisons of effect of roll damping modelregular wave [9]
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7. OU-Broach

This model was mainly developed for computing the broaching aneigung
phenomena. It is based on 4 DOF related to the swvggyow-roll motions [2]. As
the broaching phenomenon is related to manoeuvring [1], this partcatsel can be
also used to calculate the manoeuvring properties. Currently, thénaan wave
forces are used in this model [2] (originally the linear approach pgied here).

The model is based on the state equation (5) [2].

i =F(x;b)=1{f,(x:b), > (x:b).... i (x:b)} 5)

The wave forces and moments are defined as a sum obrlie {Figure7) and
FroudeKrylov force and Smith effect [10].

lift force
o

Fig. 7. Schematic view induced lift force and moir{d0]

The wave effect on restoring arm is determined by the expretsgibis obtained
in empirical way [10]. Equations 6 presents component of the eff@et on restoring
arm [10]. Figure 8 shows comparisons of righting arm between toelatson based
on FroudKrylov assumption and the experiment [10].The transverse restownAg
ment is computed using the hydrostatic method [3]. The forces antkents con
nected with manoeuvring are defined in the-finear way for calm water [3]. Equa
tions 8-11 shows nonlinear manoeuvring forces and moments [10].

GZ" =[{(1.4-e77"")(~¢, cos(27E, | A+0.314)) + (18.6-¢7>"™).

(250)2/L}-¢-%pLdu2}]-Heff-(g—OG)/W ©)

where
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H

eff —

27 j cos(y)sin(z j cos(y))

7 - (nﬁcos(z))z

Xy =X, )+ X, @)v + X, (u)r’ +(m +m,)vr,

YNL = vav (M)V3 + Yrrr (u)r3 + var (M)Vzl" + Yvrr (u)vrz ’
NNL = vav (M)V3 + Nrrr (u)r3 + var (u)vzr + err (u)vr2 ’ (10)
KNL = vav(u)v3 + Krrr(u)r3 + var(u)vzr + err(u)vrz . (11)
GZ (m) ¢=10 degrees
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Fig. 8. Comparisons of righting arm between the calcoatiased on Frouldrylov assumption
and the experiment for the ship w2 = 1/15,A/L = 1.5,y = 30 degrees
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Fig. 9. Comparison between the numerical resulseperimental results;
continuous line- experimental, dotted linecalculation [10]
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Figure 9 shows comparison between the numerical results andnesipied results
with H/2 = 1/10, ML = 1.637, x = —30 degrees arfeh = 0.3 [10].

8. Future

At present, the models, that are being used, allow to forecagtdhbability of the
ship’s capsizing in a quite detailed way, of course according to the caatlitpach.

The present models are mainly based using the potential methogisseme still
to be derived from the strip theory. A man should aim to the widegeusf CFD in
computations. It is possible that FEM with the usage of tartmd model would cause
the improvement in the accuracy of results [11].

Currently, the models for simulating the parametric roll reso@abroaching and
greenwateron-deck are still being under development. Howeverpating to the IMO
recommendations, there is a need for developing computational maoatetintialate
also different scenarios of ship’s capsizing [1]. It also corscthe models such as the
deadship condition model or others, which shut be developed even fronatrstics
point of view.

9. Conclusion

This study focuses on two models only that are used to sinthukatscenarios of
the ship’s capsizing. It is a tiny part of numerous computatiomalels. There are
models dedicated to particular scenarios. On the other hand, ther®dels, general
ones, which are encased in the different additional elemerdsder to enlarge the
accuracy of calculations.
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M atematyczne modele w opisie scenariuszy przewracania

Wspolczesnie, chociaz coraz lepiej znamy mechanizmy przewracania sig¢ statkow, nadal
duza ich czgs¢ tonie w wyniku réznego rodzaju wypadkow stateczno$ciowych. Dlatego tez ta
tematyka ciagle zajmuje gtowne miejsce wsrod zagadnien, ktorymi zajmuja si¢ glowne osrodki
naukowe. Obecnie coraz wigksza role odgrywa symulacja numeryczna. Niniejszy artykul jest
proba przedstawienia modeli matematycznych stosowanych obecnie w hydromechanice do
opisu scenariuszy przewracania si¢. Wybor scenariuszy podyktowany jest ich najczestszym
wystgpowaniem. Kazdy z prezentowanych modeli w jaki§ sposéb opisuje zjawiska wystepu-
jace podczas przewracania sig.
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Comparison of EFD and CFD investigations of
velocity fields for selected bodypropeller configurations

P. HOFFMANN, S. JAWORSKIA. KOZLOWSKA
Ship Design and Research Centre S.A., Ship Hydrbarécs Division, Szcze$ka 65, 86892 Gdansk

Purpose of this paper is to analyse correlatiowéetn CFD calculation and experiments on axisym
metric body with working propeller. Model tests waronducted in 1981986 in the cavitation tunnels
of Ship Propeller Department of the Institute afiflFlow Machinery of the Polish Academy of Sciesice
and in Ship Hydromechanics Division Shipsi@ and Research Centre in Gdansk [1-6]. CFD calcula
tions were made in 2007 in Ship Hydromechanicsddvi Ship Design and Research Centre innGkla

Keywords:CFD, axisymmetric body, actuator disc

1. Introduction

Knowledge about the velocity field around the axisymmetric bodig working
propeller is important for designing submarine propulsion, torpedoessabmerged
ships, pod propellers. It is also important for theoreticalyaisabf propelletull in-
teraction to obtain ship wake prognosis. The purpose of this gajgeanalyse current
CFD methods and to answer the questi@an experimental methods be used only
for verification of end result?”

2. Experimental Equipment and Techniques

Basic experimental tests were conducted in cavitation tures gection dimen
sions of 0.425 m x 0.425 x 1.3) in Ship Propeller Department oh#teute of Fluid
Flow Machinery (IFFM) of the Polish Academy of Sciences. During the test arime
symmetric bodies were analysed — each had different wegtegkit angle on stern
(from 19 to 40).

The comparison of experiment and CFD calculations was madethvith axi
symmetric bodies (waterline exit angle on stgdns 19, 3(°, 40°). Placing of ax
symmetric body in the measuring space of cavitation tunnel is shown on Figure 1

The following tests were made:

* measurements of the nominal velocity field)(in crosssections with constant
velocity of undisturbed flow\ oo ),

* measurements of the total velocity field)(with constant thrust coefficientk{)
in the same crossections,
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» measurements of the total velocity fieM)(in the crossection near the propel
ler plane in whole range of thrust coefficiemt;)(

* measurements of the suction and pressure distribution on the body tgused
change of load of the propellgt, 4, 5]. Velocity field measurement was made by
miniature Prandtl probe. The probe measured only the axial velocity,

* part of the tests was repeated in bigger measuring gazvitation tunnel in
Ship Hydromechanics Division of Ship Design and Research Centre in Gdansk [2, 3, 6].

— =

Fig. 1. Placing of radiasymmetric body in the test section

Table 1: Propeller data

r/IR vl t/ I/D P/D

02 0.0230 | 0.2250 | 0.2210 | 0.853 where: _
03 | 0.0199 | 0.1880 | 0.2383 | 0.840 r —radius of blade section,
04 0.0173 | 0.1506 | 0.2537 | 0.831 m— profile camber,

05 0.0150 | 0.1162 | 0.2685 | 0.823 t—maximum thickness,
0.6 0.0130 | 0.0861 | 0.2812 | 0.821 | —profile chord length,
07 0.0113 | 0.0605 | 0.2913 | 0.822 P/D — pitch ratio.

08 0.0099 | 0.0393 | 0.2973 | 0.819

09 0.0089 | 0.02® | 0.2999 | 0.825

1.0 0.0080 | 0.0150 | 0.2993 | 0.825

Propeller data is follow:

— Propeller no: 082

— Profile type: NACA 16/NACA 08
— A/A; = 0.565

—-D=0.147m

— D, =0.2D =0.0294 m

Fig. 2. Propeller used in experiments
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Table 2. Working propeller parameters in cavitatiomel (IFFM

Pos.| Kr Jt Jt Jt Jt
Propeller on shaft| K-19 K-30 K-40

1 | 012 Jt 0.635 0.690 | 0.755 | 0.828
: 10Kq 0.204 0.211 | 0.198 | 0.186
> | 016 Jt 0.555 0.595 | 0.645 | 0.703
' 10Kq 0.250 0.254 | 0.244 | 0.236
3 | 020 Jt 0.468 0.48 | 0.536 | 0.579
' 10Kq 0.293 0.294 | 0.289 | 0.284

3. CFD analysis

The computations were carried out at the same scale as thé tesidesing the
RANSE method. The flow was computed in the domain of the followimgmsions:
0.425 m x 0.425 x.3. The flow solver Fluent was used.

The propeller was approximated by an actuator disc with the d&ameter as the
real propeller.

The mesh of hexahedral type was used. The number of mesh csllabeat
850 000. The pictures below show the mesh on the bodies surface eingd pfathe
actuator disc in one of axisymmetric bodies.

Validation of CFD calculations was done by comparing with veéscmeasured
during experiments for the all studied body—propeller configurationsdandifferent
planes near the working propeller.

Fig. 3. Hexahedral mesh on the body surface
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Fig. 4. Actuator disc (darker object on right) slating propeller in CFD calculations
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Fig. 5. Total velocity, field distribution forK, = 0.12
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Fig. 6. Total velocity, field distribution forK, = 0.16
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Fig. 7. Total velocity, field distribution forK, = 0.20
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Fig. 8. Axial position of measuring planes #20 body and 082 propeller
(plane 1x=—-0.1D; plane 2x =+ 0.2D, whereD — propeller diameter)

Figures 9 and 10 present example results of this validatikimsish was done for
K20 body and 082 propeller.
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Velocity comparison (1)
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Fig. 9. Radial distribution of total velocity meaed and calculated on plane 1, see Figure

Velocity comparison (2)
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Fig. 10. Radial distribution of total velocity measd and calculated on plane 2, see Figure

4. Conclusion

The comparison shows that CFD calculations of velocity fieldind the axisym
metric body with working propeller gives a good approximation of éxt from
quantitative and qualitative approach. It is necessary to broademowtekige by
conducting more experiments and computations to achieve better iapgiior of
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working propeller in CFD. This could be achieved by replacirtgator disc with
computer model of real propeller. Results are generally promesidghe work will
be continued.
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Poréwnanie wynikow badan modelowych (EFD) i obliczen numerycznych (CFD) pdl
predkosci dla wybranych ukladéw cialo osiowosymetryczne — pednik Srubowy

W pracy przeanalizowano korelacje migdzy obliczeniami, za pomoca numerycznej hydro-
mechaniki (CFD), a wynikami badan modelowych p6l predkosci wokot serii ciat osiowosyme-
trycznych z pracujacym pegdnikiem (modelem $ruby okrgtowej). Badania modelowe prowa-
dzono w latach 1981986 w tunelu kawitacyjnym Instytutu Maszyn Przeptywowych PAN
w Gdansku oraz Osrodku Hydromechaniki Okrgtu Centrum Techniki Okrgtowej w Gdansku
[1-6]. Natomiast obliczenia numeryczne metodami CFReprowadzono w 2007 roku
w Osrodku Hydromechaniki Okrgtu Centrum Techniki Okrgtowej S.A. w Gdansku.
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Selection of the most suitable method to split
theresistance increment into componentsrelated
toindividual propéellersof double-ended ferry

H. JARZYNA
The Szewalski Institute of Fluillow Machinery PASci, ul. Fiszera 14,-862 Gdask

The resistance incremefAR; .z measured in model propulsion tests of a doeblded ferry with the
pushing aft propeller SR and the pulling fore pilegpeSD is to be split into two componentsR; and
ARy related to each of the propellers. The splittingcedure based on the measured magnitudes is possi
ble only when additional assumptions are made.

Two procedures are presented in this paper. Tisé firocedurej = 1, is directly related to the
components of resistance incremAR; andAR,. The second procedurties 2, is related to the compo
nents Ry —Fp)r and Ry —Fp)p attributed to individual propellers. In both prdoees the same assump
tions are used for splitting. Proposed assumptizasbased on the proportion of propeller thiigsand
Tp, or on the proportion of the delivered poviRgk andPpp. Procedures combined with assumptions de
fine the methods and are denokgdwhere subscript j refers to the assumption.

Two prerequisites were formulated. Both have tgdtesfied by methods of practical importance:

1. ARz + ARp = ARp .,

2.ARR1]' = ARRZj andARD]_j = ARDZj-

Above prerequisites are satisfied only by Khe andK,; methods. The methodg ; andK,; satisfy
only the first prerequisite.

Keywords:self-propulsion test, double-ended ferry, resistance increment due to propeller action

Notations

Fp — skin friction correction in self propulsion test

ng, Np — rate of propeller revolution of SR and SD propelEspectively

Ppr: Pop — power delivered to SR and SD propeller respegtjuelcase of the simultaneous action of SR
and SD propellers

Pp — total delivered poweRp = Ppr+ Ppp,

Pp 0+r) — Power delivered to the SR propeller, in case efalone action of SR propeller

Pb (0+0) — power delivered to the SD propeller, in case efatone action of SD propeller

Pom—Mmean delivered power, = M,

R, — model ship resistance

D — fore propeller pulling propeller)

SR - aft propeller(pushing propeller)

tp — coefficient of resistance increment due to SD pltepen case of the simultaneous action of SR and
SD propellers

tr — coefficient of resistance increment due to SR piepen case of the simultaneous action of SR and
SD propellers

tp+r — coefficient of resistance increment due to SR @Bdoropellers in simultaneous actjo
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to.r — coefficient of resistance increment due to SR ellepin alone action

tp+o — coefficient of resistance increment due to SD phiep in alone action

Tr, Tp —thrust of SR and SD propeller respectively, in aafstne simultaneous action of SR and SD-pro
pellers

Tp+r — total thrust of SD and SR propellers in simultareactionTp.g= Tp + Tg,

To+r — thrust of SR propeller, in case of the alone actibSR propeller

Tp+o— thrust of SD propeller, in case of the alone actbSD propeller,

Tm— mean propeller thrusgy — Tor + Tpuo |

Vv — speed of model ship,

ARg, AR — resistance increments due to SR and SD propebpeogively, in case of the simultaneous
action of SR and SD propellers

ARp.r — resistance increment due to the simultaneousracfi®R and SD propellers

Upper index® ort" indicates that coefficient was defined uskgor Tp.rrespectively.

1. Introduction
1.1. The problem to be solved based on the model of sdlf-propulsion test

The doubleended ferry with the pushing propeller SR and the pulling propeller SD
is put in the selpropulsion model test. There are no problems insomiidg some mag
nitudes such as:

Tr To = Tpr=Tr+Tp
Ng, Np, Vi,

Ry is provided from resistance tests. Some other magnitudeslartgated, namellfp
andARp:r = Tp+r — (Ro — Fp).

The resistance incremefR; .z due to the simultaneous action of the SD and SR
propellers is to be split into the componefdifRz andAR, related to each of these pro
pellers. The determination of these components is the only problém $olved in
this paper. The task will be completed by definition and examimaf procedures
and additional assumptions.

1.2. Procedures

Resistance increment can be written in two different forms:
ARp.r =ARr + ARy, )
or

ARpir =Tosr— Ro—Fp) =Tr— Ro—Fp)r + To — (Ro—Fp)o. (2
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The first notation can be transferred to:

ARy AR,

1= .
ARD+R ARD+R

3)

The componentdR; and ARy in Equation (1) can be determined according to the
following formulae:

ARR = ARpir X (A)rs (4)
ARp = ARp:r X (A)bs (5)
where

(A)o and @)= denote the factors corresponding to assumptions.
According to the second notation (2):

Ry—Fp :(RO_FD)R +(RO_FD)D

1:(RO—FD)R+(R0—FD)D. ©6)
RO_FD RO_FD

The componentsRy— Fp)p and Ry, — Fp)r can be determined according to the folow
ing formulae:

AR: =Tr— (Ro—Fp) * A)r, ()
ARp =Tp — (Ro—Fp) x (Aj)o. (8)
This way two procedures were defined. The first procedurd.):

ARr1 = ARpir X (AR, (9)
ARb1 = ARo.r % (A)o- (10)
and the second one< 2):

ARz =Tr— (Ro—Fp) * A)r, (11)
ARp2=Tp — (Ro—Fp) * (A)o. 12)

1.3. Proposed assumptions

The considered assumptions are listed in Table.
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Table. Assumptions

(A)r = (A)o =

. . TR TD

j=1 based on thrust ratio (13)
TD+R TD+R

. . Tx Tp

j=2 based on thrust ratio (14)
TO+R TD+O

j=3 based on power ratio Lon Do (15)
PD PD

. f PDR PDD

=4 based on power ratio 16

J P PD(O+R) PD(D+0) ( )

. . Tx 7y

j=5 based on thrust ratio T T a7)

L . Por Pop

j=6 based on power ratio P, P (18)

The factorsA; andA; can be calculated using the measured valud,ofp, Ppr
andPpp from the model selpropulsion test with SR and SD propellers in simukane
ous action. The fraction&,, A4, As andAs can be calculated using the measured val
ues ofTo.g andPp o:5 from selfpropulsion test with SR propeller in action, and-val
ues ofTp+o andPp (p+o) from selfpropulsion test with SD propeller in action.

1.4. Possible combinations of procedures and assumptions

The first group of splitting methods is related to the procedaré. These meth
ods were composed by combining the procedure with six assumptions wbietical
determine the componemif; andAR; of the total resistance incremeXiRy .x:

ARgyj = ARpir % (AR, (19)
ARpyj = ARpir X (A)bs (20)
where

j — relates to each of the six assumptions.
The second group of methods is related to the procéduPe These methods were
composed alike by combining the second procedure with individual assumptions:

ARry = Tr— (Ro—Fp) x (A)r, (21)
ARpy = Tr— (Ro—Fbp) X (A)o. (22)

There are altogether 12 methods (i.e. procedures combined withpaissis;;)
that will be evaluated in this paper from the point of view ofulsess in propeller
design, investigation and verification.
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1.5. Prerequisitesfor selection of valid assumptions
First of all the methods have to be examined if they fulfil the basrequesite:
ARp.r= ARg;j + ARy, (23)

for i-th procedure and fgrth assumption. This condition states, that the sum of the
componentd Ry andAR must be equal to resistance incren®Rp. .
Next another prerequisite has to be analyzed. It can be writtenaagstol

ARgij=ARgyj, ARpy=ARpy. (24)

It means that thARy (or AR,) components determined according to the same assump
tion, j” in both procedures € 1 andi = 2) have to be equal to each other either un
conditionally or conditionally.

Another question is if the componehiR; (or ARp) calculated using the same pro
cedure (=1 ori = 2) and various assumptions has the same value:

ARgj = ARgi+n)
ARDij = ARDi(j+n) (25)
1.6. Nondimensional form of theresistance increment

The nondimensional coefficients are introduced similar to thesttrdaduction
fraction. They relate each resistance incremdtvith a magnitude that is constant in
the considered problem. The most suitable magnitudes are fheeshitancés, and
the total thrustp.rin the case where it is constant. The proposediciegits are listed
bellow:

AR, .. AR, .

t}fi/':&a t;ijzi’ (26)
' R, Tpir
AR, . AR, .

tgi;'zﬁa l{)i/:&a (27)
' R, ' Tpir
AR AR

lR — D+R , fT — D+R , 28

D+R Ro D+R TD+R ( )
AR AR

tg+0 = RD+0 H tg+0 = T o H (29)

0 D+0
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AR0+R
RO

AR
s = (30)
0+R

t§+R =
The valuesTg and Tp can not be used as reference magnitudes because they are

variable in the domains9OTg < Tp.r andTp.r = Tp = 0 in the considered problem.

2. Resistance increment split using the Ky; and K,; methods
When the assumptiofy = 1) is applied the sum of resistance incremé&Rs and

AR, is equal to the global resistance increm®R% .5 in both procedures= 1 and

i=2:

ARr+ARo1=ARoir, oy + 151 =lpips L+ o =tpips (31)

_ R R R T T T
ARro1+ ARo21= ARoire Iy Hipy =tpigs  Tror Hipa =lpig- (32)

In the case where the assumptjon 1 is used also the same valuesA& and
ARp are received in both proceduies1 andi = 2.

ARm1=ARmo1, 18 =8, thi =lhoys (33)
ARp11= ARpay, tﬁu = t§21, tle = t;n. (34)
3. Resistance increment split using the Ky3 and Koz methods

When the assumptiofnj = 3) is applied the sum of resistance incremé&Rg and
IA;RDZ is equal to the global resistance increm®&R}.r in both procedures= 1 and

ARR13t ARp13= ARp g, t11§13 ‘ng = t§+R ) t1€13 +t£13 = t£+R ) (35)

ARg2s+ ARp23= ARp ., tros + 1023 =lpig s tros +1pa3 =lpg - (36)
However, the shares of components from methds$ K,z are the same only con
ditionally. The conditionPD%) =% usually does not hold. The valuag, cat
DD D

culated using the assumptipsa 3 in both procedurds= 1 andi = 2 are then different.
Consequently, different are also the valueAR§:
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ARr137 ARRe3, tfjean * t§23 ) t1€13 # t1€23 ; (37)
ARp137# ARpa3, tgl3 * tgzz.- tLTm # t[Tm- (38)

4. Conclusions

* The prerequisitdRg; + ARpjj = ARp.r (Or tgj + tp; = tpriN terms of nondimen
sional coefficients) is fulfilled unconditionally only when thewamptionj = 1 orj = 3
is used in any procedure 1 ori = 2.

* In both procedureb= 1 andi = 2 the same values &fR; are receivedfRz1 =
ARpyy OF try; = trg) and the same values AR, are received XRp1; = ARk, OF
to11 = tpo1) ONly when the assumptigrr 1 is used.

* When the assumptign= 3 is used the values AR; andARy are usually differ
ent in both proceduras= 1 andi = 2 (ARri3 # ARrez aNdARp 3 # ARpps, OF triz # tres
andtp;s # tpz3).

» Considering the prerequisites (23) and (24) it can be concludelatinabf them
are satisfied simultaneously only when the assumptiof in the procedure= 1 or
i =2is used.
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Rezultaty wyboru kryterium podzialu globalnej zmiany oporu kadluba
na skladniki zwigzane z obu $rubami promu symetrycznego

Pomierzona w modelowych badaniach napgedowych proméw symetrycznych globalng
zmiane oporu kadtuba ARp.g wskutek dziatania $ruby rufowej SR i dziobowej Shhalezy po-
dzieli¢ na sktadniki ARg i ARp zwiazane z kazda ze $rub. Podziat taki mozliwy jest pod warun-
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kiem przyjecia dodatkowych zalozen. Praca analizuje mozliwe zatozenia w dwu grupach pro-
ceduralnych.

Procedura pierwsza= 1, wiaze bezpo$rednio zmiany ARz i ARy z hipotezami zmiarPro-
cedura drugd,= 2, wiaze zmiany (Ry — Fp)r i (Ro — Fp)p z tymi samymi hipotezami zmian.

Hipoteza pierwszaj=1, zaktada proporcjonalno$¢ zmian z obu procedur do mierzalnych
naporowTg i Tp. Hipoteza drugaj, = 2, zaktada proporcjonalno$¢ zmian z obu procedur do
mierzalnych mocypr i Ppp.

Rozpatrie si¢ kryteria zmian okre$lane jako Kj. Sformutowano dwa warunki, jakie spet-
nia¢ winny poszczego6lne kryteria akceptowalne do stosowania.

1. ARR+ ARp = ARp.r,

2. ARj=ARgy, ARpyj=ARpy.

Stwierdzono, ze oba warunki sa spelnione, gdy stosuje si¢ kryterium Ky i kryterium K.
KryteriaKys i Koz spetniaja jedynie warunek pierwszy.
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Simplified RANSE simulation of a side launching

M. KRASKOWSKI
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In some Polish shipyards, building small vessdde RHTS, fishing vessels and container feeders,
side launching is the basic method of launchinge Busafety reasons, in some cases Ship Design and
Research Centre S.A. is asked to perform the ntedtd of side launching to estimate the followirg p
rameters of the hull motion during the launching:

« Heel angles-too large heel angle causes the risk of capsiirtgtting the quay.

« Minimum distance between the cribbing of the halll #he bottom of the basin.

A series of such tests for 11% container ship were performed lately. On the otfaad, a numerical
method for solving the flow around moving bodiessveaiccessfully implemented by Ship Design and
Research Centre S.A.till now it was used for evaluating the flow arauthe ship hull free to trim and
sink. Satisfactory results of these computatioreraged to apply the numerical method for theipred
tion of hull motion during side launching, and firet attempt & such computations is presented below

Keywords:CFD, side launching, fluidtructure interaction

1. Method

The flow solver COMET, extended with the ugeogrammed rigid body motion
module, was used for the computations. The basic features sifrihkation were the
following:

» the RANSE model of the flow and the finite volume method were applied,

» the VOF method was used to solve the-Badace flow,

* the dynamic mesh, moving rigidly together with the hull, was usetable the
motion of the hull,

* the forces obtained from the flow solver were used to solveghations of mo
tion.

Figure 1 presents the sketch of the modelled situation assvéike location of the
global coordinate systeXiYZ(the X axis points from stern to bow).

Due to complexity of the problem, it was radically simplifiadhe first approach.
The following assumptions were done:

* the presence of the quay was taken into account only as tseeaionof the me
tion in the initial phase of the launching. Its influence of the flow watented,

 the geometry of the cribbing was greatly simplified — only tleenehts causing
the largest damping of the rolling were considered,

 only 3 degrees of freedom were considered in the model of motion. Bnisr
cally simplifies the computer code for solving the motion.
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Fig. 1. Modelled situation

Figure 2 presents the mechanical model of the motion.

Fig. 2. Mechanical model of the motion

As shown above, the slipway is modelled with the pivot bearing of finiteesst

The following denotations were usedHigure 2:

Fs— force exerted on the hull by the slipway,

Fw — force exerted on the hull by the water.

ForceFy is obtained from the flow solver, and the fof€gis calculated by the
rigid body motion module basing on the current location of the hullodtibn in the
coordinate system connected with the slipway is fixed, andréstin is perpendicu
lar to the skids. The value of this force is proportional to the difieof the bearing.

The forces exerted by the slipway and the water are reduced to the gravityofent
the hull with cribbing, and thus they produce some morigniThe equations of the
motion are solved for the gravity centre, so they can be written imntipéest form:
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d’Y _F, d’°Z _F, d’p M,
a*  m’d* m’d* I,

: (1)

where

¢ — is the angle of heel,

m— hull mass,

Ix — hull moment of inertia,

Fy, Fz — components of the sum of forces exerted by the water andghvaglire
duced to the centre of gravity.

The following initial conditions were applied:

* location of the hull: the gravity centre of the hull is located directly abovenithe
of the slipway,

* initial velocity was taken from the model test (it was asslithat it is possible
to estimate the hull velocity in this location correctly ahdstit is not necessary to
solve the motion from the moment of release).

Numerical integration of these equations is conducted with thefuthe explicit
scheme. The algorithm of the motion computations can thus be ddsiritiee fol
lowing way:

a) Compute the displacementsyimndZ direction using the initial velocity compo
nents:

AY = V()Y X At,
(2)
AZ = Voz X At.

Compute the flow for the new location of the hull.

Compute the force exerted by the water and the reaction of thegl{jpasing on
the deflection of the bearing).

b) Compute the translational and angular acceleration basing otdtiralues of
forces:

FYold
y=——
m
F
Zold
a, =—=%, 3)
m
_MXold
Ex =
1
X

Compute new values of velocity:

Vy = Vyoq + ay X At,
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Vz =Vzoq +az X At, (4)
Wx = Wxold T xold X Al.

Compute the displacements:
AY =Vy x At,
AZ =V7 X At, (5)
Ap = wx X At.

Compute the deflection of the bearing and its reaction.
Compute the force exerted by the water. Average the wat@sfaging the values
from the current (new) and old time step (old):

I:Yw= O-5q:Yw_new + FYw_oId)1
FZW = 0-SQZZW_new + FZW_O|d)1 (6)
MXW = o-54\/|Xw_new + I\/IXw_oId)-

Note averaging the water forces in two time steps turned out tetessary to assure
the stability of the computations. On the other hand, this procedluse not be ap
plied to the slipway forces — this would produce increasing oscillatioihe dfull slid
ing on the bearing. Each component of the force is thus computed as follows:

F= Fs + O-S(Fw_new"' FW_0|d)1 (7)

¢) Repeat step 2 until desired time of simulation is reached.

As mentioned above, the numerical mesh is moving as a rigid boethéogvith
the hull — there is no relative motion between the nodes ahésh. The idea of the
computations with the dynamic mesh is presentdsigare 3.

The slipway geometry is not taken into account in the meskprétsence is only
considered in the motion model by adding its reaction to the motigatieqs. InFig-
ure 3, the slipway is drawn to make the sketch clearer.

The flow in the moving domain was solved with the following settings:

* time step was set to 0.081

« five iterations per time step were executed,

* the discretization scheme for the convective terms in momertuations was
Second Order Central, blended with First Order Upwind with the blending ta8to

* low undefrelaxation of the velocity was applied, as the taeurate results are
required.
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flow domain

slipway™

water

Fig. 3. Idea of the computations with the dynamasm
2. Results

2.1. Two-dimensional test case

Before performing the simulation of the hull launching, a 28 tase was com
puted in order to check the correctness of the-ceding.

The boundary conditions were:

* hydrostatic pressure on the boundaries of the domain.

* no-slip wall condition on the hull and the parts of the cribbing.

The proposed method turned out to be robust and the obtained nfotien hull
section in water was looking physically.

The Figures below show the example results in two chosenpiiings of simula
tion.

Fig. 4. Results for 2D test case

2.2. Three-dimensional case

After obtaining qualitatively correct results of the 2D gsa, the mesh for 3D
hull with simplified cribbing was generated. It was a bistkictured, hexahedral
mesh containing about 1 million cells, and it was generated with ICEM CFD HEXA.
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il

Fig. 5. Mesh for the ship

The range of the domain dimensions, in the ship coordinate system, was:

e X:—L -2 (L is the hull length),

o Y.L —L,

« Z-L-04a.

Figure shows the surface mesh on the hull with parts of the mgitasid chosen
sections of the mesh interior.

As can be seen above, the mesh of 1 million cells, covering luth sf the hull
and large space above the hull, is quite coarse. It is fio¢den any particular hoti
zontal plane, as the location of the free surface changes rapidly cheisgriulation.

The simulation was carried out for model scale 1:40 in ordendble the direct
comparison of the results. The figures below show the examgl#sén two chosen
moments of the 3D simulation.

Fig. 6. Example results
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Figure 8 shows the comparison of the computed and measured tyajgictaro

characteristic points, shown kigure 7.
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Fig. 8. Comparison of the computed and measurgsttoay
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The following figure presents the heel angle asnatfan of time. The first and sec
ond maximum of the heel angle are most important for the safety ohiagnc

2.3. Conclusions

Comparison of the CFD results with the experiment yields ahewfing conclu
sions:

* the rotation of the hull around the edge of the slipway in the siionjatom
pared to the experiment, is delayed, which means that the appliet ghousion in
troduces some unphysical inertia and has to be improved,

* qualitative comparison of the trajectories and heel angt®sssthat the restoring
forces and damping forces are modelled quite correctly despiteotlrseness of the
mesh, which is shown in the comparison of the computed and measured el ang
(upto~0.85),

« for the simulation time larger than 0.8 s, large divergenabssrved between
the computation and the experiment, and this is probably due to tleetimegof the
quay in the simulation — after that time the wave reflectinoghfthe quay starts to-in
fluence the hull motion,

« athough the first results are not accurate enough at the momesgpisshat im
proving the mechanical model and increasing the mesh resolutiopraxide a us
able method for the prediction of the very initial stage of sidedhaing, and this stage
is the most important for the safety.
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Uproszczona symulacja wodowania bocznego z uzyciem metody RANSE

W niektorych polskich stoczniach, budujacych mate statki takie jak AHTS, statki rybackie
i mate kontenerowce (feedery), wodowanie boczne jest podstawowa metoda wodowania. Ze
wzgledow bezpieczenstwa, w niektorych przypadkach Centrum Techniki Okrgtowej otrzymuje
zlecenia na wykonanie badan modelowych w celu oszacowania nastgpujacych parametréw ru-
chu kadtuba podczas wodowania:

* katow przechylu — zbyt duze katy przechylu stwarzaja ryzyko wywrocenia statku lub
uderznia burta w nabrzeze,

* minimalnejodlegtosci migdzy podbudowa kadtuba a dnem basenu wodowaniowego.

Ostatnio prowadzone badania tego typu dotyczyly kontenerowca o dtugosci 115 m. Jedno-
czesnie Centrum Techniki Okretowej z powodzeniem wdrozylo metode obliczania przeplywu
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wokot poruszajacych si¢ ciat —do tej pory uzywana do obliczania optywu swobodnego kadtuba
statku (z uwzglednieniem dynamicznego trymu i osiadania). Zadowalajace wyniki tych obli-
czen zachgcity do wykorzystania opracowanej metody numerycznej do prognozowania ruchu
kadtuba podczas wodowania bocznego. Pierwsze wyniki takiej symulacji zaprezentowano

w niniejszym artykule.
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The paper presents investigations of statisticktioms between main design parameters of the
SWATH ship hull shapes, carried out on bibliographidata of more than eighty ships. The statistical
relations are presented in the form of histografmstap lengthL, length to breadth ratib/B, length to
depth ratioL/H, length to pontoon diameter ratigD. Also approximated expressions are presented of
the relations between the ship length and vertitsranceGap and between draugfitand pontoon di
ameterD. The presented statistical expressions, suppledesith assumptions about relations between
main dimensions and derived dimensions, may be fgedetermination of the fast SWATH ship main
design parameters at the preliminary design stageay be a basis for rational selection of the eaofy
variation of main dimensions in a SWATH ship hiibpe series.

Keywords:ship design, new types of ships

1. Introduction

In the preliminary ship design two basic methodologies are tisedine based on
a parent ship and that based on statistical data workedooutfn appropriate number
of ships of the same type as the ship being designed. Tisticddiased methodology
is particularly useful when detailed information on the parent shipsisimg.

Collecting the required statistical data, especially in the case dlypmal ships, is
often difficult due to the data being scattered over theatitiee or not published at all.
With the SWATH ships it is even more difficult as it is av®olution and relatively
few ships have been built so far. The paper presents sttistlations of the main
design parameters of SWATH ships, particularly main dimessimased on data eol
lected from the available bibliographical sources [1-24]. Tatstics presented here
may be used in the preliminary design of SWATH ships or in deyiai series of
shapes e.g. for systematic testing of resistance or seagoing qualities

However, the set of available data on the existing shipeduout to be too small
to allow statistical evaluations. The data was therefopplemented with the infer
mation on ships, which had been a subject of design studies. The conntine sta
tistical sample of SWATH ship parameters, contains data of manecihty ships.
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2. Histograms of the selected hull shape parameters

The collected data was used for statistical evaluationletteel parameters, pre
sented in the form of histograms, in order to establish the sawfgeractically used
hull dimensions and their ratios.

The ship length. histogram presented in Figure 1 illustrates the frequencp-of a
pearing in the sample of ships with the length falling into a given range:

HISTOGRAM L

/

10 20 30 40 50 60 70 80 90 100 110 120
Length L [m]

Fig. 1. Histogram of the SWATH ship lendth

The histogram in Figure 1 shows that great majority of SWARkKbs (if ranges
with the smallest numbers are dropped) have lengths in the 20 tmett@fs range.
This result coincides with similar evaluation made by timeefican Bureau of Ship
ping [2], their publication giving a maximum length of about 130 m.

HISTOGRAM L/B
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Fig. 2. Histogram of the/B values ér SWATH ships

The L/B ratio is an important parameter both for classical shipsf{itences sta
bility, resistance, cubic capacity) and for tviall ships. But in SWATH the value of
this ratio is chosen mainly due to functional reasons — the reqcingjo deck ar
rangement. A separate question is the breadth of underwater bodigidistance
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between pontoons based on stability requirements. The histogramtedeseFigure
2 shows the range of practically used valuds/Bfratio.

The choice of depth is based mainly on the stability and seagointy geglire
ments — for instance ensuring a sufficient vertical cleaaThe histogram presented
in Figure 3 shows the range of practically used valuégtbfatio.

HISTOGRAM L/H
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Fig. 3. Histogram of the L/H values for SWATH ships

An important design parameter for twhnll ships is the ratio of ship breadsho
deck box deptliid (parameter influencing the overall strength of ship). Biéd his-
togram obtained from the collected data cannotlmeses for statistical inference. Preba
bly some of the causes of a considerable dispersion of the parametenvayues:

« different functional types of ships in the data list,

« different structural materials: mild steel, high tensile steemadium, GRP,

* variety of ship hull structure layouts,

« differentiation of design assumptions of ships in the data list.

HISTOGRAM Lp/Dp
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Fig. 4. Histogram of the pontoons slenderigg®p for SWATH ships

The B/Hd parameter value may be based only on the established mean Vaue. T
mean value of the ship breadth to deck box depth Bakiol for ships in the data list is
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about 7.5. The pontoon slenderness defined as the ratio of pontoon length to cross
section area is an important design parameter of SWATH shigs.eValuation of
practically used values of this parameter, presented in thedbam equivalent di
mensionless ratio of pontoon length to diamef@bp, is shown in the histogram in

3. Auxiliary relations

Apart from the histogram presented in Figure 3, the followingioglanay be used
to determine the ship depith

H=T+Hd+Gap. (1)

The unknown values on the right hand side of the equation are diaagttclear
anceGap. The size of clearance is usually determined from the desigimptions-
based on the region of ship operation and the maximum sea stat¢hetsnp is al
lowed to leave the port. In that ca@ap should be treated as a given value. ©bvi
ously, the size of clearance is correlated with the shipHehgbrder to determine the
clearance versus ship length relation an approximation function was found

Gap=0.37- L°% (2)

which is illustrated in Figure 5.
As it can be seen from the collected data, the SWATH draught is senctinad the
pontoon draught to diameter rafi¢Dp fits into a narrow range of 1.2—-1.5:

T=(1.2-1.5) Dp, 3

which on one side comes from limiting the maximum draught and ontibe site is
connected with minimizing the wave resistance in the case of fast shi

=1

In]

SWATH GAP
\

i} 20 40 &0 80 100 120
SWWATH Length L [ m ]

Fig.5. Approximated size of clearanGapas a function of ship length



Statistical data of hull main parametersuseful 165

4. Conclusions

The set of parameters presented above may be used to unequidetadipine
a configuration of simplified SWATH hull shape based on four ieddpnt main di
mensions of the hullL, B, Hd, Dp, draughtT and vertical clearanc&ap The pre
sented statistical expressions, supplemented with assumptionngelabans between
main dimensions and derived dimensions, may be used for determinétibe o
SWATH ship main design parameters at the preliminary desagie sir may be a ba
sis for rational selection of the range of variation ofrm@imensions in a SWATH
ship hull shape series.
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Ocena statystyczna glownych parametrow projektowych
ksztaltu kadluba statkow typu SWATH

W pracy przedstawiono badania dotyczace statystycznych relacji gtéwnych parametrow
projektowych kadtuba statkéow typu SWATH, wykonanych w oparciu o zebrane w literaturze
przedmiotu dane o ponad osiemdziesi¢ciu statkach. Zalezno$ci statystyczne przedstawiono
w postaci histograméw: dlugosci statku L, histogramoéw wartos$ci stosunkéw dtugosci do sze-
rokoéci L/B, dtugosci do wysokosci bocznej L/H, dtugosci ptywakow do ich érednicyL/D. Po
nadto przedstawiono zalezno$ci aproksymacyjne przedstawiajace relacje miedzy diugoscia
statku, a jego prze$witem Gaporaz zanurzeniem, a $rednica ptywakow D.

Przedstawione zaleznoéci statystyczne, uzupetnione zatozeniami o relacjach pomigdzy wy-
miarami gtdéwnymi i wymiarami pochodnymi, moga stuzy¢ do wyznaczania gtéwnych parame
trow projektowych statkow typu SWATH na etapie projektowania wstgpnego lub stanowic
podstawe do racjonalnego doboru zakresu zmienno$ci wymiarow glownych serii ksztattow ka-
dtuba statkow typu SWATH.
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This paper presents the hydrofoil resistance moats which were performed at Ship Design and
Research Centre (CTO S.A.). The measurements \aetiedt out in the large towing tank of Ship Hydro
mechanics Division. A four meters long wooden hyoitanodel was tested. The model was equipped
with two lifting foils and a stabilizing front failThe measurements were conducted for a combinafion
three values of static trim and two foil anglesatiick. A new methodology of shaft angle optimiati
with vertical force simulation is presented. Thagiation system is an integral extension of thedxad
dynamometric system for resistance measuremenis.paiper presents some aspects of the test method
ology. The results are briefly presented in thenfaf standard nedimensional coefficients in the func
tion of volume Froude number.

Keywords:hydrofoil resistance, model tests

1. Introduction

Hydrofoils are nowadays not so popular like in 60’s and 70’s but some caapani
from all over the world are still interested in design, préidncand operation of Ry
drofoil vessels. Like in a standard design chain the modelaestsecessary to obtain
a vessel, which is hydrodynamically correct. But in the cadeydfofoil vessels not
only the hull shape is important — there is also the question sf file designer
should choose how the foils will be arranged, what shape they wél étay Moreover
an important issue is what geometrical angle of attackoiteeshould have. Of course
attainable are mathematical models and simulators of hydgddibrmance, which
include among other things the attack angles of foils agameder, but like all the
computer results they should be validated during the model tests.

The Hydromechanics Division of the Ship Design and ResearchieCalsb took
a part in research and development of the hydrofoil vesselscliosa cooperation
with the Vietnamese Shipbuilding Science and Technology IrestituHanoi a re
search project was established. The project consisted whtgan computer simuta
tions of hydrofoil vessel performance and of model tests in calm and rough water

During this project a new methodologies of model test performimtyresult ex
trapolation were invented.
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2. Methodology
2.1. Model tests

The described resistance tests are in general simigast@ndard resistance tests of
fully displacement ships. Horizontal component of resistancenveasured by exten
sometric dynamometer OPA The value of dynamic trim angle was obtained from
Crosbow — a multicomponent angle and acceleration converter.

In the case of missing full definition of propulsion geometry,ipalarly the angle
of shaft, it is important to have a tool for quantitativereation of the influence of
lacking information on the resistance and dynamic trim atgiined shaft and a lar
ger trim angle in comparison with conventional ships are producwegtizal compe
nent of the thrust force, which is strictly connected with giepénclination. In the
hydrofoil vessel model tests an important role plays alsodtienaof the air, which,
by higher speed of the vessel, will give an apparent effect on the mesista

Difficulties with elimination of the tunnel effect, which miplies the air velocity
in the measurement space about 1.7 times in comparison to the tmasiirge speed,
were the reason for an omission of the aerodynamic effect dhengadel tests. The
short time of the research project was the reason only forettieal component of
towing force simulation, without introduction of additional mentioned factor

RAW FZ F’F

Fig. 1 Forces acting on a hydrofoil vessgk, R- — resistance of rear and front fdi,y — air resistance,
Fr —towing force F, — vertical component of towing forcg,— angle between shaft and base line,
6—trim angle,G — gravity force Ry — total resistance, wheRyy = Rg + Re + Raw

The vertical force=z generated by the sloping shaft line and by the dynamic trim
angle is introduced in the used proportional force simulator:

Z(t) - Fz < &, (1)
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Z(t) = Rmu(t) x tg (S + 6(Y), 2

where:

Z(t) — dynamically measured vertical force,
& — minimized value.

Force gauge

Carriage

Resistance
Dynamometer

Inclinometer

Model bottom

Fig. 2 The scheme of the measurement system with veftiozé simulatorn — servo motor revolutions

According to the additional tests on a rough sea the simulamcemapleted with
the differential term. The constants of the proportiahtierential (PD) simulation
system were selected on a experimental way. In the hydrofsskel/eynamic occur
rence this approach was sufficient for suitable trackimegipion during model accel
erating with transient movements. Application of an elasiimponent in the simula
tion system has allowed an omission of the integrating elemethie control algo
rithm. This was necessary to separate the influence of thagaairiage vibrations.
In the simulating system a stepper motor was used.



170 M. REICHEL, A. BEDNAREK

2.2. Extrapolation to full scale

In general, the result extrapolation method from the model tsdalke is based on
the same rules as for the conventional ships, i.e. testgesadtived in the form of the
total model resistancBr, measured at the model moving with subsequent constant
speeds/y, were transformed to the ship scale on the base of an assumption tret this
sistance is represented by viscous and by residuary (wavegraid wave breaking)
resistance.

Cim = Cem + Cru + Caws (3)

where:

Crv — total resistance coefficient,

Crv — frictional resistance coefficient,

Cru — residuary resistance coefficient,

Caw — air resistance coefficient.

But in the case of hydrofoil vessels some modifications irstéwedard method are
made.

For all of calculations in the case of hydrofoil vessels thamel Froude number
instead of standard Froude number is used:

o=V 4)
nv /gvm
where:

V — ship speednji/s],

[J — volume displacementr{’],

g — gravity acceleratiomj/s’].

For the calculation of equivalent flat plate frictionasistance coefficient the
PrandtiSchlichting formula is used:

0.455

N . L 5)
" (logR,)*"
where

R, is the Reynolds number.

The hydrofoil vessel frictional resistance coefficienb@sed on the algebraic sum
of the frictional resistance of hull, foils and foil struascording to the following fer
mula:

C'F = HK[CFO + A(jF] + Hpn Z CFpn + stp Z CFwsp ' (6)
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where:
Cron, Crugp — frictional resistance coefficients of foils and strutcelated using
the PrandtiSchlichting formula,

ACr — roughness allowance,
Hk, Hon, Husp — COefficients dependent on the hull, foils, struts wetted surface area

3. Experiment data

For the experiments a wooden, four meters long hydrofoil vesdelfwiy sub
merged, low immersed foils was taken.

3.1. Hydrofoil vessel model

Table 1. Hydrofoils data (rm?, m®)

ship [mode
Length
between perpendiculars | 32.80|3.976
Length on waterline 33.32(4.039
Breadth moulded 6.60 |0.800
Breadth on waterline 6.28 |0.761]
Draught: fore 1.12 |0.136
Draught: aft 1.12 |0.136
Displacement volume 64890|0.115|
Wetted surface 160.252.354
Block coefficient 0.277
Midship section coefficient  0.524
Prismatic coefficient 0.529
\Waterplane coefficient 0.688
wL 2500 I WL 2500
\\ \ | T A }
wl 2000 — 7% WL 2000
M~ —1 7
Wl 1500 i M - ™ A wL 1500
SN B
| S
wl 1000 ERR}E‘\\\\“ =] ] wl_ 100D
WL 500 I e e \\Q g WL 500
Bose Line Bose Line
Che CpDS CpR4 CD3 Che Cpl cpl Chz rCOh2 Ch4 CHS Che

Fig. 3 Hydrofoil vessel hull body lines
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A

Fig. 4 Geometry of foils; downwards: rear foil, stabitigifront foils and front foil
3.2. Experiment plan

The tests were carried out for constant initial displacgier three values of
static trim and three combinations of foil angle of attackpading to the following
conditions:

Table 2. Hydrofoil model conditions for resistanests (°)

Trim Geometric angle of| Geometric angle o
attack of front foil attack of rear foil

1.0 +1.0 0.0

0.3 +1.0 0.0

15 +1.0 0.0

15 +1.0 -0.5

1.0 +1.0 -0.5

0.3 +1.0 -0.5

0.3 +1.5 -0.5

1.0 +1.5 -0.5

15 +1.5 -0.5
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3.3. Test results

A part of the test results is shortly presented in a form of a table anglioasfiwith
standard nowlimensional resistance coefficients. The trim angle is alsonieske

Table 3. Results of hydrofoil model resistancestest
V(kn) | Vu(m/s) | Ry (N) | 10°Cpy | Te (M) | Ta(m) | L (M)

5.6 1.00 13.63 7.505 | 0.082 | 0.178 | 4.033
7.3 1.31 24.11 7.818 | 0.082 | 0.180 | 4.035
8.9 1.60 36.73 7978 | 0.078 | 0.183 | 4.031

10.6 1.90 52.79 8.329 | 0.064 | 0.187 | 4.001
12.3 2.20 73.76 8.945 | 0.042 | 0.194 | 3.931
14.0 2.50 95.72 9.525 | 0.012 | 0.200 | 3.773
15.7 2.81 110.10 | 9.270 | -0.011| 0.195 | 3.549
17.3 3.10 119.46 | 8.719 | -0.029| 0.192 3.307
19.0 3.40 125.56 | 8.367 | —-0.047| 0.184 | 3.059
20.7 3.71 116.55 | 7.736 | -0.048| 0.162 2.939
223 4.00 112.46 | 8.491 | -0.057| 0.144 | 2.729
23.8 4.27 104.34 | 8.327 | -0.054| 0.120 | 2.559
25.7 4.60 87.75 7.676 | —0.049| 0.087 2.201
27.4 4.91 80.25 7.498 | —-0.071| 0.069 1.231
29.1 5.20 77.76 7.107 | -0.076| 0.041 | 0.359
30.7 5.50 76.12 6.417 | -0.076| 0.022 | 0.000
325 5.82 76.18 5.873 | -0.079| 0.007 | 0.000
34.1 6.10 77.39 5.534 | -0.085| —-0.002| 0.000
36.2 6.49 82.02 5.337 | -0.089| —-0.009| 0.000
37.9 6.79 85.69 5.203 | -0.088| —0.008 | 0.000
40.0 7.16 98.33 5.531 | -0.090| —-0.011| 0.000

RGO EY ‘ ‘ ‘ ——RTM oy (810

140 1 L 7,0

120 L 6,0
100 1 X0
80 1 L 4,0
60 1 L 3,0
40 - 2,0

20 | L 1,0

‘ ; ; ‘ ; ‘ ‘ 0,0
0 1 2 3 4 5 6 7 vm[m/s] 8

Fig. 5. Model resistance and trim angles for 1t6hf;, 0.0° rear foil angles of attack and 1.5°%ahitrim
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Fig. 6. Resistance of hydrofoil vessel model extrapolabefulll scale

4. Methodology and result analysis, comments

The use of vertical force simulator in resistance expersnbeas allowed the de
termination of influence of the force generated by the inclstedt and propeller on
the dynamic trim values and on the resistance. The correcttiopevfithe system in
the resistance tests and in the dynamic experiments on the rough sea showhibat
basis a full simulation system of trimming moments could beduced to the hydro
foil vessels model tests, what will enable the full quamtifan of the acceleration
problem of hydrofoils in the transient phase.

The extrapolation method seems to be a rational method for &lé sesistance
prediction, but a validation with full scale experiments is necessary

During the research project a comprehensive method for hydraddibintests and
result extrapolation was developed, what may be a good impulserfoerf experi
ments and projects.
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Badania modelowe wodolotéw w Centrum Techniki Okretowej S. A.

Artykul przedstawia badania modelowe oporu wodolotow przeprowadzone w Centrum
Techniki Okretowej S.A. Badania zostaty przeprowadzone na duzym basenie holowniczym
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Os$rodka Hydromechaniki Okrgtu. Eksperymentowi poddany zostat czterometrowy, wykonany
z drewna, model wodolotu, wyposazony w dwa platy nos$ne oraz stabilizujacy ptat dziobowy.
Pomiary oporu przeprowadzone zostaty dla kombinacji trzech wstgpnych katow przeglgbienia
i dwoch katow natarcia ptatow nosnych. Artykut zasadniczo przedstawia badania modelowe
w aspekcie metodologicznym. Przedstawiono nowo wdrozona metodyke badan, umozliwiajaca
optymalizacjg kata nachylenia linii watow napgdowych, zwiazana z symulacja sktadowej pio-
nowej sity naporu. Krétko przedstawiono takze wyniki pomiaréw w postaci standardowych,
bezwymiarowych wspotczynnikéw oporu w funkcji liczby Froude’a.
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Aircraft ditching: afreesurface /free motion problem
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Within a national research project on aircraft dyi@loads and resultant structural response the tas
was given to investigate aircraft emergency lansliog water, generally calléditching’. The work was
initiated and funded by Airbus Industries. As cofled experiments for such events are costly affd- di
cult to extrapolate to fulscale, the study at HSVA was completely based onpoter simulations. The
commercial RANS solvetfComet was used to determine the path of the aircraklage from initial
conditions in air given at= 0. After being released in air, the aircrafteiagie was free to react on the
forces and moments developing at the free surfacerder to simplify the approach the hydrodynamic
forces were derived in all details by the RANS dation while the aerodynamic forces and moments
were approximated. Simultaneously, the simulatioiese performed at the TUHH using the program
“Ditch”, based on an extension of the “momentum methodéldped by von Karman and Wagner. The
results are presented in this paper for generigldge shapes called, D- andJ-Body in terms of motion
histories and section forces.

Keywords:aircraft ditching, fuselage, 6 degrees of freedfree surface

1. Introduction

In aviation, planned ditching is a controlled emergency landingn aircraft on
water. Hence, during ditching the pilot keeps some control oveaitplne and is
able to perform a landing close to instructions given in tightfinanual. Regulations
require that the manufacturer of an aircraft has to proveuttvévability of the ditch
ing for the passengers and crew and a safe post ditching egress.

When the aircraft structure gets into contact with the dense mediwen Wwigh im
pact loads and resulting accelerations occur along theddiffstructural aircraft com
ponents like the fuselage, wings, tails, engines, etchifihieloads possibly lead to dam
ages of the local and global aircraft structure and togetitarthe violent accelera
tions present a substantial risk of severe injuries fosgragers and crew. Thus the
task in ditching investigation is to determine the loads andomofcting on the air
craft during water impact. Fudicale experiments on aircraft ditching are too risky and
prohibitive expensive. It remains to investigate the probleéheeiexperimentally in
model scale or to develop and apply numerical agbesathat deliver equivalent data.
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Soding [1] developed the computer progrébitch” for this task. The method eal
culates the hydrodynamic forces acting on a section grid ofirtrafaamain compe
nents (e.g. fuselage, wings, tails and engines). The force c¢alouis based on an
extension of von Karman’s [2] and Wagner's [3] “momentum methodd@aating for
ventilation and cavitation effects with the help of empiri@ators. This approach,
based on a combination of an analytical method and empiricatSadtoived from
test data or evaluation of other numerical methods is temsethybrid method”.
Aerodynamic forces, engine thrust and drag forces of minorafticomponents (e.g.
landing gear and landing gear bays) are modeled as welfoildes acting on the air
craft are integrated and introduced into motion equations for 3aetegfdreedom in
the vertical symmetry plane of the aircraft.

A related approach was derived by Shigunov [4] considering a Wagpeepres
sure distribution along the sections. Summaries on the approachgspéoatians are
presented by Shigunov [5] and Bensch [6]. A merged version of thenetlwods ad
ditionally considering fuselage and wings as elastic fieiéggnent beam models was
developed by Lindenau [7]. Here the treatment of the equatfanst@mn follows the
added mass approach given by Séding [8].

“Ditch” is a fast method, i.e. the simulations run in the order oftirealon a nor
mal PC, and has been validated by a number of seaplane and ditgbémgnents.
Soding [9-10] also used a simplified version of the ditching simounlgirogram to
calculate the motion of planing boats in waves.

Extending the scope of the hybrid approach, réceletveloped CFD methods cap
ture the dynamic behavior of the free surface. iewvof this additional capacity
a sequence of simple fuselage shapes was analyireptiie RANS solveftComet to:

* establish a general experience on RANS simulations of a comibéeedurface /
free motion problem.

» support the enhancement tbitch” with respect to the hydrodynamic force
modeling, i.e. especially regarding the empirical models and factoveriiitation and
cavitation effects.

The RANSE solvef Comet provides a free surface model based on the velume
of-fluid approach discretised with the HRIC scheme [11]. To prelecipath of the
fuselage we made use of a rece@bmet module with the acronyrf6DoF" which
adopts the developments of Xikgeding [12].“6DoF stands for‘6 Degrees of
Freedom” and allows to simulate free, i.e. unguided, motions.

There are alternative approaches to simulate a free matianfree surface. The
Smooth Particle Hydrodynamics (SPH, 18]) has advantages for the coupling of
fluid forces to a structure model. On the other hand the-i@BtHod seems to fail to
predict suction forces, which are the driver of the pitattion during the impact,
where the forward velocity is still considerable high.

To compare the different computational methods, the NACA repé¢2929 [15]
gives a well documented basis at which experimental ditchimdfsesf generic fuse
lage shapes are presented. From this report, we selbetstidpes calledl-, D- and
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J-Body to compare simulations with test results. In the ditchésgstthe fuselages
were equipped with identical highing andT-shaped tail configurations. The com
plete aircraft models were landed in a water tank at speedsof 30, 40, 50 and 60
feet per second. A higbkpeed motion picture camera served to trace the motion. The
motion-picture records were analyzed to obtain time histories ofdat speed, pitch
attitude and center of gravity height above water for the model.

2. Computational setup for viscous “Comet” analysis
2.1. Simplifications

The following simplifications are made to focus the complexukation to major
effects, rather than trying to be too complex. A rigorous numerical agptoaircraft
ditching should solely need the final configuration in air (e.gssnmoments of iner
tia, axial speed in air, descending speed in air, flap settings and pitch attittidie¢an
simulate the subsequent motion. When usi@gmet we introduced a simplification
on the aerodynamic side. In the viscous analysis we accoungdy fenithe fuselage
geometry and replaced the main wing and the horizontal tailelogity and pitch
dependant external forces and moments, determined by the same amdigied in
“Ditch”. This helped to compare the results in view of the hydrodynamic acting.

2.2.6DoF implementation

One may divide the loads acting on and around the CG of the fuselage into [12]

» force due to gravity,

« external forces/moments (here representing the aerodynamic response)

* reaction force-{m a) on directional acceleration and reaction moment on angular
accelerationn and

« surface forces from pressure and shear force integration.

-
PRESSURE

w
FREE SURFACE A5

o NLET

Fig. 1. Boundary conditions, velocity componefiisgces, moments and coordinate system
(right picture also refers #&-Body shape)
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The sum of gravity, external and surface forces must compeahsateaction force
(—m @) as the sum of external and surface moments has to congémsakeaction
moment. Accordingly, it is the task of the solver to provideiigable acceleratiora)
for the center of gravity motion and a suitable angular aatéla » for rotations
around the principle axis at any state of the transiemtlation. An acceleration of
a body is simulated by time stepping motions of the body contour. Tizereaamo
tion step we displaced the whole cell system, implying a caliesfComet preproc
essor after every time step.

2.3.Coordinates and boundary conditions

In our simulations the global coordinate systeny, zof “Comet does not repre
sent an earth fixed system. It is moving with the initiabbxelocity u, of the body.
Accordingly,“Comet$ global system sees the flow coming with, through the Inlet
(Figure 1). In our approach the axial component of the grid alvesadsu = 0 at the
start andu = —uo when the fuselage has come to rest. The vertical velagjtys (post
tive upwards. At the start the grid usually shows azeo initialw = —w,. They-axis
points to port side. Positive angles for the pitch attitjeafe defined as shown in
Figure 1. The acceleration due to gravity points into the negatiieection. The
boundaries show mainly tHenlet’-type except for the downstream end where the
“Pressurétype was applied.

2.4.Geometry and grids

TheA-, D- andJ-Body models show a length of 1.22 m. They are not associated to
a full-scale fuselage so there is no model scale givenAlBedy is a complete body
of revolution. A side view of th&-Body is given in Figure 1.

The D-Body (Figure 2, left) shows the same outline asAH&ody when looking
from aside. From above tH2-Body reveals a nearly rectangular tail contour, which
has a significant effect on the ditching behavior.

The J-Body (Figure 2, right) is more slender than theor D-Body and shows
a third tail alternative. Looking from aside the tail of thBody is swept upward.
Looking from above thé-Body appears as a body of revolution.

J-Body T

e———

Fig. 2.D-Body andJ-Body from aside and from above (location of maingvand horizontal
tails is indicated (but these surfaces are notighed in the grid)
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The grid for theA-Body looks as given in Figure 3 when cut in the center plane. In
case of théd- andD-Body we used 592 000 cells for one fuselage half. Foj-Beady
we utilized 390 000 cells.

R
\\\\\\\\\3

Fig. 3. Grid for thed-Body (surface and volume resolution)
2.5. Simulated cases

For all 3 geometries we simulated initial axial speeds,6f 9.14m/s (30 fet/s)
andu, = 15.23m/s (50 fe#/s). Using Froude scaling and assuming a large passenger
aircraft the 9.14n/s model speed would correlate with the order of a typicalbagfr
velocity in case of ditching. The initial pitch was°H3 reported from the test and we
assumed an initial vertical velocity componentwgf 0.2 m/s for all cases. The same
module as used for Ditch provided externally the forces of maig and tails. The
module requires the actual speed and pitch to determine the dm@desoments. The
actual angle of attack is related to a lift coefficient, which wiseéd to be:

C,=LIG V),

where

v is the actual velocity magnitude,

L is the actual lift in air of density.
Figure 4 gives the assumed relation betw@&eand the actual pitcB. TheC, is the fix
point which holds for the initial pitch (the sample linked to Figdrassumes°®Bre-
flects the weight of the aircraft. The slope reflects the aspotwhile the lift limit is
based on an analysis of the wing configuration and Reynolds numimepaadt. For
the latter value@; may We assumed
Caseu,= 9.14m/s, C nax= 2.0,
Caseu,= 15.23m/s, C| max= 1.15.

Since the wing configuration was identical this holdsAgiD- andJ-Body.
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2.6.Solver settings

The settings for the RANS approach are characterized by a small ¢dinseastep
with At = 0.0003 s, by a large humber of outer iterations within eadh dtep (20)
and by the fact that the momentum scheme was based on upwindndifigr€UD).
The latter setting was necessary to increase the robusthéss simulation. It was
confirmed by test calculations on other slender bodies, which sidiject to guided
motions, that the surface forces did not change significantlynwhanging from UD
to central differences (CD).

40 Cl-Function used in Standard ﬁero Module

Lift Limit C_I max
35 +———————+——— Initial Conditions

Lift Limit C_I,max

‘Fix point’

Lift Coeff| CI

Slope
Lift-'Fix point’ usually by A/C weight

»
Y,

0.5 -—;!'—Range of Angles in Ditching Simulation ~ |
Thet4 (DEG)

0.0 = |

Fig. 4. The actual lift coefficier@, for the main wings was read from a graph whichaghthe elements:
a) lift fix point (related to the initial pitch and deduced from the aircraft weight), b) lift\eeislope (de
duced from the aspect rati) and c) upper lift limit reflecting the wing cogfiration
and Reynolds number at impact

3. Simulation setup for “Ditch” simulations

Unlike “Comet, “Ditch” uses a discretisation of 150 cres=ctions for the\-, D-
and J-Body fuselages. Each cressction in turn is given as polygon line. To deter
mine the hydrodynamic forces, a method based on the extension of thearoarkK
“momentum method” was selected. The aerodynamic model used féCtmet
calculations is the same as implementetDitch”.

Regarding the vertical velocity in ti®itch” simulations, values closer to the-ac
tual test data were individually selected for each tes#.ddowever, apart from small
differences at the beginning of the resulting time histohesgarameter appeared to
be of minor importance for the overall behavior of the models.riEx¢ section pre
sents the comparison of thbitch”, “Comet and test results.



Aircraft ditching: a free surface/free motion prei 183

4. Results of simulations compared to ditching test

Below are given the results in terms of instant picturethefditching sequence
taken form thé' Comet simulations. The diagrams give the forward velocity wih r
spect to the initial velocity/u,, the pitch attituded, and the center of gravity (CG)
height above water with respect to the fuselage length glageainst the elapsed time
for the ditching test as well as th€omet and”Ditch” simulations. Additionally, the
pressure distribution for one representative {gtep is given as a “footprint”. Hereby,
the pressure coefficient is based on the stagnation presdonéated from the initial
velocity u, and the density of water. Besides, the mirrored half of ttteingi shows
the water/air volume fraction. Below the “footprint” the #m@face deformation is
given.

Figure 5 shows the first phase of a ditching simulation ferAtBody. The fuse
lage touches the water firsttat 0.06 s. Thé\-Body pitches heavily at about 0.3s
and is already close to be at rest at G7Zhe comparison of simulated forward ve
locity, pitch and CGheight above water with the test is given in Figure 6. Batlusi
lations show a similar realistic behavior with respech#&forward velocity by gradu
ally decelerating after the water impact. The strong dest@dargiven in the test data
appears to be not correct. While the maximum pitch is-preticted by thé Comet
simulation, it is underestimated bRitch”. Both simulations are close to the test data
for the height of the center of gravity above water. It lsardeduced form both, the
test data and the computational results, that the chardicten$ theA-Body at ini
tially up = 9.14m/s are strong fluctuations in pitch and week fluctuations in tae C
height. Figure &hows the pressure distribution and the water/air volume frattio
gether with the fresurface deformation at= 0.18s. The pressure distribution shows
a pronounced region of high pressures in the front area of the gdumeart and
negative pressures with respect to the ambient pressiine iconvex curved part at
the rear.

t=0.06s t=0.12s t=0.18s

t=0.245 / t=0.3 / =0.36 5
=0.42 /:0.48 5/ t=0.54 s

t=0.60s t=0.66s t=0.72s

//,

Fig. 5. Ditching ofA-Body at 9.14m/s — position of model with respect to calm water scefeesolved
every 0.06 s fot = 0.06-0.72 s in*Comet simulation
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Fig. 6. Ditching ofA-Body at 9.14n/s—forward  Fig. 7. Ditching ofA-Body at 9.14n/s — footprint

velocity (top), pitch (middle) and height of center of pressure coefficient and water/air volufrec

of gravity above water (bottom) f6Comet” and  tion (top) and freesurface deformation (bottom)
“Ditch” simulations compared with test for “Comet simulation at tim¢ = 0.18 s

Figure 8 gives the ditching sequence for Er8ody when released at 9.14/s.
For the comparison with the ditching test we refer to Figure 8.sithulations predict
the general ditching behavior of tBeBody quite well, although the pitch up tendency
is under estimated by tH®itch” simulation. At 9.14m/s theD-Body shows weak
fluctuations in pitch as well as for the @@ight above water line. This characteristic
is obvious form both, the test and the simulations. Compared e Boely the decel
eration and the downstream disturbance of the free watercsuidasignificantly
weaker for théd-Body (compare free surfacetat 0.18 s in Figure 7 and Figure 10).

When released at 15.28/s the simulations for thB-Body give a ditching se
guence as displayed in Figure 11. Looking at Figure 12 to compargpbeneental
finding for pitch and C@eight with the computed results one recognizes that the
pitch up tendency is well covered and the-KEght is strongly overestimated in the
“Comet simulation. In the'Ditch” simulation maximum pitch height and €@ight
are showing a timshift. In both computations tHa-Body emerges completely again,
which is also slightly apparent in the test data. One may canchat the aerody
namic model is responsible for this deviation. It is plaesibt a higher initial speed
that the ditching sequence becomes more sensitive to errdie imddeling of the
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aerodynamic forces. Especially the modeling of aerodynamiatiét drag beyond
stall, which is of particular importance in these model testsarked for further de

velopment.

t=0.06 s t=0.12s t=0.18 s
=024 s t=0.30s t=0.36 s

=060 =0.665 =072

Fig. 8. Ditching ofD-Body at 9.14m/s— position of model with respect to calm water scefeesolved
every 0.06 s fot = 0.06-0.72 s in*Comet simulation

t=0.54 s

o [— TEST |1
« B salhaalion i e | e GOMET [
Bt st | == DITCH

T T T

0.2 0.3 0.4

velocity {u/uol
el
CONPAEOOO—=MN A0

04 -03 02 -0 041
pressure coefficient

0 02040608 1 12141618 2 J—

o —— —
AD fore Ba solimninn oo oe off vl B o

QO - e e water/air volume fraction

20 [,z
10
0
-10

0 0.2 0.4 0.6 0.8 1
t=0.18s

pitch [deg]

0 02040608 1 12141618 2
time [s]

0.4 —— ——
05 [ B whon Bl o wlhon B o
Ot i - : e
Y T DR N

CG-height [z,,/L]

0 02040608 1 12141618 2
time [s)

Fig. 9. Ditching ofD-Body at 9.14m/s—forward  Fig. 10. Ditching oD-Body at 9.14m/s — footprint

velocity (top), pitch (middle) and height of center of pressure coefficient and water/air volume frac

of gravity above water (bottom) féComet and tion (top) and freesurface deformation (bottom)
“Ditch” simulations compared with test for “Comet simulation at time = 0.18 s
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While we obtained good results for theandD-Body at low speed (9.14/s) the
experimental findings for the “low speed“Body differed from the simulations ap
plying “Comet as can be taken from Figure 14. THeotprint’ of the J-Body at
t = 0.18 s and the free surface deformation are given in Figure 15.
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of gravity above water (bottom) féComet” and tion (top) and freesurface deformation (bottom) for
“Ditch” simulations compared with test “Comet simulation at time = 0.18 s

At the higher speed (15.28/s) the“Comet computations for thd-Body led to
similar results as obtained for the “high speBdBody. Solely theA-Body behavior
could be reproduced for 15.2%s applying'Comet.

Regarding pitch attitude and Gt&ight above water, theitch” simulations are
close to the test data also at the higher speed, while gganealistically simulated
deceleration differs from the test data. However, one shouldikaeind that the test
results are derived in 1953, when measurement techniques @tesie precise as 4o
day.
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5. Comparison of “Comet” and “Ditch” — simulations

The comparison presented above shows the quality of the modelingegfain
forces and pitch moment for the two simulation methods. Both metietdsmine
motions, which can be compared to the test data. Unfortunateljpcabloads in
terms of section forces or pressure data are ggngieen in published ditching test
data. Thus, only the two simulation methods canigeosuch data, which allows a com
parison in view of local loads. In order to exclude differencethe aerodynamic
modeling, the fre-flight motion simulated with “Cométis taken as input for addi
tional guided simulations withDitch”, allowing a detailed comparison of hydredy
namic forces over the total simulation time.

Section forces are the step between integral global forcegrassure distribution
and suit for comparing simulation results on a lower leveleblgrthe forces are
made nordimensional by the stagnation pressure based on the initiaityedpplied
to an area of fuselage diameter times section slice length. Figure 1&are F give
the vertical section forces in this form for the longitudiredt®n position of the fu
selage (0 = nose and 1 = tail) at the tirse0.12 s. For the approach speed of 9nl4
(30 fps) the section forces are depicted forAt&ody (Figure 16) and-Body (Figure
17). Both force distributions show pronounced upwards acting foreeshelongitu
dinal center of gravity position and downward forces acting tdsvire rear. Whereas
the upwards forces basically lead to deceleration of the simitige aircraft model,
the downwards acting forces with their lever arm to thtereof gravity introduce the
pitch up motion seen in Figure #-Body) and Figure 14JBody). The maximum
section forces simulated by “Ditthare higher than those calculated withomet,
while the integral of the upwards forces is again very aimlUp to now “Ditch is
lacking a "bowwave™model spreading the forces in the front part of the submerged
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Fig. 16. Ditching ofA-Body at 9.14m/s— vertical Fig. 17. Ditching ofl-Body at 9.14m/s— vertical
section forces along fuselage for “Comet” and  section forces along fuselage for “Comet” and
guided “Ditch” simulations at=0.12 s guided “Ditch” simulations at=0.12 s
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area over a larger area. In the “Coimsimulations the section forces are expected to
increase with a finer grid in this area likely going alavith a reduction in the amount
of air simulated in this spray zone (see water/air distribuntidiigure 7 and Figure 15).

6. Conclusion

The freeflight ditching motions of three generic aircraft models intjpay a water
surface were simulated applying the RANS method “Comet” andhytheéd method
“Ditch” and were compared to test data. Additionally, the section foocabd two
numerical methods are compared for a tstep shortly after water impact.

Increased confidence in taking these ditching test data laatien basis was
gained, but the theoretical results also marked the deficgentithe test with respect
to the forward motion. When comparing to the test results, theureraent technel
ogy at the time of the ditching tests and the partly unceb@iindary conditions have
to be bared in mind. Overall reasonable good correlation for buthHation methods
could be shown.

Three phase flow simulations of water, air and vapor includavgation (relevant
for full-scale ditching analysis) were also performed but are neemted here. Thus
the scope of this first published application of a RANS method ¢aadtiditching was
actually broader. Compariigcomet” and “Ditchi section forces and pressure results
is ongoing work, introducing the frdkght “Comet’ motion as guided motion into the
“Ditch” simulation.
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Przymusowe wodowanie samolotuzagadnienie ze swobodng powierzchnia
i ruchem z wieloma stopniami swobody

W ramach krajowego projektu badawczego dotyczacego dynamicznych obciazen samolotu
i reakcji konstrukcji na obciazenia, jednym z zadan byto zbadanie przymusowego wodowania
samolotu, manewru okres§lanego terminem “ditching” w jezyku angielskim. Projekt byt zapo-
czatkowany 1 finansowany przez Airbus Industries. Poniewaz catkowicie kontrolowane do-
$wiadczalne badania modelowe takiego manewru sa kosztowne i wystepuja trudnos$ci z ekstra-
polacja wynikoéw do skali samolotu, w HSV A zostaty przeprowadzone badania oparte catkowi-
cie na symulacjach komputerowych. Do wyznaczania toru ruchu kadtuba samolotu, poczawszy
od potozenia poczatkowego w powietrzu w chwili t = 0, zastosowany zostat komercyjny pro-
gram komputerowy rozwigzujacy usrednione rownania Naviera—Stokesa “Comet”. Od chwili
poczatkowej kadtub miat pelna swobodg ruchu w wyniku reakcji na sity i momenty dziatajace
w poblizu swobodnej powierzchni wody. W celu uproszczenia zagadnienia sity hydrodyna-
miczne byly obliczane dokladnie na drodze rozwiazania roéwnan usrednionych réwnan N-S,
podczas gdy sity i momenty aerodynamiczne byly aproksymowane. Rownoczes$nie symulacje
byly wykonywane w TUHH przy uzyciu programu “Ditch” opracowanego w oparciu o rozsze-
rzong “metod¢ pgdu” von Karmana i Webera. W referacie zostaly przedstawione wyniki dla
konwencjonalnych ksztaltow kadtuba oznaczonych jako A-, D- i J-Body, w postaci trajektorii
ruchu i sit dzialajacych na przekroje.
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Mutual hydrodynamic interaction between
the operating propeller and the rudder

J. A. SZANTYR
Gdaisk University of Technology, ul. Narutowicza 11/82,958 Gdask

The paper presents a description of the algorithoh @mputer program developed for numerical
analysis of the hydrodynamic interaction betweerrafing propeller and ship rudder. The program is
based on unsteady lifting surface model represgtiia propeller and on boundary element model repre
senting the rudder. The program accepts arbitragyrgetry of both the rudder and the propeller asrthe
put data. Interaction with the ship hull is taketoiaccount in the form of given namiform velocity
field of the ship wake. The mutual hydrodynamie@mttion is taken into account by simultaneous-solu
tion of the unsteady kinematic boundary conditionkmth objects. The results of calculation include
time-dependent pressure distribution on the propelldr@nthe rudder together with fluctuating hydro
dynamic forces on both objects. Apart from that pinegram is capable of detecting and describing the
dynamic development of different forms of the catittn phenomena on the propeller and on the rudder.
The paper includes the results of calculation eftigjdrodynamic characteristics and cavitation pheno
ena of different propellerudder configurations. These results are compartdexperimental data wher
ever available. This comparison confirms the effectess of the described computation method as the
tool for design and analysis of the propeliedder configurations.

Keywords:ship hydrodynamics, propulsor, rudder, cavitation

1. Introduction

The existence of strong and complicated mutual hydrodynamic itiberdetween
operating propeller and ship rudder has been well known for many jreamtem
porary propellerudder configurations (cf. for example Figure 1), these effaetde
coming more visible due to the specific geometry and ¢ceased power of the pro
peller. This problem has attracted substantial researchiattefor example in [12].
The most characteristic aspects of this interaction may descrilbeldbas:

* the propeller markedly changes the kinematics of flow aroundutider, intre
ducing the complicated threBmensional unsteady field of its own induced velocity.
This leads to generation of n@aro angles of attack on the rudder even at nominal
zero rudder deflection. These angles have opposite signs above @andhsepropel
ler axis. In general propeller accelerates the flow owertidder, thus leading to an
increased risk of cavitation on the rudder and to increased \aflties hydrodynamic
forces (which is an advantage from the point of view of manobilityh Hydrody-
namic forces generated on the rudder due to propeller operatiamsteady, thus
leading to fatigue effects on the rudder. The basic periognsfeadiness of these
forces is related to the blade passage frequency
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 the nonuniform inflow to the propeller resulting from the ship wake afiggl
the unsteadiness of the hydrodynamic forces generated on the rudderttia pre
peller interaction;

* propeller interaction leads to the asymmetric hydrodynamic cleaisiais of the
rudder, i.e. absolute mean values of forces generated at tkeedeflection angle to
port and starboard are essentially different. Identical valugsesé forces may be ex
pected only in case of the rudder symmetrical with resjpeptopeller axis and {o
cated behind the propeller operating in the uniform inflow field

 in most configurations rudder influences the flow around propeldetebl This
influence depends on the current mutual location of the profidide and the rudder
— i.e. it is the function of blade angular position and the rudderctiefieangle. In
general this influence leads to an increase of the angleaokait propeller blades and
to increased values of the hydrodynamic forces on the blades;

* rudder interaction may visibly influence some forms of cavitatjenerated on
the propeller. Especially susceptible to this effect is thiatang tip vortex shed from
the propeller blades.
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Fig. 1. Example of the propelleadder configuration

The above described propeteidder interaction effects seriously influence ship
operation both from the propulsive and maneuvering point of view. Goesdy,
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they should receive an adequate attention at the design stagesioEhips. For this
purpose the designers require suitable computational methods whidbenused for
the hydrodynamic analysis of the propeller — rudder system. Inp#p&r such
a method is proposed. This method is an extension of the unsteadyeprapalysis
method which has been in practical use for many years [3]eXtemded method +e
quires the following input data:

« description of propeller geometry and operating parameters,

» description of the rudder geometry and location,

« description of the inflow velocity field to the propeller.
The results of computations include:

 unsteady pressure distribution on the propeller and on the rudder,

* mean and timelependent values of the hydrodynamic forces on the propeller and
on the rudder,

* description of the unsteady cavitation phenomena on the pnopelieon the
rudder,

* pressure pulses induced by the cavitating propeller — rudder inlélctesiepoints
of space.

In the subsequent sections of the paper the most important featurealgbtitem
of the method are briefly discussed and selected resultscflatgdns are presented
and compared with experimental data where possible.

2. Computational model

Taking the method described in [3] as the reference, two meas af extension
and modification may be defined in the algorithm, namely: hydrodynamgcaction
between the rotating propeller and the stationary rudder, and infloéribe rudder
on the propeller cavitation phenomena. The details of the algodémzerning these
two areas are presented below.

2.1. Hydrodynamic inter action between propeller and rudder

The essence of the mutual hydrodynamic interaction between rogedtl rudder
lies in the velocity induced by one of the objects on the othrersd velocities should
be included in the kinematic boundary condition, which must be solved amault
ously on both objects for each of the consecutively analysed pémiteons. The ki
nematic boundary condition for ideal fluid flows states thatnibrenal component of
the resultant relative velocity at the boundary surface shouddjb& zero. When this
is applied to a number of control points selected on the boundargesuidgapropeller
and rudder, the system of linear algebraic equations for the unkmbemnsities of
vortices modeling the flow is obtained. This system is showmsatieally in Figure
2.
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Fig. 2. Scheme of the kinematic boundary conditinrthe propellerudder

The main difference between inflow velocities for propeller ardtler lies in in
corporation of the rotation effect in the propeller sectiorhefright hand side matrix.
Apart from that the propeller section of the right hand sidkides the local values of
the nonuniform velocity field of the ship wake, while the rudder sectiomisf tnatrix
is based on the average inflow velocity calculated for ltie glane of symmetry. It
should be pointed out that due to the changing mutual location of propalieskdnd
the rudder the interaction parts of the main matrix museisalculated in every ana
lysed propeller blade position. Solution of the above system otiensideads to de
termination of the hydrodynamic loading on the propeller and on the ruddisr
loading reflects mutual interaction in the current geometiioafiguration at the
given angular position of the propeller.

When the hydrodynamic loading on the propeller and rudder, repedsey the
intensity of individual bound vortex elements, is known for any bladéigrasthe
current pressure distribution may be calculated accorditttetollowing formula for
the nondimensional pressure coefficient:

2
P~ P Vloc
C = —Fo || 1
P12pV2 (V j @

ref

where:
p is the pressure at propeller (or rudder) surface,

p., is the pressure far away from the propeller and rudder
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and where in the case of the propeller theMeis= Vins + Viot aNdViee = Vier + Vpip
+ Viip + Vg and in the case of the rudder ther®,is= Vir andVies = Vier + Viir + Viie
+ Vl’gl

where:

Vint is the inflow velocity resulting from the namiform hull wake field,

Vot iS the velocity resulting from propeller rotation,

Vyip is the velocity induced on the propeller by the propeller,

Viip is the velocity induced on the propeller by the rudder,

Vg is the local bound vortex intensity on the propeller

V,ir is the velocity induced on the rudder by the propeller,

Vi is the velocity induced on the rudder by the rugdder

V4 is the local bound vortex on the rudder.

The calculated pressure distribution on the propeller and rudderggically cor
rected for the viscosity effects and further employed fonmutation of the resultant
hydrodynamic force and moment components on both objects. Furthernmpeth
sure distribution is the basis for cavitation prediction. Thenatefor this prediction
described in [3] is retained, except one specific cavitatom fvhich is presented be
low in detail.

2.2. Specific cavitation phenomena in the propeller-rudder configuration

As the mutual propeller — rudder interaction influences and chamgesure field
on both the propeller and the rudder, it must also modify all forneaofation pre
sent on the propeller blades and on the rudder. However, therespemigc form of
cavitation which is particularly susceptible to this influenoamely the propeller
cavitating tip vortex.

Cavitation tunnel experiments with propeller — rudder configuratibow ghat the
interaction between them leads to a very dynamic behaviour dfetttons of the
cavitating kernel of the propeller tip vortex in the vicinitiythe rudder leading edge.
An example of this is shown in Figure 3. It may be seen thatghrtex cavitating
kernel leaving the blade tip has a variable diametenviitig the changes in propeller
loading resulting form the ship wake structure. Particulduilsktsection of the vortex
corresponds to the high blade loading in the upper wake peak redien.ab the
cavitating kernel approaches the rudder leading edge, it chésgshape and diame
ter in the pressure field generated by the rudder under infBuzrtbe propeller. Later
the thick section of the vortex enters the high pressure ar&arit of the rudder
leading edge stagnation point, where it undergoes compressiantféeections of
the vortex slide downstream along the rudder into the area of low prestere they
again increase their diameter and simultaneously theyelisate into a cloud of bub
bles. The details of this process may look differently ti¢mdint rudder deflection an
gles, but the basic phases look always the same, even ateflecion. This process
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may take place even when there is no sheet cavitation omdder. The dynamic
variation of volume of the tip vortex cavitating kernel due topfesence of the rud
der leads to generation of additional strong pressure pulses Buttounding space
and it may cause erosion damage on the rudder.

Fig. 3. Cavitating propeller tip vortex distorteg the rudder

Simultaneous measurements of pressure pulses on the shipdudl with and
without rudder show a considerable increase of pressure hararopitudes with
rudder present — cf. Table 1. All three pressure-pk are located along the ship
symmetry plane, with point no. 1 located in front of the propgieint no. 2 directly
above propeller and point no. 3 at the rudder leading edge (cf. Figunehe table
includes amplitudes of the first harmonic of the blade frequekityand second
harmonic A2, both realculated to full scale. As there was no cavitationhenrtidder
at zero deflection angle and no visible change in cavitation gortipeller blades due
to rudder presence, this increase may be attributed to the abssribee dynamic
interaction of the cavitating propeller tip vortex with the ruddemarked increase in
the higher order harmonic amplitudes points to the complicatecatbarof this
interaction.

Table 1. Pressure pulses induced by cavitatiohdrptopellerrudder configuration

Pickup With rudder No rudder
no. Al [kPa] A2 [kPa] Al [kPa] A2 [kPa]
1 0.976 0.773 0.730 0.569
2 2.630 2.960 1.963 2.310
3 2.731 3.036 1.560 2.071
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In order to model the above described interaction effects nuihgrama extended
tip vortex model developed from [3] and [4] is proposed, based on tbeifay as
sumptions:

* the velocity and pressure fields induced by the vortex is céécllasing the
traditional simple Rankine vortex model,

* the diameter of the Rankine vortex kernel is relatedhé¢obbundary layer thiek
ness in the tip region of the blade,

* the cavitating vortex kernel of the tip vortex is divided intaBrsections, each
of which is modelled by a circular cylinder,

» dynamics of each section is modelled by the equation analogtius Rayleigh
Plesset equation, solved numerically in the time/space using fRutgemethod,

* the contents of the cavitating tip vortex are assumed to bevapbur, firstly be
cause realistic data on gas content are not available inaasss and secondly-be
cause vaporization is much faster than diffusion and vapour dominsigs the ker
nel,

* the pressure field driving the cavitating kernel dynamicslt®$rom the com
bined propeller and rudder effects,

* the primary purpose of the model is to describefits¢ cycle of compression
/rebound of the cavitating tip vortex sections, disregarding gubkse disintegration
into bubble and cloud cavitation.

Then the dynamics of each section of the cavitating vortexekermalculated us
ing the equation developed for the cylindrical geometry along the dar@s as
Rayleigh — Plesset equation. In this case the flow is ttemdetwedimensional and
purely vaporous content of the kernel is assumed, what leads tolltveing equa
tion:

2 2
_d_lenR—[d—Rj (lnR+lj+i+2#dR/dt=Ap(t), (2)
dt dt 2) PR PR P
where:
Ris the cylinder radius,
tis time,

p is the water density,

o is the water surface tension,

w1 is the dynamic viscosity coefficient,

Ap is the pressure difference across the vortex kerne] iwaluding propeller and
rudder effects.

Figure 4 shows the results of calculation baseBaqration (2) referring to the four
sections of the cavitating tip vortex kernel. The selectetiosscapproach the rudder
leading edge in such a way that two of them slide along ideeo$ the rudder, while
the other two slide on the other side (as indicated on thehsketEigure 4). The
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curves in the diagram show the variation of the volume of eacfioa as it moves
along the rudder. It may be seen in the diagram, that sedtiamsl 2, which slide
along the pressure side, undergo only compression i.e. reduction of va\uriee
same time the sections 3 and 4, sliding along the suction sidegoradimited com
pression, then expansion and compression again. Points marked arvésigdicate
the time of passing by the rudder leading edge. This calculakample was per
formed in model scale, using time s#&p= 700 [us].
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Fig. 4 Calculated dynamics of the cavitating tiptea kernel passing by the rudder

When the values oR and dR/dt are determined for eachT, the effect of the
cavitating tip vortex dynamics on the pulsating pressure fieldrgeteby the entire
propeller — rudder system may be calculated. This is done follothimgpproach
already incorporated in the propeller analysis method [4]. In thioapip each cavi
tating tip vortex section is modelled by a point source, describés byean valu€),
constant within eacliAT and reflecting the quasteady displacement effect and by
dQ/dt, reflecting the vortex dynamics. Both these values areaymghlin calculation
of pressure pulses according to the linearized form of the Cdusadmange equation:

P O x; 0, ds; 1dQ,
P,=t Y=L N SR 3
" 47[( SZ r lzr;.z dt =“r, dt @)

1 1
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where:
Py is the pulsating pressure,
Vsis the ship velocity,
r is the distance from source to the calculation point,
x is the component afin direction of ship velocity.
The sources in the above equation are calculated in the following way:

o, :n(sz _R;zfl) Vs +(7ID")2 ; 4)
dQ __I(dRY (dR.\\'| [ o

E_T{( dtj ( . j} Vs +(nDn) ) (5)
where:

D is the propeller diameter

n is the propeller number of revolutions per second

The more detailed description of the above presented theoretdal wf tip vor
tex cavitation may be found in [5].

3. Examples of calculations

The new computational method was extensively tested on a humbemgbleza
The tests were concentrated on two aspects: prediction of thedgmdmic forces on
the rudder and prediction of the pressure pulses generated pyofiedler — rudder
system.

3.1. Calculation of the hydrodynamic characteristics

Only a few complete examples of measurement of the hydrodyriaroes on the
rudder may be found in the literature. One of them is published in&j.ekample is
based on standard B4 Wageningen propeller model tested withraesgical spade
rudder in configuration shown in Figure 5. The results of comparatculations
peformed by the above described method are shown in Figure 6 togethehav
experimental data for the hull drift angle equal to 7.5 [ded]far three values of the
propeller advance coefficiedt

The method described in this paper can perform calculationsefaral types of
rudders, namely: spade rudder, horn rudder, Schilling rudder and rudalgroirating
a bulb. The experimental results for these rudders are noalaleaylet, but neverthe
less the results of calculations are presented below. The imaiacteristics of the
propeller P1 used in calculations are given in Table 3. Three rudderbden used in
calculations: spade rudder, horn rudder and Schilling rudder. Thpezt@al out
lines are given in Table 2.
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Fig. 5 Propellefrudder configuration in model experiments [6]
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Fig. 6. Comparison of the calculated and measured trasserce coefficient on the rudder
(measured results from [6])
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Table 2 Outline of the rudders

Type of rudder Spade and horn rudders Schilling rudder
Height [m] Total chord [m] | Chord forward [m]| Total chord [m]| Chord forward [m]
—3.4500 3.8000 1.3000 4.2000 1.1200
-1.6100 4.3200 1.6000 4.4800 1.4000
0.2300 4.8400 1.9000 4.7600 1.6800
2.0700 5.3600 2.2000 5.0400 1.9600
3.9100 5.8800 2.5000 5.3200 2.2400
5.7500 6.4000 2.8000 5.6000 2.5200
Table 3. Main characteristics of the propeller P1
Propeller diameter D = 8.200 [m]
Number of blades Z=5
Number of revolutions RPM = 99.0
Ship velocity V = 20.5 [knots]

r/R Chord [m] P/D [-] Skew [m] Camber [m]

0.25 2.2875 0.9694 —0.096 0.0979

0.4 2.5913 1.0167 —0.316 0.0834

0.5 2.7779 1.0402 —-0.387 0.0715

0.6 2.9325 1.0539 -0.337 0.0632

0.7 3.0323 1.0547 —0.153 0.0578

0.8 3.0416 1.0352 0.152 0.0516

0.9 2.8226 0.9859 0.569 0.0417

0.95 2.3355 0.9494 0.834 0.0321

1.0 0.0 0.9090 1.156 0.0
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-200

Transverse forces [kN]
o

-400
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- |=——O=—SPADE
== movable HORN 1
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-15°
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+10°

+15°

Fig. 7. Calculated transverse forces on the spade, hati®ehilling rudders
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The results of calculation of the transverse force on theethudder types are
plotted in Figure 7. It may be noted that in the case of the hader the method
calculates forces separately on the moving and on the fixed part of the rudder.

3.2. Calculation of the cavitating tip vortex and resulting pressure pulses

The calculation of the pressure pulses generated by the pragpefieudder with
special attention to the effect of the cavitating tip worteere performed for the
configuration shown in Figure 1 using the propdigrand the spade rudder defined at
zero deflection. Table 4 shows the results of calculation with and withordter. It
may be noticed that inclusion of the rudder effect on the cangtdifp vortex shed
from propeller blades brings the results of calculationddeec agreement with the
results of the measurements.

Table 4. Calculated and measured pressure puldesdd by the propellerudder configuration

Pickup | Mesured with Calculated Calculated
No. rudder without rudder with rudder
1 0.976 1.480 1.563
2 2.630 1.880 2.470
3 2.731 1.890 2.658

4. Conclusion

The paper describes an extension of the existing numerical mathbting the
detailed analysis of the mutual hydrodynamic interaction betweeapting pre
peller and the rudder. The assessment of the results of daleslatesented above
leads to the following conclusion:

» the method presented in this paper enables effective poedimftithe hydrody
namic forces and cavitation phenomena on the interacting propeller and rudder,

« despite the inevitable simplifications of the theoreticatlet the accuracy of the
method is sufficient for its application as the practical design tool,

» the method may be used for design of propellers, rudders and as laratool
in the analysis of manoeuvring characteristics of ships,

* a new model of the propeller cavitating tip vortex interactioth whe rudder,
enabling more accurate prediction of the pressure pulses indudbd pyopeller and
rudder, is the important feature of the above presented method.
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Wzajemne oddzialywanie hydrodynamiczne pomiedzy pracujacg $rubg i sterem

Referat przedstawia opis algorytmu i programu koteqmwego do analizy numerycznej
oddziatywania hydrodynamicznego pomigdzy pracujaca $rubg a sterem. Program jest oparty na
niestacjoarnej powierzchni no$nej reprezentujacej $rubg i na metodzie elementow brzego-
wych do reprezentacji steru. Danymi wejsciowymi sa dowolna geometria $ruby i dowolna
geometria steru. Oddziatywanie kadtuba statku jest brane pod uwagg w postaci niejednorod-
nego pola predkosci strumienia nadazajacego. Wzajemne oddziatywanie hydrodynamiczne jest
uwzgledniane poprzez jednoczesne rozwigzanie niestacjonarnego kinematycznego warunku
brzegowego na sterze i na $rubie. Wyniki obliczen obejmuja zmienne w czasie rozklady ci-
$nienia na $rubie i na sterze wraz z wynikajacymi z nich sitami hydrodynamicznymi. Ponadto
program moze wykrywac i opisywaé rézne formy dynamicznie zmiennych zjawisk kawitacyj-
nych wystepujacych na sterze i na $rubie oraz wyznacza¢ ich hydrodynamiczne skutki. Referat
zawiera wyniki obliczen charakterystyk hydrodynamicznych i zjawisk kawitacyjnych réznych
konfiguracji stersruba. Wyniki obliczen zostaly poréwnane z dostgpnymi rezultatami badan
eksperymentalnych. Poréwnanie to potwierdza skuteczno$¢ przedstawionej metody oblicze
niowej jako narzgdzia do projektowania i analizy konfiguracji sruba-ster.
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