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Introduction

Objective

� Review capabilities of OpenFOAM relevant to hydrodynamics CFD.

Topics

1. Background

2. Free surface �ow model with dynamic mesh support

3. Sea-keeping: �oating object simulations

4. Wave resistance and trim simulations

5. Propulsion and steering simulations

6. Hydro-structure interaction and hydro-elasticity
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Background

Background on CFD in Hydrodynamics

� At �rst sight, CFD is a natural tool for ship hydrodynamics

� Single- or multi-phase �ow: free surface �ows

� Newtonian �uid
� Rigid wall (in most cases)

� . . . but even with current computer power, the cost of simulation is considerable
and must be taken into account

� Modelling dif�culties:

� Transient �ow phenomena are always important

� Turbulent �ow, extremely high Re number: Re � 109 , considerable wake

� Presence of free surface with breaking waves: VOF solver

� Range of scales are resolution: ship hull vs. wake vs. propeller and rudder

� External in�uences are irregular: statistical approach is not suf�cient: peak
forces, instead of mean values is of interest

� The most problematic issue is �ow statistics : for over-turning bodies, resonance
problem implies very long transient simulation time

� With current computer resources, full-scale CFD is not appropriate for all
problems: role of CFD needs to be examined case-by-case
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Free Surface Flow Model

Free Surface Flow Simulations: Multi-Phase VOF Solver

� Ef�cient handling of interface breakup; accurate calculat ion of body forces

� Accurate handling of dominant surface tension: no parasitic velocity

� New developments :

1. Dynamic mesh support, integrated 6-DOF motion solver with force calculation
and automatic mesh motion

2. Custom mesh classes for speci�c cases of motion. Special f eatures
� Rigid mesh region attached to body: boundary layer resolution
� Subset motion classes: automatic motion for a part of the mesh

3. Single-phase VOF free surface �ow solver pressure

4. Level-set based free surface �ow solver
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Sloshing and Slamming

� Sloshing simulations require free surface �ow with over-tu rning waves and 6-DOF
forcing terms. Previous test simulation performed using regular sinusoidal forcing
with phase lag between components

� Similar to sea-keeping, the objective involves peak forces rather than the mean

� Simulation itself is straightforward, mesh resolution is not very high (no dominant
attached boundary layer �ow) but simulation-time will be su bstantial

� In slamming simulations, prescribed motion or 6-DOF solver may be used to
specify the motion
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Floating Body Simulations

Sea-Keeping Simulations

� Sea-keeping involves ship stability simulations on prescribed sea state: de�nition
of wave spectrum as a function of time, re-created for purposes of simulation

� Flow solver : turbulent VOF free surface, with moving mesh support

� Mesh motion depends on the forces on the hull: 6-DOF solver

6-DOF Solver in OpenFOAM: System of Ordinary Differential Equation

� Force equation

m •x 0(t ) + D x _x 0(t ) + Cx x 0(t ) = f 0(t )

� Angular momentum equation

_l = l � !!! + m ; l = J!!!

� Example: body with a given translational and rotational velocity, no external forces
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Floating Body Simulations

Single Floating Body in Free Surface Flow

� Single phase free surface �ow model with accurate pressure r econstruction

� 6-DOF force balance for solid body motion

� Variable diffusivity Laplacian motion solver with 6-DOF boundary motion as the
boundary condition condition

Problem Setup

1. Specify mesh, material properties and initial + boundary �ow conditions

2. Dynamic mesh type: sixDofMotion . Mesh holds floatingBody objects

3. A �oating body holds 6-DOF parameters: mass, moment of ine rtia, support, forces

4. Variable diffusivity Laplacian motion solver parameters

Marine Hydrodynamics Solver in OpenFOAM – p. 7/14



Floating Body Simulations

Multiple Floating Bodies

� Problem setup: as above, but with multiple bodies •̂

� Example: simulation of two bodies in close proximity with different distance

� Elastic support for each boat in the x-direction with linear spring and damping;
minor elastic support in the y-direction

� Automatic mesh motion shows its use: adding constrained components is trivial

� Extensive validation effort under way in collaboration with clients and University
research groups
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Floating Body Simulations

Single Capsizing Body

� Problem setup: as above, but with a sliding surface (sphere) around the body

� Mesh motion is decomposed into translational and rotational component

� External mesh performs only translational motion

� Rotation on capsize accommodated by sliding interface or a GGI
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Wave Resistance

Wave Resistance Simulations

� Wave resistance simulations are similar to external aerodynamics on automobiles

� Steady-state turbulent �ow, attached to the wall, with cons iderable wake

� In reality, there exist considerable unsteady effects in the wake (with our without
propulsor details), usually neglected in external aero simulations

� Trim simulations involve small body motion and steady �ow: e quilibrium position

Mesh Courtesy of CAEbridge, LLC; solution by Wikki Ltd.
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Propulsion and Steering

Propulsor Design

� Detailed propeller design studies using CFD are standard

� Rotating free-standing propeller simulation uses a relative reference frame
approach: including centrifugal and Coriolis force in the equation

� Sliding interface or GGI technique used for combinations of rotating and
stationary parts: hull–propeller, hull–propeller–rudder con�guration

� Flow physics and mesh handling is straightforward in modern CFD
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Propulsion and Steering

Steering Simulations

� Formally, steering simulations involve interaction between a ship hull, control
surfaces (eg. rudder) and propulsion

� Scale problem

� Range of scales needed to capture the rudder, propeller and a hull
complicates mesh resolution requirements

� Long transient simulations

� External component for rudder and propulsion control

� “Release and capture” simulations (submarine and autonomous body) performed
on typical hull meshes, adding localised body forces to account for steering

� Detailed studies with suf�cient mesh resolution: overlapping grid method

“Crash Breaking Simulation”

� When propeller direction is reversed, massively detached � ow occurs

� Steady-state RANS conditions no longer appropriate: �ow is not attached

� Depending on desired objective, Large Eddy Simulation (LES) may need to be
used. Considerable cost, but no massive increase in comparison with transient
RANS: some increase in mesh resolution
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Hydro-Structure Interaction

Fluid-Structure Interaction: Flow-Induced Deformation

� Formally, considerably more complex than �oating body case s

� . . . but due to automatic mesh motion only limited changes required

� Traditional explicit coupling: Picard iterations. Pressure transferred from �uid to
structure and displacement from structure to �uid: pro�le a nd force conservation

� Automatic mesh motion solver used to deform the �uid mesh

� On solid side, mesh deformation is a part of the solution

� Close coupling : Reduced Rank Extrapolation (RRE) solver for domain coupling
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Summary

CFD Modelling in Ship Hydrodynamics

� While ship simulation seem to be “straightforward CFD”, cost of long transient runs
and accuracy of coupled force-motion simulation is problematic

� Over the next 10-20 years, full-scale CFD will be used routinely in hydrodynamics

� . . . but with current computer performance, we are not ready yet

� OpenFOAM provides substantial ready-to-use capability, with the bene�t of open
design and user customisation

� Naval Hydrodynamics clients are already moving towards introduction of full-scale
CFD: this is considered to provide future competitive advantage

Future Work

� More application-speci�c boundary conditions: random inl et waves based on wave
state, numerical beach, non-re�ective boundaries

� Improvements to the steady-state VOF solver: faster trim simulations

� Overlapping Grid solver in OpenFOAM

� Suggar and DirtLib, similar to CFD-Ship Iowa solver, probably with Level Set

� Native re-implementation, including massive parallelism (?)

� Validation, validation, validation!
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