
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:38:42Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title OpenFOAM computational fluid dynamics studies on the
ocean-atmosphere

Author(s) O'Sullivan, Niall

Publication
Date 2015-09-05

Item record http://hdl.handle.net/10379/5302

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


OpenFOAM Computational

Fluid Dynamics Studies on the

Ocean-Atmosphere

Niall Padraig O’Sullivan

School of Physics

National University of Ireland, Galway

A Dissertation Submitted in Accordance with the Requirements

for the Degree of Doctor of Philosophy in the College of Science

Supervisor: Dr. Brian Ward

September 2015

mailto:n.osullivan4@nuigalway.ie
http://www.nuigalway.ie/physics/
http://www.nuigalway.ie/


Abstract

Computational fluid dynamics (CFD) is the use of applied mathe-

matics, physics, and computational software to visualize how a fluid

flows around objects. CFD is based on the Navier-Stokes equations,

which describe how the velocity, pressure, temperature, and density

of a moving fluid are related.

Here CFD is used to simulate the errors in wind speed measurements

caused by flow distortion on two research vessels: the R/V Celtic

Explorer and the R/V Knorr. The numerical measurements were ob-

tained from the finite volume CFD code OpenFOAM, which was used

to simulate the required velocity fields. From the simulations, the fol-

lowing were determined: (i) the ideal anemometer location for wind

speed measurements on these vessels (ii) the effect of varying ves-

sel pitch angles on measurement data (iii) the optimum experimental

design by testing two mast designs with three instrumentation se-

tups (iv) the flow distortion effects for wind speed measurements of

±60◦ to the bow for 5-20 m s−1. A new parameter in flow distortion

error wind speed dependence was defined. Furthermore, a correction

function for the in-situ wind speed measurements at anemometer mea-

surement locations using the theoretical CFD model was derived. The

Reynolds-averaged Navier-Stokes (RANS) and large eddy simulation

(LES) simulation models accuracy at predicting air-flow distortion er-

ror was compared, and the latter was found to be superior. The wind

vector pitch and yaw in wind speed measurements due to air-flow dis-

tortion was quantified, and a definition of the underlying cause of the

aforementioned wind speed dependence was provided. A correction



function and methodology was provided that will lead to a mean ac-

curacy of 3% and define a correction for wave induced flow distortion

errors both experimentally and numerically.

Finally a variety of CFD studies are presented that have been con-

ducted involving the Air-Sea Interaction Profiler (ASIP), the flow dis-

tortion correction of wind speed parameterized air-sea fluxes, and the

flow distortion effects associated with the logarithmic wind speed pro-

files application to off-shore renewable energies.
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1

Introduction

In the study of oceanographic physics the acquisition and use of fluid flow mea-

surements are of the utmost importance as their effects have been linked to all

oceanographic processes. As measurements of fluid flow in or over the ocean are

conducted on various platforms, such as research vessels, submarines, autonomous

vehicles and stationary rigs, they are all subject to fluid flow distortion due to the

specific geometry of the platform moving through or standing stationary within

this environment. Since full scale in-situ profiles of fluid flow over such platforms

are not feasible at most scales in the oceanographic environment, CFD modelling

offers a theoretical view of the flow structures surrounding such platforms.

In this thesis the sections outlined in Chapter 2 define the scientific areas that

are addressed in this research and give an overview of previous CFD research, as

well as a description of CFD modelling.

Chapter 3 is a published article, which involves mapping flow distortion on

oceanographic platforms using CFD. Wind speed measurements over the ocean

on ships or buoys are affected by flow distortion from the platform and by the

anemometer itself. This can lead to errors in direct measurements and the de-

rived parameterisations. Here CFD is used to simulate the errors in wind speed

measurements caused by flow distortion on the RV Celtic Explorer. Numeri-

cal measurements were obtained from the finite-volume CFD code OpenFOAM,

which was used to simulate the velocity fields. This was carried out over a range

of orientations in the test domain from −60 to +60◦ in increments of 10◦. The

simulation was also set up for a range of velocities, ranging from 5 to 25 m s−1

1



1. INTRODUCTION

in increments of 0.5 m s−1. The numerical analysis showed close agreement to

experimental measurements (O’Sullivan et al., 2013).

Chapter 4 is a published article on RANS and LES schemes in modelling

turbulent flows. Here they are compared for modelling flow distortion over the

oceanographic research vessel R/V Knorr, which is important for correcting ob-

servations from sonic anemometers. Using the OpenFOAM RANS solver Simple-

FOAM and the LES solver PisoFOAM, computations are compared with exper-

imental data taken from various anemometer sites on-board the research vessel.

The LES showed mean accuracy levels of ∼3% of the wind speed bias whereas

the RANS simulations showed mean accuracy’s of ∼7%. A LES analysis of the

wind speed vector pitch and yaw was also conducted. The dominant forcing was

found to be the pitch, which gave a 7% increase to overall magnitude of the wind

vector. It was also found that the pitch of the wind speed was the main com-

ponent responsible for the horizontal flow distortions. The elevated pitch of the

wind vector was due to flow separation in the 10-20 m s−1 range. We use the LES

simulations over a range of orientations from -60◦ to +60◦, in increments of 10◦.

The numerical analysis showed close agreement to experimental measurements

with a 6% mean difference prediction due to flow distortion effects. We explored

two different methods to define a wave induced flow distortion correction and

when added to the air-flow distortion correction, improved the overall accuracy

of the models by 3% (O’Sullivan et al., 2015a).

Chapter 5 contains various CFD studies, which have been presented in various

forums including international conferences. In section 5.1 the OpenFOAM Piso-

Foam algorithm are applied for the prediction of the complex flows surrounding

ASIP using the Prandtl (1945) turbulence model, in which an analysis of pres-

sure fields surrounding the profilers geometry is conducted and an analysis of

turbulent dissipation rate is conducted. In section 5.2 the errors in wind speed

measurements caused by air-flow distortion on the R/V Knorr are applied to

the derived air-sea flux parameterisations. The Numerical CFD measurements

were used to simulate the velocity fields for the anemometer positions. This was

done over a range of orientations from -60◦ to +60◦, in increments of 10◦ and a

range of velocities, ranging from 5 m s−1 to 20 m s−1 in increments of 5 m s−1.

2



The corrected wind speed data was then applied to gas transfer velocity param-

eterisations. This led to the Sweeney et al. (2007) gas transfer parameterisations

showing a maximum correction of 16.43 cm h−1 as a result of the wind speed

correction. In section 5.1 the flow distortion correction is applied to the esti-

mation of wind speed profiles over the ocean, which is of particular interest in

the location and the power generation abilities of off-shore renewable energies.

The corrected free-stream data was applied to power law boundary layer theory

(section 2.4.3) to develop wind speed profiles over the full cruise period. We also

use the conducted simulations to investigate the wind speed height change as a

consequence of the research platforms flow distortion effects to a free-stream po-

sition 40 m from the bow. This led to the Power law wind speed profiles influence

by the measurement platform to be in the range of 6%. The particle tracking

analysis (section 5.1) showed the origin and measurement location to have a 0.3

m difference at 40 m from the bow, showing a defined error in the use of the

power law wind speed profile at specifying wind speed for the wind turbine hub

height.

Chapter 6 contains a summary of the conclusions from the conducted research

thesis and also contains details of future work to further the current analysis and

scientific areas.
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Theory and Literature Review

2.1 Air-Sea Fluxes

The Earths climate is a balance of absorption of heat from the sun and the loss of

heat from radiative heat to the atmosphere. For each 100 W of the Suns radiative

energy entering the atmosphere, nearly 40 W is absorbed by the ocean about twice

that absorbed in the atmosphere and three times that absorbed by land surfaces.

Much of this heat is transferred to the atmosphere by the local sea to air heat

flux, a major component of which is caused by the evaporation of water vapour.

Although about 90% of the evaporated water falls back into the sea, the remainder

represents about one-third of the precipitation which falls over land. Thus the

heat, water vapour, and momentum fluxes through the ocean surface form a

crucial component of the Earths climate system (Taylor, 2001). Producing these

flux estimates require measurements of traditional near-surface meteorological

variables (wind speed, air temperature, humidity, water temperature) with more

than sufficient accuracy to make them useful for numerous other applications

(Go-Ship, 2006).

2.1.1 Bulk Flux Parameterizations

The basic set of fluxes considered are those of sensible and latent heat, of mo-

mentum (or wind stress), the shortwave and long-wave radiative fluxes, and the

freshwater flux (Go-Ship, 2006). These quantities are themselves quite difficult
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to measure directly and therefore are generally estimated from bulk formulae

parameterizations. The bulk air-sea flux algorithms are generally of the form:

Fx = Cx · u · (δs − δz) (2.1)

where Fx is the vertical flux of entity x (heat, moisture, momentum), u the wind

speed, and δ the value of the corresponding meteorological variable (temperature,

humidity, wind speed). Subscripts s and z refer to the value at the sea surface

and at height z. All measurements refer to a standard height (usually 10 m

above the sea surface), using knowledge of the vertical profile of the particular

variable. Cx is an empirical transfer coefficient for entity x, determined from

direct measurement (e.g., by the covariance method) and specified at the standard

height (Fairall et al., 1997; Go-Ship, 2006).

For the purpose of the research contained within this thesis, the Air-sea ex-

change of CO2 flux will be focused upon. Using the above general flux parame-

terization the air-sea exchange of CO2 flux can be estimated from measurements

of atmospheric and oceanic ∆pCO2 , the solubility s of CO2 in sea-water and the

gas transfer velocity k using:

F = k·s·∆PCO2 (2.2)

Bulk flux parameterizations can lead to significant errors, for example for wind

speeds of <7 m s−1 50% errors have been developed and for >15 m s−1 100% errors

can be found. Most of the associated errors are due to instrumentation setup and

oceanographic variability. Some of the main issues involved with bulk algorithm

measurement variables are:

• Air temperature

The common causes of error in air temperature measurement are sources

of anomalous heating; the sun and the ship. To accurately measure air

temperature the sensor element must be contained within a shielded and

ventilated enclosure. Also it should be positioned high on a foremast. Ex-

periments that require accurate measurement of air temperature can often

be placed on port and starboard, taking data from positions that are well

6



2.1 Air-Sea Fluxes

exposed to the wind. but, when the wind flows over the stern of the ship the

data will have to be discarded (Fairall et al., 1997; Go-Ship, 2006). There-

fore, relative wind direction is a critical part of the data record. Specifically

designed humidity sensors are more suited to deployment at sea, as generic

designs require periodic maintenance to remove salt deposited on the sen-

sors. Some systems combine air temperature and humidity sensors in the

same package, so they are subject to the same conditions of ventilation and

screening from solar heating. Since water vapour is a conservative quan-

tity, the corresponding error in the water vapour measurement is less severe

than an error in temperature when the measurement is obtained from a

combined sensor package(Fairall et al., 1997; Go-Ship, 2006).

• Atmospheric pressure

Pressure is one of the main variables which define the thermodynamic prop-

erties of the atmosphere. It is an uncommon source of error in flux calcu-

lation, providing the barometer is installed in such a way as to avoid the

affects of dynamic pressure (Fairall et al., 1997; Go-Ship, 2006).

• Wind speed and direction

The fluxes calculated using a bulk algorithm are directly proportional to

the wind speed, therefore accurate wind data is required (Go-Ship, 2006).

The relative position of the measurements is critical for this variable as in

areas of the super structure flow distortion causes errors up to 40% (Popinet

2004). The appropriate wind speed to use in bulk flux algorithms is that

relative to the ocean surface. It is the air-flow distortion error associated

with air-sea fluxes that will be the main focus of this research, but its affects

in different applications will also be shown in later chapters.

• Sea surface temperature

Sea surface temperatures may vary with depth, and in flux calculation, the

temperature value should always be accompanied by the depth at which

it was measured (e.g., SST (d) = 18.3o (4.5 m)) (Fairall et al., 1997; Go-

Ship, 2006). Traditional bulk transfer coefficients have been determined
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using a bulk sea temperature. Newer algorithms use transfer coefficients

determined with respect to the interface value.

• Radiation

The net radiative fluxes (Rs ↓ Rs ↑ ) and (Rl ↓ Rl ↑ ) are also used in

bulk algorithms. Accurate measurement of both Rs ↓ and Rl ↑ requires an

unobstructed hemispheric view of the sky, which is virtually impossible to

achieve on-board ship while retaining access to the instruments for mainte-

nance (Fairall et al., 1997; Go-Ship, 2006). In the case of Rs ↓ , shadowing

by the highest parts of the ship, masts, antennae etc., is the main difficulty.

• Precipitation

The main problem in measuring rainfall from ships using the traditional

funnel gauge is error due to wind flow distortion that can lead to underes-

timation depending on the location of the gauge. A well positioned gauge

adjacent to a wind instrument is better than several gauges scattered around

the ship (Fairall et al., 1997; Go-Ship, 2006).

2.1.2 Eddy Covariance Fluxes

In its simplest form, an EC setup consists in an open path gas sensor or closed

path gas sensor with a pump and a sonic anemometer. EC is commonly used on

land but its adaptation at sea proved difficult (Fairall et al., 1997); (Edson et al.,

1998), because of the marine environment, the motion of the research platform

(ship or buoy) and flow distortion. To date these difficulties have limited the use

of the EC technique on research platforms at sea. The particular error in the EC

method that will be addressed in this research is flow distortion affects. Flow

distortion occurs when stream lines circumvent the research platform, which may

lead to an overestimation of the flux by approximately 15% Edson et al. (1998).

The Eddy Covariance (EC) technique is the most direct method to measure

fluxes of trace gases over the Earth’s surface (Jones and Smith, 1977). The EC

method was used to calculate vertical turbulent fluxes within atmospheric bound-

ary layers.This can be defined as the covariance of the vertical wind velocity and

the concentration of the gas of interest, over a specific time interval Ti typically
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2.2 Air-Flow Distortion

between 10 minutes and 1 hour. In example the vertical CO2 flux using the

mixing ratio of CO2 is defined as:

FCO2 = ρa(x′w′)Ti (2.3)

where x is the mixing ratio of CO2 in dry air, w is the vertical component of

wind velocity and ρa is the mean molar density of dry air. The first estimates of

the gas transfer velocity through the EC method showed an order of magnitude

higher than those derived from the well established tracer methods (Broecker

et al., 1986). Edson et al. (1998) published the first estimates that agreed with

the more established tracer methods. These measurements were conducted using

a closed path gas analyzer to measure the CO2 to which the (Webb et al., 1980)

density fluctuation correction was applied and the wind speed measurements were

corrected for the ships motion using the (Edson et al., 1998) motion correction

algorithm. To give an EC expression of:

Fc = ρ′cw
′ +

ρc
ρa
w′ρv ′ + (1 + µσ)(

ρc

T
w′T ′ − ρc

p
w′p′) (2.4)

where ρc is the molar density of CO2, ρv is the molar density of H2O, σ =

ρv/ρa, µ = Ma/Mv, M is molecular weight, subscripts a and v refer to dry air

and water vapor, respectively, and p is pressure (Miller et al., 2010).

2.2 Air-Flow Distortion

Accurate measurements of in-situ wind speed are crucial for air-sea interaction

studies. In most cases the wind speed is the dominant driving force for surface

mixing and the air-sea exchange of energy, particles, and gases. It is therefore typ-

ically used as a main or even a single parameter for the scaling of air-sea transfer

rates (e.g. Nightingale et al., 2000; Wanninkhof, 1992; Wanninkhof and McGillis,

1999). Fast measurements of the three components of the wind speed are used

to directly measure air-sea fluxes with the eddy covariance method (Fairall et al.,

1997). The wind speed measurements are however affected by distortion of the
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wind field by the measurement platform (ship or buoy) and by the anemometer it-

self (Edson et al., 1998). This can lead to large errors in the direct measurements

and derived parameterizations (O’Sullivan et al., 2013; Popinet et al., 2004).

The wind speed flow distortion error (FDE) itself can be defined as:

FDE =
UF
UV

(2.5)

where UF is the free stream velocity measurement taken far enough away from

the vessels superstructure in un-distorted flow (O(10 m) from the vessel), and

UV is the wind speed measured by an anemometer located on the research vessel.

Equation 2.11 defines a ratio of an on-board measurement error to an un-distorted

measurement and gives a correction to apply to on-board wind speed measure-

ments. As UF is commonly not available from in-situ wind speed measurements,

a numerical prediction of flow distortion error is used to correct the in-situ wind

speeds. The accuracy of the numerical correction is therefore estimated by com-

paring the numerical prediction of flow distortion error between wind speed mea-

surements taken at different locations on-board the research vessel with in-situ

observations. This is held as true since the prediction of flow distortion error

on-board the vessel is down-wind of a UF position (O’Sullivan et al., 2015a).

2.3 Boundary Layers

In fluid mechanics a boundary layer is the layer of fluid close to a bounding

surface, where the affects of viscosity are significant. In the Earth’s atmosphere,

the atmospheric boundary layer is the air layer near the ground affected by diurnal

heat, moisture or momentum transfer to or from the surface. On an aircraft wing

the boundary layer is the part of the flow close to the wing, where viscous forces

distort the surrounding non-viscous flow (FAA, 2012). Laminar boundary layers

can be classified according to their structure and the circumstances under which

they are created.
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Figure 2.1: Boundary layer evolution across a flat plate (Comsol, 2015).

The Blasius boundary layer refers to the well-known similarity solution near

an attached flat plate held in an oncoming unidirectional flow (Laminar Profile

Figure 2.1). A thermal boundary layer also occurs in heat transfer. A surface

can have multiple types of boundary layer simultaneously. There are two different

types of boundary layer flow: laminar and turbulent (FAA, 2012).

2.3.1 Laminar Boundary Layer Flow

The laminar boundary layer is uniform, but the turbulent boundary layer contains

eddies (vorticies). The laminar flow is less stable but creates less skin friction

drag than the turbulent flow. Boundary layer flow over a flat surface begins as

a smooth laminar flow. As the flow continues back from the leading edge, the

laminar boundary layer increases in thickness (FAA, 2012).

2.3.2 Turbulent Boundary Layer Flow

At some distance back from the leading edge, the smooth laminar flow breaks

down and transitions to a turbulent flow (FAA, 2012). The flow is unsteady

in the turbulent boundary layer, where eddies appear on many space and time

scales, and also interact with each other. Causing drag due to boundary layer

skin friction to increase, the structure and location of boundary layer separation

to change (MATULKA, 2009).
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2.3.3 Boundary Layer Separation

Figure 2.2: Flow Separation across an aerofoil (Farlex, 2015)

Another phenomenon associated with viscous flow is separation (FAA, 2012).

Flow separation happens when a stream of liquid or gas flowing past a body,

separates from its surface and forms a region of turbulent eddies. For sub-sonic

flow, a typical case of separated flow happens on a body with a curved surface

(Figure 2.2), for example on a sphere or a trailing edge of a aircraft wing. The

necessary conditions for separated flow are the existence of a viscous boundary

layer at the surface of the body and an increase in pressure in the direction of the

flow. This causes an increase in boundary-layer thickness δ. The flow velocity

decreases from the value 0 at the outermost limit of the layer to = 0 at the surface

of the body, but the pressure remains the same as in the external outer stream

(Farlex, 2015). Near to the body’s surface, where the velocity of the particles is

almost zero, the particles kinetic energy is not enough to overcome the increasing

pressure. Therefore, this velocity becomes equal to zero and the flow reverses

direction. The onset of a reversed flow causes a considerable thickening of the

boundary layer and the separation of the flow from the wall (Farlex, 2015).

2.4 Wind Speed Boundary Layer Profiles

2.4.1 Law of the wall

The law of the wall states that the average velocity of a turbulent flow at a

certain point is proportional to the logarithm of the distance from that point

to the ”wall”, or the boundary of the fluid region (Von Kármán, 1930). The
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logarithmic law of the wall is a self similar solution for the mean velocity parallel

to the wall, and is valid for flows at high Reynolds numbers in an overlap region

with approximately constant shear stress and far enough from the wall for (direct)

viscous affects to be negligible (Mayes et al., 2000).

The logarithmic law of the wall can be written as:

u =
uτ
κ

ln
y

y0
(2.6)

where the Von Krmn constant 0.41, y0 is the distance from the boundary at

which the idealized velocity given by the law of the wall goes to zero, uτ is the

friction velocity given by uτ =
√

τw
ρ

in which τw is the wall shear stress and ρ is

the fluid density.

2.4.2 Log wind profile

The Log wind profile is a semi-empirical relationship commonly used to describe

the vertical distribution of horizontal mean wind speeds within the lowest portion

of the planetary boundary layer (Blackledge et al., 2012).

The logarithmic profile of wind speeds is generally limited to the lowest 100

m of the atmosphere (i.e., the surface layer of the atmospheric boundary layer).

The rest of the atmosphere is composed of the remaining part of the planetary

boundary layer (up to around 1000 m) and the troposphere or free atmosphere.

In the free atmosphere, geostrophic wind relationships should be used (Albertson

et al., 1997).

The equation to estimate the mean wind speed u at height z above the ground

is:

uz =
u∗
κ

[
ln
z − d
z0

+ ψ(z, z0, L)

]
(2.7)

where u∗ is the friction (or shear) velocity, d is the zero plane displacement, z0

is the surface roughness, and ψ is a stability term where L is the Monin-Obukhov

stability parameter (Hogan, 2012).
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2.4.3 Wind profile power law

The wind profile power law is a relationship between the wind speeds at one

height, and those at another. The power law is often used in wind power assess-

ments where wind speeds at the height of a turbine (> 50m) must be estimated

from near surface wind observations ( 10m), or where wind speed data at various

heights must be adjusted to a standard height prior to use (Robeson and Shein,

1997). Wind profiles are generated and used in a number of atmospheric pollution

dispersion models (Beychok, 2005).

The wind profile of the atmospheric boundary layer (surface to around 2000 m)

is generally logarithmic in nature and is best approximated using the log wind

profile equation that accounts for surface roughness and atmospheric stability.

The wind profile power law relationship is often used as a substitute for the

log wind profile when surface roughness or stability information is not available

(Kumar et al., 2012). The wind profile power law relationship is:

Ux = Ur

(
Zx

Zr

)α
(2.8)

where U is the wind speed (in m s−1) at height x (in m), and Ur is the known

wind speed at a reference height Zr. Zx is the chosen height of the wind speed

to be obtained. The exponent (α) is an empirically derived coefficient that varies

dependent upon the stability of the atmosphere. For neutral stability conditions,

α is approximately 1/7, or 0.14.

2.5 Computational Fluid Dynamics

Computational fluid dynamics, usually abbreviated as CFD, is a branch of fluid

mechanics that uses numerical methods and algorithms to solve and analyze prob-

lems that involve fluid flows. Computers are used to perform the calculations

required to simulate the interaction of liquids and gases with surfaces defined

by boundary conditions (Vratis, 2014). Due to its complexity it requires high

performance hardware and has therefore had resurgence in the last two decades.

(Kumbhar et al., 2013).

All fluid flows are governed by three fundamental principles;
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• Conservation of mass

• Newtons second law: the change of momentum equals the sum of forces on

a fluid particle

• First law of thermodynamics (conservation of energy): rate of change of

energy equals the sum of rate of heat addition to and work done on fluid

particle.

By the use of these principles one can derive the Navier-Stokes (NS) equa-

tion, which is a set of partial differential equations that describes the flow of a

fluid. Determining efficient numerical solutions to these NS equations that can

be propagated in time and space are the main issue in CFD.

2.5.1 Governing Equations

The following governing equations should be solved on a grid inside the region

of interest (Khalil et al., 2011; Veersteg and Malalasekera, 2007), as fluid flow is

essentially a 3-dimensional (3D) phenomena. With focus on incompressible flows,

the dependent variables in a 3D numerical fluid flow analysis are;

p Pressure

T Temperature

ν Viscosity

γ Heat conductivity

ρ Density

u Velocity in x-direction

v Velocity in y-direction

w Velocity in z-direction
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Transport equations for momentum, enthalpy, Turbulent Kinetic energy (TKE)

and dissipation of TKE are to be solved. In each 3D control volume mass balance

must also be satisfied. In total there are eight unknown variables and therefore

eight equations are needed for solving CFD-problems (Khalil et al., 2011; Kver-

neland, 2012; Veersteg and Malalasekera, 2007).

1. Conservation of mass - The continuity equation

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (2.9)

Represented here in differential form, with ρ being the density changing

over time as the flow is viscous, here and for the remainder of the chapter

ui being the ith component of the fluid velocity and the partial derivatives

with respect to xi being one of the three components of the coordinate

direction.

2. Conservation of momentum - The Navier Stokes equations

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj

[
ν

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

)]
+ ρgi +Fi

(2.10)

In Equation (2.10), the convection terms are on the left. The terms on

the right hand side are the pressure gradient, a source term; the divergence

of the stress tensor, which is responsible for the diffusion of momentum;

the gravitational force, another source term; and other generalized forces,

respectively (Marshall and Bakker, 2004).

2.5.2 Turbulence

Fluid flow can be described by three regimes laminar, transitional and turbulent.

To solve a flow that is in the turbulent regime within CFD, a turbulence model

must be added to the previous conservation equations. To define the regime
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that the flow is, a dimensionless parameter called Reynolds number (Re) is used,

whereby a Re > 4000 is considered turbulent. For a simple pipe flow, the Reynolds

number is defined as

Re =
ρud

ν
(2.11)

where ρ is the density of the fluid, u is the velocity and d is the diameter of

the pipe and ν is the dynamic viscosity of the fluid.

Two of the most widely used modelling approaches in CFD to add turbulence

behaviour in fluid flow to the standard NS equations are RANS and LES and

each have multiple turbulence closure models for use with each approach. For

clarity only the turbulence closure models used in this research will be presented

here with their associated modelling approach.

2.5.3 RANS Modelling

RANS modelling is the oldest approach to fluid flow modelling. An ensemble

averaged version of the governing equations is solved, which introduces a new

apparent stresses known as Reynolds stresses. This adds a second order tensor

of unknowns for which various turbulence models can provide different levels

of closure (Tennekes and Lumley, 1972). RANS assumes that for large time

windows, relative to the period of the fluctuations, the mean velocity ui varies

slowly with time. The same method is used for the pressure variable (Rygg,

2013). The variable ui can be represented using Reynolds Decomposition as the

mean u plus a fluctuating value u
′
:

ui = ui + u′i (2.12)

where

u =
1

T

∫ t0+T

t0

uidt (2.13)

in which the integration from t0 to T is arbitrarily close to an averaged solution

for u and u′ is by definition equal to zero. The averaged velocities and pressure
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can then be inserted into the fully averaged Navier-Stokes equation:

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj

[
ν

(
∂ui
∂xj

+
∂uj
∂xi
−2

3

∂uk
∂xk

δij

)]
+

∂

∂xj
(−ρu′iu′j)+ρgi+Fi

(2.14)

The new terms involving u′iu
′
i are called the Reynolds stresses. The over-bar

indicates that these terms represent averaged values. Rewriting the equation for

the mean viscous stress tensor components expressed by τij gives:

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj
(τij − ρu′iu′j) + ρgi + Fi (2.15)

where

τij = ν

(
∂ui
∂xj

+
∂uj
∂xi

)
− ρu′iu′j (2.16)

As there are now new unknowns within the Navier stokes equations an approx-

imation for the Reynolds stress has to be conducted. The Boussinesq hypothesis

makes the assumption that the Reynolds stresses can be expressed in terms of

mean velocity gradients (Marshall and Bakker, 2004). The statement of the hy-

pothesis below, shows the introduction of a new constant that is dimensionally

equivalent to viscosity:

ρu′iu
′
j =

2

3
ρkδij +

(
νt

[
∂ui
∂xj

+
∂uj
∂xi

])
(2.17)

The new constant, νt , is the turbulent, or eddy viscosity. It can be seen that

when Equation (2.17) is substituted into Equation (2.15), the terms containing

the partial derivatives can be combined and a new quantity, the effective viscosity,

can be introduced:

νeff = ν + νt (2.18)

The hypothesis also introduces another term involving a new variable, k, the

kinetic energy of turbulence. This quantity is defined in terms of the velocity
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fluctuations u′, v′, and w′ in each of the three coordinate directions:

k = u′2 + v′2 + w′2 (2.19)

A turbulence closure model is used to compute the Reynolds stresses for sub-

stitution into Equation (2.15). In some cases, this is done by computing the

parameters k and µt (or k and µeff ) for substitution into Equation (2.17) and

ultimately, Equation 2.15. All turbulence models use some level of approxima-

tion to accomplish this goal, and it is the nature of the flow conditions in each

specific application that determines which set of approximations is acceptable for

use (Marshall and Bakker, 2004).

2.5.3.1 k-ε RANS Turbulence closure model

One of the most common turbulence closure models used in RANS is the k-ε

model. The k-ε model is one of a family of two-equation models, for which two

additional transport equations must be solved in order to compute the Reynolds

stresses. (Zero- and one-equation models also exist, but are not commonly used in

mixing applications) (Marshall and Bakker, 2004). It is a robust model, meaning

that it is computationally stable, even in the presence of other more complex

physics. It is applicable to a wide variety of turbulent flows, and has served the

fluid modeling community for many years. It is semi-empirical, based in large

part on observations of mostly high Reynolds number flows. The two transport

equations that need to be solved for this model are for the kinetic energy of

turbulence, k, and the rate of dissipation of turbulence, ε:

∂(ρk)

∂t
+

∂

∂xi
(ρuik) =

∂

∂xi

(
ν +

νt
σk

)
∂k

∂xi
+Gk − ρε (2.20)

∂(ρε)

∂t
+

∂

∂xi
(ρuiε) =

∂

∂xi

(
ν +

νt
σε

)
∂ε

∂xi
+ C1

ε

k
Gk + C2ρ

ε2

k
(2.21)

The quantities C1 , C2 , σk , and σε are empirical constants. The quantity

Gk appearing in both equations is a generation term for turbulence. It contains
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products of velocity gradients, and also depends on the turbulent viscosity:

Gk = νt

(
∂ui
∂xj

+
∂uj
∂xi

)
∂uj
∂xi

(2.22)

Other source terms can be added to Equations (5.2) and (2.21) to include

other physical affects such as swirl, buoyancy or compressibility, for example.

The turbulent viscosity is derived from both k and ε, and involves a constant

taken from experimental data, Cν , which has a value of 0.09:

νt = ρCν
k2

ε
(2.23)

To summarize the solution process for the k-ε model, transport equations

are solved for the turbulence kinetic energy and dissipation rate. The solutions

for k and ε are used to compute the turbulent viscosity, νt. Using the results

for νt and k, the Reynolds stresses can be computed for substitution into the

momentum equations. Once the momentum equations have been solved, the new

velocity components are used to update the turbulence generation term, Gk, and

the process is repeated (Marshall and Bakker, 2004).

2.5.3.2 k-ω SST RANS Turbulence closure model

The k − ω shear-stress transport (SST) turbulent closure model (Menter, 1993).

This turbulence model is a two-equation eddy-viscosity model that is used for

many aerodynamic applications. Standard two-equation turbulence models often

fail to predict the onset and the amount of flow separation under adverse pressure

gradient conditions. In general, turbulence models based on the ε-equation pre-

dict the onset of separation too late and under-predict the amount of separation

later on. It is a hybrid model combining the k − ω and the k − ε models. A

blending function, F1, activates the Menter (1993) model near the wall and the

k−ε model in the free stream. This ensures that the appropriate model is utilized

throughout the flow field:

• The k− ω model is well suited for simulating flow in the viscous sub-layer.

• The k− ε model is ideal for predicting flow behaviour in regions away from

the wall.
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2.5.4 LES Modelling

LES is a model for turbulent flow including sub-grid scale (SGS). widely used

since first proposed by Smagorisky in 1963 (Smagorinsky, 1963), the Smagorisky

Lilly SGS model is currently a highly developed LES CFD viscosity model. Stoll

and Agel (2008) states the model itself was developed for use in simulating atmo-

spheric air currents, but its popularity has seen it used in many engineering appli-

cations, such as combustion, acoustics and simulations of atmospheric boundary

layers. In LES the large scale energy structures of momentum and energy trans-

fer are exactly computed, similarly to direct numerical simulations (DNS), but

in LES the small scale eddies are modelled through filtering operations. DNS

is a branch of CFD devoted to high-fidelity solutions of turbulent flows. Where

turbulence is explicitly resolved, rather than modelled like RANS and LES (Cole-

man and Sandberg, 2010). In LES the small scale eddies occur on scales smaller

than the mesh spacing and thus are modelled. Since the small scales tend to

be more homogeneous and universal. These are less affected by the boundary

conditions than large eddies, it is assumed that their modelling can be simpler

and require fewer adjustments when applied to different flows than similar models

for the RANS simulations. LES is similar to DNS in that it provides a three-

dimensional, time dependent solution of the Navier-Stokes equations. Thus, they

still require fine meshes. However, they can be used at much higher Reynolds

numbers than DNS; ideally, in fact, if the small scales obey inertial-range dy-

namics, the cost of a computation is independent of Re (not, however, if a solid

boundary is present). Among the objectives of LES are to provide data for lower-

level turbulence models at Reynolds numbers beyond the reach of DNS. Also to

study more complex physics than can be addressed by DNS, in configurations

closer to those of engineering applications.

In LES the NS equations are solved using a spatial filter presented here for

velocity u:

ui(x0) =

∫
D

ui(x, t)G(x0,x,∆)dx (2.24)

where x is a three dimensional position within the domain space, t is time,

G(x0,x,∆) is the filter function that determines the scale of the resolved eddies,
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∆ is the filter size and D is the convective space. The filter size is a cutoff length

which splits up u into a filtered and sub-filtered portion as:

ui = ui + u′i (2.25)

To solve the large eddies and filter the modeled smaller eddies in a smooth

way, there are three different types of filters used: Top-hat, Gaussian, and Sharp

Fourier cut-off. In this research a Top-hat filter kernel is used which takes the

form:

G(x0,x) =

{
1/∆, x ∈ ∆

0, Otherwise
(2.26)

where ∆ = (∆1∆2∆3)
1
3 with ∆i being the filter width in the i − th spatial

co-ordinate for a three-dimensional space. The final LES spatially filtered NS

equations therefore take the form:

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = − ∂p

∂xi
+

∂

∂xj

[
ν

(
∂ui
∂xj

+
∂uj
∂xi

)]
− ∂τij
∂xj

+ ρgi + Fi (2.27)

In general the spatial filter is not able to simplify the non-linear fluctuating

term, as it is done in time averaging (Blazek, 2001). Where τij denotes the

subgrid-scale stress and includes the effect of the small scales, it is defined by

τij = uiuj − uiuj (2.28)

The large scale turbulent flow is solved directly and the influence of the small

scales is taken into account by appropriate subgrid-scale (SGS) models. In most

CFD software’s an eddy viscosity approach is used which relates the subgrid-scale

stresses τij to the large-scale strain rate tensor Sij in the following way:

−
(
τij −

δij
3
τkk

)
= 2νsgsSij , Sij =

1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(2.29)

Unlike in RANS modelling, where the eddy viscosity νsgs represents all turbu-

lent scales, the subgrid-scale viscosity only represents the small scales. There are

three widely used subgrid-scale (SGS) viscosity models the Prandtl (1945) model,

the Smagorinsky (1963) model and the Spalart and Allmaras (1992) model.
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In the past, the engineering community has mostly performed fairly well-

resolved LES calculations of relatively simple flows, while in the meteorological

community coarser calculations in which the resolution was inadequate near the

solid boundaries have been prevalent (Piomelli, 1999). Although during the last

decade the development of new, more accurate models for the unresolved scales

has allowed the simulation of flows in more complex configurations than previ-

ously possible. The application of LES to actual technological applications hinges

on the development of more efficient methodologies to represent the region near

solid boundaries. LES is not as widely used as the RANS methods, primarily be-

cause of computational costs. The scales resolved are defined by the complexity

of the mesh and small scale filtering techniques. Therefore, LES is used primarily

in low resolution geometries, where flow complexity is not as high. Its application

is used mostly as an intermediate simulation between RANS and DNS (Piomelli,

1999).

2.5.4.1 Prandtl one-equation LES Turbulence closure model

Prandtl (1945) introduced the concept of the mixing length, along with the idea

of a boundary layer. For wall-bounded turbulent flows, the eddy viscosity must

vary with distance from the wall, hence the addition of the concept of a ’mixing

length’. In the simplest wall-bounded flow model, the kinematic eddy viscosity

is solved by

νt = k
1
2 l = CD

k2

ε
(2.30)

in which the Prandtl (1945) Turbulent Kinetic energy equation takes the form;

∂k

∂t
+ uj

∂k

∂xj
= τij

∂ui
∂xj
− CD

k
3
2

l
+

[(
ν +

νT
σk

)
∂k

∂xj

]
(2.31)

where CD is a constant 0.08, k is the TKE and l in the turbulent length scale.

This simple model is the basis for the ”law of the wall”, which is a surprisingly

accurate model for wall-bounded, attached (not separated) flow fields with small

pressure gradients.
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2.6 OpenFOAM

OpenFOAM(Open Field Operation and Manipulation) is a Open-source C++

library, used primarily to create executables, known as applications. The ap-

plications fall into two categories: solvers, that are designed to solve a specific

problem in continuum mechanics; and utilities, that are designed to perform tasks

that involve data manipulation. The OpenFOAM distribution contains numerous

solvers and utilities covering a wide range of problems (OpenFOAM, 2011). The

OpenFoam code itself is based on C++ programming language. For example a

standard equation of momentum conservation as notated in (OpenFOAM, 2011)

is:

∂ρU

∂t
+∇ · φU −∇ · ν∇U = −∇ρ (2.32)

Is represented in OpenFoam by the code:

solve

(

fvm::ddt(rho, U)

+ fvm::div(phi, U)

- fvm::laplacian(nu, U)

==

- fvc::grad(p)

);

meaning the coding written using the OpenFOAM classes have a syntax that

closely resembles the partial differential equations being solved, therefore making

it an easier coding environment for novice users and hence more efficient. The

main objects in OpenFOAM are the time, the model domain, the discretisation

method, the standard solvers, and the turbulence model. In all CFD approaches

the same basic procedure is followed;

1. Pre-processor - The geometry (physical bounds) of the problem is defined.

The volume occupied by the fluid is divided into discrete cells (the mesh).

The mesh may be uniform or non-uniform (Kverneland, 2012).
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2. Solver - The physical modeling is defined for example, the equations of

motion + enthalpy + radiation conservation and Boundary conditions are

defined. This involves specifying the fluid behaviour and properties at the

boundaries of the problem. For transient problems, the initial conditions

are also defined. The simulation is started and the equations are solved

iteratively as a steady-state or transient (Thermal-FluidsCentral, 2014).

3. Post-processor - graphics, e.g., vector plots, contour plots, surface plots

and particle tracking and animation for dynamic result display (Veersteg

and Malalasekera, 2007).

2.6.1 Pre-processor

2.6.1.1 Model Domain

The model domain contains a mesh consisting of points, faces, cells and bound-

ary patches. Where cells are a collection of faces with a fixed volume, within

the model domain defined by the boundary patches. Faces are a collection of

points which have defined (x,y,z) values for each point on the face of a cell. It is

constructed in a top down manner to allow the boundary patches to be defined

as boundary conditions at the edges of the domain in the form of slip condi-

tions or moving walls, as different flow conditions at boundaries are needed for

certain types of physical simulations (Hemida, 2008). This structure also allows

for top down cell refinement where the initial cell size at the boundary faces has

courser dimensions than the cells at critical areas of interest. This aids in the

computational efficiency of the code (OpenFOAM, 2011).

OpenFOAM provides a mesh generator called blockMesh for simple geome-

tries. The blockMesh utility is a multi-block mesh generator that generates hex-

ahedral meshes from a text configuration. For complex geometries, OpenFoam

also provides a mesh generation utility called snappyHexMesh which generates

hexahedral meshes. The snappyHexMesh utility works more like a mesh sculptor

rather than a generator. It takes an existing mesh such as the one produced

by blockMesh and chisels out a mesh on a complex geometry that is given in a

stereolithography (STL) format.
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Figure 2.3: Test hull in OpenFOAM mesh using blockMesh and snappyHexMesh

In example Figure 2.3 shows the outer boundary mesh generated with blockMesh

utility and the interior snappyHexMesh mesh surrounding the test hull geometry.

The snappyHexMesh utility has advanced features such as the ability to run in

parallel and being able to redistribute the mesh so as to perform automatic load

balancing. Both utilities, snappyHexMesh and blockMesh, are not as advanced

as other commercial or open source mesh generator packages for producing qual-

ity tetrahedral meshes on complex geometries. Therefore, there is a great need

in the OpenFOAM community for tools that will enable researchers to generate

massive meshes on complex geometries (Soner and Ozturan, 2011).

2.6.1.2 Boundary and Initial Conditions

In order to solve a CFD problem, boundary and initial conditions are essential.

There are two types of boundary conditions; the Dirichlet describes the dependent

value by a value on a patch. Neumann, on the other hand, specifies a gradient at

the boundary patches (Kverneland, 2012). Their are various conditions available

in OpenFOAM some of the main categories include inlet, outlet, atmosphere and

wall boundary conditions. Inlet and outlet boundary conditions are used to force

26



2.6 OpenFOAM

velocity U and pressure p conditions in and out of the prescribed fluid domain,

in either scalar or gradient form. Initial conditions are also used in inlet/outlet

boundary conditions for specification of turbulent flow at domain entry and exit,

boundary values are therefore required for:

• Turbulent kinetic energy k:

k =
3

2
(I ∗ U)2 (2.33)

where I is the turbulent intensity assumed 2% for external aerodynamic

flow and U is the magnitude of velocity at the inlet.

• Turbulence dissipation rate ε:

ε =
Cµ

0.75k1.5

l
(2.34)

where Cµ is a model constant of 0.09 and l is the characteristic length scale.

• Characteristic length scale l is assumed:

l = 0.07 ∗ inlet height (i.e equivalent pipe diameter) (2.35)

wall boundary conditions are used to impart physical properties between the

fluid and solid surfaces. In viscous flows, the no-slip condition enforced at walls

sets the tangential fluid velocity equal to wall velocity and the normal velocity

component is set to be zero. Thermal boundary condition have several types

available, where the wall material and thickness can be defined for 1-D or in-

plane thin plate heat transfer calculations. Wall roughness can be defined for

turbulent flows. Wall shear stress and heat transfer boundary conditions based

on local flow field can be applied, where the transitional or rotational velocity

can be assigned to wall (Marshall and Bakker, 2004).
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2.6.1.3 Time

The time is defined through a finite number of steps until the code calculations

converge i.e. until the calculations reach their averaged values for a specific num-

ber of iterations of the calculations or standard solver. The temporal accuracy

and numerical stability is achieved by a Courant number of less than 1 (Open-

FOAM, 2011). The Courant number is defined for one cell as:

Co =
δt|U |
δx

(2.36)

Using the Lid Driven Cavity case example in Figure 2.4(a) from OpenFOAM

(2011), δt is the time step, |U | is the magnitude of the velocity through that cell

and δx is the cell size in the direction of the velocity.

Figure 2.4: Geometry of the lid driven cavity (OpenFOAM, 2011).

The Courant number (Co) is the input speed multiplied by the ratio of the

time step length to the cell length. This ratio is the time required for a quantity

or fluid particle to be convected over a small distance.The flow velocity varies

across the domain and Co must ensure Co < 1 everywhere. δt is based on the

worst case: the maximum Co corresponding to the combined effect of a large flow

velocity and small cell size. Here, the cell size is fixed across the domain so the

maximum Co will occur next to the lid where the velocity approaches 1 m s−1

(Hrvoje and Zeljko, 2006). The cell size is:

δx =
d

n
(2.37)
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Here d is the smallest cell size in the mean flow direction and n is the number

of cells in the mean flow direction. Therefore to achieve a Courant number less

than or equal to 1 throughout the domain the time step δt must be set to less

than or equal to:

δt =
Co δx

|U |
(2.38)

2.6.2 Solver

2.6.2.1 Discretisation Method

The term discretisation means approximation of a problem into discrete quanti-

ties. The finite volume method and others, such as the finite element and finite

difference methods, all discretise the problem as follows (Hemida, 2008):

• Spatial discretisation defining the solution domain by a set of points that

fill and bound a region of space when connected.

• Temporal discretisation (for transient problems) dividing the time domain

into a finite number of time intervals, or steps.

• Equation discretisation generating a system of algebraic equations in terms

of discrete quantities defined at specific locations in the domain, from the

Partial Differential Equations (PDEs) that characterize the problem.

The space domain is discretised into a computational mesh on which the PDEs

are subsequently discretised. Discretisation of time, if required, is simple: it is

broken into a set of time steps ∆t that may change during a numerical simu-

lation, perhaps depending on some condition calculated during the simulation.

On a more detailed level, discretisation of space requires the subdivision of the

domain into a number of cells, or control volumes. The cells are contiguous,

i.e. they do not overlap one another and completely fill the domain (Hrvoje and

Zeljko, 2006). A full theoretical evaluation of each discretisation method can be

found in Ashgriz and Mostaghimi (2002).
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Standard Solvers - Discretisation in space produces a system of ordinary

differential equations for unsteady problems and algebraic equations for steady

problems. Implicit or semi-implicit methods are generally used to integrate the

ordinary differential equations, producing a system of (usually) non-linear alge-

braic equations. In OpenFOAM solvers are applications that are applied to a

specific physical problem. The applications are precoded and can be applied for

a specific physical problem. Standard Solvers include: Basic CFD, Incompress-

ible flows, Compressible flows, Multiphase flows, DNS and LES, Particle-tracking

flows, Combustion, Heat transfer, Molecular dynamics, Direct simulation Monte

Carlo, Electromagnetics, Solid dynamics, Finance (OpenFOAM, 2011).

2.6.3 Post-Processor

2.6.3.1 Residuals

The residual is one of the most fundamental measures of an iterative solutions

convergence, as it directly quantifies the error in the solution of the system of

equations. In a CFD analysis, the residual measures the local imbalance of a

conserved variable in each control volume. Therefore, every cell in your model

will have its own residual value for each of the equations being solved (Kuron,

2015). The residual is described as a measure of the imbalance in the numerical

solution for a given variable, for u in the RANS solution previously described:

u′i = ui − ui (2.39)

In an iterative numerical solution, the residual will never be exactly zero.

However, the lower the residual value is, the more numerically accurate the so-

lution. Each CFD code will have its own procedure for normalizing the solution

residuals. It is best to check your codes documentation for guidance on an appro-

priate criteria when judging convergence. For CFD, root mean squared (RMS)

residual levels of 1E-4 are considered to be loosely converged, levels of 1E-5 are

considered to be well converged, and levels of 1E-6 are considered to be tightly

converged. For complicated problems, however, its not always possible to achieve

residual levels as low as 1E-6 or even 1E-5 (Kuron, 2015).
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2.6.3.2 Grid Independence

Examination of the spatial convergence of a simulation is an easy method for

determining the order of discretisation error in a CFD simulation. The method

involves performing the simulation on two or more successively finer grids. The

term grid convergence study is equivalent to the commonly used term grid re-

finement study (Sitio et al., 2013). As the grid is refined (grid cells become

smaller and the number of cells in the flow domain increase) and the time step

is refined (reduced) the spatial and temporal discretization errors, respectively,

should asymptotically approaches zero, excluding computer round-off error (Sitio

et al., 2013). The simplest method for generating the series of grids is to generate

a grid with fine grid spacing, perhaps reaching the upper limit of computational

memory in generating a grid or the upper limit of computational time. Then

coarser grids can be obtained by removing every other grid line in each coordi-

nate direction (Slater, 2008).

2.7 Wind-Wave Interactions

The concept behind the wave-driven wind and momentum transfer from the waves

into the marine atmospheric boundary layer is that swell waves perform work on

the overlying atmosphere because they propagate faster than the wind, producing

a forward thrust on the flow. Hence, swell loses momentum and energy to the

atmosphere as it gradually decays, accelerating the airflow Hanley and Belcher

(2008). This regime was first reported by (Harris, 1966) who found that in labo-

ratory wave tank experiments, a progressive water wave led to an airflow directly

above the waves with a mean component in the direction of wave propagation.

Smedman et al. (1999) and Smedman et al. (2003) have shown that for swell

dominated conditions in the Baltic Sea, a logarithmic wind profile is no longer

observed. LES experiments by (Sullivan et al., 2008) predict momentum transfer

from the ocean to the atmosphere for swell following the wind. They have shown

that the generation of a low-level jet results in a near collapse of turbulence above,

so that the affects of swell are not just confined to the wave boundary layer but
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have an impact on the whole atmospheric boundary layer. It was also found by

Janssen (1992) that changes in the ocean surface roughness length, is the main

underlying cause of these overlying wind speed dependant properties. The affects

of wave-induced wind distortion from the previously mentioned influences has not

to date been included in vessel flow distortion studies.

2.7.1 Sullivan et al. (2008) CFD

Sullivan et al. (2008) investigated windwave interaction affects on fast-running

waves or swell on the winds and turbulence in the atmospheric planetary bound-

ary layer (PBL). The LES numerical setup consisted of an imposed 2D sur-

face wave with wavelength γ = 100 m, amplitude a = 1.6 m, low wave slope

2aπ/γ = 0.1. Which propagates in either the positive or negative x direction.

Based on the linear dispersion relationship c2 = gγ/2π, the moving wave has

phase speed c = 12.5 m s−1 and surface roughness zo = 2x104 m. The geostrophic

winds are [(Ug, Vg) (5, 0)] m s−1 and the surface heat flux Q∗ = 0 . Shallow PBLs

are simulated with an initial depth zi = 400 m. The initial temperature sounding
∂θ
∂z

= 0 for 0 < z < zi, with a strong stable inversion where ∂θ
∂z

= 0.01 km above

zi and the Coriolis parameter f = 10−4 s (Sullivan et al., 2008). The governing

LES equations as notated in Sullivan et al. (2008) are:

∂ui
∂t

= − ∂

∂xj
(uiuj + τij)− δi3

gθ

θ0
− ∂P ∗

∂xi
− 1

ρ0

∂P

∂xi
− εijkfjuk (2.40)

with the velocity subject to the filtered in-compressibility constraint

∂ui
∂xi

= 0 (2.41)

where spatially filter variables are noted by ( ). f is the Coriolis parameter,

gravity is g, Temperature is θ0, density is ρo and the pressure P ∗ = P
ρo

+ (2
3
)e,

where e = τii
2

is the subgrid-scale energy. As a consequence of spatial filtering,
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subgrid-scale fluxes of momentum τij are modelled using simple eddy viscosity

prescription (Sullivan et al., 2008)

τij = −ν
(
∂ui
∂xj

+
∂uj
∂xi

)
(2.42)

with eddy viscosity ν = ckle
1
2 , ck is a modeling constant and the length scale

l is set equal to the LES filter ∆. The last term in equation 2.40

2.7.2 Jacöbsen et al. (2011) CFD

The Waves2Foam toolbox within OpenFoam solves RANS equations by volume

of fluid (VOF) technique. The VOF method is a free-surface modelling tech-

nique, a Eulerian numerical methods for tracking free surface fluid flow. Linear

wave theory or Stokes first order wave theory in Waves2Foam toolbox is utilized,

which has a symmetric surface profile about the mean water level. This basically

means that crests have the same shape as troughs (Jacöbsen et al., 2011). Gen-

erally, RANS equations are defined as in Equation 2.14, but the governing RANS

equations in Waves2Foam are solved for combined air and water phases as:

∂(ρui)

∂t
+

∂

∂xj
(ρuiuj) = −∂P

∗

∂xi
− (gi)

∂ρ

∂xi
+

∂

∂xj
(τij − ρu′iu′j) + (σTκγ)

∂γ

∂xi
(2.43)

This is also coupled with the averaged continuity equation for incompressible

flows as

∂ui
∂xi

= 0 (2.44)

Here, P ∗ is the pressure in excess of hydrostatic, ρ is the density, gi is the

acceleration due to gravity and ν is the dynamic molecular viscosity, ρ = ρ(x)

varies with the content of the air/water in the computational cells, τij is the

specific Reynolds stress Tensor,ντ is the dynamic eddy viscosity (Ghadimi et al.,

2014).

τij =
2

ρ
ντSij −

2

3
kl (2.45)
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Here Sij = 1
2
( ∂ui
∂xj

+
∂uj
∂xi

) is the strain rate tensor, eddy viscosity ντ = ρ k
ω

, k is

the turbulent kinetic energy and ω is the Wilcox (2008) characteristic frequency

for turbulence. The last term in equation (2.43) is the effect of surface tension,

where σT is the surface tension coefficient and κγ is the surface curvature, which

is solved for two immiscible fluids simultaneously, where the fluids are tracked

using the scalar field γ = 0 for air and 1 for water (Jacöbsen et al., 2011).

2.7.3 Large et al. (1995) Experimental

The Large et al. (1995) wave induced flow distortion correction uses a logarithmic

wind profile derivation with the assumption of neutral stability and a varying

lower wave surface. It corrects for both boundary layer height change due to Hs

and an experimental wave tank derived function for the influence of the wave

surfaces injection of wind speed into the atmosphere. The correction takes the

form:

Uz = U0 +
U∗

κ

[
ln

(
z

zr

)
− Ω(ξ)

]
(2.46)

where Uz is the corrected wind speed at measurement height z, U0 is the measured

wind speed, U∗ is the friction velocity, κ is Von Karman’s constant 0.4, z is

the correction height, zr is the roughness length, and Ω(ξ) is a wave constant

developed from experimental wave tank testing (Large et al., 1995).
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3

Mapping Flow Distortion on

Oceanographic Platforms using

Computational Fluid Dynamics

Preface
This chapter is an adapted reproduction of a paper published in Ocean Sci-

ence: O’Sullivan, N., S. Landwehr, and B. Ward, Mapping Flow Distortion on

Oceanographic Platforms using Computational Fluid Dynamics, Ocean Science,

9, 855-866, 2013.

3.1 Introduction

Accurate measurements of the in situ wind speed are crucial for air–sea interaction

studies. In most cases the wind speed is the primary driving force for surface

mixing and air–sea exchange, and is therefore typically used as the main or even

single parameter for the scaling of air–sea transfer rates. Fast measurements

of the three components of the wind speed are used to directly measure air–

sea fluxes with the eddy covariance method. However, flow distortion occurs

when streamlines circumvent the research platform (Fig. 3.1), and can lead to

acceleration or deceleration and tilt of the wind vector.

One of the first attempts to define the error associated with flow distortion

was a study conducted on the RV Aranda by Kahma and Lepparanta (1981). An
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Figure 3.1: Streamlines of distorted airflow by the research vessel’s superstruc-

ture.

empirical correction factor was developed from the in situ wind speed measure-

ments taken on the ship’s main tower and a bow mast, and by balloon tracking.

Kahma and Lepparanta (1981) found that the distortion effect at the ship’s main

anemometer was on average 10 % and very sensitive to the wind direction. The

measurements taken with an anemometer mounted at a bow boom were however

in agreement with free-stream measurements taken from balloon tracking.

A series of complex potential flow models (i.e steady, inviscid, incompressible

and irrotational flow) was used by Oost et al. (1994) to find corrections for flow

distortion for the mean wind speed and the wind stress. For direct eddy covariance

measurements, wind stress can be calculated from the covariance of the horizontal

and vertical velocity fluctuations.

τ = ρa · w′u′ (3.1)
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Oost et al. (1994) estimated that, in addition to the flow distortion correction,

a factor of 6 % per degree of tilt must be applied to the wind stress. Oost et al.

(1994) concluded that the numerical correction models were not accurate for the

spatial definitions of the structure, and that wind tunnel testing of scaled physical

models is more suitable.

Surry et al. (1989) and Thiebaux (1990) used wind tunnel testing of scaled

physical models to estimate the air flow over the Canadian research ships RV

Hudson and RV Dawson. The results showed an increase of 7 % in air flow

over anemometer sites located above the ship’s bridge. Brut et al. (2002) used

scaled physical models in a water flume, and showed that the mast on which the

anemometer is mounted can have a dramatic effect on the airflow measurements.

An empirical estimate of the effect of flow distortion on flux estimates based on

EC was derived by Edson et al. (1998) by comparing their own measurement on

board the RV Wecoma to measurements taken on the research platform RP FLIP

when both were within 50 km of each other. The measurements on RP FLIP

were considered to be unaffected by flow distortion, because the anemometers

were positioned on a long boom away from the superstructure. For relative wind

directions between −120 and +120◦ on the bow of the RV Wecoma, Edson et al.

(1998) found a 15 % overestimation of the wind stress.

Errors in wind speed measurements caused by flow distortion are also prob-

lematic for the derivation of wind-speed-based parameterizations of the air–sea

gas transfer velocity kg. These are usually of the form:

kg = A · (u10)B. (3.2)

Griessbaum et al. (2010) used the updated GERRIS code (after Popinet, 2008)

to simulate the effect of airflow distortion on wind speed measurements on the

research vessels RV Hakuho Maru and RV Mirai. The estimated errors in the

mean wind speed ranged from 4 to +14 %. Depending on the exponent B in

Eq. (3.2), this can lead to possible biases in the gas transfer velocity kg ranging

from 30 to 50 %. Griessbaum et al. (2010) concluded that flow distortion affects

could explain a part of the huge variance in gas transfer parameterization: the

bias in the transfer velocity varies with both wind speed and with relative wind
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direction. Therefore the bias in the gas transfer velocity kg is unlikely to be

the invariant from one cruise period to another, even if the same platform and

anemometer setup is used.

Physical models have limitations but can be used to describe the mean flow

distortion. However, in order to model the distortion affects on turbulent fluxes,

the turbulent length scale must also be scaled (Popinet et al., 2004). The tur-

bulent length scale describes the size of the large energy-containing eddies in a

turbulent flow. To define these structures, a sub-scale LES must be employed.

The most appropriate available method to achieve this is to use CFD, which

requires a numerical mesh that depends on the research platform’s shape. The

numerical mesh is used to solve partial differential equations between adjacent

cells. CFD modelling for the quantification of flow distortion for wind speed

measurements was first conducted by Yelland et al. (1998) for the RSS Discov-

ery and the RSS Charles Darwin. They used the software package Vectis (a

commercial software package which utilizes a three-dimensional RANS solver)

to predict the airflow distortion at various anemometer sites. The simulations

predicted that wind speed measurements are biased by approximately 10 % at

certain anemometer sites. These simulated predictions were used to correct in-

ertial dissipation measurements of the drag coefficient for the four anemometers.

This led to the difference in the average drag coefficients being reduced from a

maximum of 20 % for the uncorrected data to 5 % or better for the corrected

data (Yelland et al., 1998). Yelland et al. (2002) showed that the modelled flow

distortion error agreed with the in situ experimental wind speed measurements

to within 2 % on various research ships and anemometer locations. These simu-

lations also predicted the vertical displacement of the velocity in order to correct

the inertial dissipation method for measuring fluxes. The simulation verification

was provided by comparing inertial dissipation measurements of the wind stress,

obtained from instrument sites that experienced a wide range of vertical displace-

ments of air flow (Yelland et al., 2002). These showed a numerically modelled

vertical displacement error ranging from 3.8 to −15.2 %.

Popinet et al. (2004) used the more computationally expensive LES solver,

which allowed for greater resolution in the turbulent regime of the simulation

as well as more defined areas of re-circulation on areas in the wake of the ship’s
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superstructure. The Gerris open-source CFD solver was used, which solves three-

dimensional, time-dependent Euler equations for an incompressible and inviscid

fluid of constant density (Popinet, 2003). This paper involved both experimental

and numerical data taken from the RV Tangaroa. Popinet et al. (2004) showed

that the mean flow characteristics are only weakly dependent on the ship motion,

ship speed, wind speed or sea state, but strongly dependent on the relative wind

direction. For well-exposed anemometers, the wind speed measurements had a

5 % error, and for anemometers in the wake of the ship’s superstructure, there

were normalized standard deviations of up to 40 %.

CFD has become an established method for correcting the errors associated

with direct flux measurements, and this paper deals with a CFD flow distortion

study for the RV Celtic Explorer. In this paper we report firstly on a computer-

aided design (CAD) model of a sonic anemometer mounted on a mast, which

represents the physical measurements on the RV Celtic Explorer. Then the in

situ measurements are compared to the CFD solution, and from this a correction

is developed for the RV Celtic Explorer. We then use the CFD results to determine

the ideal location for wind speed measurements on the vessel. Furthermore, we

investigate the effect of varying pitch angles on the measurement data. Finally,

we test two mast designs with three instrumentation setups for the optimum

experimental design. Our conclusions are provided in the final section.

3.2 In situ measurements

Measurements were conducted on the RV Celtic Explorer, where, during the pe-

riod of this project, two masts were used (Fig. 3.2). The vessel itself measures

65.5 m length, 15 m beam and 5.8 m Draught. The objective of the project

was to develop an eddy correlation air-sea flux system for the research vessel.

Micro meteorological instrumentation consisted of a Gill R3A sonic anemome-

ter with a Crossbow NAV440 inertial motion unit as well as a Licor LI-7500

CO2/H2O analyser. The mean meteorological measurements were performed

using a Young anemometer (wind speed and direction), a Vaisala temperature

and humidity probe, a Druck atmospheric pressure sensor, an Eppley radiome-

ter (infrared radiation) and an Eppley pyranometer (shortwave radiation). The
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micro-meteorological and mean data were logged on a Moxa UC-7410 embed-

ded computer and a Campbell CR3000 data logger at sample rates of 10 and

0.1 Hz, respectively. These in situ data provided an opportunity to compare the

CFD-modelled data described below.

Figure 3.2: Photos of the two masts that have been used in this study: left is the

single pole mast with a crossbeam for the anemometers. Right shows the triangular

lattice mast with the sonic anemometer located on a boom towards the bow.

3.3 CFD modelling

The finite-volume CFD code OpenFOAM 2.0.1 (OpenCFD, 2012) was used to

simulate the velocity fields around the RV Celtic Explorer. OpenFOAM is a

C++ library used primarily to create executables, known as applications. The

applications fall into two categories: solvers, designed to solve a specific problem

in continuum mechanics; and utilities, designed to perform tasks that involve data

manipulation. Two standard solvers were used for the simulations presented here:
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• PotentialFOAM – a potential flow solver which can be used to generate

starting fields for full Navier–Stokes codes and reduces the normal run

up time instabilities associated with steady-state simulations (OpenFOAM,

2011).

• SimpleFOAM – this uses the semi-implicit method for pressure-linked equa-

tions (SIMPLE) algorithm, which allows for coupling of the Navier–Stokes

equations with an iterative procedure (Openfoamwiki, 2010).

The simulation properties follows the prescribed method of setup conducted

by Gagnon and Richard (2010) for the OpenFOAM implementation of the Sim-

pleFOAM steady-state algorithm. They were tested against the Ahmed body

(a simplified, standardized car body used in CFD testing) wind tunnel data.

There are an extensive number of experimental wind tunnel data-sets, which are

widely used in the validation of external aerodynamics simulations in CFD. Test-

ing against these experimental data is considered an acceptable comparison, as

the Ahmed body creates defined vorticies in its wake region. The Ahmed body

model also has an angled front section which allows for a defined comparison

of lift and drag coefficients. The conclusion from Gagnon and Richard (2010)

showed that the chosen simulation’s setup using the SimpleFOAM algorithm had

a 10 % difference from experimental wind tunnel testing data. A time-varying

velocity was applied from 5 to 25 m s−1 in steps of 0.5 m s−1 at the inlet bound-

ary condition, which is a spatial specification of values at the domain inlet. The

temporal discretion scheme (computational time step equations control) between

points was defined to allow each velocity input to pass through the domain 10

times (OpenFOAM, 2011).

A Courant number of less than 1 was used for temporal accuracy and numeri-

cal stability (Souza, 2005). The Courant number is the input speed multiplied by

the ratio of the time step length to the cell length. This ratio is the time required

for a quantity or fluid particle to be convected over a small distance. This was

also applied to improve the computational cost on running a range of velocity in-

puts, as well as to obtain a greater array of values to compare with experimental

data. The influence of boundaries is minimized by using a ratio between model

and domain size of less than 1 %. The walls which are the left, right and top
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boundaries of the simulation domain have little effect on the model, and there-

fore these boundary conditions were set up as symmetry planes. A symmetry

plane is where the normal velocity is zero and the normal gradients of all other

variables are also zero (Souza, 2005). The highly affected regions of the simula-

tions and thus the most significant boundary conditions are the vessel surface and

the floor surface (the lower boundary of the simulation domain). In accordance

with Gagnon and Richard (2010), a classical log-law wall function was applied

to the domain floor and vessel’s surface for the turbulence characteristics of k

(specific kinematic viscosity) and Ω (specific dissipation rate). The k − Ω shear

stress transport (SST) turbulence model (Menter, 1993) was used for a turbulent

intensity of 4 % for all boundary conditions.

A Reynolds number of 108 referenced from Popinet et al. (2004) for airflow

at the air–sea boundary layer in the ocean was used to calculate the kinematic

viscosity of the fluid. This model is a two-equation eddy viscosity model, and is

usable all the way down to the wall through the viscous sub layer.

Figure 3.3: RV Celtic Explorer model with cross section of hex mesh and relative

position of experimental anemometers – bow-mast Gill sonic (BMS), Young’s mean

1 (YM1), Young’s mean 2 (YM2) and ship bridge deck (SBD). Also inset is a

zoomed in view of mast1 experimental setup

42



3.3 CFD modelling

The model was used for its proven reliability in separation zones as well as

its ability to blend a good free-stream model with a good boundary layer model

(Gagnon and Richard, 2010). The outputted calculations from the simulations

contain logs for U (velocity), P (pressure) and k.

The CAD models were generated using the 3-D solid modelling software

Blender 2.60 (Blender, 2011). Figure 3.3 shows the generated three-dimensional

model and a cross section of the mesh refinement containing hexahedron (hex)

and split-hexahedron (split-hex) cells around the RV Celtic Explorer CAD model.

Also shown are the four anemometer measurement positions – the bow-mast Gill

sonic (BMS), Young’s mean 1 (YM1), Young’s mean 2 (YM2) and the ship bridge

deck (SBD). The CAD model was scaled to 1 : 10, which in turn defined a simula-

tion domain size of 37.85 m× 20.2 m× 20.2 m for flows directly over the bow. This

CAD model scale and model domain size was chosen to give a 1 % blockage area

(area ratio between the inlet of the simulation domain and the CAD model) of the

inlet section of the wind tunnel by the test geometry as described by Castro and

Robins (1977). This allows for the flow to completely stabilize within the simula-

tion domain. In the case of the RV Celtic Explorer, the size of the domain is also

dependent upon the ship’s orientation to the flow. The width of the domain can

therefore increase to over 40 m for flows over the ship’s beam. CAD models scaled

to 1 : 1 of the two masts (Fig. 3.2) were also created and implemented with the

same simulation setup (i.e OpenFOAM numerical solvers, boundary conditions

and turbulence model) as the RV Celtic Explorer simulations. A 1 % inlet block-

age area was also applied to the domain size and model scale. The mast CAD

models were contained within a simulation domain of 46.9 m× 24.9 m× 24.9 m.

The mast CAD models were also configured with three different instrumentation

setups, containing different sonic anemometer and Licor gas analyser setups.

Finally, a simulation was implemented where the effect of the pitch angle of

the ship on the wind speed determination was evaluated. The CAD model was

tilted within the domain through orientations ranging from 0 to 6◦ in steps of

2◦. The domain size and simulation setup remained the same for this model as

previously used for the RV Celtic Explorer simulations.

The CAD models were imported into OpenFOAM as an interchangeable 3-D

file format. In the vessel simulations this was done over a range of orientations
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in the test domain, from −60 to +60◦ in increments of 10◦, giving 13 model

orientations within the simulation domain. The simulation was set up for 41

different velocities, ranging from 5 to 25 m s−1 in increments of 0.5 m s−1.

The vertical orientation of the model was carried out over a range of orien-

tations in the test domain, from 0 to +6◦ in increments of 2◦, giving four model

orientations within the simulation domain. The simulation was also setup for 41

different velocities, ranging from 5 m s−1 to 25 m s−1 in increments of 0.5 m s−1.

The meteorological mast setup comparisons were performed for 0–60◦. This

simulation setup was also carried out for 41 different velocities, ranging from 5

to 25 m s−1 in increments of 0.5 m s−1. The meteorological mast setup compar-

isons were performed for 2 different mast designs (Mast1 telegraph pole design

and Mast2 triangular lattice design) and 3 different instrumentation setups (Gill

sonic anemometer, Gill sonic anemometer/Licor gas analyser and Campbell sonic

anemometer/Licor gas analyser), giving 42 simulations in total. The overall total

number of simulations run from all the variations tested was 59.

The OpenFOAM code was compiled with gcc-4.4 and Open MPI, and ran on

2 cluster computers: a Bull NovaScale R422-E2 cluster with 64 compute nodes

and an SGI Altix ICE 8200EX cluster with 320 compute nodes. For the former,

each computer node has two 2.8 GHz Intel (Nehalem EP) Xeon X5560 quad-core

processors and 48 GB of RAM, resulting in a total of 512 cores and 3072 GB

of RAM available for jobs. For the latter, each compute node has two Intel

(Westmere) Xeon E5650 hex-core processors and 24 GB of RAM, with a total of

3840 cores and 7680 GB of RAM available for jobs. There was a total run time

of 14.5 days for the completed code using both computers. Each case was run on

64 parallel processors per case.

3.4 Results and discussion

In accordance with Popinet et al. (2004), two initial assumptions were made:

1. The wind speeds measured at different locations should scale linearly with

some reference velocity, meaning the fluid flow is essentially independent of

the Reynolds number.
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2. The averaged velocity depends only on the relative wind direction.

The first assumption is justified as the Reynolds number (∼ 108 based on ship

length and 10 m s−1 wind speed), and is well within the asymptotic regime for

flow around a solid obstacle (Popinet et al., 2004). We investigate the linearity

of the scale of error using highly resolved wind speed runs (Sect. 4.4.5).

Figure 3.4: (a) Thirty-minute-averaged true-wind-corrected measurements for

the BMS, YM1, YM2 and SBD anemometers. (b) Histogram of distribution of

measured wind speeds for chosen cruise period from the BMS anemometer.

The second assumption chooses to neglect the influence of the sea conditions

as well as ship motion. It is extremely difficult to simulate ship movement (yaw,
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pitch and roll), which leads to large computational costs. We do, however, inves-

tigate flow for various fixed pitch angles (Sect. 3.4.3).

The experimental results were taken during a RV Celtic Explorer cruise in

October 2008 using the Mast1 design instrumentation setup (Fig. 3.2). The

results are processed to give a true-wind velocity value corrected for the ship

with reference to the Earth’s surface and true north. This is done for YM1 and

2 anemometers and the BMS anemometer on the bow mast as well as the SBD

anemometer.

A 30 min averaged time series of data for the chosen cruise period is shown

in Fig. 3.4a. This gives a mean difference from the BMS anemometer location to

the SBD anemometer location of 1.28 m s−1. From the BMS anemometer to the

YM1 anemometer a mean difference of 0.27 m s−1 is recorded. In Fig. 3.4b, the

distribution of velocities showed a lack of data at wind velocities greater than 15

m s−1.

The scatter plot Fig. 3.5a shows the ratio of experimental 1 min averaged

wind speeds from the BMS and the SBD anemometer with respect to the wind

direction. Also shown are the bin-averaged data for different wind speed ranges.

Figure 3.5a shows how the change in wind speed affects the experimental ratio

in measurements between the two anemometers, and that increased distortion

affects occur at 10 and −60◦ to the bow. This gives a representation of the

wind speed dependence (i.e the deviation of flow distortion error scaling from

linearity as the measured wind speed increases), and also shows that the highest

level of the flow distortion ranges from −5 to +30 %. As the orientation tends

towards the negative direction, a higher distortion error can be seen because

of the re-circulation caused by a crane which was mounted on the side of the

vessel. However, this is not the case in the positive wind direction, as is evident

in Fig. 3.5a. Figure 3.5b shows the ratio of experimental 1 min averaged wind

speeds from the BMS anemometer and the YM1 starboard anemometer (refer to

Fig. 3.3). Here the ratio decreases as a function of wind speed (i.e. the ratio

tends towards 1 as the wind speed increases). From this plot, the magnitude of

the flow distortion error range was 5 to 10 %.
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Figure 3.5: (a) Experimental bin-averaged wind speed line plots between the

BMS and the SBD anemometers over a range of direction from −60 to +60◦, also

with experimental scatter plot of full wind speed range and standard deviation

error bars. (b) Experimental bin-averaged wind speed line plots between the BMS

and the YM1 anemometers over a range of direction from −60 to +60◦, also with

experimental scatter plot of full wind speed range and standard deviation error

bars.
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Figure 3.6: (a) Flow speed over the ship for −60 (Left) and +60◦ (Right) to the

bow for a steady-state input stream of 25 m s−1.

3.4.1 Vessel simulations

The vessel simulations were carried out over a range of orientations from −60

to +60◦ in increments of 10◦. The simulation was also set up for a range of

velocities, ranging from 5 to 25 m s−1 in increments of 0.5 m s−1. Cross-sectional

contour plots for −60 and +60◦ inflow to the bow are shown in Fig. 3.6. These

plots show the change in the velocity profile for the associated change in direction

produce different wake structures in front of the bow. It can be seen for −60◦

(Fig. 3.6a) that there is a higher gradient of turbulence in the wake of the bow

mast. This is also apparent in the experimental results shown in Fig. 3.5a. This

is due primarily to the presence of a bow-deck crane on the port side causing

increased distortion affects. This verifies the validity of the simulation results as

spatially accurate to the physical reality of the experimental results.

A free-stream un-distorted measurement was unavailable from the current

data-set. In previous works (e.g. Popinet et al., 2004), a reference measurement

location was taken as the free-stream un-distorted flow measurement (measure-

ments of wind speed external to a research vessel are almost impossible to attain).

Thus, in order to validate the simulations directly from the experimental mea-

surements, a ratio method between chosen anemometers was conducted based on

the work of Popinet et al. (2004). The comparison of the ratio between simulated

wind speeds from a referenced location and another location in the numerical do-

main should predict the ratio in experimental measurements over this same space,

thus giving an estimate of the accuracy of the simulations to predict a free-stream
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Figure 3.7: (Left) Surface plot corrections for ratios between BMS and YM1

starboard and (Right) Measured and modelled wind speed ratios for BMS and

YM1 anemometers

Figure 3.8: (Left) Surface plot corrections for ratios between BMS and SBD

anemometers and (Right) Measured and modelled wind speed ratios for BMS and

SBD anemometers

velocity occurring away from the vessels superstructure. This method is valid due

to the fact that relative position of the anemometers does not change in time or

space. The ratio across the prescribed anemometer locations was calculated in

the simulation results. Figure 3.7(left) shows CFD velocities of flow onto the bow

ranging from −60 to +60◦.
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Figure 3.9: (Left) Surface plot corrections for ratios between BMS and YM2 port

anemometer and (Right) Measured and modelled wind speed ratios for BMS and

YM2 port anemometer

Figure 3.10: (Left) Surface plot corrections for ratios between BMS and free-

stream velocity and (Right) Measured and modelled wind speed ratios for BMS

and free-stream velocity.

Figure 3.7(left) a and b respectively show the ratio between the BMS anemome-

ter and the YM1/2 starboard/port anemometers. The plots show peaks in the

simulated error as the inflow direction aligns with the vertical (T-bar) section

of the mast (see Fig. 3.3), thus causing elevated distortion since the instrument

measurement location is in its wake. This is also apparent in Fig. 3.5b, where a
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Anemometer Ratio 0–5 m s−1 5–10 m s−1 10–15 m s−1 15–20 m s−1

Differences

BMS/SBD 3.78 % 2.71 % 6.61 % 0.50 %

BMS/YM1 6.25 % 3.12 % 2.60 % 2.88 %

BMS/YM2 6.53 % 3.62 % 3.93 % 3.92 %

Table 3.1: Mean differences between numerical and experimental anemometer

ratio bin-averaged data in Fig. 3.7.

similar range of errors (−1 to 10 %) is present, and also contains the same

peak in the negative direction. In Fig. 3.9(left) c the predicted errors between

the BMS anemometer and the SBD anemometer show elevated distortion in the

negative direction as a result of the bow-deck crane. Comparing Fig. 3.9(left) c

to Fig. 3.5a, the same range of errors can be seen.

In Fig. 3.10(left) d we see the surface plot prediction of errors for the BMS

anemometer location, with respect to the difference from free-stream velocity,

taken as 20.5 m from the bow (this is the distance between the BMS and SBD

anemometers in Fig. 3.3).Figure 3.9(right) (a, b, c) shows the ratio between the

various anemometers for both the experimental and modelled data, where the

modelled data were derived from the data-sets produced in Fig. 3.9(left) (a, b,

c). These plots show both the modelled and experimental bin-averaged ratios.

The differences between the numerical and experimental bin-averaged data are

presented in Table 3.1. The differences between the numerical and experimental

ratios for the BMS / YM1 and BMS / YM2 are consistent with each other, with

the percentage difference decreasing for increasing wind speeds. However the

difference between the BMS / SBD ratio is not consistent with this, and there is

a relatively large error for the 10–15 m s−1 range.

This is not altogether surprising as there is a 20.5 m distance between the SBD

and BMS anemometers (compared to 0.5 m between the BMS and YM1/YM2

anemometers). It should be noted the numerical model prediction shows the same

trend in wind speed dependence shown in the experimental measurements bins

(i.e the deviation of flow distortion error scaling from linearity as the numerical

wind speed scales upwards). Figure 3.10(left) d corresponds to Fig. 3.10(right) d,
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Figure 3.11: (Left) Cross-sectional velocity vector plot from 5 to 25 m s−1.

(Right) Grid location for determination of optimized position of the BMS.

where the error found from the evaluated surface plot to free stream was extracted

from the measured BMS anemometer. This gives a corrected plot of the data (in

black) for the duration of the chosen cruise period. The plots show a correction

range from 2.4 to −1.0 m s−1, with a root-mean-square value of 0.43 m s−1.

3.4.2 Ideal anemometer locations

A vector plot of the velocity profile at 0◦ inflow to the bow is shown in Fig. 3.11a.

This plot was used to define the areas of highly deviated airflow, showing high

distortion in the wake of any deck-mounted structure. Deviations from the mean

flow and re-circulation areas can be seen upwind of the bridge deck. Highly

deviated areas with re-circulation can also be seen in the wake of the bridge deck.

This describes the optimum area for positioning of anemometers, which should be

as far towards the bow as possible, and facing into the mean free-stream airflow.

In Fig. 3.11b, there is a high-resolution grid (20 955 points) within this defined

area, where velocity calculations were recorded for each point.

The ratio to free-stream velocity for the chosen points ahead of the mast

position were plotted for change in height (Fig. 3.12c). This shows that the BMS

anemometers current position is within a wake region caused by a forward velocity

gradient from the bow; therefore the height should ideally be increased to >14

m. For the conditions of this numerical experiment (i.e. 0◦ wind direction at 25

m s−1), the least distorted location for the anemometer was found to be at the
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Figure 3.12: Ratio of BMS anemometer to free stream for the data points in the

grid above. The black dot indicates the current location of the BMS anemometer.

bow, close to the deck of the ship. However, this location would likely be different

for different flow conditions. The most accurate velocity position outside of this

acceleration zone shows that the BMS anemometer should be placed 3.2 m ahead

of the bow and higher than 14 m above the ship’s deck.

3.4.3 Vertical orientation

Figure 3.13: Flow speed over the ship for 0◦ and +6◦ tilt for a steady-state input

stream of 25 m s−1.

Numerical experiments were conducted for pitch angles from 0 to 6◦ in incre-

ments of 2◦ for velocity ranges of 5 to 25 m s−1. Figure 3.13 shows high-resolution
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Figure 3.14: Modelled ratio from BMS to undisturbed flow over 5 to 25 m s−1

for tilt angles of 0◦, 2◦, 4◦ and 6◦.

velocity plots for a wind input of 25 m s−1 and for a model tilt angle of 0◦ and 6◦

along its y axis. What is most striking is the change in the velocity profile across

the length of the ship. Focusing on the BMS probe location (Fig. 3.14), the effect

of changing the ship’s pitch angle is shown. The vertical component of the wind

is most sensitive to the change in pitch angle (not shown).

The vertical orientation of the ship effectively creates a larger area of blockage

with increasing pitch angle, resulting in a maximum distortion effect of 2.5 % at

a high wind speed of 20 m s−1.

3.4.4 Meteorological mast comparison

The meteorological mast setup simulations were carried out for two individual

mast designs (Fig. 3.2) with different instrumentation attached, which involves

a Gill R3A sonic anemometer, a Campbell sonic anemometer and a Licor LI-

7500 gas analyser. Both mast designs and the instrumentation simulations were

performed for a 0–60◦ bow-on wind. In Fig. 3.15 is shown velocity magnitude

profiles around Mast1 and Mast2, each with a Campbell sonic anemometer and

Licor LI7500 gas analyser.
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Figure 3.15: Modelled velocities for each of the two masts for an input velocity

of 25 m s−1.

The wake structure from Mast2 has a greater influence on instrumentation

downstream, whereas Mast1 has a more predictable gradient of turbulence in the

wake of the design, which allows for a simpler correction. However, Mast1 design

has a higher vertical turbulent gradient due to the lack of open sections which

would allow for wind to pass through the design. A cross-sectional vector plot
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Figure 3.16: Cross-sectional velocity vectors scaled from 5 to 25 m s−1 and 0◦.

of the airflow divergence for the x direction uniform inflow velocity is shown in

Fig. 3.16. This was scaled by the measured vertical component of the inflow veloc-

ity. Highly distorted wind magnitudes can be seen in the vertical direction of the

plot. Anemometer measurement locations positioned directly above the control

boxes can be highly affected due to the re-circulation caused by the instrumen-

tation. The Campbell sonic anemometer and Licor gas analyser setup positioned

ahead of this vertical vector field is nearly free stream, defining that positions

ahead of this field have little effect from the instrumentation boxes. Comparison

of mast geometries was also conducted to allow for a future comparison with the

affects of the new measurement system deployed on the RV Celtic Explorer when

sufficient experimental data are obtained. The developed differences in the mast

geometries can then be applied to the RV Celtic Explorer simulations containing

the Mast1 design. This was conducted due to the complex geometry of the Mast2

design, which would have been computationally expensive in comparison to the

Mast1 design and also due to the limited amount of experimental data currently

available.
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3.5 Summary

It has been established that the OpenFOAM SimpleFOAM algorithm shows close

agreement with experimental wind speed measurements and can be used as a valid

correction for flow distortion over oceanographic platforms. It has shown a close

prediction of flow distortion errors to within 12 % of experimental results and

predicts the same scale of errors across each space tested. This correlates with

the statement of Gagnon and Richard (2010) that the SimpleFOAM algorithm

had a 10 % mean ratio to experimental testing.

The ratio method shows a defined mean method for correction of wind speed

data for full cruise periods. This gave percentage accuracy to bin-averaged ex-

perimental results of 6.61 % for 20.5 m prediction space and 6.25 % across a 0.5 m

prediction space. It has been shown that matching the mean ratio from experi-

mental to numerical results led to a prediction within 11 % for the 20.5 m space

from the SBD to BMS anemometer, and 50 % for the 0.5 m space between the

BMS and YM1. Therefore, over a small space, the prediction of error using an

averaged steady-state model is not appropriate, and a sub-scale time-dependant

LES model should be used to improve accuracy. This defines also that for the eddy

correlation calculations, a more accurate LES model should be used to reduce the

errors in correcting the wind speed measurements used in these calculations.

It has also been found that for a highly accurate correction model, a discrete

selection of inflow directions should be simulated. Higher scatter has been shown

to develop in certain orientations as a direct effect of a crane being mounted

on one side of the bow deck. In high-wind-speed situations, the crane causes

re-circulation and higher errors, which is apparent in both numerical and exper-

imental results.

Previous research (e.g., Popinet et al., 2004; Yelland et al., 2002) has correctly

concluded that wind direction is the dominant factor in flow distortion errors for

micro-meteorological measurements on research vessels. Our results show that

the magnitude of the wind speed is also a quantity of importance, which shows a

deviation of flow distortion error scaling linearly by up to 5.6 % at wind speeds

above 5 m s−1. It can also be concluded that wind speed dependence, shown both

numerically and experimentally, increases as the wind speed increases above 5
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m s−1. We have also found that the flow distortion does not scale linearly with

increasing wind speed.

The results of the mast simulations indicate that the affects of a more complex

geometry give more distortion affects and errors in wind speed estimates. These

simulations also show a consistency that is apparent in all the performed simula-

tions. High wind speeds tend to have lesser distortion affects. The two simulated

mast geometries showed that a more applicable design would be a telegraph pole

design with as little blockage as possible to the inflow wind stream. In the future,

an optimized design will be developed for deployment and testing.

The comparison between different instrumentation setups showed the 3-D

Campbell sonic anemometer to have less distortion affects than the 3-D Gill sonic

anemometer. This is due primarily to its sampling probe window being ahead of

the device, thus causing less impact on the mean airflow. With additional instru-

mentation positioned beside the anemometer, e.g. a Licor LI-7500 gas analyser,

it was found that the best position for sampling is in the wake of the anemometer.

This will allow for measurements at the anemometer location to be unaffected

by the instrument’s blockage. An evaluation of the Licor LI-7500 dry box also

suggested that anemometers positioned directly above dry boxes can be highly

affected. This is due to the re-circulation, and our results suggest that they need

to be positioned more than 1.5 m above the dry boxes for unaffected airflow.

The ideal location for the BMS anemometer was found to be as far as possible

from the superstructure of the vessel and outside of its wake. It was found that

the ideal location of the BMS anemometer for the RV Celtic Explorer was 3 m

ahead of the bow and at an elevation 14 m above the bow deck in order to reduce

the distortion affects to 4 %.

Study of the effect of various ship pitch angles was performed, which was

the first time that such a study had been carried out using CFD. The vertical

displacement was carried out over a limited number of angles, but the results

show that vertical orientation of the vessel is a quantity that affects the passing

flow. From the simulations, it can be seen that the vertical displacement of the

vessel for all wind speeds changes flow distortion by 2.5 % as the angle increases.

The pitch of the vessel through higher angles of attack develops a higher error in
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the vertical component of the wind speed at low inflow velocities, thus causing

higher lift and higher distortion.
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4

Air-Flow Distortion and Wave

Interactions: An Experimental

and Numerical Comparison

Preface
This chapter is an adapted reproduction of a paper published in Methods

in Oceanography: O’Sullivan, N., S. Landwehr, and B. Ward, Air-flow distor-

tion and wave interactions: An experimental and numerical comparison. Method

Oceanogr, 12, 1-17, 2015.

4.1 Introduction

CFD has become an established method for correcting flow distortion error as-

sociated with ship-borne wind speed measurements (Griessbaum et al., 2010;

O’Sullivan et al., 2013; Popinet et al., 2004; Yelland et al., 2002). There are two

types of widely-used CFD modelling approaches: the RANS and the LES. RANS

use time-averaged Navier-Stokes (NS) equations, and LES use space-averaged

(filtered) equations. Both approaches produce turbulence fluctuation terms that

need to be modelled. The main advantage of LES over the computationally more

efficient RANS approach is the increased level of detail it can deliver (Peyret,

1996). RANS and LES comparisons have been widely conducted for many ap-

plications, yet most are compared to wind tunnel data such as the bluff body,
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backward facing step, and the mock urban setting test (MUST) experiment (Ar-

maly and Durst, 1983; Gong and Tanner, 2009). In terms of flow distortion for

ships, RANS simulations have been conducted by O’Sullivan et al. (2013); Yelland

et al. (1998, 2002) and LES simulations have been conducted by Popinet et al.

(2004). As these were conducted for different research vessels they are not easily

comparable, but it can be seen that the transition from RANS to LES shows a

more resolved flow prediction. LES is a more accurate solution for the individual

comparisons, especially at high Reynolds number flows (Gong and Tanner, 2009),

which is the prevailing condition in the open ocean environment.

CFD of surface waves for atmospheric research has only recently been inves-

tigated from the point of view of interactions between the wave surfaces and the

effect on velocity profiles at the surface boundary layer. When light winds oppose

the propagating swell turbulence levels increase over the depth of the boundary

layer and the surface drag increases by a factor of 4 compared to a flat surface

(Sullivan et al., 2008). The mean wind profile, turbulence variances and vertical

momentum flux are then dependent on the state of the wave field (Sullivan et al.,

2008). These quantities have become important to the measurement of flow at

the ocean surface which in turn propagates vertically giving error to previously

developed computational simulations of airflow at sea.

From research in this area there are three wave simulation methods to date

(Jacöbsen et al., 2011; Openfoamwiki, 2008; Sullivan et al., 2008). The first was

developed for static wave generation, where the airflow and turbulence was in-

duced above the wave surface. The wave theory consists of a LES turbulence

modelled domain which is created in 2D using a LES code with the capability

of resolving a moving sinusoidal mode imposed at its lower boundary. The gov-

erning set of LES model equations in Cartesian coordinates for this flow is given

by Moeng (1984). Sullivan et al. (2008) include transport equations for resolved-

scale (or spatially filtered) velocity and virtual potential temperature. The mesh

itself was translated horizontally so the wave surface could remain static within

the model domain. This reduces the computational cost considerably by focusing

the simulations calculations or solver iterations on the open field above the wave

surface. Also as a result of the static wave motion the boundary conditions need
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only to be applied to the wave surface for a flow that was assumed to be homo-

geneous in horizontal planes. Therefore explicit boundary conditions only need

to be specified at the water surface and at the top of the computational domain.

In order to focus the grid near the surface vertical spacing, the mesh generation

was varied using constant algebraic stretching, where the ratio of any two adja-

cent vertical cells is held constant. The LES simulations predicted that the mean

wind profile, turbulence variances, and vertical momentum flux are dependent

on the state of the wave field Sullivan et al. (2008). The second was the groovy

wave basin for OpenFOAM, a user-created solver and case setup. This method

uses a value expression for 3D sinusoidal waves within an OpenFOAM simulation

domain. It creates regular waves within the simulation domain for static model

geometries and can be solved using the RASinterFoam solver in OpenFOAM. The

wave has an independent input velocity and a velocity inlet boundary condition at

the domain inlet. This creates a moving wave surface, which will develop break-

ing waves or displacements along any inputted model geometry (Openfoamwiki,

2008). The meshing of this simulation is simplistic therefore complex simula-

tions cannot be attempted alone, but if used in conjunction with more detailed

case setups, can produce good wave results. The sinusoidal wave expression can

be imposed as a boundary condition within an already developed and validated

physical case. This method shows one of the major advantages of the open-source

aspect of OpenFOAM code where user cases are free to be further developed by

other users (OpenCFD, 2012). The third was the OpenFOAM Wave2FOAM

toolbox by Jacöbsen et al. (2011). This method is similarly to the previously

described groovy wave basin in its implementation, however it does not suffer

from the lack of outlet relaxation zone and in comparison to the work by Afshar

(2011), the relaxation technique does not require a highly refined computational

mesh around the water surface (Jacöbsen et al., 2011). The toolbox itself is a

freely available add-on to the existing OpenFOAM distribution and can be used

to solve a variety of wave setups with regular and irregular waves in a 3D en-

vironment. The relaxation technique is of great interest as a numerical beach

absorption zone can be implemented, which reduces wave reflection at the out-

let, a technique normally used in experimental wave tank testing. This reduces
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numerical instabilities normally present in propagating wave simulations at the

outlet boundary.

This paper firstly deals with a CFD flow distortion comparison of the two

CFD methods (RANS and LES) for the R/V Knorr. We report on the following:

a computer aided design (CAD) model of various anemometers mounted on the

research vessel, which represent the physical measurements on the R/V Knorr.

The in-situ measurements are compared to the CFD solutions and from this a

definition of the best CFD solution is made. We also compare the wind vector

pitch and yaw to the non-linear scaling of flow distortion error as a function of

wind speed and conduct a flow separation analysis to further explain this non-

linearity.

This paper also quantifies the wave induced air-flow distortion affects, where

we describe the experimental setup for in situ wind and wave measurements and

report about the simulation methodology in both, the wind and wave simulations,

providing details of the computational implementation. The results are related

firstly to airflow distortion-induced wind speed error and secondly to the wave

interaction and its affects on the overall air flow distortion error. This is compared

to an experimental method developed by Large et al. (1995). Our conclusions are

provided in the final section.

4.2 In-situ measurements

The measurements presented here are taken from the Knorr11 cruise, which was

conducted in the North Atlantic in June/July 2011 (Bell et al., 2013; Christensen

et al., 2013; Sutherland et al., 2013, 2014). The objectives of the cruise were to

quantify the rate of exchange of carbon dioxide and dimethyl sulphide between

the ocean and atmosphere using the eddy covariance method. The technique

involves the simultaneous measurement of the turbulent fluctuations of the ver-

tical component of the wind speed w′, and the high frequency variations of the

concentration of CO2 c
′ (Landwehr et al., 2014).
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Figure 4.1: Relative wind speed measurements averaged over 15 minutes from six

independent anemometers on bow-mast (see Table 4.1 for details). Ships Young’s

Mean Anemometer (A1), Vaisala 1 Port Anemometer (A2), Vaisala 2 Starboard

Anemometer (A3), Campbell 1 Port Anemometer (A4), Campbell 2 Starboard

Anemometer (A5), Gill sonic Anemometer (A6), Also shown is an inset photo of

the bow-mast with the instrument locations indicated.

Figure 4.1 shows the wind speed data obtained during this period for the six

bow-mast anemometers. The positioning of these anemometers around the ship

was chosen for ease of access and to define areas of high and low turbulence.

Four Kestrel portable weather stations were also positioned on the railing of

the deck 1 and deck 3 of the research vessel. The wind speed measurements

were synchronized and averaged to a time series with 1 minute resolution. Wave

measurements were taken from an ultrasonic transducer positioned 12.5 m under

the bow on a boom, which is abbreviated as W1. The technical details of each

instrument are provided in Table 4.1 with their locations shown in Fig. 4.2.
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Table 4.1: In-situ measurement instrumentation notation and relative location

Instrument Model/Type Manufacturer Accuracy

Label

A1 5103/2D Mean R. M. Young ±0.3 m s−1, ±3◦

A2 WXT520/3D Sonic Vaisala ±0.1 m s−1, ±3◦

A3 WXT520/3D Sonic Vaisala ±0.1 m s−1, ±3◦

A4 CSAT3/3D Sonic Campbell ±0.01 m s−1, ±1◦

A5 CSAT3/3D Sonic Campbell ±0.01 m s−1, ±1◦

A6 R3A/3D Sonic Gill ±0.01 m s−1, ±1◦

A7 4500/2D Mean Kestrel ±0.1 m s−1, ±5◦

A8 4500/2D Mean Kestrel ±0.01 m s−1, ±5◦

A9 4500/2D Mean Kestrel ±0.01 m s−1, ±5◦

A10 4500/2D Mean Kestrel ±0.01 m s−1, ±5◦

W1 QT50U/2D Ultrasonic Banner ±0.008 m

4.3 CFD Simulation Methodology

4.3.1 RANS and LES Methods

The CAD model was generated using the 3D solid modelling software Blender

2.60. Figure 4.2 shows the generated 3D model of the R/V Knorr. The CAD

model was scaled 1:10, which in-turn defined a simulation domain size of 39.45×
20.49×20.49 m for flows directly over the bow. This CAD model scale and domain

size was chosen to give a 1% blockage area (i.e. ratio between the inlet of the

simulation domain and the CAD model) of the inlet section of the wind tunnel

by the test geometry, as described by Castro and Robins (1977). This allows

the flow to completely stabilize within the simulation domain. The boundary

mesh grid was constructed using the OpenFOAM snappyhexmesh utility, which

generates a 3D mesh containing hexahedra (hex) and split-hexahedra (split-hex)

cells (OpenFOAM, 2011). For these simulations, the number of cells were 7 ×
106. A mesh in-dependency study was conducted where 50, 75, and 150 control
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volumes in each direction were used. This was done equally for all directions, since

a 3D representation of the flow of equal resolution is required for comparisons of

the calculated values of velocity and pressure at different locations. It was found

that for 75 to 150 control volumes, there was less than 1% difference in the

results. Therefore, it was concluded that 75 mesh control volumes would be used

for computational efficiency.

Figure 4.2: CAD generated model and cross-sectional hex mesh surrounding the

superstructure of the R/V Knorr. A photo of the bow-mast with the instruments

indicated. Other instruments used are also indicated and outlined in Table 4.1.

The coordinate system used is also indicated.

It was also found that the non-dimensional distance (i.e the distance y to the

wall required for flow stability, made dimensionless with the friction velocity and

kinematic viscosity) from the wall on all surfaces within the domain ranged from

y+=0.6-0.9, within the range for external flow stability.

The finite volume CFD code OpenFOAM was used to simulate the turbulent

velocity fields surrounding the vessel. OpenFOAM is a C++ library used primar-

ily to create executables known as applications. The applications fall into two

categories: solvers, designed to solve a specific problem in continuum mechan-

ics, and utilities, designed to perform tasks that involve data manipulation. The
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OpenFOAM distribution contains numerous solvers and utilities covering a wide

range of applications (OpenFOAM, 2011; O’Sullivan et al., 2013).

4.3.2 Reynolds Averaged Navier Stokes Simulations

The RANS OpenFOAM solver SimpleFOAM for a steady state inviscid and in-

compressible fluid was used. The SIMPLE (Semi-Implicit method for Pressure

linked equations) algorithm is an iterative procedure for time averaged equations

(Launder and Spalding, 1971). In the implementation of the RANS solver, we use

the k−Ω shear-stress transport (SST) turbulent closure model for its proven relia-

bility at predicting high Reynolds number flows in the viscous sub-layer (Menter,

1993). It was used with a turbulence intensity of 4% and the dynamic viscosity

was scaled to the prescribed domain size using the referenced Reynolds number of

108 for open ocean airflow conditions (Popinet et al., 2004). The applied domain

boundary conditions consisted of a uniform inlet velocity of 5 m s−1. The domain

are set as symmetry planes, due to the 1% inlet blockage area, they have little

effect on the model. Turbulence is produced at the floor of the domain (the ocean

surface) and at the vessels surfaces. These most important boundary conditions

are described with a classical log-law wall function. This follows the prescribed

method used by Gagnon and Richard (2010), for external airflow simulations over

the Ahmed body test case.

4.3.3 Large Eddy Simulations

The LES simulation was implemented using the OpenFOAM large eddy solver

PisoFOAM for a transient, inviscid, and incompressible fluid. The PISO (Pressure

Implicit with Splitting of Operators) algorithm is an efficient method to solve par-

tial differential NS equations of unsteady problems (Openfoamwiki, 2010). The

main difference between LES and RANS simulations as previously described is

the use of spatial filtering. This is based on the Kolmogorov self similarity the-

ory where large eddies in the flow are dependent on the flow geometry, while

smaller eddies are self similar and have a universal character (Gong and Tan-

ner, 2009). Therefore the large eddies are solved directly and the smaller eddies

are modelled at sub-grid scale (SGS). The applied boundary conditions are the
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same as those outlined previously in the RANS simulations, except for the inlet

boundary condition, which was set as a turbulent inlet with a fluctuation scale

in x = 0.02,y = 0.01 and z = 0.01. These scaling levels were defined from the

RANS simulation levels and previous work (O’Sullivan et al., 2013), as consis-

tency is paramount when a comparison between different solvers and turbulence

models is being conducted.

4.3.4 Full Vessel LES Simulations and Wave Simulation

Setup

The vessel/wave simulations were implemented using the OpenFOAM large eddy

solver PisoFOAM for a transient, inviscid, and incompressible fluid. The simu-

lation setup was conducted similarly to Sections (4.3.1 and 4.3.3), except it was

done over a range of orientations in the test domain, from -60◦ to +60◦ in in-

crements of 10◦ giving 13 model orientations within the simulation domain. The

simulations were setup for four different velocities, ranging from 5 to 20 m s−1

in increments of 5 m s−1. The turbulence settings,boundary conditions and do-

main definitions were implemented as outlined in Sections (4.3.1 and 4.3.3) and

in accordance with the previous work by O’Sullivan et al. (2013).

The wave simulation setup the same mesh as previously presented was used,

with the addition of a scaled water depth of 4 m. This was conducted for only 0◦

to the bow of the ship and for three individual Stokes first order wave heights of

2, 4, 6, 8 and 10 m, with periods of 2, 3.6, 6.8, 7.7 and 9.1 s. A relaxation zone of

13 m was also installed at the outlet in all simulations, following the prescribed

relaxation length defined in Jacöbsen et al. (2011). The wave simulations them-

selves were conducted in comparison to the previous airflow simulations (Section

4.3.3) with only the addition of a moving lower wave boundary, Therefore the di-

rect influence of different significant wave heights on the overlying velocity profile

and subsequently on the flow distortion error. Further details of the NS numerical

algorithm contained within Waves2Foam can be found in Section 2.7.2.
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4.3.5 Computational Implementation

The codes were compiled and run on a cluster computer named Stoney which is a

Bull Novascale R422-E2 cluster with 64 compute nodes. Each compute node has

two 2.8 GHz Intel (Nehalem EP) Xeon X5560 quad-core processors and 48 GB of

RAM. Resulting in a total of 512 cores and 3072 GB of RAM available for jobs.

The software was compiled with gcc-4.4 and openMPI. An OpenFOAM case is

run in parallel using the openMPI implementation of MPI. This led to a total

run time of 20 days for the completed code. Each case was run on 128 parallel

processors per case.

4.4 Results and Discussion

4.4.1 RANS and LES Modelling Comparison

These simulations were carried out using the same setup described as O’Sullivan

et al. (2013) and were conducted for an inflow velocity of 5 m s−1 and direction

of 0◦ to the bow (Figure 4.3 (a)).

The turbulence is not well resolved by the RANS simulation, since only mean

flow characteristics are produced. Figure 4.3 (b) shows the deviation from the

mean input flow; an example of increased distortion is visible at the fore-mast

location. Figure 4.3 (c) shows the velocity magnitude for the LES simulation. In

comparison to the RANS simulation, the turbulent characteristics of the flow are

better defined for all areas surrounding the vessel. Large eddies can be seen to

form in the wake of the ships main-mast exhaust funnel and also to the stern of

the vessel. The maximum velocity (located at the top of the crow’s nest) is 6.7

m s−1 for the LES, which is about 1 m s−1 lower than the maximum velocity in

the RANS simulations which was 7.7 m s−1.
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Figure 4.3: (a) and (c): Velocity Magnitude of surrounding vessel for the in-

putted 5 m s−1 at 0◦ to the bow for RANS and LES, respectively. (b) and (d):

Magnitude of Velocity Vector for RANS and LES surrounding the meteorological

mast, respectively.

The averaged RANS steady state simulations tend to over-estimate the highest

deviation in velocity through excessive averaging of the modelled fields. Figure

4.3 (d) shows that the LES deviation from the centre-line velocity field is less in

the wake of the main-mast exhaust funnel and greater ahead of the bridge, when

compared to the RANS simulation. This could be correlated to the pitch and yaw

comparisons shown in section 4.4.3, which show similar deviations for numerical

and experimental comparisons.

4.4.2 RANS and LES Measured Wind Speed Comparison

In both experimental measurements and the two numerical simulations, the ratios

of wind speeds between anemometer positions were calculated. This defines the

change in wind speed across the chosen space for both the experimental and

numerical data, for the same conditions of 0◦ to the bow and flows ranging from

0-20 m s−1 in 5 m s−1 bins.
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Table 4.2: Mean ratios and STD of differences between anemometer locations in

experimental and numerical results for RANS and LES.

Anemometer Measured LES RANS

Ratios

A2/A3 0.97±0.02 0.96±0.01 0.92±0.0013

A4/A5 1.04±0.04 1.01±0.03 0.98±0.0149

A1/A6 0.89±0.08 1.06±0.01 0.61±0.1367

The anemometers chosen on the met-mast give ratios of change in the hori-

zontal for starboard and port anemometers (A4/A5 and A2/A3) at two different

heights (10.48 m and 10.63 m). The third comparison chosen, was conducted for

a centre-line vertical change for 2 different heights (A6/A1); as shown in Fig. 4.1

and Table 4.1. This in-turn gives a spatial definition of the flow distortion error

surrounding the met-mast.

The ratios of measured wind speeds are plotted in Fig. 4.4 as function of

the relative wind direction. From this the different ratios between the positions

discussed above are plotted for LES, RANS and the measured data are also shown

in Fig. 4.4.

These are resolved for only 0◦±5◦ to the bow and scaled according to wind

speed from the least distorted wind speed measurement in the comparison. For all

anemometer ratios, the LES is consistently within 1 standard deviation (std) of

error, except in the vertical comparison between A1/A6 anemometers, where at

low wind speeds an over-estimation of the velocity ratios is apparent. It is evident

that the RANS model contains less spatial resolution as it does not resolve the

variability on the measured data; it also performs poorly at low wind speeds.

In the case of the A2/A3 horizontal comparison, the RANS falls outside of the

experimental std from 5 to 15 m s−1. This error analysis shows that LES performs

better than the RANS simulations in all instances and consistently follows the

trend in experimental ratios and error.

To provide further evidence, Table 4.2 presents the mean ratio taken across

the full range of wind speeds (0-20 m s−1) for the measured LES and RANS data.
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The difference between the LES and measured is 3%, whereas the difference is

7% for the RANS. This prescribes the LES simulations as being a more accurate

simulation than the RANS and validates our new approach using LES. The initial

RANS simulations previously conducted for the R/V Celtic Explorer showed ac-

curacy levels of 12% (O’Sullivan et al., 2013) for similar wind speed comparisons.

The use of LES can therefore be expected to lead to an accuracy improvement in

the range of 8%, at the cost of being more computationally expensive.

4.4.3 LES Numerical Wind Vector Yaw and Pitch

Air flow distortion does not only lead to an acceleration of the wind speed, but

can also lead to a tilt of the wind vector in the horizontal plane (yaw) and in the

vertical plane (pitch). This section compares the experimental observations with

the results form the LES model. The LES calculations will only be used in this

section and for the remainder of the article since our comparisons have proven that

LES gives most accurate solutions. Firstly for a horizontal on-board comparison

from A4 to A5 to define the accuracy of the LES predictions. Secondly we will

compare all on-board anemometers to a UF position.

Here we will focus on the dependency of the air flow distortion error on the

free stream wind speed UF (see Fig. 4.4 (d)). This point was previously men-

tioned in O’Sullivan et al. (2013), where a dependency on wind speed was also

found between anemometer locations. It can be seen in Fig. 4.4 (d)(horizontal

comparison) that there is a significant drop off between 10 to 20 m s−1, where as

in the vertical comparison (Fig. 4.4 (f)) the magnitude of wind speed error is

predominately dependent on the change in height, which is a consequence of the

classic boundary layer velocity profile (Prandtl, 1945). The horizontal comparison

however has no such affects as there is no height change and thus no boundary

layer affects between positions. We therefore use a derivation of equation 2.11 to

a UF position 20 m from the bow to define the vessels superstructure affects on

the yaw(γ) and pitch(α). The distortion of the wind vector can be described by

a rotation around the z-axis (yaw):

γ(Y aw) = tan−1
Uy
Ux︸ ︷︷ ︸

A

(4.1)
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followed by a rotation around the new y-axis (pitch):

α(Pitch) = sin−1
Uz
UMag︸ ︷︷ ︸
A

(4.2)

where Ux, Uy, Uz, are the velocity vector component in the x, y, z directions, re-

spectively; UMag is the magnitude of the velocity and A is the on-board anemome-

ter location.

The experimental measurement differences of α and γ for A4-A5 over the full

range of wind direction are plotted in Fig. 4.5. It can be seen from the bin

averaging of 0 to 20 m s−1 in 5 m s−1 bins, that the pitch of the wind vector has

more bin separation than the yaw. This indicates that the pitch is the dominate

force for the wind speed dependence. The horizontal comparison (Fig. 4.5) shows

the highest α and γ were present at 0◦ to the bow, where the maximum α is 1.5◦

and the maximum γ is 0.07◦.

The differences between the pitch and yaw for anemometers A4 and A5 are

presented in Fig. 4.5, for both the measured and modelled data-sets. From this an

estimation of the numerical accuracy in predicting α and γ can be compared for

on-board anemometers. The mean LES accuracy for α and γ to the bin averaged

measured data is ∼5% and ∼6.2%, respectively. This shows LES accuracy to

be within the same range of accuracy as that previously presented for the on-

board wind speed comparisons. Any remaining inaccuracy can be attributed to

the resolution window chosen in the measured data of 0◦±5◦ and the physical

resolution of the measurement sensors outlined in table 4.1.

The numerically-produced α and γ LES calculations to UF are also presented

in Fig. 4.5. These calculations were performed for all the anemometers compared

in the previous vertical and horizontal wind speed comparisons for A4, A5, A1 and

A6, respectively. This was done so a direct comparison could be made with the

previous wind speed error plots shown in Fig. 4.4. This led to a LES calculated

maximum α change to UF of 3.3◦, 2.68◦, 4.6◦ and 14.7◦ for A4, A5, A1 and A6,

respectively. This also gives a LES calculated maximum γ change to UF of 0.18◦,

0.08◦, 0.12◦ and −13.8◦ for A4, A5, A1 and A6, respectively.

It can be seen here the most deviant anemometer is A6, with a higher α and γ

relative to UF than any other anemometer presented. This is a direct consequence
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of the anemometer positioning that is midway on the mast directly in the highly

turbulent wake of the bow. This can also be seen in the RANS and LES vector

plots 4.3. This defines the critical nature in choice of anemometer locations for

stable wind speed measurements on-board research vessels. The majority of the

horizontal wind speed error is the α component of wind speed.

4.4.4 Flow Separations affects on Wind Speed Depen-

dency

Figure 4.6: Ratios of LES pressure comparisons between anemometers (a) A4/A5

and (b) A1/A6 as a function of wind speed, for a horizontal and vertical flow

separation analysis shaded areas indicate ±1 standard deviation of error from the

calculated data.

In contrast to other studies of air flow distortion (Popinet et al., 2004; Yelland

et al., 2002), we observe a wind speed dependency on the air flow distortion

error (acceleration of the wind speed and tilt of the wind vector). A possible

explanation for this might be the effect of flow separation. This occurs when the

boundary layer travels far enough against an adverse pressure gradient that the

speed of the boundary layer relative to the object falls almost to zero (Anderson,

2004). It typically occurs around solid structures where the adverse pressure

gradient behind the structure causes the boundary layer to detach from the solid

surface. This in terms of mean flow characteristics leads to a significant drop

in wind speed magnitude and a change in the associated direction or tilt of the

wind vector (both α and γ). In Fig.4.6 a pressure ratio plot for a horizontal and

vertical comparison is shown. It can be seen that a constant pressure ratio is

present for the vertical comparison, and is independent of wind speed. It can also

be seen that a non-constant pressure ratio is present for the horizontal, indicating

the presence of flow separation. The dependency of the pressure ratios on the
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wind speed takes similar form as the vertical wind speed error (shown in Fig. 4.4)

and the wind vector α (Fig. 4.5). This suggests, that flow separation could be

the cause of wind speed dependence in flow distortion errors. Unfortunately no

pressure measurements at the anemometer sites are available to test the model

result.

4.4.5 LES Vessel Air-Flow Distortion affects

A new graphical representation has been developed and an estimation of external

flow such as Fig. 4.9 can be prepared. This simulation has been setup for a

uniform inlet velocity of 5 m s−1 and a model orientation of 0◦ to the bow. This

setup can be used in advance of field campaigns to define areas of low turbulence

for the positioning of anemometers. The near surface streamlines are located at

0.1m from every surface on the geometry and interpolated to give a streamline

from bow to aft of the vessel. It can be seen that high turbulence is generated on

the bridge deck (Deck 3). This is also the location of the anemometers A9 and

A10 for which a higher level of wind speed dependence can be seen in Table 4.3.

Areas color scaled in blue indicate high turbulence. the open area of this

research vessel on the bow can be seen to have little effect on turbulence levels.

It was shown previous by O’Sullivan et al. (2013) that a crane and other obstacles

positioned on the bow deck caused re-circulation, giving higher turbulence in

this area.

Using the numerical simulations a Matlab correction function for flow dis-

tortion has been developed. The function calls the ratio of the modelled wind

speeds between two anemometer locations, or alternatively the modelled ratio of

the wind speed to the free stream wind speed. This can be used for validation

of the model or for the correction of the measured wind speeds for air flow dis-

tortion. Figure 4.7 (a-d) was produced, with the use of this function, in order

to define the numerical accuracy of the simulations. The function can be used

to correct wind speeds measured at any of the 10 anemometer locations to the

free-stream position This is shown for the example of A4 in Fig. 4.8 (e-h). The

numerical ratio is defined for 0-20 m s−1 in steps of 5 m s−1 and orientations of

+60◦ to -60◦ in 10◦ increments.The wind speed ratios of A5 and A4 are plotted
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Figure 4.8: (a) Flow distortion surface ratio for A5 to A4 for all directions and

input velocities, (b) Experimental and numerical bin averaged ratio plot for A4/A5,

(c) Numerical data surface fit model correction for A5 to A4, (d) Corrected and

un-corrected measured 5 minute averaged wind speeds for A5 to A4, (e) Flow

distortion surface ratio for A5 to Free-stream for all directions and input velocities,

(f) Numerical mean ratio plot for A5 to Free-stream, (g) Numerical data surface

fit model correction for A5 to Free-stream and (h) Corrected and un-corrected

measured 5 minute averaged wind speeds for A5.
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as function of the free stream wind speed and the relative wind direction. For

this purpose the simulated input wind speeds and orientations have been linearly

interpolated to produce a surface plot of the prediction. Figure 4.8 (b) shows

a direct comparison and estimation of the accuracy of the numerical prediction,

where each wind speed bin in the numerical data has a maximum of 6% difference

or under-prediction from the experimental wind speed bin data-set. It should be

noted that defining the accuracy at predicting the difference in measurements

between A4 to A5 on-board the research vessel, defines the accuracy of the model

to predict the difference to a free-stream position away from the superstructure of

the vessel. The scatter plot shows the full range of data collected with a standard

deviation (std) of 0.3 m s−1.

Anemometer 0-5 m s−1 5-10 m s−1 10-15 m s−1 15-20 m s−1

Ratios

A7/A8 3.78% 2.71% 6.61% 0.50%

A9/A10 6.25% 3.12% 2.60% 2.88%

A6/A1 6.53% 3.62% 3.93% 3.92%

A2/A3 3.78% 2.71% 6.61% 0.50%

A4/A5 6.25% 3.12% 2.60% 2.88%

A6/Free 6.53% 3.62% 3.93% 3.92%

Table 4.3: Mean differences between numerical and experimental anemometer

ratio bin-averaged data as seen in Fig. 4.4.

Figure 4.8 (c) shows the next step in the flow distortion error correction,

in which a surface fit is generated from the numerical data. The white surface

provides the goodness of fit to the numerical data.

The measured wind speed and direction is then inputted to the fit to pro-

duce a corrected wind speed data-set for the chosen space between A4 and A5

anemometer locations, over the entire cruise period at a 5 minute time resolu-

tion (Fig. 4.8 (d)). This shows a maximum correction of 11% and a minimum

correction of -9% during the cruise period. Figure 4.8 (e) shows a surface plot

prediction of the wind speed ratio between A4 and Free-stream taken 20 m from
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the bow of the vessel. This figure has also been linearly interpolated to fill the

surface plot prediction over the full range of data. Figure 4.8 (f) shows a mean

ratio taken from Fig. 4.8 (e) over all directions, giving a maximum correction of

16% and a minimum correction of 1%. It can also be seen that the correction is

non-symmetrical due to the shadowing affect of the A4 anemometer by A5, for

relative wind directions of -40◦ and beyond. Figure 4.8 (g) shows the flow distor-

tion error correction surface fit, where the white surface provides the goodness of

fit to the numerical data. From Fig. 4.8 (g) a correction is generated with inputs

of the measured wind speed and measured direction at A5.

The corrected data shows a maximum correction of 3.5 m s−1 and a minimum

correction of 0.2 m s−1 during the cruise period (Fig. 4.8(h)). This combined Fig.

4.8 is the final output of the developed flow distortion correction function for

the R/V Knorr, displaying numerical prediction, numerical correction, numerical

data analysis, experimental data analysis, and numerical accuracy to experimen-

tal data. By choosing different anemometer location inputs to the function or

choosing an embedded free-stream location taken 20 m from the bow at var-

ious heights from the lower boundary in the numerical data, this plot can be

reproduced for many variations of spaces on-board and away from the research

vessels superstructure. For clarity only one figure is presented here, but Table 4.3

shows mean wind speed ratios due to flow distortion error for various anemometer

locations and to free-stream.

4.4.6 Wave Induced Air-Flow Distortion affects

In this section an analysis of flow distortion error as a function of significant

wave height is presented using two separate methods. Simultaneous measure-

ments of wind speed (A5) and significant wave height (Hs) are presented here in

Fig. 4.9 (a). The direct comparison of measurements showed a proportionality

of measured wind speed and Hs towards the end of the cruise period. It also

showed at low Hs that the wind speed appears to be atmospherically driven and

independent of Hs.

The first correction method was taken from the Large et al. (1995) model.

Further details of the correction function and its implementation are outlined in
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Section 2.7.3 The magnitude of the correction is shown in Fig. 4.9 (c).

A new correction is developed using the OpenFOAM Wave2FOAM toolbox

(Jacöbsen et al., 2011). The velocity measured at the A5 anemometer is solely

defined by the propagation from the dynamic forcing of the wave surface into the

atmosphere within the simulation domain. A polynomial expression for the CFD

correction is given by:

UVCor = 0.0039Hs
2 + 0.094Hs + 0.18. (4.3)

The outputted calculations of velocity as a result of 2, 4, 6, 8 and 10 m waves

at the A5 anemometer are plotted in Fig. 4.9 (c). This method corrects for the

affects of the vessel’s superstructure due to wave interactions as an overlying wind

speed velocity is not present in the simulations. The forcing in this correction is

due to the moving lower boundary surface (or propagation of the wave surface)

though the domain. This correction is also different from the airflow distortion

error simulations, as the simulation forcing is airflow velocity driven over a flat

lower boundary.

The correction from Large et al. (1995) assumed that there was no effect from

waves for Hs < 3.5m, but our CFD simulations indicate that smaller amplitude

waves impact the lower atmospheric boundary layer. The CFD wave correction

approaches the Large et al. (1995) model for Hs > 6m.

Correction Method Mean Std % Correction

Large et al. (1995) 0.15 0.10 1.89%

Wave2FOAM 0.39 0.12 4.76%

Table 4.4: Details of magnitude of wave-distortion correction methods and

quadratic fit model for each correction.

Applying each correction to the measured wind speed defines the mean influ-

ence over the full cruise period of 0.15 m s−1 for the Large et al. (1995) model and

0.39 m s−1 for the Wave2FOAM correction. Specifics of each corrections results

can be seen in Table 4.4
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4.5 Summary

In this article we compared OpenFOAM RANS and LES simulations to measure-

ments from several different anemometers on the R/V Knorr during the Knorr11

cruise in June/July 2011.

The RANS simulation consistently fell outside 1 std of error when compared to

the measured data, and did not represent the dependency of the flow distortion

on wind speed and wind direction, which was apparent in the measurements.

The simulations themselves showed good convergence criteria, using the highly

resolved hex mesh and time-step intervals with a Courant number less than 1.

The mean accuracy levels across each defined anemometer ratio was within the

range of 7%.

The OpenFoam LES numerical analysis showed better agreement with a mean

accuracy of 3% to the experimental ratios. The transient analysis also gave a more

resolved velocity prediction in regions of high turbulence, defining it as a more

spatially accurate prediction than the RANS simulations. In the error analysis

LES showed an ability to follow the trend in experimental results, and consistently

was within 1 std of error, except for the height comparison in A1/A6 where it

performed poorly at low wind speeds. The LES simulations showed high conver-

gence criteria at the initial run up time, but stabilized after 1.6 s. It was therefore

discarded in this analysis, this was also true in the RANS simulations, but it took

more time-step intervals for the flow to stabilize in the RANS simulations.

In terms of the overall flow distortion error prediction, the RANS is effective

for a mean flow distortion correction of about 30 minutes, but this limitation is

not present in the LES simulations where a valid correction is possible down to 1-

minute time-step interval, as it is a transient time dependent solution. The most

applicable method in simulating flow distortion error is LES, as it has improved

spatial resolution, improved mean accuracy levels, and time dependency usage.

The LES numerical analysis of the flow distortion-induced wind vector pitch

and yaw showed the dominant forcing was due to the pitch of the wind vector.

This is also the dominant forcing in the wind speed dependence seen in the

horizontal comparison between the anemometers A4 and A5. The highest value

of α was 1.5◦ when the wind direction was 0◦ to the bow, whereas the maximum
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γ was 0.07◦. The numerical accuracy in predicting α and γ was also compared

for on-board anemometers. In this the mean LES accuracy for α compared to

the measured data was 5%, and for γ was 6%. It was also found that the A6

anemometer, which was mounted at the centre of the bow mast, has the largest

flow distortion arising from both α and γ, defining the importance of anemometer

measurement positioning for on-board wind speed measurements.

This led to analysis of flow separation for the horizontal comparison, between

anemometers A4 and A5. Flow separation is a significant drop in pressure due to

detachment of the flow from the boundary surface. The results showed a pressure

drop at 10 to 20 m s−1 which is consistent with the measured and modelled hori-

zontal comparison wind speed error. In the vertical flow separation analysis it was

seen that flow separation did not occur and stable flow was consistent throughout

the wind speed range. This indicates the cause for wind speed dependence.

The mean applied corrections for the Large et al. (1995) model was about

2%. The Wave2Foam OpenFoam toolbox showed a good convergence and little

refection from the outlet due to the relaxation method used. The analysis of var-

ious wave heights to the model indicated a mean flow distortion-wave correction

of almost 5%. The Wave2FOAM model provided a correction for Hs < 3.5m

and approached the Large et al. (1995) model for Hs > 6m. The Wave2FOAM

correction showed a mean influence of 0.39 m s−1 over the full cruise period.

The wave-induced correction has been added to the overall air-flow distortion

correction, improving the accuracy of the model by a mean 3%. Being a quan-

tity that has previously never been defined as regards air-flow distortion error,

it should be used by future researchers if accuracy of on-board wind speed mea-

surements is to be improved. In the future, It should also be further developed

by assessing the yaw, roll, and pitch of the vessel.
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5

Ocean-Atmosphere CFD

Applications

Preface
This chapter is an adapted reproduction of various CFD work that is currently

under-way or has been presented at international conferences.

5.1 Large-Eddy Simulation of turbulence in the

Ocean-Atmosphere

5.1.1 Introduction

The Air-Sea Interaction Profiler (ASIP), is a autonomous micro-structure pro-

filer designed to study the ocean boundary layer (Ward et al., 2014). ASIP is

equipped with two micro-scale temperature sensors (TP1) and (TP2), one micro-

conductivity sensor (CP1), and two vertical shear micro-structure sensors (SP1)

and (SP2) from which ε was computed (Lueck and Osborn, 1985). In addition to

these, there is an accurate (CTD-standard) temperature and conductivity sen-

sor manufactured by Neil Brown Ocean Sensors Inc. (NBOSI), a Keller pressure

sensor, and accelerometers and orientation sensors. ASIP is positively buoyant

rising upwards with a nominal speed of 0.5 m s−1 . In the wave affected region

in the upper ocean, the rise velocity is calculated from a linear fit of the pressure
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record for the upper ∼10 m.

The simulation was implemented using the LES solver PisoFoam for a tran-

sient, in-viscid and incompressible fluid. The Piso (Pressure Implicit with split-

ting of operators) algorithm is an efficient method to solve partial differential

Navier Stokes equations of unsteady problems (Openfoamwiki, 2013). A full de-

scription of the implementation of the PisoFOAM large eddy solver is presented

in O’Sullivan et al. (2015a).

The dynamic viscosity was scaled to the prescribed domain size using the

referenced Reynolds number of 1010 for open ocean conditions (Stewart et al.,

2005). This was done to scale the range of turbulent fluctuations within the

simulation reference frame. The Prandtl (1945) one equation eddy turbulence

closure model was used for its proven effective prediction of moderate to high

complexity flows. This was required for an instrument of the complexity of ASIP

to resolve its surrounding turbulence characteristics accurately.

The simulation itself was constructed using a 3D CAD (Computer Aided De-

sign) model of the instrument scaled to 1:10 for an inlet blockage area of 1% de-

scribed by Castro and Robins (1977), this gave a domain size of 44.4×23.6×23.6

m. The Boundary Mesh grid was constructed using the OpenFOAM snappy-

hexmesh utility, which generates a 3-dimensional mesh containing hexahedra

(hex) and split-hexahedra (split-hex) cells of 7,000,000 cells (OpenFOAM, 2011).

A mesh independence study was conducted where 50, 75, and 150 control

volumes in each direction were used. This was done equally for all directions, since

a 3D representation of the flow of equal resolution is required for comparisons of

the calculated values of velocity and pressure at different locations. It was found

that between 75 and 100 control volumes there was a less than a 1% imbalance

in the results. Therefore it was concluded that 75 mesh control volumes would

be used for computational efficiency. It was also found that the non-dimensional

distance from the wall on all surfaces within the domain ranged from y+=0.6-0.9,

therefore within range of acceptable external flow stability.

The applied boundary conditions consist of a inlet boundary condition, which

was set as a turbulent inlet with a fluctuation scale in x = 0.02, y = 0.01,

and z = 0.01 and a mean flow of 0.5 m s−1 to simulate the fluid flow over the

instrument during its ascent to the surface and the working fluid is water (ρ =
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1000 kg m3, ν = 2.2 x 1010 m2 s−1). The wall boundary conditions were set to

slip conditions as the instrument has a 1% inlet blockage area. This simulated an

infinite domain and the walls in the domain have little effect on the model. The

boundary condition of most importance is the model surface to which a classical

log-law wall function was applied as referenced to Gagnon and Richard (2010)

approach to external flow over an objects surface in OpenFOAM.

The code itself was compiled and run on a cluster computer (Stoney) which

is a Bull Novascale R422-E2 cluster with 64 compute nodes. Each compute node

has two 2.8GHz Intel (Nehalem EP) Xeon X5560 quad-core processors and 48GB

of RAM. Resulting in a total of 512 cores and 3072GB of RAM available for jobs.

The software was compiled with gcc-4.4 and openMPI. An OpenFOAM case is

run in parallel using the openMPI implementation of MPI. This led to a total

run time of 7 days for the completed code. Each case was run on 128 parallel

processors per case.

5.1.2 Principal Results Summary

5.1.2.1 Pressure and Depth from Surface Evaluation

One of the main criteria involved in Air-Sea interaction measurements is the

accurate estimation of the air-sea interface. Zero depth is defined from the micro-

conductivity sensor, as it has a spatial response of ∂(1 cm) and it shows a clear

drop off when it crosses the air-sea interface. This in-turn is applied to the Keller

pressure sensor signal to give a value of zero at this point for definition of the

air-sea interface.

The Keller pressure sensor is embedded into the end cap and is then used to

accurately record the depth within the water column as a function of the signal

and the defined zero depth. The pressure deviation from the mean flow at this

location is calculated from the LES simulation model. A streamline plot of the

pressure deviations from the mean flow is plotted in Figure 5.1. The simulated

difference in pressure at the model pressure sensor location from the un-distorted

free-stream flow shows a mean difference of 0.1156 Pa.

89



5. OCEAN-ATMOSPHERE CFD APPLICATIONS

Figure 5.1: Near wall tube streamlines of pressure deviations from mean flow

This mean difference is a definition of the direct effect of the profilers geometry

to the mean pressure measurements. The numerical mean pressure deviation is

extracted from the experimental pressure measurements at a constant 0.115 Pa.

Using this corrected pressure signal, the depth calculation gives a mean change

in depth calculation of ∼0.01 m.

5.1.2.2 Turbulent Dissipation Rate

One of the main measurements conducted using ASIP and other similar profilers

is the estimation of the dissipation of turbulent kinetic energy, which is a key

parameter in the quantification of the levels of turbulence and the resulting mix-

ing processes in natural waters (Stips and Prandke, 2000). The formulation of

turbulent kinetic energy (TKE) has 3 main terms shear production, dissipation

rate and buoyancy flux. The turbulent dissipation rate from the modelling data,

Which is defined as:

ε = Cek
3
2 l (5.1)
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5.1 Large-Eddy Simulation of turbulence in the Ocean-Atmosphere

where k is the turbulent energy, l is the turbulent length scale (defined from

the measurement resolution of 1cm) and Ce is a closure coefficient of 1.025. It

was found that the mean difference in turbulent dissipation rate between SP1

and to un-distorted flow was below the chosen noise floor in the experimental

measurements from ASIP of 10−10. In effect showing the difference in turbulent

dissipation rate calculations from ASIP measurements as a consequence of the

profilers structure to be null.

5.1.3 Conclusions

• The OpenFOAM PisoFoam algorithm showed good convergence criteria and

an effective prediction of the complex flows surrounding the profiler using

the Prandtl (1945) turbulence model.

• Turbulence intensity results showed the scale of turbulence intensity was

in the same order of magnitude as referenced results of less than 1% for

external flows over submarines.

• The analysis of pressure fields surrounding the profilers geometry, showed

a correction to the depth calculations of ∼0.01 m in the overall depth cal-

culation.

• A turbulent dissipation rate showed induced turbulence quantities by the

profilers geometry to be lower than the measurement noise floor and there-

fore defined the effect to experimental measurements to be null.
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5.2 Flow Distortion affects on Gas Transfer Ve-

locities

5.2.1 Introduction

Wind speed measurements are affected by distortion of the wind field from the

measurement platform. This can lead to large errors in the measured wind speeds

and therefore the derived air-sea flux parameterisations. This research uses CFD

to simulate the errors in wind speed measurements caused by air-flow distortion

on the R/V Knorr. The Numerical measurements were used to simulate the

velocity fields for the anemometer positions shown in Figure 4.2. This was done

over a range of orientations from -60◦ to +60◦, in increments of 10◦ and a range

of velocities, ranging from 5 m s−1 to 20 m s−1 in increments of 5 m s−1. The full

simulation methodology is outlined in section 4.3.1. From this the corrected wind

speed data was then applied to Gas Transfer Velocity parameterisations.

5.2.2 Vessel Flow Distortion affects on Gas Transfer Ve-

locities

Figure 5.2: (a) Magnitude of divergence from the in-putted 5 m/s at 0◦ to the

bow and (b) Flow distortion surface ratio for A5 to Free-stream for all directions

and input velocities

An example of the outputted simulation can be seen in Figure 5.2 (a), where

a mean inflow velocity of 5 m s−1 at 0◦ to the bow is present. Using the numerical

simulations over the full range of inflows and orientations a Matlab correction
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function for flow distortion was developed. The function calls the ratio of the

modelled wind speeds between A4 anemometer and a free-stream location 20 m

from the bow.
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These simulation outputs were then validated for the correction ratio of the

measured wind speeds between A4/A5 anemometers in Figure 5.3 It shows a

direct comparison and estimation of the accuracy of the numerical prediction,

where each wind speed bin in the numerical data has a maximum of 3.21% dif-

ference or under-prediction from the experimental wind speed bin data-set. The

scatter plot also shows the full range of data collected with a std of 0.3 m s−1.
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Figure 5.5: Gas Transfer parameterisations computed using the numerically cor-

rected wind speeds

The measured wind speed and direction is then inputted to the generated

numerical fit to produce a corrected wind speed data-set for the chosen space

between A4 and free-stream, over the entire cruise period at a 5 minute time

resolution (Figure 5.4(Top)). This shows a maximum correction of 16% and a

minimum correction of 1% during the cruise period. The corrected data shows a

maximum correction of 3.5 m s−1 and a minimum correction of 0.2 m s−1 during

the cruise period (Figure 5.4 (Bottom)).

Using the corrected and uncorrected wind speed data sets the gas transfer

parameterization k is calculated using the Sweeney et al. (2007) equation as

follows:

k660 = 0.27 · (u102) (5.2)
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Figure 5.6: Difference in (cm h−1) for corrected and uncorrected parameterisa-

tions.

The calculated gas transfer parameterization for both wind speeds is shown

in Figure 5.5 as a function of wind speed. A clear dependence on the scale of

wind speed can be seen for the level of correction needed. The highest correction

applied can be seen at 12.5 m s−1 of 16.43 cm h−1. In Figure 5.6 the colour scale

donates the direction of the measured wind speed, it can be seen as the direction

tends towards the higher extremities a higher δk is present. In terms of gas

transfer parameterisations and therefore flux parameterisations, this particular

data-sets correction equates to a mean change in these estimates of 18.1%.

5.2.3 Conclusions

• The LES simulations results showed high spatial resolution, for a transient

evolving time dependent solution of the flow surrounding the research vessel.

• The numerical prediction accuracy between A4/A5 is shown in Figure 5.3,

giving a mean numerical accuracy of 3.21%, which in-turn also defines the

free-stream prediction accuracy.
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5. OCEAN-ATMOSPHERE CFD APPLICATIONS

• Wind speed ratio prediction between A4 and a Free-stream position showed

a maximum wind speed correction of 16.7% and a minimum correction of

1% 5.2(b), which agree with the levels previously described by Griessbaum

et al. (2010).

• The Sweeney et al. (2007) gas transfer parameterisations showed a maxi-

mum correction of 16.43 cm h−1 as a result of the wind speed correction

figure 5.5.
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5.3 Flow Distortion affects on the logarithmic boundary layer profile

5.3 Flow Distortion affects on the logarithmic

boundary layer profile

5.3.1 Introduction

The estimation of wind speed profiles over the the ocean is of particular interest in

the location and the power generation abilities of off-shore renewable energies. As

previously describe in section 4.3.3, we use the developed and fully validated CFD

model, for the error correction associated with platform induced wind speed flow

distortion. Where the Numerical measurements were obtained using the finite

volume CFD code OpenFOAM, to simulate the velocity fields for the anemometer

positions shown in Figure 4.2. This was done over a range of orientations from

-60◦ to +60◦, in increments of 10◦ and a range of velocities, ranging from 5 m s−1

to 25 m s−1 in increments of 5 m s−1. The full simulation methodology is outlined

in section 4.3.1. From this the corrected free-stream data was applied to power

law theory to develop wind speed profiles over the full cruise period. We also

use the conducted simulations to investigate the wind speed height change as

a consequence of the research platforms flow distortion affects to a free-stream

position 40 m from the bow.

5.3.2 Research Platform affects on logarithmic wind speed

profile

Here we investigate the platform obstruction to the in-situ mean wind speeds or

flow distortion. The definition of an off-shore wind turbines location needs to

meet many criteria, one criteria which is investigated is the mean annual wind

speed at 10 m elevation above mean sea level, which is then extrapolated using

the wind profile power law relationship to the hub height of the wind turbine

(Arshad and OKelly, 2013). Data is recorded using floating buoys and platforms

for more than a 12 month period, from which the type and design can be tailored

to the output calculations of the specific site. Further details of the power law

boundary profiles can be found in Section 2.4.3.
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5.3 Flow Distortion affects on the logarithmic boundary layer profile

Here we use wind speed measurements taken from the met-mast anemometer

A4 on the R/V Knorr (Figure 4.2). The measurements are then corrected using

the previously described flow distortion numerical simulations for -60◦ to +60◦

to the bow. The numerical output for all wind speeds and inflow directions can

be seen in Figure 5.7(a). The correction is then applied to the in-situ wind speed

measurements at the A4 anemometer location in Figure 5.7(c). Using Equation

2.8 the power law wind profile is computed for corrected and uncorrected data

(Figure 5.7(d)).

It can be seen a higher magnitude of correction is needed as the direction to the

bow tends towards ±60◦, where a maximum correction is seen at -60◦ of 3.5 m s−1.

The overall mean correction needed is 8% for all wind speeds and directions. The

power law correction shows a mean change of 6% or 4.2 m s−1. It should be noted

as these estimates are conducted for a research vessel, the wind speed profile

flow distortion affects will be approximately an order of magnitude larger than

corrections needed on floating buoys or small research platforms, primarily due to

the cross-sectional blockage area imposed on the flow by a large research vessels

structure. It does however give an estimate using the data available during this

field campaign and develops the theory of power law wind speed profiles change

on any platform due to flow distortion by the structure.

It has previously been defined in Section 4.4.3 that flow distortion associated

with the research vessel affected the wind vector yaw(γ) and pitch(α) of in-situ

wind speed measurements to a free-stream position taken 20 m away from the

bow. In Section 4.4.3 It was also established that the significant wave height

Hs also influenced the on-board wind speed measurements by changing the lower

boundary layer height.
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Figure 5.8: Flow distortion particle track of A4 to Free-stream for 0◦ to the bow

and 5 m s−1 input velocity.

From this it could be established that the fluid particle which is measured

in-situ originated from a different height in free-stream than on the measurement

platform. For power law wind speed profile extrapolation to a turbine height of

80 m this would cause the extrapolated wind speed prediction at the turbine hub

height to have systematic errors. An analysis of the fluid particle height change
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5.3 Flow Distortion affects on the logarithmic boundary layer profile

was therefore conducted using the previously described simulations presented here

for a free-stream position taken up to 40 m from the bow (Figure 5.8).

Using the conducted simulations a particle track was conducted, where the

streamline origin at a specific distance from the bow to the A4 anemometer

measurement location was generated using the OpenFOAM post-processing vi-

sualization software ParaView. This was conducted for an inflow direction of 0◦

to the bow and an inflow velocity of 5 m s−1. A 0.3 m difference can be seen from

the free-stream position to the in-situ measurement position. It should be noted

that the red streamline is an interpolation between 40 m from the bow and thus

does not follow the particles small motion fluctuations. In terms of wind turbine

design this error can have a dramatic effect since the finalized hub height and

therefore turbine choice for a particular site is based upon accurate predictions

of the wind speed at a specific height. This error can be eliminated if a flow

distortion correction for the measurement platform is conducted.

5.3.3 Conclusions

• The wind speed correction for platform flow distortion affects shows a max-

imum wind speed correction of 8% and a minimum correction of 2% during

the cruise period.

• Power law wind speed profiles generated from both numerically corrected

and un-corrected measured data at the A4 anemometer location, defined

the influence of the measurement platform to the power law wind speed

profile in the range of 6%.

• The particle tracking analysis shows the origin and measurement location

have a 0.3 m difference at 40 m from the bow, showing a defined error in

the use of the power law wind speed profile at specifying wind speed for the

wind turbine hub height.
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6

Conclusions and Future Work

The affects of flow distortion on in-situ measurements on oceanographic research

platforms has been investigated here using the OpenFOAM CFD code. The code

itself has been implemented using various solvers, turbulence models and discre-

tion methods for space and time. This has led to a defined method for external,

inviscid, incompressible fluid flow for flow distortion around these structures and

has been compared to in-situ measurements of pressure, turbulent dissipation,

wind speed and significant wave height (Hs). The accuracy has grown from the

initial RANS simulation setups accuracy of 11% to 3% for the LES setups, in

comparison to the conducted in-situ measurements. The most accurate method

used the LES solver PisoFOAM and the Prandtl (1945) One Equation Eddy

viscosity turbulence model, for flow distortion associated with flow around a re-

search vessel. Additional accuracy of 2% was also attained using the Jacöbsen

et al. (2011) Wave2FOAM toolbox giving an estimation of the lower boundary

layer Hs induced flow distortion error to the measured wind speed.

The initial RANS simulations investigated flow distortion error on the R/V

Celtic Explorer, using the OpenFOAM SimpleFOAM solver for a steady state

solution. In which a method was defined for correction of 15 minute averaged

wind speed data for full cruise periods using the outputted CFD solution. Though

previous research by (e.g., Popinet et al., 2004; Yelland et al., 2002) concluded

that wind direction is the dominant factor in flow distortion errors for micro-

meteorological measurements on research vessels. Our results showed that the

magnitude of the wind speed is also a quantity of importance, which showed a
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deviation of flow distortion error scaling linearly by up to 5.6% at wind speeds

above 5 m s−1, which is of high importance if a wind speed correction is to be

conducted, since treating the correction as linear will lead to an over-estimation

of ∼40% at wind speeds above 12 m s−1.

Meteorological mast simulations were also conducted where the affects of a

more complex geometry gave higher distortion affects and errors in wind speed es-

timates. Of the two simulated mast geometries a telegraph pole design was shown

to be the most applicable setup, since it had little blockage to the inflow wind

stream. A comparison between different meteorological mast instrumentation se-

tups also showed the 3-D Campbell sonic anemometer to have least distortion

affects, due primarily to its sampling probe window being ahead of the device,

causing less impact on the mean airflow. Additional instrumentation positioned

beside the anemometer, e.g. a Licor LI-7500 gas analyser, showed that the best

position for sampling is in the wake of the anemometer. An evaluation of the

Licor LI-7500 dry box also suggested that anemometers positioned directly above

dry boxes can be highly affected, due to the re-circulation and our results suggest

that anemometers need to be positioned more than 1.5 m above the dry boxes

for unaffected airflow. An evaluation of the ideal anemometer location showed a

position as far as possible away from the superstructure of the vessel and outside

of its wake. It was found that the ideal location of an anemometer on the R/V

Celtic Explorer was 3 m ahead of the bow and at an elevation 14 m above the

bow deck in order to reduce the distortion affects to 4%.

A study of the affect of various ship pitch angles was also performed, which

was the first time that such a study had been carried out using CFD. The results

showed that vertical orientation of the vessel is a quantity that affects the passing

flow. It was found that the pitch of the vessel through higher angles of attack

develops a higher error in the vertical component of the wind speed at low inflow

velocities, thus causing higher lift and higher flow distortion.

To improve the simulation accuracy a direct comparison of OpenFOAM RANS

and LES simulation setups to predict flow distortion error on the R/V Knorr was

conducted. The RANS simulations consistently fell outside 1 std of error when

compared to the measured data and showed a mean accuracy of 7%. The Open-

Foam LES numerical analysis showed better agreement with a mean accuracy
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of 3%, when compared to the experimental ratios. In terms of the overall flow

distortion error prediction, the RANS is effective for a mean flow distortion cor-

rection of ∼30 minutes, but this limitation is not present in the LES simulations

where a valid correction is possible down to 1-minute time-step interval, as it is

a transient time dependent solution. The most applicable method in simulating

flow distortion error is LES, as it has improved spatial resolution, improved mean

accuracy levels, and time dependency usage.

A LES numerical analysis of the flow distortion-induced wind vector pitch(α)

and yaw(γ) showed the dominant forcing was due to the pitch of the wind vector.

This is also the dominant forcing in the wind speed dependence (Non-linear scal-

ing of error as a function of wind speed). The highest value of α was 1.5◦ when

the wind direction was 0◦ to the bow, whereas the maximum γ was 0.07◦. This

also led to analysis of flow separation, where a significant drop in pressure due

to detachment of the flow from the boundary surface was seen between 10 to 20

m s−1 and therefore indicated the underlying cause of wind speed dependence.

A comparison of CFD and experimentally developed models for wave-induced

flow distortion error was conducted using the Large et al. (1995) model and the

Wave2Foam OpenFoam CFD toolbox. The Large et al. (1995) model showed an

affect of ∼2%, but did not provide a correction for Hs < 3.5m. The Wave2FOAM

model provided a correction for Hs < 3.5m and showed a mean correction of ∼5%

over the whole range of Hs.The wave-induced correction was added to the overall

air-flow distortion correction and improved the accuracy of the model by a mean

3%. Being a quantity that has previously never been defined as regards air-flow

distortion error using CFD, it should be used by future researchers if accuracy of

on-board wind speed measurements is to be improved.

The Air-Sea Interaction Profiler (ASIP), is a autonomous micro-structure pro-

filer designed to study the ocean boundary layer. The OpenFOAM PisoFoam al-

gorithm showed good convergence criteria and an effective prediction of the com-

plex flows surrounding the profiler using the Prandtl (1945) turbulence model.

Turbulence intensity results showed the scale of turbulence intensity was in the

same order of magnitude as referenced results of less than 1% for external flows

over submarines. The analysis of pressure fields surrounding the profilers geome-

try, showed a correction to the depth calculations of ∼0.01 m in the overall depth
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calculation. A comparison of turbulent dissipation rate showed induced turbu-

lence quantities by the profilers geometry to be lower than the measurement noise

floor and therefore defined the affect to experimental measurements to be null.

An analysis of the derived air-sea flux parameterisations was conducted where

the LES simulations results showed high spatial resolution, for a transient evolving

time dependent solution of the flow surrounding the research vessel. The corrected

wind speed data was then applied to gas transfer velocity parameterisations. The

numerical prediction accuracy between A4/A5 showed a mean numerical accuracy

of 3.21%, which in-turn also defines the free-stream prediction accuracy. The wind

speed ratio prediction between A4 and a Free-stream position showed a maximum

wind speed correction of 16.7% and a minimum correction of 1%, which agreed

with the levels previously described by Griessbaum et al. (2010). The Sweeney

et al. (2007) gas transfer parameterisations showed a maximum correction of 16.43

cm h−1 as a result of the wind speed correction.

The estimation of wind speed profiles over the the ocean is of particular in-

terest in the location and the power generation abilities of off-shore renewable

energies. Using CFD flow distortion correction on the R/V Knorr, the corrected

free-stream data was applied to power law theory to develop wind speed profiles

over the full cruise period. The wind speed correction for platform flow distor-

tion affects showed a maximum wind speed correction of 8% and a minimum

correction of 2% during the cruise period. Power law wind speed profiles gen-

erated from both numerically corrected and un-corrected measured data at the

A4 anemometer location, defined the influence of the measurement platform to

the power law wind speed profile in the range of 6%. We also use the conducted

simulations to investigate the wind speed height change as a consequence of the

research platforms flow distortion affects to a free-stream position 40 m from the

bow. The particle tracking analysis showed the origin and measurement location

have a 0.3 m difference at 40 m from the bow, showing a defined error in the use

of the power law wind speed profile at specifying wind speed for the wind turbine

hub height.

Several papers have been published on the R/V Knorr11 data-set, in which

various parameterisations and bulk algorithms were used to estimate e.g. air-sea

fluxes of momentum and energy (Bell et al., 2013; Sutherland et al., 2013, 2014).
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The main wind speed anemometer measurements used in these papers were from

the Campbell 3D sonic anemometers (A4 and A5) and the ships Vaisala mast

mounted anemometer’s (A2 and A3). The CFD simulation results presented

here ((O’Sullivan et al., 2015a)), have been used to developed a Matlab correc-

tion function for the wind speed measurements taken at these locations. The

function is made freely available on O’Sullivan et al. (2015b). From this function

the mean wind speed corrections and absolute values of differences between the

anemometer of choice (A2,A3,A4 and A5) and free-stream during the full cruise

period can be obtained.

Although significant analysis in flow distortion error has been conducted here,

in the future some of the following area’s should be addressed:

• An analysis of currently published papers on the R/V Knorr, where the flow

distortion models presented here. Can be used to correct and define the

affects of flow distortion to various bulk algorithm and parameterisations

that contain a wind speed input.

• A highly resolved simulation in direction and inflow velocity, this will give

a more statistical analysis of the underlying flow phenomenon such as flow

separation and drag. Both quantities that can strongly affect in-situ wind

speed measurements.

• Coupled models which can take into account mass transport of heat and

diffusion in the lower boundary wave surface, thereby changing the physical

flow properties in the fluid flow at in-situ measurements heights above the

surface on research vessels or stationary rigs.

• Six degrees of freedom models which contain mesh motion, these models

can be driven by in-situ measurements from motion sensors and wave height

sensors. This will allow real-time comparisons of ship pitch, roll and yaw

affects to in-situ wind speed measurements coupled with a realistic lower

wave surface.
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• Development of a standardized correction for flow distortion affects on re-

search platforms that can be applied and conducted by non CFD users.

• A differential experimental pressure measurement in conjunction with in-

situ wind speed measurements to validate the current hypothesis of flow

separation.
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Prandtl, L.: Über ein neues Formelsystem fur die ausgebildete Turbulenz, J.

Math. Phys., pp. 6–19, 1945. 2, 22, 23, 74, 88, 91, 103, 105

Robeson, S. and Shein, K.: Spatial coherence and decay of wind speed and power

in the north-central United States, J. Phys. Geogr., 18, 479–495, 1997. 14

Rygg, J.: CFD Analysis of a Pelton Turbine in OpenFOAM, Master’s thesis,

Department of Energy and Process Engineering, 2013. 17

Sitio, M., Kim, S., and Lee, J.: Grid Discretization Study for the Efficient Aero-

dynamic Analysis of the Very Light Aircraft (VLA) Configuration, Int. J. Aero.

and Space. Sci.,̇ 14, 1222–132, 2013. 31

Slater, J.: Examining Spatial (Grid) Convergence, URL http://www.grc.nasa.

gov/WWW/wind/valid/tutorial/spatconv.html, 2008. 31

Smagorinsky, J.: General Circulation Experiments With The Primitive Equa-

tions, Amer. Meteor. Soc., 91, 99–164, doi:10.1175/1520-0493, 1963. 21, 22
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Figure 6.1: An OpenFOAM CFD study of a 1962 Austin Mini Cooper.

For my final page, I have conducted an OpenFOAM CFD study on a 1962

Austin Mini Cooper. I have done this to show the application of my current work

to major industry and because of my admiration of the late genius and designer

of the mini, Sir Alec Issigonis. A man that responded to a question on market

research by saying ”The public don’t know what they want; it’s my job to tell

them”. He designed the mini during the Suez fuel Crisis, to be small, cheap and

economical. It had a revolutionary design with front wheel drive, a transverse

engine layout and a mono-cock body. Once it was realised how well it handled due

to these design improvements, the famous grand prix team John Cooper Racing,

developed a performance model that had many successes in international racing

including winning the Monte Carlo rally four times.

My analysis was conducted using an inflow velocity of 27.7 m s−1 or 100 km h−1

ground speed. In Figure 6.1 (a) a elevated surface velocity of 7 m s−1 can be seen

on the bonnet and in Figure 6.1 (b) a decreased velocity under the front valance of

4 m s−1. This shows a good balance in front end lift, which gives better handling

in a front engined car. The wake region shown in Figure 6.1 (a),(b) and (c)

is short due to the sloped rear end of the vehicle. From the simulation a drag

coefficient of 0.48 was calculated. In terms of a modern vehicle, a Ferrari F40

supercar has a drag coefficient of 0.34. Making the mini aerodynamically quite

efficient for the time it was designed and therefore more fuel efficient.
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