Numerical simulation of motions of a ship
with a moonpool in head waves

K.D. Ovchinnikov <ovchinnikov_kd@mail ru>
Saint Petersburg State Marine Technical University,
3, Lotsmanskaya St., Saint Petersburg, 190121, Russia

Abstract. The paper shows the results of assessing the possibilities of computational fluid
dynamics for predicting the motions of a ship with a moonpool and vertical water motions in a
moonpool in regular head waves with a zero ship speed. A moonpool is a well which is used
in different types of ships such as cable laying, drill and FPSO, survey, research and so on.
This well is used for launching and lifting of different devices, divers, rescue bells, cables and
risers, which are protected from outboard wind and waves. The results of the numerical
simulation in the OpenFOAM software of heave and pitch motions of the DTMB 5415 model
in regular head waves with and without ship speed show good agreement with the experimental
data. The experiment was organized with a series 60 model, which was equipped with different
moonpool shapes modules in regular head waves with a zero ship speed for determining heave
and pitch RAOs and vertical water motions in the moonpool. The results do not show any
influence of the moonpool for heave and pitch ship motions. These data are necessary for
numerical simulation verification. The results of the numerical simulation of experimental
research show good agreement, which means the good efficiency of computational fluid
dynamics in heave and pitch motions and vertical water motions in moonpool calculation of a
ship with a moonpool. Numerical simulation should be advised for calculations during the ship
design process.
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1. Introduction

The moonpool is a vertical well that is used on different types of ships, such as cable
laying, mining and drilling, rescue, research, supply and support, is called the
moonpool. This moonpool is intended for lowering and lifting various equipment,
divers or rescue bells, cables or risers protected from external waves.

There are vertical water motions in the moonpool. Usually the amplitudes of water
motions are no greater than the amplitudes of incoming waves. In rare cases, resonant
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motions can occur, which can be four times larger than the amplitude of the incoming
wave, and which can lead to the damage of the ship or the equipment located in the
moonpool [1].

An experiment is organized to determine the characteristics of ship motion. The most
common method for studying ship motion is forced motions in regular waves, which
result RAO and phase lags of the studied types of ship motion [2].

However, the experiment is a complicated and expensive event; therefore, the use of
numerical methods to solve the problems of ship hydromechanics is becoming
increasingly popular.

Nowadays, methods of computational fluid mechanics (CFD) are widely used for
calculating ship resistance and are also actively used for developing approaches to
calculations ship motions.

In this paper, the following tasks are solved:

e The verification of CFD methods for calculations of heave and pitch
motions RAO and phase lags;

e The experimental research of the motions of the ship with a moonpool
without ship speed in head waves;

e The verification CFD methods for calculations of heave and pitch motions
and vertical water motions RAO of the ship with moonpool.
The experimental research is needed because there are not any open experimental data
of motions of ship with moonpool.
OpenFOAM software is used like CFD methods [3].

2. Preparation of numerical simulation in OpenFOAM

The Navier-Stokes equation for an incompressible fluid is defined as a system of
momentum conservation equations and the continuity equation.

At high Reynolds numbers, computations with direct numerical simulations are
accompanied by either large time costs or large computational powers; therefore, the
time-averaged Navier-Stokes equations, called Reynolds equations, are commonly
used to simulate turbulent flows. These equations are derived from the Navier-Stokes
equations by splitting the pressure velocity fields into an average value and
fluctuation [4].

The two-parameter turbulence model k- SST is used to close the system of equations
[5]-

Discretization of fundamental equations in the OpenFOAM software is performed
using the finite volume method; the free surface is simulated using the modified
volume of fluid method.

The motion of a solid body with six degrees of freedom can be described by the
dynamic Euler equations [6]. The standard interDyMFoam solver was chosen for
solving assigned tasks.
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The internal utilities of the OpenFOAM package, such as topoSet, refineMesh and
snappyHexMesh, are used to create the mesh.

Built-in boundary conditions, such as waveVelocity and waveAlpha for velocity and
phase fraction respectively, at the input boundary, and functions like verticalDamping
for the fvOptions file in the numerical beach zone that appeared in the OpenFOAM-
5.0 version, are used to simulate regular waves.

In order to simulate the ship dynamics at sea, it is necessary to create a high-quality
mesh not only in the free surface zone but also on a general scale. The recommended
dimensions of the mesh in the numerical simulation of ship dynamics at sea are
presented in fig. 1. In fig. 1 L is the length of ship or the wavelength, whichever is
greater.
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Fig. 1. Recommended dimensions of mesh for numerical simulation of ship dynamics

3. Numerical simulation of heave and pitch motions

According to the recommendations of ITTC, the study of ship motions at regular
waves should be carried out under the following conditions [7]:

o the ratio of wave height to its length or wave height to model length should
be constant (the recommended ratio of wave height to its length is about
1/50);
o wavelengths should vary in the range from 0.5 to 2 lengths of the model
under study;
e the optimal number of motions in tests for analyzing the motion
characteristics is not less than 10.
The heave and pitch motions were simulated for the DTMB 5415 model (a ship of
the Arleigh Burke-class, US Navy). Experimental data used to verify the results of
numerical simulations are presented in [8].
Characteristics of the DTMB 5415 hull: length between perpendiculars Ly, =3.048 m,
width B = 0.409 m, draft T = 0.132 m, displacement D = 83.5 kg, vertical center of
gravity z, = 0.163 m, moments of inertia Jas = 1.92 kg-m? and Jss = 48.5 kg-m?.
The simulation was performed at two ship speeds corresponding to Froude numbers
of Fn =0 and Fn = (0.28. Head waves was simulated. The model had only two degrees
of freedom — heave and pitch motions.
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It was created the mesh with an axis of symmetry possessing the following
characteristics: the number of cells was ~ 1.5 million, the maximum proportionality
coefficient was ~ 57, the maximum twist factor was ~ 2.4, the average non-
orthogonality was ~ 4.3, the average value of the dimensionless characteristic was y+
=~ 1.

All calculations were made on the computer cluster of the Department of Hydro and
Aeromechanics and Marine Acoustics and the Department of Applied Mathematics
and Mathematical Modeling of St. Petersburg State Marine Technical University.
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Fig. 2. RAO of heave (a) and pitch (b) motions without ship speed.
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Fig. 3. Phase lags of heave (a) and pitch (b) motions without ship speed
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Fig. 5. Phase lags of heave (a) and pitch (b) motions with Fr = 0.28

According to the simulation results, the RAO and phase lags of heave and pitch
motion are obtained and presented in figs. 2-5. In figs. 2-5, the following notation is
used: 2¢/hy — dimensionless amplitude of the heave motions of the ship (ratio of
absolute heave motions ( to the amplitude of incoming waves hy/2, where h,, — height
of the incoming waves), ¢¢ — the phase lags of heave motions of the ship, y/ow —
dimensionless amplitude of the pitch motions of the ship (the ratio of absolute pitch
motions v to the angle of the incoming wave a.), ¢, — the phase lags of pitch motions
of the ship, o — the frequency, rad/s.
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Analyzing figs. 2-5, it can be concluded that numerical simulation allows estimating
well enough the RAO and phase lags of heave and pitch motion both without and with
ship speed.

At the same time, there is no need for additional calculations to assess the effect of
grid convergence since the obtained results satisfy engineering accuracy, and the
speed of calculation (about 24 hours for one RAO and phase lags) allows using this
approach in the different stages of ship design process.

4. Experimental research of motions of ship with moonpool

The place of the research is the towing tank of the Ship Theory Department of the St.
Petersburg State Maritime Technical University.
A plunger wave producer is used to create the incoming waves. The installed wave
producer can create only two-dimensional regular waves.
In order to perform the experiment, the series 60 model was created with the following
characteristics: length between perpendiculars Lyp =2.09 m, width B = 0.289 m, draft
T =0.125 m, displacement D = 45 kg. In order to study the effect of the presence of
moonpool, a model was created with a modular insert in the longitudinal center of
buoyancy. Three modules have been developed:
¢ module No. 1 — no moonpool;
e module No. 2 — a circular moonpool with an internal diameter of dp, =
0.044 m and a relative diameter of d,/B = 15%;
e module No. 3 —a moonpool of the circular cross-section with an inner
diameter d, = 0.074 m and a relative diameter dn/B =25%.
Three-dimensional models of the ship with different modules are presented in Fig. 6.

Fig. 6. Bottom view for 3D models with different moonpool modules: upper — module No. 1,
middle — module No. 2, lower — module No. 3

The following model characteristics were obtained based on the results of static and
dynamic calibrations: the longitudinal center of gravity from the midsection
xg = -0.03 m, the transverse center of gravity y, = 0.00 m, the vertical center of gravity
7, = 0.10 m, the moments of inertia J44 = 0.8 kg'm? and Jss = 6.5 kg-m?.
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The model was tested in regular head waves with length ranging from 1.5 to 4.0 m.
The image of the motions of the model on the 4.0 m wave is shown in fig. 7.

Fig. 7. Ship motions in head waves with a length of 4.0 m

As the experimental results, the heave and pitch motions data were obtained, as well
as the vertical water motions in moonpool. After processing the data, RAO of heave
and pitch motions of the model with different modules, as well as the vertical water
motions in moonpool, which are shown in Figs. 8-10 respectively. In Figs. 8-10,
approximating lines for each RAO are additionally presented.
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Fig. 8. RAO of heave motions for the model with different moonpool modules.
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Fig. 9. RAO of pitch motions for the model with different moonpool modules.
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Fig. 10. RAO of water vertical motions in the moonpool for the model with different
moonpool modules.

Analyzing the RAO presented in figs. 9 and 10, it can be concluded that the presence
of a circular moonpool with a diameter up to 25% of the ship width does not affect
the heave and pitch motions.

5. Numerical simulation of motions of ship with moonpool

In order to perform numerical simulations, three-dimensional models of the series 60
ship shown in fig. 6 were developed.

In order to study the heave and pitch motions, meshes were created with an axis of
symmetry with the number of cells ranging from 1 to 1.5 million, depending on the
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wavelength. The characteristics of meshes are similar to those obtained in the 28/ by
numerical simulation of the DTMB 5415 hull.
According to the results of the numerical simulation, RAO of the heave and pitch = \\
motions of the ship, as well as the vertical water motions in moonpool were obtained e
and are presented in figs. 11-13 for models with modules No. 1-3, respectively. ’\I\\
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Fig. 12. RAO of heave (a) and pitch (b) motions and vertical water motions in the moonpool
(c) of the model with module No. 2.
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Fig. 13. RAO of heave (a) and pitch (b) motions and vertical water motions in the moonpool
(c) of the model with module No. 3.

Upon analyzing the data presented in figs. 11-13, it can be concluded that numerical
simulation allows determining the characteristics of the heave and pitch motions of
ships with moonpools of different diameters in head sea with good accuracy.

In this case, attention should be paid to figs. 12¢ and 13c, which present RAO of the
vertical water motions in moonpool. It can be noted here that in the considered
frequency range, numerical simulation allows determining the motions characteristics
of the water in moonpool with sufficiently good accuracy. However, in fig. 12b, there
are differences in the trends of numerical simulation and the experimental results,
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especially during subsequent extrapolation to the high-frequency zone. This remark
is unfair for the results of the model with module No. 3 simulation.

Numerical simulation of the motion of ship with moonpool can be recommended in
the different stages of ship design process for determining the characteristics of ship
motions and the vertical water motions in moonpool.

6. Conclusion

The paper shows the results of assessing the possibilities of computational fluid
dynamics for predicting the motions of a ship with a moonpool and vertical water
motions in a moonpool in regular head waves with a zero ship speed.

The results of the numerical simulation in the OpenFOAM software of heave and
pitch motions of the DTMB 5415 model in regular head waves with and without ship
speed show good agreement with the experimental data.

The experiment was organized with a series 60 model, which was equipped with
different moonpool shapes modules in regular head waves with a zero ship speed for
determining heave and pitch RAOs and vertical water motions in the moonpool. The
results do not show any influence of the moonpool for heave and pitch ship motions.
These data are necessary for numerical simulation verification.

The results of the numerical simulation of experimental research show good
agreement, which means the good efficiency of computational fluid dynamics in
heave and pitch motions and vertical water motions in moonpool calculation of a ship
with a moonpool. Numerical simulation should be advised for calculations during the
ship design process.

Numerical simulation of the motion of ship with moonpool can be recommended in
the different stages of ship design process for determining the characteristics of ship
motions and the vertical water motions in moonpool.
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YnucneHHoe MmoaenupoBaHUe Kauky CyaHa C LWaXTHbIM
YCTPOWCTBOM Ha BCTPEYHOM BOJIHEHUU

K JI Osuunnuxos <ovchinnikov_kd@mail.ru>
Canxm-IlemepOypeckuii 20Cy0apcmeenHblil MOPCKOU MeXHUYeCKUll YyHugepcumemn,
190121, Canxkm-Ilemep6ype, yr. Jloymancxkas, 3

AnHoTammsi. B pabore mpuBOAATCS pe3yabTaThl OLEHKH BO3MOXKHOCTH IPHUMEHEHHS
COBPEMEHHBIX CPEJCTB BEIUMCIUTENEHON THAPOMEXAaHUKH ISl OTIPEASNICHUSI XapaKTePUCTUK
Kauk{ CyJHa C IIaXTHBIM YCTPOWCTBOM M KoieOaHMI JKHIKOCTH B IIAXT€ Ha BCTPEUHOM
BOJIHEHUH IIPU OTCYTCTBUM CKOpocTH xoja. IllaxToif Ha3bIBaeTCs «KONOAEI, UCTIOIb3YEMBbIit
Ha pPa3IMYHBIX TUMAX CYAOB, TAKUX KaK, KaOeleyKIaJO4HbIX, MOOBIYHBIX H OypOBBIX,
CracaTebHBIX, HCCIIEI0BATENbCKIX, CHAOXKEHNUS U o0ecredeHns. DTa MaxTa MpeAHa3HaueHa
JUISL CITyCKa | ITOIbeMa Pa3IMgHOT0 000pyI0BaHNS, BOIOTA30B MU CIIacaTEIbHBIX KOJIOKOJIOB,
kabeneil mnm paif3epoB, 3aIIUIIEHHBIX OT BO3JEHCTBUS BHCIIHETO BOJIHEHMs. Pe3ynbrars
YUCJIEHHOI'O MOJENIMpOoBaHus B nporpaMmHoM komiuiekce OpenFOAM nponosibHOM Kauku
mozesu DTMB 5415 Ha BCTpe4HOM pPETryJISIpHOM BOJIHEHMU IIPU HAJIUYUU U OTCYTCTBUS
CKOPOCTH XOAa TMOKa3ajlHM, 4YTO YHCIEHHOE MOJEIUPOBAHUE IIO3BONAET C BBICOKOM
3¢ HeKTUBHOCTBIO OTIpenenaTh aMIUIUTYIHO-4aCTOTHBIE u (ha30BO-4acTOTHbIE
XapaKTepPUCTUKU BEPTUKAJIBHOM M KWJIEBOM Kauku cynHa. [IpoBeneHHOE SKCIIEpUMEHTAIBHOE
uccienoBaHue mopenu cepun 60 Oe3 mAXTHl U C OBYMS ILIAXTaMH KPYIJIOTO CEYEHHS
Pa3IMYHOTO JHaMeTpa Ha BCTPEYHOM BOJHEHHMH IPH OTCYTCTBHUH CKOPOCTH XOJa MO3BOJIMIO
TIOTYYUTh aMIUTUTYJHO-9aCTOTHBIE XapaKTePUCTHKU BEPTUKAIBHON U KMJIIEBOH KauKH, a TAKXKE
BEPTHKAIBHBIX KOJEOAHMH XUIKOCTU B IIAXTE, KOTOPHIE ITOKA3aIM, YTO BIUSHUE HAIMIHS
IIaXTHl Ha JWHAMUKY CyJHA Ha BCTPEYHOM BOJIHEHHH INIPEHEOPEKMMO Majo. DTH JaHHEBIC
TaKke HEOOXOAMMBI A7Is BBINOJIHEHUS BEpU(PHUKALUH YUCIEHHOTO MOJEIUPOBAaHUS KoJeOaHui
CyZIHa C IIaXTO}l Ha BCTPEYHOM BOJIHEHUH. UNCIEHHOE MOAENUPOBAHNE HKCIIEPHMEHTAIBHOTO
UCCNIeIOBaHUs TI0Ka3ajJ0, YTO COBPEMEHHBIE CPEJCTBA BBIYMCIUTENBHOH TMAPOMEXaHUKU
HO3BOJIAIOT ¢ XOpoIIeH 3 PEeKTUBHOCTBIO PEIIaTh 3aa4i M0 ONPEACNICHUIO XapaKTEPUCTHK
NIPOJOIBHON Kauky CyAHa, CHA0)KEHHOTO IIAaxXTHBIM YCTPOMCTBOM, M BEpPTHUKAJIBHBIX
KoJIeGaHUH JKUIKOCTU B IIAXTe HAa BCTPEYHOM BOJHEHHHU IPH OTCYTCTBHM CKOPOCTH XOJa.
UncneHHOE MOJENMMPOBAaHNE KAYKH CyIOHA C IIAXTHBIM YCTPOMCTBOM MOXET OBITh
PEKOMEHJJOBAHO Ha HAYaJbHBIX CTaJUAX IPOEKTUPOBAHMS JUIS OIpENCNICHUS IapaMeTpOB
KauK{ U BEPTUKAJIBHBIX KOJI€OaHUH KHKOCTH B IIAXTe.
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KWIeBas Kayka; aMIUIUTYIHO-4acTOTHas xapakrtepuctuka; DTMB 5415; cepus 60;
OpenFOAM.
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