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The simulation of free surface flowswith Computational Fluid Dynamics
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SUMMARY

Computational fluid dynamics is a powerful and watite tool for the analysis of flow problems enctarad in the
maritime environment. The University of SouthammpEduid-Structure Interactions research group uSE®S CFX to
model a wide variety of flow problems; to gain b into flow physics, improve designs and incretiee efficiency
and safety of marine vehicles. A series of thgecstudies from on-going research looks at: lapgtied on liquefied
natural gas tanks due to sloshing, slamming pressexperienced by high speed craft as well asrtfieence of
propellers on the resistance characteristics obrewmous underwater vehicles. The presence of the $urface,
complex shapes and the unsteady nature of thesieajms make their simulation with computatiofiaid dynamics
particularly challenging. The successful validataf the computational models has resulted in tebpment of a
selection process for suitable multiphase modeisellsas cost-effective meshing strategies.

1 INTRODUCTION

Cutting-edge designs, ambitious operating proféesl
greater emphasis on the environmental impact ofrmaar
vehicles is resulting in the increased use op
Computational Fluid Dynamics (CFD) — the numerica
solution of the Navier-Stokes equations — in nava s
architecture. The key complication in the applmatof [
CFD in the marine field is the presence of an fater
between water and air (free surface). Since tlsitipn
of the free surface is not knowa priori, it must be
obtained as part of the solution process.

2 .

A wide variety of solution methods have been dgvetb iR - g o e : s

to deal with this problem. Marker-and-cell meth&dep Figure 1 — Every second matters: high-performance

track of the free surface position. This is compatelly engineering to save lives (Photo courtesy of RNLI)

efficient, but does not permit overturning wavedloid

fragmentation. Particle methods resolve the flow ia The application and validation of CFD in this wide

finite number of fluid elements. This approachabust, variety of maritime free surface flows has resuitethe

but it consumes a large amount of computationalgpow identification of easily applied guidelines for the
selection of an appropriate multiphase model, the

Hirt and Nichols (1981) developed a free surface construction of sufficiently robust meshes as vasllan

capturing approach for finite volume CFD, where the analysis of the free surface modelling capabilifte€FX.

amount of each fluid in a control volume is caltethin

the solution process.  Although this approach is

computationally expensive it is robust and perntiits 2. VIOLENT SLOSHING IN LNG CARRIERS

simulation of highly non-linear free surface shapes

including fluid fragmentation and wave breaking.odl 2.1 THE ENGINEERING PROBLEM

commercial CFD codes, including CFX, use this

approach to include a free surface flow modelling Natural gas has become a popular solution to gpatisf

capability. energy needs of the world and the requirementgésr
shipping have consequently increased. Royal Dutehl S

The Fluid-Structure Interactions Research Grouphat  expects the LNG market to grow to the same sizihas

University of Southampton use ANSYS CFX to model a petroleum market by 2025 (The Economist, 2004) as

wide variety of free surface flow problems such as power generation and industry as well as households

sloshing, self-propulsion and high speed craft stimg increase their reliance on natural gas

loads to gain insight into flow physics, improvesidms

and increase the efficiency and safety of marirgches. The transport of Liquefied Natural Gas (LNG) byshi

over transoceanic distances is more cost effettive
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Figure 2 — LNG Carrier (Photo courtesy of BP)

the construction and operation of pipelines (Jensen

2002). Sloshing is a danger to the safety of LN@iers,

but it is usually avoided by the judicious selectaf tank

size and filling level. However, the current ecomom
climate in the global gas market has precipitate@e
principal developments challenging the status quthée
design of LNG carriers:

1. Increased Ship Size. The capacity of newbuild LNG
carriers is set to increase in excess of 250,080 m
The LNG production and transport chains,
commonly known as ‘LNG trains’, have increased in
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Figre 3 — LNG Carrier in heavy weather: sloshisgai
problem

This has renewed interest in liquid sloshing asceftect
on ship safety. CFD offers a cost-effective metlodd
studying sloshing flows and analysing their impaat
vessel operation.

2.2 SIMULATION CHALLENGES

Although the shape of an LNG tank, shown in FigBre

is readily discretised, the successful simulatioh o
sloshing is complicated by numerous aspects. Tingop

scale, requiring larger capacity vessels (Ginsburgtower, which is an integral part of LNG transpddatis

and Bléske, 2007).

Flexible Filling Levels. This requirement is caused
by a shift in the pattern of LNG trade. In thetpas
LNG ships were built for a certain LNG project with
a fixed route. Today's gas market is considerably
more flexible and spot trading is starting to ergerg
as an alternative to the traditional trading
arrangements  (Crooks, 2007). Thus, energy

companies seek to take advantage of local price

variations.

Offshore Liquefaction and Gasification. The
opposition to the construction of LNG liquefaction
and regasification terminals has led to the
development of floating LNG regasification plants.
Due to the changing filling level of the LNG stoeag

tanks and the seaway, sloshing is a key concern in

the design and operation of floating LNG
liquefaction and regasification (Mokhatab and Wood,
2007).

The significance of sloshing on the operation ofG.N
carriers is illustrated by an incident affectinge thNG
carrier Catalunya Spirit During dry dock inspection in
May 2006, damage to the membrane tank insulation wa
discovered which was later attributed to sloshifige
repairs cost $4.1 million and the operator incureed
further $2.4 million loss, as theCatalunya Spirit
remained in dry dock for repairs for 47 days (Teeka
2006).

a complicated structure, which requires a largebemof
mesh elements for its adequate discretisation and
resolution of the pressure field. A typical sugamesh

for part of a pump tower is shown in Figure 4.

T
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Figure 3 — Membrane LNG tank. Typical dimensiores ar
40-60 m length, 40 m beam and up to 30 m height

The highest pressure loads are encountered inistpsh
flows with wave breaking, fluid fragmentation ang a
entrainment during impact.  This requires robust
numerical schemes which can handle large changes in
the flow field over very short times. The separati
between the phases and the “thickness” of the free
surface influence the simulation results.
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Table 1 — CFD model description and parameters

Parameter Setting

Water Incompressible fluid

Air Ideal gas

Sloshing motion Body force

Turbulence model Standaikds with scalable
wall function

Spatial discretization Gradient-dependent first| or
second order

Temporal discretization Second order backward
Euler

Timestep control Root-mean-square (RMS)
Courant number=0.1

. Convergence control RMS residual <*10

Table 1 summarises the parameters used in the CFD
model. The selection is based on the sensitivitgliss
by Godderidge et al. (2007, 2008). The high rdsniu

Sloshing is treated as a transient problem and thescheme for spatial discretization varies betweérstaand

influence of history effects requires long simudati second order upwind scheme depending on the gtadien
times.  Usually O(10) to O(10’) time steps per (ANSYS, 2007). It was found to be th_e most stable
oscillation are needed, which can result in slaghin scheme. 'Lh%slo?hmg motion ththe c;]qntamer wﬁﬂ dd
simulations needing up t®(10°) time steps. This using a ‘hody ‘force ~approach. This approach adds
mandates extremely tight conservation of mass an daddltlonal time-dependent terms in the externalytfocce

: . vector by for linear motions.
momentum in the solution process, as even small
changes in the total fluid mass change the dynauwfics

Figure 4 — Surface mesh for pump tower

the sloshing flow. The steady-state pressure histories from the CFD
simulation at monitor points P4 and P6, shown guFés
23 RESULTS 6(a) and 6(b) respectively, are compared to the

experimental data from Hinatsu (2001). At P4, @D

The CFD sloshing model is validated using published Pressure data matches the experimental values avith
experimental data from Hinatsu (2001). The tank 900d level of accuracy. Similar observations can b
dimensions, locations of the pressure monitor goamtd ~ Made at P6. This confirms the ability of the préseFD
axis system orientation are shown in Figure 5. The model to simulate the highly nonlinear free surfloms
pressure results obtained from the computationaleno ©bserved during violent sloshing. This CFD modgl i
are compared to experimental sloshing pressureangiv Used to model full scale sloshing and a snapshsitdsn
by Hinatsu (2001). The tank sway motion is sindabi ~ Figure 7.

with an amplitude of 0.015 m and a period of 1.404
(95% of the first resonant period). The sloshingiomis
in thex-direction only as indicated in Figure 5.
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Figure 5 — CFD validation problem

Figure 7 — Sloshing in an LNG tank modelled with
ANSYS CFX
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Figure 6 — Comparison between CFX and experimesitashing pressure data

SELF PROPULSION OF AN

AUTONOMOUSUNDERWATER VEHICLE

3.1

Autonomous Underwater Vehicles (AUVS) are used for experimentally using

THE ENGINEERING PROBLEM

desired design speed and design range. This ilsutéd

to under predicting drag, over predicting propudsiv
efficiency and over estimating the required mass of
batteries.

The drag on an AUV or submarine can be found

scientific research, military activities and commal
applications. They have no external connectionsh&®
surface for powering, mission control or navigation of bare and appended straight line resistance oAU
Increasing demand has led to the development ofusing commercial and academic RANS solvers.

numerous commercial and academic AUV platforms

over the past decade (Phillips et al, 2008). $teme et
al (2007) note that many AUVs do not achieve the vehicles the action of the propeller should be m@red,

towing tank tests.

Reynolds

Averaged Navier Stokes (RANS) simulations have also
been performed to determine the straight line t&asce

When investigating the in-service performance asth
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since it modifies the surface pressure distributéom

boundary layer flow at the stern of the vehiclehwdtn 3.3 COUPLED RANS-BEMT SIMULATION
associated change in hull resistance. Numericdlly t

action of the marine propeller on the flow aroundudl Blade element momentum theory (BEMT) is commonly
form can be included either by modelling explicithe used in the design of turbines and marine progelEne

full rotating propeller in an unsteady RANS simidat advantage of BEMT theory over more advanced methods
of the hull-propeller system; or by modelling thallh  is that it allows the lift and drag properties bet2D
with a propeller model based on an actuator-disc section to be tuned to the local Reynolds number
approach. A typical AUV propeller, like a ship méde incorporating viscous effects such as stall ordffect of

propeller, will often operate in the transition Reids laminar separation at low Reynolds numbers.
Number range and use of a standard RANS approach
may well not capture the behaviour of the propeller An existing compact BEMT code written at the

University of Southampton has been modified to
simulate the action of Autosub’s propeller. The Bfb
and drag data calculated from XFoil has been medell
including the Reynolds number dependent drag
coefficient.

The propeller sideforce can lead to large momeunéstd

the distance between the propeller and the Autosub
centre of gravity (0.47L). In order to capture ttaglial

and circumferential variation in propeller inflow
conditions are determined for 360 discrete zonds (1
radial divisions, 36 circumferential divisions)gsEigure

9. The BEMT code is called for each of these laratito
determine the local thrust and torque coefficients.

Figure 8 — Launch of the 7m Autonomous Underwater
VehicleAutosub 3

In order to better understand the in-service peréorce

of AUVs the self-propelled free flying condition tlfie
AUV Autosub 3shown in Figure 8, is simulated with the
commercial RANS solver ANSYS CFX V11. The
propeller is modelled using an extended actuatsc di
approach using blade element momentum theory
(BEMT) to determine the required axial and tang@nti
momentum source terms. The eventual aim is to geovi
a cost effective analysis technique for developiegv
AUVs.

3.2 AUTOSUB 3

Autosub 3s a torpedo shaped AUV manoeuvred by four
identical flapped control surfaces mounted at e 1Of
the vessel, in a cruciform arrangement, Figure o T
vertical rudders control the yaw of the vessel, leviivo r— . . . .
horizontal sternplanes adjust the pitch. The fkdigsfoils Figure 9 — 36 circumferential and .10 radial subdions
use a NACA0015 section with a tip chord of 270mm, of the propeller disk

L?g\t/agreorﬁap? fhz?gn rTc]hglrrc]id o? 158psar?1mOfan3(§3 6;11 r:p')a;ll—hgfwnhi.n th_e RANS simu_latio_n the propeller is modéllas
330mm. a cylindrical subdomain with a diameter equal tat thf

the propeller and a length equal to that of thatiog hub,
0.069D. Momentum source terms are then applied over
the subdomain in cylindrical coordinates to repnesiee
axial and tangential momentum induced by the pitepel

An iterative approach is used to establish the self
propulsion point.

The propulsion system consists of a single brushxs
motor that directly drives a two bladed aluminiutiow
propeller, positioned at the rear of the vesselrzkthe
control surfaces. The blades are 240mm long with a
chord of 35mm, diameter 0.7m with a hub/diametéora
of 0.3486.
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This approach is implemented through the use oF% C
Junction Box Routine and CFX User Fortran Routines.
The Junction Box routine is called at the end ofrgv
coefficient loop. It monitors convergence levelstracts
wake data and controls the set propeller rpm. Torerdn

Routines are used to run the BEMT code based on the

wake data and rpm from the Junction Box Routine, in
order to determine the momentum source distribudiaeh
return the appropriate source terms to CFX.

The computational cost of running the BEMT code at
each coefficient loop is 0.1% of the cost of the NGA
simulation.

3.4 RESULTS

The coupled RAN-BEMT simulation estimates a
propeller rpm of 294 for self propulsion at 2m/isT
value is substantially lower than the rpm valuesnsa-
service, Figure 11. There are two possible causési
discrepancy; over prediction of thrust in the BENGde

or under prediction of the vehicle drag in the RANS
simulation.

Velocity
(Contour 1)

1.326e+000

1.193e+000

- 1.061e+000

3.978e-001
F2.652e-001
F1.326e-001
0.000e+000
[m sA-1]
Figure 10 — Streamlines around the vehicle at eenos
down pitch angle of 4 deg and a sternplane angle of
6 deg

Using the ITTC 57 correlation line, and a form &act
from Hoerner (1965) for a streamlined body the baré
drag coefficient can be estimated agyG= 0.02219
compared with g, = 0.0215 derived from the RANS
simulation. The four control surfaces add an ex8% to
the drag leading to a g = 0.024, lower than the
accepted value foAutosubderived from deceleration
tests of Gy = 0.045

The discrepancies between the numerical and iricgerv
drag is believed to be due to the various instrumeand
antennae with project througkutosubs hull, see Figure

2008 ANSYS UK User Conference:
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Figure 11 — RPM versus water speed, (Mission data
from AutosubMissions 385, 386 and 387)

nearly half of the total drag of the vehicle, thus
highlighting that the drag of the basic hull isesftnot the
major contributor to the total drag of an AUV and
underlining the need for including a high level d#tail

in both experiment and simulation.

Taking the wake fraction and thrust deduction dakeal

by the RANS-BEMT simulation, and replacing the drag
calculated from the RANS analysis with that caltedia
using the drag coefficient o = 0.045 the resulting
prediction of rpm versus water speed are preseated
Figure 11. These show good agreement with the in
service data confirming the analysis undertaken.

3.5 OUTCOMES

A robust and rapid method of coupling a Blade Eleme
Momentum theory code for marine propellers with the
commercial RANS code ANSYS CFX has been
developed. The computational cost of running the
BEMT code at each coefficient loop is 0.1% of tlostc

of the RANS simulation, and thus significantly lawe
than modelling the propeller blade in the RANS
simulation explicitly. Viscous effects such as Istallow
Reynolds number effects such as laminar separaton
be included when defining the lift and drag projgsrof
the 2D sections.

Radial and circumferential variation in propeller
performance can be captured by considering thel loca
inflow conditions at a series of radial and circansitial
divisions. This allows for non uniform propellerflow
such as that observed behind a ship or submarglé. S
propulsion simulations using the RANS-BEMT method
have been performed over the range of operational
Reynolds numbers for the AUVAutosub 3 Hull
efficiency is shown to decrease with Reynolds numbe

8, these protuberances have been ignored in thgypile the propeller open water efficiency increases

numerical simulations. Allen et al. (2000) perfodne
towing tank tests to determine the relative contidn of

hull, fins, transducers and nose pockets to thal tot
hydrodynamic drag of a REMUS AUV. The results
identified the transducer and nose pockets contgbrise

Comparisons with in service data show the RANS-
BEMT simulation under predicts the drag of the ehi
and consequently the required rpm. This is attedub
the various instruments and antennae which protrude
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through the hull which are not included in the CFD
analysis. After correcting for the drag of the
protuberances the predicted rpm show good coroelati
with the in-service data.

4, LOADSON HIGH SPEED CRAFT

4.1 THE ENGINEERING PROBLEM

Small boats are often required to operate at ak hig
speed as possible. The crew experience repeatetish
and vibration, which can lead to a reduction inirthe
physical and mental performance. Accurate preahobif
the motions of high speed craft is an essentiahel# in
understanding the response of the crew to a péaticu
design configuration. The aim of this work is mopirove
the capability of a numerical method in a procedare

designing high speed craft from a human factors

perspective.

The problem of predicting planing craft performaacel

2008 ANSYS UK User Confere

investigation is to simulate the forced entry of2B
wedge into water. The prediction is then extented
model a free falling wedge and a ship bow sectiith
promising results.
4.2 SIMULATION CHALLENGES

There are a number of methods that can be apfdied
simulate a wedge impacting with water. One method
incorporates a moving mesh, where the mesh ishettac
to the surface of a ship and deforms as the shipemo
The grid system is also fixed to the free surfadéis
approach cannot cope readily with large amplitude
motions. Another method used to predict ship nmstio
using CFD is to use a fixed co-ordinate system
introducing the body forces on the ship into theemal
forces component of the Navier-Stokes equationkis T
method is adopted by Sato et al (1999).

This investigation uses a body-fixed mesh and the
movement of the body is realized by altering thelef
the free surface. For the case of a 2D wedge ithpac

motions can be solved using one of two principal only the vertical motion is included. The lowenindary

methods:
» a potential flow solution focusing on predicting
wedge impact forces,

e computational fluid dynamics (CFD) solving the full

three dimensional (3D) Reynolds averaged Navier

Stokes equations (RANSE).

The first numerical method uses a two dimensioRB)
potential flow theory to calculate the forces assmc
with wedge entry in order to evaluate the addedsraasl

of the computational domain is defined as an opgnin
and the water inflow velocity is set as the instiasbus
wedge vertical velocity. This method of simulating
wedge impact has the advantage of requiring onky on
mesh, which can be refined in areas of interesth s
the apex of the wedge and the water jets expectédea
water level rises. A high density of mesh cellseiguired
in the vertical direction so that the mean freefaig
location is well captured. The time step is chosen
ensuring that the maximum Courant number is

damping terms in the equations of motion. Previous approximately unity.

validation studies of the numerical method for digi
inflatable boats travelling at high speed in wawekcate
that whilst the occurrence of slamming and theespy

of heave and pitch motions are predicted well, the
in

magnitudes of accelerations are over-predicted
comparison to experimental data (Lewis et al, 2006)

The second numerical method, using CFD, has been

applied to solve the motions of sailing yachts ahibs
in waves, with good results. The computationat @ds
such simulations is significant,

increases in computational power.
carried out a RANSE simulation to predict the motiof
a planing vessel. It is noted that for the resista

prediction alone, for each speed simulated required

approximately 8 hours on an AMD 2000+ processor.

Another possible method to predict high speed craft

motions is to introduce a hybrid model making u$e o
both a RANSE method and the 2D strip theory disediss
by Lewis et al (2006). A simulation that predietsdge
impacts accurately with 2D CFD can be developedand
series of wedges applied to create a 3D hull. @Wer
craft motions may then be calculated in a similanner

to the 2D potential solver. A starting point fdrist

despite continual
Azcueta (2003)

The coarse mesh for a wedge with a deadrise arfgle o
25° is presented in Figure 12.

Figure 12 — A coarse mesh of a 2D wedge

The upper boundary is modelled as an opening with a
atmospheric pressure condition applied. The boynda
on the left side of the domain is a symmetry plane
allowing the simulation of half the wedge and tliere
reducing the computational time taken to solve the
problem. The wedge itself is modelled as a smatih,
with a no slip condition. The simulation is cadieut

for varying mesh densities and turbulence models.
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The simulation of a free falling wedge requires the
inflow velocity to vary according to the verticairEe on
the wedge. In order to calculate the new veloditg
velocity at the previous time step must be knowA.
FORTRAN program was integrated within the CFD
simulation. At each time step the total verticatct
acting on the wedge is known and using the wedgesma
a new velocity can be found as:

F
Wiew =Woro "(Q _M]At '

The velocity at the previous time step is retriefren a
text file. This new velocity is then returned t@tCFD
solver and implemented in the inlet boundary coodg.
The velocity is also used to over-write the text fior
use in the next time step. As the necessary tiege for
the CFD simulation is sufficiently small a simpliest
order calculation is sufficiently accurate.

4.3 OUTCOMES

4.3.1 2D Wedge impact

Initial inspection of the results is conducted in a
qualitative manner. The free surface is inspedted
ensure that a reasonably sharp interface is pestietth

a rapid variation of volume fraction across 3 tedls
only. Figure 13 illustrates a typical free surfaigl way
through a simulation for the coarse mesh showing a
contour plot of the water volume fraction. This was
deemed acceptable with clear identification boththef
wedge jet and mean water level.

(m)

0.300
1

Figure 13 — Contour plot of the water volume fraaoti
illustrating the free surface.
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A mesh and turbulence model sensitivity study was
carried out, with meshes ranging from 9,000 cetls t
52,000 cells. The predictions are compared with
experimental data from tests conducted by Yettoal et

(20086).

Figure 14 presents the computed prediction of the
pressure distribution along the wedge at 4 diffetiames.
These times correspond to the maximum pressure
experienced by transducers 1, 3, 5 and 6. Theitmet

to zero when the wedge first touches the water.s It
noted that each pressure transducer has a diamkter
19mm. Therefore the average maximum pressureaver
19mm section of the wedge must also be considered.
The peak pressures are presented in Figure 14 lhasve
the average maximum pressure at the position ofi eac
transducer.

Peak pressures are under-predicted near the wedge a
as is the averaged pressure. The pressures are ove
predicted as the water jet travels up the wedgethed

averaged pressure follows the same trend, althauth
increased accuracy.

Vi
—

L

1.4E+05 + E pressure peaks

—a— Predicted pressure t=2.5ms
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Figure 14 — Predicted pressure distribution alohg t
wedge face, with averaged maximum pressure and

experimental data.
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The contour plots of the pressure in the fluid adthe
wedge at different times are illustrated in Figurg.
These illustrate the pressure peak moving along the
wedge during impact, as well as the reduction iakpe
pressure with time.
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(1996). The bow section with pressure tappings i

important, the forces acting on the wedge and itsillustrated in Figurel?7

subsequent motions are of primary concern in thidys
Figure 16 illustrates the accuracy of various piién
flow theories when compared to the experimentailtes
and the current CFD predictions.

Pressure
1.306

1.139
0.972
0.805
0.638
0.471
0.304
0.137
0.097

0.08

[ 10* Pa)

L] 0300 (m)

Figure 15 — Pressure contours around the wedge:
clockwise from top left, t=2.5ms; t=8ms; t=23ms;
t=17.5ms.

——Ci

Prediction

Zhao's model

Experimental data: Yettou et al
(2006)

#*— Von Karman Model

Zamick Model

—a— Wagner Model

w

Speed (m/s)

20 25 30 35
Time (ms)

10 15 40

Figure 16 — Comparison between computational
prediction, experimental data and various potentiav
solutions.

4.3.2  Hull bow section impact

Although the potential flow theories discussedént®on
4.3.1 produce reasonable results for constant theadr
wedges, they are not capable of solving the probitam
more complex bodies. This section presents arvaer

of work conducted on the impact of a ship bow secti
with water. The experiment is conducted by Aarsnes

I.__

240 mm.

Prassure Cells

T

Tt

Figure 18 — Mesh for the ship bow section.

Three meshes of the bow section were created, widith
a length of 0.8m and a height of 0.4m. The fimassh
contained 30000 cells, and the first node was t&tla

2010°m from the wall of the bow section (see Figure
18). The time step is varied from 0.5ms to 0.05mMke
details of the method for the CFD simulation can be
found in Hudson et al (2007). The peak impact quress
are captured well, although are under predictedbyo
10% as presented in Figure 19

The accurate modelling of an unsteady boundaryrlaye
allows improvements in the prediction of a body
impacting with water. The results presented detnates
that such a CFD approach predicts the magnitude and
time history of the pressure distribution accuratab
compared to available experimental data. The t®sul
presented illustrate an improvement over poterikial
theory predictions.
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where b, are body forcesM“ forces on the interface
Predicted and experimental pressure (transduceasé P2) .
caused by the presence of phage u the dynamic
30000’6 viscosity, the termM" (= F“ﬁuiﬁ—rﬁ“ui) interphase
momentum transfer caused by mass transfer and the
stress tensor;; is expressed as

15000

Pressure (Pa)

16666

5000 —au' _au ]
y, g e T = * 3
4 | ! — P1 pressure pre iction aXJ axi
ooz b o2 0.04 0.06 —=— P1 experiment
5000 —— P2 Pressure predictipn
Time (s) —— P2 experiment

The interface momentum transfer teivh” needs to be
considered in greater detail as it links the flualocity
fields. This term may be modelled by a linear
combination of known forces acting on the fluiceirice,

5. FREE SURFACE MODELLING such that

Figure 19 — Pressure predictions compared with
experimental data from pressure transducers P1Rad

51  WHAT MULTIPHASE MODEL? MT=MP+MY +MB+M-+MmW, 4

In the case studies in Sections 2-4, the interactio where MP is drag force MV virtual mass forceM &
between the fluids at the free surface behavioracty
influences the results and a suitable multiphaseemior
capturing the free surface dynamics needs to be
identified. The fluid interaction models for themerical
simulation of free surface flows can be implemented
using the volume fraction of each fluid to deterenthe : . X . .
fluid mixture properties. This is ahomogeneous Interaction of small, subgrid-scale particles withe
multiphase model which is analogous to the volurhe o Surrounding fluid. This is ignored in the presemalgsis.
fluid (VOF) method developed by Hirt and Nichols 'ne lift force is generated by fluid rotation ardun
(1981). A more general but computationally more parug:les. The correct mgdelllng .Of. v_vaII IubncaMn_rpe
expensive approach is amhomogeneousmultiphase requires a.flne g”d. (Ishii gnd H.'b'k" 2.006)’ ma@' its
model, where the solution of separate velocitydefor inclusion in transient simulations impractical. The
each fluid is matched at the fluid interfaces usinass  interphase drag forcM ® is expressed using the drag
and momentum transfer models (Ishii and Hibiki, &0  coefficient

Basset forceM‘ lift force due to fluid rotation and

MY wall lubrication force (Ishii and Hibiki, 2006).u2

to its complicated nature, the Basset force is geiye
ignored in practical multiphase analysis (Ishii afidiki,
2006). The virtual mass force is used to model the

The physics of a violent free surface flows such as C. = D 5

sloshing, including wave breaking, vapour entrapmen D~ 2 ®)
and cushioning may contradict the assumptions (fBxen 1/2/0|Uﬂ _Uﬂ| A

2005) inherent in the homogeneous model. An

inhomogeneous viscous compressible multiphase flowwhere A is interfacial area,D drag, p density and
with two phasesa and g can be described by the

conservation of mass for the compressible phase

|Ua —Uﬁ| velocity between the phases and 8. For

the current Newtonian flow regime, a drag coeffitief

0.45 is used (Ishii and Hibiki, 2006). Equation$ &hd
i(rp)+i(rpui):m+ ras, (1) (2) are computationally expensive as the number of
ot 0; conservation equations to be solved doubles with an

additional fluid. A simplification is given with

wherer? is mass transfer between the phasesrand homogeneousultiphase flow. In this case it is assumed
mass sourcesp density, r volume fraction andy, that the relative motion between the phases can be

loci f oh Th di on f neglected (Brennen, 2005). Thus, the interface
velocity of phasea . The corresponding equation for - omentum transfer in Equation (4) becomes largé, bu
conservation of momentum for phasgeis given as

5 5 the velocity field is identical for both phases amady
—(rpui )+—(r,ouiuj): one set of conservation of momentum equations nieeds

ot 0X; be solved. Applying this simplification to the goming
5 a(r - ) (2 equations for inhomogenous multiphase  flow,
= P OV T Mm@ +b, conservation of mass for homogeneous multiphase flo
o 0X; ' is given as

10
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combined with inflation layers can capture boundary
layers with no significant increase in computationa
workload. Disadvantages include poor reprodudibili
and the refinement can only be influenced by spexjf
mesh density and/or boundary node spacing. Hexahed

M+i(

ot 0x (©)

rpn) =0,

and the conservation of momentum is defined as

0 0 __0p_ 07 grids are significantly more complicated to generait
ot (pui)+axj ('wiuj)_ 0% +,uaxj th () make more efficient use of a given number of nodes,
with especially when some knowledge of the flow is aldd.
2
p=>1A (8)
1=1
and
2
IS ©)
I=1

In considering computational efficiency alone, the
homogeneous multiphase model will be the most
effective but the interaction between the phases is
ignored. The homogeneous multiphase model is used i
most sloshing simulations. When the water impacts
tank wall, a small air pocket usually remains. This
behaviour is observed in experimental studiesadtshg
(e.g. Lugni et al, 2006) as well as the present
computational investigation. The properties of this

Figure 20 — Typical hexa mesh of rectangular tardss
section

Combining hexa and tetra elements in one grid isemo
complicated, but there are considerable advantages

bubble and surrounding fluid can be used to detegrai
suitable multiphase model. Brennen (2005) provides
guidance using a size parametet and a mass
parametery in conjunction with the particle Reynolds
number. They are defined as

m
x =R M (10)
I JoAY
m 2m,
Y=[1-—4/|1+— (11)
PV PV °
and the particle Reynolds number
U,-U,R
%ﬂ:Li_iL, (12)
Va

wherel is length scalem, particle massy. kinematic

viscosity, p. fluid density, R particle radius, U
characteristic velocity and particle volume. Brennen

[22] finds that if either the conditionX <<Y? or
X <<Y/(UR/v;) is Vviolated, the inhomogeneous

multiphase model (Equations 1 and 2) should be.used

5.2 COMPUTATIONAL GRID

The size and nature of the mesh used in free surfac
simulations affects the solution process as welkhas
quality of the results. Tetrahedral (tetra) gridee

When conducting parametric variations only the inne
region has to be regenerated — better repeataaility
less effort, with an invariant far-field region.

Reduction in the number of hexa elements while an
orthogonal grid structure is maintained.

Free surface modelling is sensitive to grid aspect
ratio, with an aspect ratio greater than O)ldften
resulting in computational instability or poor
convergence. A hybrid grid can be used to mairdain
low aspect ratio near the free surface while lingjti
the total number of grid elements.

Transient runs are more sensitive to grid sizehas
steady-state solution has to be obtained for each
transient time step. Given that some applicatiaith s

as sloshing require O(}0°) time steps, the
additional effort in grid generation is justified.

Figure 21 — Hybrid mesh of the same cross sectiim a
Figure 20. 58% of the total elements are locatethie
corners

Figure 20 shows the pure hexa mesh used for the

relatively straightforward to generate, and when sloshing simulation. Near the tank walls, the esiect

11
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ratio is in excess of 100 and convergence was ofterd
difficult to achieve. The same problem is disced 5
using a hybrid mesh approach in Figure 21. In¢hise,

the mesh elements are distributed far more effilsien
and a suitable aspect ratio is maintained outside t
boundary layer regions. 6

7
6. CONCLUDING REMARKS

Computational Fluid Dynamics is a powerful tool foe
analysis and design of marine vehicles. For safety 8
critical aspects of their design and operation sash
LNG sloshing and slamming pressure loads, CFD can
provide insights and facilitate better designs. DCB

also useful when assessing the influence of chattgas 9
design and optimising propulsion in conditions idiift
to replicate in model tests.

The successful simulation of free surface flowsehe|s 10
on the selection of an appropriate multiphase maddl

a methodology has been developed by Godderidge et a
(2008). Hybrid grid make more economical free acef

flow simulations possible, as they combine the
advantages associated with hexahedral grids with lo 11
cell aspect ratios near the free surface.
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