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Abstract

Modern naval vessels increasingly integrate exhaust outlets within the ship superstructure, placing
the gases directly in the highly turbulent wake generated by its superstructure. Reliable prediction of
exhaust gas dispersion is essential during ship design to ensure crew safety, prevent contamination of air
intakes, radars and sensors, and helicopter operating areas. The validity of practical Reynolds Averaged
Navier-Stokes (RANS) scalar transport models however remains insu�ciently understood. This study
therefore aims to improve the predictive reliability of practical Computational Fluid Dynamics (CFD)
tools for naval exhaust dispersion.

This research started with an evaluation of a fundamental study into a canonical wall mounted cube
with an exhaust located in its wake as a simpli�ed representation of ship superstructure �ow. An Large
Eddy Simulation (LES) was performed to resolve the dominant turbulent structures responsible for
scalar mixing and was compared to experimental data. The resulting turbulence statistics were used
to perform both a priori and a posteriori analyses of commonly used scalar transport closures, the
Gradient Di�usion Hypothesis (GDH) and the Generalised Gradient Di�usion Hypothesis (GGDH).
Finally the �ndings were applied in the context of a realistic geometry of a Commissioning Service
Operating Vessel (CSOV).

The results show that LES predicts more realistic concentration distributions compared to the con-
ventional RANS simulations, although both LES and RANS under predict the magnitude of the
concentration compared to experimental observations. De�ciencies were found in the modelling of
the turbulent scalar �uxes for both gradient based models. The inclusion of anisotropy through the
Reynolds stress tensor in GGDH improves the alignment of the predicted scalar �uxes with the LES
data and therefore also reduced the global prediction errors compared to the conventional isotropic
GDH formulation. Constant model coe�cients were determined from the mode of the LES inferred
values of the coe�cient. The improvement this made to the dispersion estimate was far greater than
increasing the model complexity, the calibrated GDH model outperformed the uncalibrated GGDH
simulation. Spatially varying model coe�cients provided only limited additional bene�t over optimised
constant values, from a global prediction error perspective.

Applying the calibrated coe�cients to a realistic ship geometry revealed that scalar concentration
predictions exhibit strong sensitivity to local �ow structures introduced by the di�erent meshes
investigated, even when global �ow quantities such as aerodynamic force coe�cients appear converged.
The �ndings demonstrate that improving the reliability of practical exhaust dispersion simulations
requires not only improved scalar closure models and coe�cient selection, but also rigorous veri�cation
of the underlying �ow solution.
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1
Introduction

Modern naval vessels are increasingly dependent on advanced sensor, communication, and weapon
systems to maintain a tactical advantage. These developments have signi�cantly in�uenced naval ship
design including the integration of exhaust outlets within the superstructure rather than towering above
it [ 1]. This design philosophy reduces the infrared signature of the vessel and creates valuable space for
radar and other sensors at the top of the ship [ 1, 2], this however places the exhaust within the highly
turbulent wakes generated by the ship's superstructure. The exhaust gases may recirculate towards
helicopter operating areas, engine air intakes, ventilation systems, or other on deck locations where
exhaust gases could a�ect equipment performance, operational safety, and crew exposure to harmful
emissions. Predicting the dispersion of these exhaust gases therefore is a highly important aspect of the
modern naval ship design.

The �ow around the superstructure behaves as a blu� body, where �ow separation triggers an unstable
wake characterized by recirculation zones, periodic vortex shedding, and strong turbulence [ 3, 4]. The
exhaust plume is simultaneously dominated by its momentum, buoyancy, turbulent structures of its
own, and potentially even chemical reactions, resulting in a complex interaction between exhaust and
surrounding wake. These interactions make the �ow �eld di�cult to predict and limit the applicability
of simple design rules, that were traditionally followed for elevated exhaust stacks [ 5]. As the exhaust
stacks on modern naval vessels are increasingly integrated within the turbulent wake, reliable numerical
prediction of the exhaust gas dispersion become essential during the design process, to determine the
in�uence of the placement of exhausts in relation to the ventilation inlets and relevant working locations.

Computational Fluid Dynamics (CFD) is an essential tool for evaluating the exhaust dispersion during
the ship's design. In industrial practice the Reynolds Averaged Navier-Stokes (RANS) simulations
remain the preferred approach [ 6], because this provides a practical compromise between accuracy
and computational cost. However, the prediction of pollutant concentrations is more challenging
than predicting the mean �ow �eld itself. The transport of pollutants is determined by the mean
�ow and turbulence, for which models are developed based on turbulent mixing. These assumptions
have been proven su�ciently robust for many engineering applications [ 7], however their validity in
three dimensional, separated �ows of naval wakes remains insu�ciently understood. An acceptable
prediction of the velocity �eld does therefore not necessarily lead to a more accurate prediction of
exhaust gas concentrations.

Higher-�delity simulations such as Large Eddy Simulation (LES) [ 8], where part of the turbulent spectrum
is resolved, provides substantially more information about the turbulent structures responsible for scalar
mixing [ 7]. The computational cost associated with these simulation prevents the use of it for routine
application during the design of naval vessels. These simulations do however o�er valuable insights
into the physical mechanisms governing turbulent transport. The LES is therefore not considered as an
alternative to the RANS simulations for engineering design, the additional information can however be
used to evaluate assumptions underlying practical RANS scalar transport models and identify where
these assumptions break down.
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The aim of this research is to improve the reliability of practical CFD tools such that exhaust dispersion
can be predicted with con�dence and that CFD can be used to drive design decisions early in the design.
The objective of the study is therefore:

Enhance the predictive reliability of practical models used to evaluate exhaust gas
dispersion on naval vessels.

Achieving this objective requires a better understanding of the physical limitations of the turbulence
models currently employed in engineering simulations and identifying opportunities to improve the
implementation of the models while maintaining their practical applicability. This research will therefore
not focus on developing a new turbulence model, but will focus on evaluating the performance of
existing scalar transport models, with the help of higher-�delity simulations.

These higher-�delity simulations can be used as a reference to investigate the commonly used scalar
transport models. As these high-�delity simulations are unpractical for complex structures such as a
ship's superstructure, a canonical wall mounted cube with an exhaust located in its wake is used to
analyse the behaviour of the commonly used scalar transport models. The insights gathered from this
simpli�ed con�guration are subsequently considered in the context of a realistic ship geometry to assess
the relevance for practical engineering applications, this aims to answer the following question:

How can RANS scalar transport closure models be improved to provide more
reliable predictions of exhaust dispersion in turbulent wakes of naval vessels, by

evaluating the limitations of turbulent closure models of the scalar transport
equation informed by insights from high-�delity simulations?

The remainder of this thesis is structures as follows. Chapter 2 reviews the engineering context, the
governing physical mechanisms, modelling approaches, and experimental data relevant to this work.
After this Chapter 3 describes the numerical methodology and the analysis performed throughout this
study. The results of the simulation and analysis performed are subsequently presented and discussed
in Chapter 4. Finally the main conclusions of the research and recommendations for future work will be
presented in Chapter 5 and Chapter 6.



2
Background

As Savin [9] discusses the main naval energy source will remain (synthetic) liquid fuel. Meaning that
high temperature diesel-like exhaust integration on naval vessels will remain a relevant topic for years
to come. First the relevance of exhaust dispersion for speci�cally naval vessels in discussed, after which
the physics related to this dispersion is discussed. Di�erent modelling approaches are subsequently
considered to capture the physical phenomenon expected. After which the available validation data
is presented to validate the models. The research scope and research questions �nally conclude this
chapter.

2.1. Problem Description
The placement of the exhaust stack is a signi�cant design challenge for modern naval vessels. First
the reasons on why this is such a challenge speci�cally for naval vessels is discussed. The regulations
limiting pollutant presence in the workplace are discusses next as this is a large driver to ensure crew
safety on board.

2.1.1. Exhaust stack Integration on Naval Vessels
Modern naval vessels integrate exhaust outlets within the superstructure rather then above it. While
this reduces the infrared signature and opens up space for sensors, it also places the exhaust inside
highly turbulent �ow making the pollution dispersion di�cult to predict.

The location of the exhaust stack has changed signi�cantly since the start of World War II, from exhaust
stack dominated pro�les to "hemmed in" funnels in modern naval vessels [ 1]. In Fig. 2.1 di�erent
pro�les of naval vessels are shown, where Fig. 2.1a shows the situation before World Was II and Fig. 2.1b
shows the modern integration strategy with the exhaust stack integrated behind the main mast.

(a) HMS Lion (1910) [10] (b) HMS Daring (2010) [11]

Figure 2.1: Pro�les of the exhaust stack for naval vessels of di�erent eras

3
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The change in pro�le is mainly due to increasing requirements from the sensors and weapon systems
integrated onto the ship. Radar is one of the most important systems on a naval vessel to sense incoming
missiles [12] or other threats, the radar is the primary sensing system and thus vital to employ counter
measures against these threats.

The radar systems require clean air at a high location to view further over the horizon. The radar
systems would perform best when the line of sight has minimal density variations and particulate
matter [13]. Density changes due to temperature variations or di�erences in chemical composition of
the gas will bend the radar beams, causing errors in the position estimates of the system. Particulate
matter physically absorbs the energy of the radar and thus reduces the range of the radar system, while
the particles also re�ect the beams increasing noise, further reducing the range.

Another factor for the reduction of the exhaust stack height Kulkarni et al. [ 1] address is the e�ect of
exhaust height on the IR signature. Schle¼pen and Neele [2] mention that the exhaust is a signi�cant
contribution to the infrared signature of naval vessels, this is due to the high temperatures and the high
position of the exhaust stack on the ship. A solution for this problem is the decrease of the exhaust stack
height in order to reduce this IR signature of the ship.

The reduction of the exhaust height due to the strict requirements set for radar and the IR signature
creates problems in other areas. Kulkarni et al. [1] identi�es two of these problems: helicopter operations
in greatly disturbed air on the helideck typically located at the stern of the ship and exhaust gases which
are sucked into gas turbine intakes, reducing their e�ciency. Additional to these problems crew health
is also a mayor consideration as air intakes for crew accommodations and work stations on deck can
also be polluted.

As the location of the exhaust stack is now placed into the turbulent zone of the ship, design rules to
prevent pollutant accumulation on deck like: "stack must extend above boundary of turbulent zone" [ 5]
cannot be satis�ed anymore. Fitzgerald [ 5] furthermore shows that for exhaust stack placement well
into the turbulent zone the dispersion performance needs to be predicted. Accurate prediction of the
turbulent transport of the pollution, thus becomes a key engineering challenge during ship design.

2.1.2. Regulatory Requirements for Onboard Air Quality
Diesel exhaust gas contains numerous toxic components. Next to nitrogen, oxygen, and water; diesel
exhaust also consists of nitric oxide(#$ ), nitrogen dioxide ( #$ 2), carbon monoxide (�$ ), carbon
dioxide (�$ 2), and elemental carbon (EC). Limits in the workplace for each of these components have
been set by Dutch Law [14], these limits are summarised in Table 2.1.

Table 2.1: Dutch legislative limits on pollutants in the workplace[14]

TWA 8 hrs
<6•< 3 ppm

#$ 2.5 2
#$ 2 0.96 0.5
�$ 23 20

�$ 2 9000 5000
EC 0.01 (0.008)

Note that for elemental carbon a previous agreement existed where the limit was set to 8�6 for the
Ministry of Defence [ 15]. As set limits cannot be adjusted up, the 8�6 limit should also be enforced for
work locations on naval vessels.

These limits are very strict for these exhaust gases, but do not say much without knowledge of their
presence in diesel exhaust. The typical diesel exhaust gas composition is determined by The International
Council on Combustion Engines (CIMAC) [ 16], the relevant fractions are given in Table 2.2. This source
only speci�es #$ G as part of the gas composition, it does advice using this concentration for both #$
and #$2 to evaluate the impact of these gases, this is a very conservative estimate. For simulation
purposes just a single scalar is transported from the exhaust starting with a concentration of 100%, based
on this typical diesel exhaust composition and the legislative limits, normalised limits can be computed
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these are also presented in Table 2.2. From this it can be concluded that the simulations should predict
the scalar with an accuracy of 1e-4, highlighting the challenge in determining the dispersion of noxious
gases as high accuracy is required.

Table 2.2: Typical diesel exhaust limits from CIMAC [16] and their corresponding normalised limits for simulation purposes

Typical diesel exhaust Normalised limit
#$ 1500 ppm 1.33e-3

#$ 2 1500 ppm 3.334-4
�$ 150 ppm 1.33e-1

�$ 2 6.5 % 7.69e-2
EC 20 <6•< 3 4e-4

2.2. Physical background
To understand the models made to determine exhaust dispersion on navel vessels the dominant physical
phenomena in the �ow �rst need to be understood. First the aerodynamics of the ship superstructure is
investigated. Secondly the physics involved in exhaust plumes is described.

2.2.1. Superstructure Aerodynamics
To model exhaust dispersion it is vital to model the near wake of the ship accurately. The dominant �ow
structures on the in the wake originate from blu� body elements of the ship superstructure such as the
bridge, mast, and funnel. The �ow around a wall-mounted cube serves as a good abstraction of these
blu� body elements to get a good insight into �ow structures present in the wake of a these features as
steering hut and masts.

Martinuzzi and Tropea [ 3] studied the �ow of a wall-mounted cube. A schematic representation of the
�ow phenomenon they describe can be seen in Fig. 2.2. The �ow separates at the leading edge of the
cube, creating a free shear layer. This shear layer reattached in the wake of the cube creating trapping a
zone where the �ow recirculates. This recirculation zone is where exhausts are often located on modern
naval vessels.

Figure 2.2: Schematic representation of the �ow around a wall-mounted cube [3]

Another typical phenomenon of the wake of wall-mounted cubes is the formation of the hairpin
vortex. These vortices in the recirculation zone increase mixing and therefore dilute the exhaust gas
concentration in this zone signi�cantly

Tinney and Ukeiley [ 4] took a step towards a very simpli�ed model of a ship, especially studying the 3D
double backward-facing step. In this study they found very similar �ow structures as Martinuzzi and
Tropea as can be seen in Fig. 2.3. The recirculation zone and the hairpin vortex are still present.
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Figure 2.3: Schematic representation of the �ow over a 3D double backward-facing step [4]

Additionally wing vortices and a pair of counter rotating vortices near the plane of symmetry are found
for the simpli�ed ship model. The wing vortices are created by a pressure di�erence between the top
and the sides of the ship, this in�uences the �ow �eld downstream. These wing vortices are sucked
towards the symmetry plane due to the low pressure zone behind the �rst step and induce the counter
rotating vortex pair near the symmetry plane according to Tinney and Ukeiley [4]. These two features
were not observed by Martinuzzi and Tropea for the cube, and introduce more large scale turbulent
structures in the �ow that requires attention, especially in relation to the modelling of ship wakes.

2.2.2. Exhaust plume physics
The exhaust emitted by a ship is a high temperature gas mixture containing pollutants. The temperature
and pollutants are diluted through interaction with the ambient �ow. Several conceptually di�erent
mechanisms play an important role in the evolution of the plume; momentum driven jet, buoyancy
e�ects, and turbulent mixing. Fisher et al. [17] describe how these mechanisms in�uence entrainment
and dilution. Turner [18] shows the role of buoyancy on the plume behaviour.

An important distinction should be made between a jet and a plume. A jet is mainly momentum driven,
its development is characterised by shear layer growth leading to entrainment, momentum loss, and
spreading of the jet. A plume on the other hand is mainly buoyancy driven and rises due to density
di�erences with the surrounding �ow. The typical exhaust behaves initially as a momentum driven jet
gradually transitioning into a buoyant plume, when the velocity and temperature gradients reduce.

At the exhaust outlet a high velocity jet develops with strong velocity gradients at the jet boundary.
These gradients generate a shear layer that quickly becomes unstable. Pope [7] explains that these shear
layers develop turbulence rapidly, entraining the surrounding air into the jet. This process leads to rapid
dilution of the pollutant and temperature.

As the exhaust is mixing with the surrounding air, buoyancy becomes increasingly important. The
lower density exhaust gas generates an upward force, causing the plume to rise. Morton et al. [ 19]
demonstrated that buoyancy drives the vertical acceleration in these �ows. Briggs [ 20] showed that the
balance between the momentum and buoyancy is the main parameter to determine the trajectory of the
plume.

As the initial momentum is drained from the exhaust jet the exhaust can lose its distinct structure and
is increasingly in�uenced by the surrounding turbulent �ow �eld. Especially in complex blu� body
wakes as discussed for ship superstructures in Section 2.2.1 the wake strongly in�uences the plume
behaviour. Recirculation regions can capture exhaust gases, leading to locally increased concentrations.
The unsteady vortices in the blu� body wake can deform the plume and enhance mixing by stretching
and folding the plume [ 21]. This interaction between the wake and the plume is the main modelling
challenge to accurately predict turbulent transport of pollutants.
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2.3. Modelling Strategy for Exhaust dispersion
The wake of the ship superstructure needs to be modelled simultaneously with the exhaust plume to
determine the pollutant dispersion. The �ow �eld and turbulence around the ship's superstructure
need to be modelled accurately. This modelling includes the buoyancy as discussed in Section 2.2.2, the
Boussinesq Approximation is often used for this purpose to prevent solving the energy equation. This
approximation is however not valid for high temperature di�erences present in the �ow, in the order of
100 K, as the density error already exceeds 1% for a temperature di�erence of 30 K [22]. The energy
equation is therefore also fully solved. Finally also di�erent modelling techniques are considered to
determine the exhaust dispersion.

2.3.1. Flow Field Modelling Approaches
Turbulence at high Reynolds numbers, like the �ow around naval vessels, involves a wide range of
dynamically relevant scales, making Direct Numerical Simulation (DNS) impractically expensive to
simulate. This is shown schematically in Fig. 2.4 together with other CFD modelling approaches.
Introducing a model for the smallest turbulence scales brings one to Large Eddy Simulation (LES), this
method converges towards DNS on �ner grids. In contrast Reynolds Averaged Navier-Stokes (RANS)
simulations solve equations for the mean �ow �eld and models the e�ects of turbulence on the mean
�ow. The RANS equations can be solved in a steady-state or unsteady formulation. LES and RANS have
a completely di�erent approach to turbulence modelling, however their mathematical structure has
similarities, these are used to develop hybrid models solving the RANS equations when necessary and
LES when possible. The performance of such models were investigated in a general review by Heinz [ 6]
and a ship related case study by “�k & Ünal [23].

Figure 2.4: Classi�cation of CFD approaches according to levels of modelling [24]

RANS
In the RANS framework, instantaneous �ow quantities are decomposed into a time averaged mean
component and a �uctuation. Substituting this decomposition into the Navier-Stokes equations and
taking the average yields the same equations but now for the mean component with an additional term.
This term includes the Reynolds stress tensor, ' 89= D0

8D
0
9, introducing 6 additional unknowns to the

equation, giving rise to the classic turbulence closure problem in the RANS framework.

For these additional unknowns additional transport equations can be set up. Applying the same
Reynolds averaging procedure to these equations more unknowns arise, and setting up transport
equations for these unknowns and Reynolds averaging them leads to further unknowns. Solving
transport equations for the �rst 6 additional unknowns (Reynolds stresses) and modelling the terms
beyond this is referred to as a Reynolds Stress Model (RSM). This thus requires solving 6 additional
transport equations beyond the 3 Navier-Stokes equations, making it computationally expensive.

The focus shifted mainly to modelling of the Reynolds stress tensor. Boussinesq [7] hypothesised the
Reynolds stress tensor to be linearly proportional to the mean strain-rate tensor, through the turbulent
eddy viscosity, � C. A wide variety of models have been proposed to determine the turbulent eddy
viscosity, from simple algebraic equations to non-linear eddy viscosity models. Pope [ 7] states that
algebraic and 1 equation eddy viscosity models struggle with strong separation and curvature. As shown
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in Section 2.2.1 this is a major part of the �ow around ships these models are therefore not considered
further here. Pope [7] further states that non-linear eddy viscosity models require several empirical
coe�cients of which the calibration is very �ow-dependent making it lack robustness for engineering
purposes. The standard linear two equation eddy viscosity models are therefore investigated further.

From the two equation eddy viscosity models the Shear Stress Transport (SST): -$ model by Menter [ 25]
is often used for naval applications. This model combines the jet and wake development performance
of the standard : -� formulation by Launder and Spalding [ 26], with the superior near wall capabilities
of the : -$ model introduced by Wilcox [ 27]. The combination is achieved through a blending function
which greatly improved the prediction of separation under adverse pressure gradients, as encountered
in ship superstructure �ow, while retaining key characteristics of the : -� model away from the wall for
the exhaust plume dynamics. This makes the : -$ SST model the industrial model chosen for this study.

URANS
In the 1990s researchers started to deliberately utilise the unsteadiness in RANS solutions and apply it
to unsteady �ows. The term Unsteady Reynolds Averaged Navier-Stokes (URANS) was already widely
used by the late 1990s as suggested by its adaptation in [7] in 2000. The equations solved by URANS
remain averaged and thus removes all turbulence from the solution and models merely its e�ect on the
mean �ow. Israel [ 28] states that URANS does not resolve any turbulence scales in a meaningful way,
and that all unsteadiness observed is a by-product of the turbulence model dynamics. This is supported
by his observations that di�erent turbulence models create di�erent shedding frequencies and grid
re�nement does not change the unsteady behaviour.

In his paper Israel [ 28] however does not state that URANS is completely useless, URANS can be useful
for low frequency mean �ow unsteadiness, engineering trend prediction, and qualitative insights. As
the exhaust gas dispersion study aimed for in this paper requires quantitative estimates and more than
trend prediction, it suggests URANS does not provide substantial additional insight compared to the
steady RANS simulations.

LES
Large Eddy Simulation (LES) was introduced by Smagorinsky [ 8], in his paper he introduces the concept
of scale separation through a spatial �lter, introducing a subgrid scale stress tensor. Analogous to the
Reynolds stress closure problem in RANS, there is an LES closure problem of the subgrid scale stress
tensor, however they are fundamentally di�erent in scope.

As the name suggest in LES the large eddies (turbulent structures) are simulated, the e�ect of the smaller
structures on the large structures are however modelled through subgrid scale models. Kolmogorov
[29] hypothesised that small scale turbulence is statistically isotropic and that an inertial subrange
exists for which energy transfer between the scales is universal and only dependant on the dissipation.
Smagorinsky used this hypothesis to develop his subgrid scale model, implying that scale separation
for LES should be located in this inertial subrange.

As LES resolves large structures in turbulence including eddies that govern mixing, this suggest that
LES would be suitable for dispersion problems. LES only models small scales, and with increasing mesh
re�nement and consistent subgrid scale models this would approach the DNS results. LES simulations
are naturally suitable to reproduce the energy cascade, spectral properties of turbulence, and scale
dependent dissipation.

To ensure the cut o� wave number is in the inertial subrange a very �ne grid is required. This is
particularly important in near wall regions as the turbulent length scales become very small, requiring a
high spatial resolution to capture a su�cient amount of the energy containing scales. At high Reynolds
numbers the computational cost can approach that of DNS simulations. LES is therefore not considered
as a routine design tool, however LES does provide a high-�delity reference to extract mean �ow and
second order turbulence statistics to evaluate the performance of RANS closures.

Hybrid Models
Several hybrid RANS-LES models have been developed to resolve unsteadiness as done in the LES
formulation, while maintaining the low computational cost of RANS simulations. These methods
typically use a RANS formulation in the near wall regions as resolving turbulence in these regions is
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expensive, while resolving large turbulent structures in the wakes and separation zones. The result is a
compromise between computational cost and physical accuracy.

The �rst class of hybrid approaches adjust the amount of resolved turbulence on the local �ow conditions
and the grid resolution available. This includes scale adaptive methods as Scale Adaptive Simulation
(SAS) [30, 31] but also Partially Averaged Navier-Stokes (PANS) [ 32]. SAS introduces a scale sensitive
source term, allowing the model to adapt to the resolved �uctuations. The PANS simulations however
provide explicit control over the fraction of turbulence which is modelled through its model parameters.
Both methods are able to capture more of the unsteady �ow structures than URANS, for lower costs
than LES, but the performance is highly dependant on the �ow characteristics.

The second class of hybrid RANS-LES methods performs RANS modelling in the attached boundary
layers, transitioning to an LES formulation in separated regions where the grid allows this. Models
in this class are the Delayed Detached Eddy Simulation (DDES), Improved Delayed Detached Eddy
Simulation (IDDES), and Stress Blended Eddy Simulation (SBES) [33� 35], developed in this order. These
successive developments focussed on reducing grid sensitivity, improving the wall treatment and
providing smoother transition between the RANS and LES formulations. Compared to LES the cost of
these methods is signi�cantly lower, while still resolving large scale turbulent structures in the wakes
and separation zones.

Hybrid approaches o�er an attractive and cost e�ective alternative for industrial engineering applications
when standard RANS methods fail to accurately predict wake separation and scalar dispersion. They
are however not suitable as high-�delity reference baselines for evaluating scalar closures and therefore
not used in this study, as hybrid models combine modelled and resolved turbulence the resulting second
order statistics are not only derived from resolved turbulent motions throughout the domain. The
statistics remain in�uenced by the underlying RANS closure especially in near wall regions, making the
usage as a consistent high �delity reference complicated.

2.3.2. Scalar Transport Modelling Approaches
To model the transport of scalars, such as exhaust gas concentration, two main choices have to be made.
The �rst choice is on how this scalar is in�uencing the �ow �eld, if it is in�uencing the �ow �eld. This
modelling is put into three categories: a passive scalar not in�uencing the �ow �eld, an active scalar
in�uencing thermophysical properties of the �uid based on its concentration, and species transport
a fully physically consistent extension of the active scalar. Secondly a turbulence model needs to be
selected as there is an additional closure problem for the scalar transport equation as well. The choices
considered here are the Gradient Di�usion Hypothesis (GDH) and the Generalised Gradient Di�usion
Hypothesis (GGDH).

Passive Scalar
First the passive scalar is a �uid property, like pollutant concentration, which is advected and di�used by
the local velocity �eld without providing feedback to the �uid motion. As a consequence the momentum
and energy equation remains entirely decoupled from the scalar transport equation.

The passive scalar formulation for concentration is valid in regions where the density changes due to
di�erent gas compositions are negligible compared to thermal variations of the density. When near the
exhaust outlet the species mass fractions variations signi�cantly alter the local gas density similar to the
density variations due to temperature variations an active scalar or species transport model becomes
necessary. However due to the large changes in temperature between the exhaust and ambient the
variations in density due to temperature( � 50%) are signi�cantly higher compared to the variation in
gas composition(� 2%), meaning that a passive scalar transported by a buoyant �ow �eld provides an
accurate framework for evaluating turbulent scalar dispersion in the vessel's wake.

Active Scalar
The transport of the active scalar is identical in form to the transport of the passive scalar, advection
and di�usion. However the active scalar is coupled to thermophysical properties, like density and
viscosity. Thus a�ecting the solution of the Navier-Stokes equations, resulting in the need to solve the
equations simultaneously. With this de�nition the enthalpy (or temperature) equation as employed for
this work becomes an active scalar transport, coupling the enthalpy through an equation of state to the
momentum equation.
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Species Transport
Species transport is a physically consistent extension of the active scalar, where a transport equation
is solved for the mass fraction of each component of the gas. The gas mixture is de�ned through
these mass fractions which sum to unity for each cell to conserve mass locally and globally. The mass
fractions of the species further de�ne the thermophysical properties like density consistently, these
thermophysical properties feed back into the �ow �eld equations. Additionally a source/sink term can
be added to these transport equations, modelling the e�ect of chemical reactions happening in the �ow
altering the mass fractions, for example the decay of #$ to #$ 2 through oxidation by ozone ( $ 3) for
exhaust gases can be modelled using this approach.

Closure problem for Scalar Transport
A scalar is transported through convection and di�usion. Due to �ltering (LES) or averaging (RANS),
an additional term is added to the transport equation. This term is analogous to the subgrid scale
stress or Reynolds stress for momentum, similarly a closure model is required to determine these so
called turbulent scalar �ux. The turbulent scalar �ux is the correlation between the velocity �uctuations
(D0

8) and the scalar �uctuation ( ( 0) (� 8 = D0
8(

0). The scalar �uxes are harder to model compared to the
Reynolds stresses as the mixing of a scalar is not only dependent on the turbulence but also on the scalar
�eld itself. This makes aligning a model for the �ux more di�cult.

In many applications the GDH is employed to get a simple model where this correlation is assumed
to be proportional to the gradient of the scalar. There is also a more generalised version the so called
GGDH, where the correlation is assumed to be proportional to the product of the Reynolds stress
tensor and the scalar gradient. Furthermore there are also higher order closures based on the transport
equations for each component of the correlation.

Gradient Diffusion Hypothesis
The most widely used closure for the turbulent scalar �ux is the GDH. This model assumes the turbulent
scalar �ux to be parallel to the gradient of the scalar �eld. Transporting concentration from high zones
to lower concentration zones. This is an isotropic di�usion process.

A key parameter in this GDH model is the turbulent Schmidt number ( (2C), which relates turbulent
momentum transport to turbulent scalar transport. In most engineering applications a constant
turbulent Schmidt number is chosen for the entire domain. Optimal values for the Schmidt number
vary considerably for di�erent �ows, typically between 0.2 and 1 [ 36], with the value of 0.7 as a common
�rst estimate applicable for many �ows. The range of optimal values already shows that there is no
universally applicable value.

The assumption of a constant turbulent Schmidt number for the entire domain implies that the relative
e�ciency of momentum and scalar transport is the same in the whole �ow. Studies have however
demonstrated that turbulent mixing depends strongly on the local �ow conditions. Multiple approaches
have been proposed to determine the Schmidt number dynamically from local turbulent quantities
[37, 38].

The GDH with constant turbulent Schmidt number remains very attractive for engineering purposes as
it is a very computationally inexpensive and robust model. This model can be used with the widely
used turbulence two equation eddy viscosity models and is also the industry choice for modelling
pollutant concentration.

Generalised Gradient Diffusion Hypothesis
The GGDH is an extension of the GDH, which incorporates information from the Reynolds stress tensor
into the closure model. The turbulent scalar transport direction is thus related to both the scalar gradient
and the stress, allowing the scalar transport to re�ect the anisotropy of the turbulence in its di�usion.

Turbulent mixing is often closely linked to the direction of motion of the turbulence, clearly motivating
the inclusion of the Reynolds stress. In separated �ows, wakes, and shear layers turbulence can be
strongly anisotropic, causing the scalar transport to di�er signi�cantly from the direction predicted
by isotropic models as the GDH. The inclusion of the Reynolds stress tensor in the GGDH allows the
model to align the scalar transport better with the turbulent structures present.
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A practical limitation of this model is that the individual Reynolds stress components need to be known
(or determined). The model is therefore best coupled with a RSM as opposed to conventional two
equation eddy viscosity models as these models also have di�culty predicting anisotropy. This increases
the computational cost of the RANS simulation already while also increasing model complexity for the
scalar transport. A widely used formulation is by Daly and Harlow [ 39], who express the di�usivity
tensor by the Reynolds stress tensor and a turbulent time scale.

Higher Order Closure Models
More advanced closures solve additional transport equations for the turbulent scalar �uxes. This is
analogous to RSM for momentum. These models reduce the assumptions made to use gradient di�usion
type models. The transport equations can naturally account for anisotropy, non-local transport e�ects,
and misalignment between scalar �uxes and the scalar gradients.

These models provide the most complete RANS description of turbulent transport. However, the cost of
solving additional transport equations is signi�cant and introduce additional closure problems just like
for RSM. Therefore these models are more computationally expensive, di�cult to converge, making
them rarely used in engineering applications.

2.4. Validation Data
The di�erent approaches in modelling will provide di�erent results in order to allow comparison to
reality this section introduces two datasets used to compare the results to. A simple geometry is required
to perform a high �delity simulation to obtain reference data and compare di�erent dispersion models.
A wall mounted cube with an exhaust in its wake has been studied experimentally, this setup will be
used to perform the high-�delity simulation on. To see how lessons learned can be extrapolated to the
ship environment experimental data on a real ship is also available and presented here shortly.

2.4.1. Concentration data on wall-mounted cube
At the University of Tokyo Lin et al. [ 40], researched highly buoyant gas dispersion around an isolated
cubic building. Below the geometry and experimental data set obtained are described.

Geometry
The geometry researched by the group at the University of Tokyo is very simple as shown in Fig. 2.5. As
shown a wall mounted cube is researched with an exhaust located half a cube length behind it, placing
it inside of the recirculation zone.

Figure 2.5: Wall mounted cube geometry tested in the wind tunnel

Experimental Data
During the experimental campaign Lin et al. [ 40] �rst characterised the in�ow Atmospheric Boundary
Layer (ABL). They �tted a power law through their measurements with an exponent of 0.22. With the
cube height of 0.4 m and reference speed at this height of 0.68 m/s.
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A limited investigation into the �ow �eld was performed, using a constant temperature anemometer.
This however required an in�ow velocity of 2.48 m/s, more then 3.5 times higher then the reference
velocity, to be able to measure velocities in the wake of the cube.

For the main investigation a HFR 400 fast-response Flame Ionization Detector (fast-FID) was used
to measure concentration during 90 seconds at 1000 Hz at locations in the wake of the cube. The
concentration of ethylene (� 2� 4) was measured in the symmetry plane and a horizontal plane at H/4
and converted to an normalised concentration. The ethylene was emitted from the exhaust together
with helium to ensure the intended buoyancy of 17% of air density. Available data is limited to �gures
of pro�les and contours in these planes.

2.4.2. Concentration data on CSOV
To investigate the exhaust dispersion onboard ships Damen Naval (DN) participated in a European
project to measure exhaust gas concentrations in the ABL wind tunnel at Eindhoven University of
Technology. This section continues with the description of the geometry and the data set obtained
during the experimental campaign.

Geometry
The Commissioning Service Operating Vessel (CSOV), Fig. 2.6a from DAMEN was slightly modi�ed
for the purposes of wind tunnel testing, see Fig. 2.6b. The geometry is simpli�ed for the wind tunnel
campaign and the exhaust pipes from are combined into a single pipe and placed in a more naval-like
location.

(a) Damen CSOV 8417 (b) Simpli�ed model

Figure 2.6: Images of the CSOV

Experimental Data
Under the European ERIES project DN, participated in a study to measure pollutant concentrations
in the ABL wind tunnel at the Eindhoven University of Technology. The wind tunnel was con�gured
with roughness elements to impose an ABL, with corresponding aerodynamic roughness length of
I 0 = 0•001, the resulting pro�le followed a power lar with exponent 
 = 0•12 . This boundary layer was
measured at the centre of the turntable with a Cobra probe, velocities and turbulence intensities are
reported.

During the testing a mixture of ethylene and helium was emitted from the exhaust pipe with a density
that mimics the density of the intended hot exhaust (350 � � ). The ethane concentration is measured
using the fast-FID, in which a hydrogen �ame ionizes hydrocarbons. The ions are captured on an
electrode under high DC voltage, and the resulting current is proportional to the concentration.

The concentration is measured at discrete points 1.5 m above the surface of the deck for the full sized
ship and at points in a cross plane behind the exhaust. The locations are visualised in Fig. 2.7, where the
cross plane extents up from positions 10, 11, and 12.
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Figure 2.7: Measurement locations 1.5 m above the vessel's deck.

The model was rotated to di�erent angles and at 0 degrees the velocity parameters were changed. Next
to the 0, 15, and -15 degree in�ow angles shown in Fig. 2.7, the model was also tested in cross �ow (90
degrees) and aft �ow (180 degrees). For the 0 degree case the in�ow velocity was increased to simulate
increased wind speeds as well as the exhaust velocity to simulate di�erent engine setting.

2.5. Research Approach
This section will discuss the approach to contribute to the objective and answer the main research
question. The objective and main research question are repeated in Section 2.5.1. In Section 2.5.2 the
strategy to answer the main research question is presented along with the sub questions answered in
this research.

2.5.1. Objective and Main Research Question
The research objective and the main research question were introduced in Chapter 1. The research
objective was formulated as:

Enhance the predictive reliability of practical models used to evaluate exhaust gas
dispersion on naval vessels.

This objective provides the overarching motivation for this research, however achieving fully reliable
predictive models is beyond the scope of a single study. This work will focus speci�cally on the
modelling of pollution dispersion using RANS approaches, as this is the engineering standard. This
study will focus on evaluating limitation of commonly used turbulent closure model of the scalar
transport equation, by gaining insights into this through higher-�delity simulations. This study aims to
contribute to the objective by answering the following question:

How can RANS scalar transport closure models be improved to provide more
reliable predictions of exhaust dispersion in turbulent wakes of naval vessels, by

evaluating the limitations of turbulent closure models of the scalar transport
equation informed by insights from high-�delity simulations?

2.5.2. Research strategy
This section aims to determine a research strategy which allows an answer to be formulated for the
main research question as formulated above. The main research question will be broken up into smaller
questions which together allows one to formulate an answer to the research question.

Simpli�ed Bluff Body Con�guration
A ship's superstructure is a highly complex surface with features of di�erent sizes. However as seen in
Section 2.2.1 �ow features in the wake of a wall mounted cube are on a fundamental level similar to
those found on ship superstructures. The wall mounted cube is a well known canonical geometry, and
experimental data is available from Lin et al. [ 40] for a wall mounted cube with an exhaust in its near
wake.
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To study the turbulent closure models of the scalar transport equation a high �delity simulation needs
to be performed to gather statistical data. For this purpose an LES simulation is performed on this
geometry to resolve the large turbulent scales and gather statistical data on these �uctuations. The
solution is compared to the RANS solution performed on the same geometry and the experimental
results to investigate if and where RANS is able to predict scalar concentrations accurately. The following
question is thus investigated:

How do scalar concentration �elds predicted by LES di�er from RANS predictions in the
wake of blu� bodies and how do these di�erences compare with experimental observations?

A Priori Evaluation of Model Assumptions
The rationale for doing a high �delity simulation is to investigate model assumptions required for RANS
simulations. With the results of the LES simulations the turbulent closure model assumptions can be
evaluated. These models can be assessed from the LES statistical data, as the model's components
and the modelled quantity are all available. This allows one to reconstruct the errors made for these
model assumptions, which can then be visualised in space. This will allow one to answer the following
question:

How valid are eddy viscosity and (generalised) gradient di�usion models in blu� body
wakes? And what model assumptions are broken when the model is invalid?

Model Assumptions Effect on RANS Predictions
The modelled turbulent closures terms can be be fed back into the scalar transport RANS formulation.
The obtained scalar �eld can be compared to the LES scalar �eld. From this the e�ect of the errors
introduced by the closure terms on the dispersion result can be determined without the e�ect of the
velocity �eld prediction errors as the frozen LES �elds can be used. Thus answering the following
question:

What e�ect do (generalised) gradient di�usion models have on the prediction of scalar
concentration �elds in blu� body wakes?

Realistic Ship Geometry
The lessons learned from the analysis can be tested on a full scale ship model, the Commissioning
Service Operating Vessel (CSOV) as reference data is available for this ship. Previous investigations into
this geometry already showed limited correlation between experiments and numerical estimates [ 41].
To investigate where the errors are coming from for this ship's geometry �rst a grid re�nement study is
performed, to study its e�ect on the RANS solution and speci�cally pollutant concentrations.

With this grid re�nement investigation this study will be able to gather insight into the sensitivity of
pollution concentration estimates with grid re�nement and thus say something about the reliability
of these estimations as done currently in the industry. Comparing these uncertainties due to grid
re�nement to those associated to the di�erent dispersion models as investigated before, results in the
following research question:

How does grid re�nement a�ect the predicted scalar concentration �eld in a realistic ship
wake, and what does this reveal about the reliability of RANS-based dispersion estimates on

complex geometries?



3
Methodology

In this chapter the methodology used to evaluate RANS scalar transport closures is presented. First the
meshing and numerical setup for the RANS simulations of the wall mounted cube are discussed. The
mesh re�nement strategy to determine mesh independence is subsequently discussed. Thereafter the
the setup for the LES simulation performed on the wall-mounted cube is presented. Then the procedure
on how the data from the LES can be used to evaluate turbulent scalar modelling using a priori and a
posteriori analysis. Finally the �rst step towards a model of a ship model is taken, discussing the mesh
independence for a full ship model and its e�ect on exhaust dispersion predictions.

3.1. Wall Mounted Cube RANS Setup
In this section the RANS simulation set up for the wall mounted cube geometry is discussed. First the
geometry of the domain and the cube is presented. After this the method of generating the meshes
for this geometry is discussed, including the re�nement strategy. Finally, the RANS equations solved,
turbulence modelling chosen, and boundary conditions selected for the simulations are presented.

3.1.1. Computational Domain and Wall Mounted Cube Geometry
The computational domain follows Lin et al. [ 42], who also performed RANS simulations on this exact
geometry. Their set-up has been used as a starting point for the set-up used in this research. The same
computational domain is used, where it was chosen to model the surface roughness in this study in
contrast to the explicit roughness elements included in the simulations by Lin et al. [ 42]. The domain
for the wall mounted cube investigation is shown in Fig. 3.1.

Figure 3.1: Computational domain for the LES on wall mounted cube with exhaust in its wake

15
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The height, H, is 0.4 m as in the experiment. The exhaust is located at 0.5H behind the cube on the
symmetry plane. The exhaust pipe is a cylinder with a diameter of 3B = 0•015� and a height of
� B = 0•125� . The exhaust speed at the top patch of this exhaust is the same as the inlet velocity at cube
height * � . With the inlet velocity approximately following a power law with an exponent of 0.22 and a
* � of 0.68 m/s.

3.1.2. Mesh Generation Strategy for Wall Mounted Cube
To capture the dynamics in the wake of the cube and around the exhaust while keeping the computational
cost manageable, three re�nement regions were implemented. The �rst re�nement region stretches from
2H in front of the cube to 4H behind, is 2.5H wide and is 2H high. The second smaller box starts from
the leading edge of the cube and goed to 2H downstream of the cube's trailing edge, and is 1.5H wide
and 1.25H high. The �nal re�nement region is located around the exhaust, the cylindrical re�nement
zone is located between 23B below the exhaust and 83B above it with a diameter of 43 B.

On the cube surfaces the solution is wall resolved, meaning that the HÏ is reduced to around one on the
cube surfaces. A �rst layer height of 1.2 mm was chosen to satisfy this constraint. In total 6 layers were
used for a total thickness of 10 mm and a growth rate of � 1.135. This resulted in a total cell count of 9.1
million cells.

To study the mesh independence the RANS solution is computed for three grids as proposed in
Section 3.2. The wall treatment was not changed between the grids while the rest of the cells were re�ned
with a ratio of 1.2-1.25. This re�nement provides enough separation between the grids to perform a
mesh independence analysis while maintaining similar mesh quality.

3.1.3. Governing Equations and Model Setup
This section describes the numerical set up for the RANS simulations performed in this study. First
the governing equations and the solver settings including discretisation are discussed. After this
the turbulence models utilised in this work are presented. Finally the boundary conditions for the
simulations are discussed to obtain a fully solvable system of equations.

Solver and Governing Equations
To perform the calculations OpenFOAM v2306 i686 [ 43] was utilised. Speci�cally the buoyantSimpleFoam
solver, which solves Eqs. (3.1) to (3.3), was used to perform the computations. The bar denotes the
time (or ensamble) average, theD8 and G8 the velocity components and spatial coordinates, 6 is the
gravitational acceleration, � the dynamic viscosity, � represents the enthalpy and � the bulk viscosity.
This is a variable density solver, where the density ( � ) is obtained from the incompressible perfect gas
equation of state, see Eq. (3.4) where the subscript 0 represent reference values. Thus reducing the
density to a function of only the temperature ( ) ), without resorting to the Boussinesq approximation,
which is not valid for high temperature di�erences present in this case. The solver solves the equations
in the RANS form together with the turbulence model described later and the SIMPLE algorithm to
couple pressure and velocity [ 44]. The solver solves for the modi�ed pressure ( ?A6�), which is converted
to its thermodynamic value (?), with the addition of the hydrostatic pressure, see Eq. (3.5).
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To model the exhaust gas concentration a passive scalar,( , is introduced in the �eld. The scalar is
transported through advection and di�usion, as can be seen from its transport equation: Eq. (3.6), where
� is the di�usivity.
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The steady state RANS solution is computed using bounded and numerically robust discretisation
formulations. Spatial gradients are computed by cell limited least squares, to reduce unphysical
oscillations. Convective terms are computed by bounded linear upwind schemes, providing balance
between accuracy and numerical stability. The di�usive terms are computed by standard second order
central di�erencing schemes without non orthogonality corrections, which is allowed by the mesh
quality.

The RANS equations are solved using the SIMPLE [44] algorithm with one non orthogonal corrector.
The modi�ed pressure is solved using the Geometric-Algebraic Multi Grid (GAMG) method to obtain
e�cient convergence. Other �elds are solved using the Preconditioned Bi-Conjugate Gradient Stabilised
(PBiCGStab) method. Under relaxation is applied to increase numerical stability for the simulation.
For the pressure a relaxation factor of 0.3 was used, causing strong damping of the pressure �eld. The
velocity and turbulence variables were relaxed with a factor of 0.7, while for the enthalpy a factor of 0.8
was used.

Turbulence model
In the Eqs. (3.2), (3.3) and (3.6) there are correlations which have to be determined to solve the system.
These Reynolds stresses from the momentum equation are modelled through the Boussinesq hypothesis.
In this work the : -$ SST model [25] is used, this model is widely used in the industry due to the blending
of the standard : -$ and : -� models and improved separation performance for �ows in adverse pressure
gradients. The transport equations for the SST model are presented in Eqs. (3.7) and (3.8), where:
and $ are the turbulent kinetic energy and speci�c dissipation rate respectively. The � Crepresents the
turbulent viscosity and is computed from : , $ and the blending functions, %: the turbulence production,
and �� $ the cross-di�usion term also determined from the blending functions. For the model constants
(01, 
, �, � � , � : , and � $ ) the standard SST values implemented in OpenFOAM were taken.
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This model is widely used in the industry due to the blending of the standard : -$ and : -� models and
improved separation performance for �ows in adverse pressure gradients. To complete the Boussinesq
hypotheses, see Eq. (3.9), the eddy viscosity,� C, is computed from : and $ from � C= :

$ , the mean strain
rate tensor ( 89is computed from the velocity gradient, � 89is the Kronecker delta.
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For the correlation left in the energy equation, � D0
9�

0, the eddy di�usivity hypothesis is used as shown
in Eq. (3.10). The eddy viscosity is used as computed from the turbulence model for the momentum
and the default turbulent Prandtl number, %AC, of 0.85 is used.
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The correlation left in the scalar transport model is attacked in a similar manner as the energy equation.
The eddy di�usivity hypothesis is used to solve for the correlation D0

9(
0 as shown in Eq. (3.11). The

turbulent Schmidt number (2Cwith its default value of 0.7 is introduced analogous to the turbulent
Prandtl number for the enthalpy.

� D0
9(

0 =
� C

(2C

%(
%G9

(3.11)

For the walls of the cube a wall resolved formulation was employed as the dynamics of this region are
important to determine separation and thus the wake of the cube. For the �oor however a wall modelled
approach was chosen as this allowed the introduction of roughness. This roughness was introduced
through the law of the wall, DÏ = 1

� ;=¹�H Ï º, by modifying the the roughness parameter E to increase
the momentum loss, as proposed by [45].

Boundary conditions
The box shaped computational domain consists of the �oor, inlet, outlet, upper and side patches, in
addition to this the cube geometry is there as well as the exhaust pipe and the exhaust patch itself.
Boundary conditions are prescribed for each of these patches for the velocity, modi�ed pressure,
temperature, turbulence parameters, and scalar concentration.

The �oor patch is modelled as an adiabatic, (partially) rough, no-slip wall with a �xed velocity of zero.
To ensure consistency of the pressure �eld a �xed �ux condition is applied to the modi�ed pressure. For
the turbulent parameters k, omega, nut, and alphat wall functions are used, to ensure correct convection
of the boundary layer a sand grain roughness height (  Bº of 0.01 and a roughness constant (� B) of 0.5
are used for the rough upstream part of the �oor. For the temperature and scalar concentration the
zero-gradient boundary conditions are used.

The inlet prescribes the incoming �ow while the outlet anchors the modi�ed pressure to a �xed value.
The inlet prescribes the velocity and turbulence quantities to match the ABL pro�le desired, as in the
experiment. The modi�ed pressure at the outlet is �xed at zero as the pressure reference.

The sides and upper part of the domain are modelled as slip surfaces. This was chosen as a �rst
approximation of the wind tunnel walls located in this area, without the need of modelling the walls at
these locations of no interest.

The cube and exhaust pipe are modelled as an adiabatic, smooth, no-slip wall with a �xed velocity of
zero. A wall function which converges to the low Reynolds number laminar models are used to smoothly
connect the wall modelled and wall resolved regions. Furthermore this wall in treated identically to the
�oor patch.

Finally the exhaust outlet, although geometrically an outlet this is an e�ective inlet for the computational
domain. To determine the velocity a �xed volume �ow rate is picked to match the experiment. The
turbulence quantities are determined based on the turbulence intensity and the mixing length, by
assuming fully developed pipe �ow and the dimensions of the pipe. The scalar and temperature is
�xed at this patch to match the exhaust concentration and buoyancy of the experimental exhaust. The
pressure is again determined from �xed �ux condition to ensure consistency with the velocity.

To summarize the boundary conditions used in the simulations, the main parameters used to quantify
the inlet and exhaust outlet are listed in Table 3.1. The velocity and turbulence quantities for the inlet
are based on the atmospheric boundary layer, where * � is the friction velocity corresponding to the
ABL. And the turbulence quantities of the exhaust outlet are determined from the turbulence intensity
and mixing length, typical for fully turbulent pipe �ow, using the standard : and $ relations.
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Table 3.1: Summary of the principal inlet and exhaust outlet boundary condition parameters used in the RANS wall mounted
cube simulations

Quantity Inlet Exhaust outlet

Velocity (U) * = * � ¹I•�º 0•22 * �

Turbulence intensity (TI) - 5 %

Mixing length (L) - 0.0004 m

: : = * � 2
p

� �
: = 3

2¹)� � *º 2

$ $ = * �

�
p

� � I
$ = : 0•5

� 0•25
� !

Scalar concentration 0 1

Temperature 300 K 1766 K

3.2. Assessment of Grid Independence for the Wall-Mounted Cube
The mesh independence is studied through a systematic approach described in this section. First the
re�nement strategy is described, after which the metrics used to assess the grid sensitivity are proposed.

3.2.1. Re�nement strategy
To investigate mesh independence three uniformly re�ned grids are evaluated. The re�nement ratio ( A)
between these three grids is kept between 1.2 and 1.5. To not change the e�ect of the wall model, the grid
spacing close to the walls is kept equal between the grids in wall normal direction, but is re�ned in the
wall tangent directions. For the wall mounted cube the important grid settings are reported in Table 3.2.

Table 3.2: Important settings for each of the grids of the re�nement study of the wall mounted cube

Mesh parameter Coarse Medium Fine
Grid spacing on cube 0.003125 m 0.025 m 0.002 m

Grid spacing in re�nement 1 0.0125 m 0.01 m 0.008 m
Grid spacing in re�nement 2 0.00625 m 0.05 m 0.004 m
Grid spacing in re�nement 3 0.00039 m 0.0003125 m 0.00025 m

First cell height boundary layer 0.0012 m 0.0012 m 0.0012 m
Number of cells in boundary layer 6 6 6

Total thickness boundary layer 0.01 m 0.01 m 0.01 m

3.2.2. Grid Sensitivity Assessment
To assess how sensitive the solution is to mesh re�nement, the force coe�cients and velocity and scalar
pro�les are analysed for di�erent meshes. This sensitivity can be used to determine if the mesh is
re�ned su�ciently.

The magnitude of the force coe�cients are compared as a global solution metric. Relative di�erences
are computed with the �nest mesh as the reference. The results are considered converged for relative
changes of less then 2%.

In addition to this the velocity and scalar concentration pro�les are considered. The pro�les are sampled
directly downstream of the exhaust as this is where most mixing is happening. The shape, location, and
magnitude of features in the pro�les are compared across the grids to determine the mesh sensitivity.
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3.3. Wall-mounted cube LES setup
The geometry and the mesh from the mesh independent RANS simulation are used to perform the
LES simulation on. The RANS simulation itself provides the initial condition for the LES to speed up
the transient part of the simulation. In this section the computational setup of the LES is presented.
First the boundary conditions for the di�erent boundary patches are discussed. And secondly the the
numerics, SGS model, and the general approach for the simulation is disucced.

3.3.1. In�ow Turbulence and Boundary Conditions
To introduce turbulence into the domain a synthetic turbulence generation approach is used. The
turbulence is generated from the turbulent Divergence-Free Synthetic Eddy Model (DFSEM), to provide
realistic turbulent in�ow conditions. The mean velocity is described by the power law as discussed
before. The turbulence is assumed to be isotropic with a turbulence intensity of 20% and an integral
length scale of 0.25 m. The �ow is given time to develop structures in the ABL before it encounters the
cube. To maintain consistency with the velocity the pressure is treated with the �xed �ux condition.
The in�ow is also considered to be uncontaminated with exhaust gas and the scalar is thus �xed to zero
here.

The �oor is treated as a wall, and turbulence is modelled here to allow for roughness on the patch
upstream of the cube and smooth downstream of the cube. No slip condition is set for the velocity.
A wall function to simulate roughness is used for � Cwith roughness height of 0.01 m and roughness
constant of 0.5. Where the Spalding formulation is used for the smooth section. Wall functions are
applied for the temperature to ensure adiabatic walls.

For the cube the mesh is designed to resolve the boundary layer. Wall functions which converge to the
low Reynolds number equivalent for low HÏ are used to smoothly connect the regions. Furthermore the
same boundary conditions as for the �oor are employed here.

Similar to the inlet of the domain the exhaust is also modelled as a DFSEM inlet to introduce synthetic
turbulence. The mean exhaust speed is �xed at * � and the turbulent �uctuation computed based on
isotropic turbulence, with an intensity of 0.05 and an integral length scale of 4e-4, which is consistent
with fully developed pipe �ow. Furthermore the temperature and scalar are �xed here to simulate the
buoyancy and the exhaust concentration.

The modi�ed pressure is �xed at the outlet, and the velocity is based on the pressure and allows in and
out�ow. On the sides the slip condition is applied, and the pressure is linked through the �xed �ux
condition. The temperature and scalar are constrained to zero gradient at these patches.

For the top of the domain the �ow is allowed to leave freely to allow turbulent �uctuations to leave to
domain, the mean velocity is prescribed on this patch to ensure consistency with the RANS simulation.
The pressure is again connected to the velocity through the �xed �ux condition. For all other �ow
variables the zero gradient boundary condition was applied.

3.3.2. Solver Con�guration and Temporal Discretization
The numerical set up is designed to balance robustness and accuracy for LES purposes. Time integration
is performed using partially implicit Crank-Nicolson scheme, which stabilises the solution without
adding signi�cant di�usion. For the spatial discretisation most terms are discretised using second order
accurate schemes are used. The momentum convection is treated using the Linear-Upwind Stabilised
Transport (LUST) scheme, introducing upwind bias to stabilise the solution. Scalar transport equations
are discretised using bounded schemes with mild limiting, to ensure physical values and prevent
oscillations without too much numerical di�usion. The di�usion terms use corrected formulations to
handle mesh non-orthogonality, allowing this to work on practical grids.

The solvers used are quite straight forward and widely used. The pressure and density use GAMG to
speed up convergence. For the velocity, enthalpy, and scalar concentration the PBiCCGStab is used, as a
solid general purpose solver. With only one outer iteration and one corrector, the PIMPLE algorithm
[43] collapses to the PISO formulation [46].
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The subgrid scale modelling is kept very standard and robust. The WALE model is used because it
handles near wall behaviour better than simpler models without the need for damping function. The
�lter width is computed from the cube root of the cell volume, tying the SGS length scale directly to the
local mesh size. This is a straightforward and commonly made choice and works well for relatively
uniform meshes. To ensure enough of the turbulent kinetic energy is resolved, the viscosity ratio � C

�Ï� C
below 0.2 to satisfy the Pope criterion [7].

The time step is chosen to keep the CFL below 1 and the simulation is run for 5 �ow through times, as
a �rst estimate. After this the results are checked at various probes in the �ow, the running mean of
the �ow variables needs to stabilise before the sampling can start. If not, the simulation is extended
until they are stabilised. After the mean values of the probes are stabilised the transient part of the
simulation is concluded. Following this the sampling part is started, the averaged are reset and the
simulation is run until the second order statistics stabilise and independent on the time window used to
compute them. This is critical for the purpose of this study as these second order statistics are the input
for the continuation of this research.

3.4. LES-Informed RANS Closure Models and Error Analysis
The scalar �uxes obtained from the LES can be used to evaluate di�erent closure models. The di�erent
closure models can also be computed from the LES data and compared to the LES scalar �uxes to
investigate how well the models represent the true scalar �uxes. Furthermore these modelled �uxes can
also be used to calculate the dispersion based on the LES mean velocity �elds to determine how well the
models can reconstruct the scalar concentration �eld.

3.4.1. De�nition of LES-Informed Closure Models
As discussed in Section 3.1.3, the RANS equations require closure of the Reynolds stress tensor (' 89) as
well as the turbulent heat and scalar �ux. In most RANS simulations, these terms are modelled using
the eddy viscosity hypothesis for the Reynolds stresses and the eddy di�usivity model with constant
turbulent Prandtl (%AC) and Schmidt ((2 C) numbers for the turbulent heat and scalar �ux respectively.

This work will focus on evaluating di�erent model assumptions so model the scalar �ux, to close the
scalar transport equation. Di�erent formulations of the GDH and the Reynolds stress aligned GGDH
will be considered. Furthermore the �ux inferred from the LES simulation will also be used directly.

The �rst set of models for the scalar �ux follow the GDH, where the scalar �ux is assumed to be aligned
to the gradient of the scalar �eld, as shown in Eq. (3.12). With the scalar �ux computed from the LES
simulation the least squares solution can be computed locally as shown in Eq. (3.13).
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More commonly the formulation introduces the ratio of eddy viscosity and the turbulent Schmidt
number (2Cto estimate the turbulent di�usivity as shown in Eq. (3.14). The Schmidt number is often
taken as a constant, however from the known scalar �ux �eld a turbulent Schmidt number �eld can also
be determined see Eq. (3.15), where the eddy viscosity is computed from the Reynolds stress tensor and
mean velocity �elds of the LES solution.
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For the Reynolds stress aligned GGDH, the Daly-Harlow [ 39] formulation is used, see Eq. (3.16). This
dispersion model is chosen to take into account anisotropy typical for wake �ows. The formulation uses
a model constant which is typically � ( = 0•22[47], along with : and � taken from the RANS turbulence
model, but are here inferred from the Reynolds stress tensor and the mean velocity �elds. Similar to
the turbulent Schmidt number an optimum �eld for the model constant � ( can also be determined see
Eq. (3.17).
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In engineering applications the model constants (2Cand � ( are taken to be a constant value for the
entire domain. To determine a representative constant value for the entire domain, the mode is chosen
as this is the value that occurs most frequently in the domain. This is preferred over the mean as this
can be sensitive to outliers or poorly conditioned inversion.

3.4.2. De�nition of Error Metrics and Comparison Strategy
To compare the performance of the di�erent turbulence models two di�erent types of analysis are
performed. First an a priori analysis is done to compare the LES �ux to the LES-informed modelled �ux.
Secondly an a posteriori analysis is done to evaluate the e�ect of these a priori discrepancies on the
scalar dispersion in a simulation.

A priori analysis
The validity of the turbulence closure assumptions is �rst assessed with an a priori analysis. The LES
derived turbulent correlations are directly compared to their LES-informed modelled counterparts see
Section 3.4.1, without the need to solve any dispersion.

To assess the validity of the Boussinesq hypothesis for the case studied, the Reynolds stresses computed
from the LES data are compared to the values from the eddy viscosity model. The core of the Boussinesq
hypothesis is linear proportionality between the deviatoric Reynolds stress tensor, ' 0

89, and the mean
strain rate tensor, ( 89. To evaluate this proportionality the angle between the two tensors can be computed
as shown in Eq. (3.18).
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In analogy to the procedure for the Reynolds stresses the di�erent models for the scalar �ux introduced
in Section 3.4.1 are tested. The angle between the modelled �ux and the LES �ux are compared using
Eq. (3.19), to evaluate the proportionality assumption of the di�erent models. The error de�ned in
Eq. (3.20) is used to determine how well the models match the magnitude of the �ux in the direction of
the model. � !�(

?A>9is the component of the LES-inferred �ux projected onto the model direction to allow
for a fair comparison of the magnitude.
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The purpose of this a priori analysis is to determine how well the models employed capture their LES
truth. Regions where these model assumptions break down are identi�ed. The errors identi�ed here
show the intrinsic limitations of the closure models and is independent of their impact on the RANS
solution. This a priori analysis is complementary to the a posteriori analysis as this will show how the a
priori errors propagate into the dispersion estimation of the scalar �eld.

A posteriori analysis
The dispersion is computed based on the frozen mean velocity �eld of the LES with the di�erent
modelled �uxes the solutions can be compared to evaluate di�erences in the estimated scalar �eld
compared to the LES to evaluate di�erences in the estimated scalar �eld. The error between the scalar
prediction with a modelled �ux and the LES prediction is de�ned as shown in Eq. (3.21), with 8denoting
the cells in the domain.
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The ! 2 norm as presented in Eq. (3.22) is selected to quantify global deviations. This provides a measure
of the global error energy and penalises large deviations in the solution. Due to the square of the error
term, this metric identi�es models where large errors occur in concentrated regions. The normalised
version is chosen to ensure a magnitude independent metric is obtained, for fair comparisons.
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The ! 2 norm only provides the magnitude of the error and does not indicate the directionality of the
error, therefore the volume averaged bias is evaluated, see Eq. (3.23). The bias will reveal systematic
trends in the prediction, where positive values indicate overall over prediction and negative values
overall under predictions.
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For scalar dispersion applications often local accuracy is equally important to global agreement because
the high concentration regions are dominating exposure levels. Global metrics can hide large local
discrepancies. To quantify the near worst case local errors the 99th percentile of the absolute error
distribution is considered, as de�ned in Eq. (3.24). This metric is the error below which 99% of all local
errors lie and provides an indication of the largest modelling errors occurring throughout the domain,
while reducing the sensitivity to isolated outliers.

499 = %99 ¹j48jº (3.24)

Together these metrics are a good set to assess model performance. The4!2 quanti�es the overall
accuracy, where the bias identi�es systematic over- or under prediction, and the 99th percentile of the
absolute error evaluates near worst case local discrepancy. This combination allows for global and local
quality of the model prediction.

3.5. CSOV RANS Setup
In this section the setup of the RANS simulations performed on the CSOV is discussed. The setup is
very similar to the cube's RANS simulations as presented in Section 3.1. However the geometry is
di�erent and for this complex geometry some simpli�cations were made. The mesh generation strategy
to perform RANS simulations on the CSOV is subsequently discussed. Finally, some minor changes to
the numerical setup compared to the cube's RANS simulations are addressed.
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3.5.1. CSOV Geometry and Simpli�cations
The geometry of the DAMEN CSOV 8417 was originally simpli�ed by Damen Naval, this simpli�ed
geometry is also used as the bases for the RANS calculations performed. Further modi�cations were
made to improve mesh quality, speci�cally to reduce highly skewed and non-orthogonal cells in the
computational mesh. The changes are made at the waterline, on sharp concave features, and on a
problematic leading edge.

To reduce mesh distortion at the interface between the hull and the water surface, two modi�cations to
the geometry were made. The highly concave stern geometry was replaced by a vertical extrusion of
0•5 m, as can be seen in Fig. 3.2b. The second adjustment was implemented to prevent non-orthogonal
cells at the bow of the ship. A chamfer of 45 � and a height of 0•1 mwas added to the entire interface
between the ship and the bottom(water surface). These modi�cations removed a signi�cant amount
mesh quality issues near the waterline, without changing the global �ow characteristics on the top side
of the ship. The adjustments are shown in Fig. 3.2.

(a) Original geometry (b) Modi�ed geometry

Figure 3.2: Changes made along the waterline of the CSOV geometry

Further changes were made to the geometry to prevent skewed cells in highly concave regions of the
superstructure. A representative example of such a location is shown in Fig. 3.3. Fillets were applied to
these regions to smooth the geometry and thus prevent formation of poorly aligned cells.

(a) Original geometry (b) Modi�ed geometry

Figure 3.3: Changes made in concave corners on the CSOV geometry

Final modi�cations were required along the leading edge of the steering hut, shown in Fig. 3.4. The
original sharp leading edge resulted in severely skewed cells, due to large change in curvature. A
chamfer was preferred over a �llet to preserve the sharpness of the feature, while ensuring robust mesh
generation. A chamfer of 0•1 m was introduced as shown in Fig. 3.4b.
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(a) Original geometry (b) Modi�ed geometry

Figure 3.4: Changes made along the leading edge of the wheelhouse of the CSOV

3.5.2. Mesh Generation Strategy for CSOV
For the RANS computations a cylindrical domain with a tetrahedral mesh was developed in ANSA [ 48],
as an analysis of exhaust dispersion is typically performed for the entire wind rose. A single mesh for
all these cases is preferred, to ensure consistent mesh quality and prevent mesh induced numerical
errors for certain directions. A cylindrical domain is naturally suited for this purpose due to its angular
symmetry. Tetrahedral cells were chosen for their isotropic properties, this reduces directional bias in
numerical di�usion and provides more comparable discretisation errors across all wind directions.

Within the domain three re�nement boxes were placed to ensure enough re�nement near the ship and
exhaust while keeping the cell count limited. Two cylindrical boxes of height 85.9 m and 50 m, and
diameter 300 m and 160 m respectively, were placed centred on the ship's centre and located on the
bottom patch. The �nal re�nement box was places centred on the exhaust and is 6 m high and 20 m in
diameter. The boxes are visualised in Fig. 3.5.

Figure 3.5: Re�nement regions around the ship and exhaust.

To capture the boundary layer on the ship and on the bottom patch the layers function in ANSA was
utilised. On the ship's surface a hard-coded �rst layer height of 0.015 m was implemented, to allow for a
HÏ over the ship between 30 and 300. A total of 5 layers were generated with a growth factor of 1.2, for a
total height of 0.11 m. The number of layers was intentionally limited to avoid highly concave regions
created by the outside surface of the layers. On the bottom patch the height was based on aspect ratio
with a �rst layer aspect of 0.02 a growth rate of 1.3 and a total aspect of 0.18.

3.5.3. Model Setup for CSOV
The governing equations and the solver used to perform the RANS simulation on the CSOV geometry is
the same as used for the wall mounted cube. Similarly the same turbulence models are used to maintain
consistency between the simulations. Due to the di�erent shape of the domain di�erent but similar
boundary conditions are used.
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Boundary conditions
The computational domain for the ship's simulation is cylindrical and thus consists of bottom, top and
far-�eld patches. Furthermore there is the ship's patch and a separate patch for the exhaust. For each
of the patches boundary conditions are prescribed for the velocity, modi�ed pressure, temperature,
turbulence parameters, and scalar concentration.

Far-�eld boundary is the ambient atmospheric �ow surrounding the domain, and is implemented
as a mixed in�ow-out�ow boundary. Meaning the �ow is allowed to enter and leave the domain
depending on the prescribed �ow direction relative to the local boundary normal, this minimises
arti�cial re�ections and is numerically stable. For regions where the �ow enters the domain velocity
and turbulence quantities are prescribed. The desired ABL velocity pro�le is prescribed, in combination
with approximate corresponding turbulence quantities. For the �ow leaving the domain a zero gradient
condition is applied for all transported quantities to prevent re�ections. For the modi�ed pressure,
temperature, and scalar concentration the ambient is prescribed for in�ow and for out�ow zero gradient.

The bottom patch is modelled similar to the bottom for the cube simulation. The entire surface is
modelled to be rough with a sand grain roughness height (  Bº of 0.0196 and a roughness constant (� B)
of 0.5. To ensure the desired velocity pro�le is transported well throughout the domain.

The top patch is an undisturbed upper part of the ABL. To be consistent with the far �eld boundary
conditions similar mixed in�ow-out�ow condition is applied depending on the local �ow direction.
The velocity and turbulence quantities are consistently prescribed with the far �eld patch and ABL
representation, and zero gradient conditions apply if the local �ow is exiting the domain to avoid
arti�cial re�ection. For the pressure the �xed �ux condition is used again to be consistent with the
velocity �eld. Temperature and scalar concentration are constrained by the zero gradient boundary
condition, to ensure no vertical �uxes at the top of the domain.

The ship's surface is modelled smoothly like the cube's surface where the ship's surface is wall modelled
as opposed to wall resolved for the cube. Additionally the exhaust is modelled in the same way as the
exhaust in the cube simulation, with a �xed �ux through its surface to match the experiment.

The main parameters used to quantify the boundary conditions used for the simulations of the CSOV
are summarised in Table 3.3. The atmospheric boundary layer is the basis for the velocity and turbulence
quantities of the inlet, speci�cally using the friction velocity * � . The quantities of the exhaust outlet are
based of the turbulent intensity and mixing length typical of fully developed turbulent pipe �ow and
use standard relations for : and $.

Table 3.3: Summary of the principal inlet and exhaust outlet boundary condition parameters used in the RANS CSOV simulations

Quantity Inlet Exhaust outlet

Velocity (U) * = 9•43¹I•20•2º 0•12 8.8 m/s

Turbulence intensity (TI) - 5 %

Mixing length (L) - 0.05 m

: : = * � 2
p

� �
: = 3

2¹)� � *º 2

$ $ = * �

�
p

� � I
$ = : 0•5

� 0•25
� !

Scalar concentration 0 1

Temperature 288.15 K 623.15 K



4
Results

This chapter will present and discuss the results obtained from the analysis described in Chapter 3.
The chapter will start with a discussion on the mesh independence for the wall mounted cube RANS
analysis. The analysis will continue with the results of the LES performed on this wall mounted cube.
These results will be further analysed to evaluate the dispersion models' validity. The dispersion for the
di�erent models is then characterised and compared to the results of the LES. The lessons learned from
these analyses are consequently aimed to be applied on an engineering geometry (CSOV).

4.1. Grid Independence of the Wall Mounted Cube
First a mesh independence study needs to be performed on this canonical geometry. The meshes
for this study are all uniform re�nements of one another. The medium grid is chosen with LES grid
requirements in mind and the coarse and �ne are re�ned with a ratio of 1.2-1.25. The consequences of
this on the grid size is discussed next, while the mesh independence on the force coe�cients of the cube
is discussed afterwards. Finally the mesh independence of the �ow �eld across the grids is discussed.

4.1.1. Grid Description
In Table 4.1 a descriptive overview of the meshes used for the mesh independence study is given. The
meshing strategy is outlined in Section 3.1.2. The grids presented here are all uniform re�nements of
one another, with a re�nement ratio of 1.25. With the exception of the �rst layer height of the bottom
wall patch, which is kept identical to ensure the e�ect of the wall functions are consistent across the
grids.

Table 4.1: Cell counts for the grids studied in the grid independence study of the wall mounted cube

Grid Description Cell count
C1 Coarse 4.8 M
C2 Medium 9.0 M
C3 Fine 17.3 M

The distribution of the HÏ over the surface of the cube can be seen in Fig. 4.1, for visualisation purposed
the horizontal axis is cut at 2. The maximum HÏ however is at 8.46 as presented in Table 4.2, along with
other statistics of this distribution. Important to note is the probability of the HÏ below 1 at 96% as
this was the aim of the grid design. The locations of increased HÏ are observed near the sharp edges
of the cube, where the local wall shear stress is elevated due to �ow acceleration and strong velocity
gradients. Despite these localized peaks, the vast majority of the surface remains within the target HÏ

range, indicating that the near-wall mesh resolution is su�cient for resolving the boundary layer.

27
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Figure 4.1: Histogram of the HÏ on the cube's surface

Table 4.2: Statistics of the HÏ distribution

Metric Value
Mean 0.384

Minimum 0.016
Maximum 8.46
P(HÏ 5 1) 0.96

4.1.2. Force Coef�cient Convergence
To study mesh independence often used metrics are the force coe�cients. These global metrics are used
as they provide a measure of the integrated physics as opposed to local behaviour. The force coe�cients
for the cube are shown in Table 4.3, where the forces are normalised by the projected area normal to
each direction. In the present case this is � 2, with � the height of the cube.

Table 4.3: Force coe�cients for all grids studied in the grid independence study of the wall mounted cube

Grid Description Cx Cy Cz
C1 Coarse 0.906 0.003 0.549
C2 Medium 0.894 -0.005 0.554
C3 Fine 0.887 0.025 0.540

For the drag coe�cient a monotonic convergence can be observed. Therefore standard grid convergence
metrics can be computed. The order of convergence,? observed here is 2.66, which is higher then the
second order schemes employed. To assess if this means the solution is pre-asymptotic range or in the
asymptotic range the Grid Convergence Index (GCI) is computed, and values of 2.4% and 1.4% are
observed for coarse-medium and medium-�ne respectively. From this the asymptotic range indicator
(AR) can be computed from �' = �� � 2>0AB4�<438D<

�� � <438D<� 5 8=4A? with Athe re�nement ratio. The resulting value is

practically one con�rming the solution is within the asymptotic range. Therefore the observed order of
convergence of 2.66 is considered reliable.

The force coe�cient in the transverse direction (y) shows an oscillatory convergence behaviour around
0, as expected from a symmetrical problem. The magnitude of this force coe�cient is approximately 2
orders of magnitude smaller then the drag coe�cient, which is also the order of the error made in the
lift coe�cient, a GCI of 1-2%. These errors are thus within the discretisation error of the simulation.

The force coe�cient in the z direction does shows signi�cant lift on the cube. This is expected as the top
surface has a low pressure due to the separation at the leading edge, and the cube is mounted to the
wall therefore no opposite face is there to counter this sucking force on the top face. The convergence
of this coe�cient is non-monotonic as seen in Table 4.3, however the relative di�erence between the
coe�cients is small �2%, which is acceptable.

4.1.3. Flow Field Comparison
The convergence of the force coe�cients does not necessarily mean that the �ow �eld is converged to a
solution. As the mean �ow �eld is extremely important to determine exhaust dispersion this is �rst
investigated here. Pro�les and contours of the velocity �eld are used to determine the convergence of
the �ow �eld.
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Vertical pro�les of the streamwise velocity component in the close wake of the cube are shown in Fig. 4.2.
Immediately it can be observed that there is little variation between the pro�les of the three grids apart
from the lowe region in Fig. 4.2a and that the similarity is increased away from the wall. Speci�cally in
Fig. 4.2a near the bottom there is discrepancy in the streamwise velocity pro�les between the three grids.

(a) Pro�le located 0.05H behind the cube (b) Pro�le located 0.25H behind the cube (c) Pro�le located 0.375H behind the cube

Figure 4.2: Vertical pro�les of the normalised streamwise velocity in the direct wake of the wall mounted cube for the three grids
of the mesh independence study

Figures 4.3 and 4.4 show the contours of the streamwise velocity component. The discrepancy observed
in the pro�les can be attributed to a secondary circulation zone in this area. The location of this zone
slightly varies for the di�erent grids, this however this does not in�uence the regions beyond this zone
as the top of the pro�le in Fig. 4.2a and the pro�les in Figs. 4.5b and 4.5c show good mesh independence.

Figure 4.3: Streamwise velocity contour at the symmetry
plane of the wall mounted cube geometry for the

medium grid

Figure 4.4: Streamwise velocity contour at the symmetry
plane of the wall mounted cube geometry for the

�ne grid

The shape of the roof and wake recirculation zones show the same topologies. To quantify this the
recirculation length of the wake recirculation zone is chosen and given in Table 4.4. The observed
order of convergence was found to be 5.28 or the grids investigated. While this value is higher then
typically expected for CFD grid convergence studies the calculated GCI values for coarse-medium and
medium-�ne are 2.96% and 0.926% respectively, indicating a low sensitivity to further mesh re�nement.
The asymptotic range indicator was as 0.984, which is close to unity indicating the solution lies within
the asymptotic convergence range.
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Table 4.4: Recirculation lengths for the wall mounted cube geometry, for all meshes

Grid Description Recirculation length [m] Recirculation length/H [-]
C1 Coarse 1.028 2.57
C2 Medium 0.976 2.44
C3 Fine 0.959 2.40

As the velocity �eld seems to be mesh independent, the scalar concentration �eld can also be investigated
to see if it is mesh independent. Pro�les in Fig. 4.5 show the scalar concentration as a function of the
height. Similar to the velocity pro�les the scalar concentration pro�les show good mesh independence.
The e�ect of the discrepancies in the velocity �eld can also be observed in the scalar concentration.
The scalar �eld is determined by advection and di�usion. Errors in the velocity �eld therefore a�ect
the scalar transport through the advection term, but their in�uence is felt more downstream and is
smoothed by di�usion and turbulent mixing. Therefore, discrepancies in the scalar �eld do not occur at
the exact same locations as discrepancies in the velocity �eld.

(a) Pro�le located 0.05H behind the cube (b) Pro�le located 0.25H behind the cube (c) Pro�le located 0.375H behind the cube

Figure 4.5: Vertical pro�les of the scalar concentration in the direct wake of the wall mounted cube for the three grids of the mesh
independence study

So, the global metrics, drag coe�cient and recirculation length, show excellent GCI values and are
clearly within the asymptotic range, indicating mesh independence. This is further supported by the
velocity and scalar concentration pro�les, which show only minor di�erences between the three grids.
The only notable discrepancy is seen in the region directly downstream of the cube. The location
and extent of a smaller secondary recirculation bubble within the primary wake recirculation zone
varies slightly between the meshes. This feature is highly localized and has negligible in�uence on the
larger-scale wake topology, the overall recirculation length, or the scalar concentration �eld further
downstream. Therefore, the medium grid is considered su�ciently mesh independent and is also used
as the grid for the LES simulation.

4.2. Wall-Mounted Cube LES Results
This section presents the results obtained from the LES simulation on the wall mounted cube geometry
and evaluates its suitability as a basis for the subsequent closure model analysis. The objective of this
section is twofold, �rst to show the ability of the LES to reproduce experimentally observed �ow and
scalar dispersion behaviour. This is achieved through comparison of the computational results with the
mean �ow �eld and mean scalar �eld. The second objective is to ensure the adequacy of the statistics
gathered from the LES in the context of the closure model analysis. The discussion begins with an
evaluation of the resolution and sampling time, followed by the �ow and scalar �eld predictions.
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