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ABSTRACT
The hydrodynamic forces on a marine pipeline and the local scour around it are the
most serious and important issues in designing and maintaining pipelines. This thesis
explores the vortex shedding phenomena for the flow over smooth surface and rough
surface isolated cylinders. This thesis also explores the two-dimensional and threedimensional scour process beneath offshore pipelines numerically. A series of
numerical models are proposed in this dissertation for the prediction of flow
characteristics and the time development of local scour around pipelines. All the models
presented in this thesis are deliberately developed based on novel lattice Boltzmann
method (LBM), because in recent years it has been considered as a serious alternative to
standard computational fluid dynamics (CFD) as it is ideally suited to massively parallel
computations.
The lattice Boltzmann method is described in details to reveal how it recovers the
Navier- Stokes equations. Various grid refinement schemes available in literature are
discussed and a slightly modified new scheme is proposed to remove oscillatory
solutions at high velocity change regime. The proposed scheme is then validated against
bench mark tests for low Reynolds number flow.
A turbulent model based on LBM is developed in order to predict the vortex shedding
flow around an isolated square smooth surface cylinder. The various local and global
flow parameters and structure of vortices are validated against experimental and
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numerical data available in literature. The model is then extended to investigate the
vortex shedding flow over an isolated rough surface cylinder as it has an engineering
significance in the design process of pipelines. The model is employed to investigate the
influence of pipe roughness on various local and global parameters of flow. It is
revealed that the circumferential pipe roughness has significant influences on the
hydrodynamic forces, circumferential pressure distribution, vortex shedding frequency
and the formation of vortices in the vicinity of the cylinder. Additionally, the orientation
of the roughness elements or the density of the roughness elements does not have
significant influence on the flow parameters.
Significant part of this thesis is aimed at modelling flow and local scour around
pipelines employing LBM and cellular automata (CA) methods. The erosion mechanism
of the CA method available in literature for sand particles is improved by defining the
threshold of sediment entrainment on bed in a similar manner to that employed in the
traditional scour models. The predicted scour profiles for various incoming flow
conditions are found to compare well with the experimental results reported in the
literature. The existence of lee wake erosion due to continuous generation of vortex
shedding in the lee of the pipelines is revealed. The time development of the maximum
scour depth below the pipe is also found to be in good agreement with the experimental
measurements reported in literature
Finally, a three-dimensional flow and scour model is developed in order to explore the
scour process beneath pipelines. It is revealed that the three-dimensionality effects are
more pronounced near the span shoulder. On the other hand, there exists a twodimensional scour regime in the vicinity of the middle section of the suspended pipe. It
is found that the propagation speed of the scour hole in the sapnwise direction remains
almost constant at all stages of scour process.
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Chapter 1

INTRODUCTION

AND

LITERATURE

REVIEW

1.1 Introduction
Thousands of kilometers of pipelines are laid each year across offshore seabed in order
to meet the needs of an energy-hungry world. The modern offshore pipelines are usually
laid across harsh terrains and reach hostile ocean depths to serve literally as a “life line”
between storage units and storage fields. Without the existence of the vast and complex
offshore pipeline system, the modern world would have been a very much different
place. Additionally, transporting petroleum and its by-products through pipelines is
probably the most reliable, safest and cost-effective means of transportation. In contrast
to the massive advantages, the oil and gas pipelines are vulnerable to marine
environment as any accident in pipelines may cause oil or gas spill resulting in huge
damage to marine lives. Accidents happen to pipelines due to various factors.
Development of pipeline spanning is one of them. Though pipelines are laid directly on
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seabed, the turbulent nature of flow across the pipeline causes washing away of erodible
seabed under severe environmental conditions [1]. As a consequence, a free span of
pipeline is developed. The flow across the free spanning length causes alternate
shedding of vortices from the top and bottom of pipeline. The vortex shedding
phenomena creates fluctuating hydrodynamic forces which in turn produce large
amplitude resonant oscillations if the shedding frequency is close to the natural
vibration frequency of the pipeline free span. Such oscillations can be responsible for
severe damage to pipelines. According to the report of the Minerals Management
Service (USA), 98 accidents were reported in 1995 in the Gulf of Mexico where
pipelines are ubiquitous. The consequences of pipelines failure have severe impacts on
both marine environment and economy. Therefore, there has an enormous engineering
significance in evaluating the environmental loading and response of offshore structures
employing more accurate and reliable methods [2].

1.1.1 Flow around cylinder
In the past few decades, extensive research works has been carried out by various
scholars in investigating the vortex shedding phenomena in the vicinity of circular
cylinder near a wall [3-6]. It is found that the vortex shedding phenomena depend on
not only the nature of the incoming flow but also the cylinder itself. It means that the
Reynolds number factor, turbulence of incoming flow and the surface roughness of pipe
have a significance influence on vortex shedding behavior [7-10]. The present research
is aimed at conducting some fundamental investigations regarding all the
aforementioned major factors that affect the vortex shedding phenomena. In this study,
the pipelines are modelled by a circular or square cylinder and the seabed is modelled
by a plane wall. Though offshore pipelines are subject to the combined effect of waves
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and currents, only the steady current is considered in the present investigation. The main
reason of avoiding the combined effect of wave and current is that their co-existence
makes the flow problem extremely complicated. Besides that, the study of the pipelines
subject to steady current is far from complete.

1.1.2 Prediction of scour below pipelines
Though a lot of researches have been done on the scour around vertical structures [1117], the investigation related to scour around pipelines has been primarily carried out in
the last three decades [18, 19]. Scour is generally defined as the removal of sediment
(soil and rocks) from the proximity of structures located in moving water. Scour is also
a threat to the existence of the structure. When a pipeline is laid directly on erodible
seabed, a pressure difference is developed between the upstream and downstream sides
of the pipe. If the pressure gradient exceeds the flotation gradient of the sediment, the
mixture of sand and water will break through the space below the pipeline. This process
is called piping. Piping is responsible for developing a through hole underneath the
pipeline. This hole gives a way to the process of tunnel erosion. At the stage of tunnel
erosion, huge amount of water is diverted to the gap which in turn increases the shear
stress on the local seabed dramatically. Therefore, seabed is scoured violently and
rapidly. As the scour hole getting bigger, the tunnelling mechanism weakens and the
scour comes to its final stage, called lee-wake erosion. At the stage of lee-wake erosion,
regular vortex shedding appears. The generation of regular vortex shedding plays an
important role in shaping of the downstream end of the scour hole.
In summary, the two-dimensional scour around pipelines can be characterized
by three stages [20]:
1. Piping
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2. Tunnel scour
3. Lee-wake scour
Figure 1-1 shows the general time development of scour hole under pipeline. It
demonstrates that the tunnel erosion process is very fast and responsible for creating
significant scour hole depth. It also reveals that the erosion rate becomes much slower
when lee-wake erosion comes into action. Additionally, the equilibrium scour depth is
achieved at this stage.

Tunnel erosion
Lee-wake erosion

Time

Figure 1-1: Time development of 2-D scour hole below pipeline

The local scour below pipelines can be developed based on both clear water and
live bed scour conditions. Clear water scour refers to the situation where the ambient
flow conditions are not strong enough to move sediment particles rested on bed. In spite
of that the strong flow in the vicinity of pipeline increases the bed shear stress which is
larger than the critical shear stress. Thus, the sediment starts moving under this situation
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in the vicinity of the pipeline. The live bed scour in contrast refers to the situation where
the shear stress on seabed is generally greater than the critical shear stress regardless the
presence of the pipeline. When a pipeline is laid on live bed scour environment, the
scour process starts quickly.
The local scour in the vicinity of pipelines is actually a three-dimensional
process though it takes place in the middle section of the suspended pipeline in twodimensional fashion [20]. Once it is initiated, it propagates towards the ends of pipelines
in spanwise direction and towards downstream side in streamwise direction. Figure 1-2
demonstrates the typical process of local scour underneath pipeline. It shows that the
three-dimensionality effect of scour exists in the proximity of span shoulder. This is
responsible for the propagation of erosion along spanwise direction and thus free span
of pipeline is developed. On the other hand, there exists a two-dimensional erosion
process regime in the middle part of the suspended pipeline. The growth rate of free
span and the speed of propagation of scour along pipeline axis have engineering
significance in designing the pipeline. Both free span development and spanwise
propagation speed of erosion depend on the incoming flow condition, sediment and
pipeline parameters. Though there has been a lot of research regarding 2-D scour
around pipelines, understanding the three-dimensional nature of scour employing a
numerical model remain untouched. The intention of the present thesis is to investigate
time development of local scour in the vicinity of pipelines numerically.
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Figure 1.2: Typical local scour pattern underneath offshore pipeline

1.1.3 Numerical methods for solving Navier-Stokes (N-S) equations
Numerical investigation of flow and scour around offshore structures can be carried out
employing different traditional state of the art numerical methods such as finite element
method, finite difference method, and finite volume method. In recent years a new
numerical method called lattice Boltzmann method (LBM) has attracted much attention
in the simulation of complex fluid flow problem [21]. This method has its demonstrated
ability to simulate hydrodynamic systems, magnetohydrodynamic systems, multiphase
and multi-component fluids, chemical-reactive flows, and multi-component flow
through porous media [22]. In this thesis, we will introduce this method in order to
predict both two-dimensional and three-dimensional flow and scour around offshore
pipelines. The reason of selecting this method is that it has some excellent advantages
over the traditional methods. They are mentioned below:
1. It consists of simple arithmetic calculation. Therefore, it is easy to program. [23]
2. Only one single variable called particle distribution function is unknown and
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needs to be determined [23]. The collective effects of many components of this
variable are then accumulated on separate nodes to solve fluid density, velocity
and pressures.
3. The pressure is calculated utilizing local data. Whereas the global
communication is necessary in case of traditional methods in order to solve the
Poisson equation for the pressure.
4. The current nodal value of particle distribution function is calculated based on
only the previous condition which is ideal for parallel computations [23]. Thus,
this method is intrinsically parallel and implementation on a parallel computer is
straightforward.
5. This method does not require velocity field numerical derivatives in calculating
the drag force. As this method has mesoscale nature, the drag force can be
directly calculated by simply considering the momentum exchanged between the
lattice particles and the solid body [24].

1.2 Literature review
1.2.1 Flow around square cylinder
In the past, vortex shedding behind rectangles was numerically investigated by Davis
and Moore[25] for Reynolds numbers up to 2800. Strouhal numbers for Re not more
than 1000 calculated from their numerical simulation and compared with the values
obtained from their experiment. Franke et al.[26] simulated the flow around square
obstacle using finite volume techniques for a narrow range of Re (<301). J. Bernsford et
al. [27] simulated the flow around square cylinder and performed the Strouhal number
computation for Re=80-300 considering the blockage ratio of 0.125. They have
performed the simulation for that square obstacle using lattice Boltzmann (BGK)
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automata. But, numerical simulation implementing lattice Boltzmann technique is still
required for a wide range of Re in order to prove the efficiency of this technique such
that researchers interest is enhanced. Though lattice Boltzmann automata is already
proven and attracted as more advantageous and straight forward than other traditional
numerical techniques. Recently, Ansumali et al. [28] computed the flow simulation
numerically using entropic lattice Boltzmann method (ELBM) considering a wide range
of Re (from 37 to 20000). They have shown that their ELBM is well enough to predict
the variation of vortex shedding frequency for a wide range of Re without any need for
explicit sub-grid scale modelling. Their results in terms of Strouhal numbers were well
compared with the experimental results of Okajima. But, their proposed model requires
considerably higher numbers of grid points in order to get a good resolution for higher
Re. In fact, this is the motivation of our present research. In this section we are going to
propose the popular LBGK technique for simulating the flow past square cylinder. We
will show that it requires comparatively low grid points to capture fluid flow with
satisfactory resolution and it is also able to simulate fluid flow considering wide range
of Re (40-20000). In addition, it will be revealed that our simulation is enable to reveal
a good resolution of vortex shedding behind the wake even considering comparatively
lower numbers of grid points which is well deserved for lattice Boltzmann (BGK)
automata programmers to treat is as a robust technique for flow simulation. The
possible reason behind getting a good resolution with a relatively lower grid points is
that we have applied the Smagorinsky sub-grid scale (SGS) model to capture the flow in
the calculation domain.

1.2.2 Modelling of local scour below pipelines
Over the last three decades, extensive research works have been carried out by various
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researchers to investigate local scour around pipelines numerically and experimentally.
In most cases experimental studies were carried out through two-dimensional flume
tests. Thus, the scour profiles only in the plane perpendicular to pipe axis were
measured at different stages. The results of experimental observations of various
researchers [18, 29] have been utilized to validate numerous well developed numerical
scour models [30-33]. The methods of those models have ranged from potential flow
theory to more complicated turbulent flow theory. The detailed literature review
regarding those numerical models follows in the next paragraphs.
Hansen et al. [34] presented a numerical model to predict the shape of scour hole under
pipelines. The model is based on the potential flow theory and it is assumed that the bed
load is the only form of sediment transport. The fluid flow was solved employing
modified von Muller method [35] and bed profiles was obtained using the direct
integration of the continuity equation for sediment transport. The model well predicted
the upstream part of scour hole and the shape of the scour hole. In contrast, the
downstream part of the scour hole could not be predicted accurately and no lee-wakes
could be presented by this model.
Sumer et al. [36] numerically investigated the flow around pipelines. He
employed the so-called Cloud in Cell (CIC) method to simulate the cylinder wake. The
model gave good prediction results of lee-wake vortex street. In that study, they did not
provide any results regarding evolution of bed profiles. Instead, they concluded that the
lee wake vortex shedding has a strong effect on shaping of the profiles of scour hole
downstream of the pipeline. They also concluded that the time averaged bed shear stress
does not well describe the physical process of scour and is not sufficient to use in
simulating lee-wake scour underneath a pipeline.
Van Beek and Wind [37] proposed a numerical scour model to predict local scour
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around a pipeline with and without spoiler. The model coupled the two-dimensional
Reynolds Averaged Navier-Stokes equations (RANS) with the suspended-load sediment
transport model. The suspended sediment transport was calculated using the unsteady
convection/diffusion equation of sediment concentration. The evolution of bed profiles
was calculated based on the continuity equation of sediment transport. In this model,
non-orthogonal boundary fitted coordinates were required near bed. As a result, it was
required to generate a new grid at every step of morphological change of seabed. The
comparison of numerical results with laboratory data showed that the equilibrium scour
hole had a reasonable agreement. But, the scour rate was around 4 times faster than the
experimental observations.

Moreover, a significant difference in the shapes of

downstream scour bed also existed. This can be attributed to the limitation of the
proposed RANS model in predicting the vortex shedding flow.
Brors [33] presented a numerical model where finite element scheme is utilized
in order to solve the RANS equations. In this model, a finite difference bedload
transport scheme was considered in order to capture the morphologic evolution of
erodible bed. Both suspended load and bed load sediment were considered in this scour
model. The model was first utilized to predict the flow around a surface-mounted
cylinder. The detachment and reattachment points of the wake, the vortex shedding
frequency and the hydrodynamic forces were well validated against experimental and
others numerical results. Conversely, slight discrepancy was appeared in predicting the
velocity variations behind the cylinder. In case of scour simulation, clear-water scour
was considered where the Shields parameter ( θ ) was taken as 0.048. The model well
predicted the shape of the equilibrium scour hole. Though, slight difference was found
in comparing the equilibrium scour depth with the final scour depth reached in the
experiment. The model was not able to predict the periodic vortex shedding behind the
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pipeline even at the equilibrium stage. Though, the author suggested that the
introduction of fine mesh in simulating the local scour can capture the vortex shedding
phenomena. It is notable that the model well predicted the existence of the downstream
dune even though it seemed flatter and wider than that of laboratory experiments.
To predict the lee wake scouring of pipelines Li and Cheng [38] developed a
model where turbulence flow field was solved implementing a large eddy simulation
model and equilibrium scour hole was estimated employing a iterative method based on
the assumption that the equilibrium bottom shear stress along the sea bed is equal to the
critical sediment shear stress for the clear water scour or undisturbed upstream field
shear stress for live bed scour. That model possesses a positive approach to predict the
equilibrium scour hole denying the utilization of any sediment transport formula but its
main drawback is that the model is unable to predict a time dependant scour process due
to the above mentioned equilibrium assumptions are considered to design the model.
Recently, Liang et al. [31] has designed a numerical model where governing
equations regarding the flow and sediment transport are solved in finite difference
method on a curvilinear co ordinate system to calculate the time dependant scour hole
development below the pipelines under clear water or live-bed conditions. The turbulent
model is used to calculate the bed profile change and both suspended and bed load is
considered to contribute the sediment transport rate. To update the bed profile with
respect to time, the model employs both the continuity equation for the net sediment
transport and a sand slide model. In that numerical model, the morphological change of
the bed was updated after calculating several flow steps as there is a significant
difference between the morphological and the flow processes. The predicted
equilibrium scour depth and the time dependant scour hole below pipelines compare
favorably well with the experimental data.
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Dupuis and Chopard [32] developed a model for predicting scour formation
under pipelines which is significantly different from all the aforementioned traditional
models. The unique feature of this model is that it does not require any kind of
empirical sediment transport formulae and the computer code can be parallelized with
ease. Thus this model has the potential to be computational cost effective especially for
simulating three-dimensional problems. This model is mainly divided into two parts.
One is flow model which represents the flow of fluid. In this flow model fluid is
considered as a collection of a set of particles moving and interacting locally at the
nodes of regular lattice obeying the propagation and collision rules. In this way, the
conservation laws are preserved by giving ways to calculate hydrodynamic equations of
density, velocity and pressure. It has to be mentioned that this flow model is based on
Lattice Boltzmann method (LBM) which has already been acknowledged as a dashing
alternative to the traditional computational methods such as finite difference and finite
element methods. The other part of the model is called sediment model which
comprises of mechanism of sediment transportation, deposition and erosion. The
sediment transportation, deposition and erosion mechanisms of this sediment model are
designed by implementing the concept of multi-particle cellular automata (CA).
Sediment particles are allowed to move at regular lattice nodes along with fluid particles
at discrete time steps. Thus the change of bed profile can be revealed by switching on
the sediment model. For details regarding this model readers are referred to [32, 39, 40]
.

All the above mentioned models to calculate local scour around pipeline as

treated as 2-D model. Though a lot of research works regarding 2-D scour around
pipelines are available in literature, the research on three-dimensional scour is not
extensive. Leeuwestin [41] carried out research focusing on the stability and the selfburial of pipelines. It was found in his research that the lowering of pipeline due to
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increased load enhance the time taken to develop a free span. Fredsoe et al. [42] studied
three-dimensional scour underneath pipelines. But, their research focus was on the
sagging and self-burial of pipelines. Bernetti et al. presented a theoretical model in order
to calculate the longitudinal propagation of scour hole employing the conservation
equation of sediment transport. The scour slope in their model is assumed to be equal to
the angle of repose of soil. Yeow [43] carried out experimental investigation of threedimensional scour below a pipeline in steady currents, waves and combined
wave/current conditions. In his study of 3-D scour, it was found that the propagation
rate of scour along the span of pipe increases with the increase of flow and decreases
with the increase of pipeline embedment depth. A formula was also proposed for
predicting the propagation speed of scour.

1.3 Aim of dissertation
The goal of this thesis is to develop stable, proficient, flexible and advanced numerical
models for the simulation of two-dimensional and three-dimensional vortex shedding
flow and scour around offshore pipelines with the LBM.

1.4 Objectives of dissertation
The first objective of this dissertation is to establish a numerical model based on LBM
for simulating two-dimensional vortex shedding flow around a cylinder. Both square
and circular shape cylinders are considered for this study. The investigation of flow
around isolated square cylinder is carried out for Reynolds number ranging from 40 to
22000. The model solves the turbulent flow employing the Smagorinsky sub-grid scale
model. The non-dimensional vortex shedding frequency, drag and lift force coefficients,
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surface pressure distribution, time-averaged horizontal velocity along the wake and at
the centerline of the cylinder are calculated. It will be revealed that the obtained
simulation results have fair agreement with those of experimental findings.
The second objective of this dissertation is to numerically investigate the effect
of surface roughness of square cylinder on the various global and local flow parameters.
Offshore pipeline is a common means of transporting hydrocarbon across seabeds. The
external surface of the pipe is often smooth when a pipeline is laid. But, in many cases,
the smooth surface of the pipe can be turned into rough surface due to the significant
existence of the circumferential marine growth. This affects the hydrodynamic forces on
the pipe through the influence on various aspects of the flow, such as vortex shedding,
the turbulence level and vortex strength. Therefore, roughness effect should be taken
into account in the design process. The study is devoted to investigate the influence of
pipe roughness on various local and global parameters of flow. It will be revealed that
the circumferential pipe roughness has significant influences on the hydrodynamic
forces, circumferential pressure distribution, vortex shedding frequency and the
formation of vortices in the vicinity of the cylinder. Additionally, it will be seen that the
orientation of the roughness elements or the density of the roughness elements does not
have significant influence on the flow parameters.
The third objective of this dissertation is to develop a two-dimensional scour
model in order to predict time development of scour around offshore pipelines. A
Lattice-BGK (Bhatnagar-Gross-Krook) model is proposed and the Smagorinsky subgrid scale (SGS) turbulent model is employed for the description of the turbulent flow.
The multi-particle cellular automata (CA) model proposed by Dupuis and Chopard [32]
is carefully exercised in order to capture the flow and scour in the vicinity of offshore
pipelines. The erosion mechanism is enriched by introducing the threshold of sediment
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entrainment technique. It will be seen that the proposed model has demonstrated ability
to predict lattice unit time development of scour below pipelines depending on various
incoming flow conditions. The predicted scour profiles for various incoming flow
conditions are found to compare well with the experimental results reported in the
literature. The existence of lee wake erosion due to continuous generation of vortex
shedding in the lee of the pipelines is revealed. The time development of the maximum
scour depth below the pipe is also found to be in good agreement with the experimental
measurements reported in literature.
The ultimate objective of this thesis is to develop a three-dimensional numerical
model that is capable of predicting time development of scour around offshore
pipelines. As three-dimensional simulation technique requires huge computational
resources, the model is coupled with the MPI (Massage Passing Interface) standards in
order to parallelize the codes. Therefore, the whole computational domain can be split
into many parts and run each of them on separate but homogenous computers setting up
end wall communications among the sub-domains through MPI. The numerical results
of the proposed 3-D scour model are encouraging. It will be seen that there exists an
almost constant rate of propagation of scour along the spanwise direction of the
pipelines which is well agreeable with the experimental observations of Yeow [43].
The presence of the spiral vortex in the proximity of the span shoulder will also be
confirmed through the simulation results. It will also be revealed that there exists a 2-D
scour regime near the middle section of the suspended pipeline. The equilibrium scour
depth of scour in the middle section of the suspended pipeline is well compared with the
final depth of scour measured in experiment. The generation of vortex shedding in the
lee of the pipeline is revealed in numerical calculations. It confirms that the vortex
shedding phenomena plays an important role in shaping of downstream scour hole of
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pipelines.

1.5 Dissertation structure
This chapter comprises of literature review, the aim and the objectives of this
dissertation.
The main content of the following chapters are mentioned in next paragraphs.
Chapter 2 is devoted to provide a brief description of the lattice Botlzmann
method (LBM). In fact, it will be shown how LBGK (lattice- Bhatnagar-Gross-Krook)
model is derived from the kinetic theory of gases. It will also be shown that the LBM
provides an approximation to the Navier-Stokes (N-S) equations. A full algorithm of the
proposed LBGK model is mentioned in order to reveal the process of simulating the
fluid flow problems. The various boundary conditions in the context of LBGK model
are also discussed. The Smagorinsky (SGS) turbulent model for solving high Reynolds
numbers flow is presented in the LBGK context. Finally, the chapter is closed with
some validations concerning a popular bench mark tests.
Chapter 3 provides an overview regarding the available mesh refining technique
in the context of the LBM. After reviewing existing mesh refinement techniques, a
slightly modified and new method of mesh refinement will be proposed. It will be
shown that the proposed new method is also capable of removing oscillatory solutions
at the high velocity change regime of the computational domain. A performance
evaluation of the proposed mesh refinement scheme and comparison with other
numerical results will be given at this point.
Chapter 4 concentrates on the modellling of the flow around both smooth
surface and rough surface square cylinders. First of all, a LBGK model will be
presented to simulate the flow around isolated square cylinders. A blockage ratio study
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is carried out in order to determine the proper location of the lateral boundary. After that
a mesh dependency study is carried out in order to figure out a proper domain which can
provide mesh independent results. The numerical tests are carried out at Reynolds
numbers ranging from 40 to 22000 as numerical and experimental results are available
in literature within this range. It will be shown that the results obtained from the
proposed numerical models are well compared with the experimental and numerical
results available in literature. Finally, a noble study is carried out to investigate the
surface roughness effect of pipe on various global and local flow parameters. It will be
shown that the circumferential pipe roughness has significant influence on the
hydrodynamic forces, circumferential pressure distributions, the vortex shedding
frequency and the formation of vortices in the lee of the pipe. It will also be shown that
the orientation of the circumferential pipe roughness does not have any significant
influence on flow parameters.
Chapter 5 introduces a vertical 2-D scour model to predict the flow and scour
around offshore pipelines. It will be discussed that the proposed 2-D scour model is a
hybrid of the LBM sediment models [32, 44] and traditional scour models. The concept
of transport rule of sediment particles is hired from the snow model of Masselot [44].
The concept of sediment deposition and toppling is hired from the sediment model of
Dupuis and Chopard [32]. Moreover, the traditional concept of employing the threshold
of sediment entrainment on bed is implemented in this model. It will be shown that the
model proves its robust nature in predicting time development of local scour around
pipeline. Finally, the model is implemented to investigate the local scour around
pipelines with spoiler.
Chapter 6 introduces a three-dimensional flow and scour model to investigate
the flow and scour below offshore pipelines. This chapter will show how to parallelize
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the method in order to take the advantage of high performance computing (HPC). The
parallelized 3-D flow model is then validated against available experimental and
numerical results. Finally, the parallel 3-D scour model is employed to investigate the
scour below offshore pipelines. It will be shown that the scour around a span shoulder is
a three-dimensional process. Additionally, there exists a 2-D scour regime in the
vicinity of the middle section of the suspended pipeline. Discussions are also provided
regarding the development of slope of the scour hole along spanwise direction and the
shape of the scour hole.
The dissertation then closes with a general discussion of the studies and
recommendation for future research in Chapter 7.
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Chapter 2
LATTICE BOLTZMANN METHOD (LBM)

This chapter is organized in order to provide an overview of the Lattice Boltzmann
method (LBM). At first, the historical development of LBM will be discussed. Next,
complete set of equations regarding LBM will be revealed. Next, the Smagorinsky subgrid model will be described as it enhances the strength of LBM for predicting high
Reynolds number turbulent flow. Finally, a simple benchmark test case will be
mentioned which ensures the validity of the model encoded for predicting more
complex flows in this thesis.

2.1 LBM Algorithm
LBM is the representation of simplified kinetic model where the macroscopic
hydrodynamics of fluid is achieved from the physics of microscopic or mesoscopic
processes. The macroscopic dynamics of fluid is obtained from the collective behavior
of the microscopic “fictitious” fluid particles in the system where they have to obey the
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specific set of rules of streaming and collision processes. The base equation which
constitutes LBM is originated from the idea of kinetic theory of ideal gases. That base
equation is called Boltzmann equation and it describes how the particle distribution of
diluted fluid changes with time. Neglecting the force term, the equation is mentioned
below [45]:

∂f
∂f
+c
=Q( f )
∂r
∂t

(2.1)

In the above mentioned equation f represents the single particle distribution
function and can be written as f (r, c, t ) where it means that the probability of finding a
fictitious fluid particle in the lattice space r at a time t and with a certain velocity c. The
left hand side expresses the time variation and spatial variation. The particles density in
a specific position changes due to the collision between particles and this phenomenon
is mathematically captured by the right hand side term, Q ( f ). In fact, the collision
integral (Q ( f )) possesses very complicated nature. In 1954, Bhatnagar, Gross and
Krook proposed a replacement of the collision operator which is widely known as BGK
approximation. The replacement is mentioned below[46]:
QBGK ( f ) = −
where f

eq

f − f eq

τ

,

(2.2)

is the equilibrium distribution function (the Maxwell distribution function)

and τ is called relaxation time which governs the relaxation to equilibrium. Here, f

eq

can be written as:

⎡ (c − u) 2 ⎤
f eq (r, c, t ) = ρ (2πRT ) − D / 2 exp ⎢−
⎥
⎣ 2 RT ⎦

(2.3)

After using Taylor series expansion, the final product of the above mentioned equation
can be written as:
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⎡ c 2 ⎤⎛
(c.u) 2
c.u
u2 ⎞
⎜
⎟⎟ + O(u 3 )
1
f eq (r, c, t ) = ρ (2πRT ) − D / 2 exp ⎢−
+
+
−
⎥⎜
2
2 RT ⎠
⎣ 2 RT ⎦⎝ RT 2( RT )
⎛
(c.u) 2
c.u
u2 ⎞
⎟⎟ + O(u 3 ) ,
+
−
= w(c) ρ ⎜⎜1 +
2
2 RT ⎠
⎝ RT 2( RT )

(2.4)

where T is the temperature, R is the gas constant, D is the spatial dimension and c s is
the speed of sound and w(c ) is the lattice structure weight factor. Moreover, the
equation of state of an ideal gas is defined as[47] :
P = ρcs2 ,

(2.5)

and from that equation we can get:
c s2 = RT

(2.6)

Therefore, finally the equilibrium distribution function of particles is expressed as:

⎛ c.u (c.u) 2 u 2
− 2
f eq (r, c, t ) = w(c) ρ ⎜⎜1 + 2 +
cs
2c s4
2c s
⎝

⎞
⎟⎟
⎠

(2.7)

In order to simulate fluid flow, a regular lattice is defined and the velocity space
of the molecules or particles in the fluid is drastically reduced to only a few discrete
points by assuming that at each site the particles can only move along a finite numbers
of directions[48]. Therefore, equation (2.1) can be solved numerically by discretizing
the velocity space c into a finite set of velocity vectors { e i } without affecting the
conservation laws and leading to the discrete velocity Boltzmann equation[22, 49],

∂f i
∂f
1
+ e i i = − ( f i − f i eq ) ,
∂t
∂r
τ

i = 0,1,2,.... N

(2.8)

In the above equation, f i (r, t ) ≡ f (r, e i , t ) is the distribution function of the e i
discrete velocity vector and f i eq is the corresponding equilibrium distribution function.
In case of 2D flows, the lattice size is usually of hexagonal or rectangular shapes. But,
the rectangular shape lattice, which is termed as D2Q9 (two dimensional nine-velocity
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square lattice) model is widely used for modelling 2D fluid flow. In this dissertation, we
use that D2Q9 model for presenting 2D flow. In Figure 2-1, the lattice velocity vectors
e i are shown.

Figure 2-1: D2Q9 square lattice with directional velocities

On the other hand, 3-D cubic lattice model which is defined as D3Q19 (three
dimensional nineteen- velocity cubic lattice) model is exercised for predicting 3D fluid
flow is this dissertation. Though, there are more models (D3Q15, D3Q27) available for
fluid flow simulation, D3Q19 has obtained popularity as it consumes less memory
compared to D3Q27 model and it possesses more stability than D3Q15 model. The
equation (2.7) has been discretized according to the D2Q9, D3Q15, D3Q19 and D3Q27
models and it reads as follows:

⎛ e .u (e .u) 2 u 2
f i eq = wi ρ ⎜⎜1 + i 2 + i 4 − 2
cs
2c s
2c s
⎝

⎞
⎟⎟
⎠

(2.9)

where c s is defined as c / 3 . The lattice spacing and the discrete time step are assumed
as ∆r and ∆t respectively which yield c = ∆r / ∆t .
For, D2Q9 topology, the weighting factors wi ( i ∈ {0,1,2,3,4,5,6,7,8} ) are:
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i=0
i = 1,2,3,4

⎧4 / 9
⎪
wi = ⎨1 / 9
⎪1 / 36
⎩

i = 5,6,7,8

In addition, the definitions of e i are:
⎧0,
i=0
⎪
e i = ⎨c(cos((i − 1)π / 2), sin((i − 1)π / 2)),
i = 1,2,3,4
⎪
⎩ 2c(cos((i − 5)π / 2 + π / 4), sin((i − 5)π / 2 + π / 4)) i = 5,6,7,8

(2.10)

For, D3Q19 topology, the weighting factor wi (i ∈ {0,1,2,3,4,5,...........,17,18})
are:

⎧1 / 3
⎪
wi = ⎨1 / 18
⎪1 / 36
⎩

i=C
i = N , S , E ,W , T , B
i = NE , NW , SE , SW , BE , BW , BN , BS , TN , TS , TE , TW

where the capital letters indicate the discrete velocity space at : C(centre),
N(north), S(south), E(east), W(west), T(top), B(bottom), NE(north-east), NW(northwest),

SE(south-east),

SW(south-west),

BE(bottom-east),

BW(bottom-west),

BN(bottom-north), BS(bottom-south), TN(top-north), TS(top-south), TE(top-east),
TW(top-west). Figure 2-2 depicts the directional velocities with the above mentioned
symbols for velocity vectors.
In addition, the definitions of e i for D3Q19 model are:
⎧(0,0,0)
⎪(±1,0,0)c, (0,±1,0)C , (0,0,±1)C
⎪⎪
e i = ⎨(±1,±1,0)c, (±1,0,±1)c, (0,±1,±1)c
⎪
⎪
⎪⎩
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Figure 2-2: Lattice structure of D3Q19 model

The macroscopic fluid variables density ρ (r, t ) and momentum ρ (r, t ) u (r , t )
are calculated as the first two moments of the distribution functions. They can be
expressed as:

ρ (r, t) = ∑ f i

(2.12)

ρu = ∑ e i f i

(2.13)

i

i

Moreover, the pressure has to be calculated through the equation of state of ideal gas
which is already mentioned in the equation (2.5). In this way, the Naiver-Stokes
equations can be recovered (considering low Match number) through the ChapmanEnskog procedure involving the equations (2.5), (2.8), (2.9), (2.10)/(2.11), (2.12) and
(2.13)[50]. The equations which reflect the mass and momentum conservation and can
be derived through the Chapman-Enskog expansion are mentioned below:
∂ρ
+ ∇.ρu = 0
∂t
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1
∂u
+ u.∇u = − ∇p + ν∇ 2 u
ρ
∂t

(2.15)

where the kinematic shear viscosity is
2
⎛ 2τ − 1 ⎞ ∆r
⎟×
⎝ 6 ⎠ ∆t

ν =⎜

(2.16)

In case of small Match number limit ( u / c s << 1) , the first term of the left hand
side of the continuity equation can be avoided and hence the incompressible NaiverStokes equations can be achieved.
Applying an explicit finite difference scheme to the equation (2.8), the complete
discretized equation (discrete Boltzmann equation) with the time step ∂ t and space step

∂r is obtained as:
f i (r + e i ∂ t , t + ∂ t ) − f i (r, t ) = −

1

τ

[ f (r, t ) − f
i

eq
i

(r, t )

]

(2.17)

The above equation is termed as Lattice Boltzmann equation with BGK approximation
or LBGK model[46].The left hand side of Eq. (2.17) is representing a streaming process
whereas the right hand side executes the relaxation to equilibrium. Therefore, the LBGK
model consists of two basic steps:
~

1. collision step: f i (r, t + ∂t ) = f i (r, t ) −

[ f (r, t ) − f
τ
1

i

eq
i

]

(r, t ) ,

(2.18)

~

2. streaming step:

f i (r + e i ∂ t , t + ∂ t ) = f i (r, t + ∂t ) ,

(2.19)

~

where f i represents the post collision state of the distribution function.
Therefore, it is crystal clear that the governing equations of the LBGK model are
in very simple form and the implementation is noticeably advantageous. Moreover, as
the calculation of collision step for a specific node requires only its own data so the
computation is completely local. Furthermore, the streaming step calculation also
requires very little computational efforts. Once again, it is necessary to mention that
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unlike the traditional methods the pressure is calculated from the equation of state. So,
pressure is calculated from the local data whereas in case of tradition methods global
data communication is essential for solving the Poisson equation for the pressure. In
addition, the Eq. (2.17) is really explicit and straightforward to parallelize. Due to the
simplicity of LBGK model, it provides a very short, straightforward and easy to
implement algorithm. In Figure 2-3, a full algorithm of LBM is accommodated.
To know more advantages of LBGK over the NS solvers, readers are referred
to[51].

2.2 Turbulent model for flow stability
If we assume the size of lattice spacing, ∆r =1 and time step ∆t = 1 then Eq.(2.16) can
be rewritten as:

ν=

2τ − 1
6

(2.20)

Again, flow is characterized by the Reynolds number,

Re=

UL UL
=
,
ν 2τ −1
6

where τ >1/ 2

(2.21)

Therefore, if flow simulation at high Reynolds numbers is expected for a specific
characteristic velocity and length, the relaxation time ( τ ) has to be small enough. It
should be noted that instabilities appear when the value of τ is approximately lower or
equal to 0.60 [39]. Hou et al. [52] proposed a sub-grid turbulent model for LBGK
models in order to get ride of instabilities for high Reynolds number fluid flow
applications. The main idea is to enhance the relaxation time by adding a new term ν t
to the physical kinematic viscosityν . Thus, the total viscosity becomes,

ν total = ν + ν t ,
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Here,ν t is termed as Smagorinsky eddy viscosity or turbulent viscosity and can be
expressed as:

ν t = (C smago ∆ )2 S ,

(2.23)

where, ∆ is the filter size which represents the value of lattice spacing, C smago is the
Smagorinsky constant, and S is the magnitude of the strain tensor which equals to
2 S αβ S αβ (where, S αβ = 1 / 2(∂ α u β + ∂ β u α ) ).To get the modified relaxation time τ total ,

first the non-equilibrium stress tensor ∏ αβ is computed locally as
∏ αβ = ∑ e iα e iβ ( f i − f i eq )

(2.24)

i

Then, for D2Q9 and D3Q19 LBGK models, as in[32, 39], Sαβ and ν t can be calculated
as
S αβ = −

νt =

1
2 ρτ total ∆t

1
2 ρτ total∆t

3 ∏ αβ ,

(2.25)

9(C smago ∆ )

2

Q,

(2.26)

where Q = ∏ αβ ∏ αβ .
From Eq. (2.15) the relaxation time can be written as

τ=

1
∆t
3(ν ) +
2
2
∆r

(2.27)

If we consider the Smagorinsky sub-grid model, the eddy viscosity should be added to
the physical viscosity and the modified relaxation time can be calculated as

τ total =

∆t
1
3(ν + ν t ) +
2
2
∆r

(2.28)

From Eq. (2.26) and (2.28), the modified relaxation time can finally be computed as
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⎛

τ total = 1 / 2⎜ τ 2 +
⎜
⎝

⎞
1
2 9 8Q
⎟,
(
)
τ
C
∆
+
smago
2
⎟
ρ
∆r
⎠

(2.29)

As Eq. (2.29) always have the positive value for the term under the square root,
instabilities due to small value of τ will be effectively removed.

Figure 2-3: Flow chart of LBM algorithm
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2.3 Boundary conditions at walls
The interface between fluid and solid wall can be treated with various boundary
conditions. Among them, full way bounce back boundary condition is the most common
and simplest one. According to the full way bounce back scheme, a fluid particle
colliding at wall will be reflected back to its original position. Therefore, if a site sends
particles distribution function, f i to a wall node, it will be bounced back to that site
along the reverse direction of arriving. The mathematical expression for this occurrence
is:

f i out = f i in
where, f i out indicates the outgoing distribution functions with respect to the
solid wall. Whereas, f i in expresses the incoming distribution functions. Obviously,
i and i represents directions opposite to each other. Thus, null velocity exits at walls as

particles arriving at wall with a specific velocity are reflected back with equal and
opposite velocity.

Therefore, the full way bounce back scheme is very easy to

implement and it has the characteristic of conserving mass and momentum. The
drawback of this scheme is that it possesses first order accuracy at the boundaries [53].
As LBGK model is a second order scheme, implementation of full way bounce back
method for solving LBM fluid flow will lessen the accuracy of simulation results. So, a
second order accurate wall boundary condition is desirable for the sake of keeping the
simulations results more accurate.
In order to improve the wall boundary condition, many proposals have been
made and successfully validated in the past [54, 55]. The half way bounce back
scheme[56, 57] is considered as the simplest one among them. The main concept of the
half way bounce back boundary condition is to consider an imaginary mid-layer
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between the wall and the fluid node which acts as a boundary. Fluid particles are
bounced back from this mid-layer once they are on the way of heading towards the solid
nodes. As a result, solid nodes are not required to take part in streaming process and are
allowed only to store incoming particles distribution functions from this aspect. It
should be mentioned that the half way bounce back scheme has the ability to reflect
second order accuracy[53]. Moreover, it requires only one time step to reflect particles
back to its original position. Whereas, two time steps are necessary to operate the whole
mechanism of full way bounce back scheme. Thus, the half way bounce back scheme
has significant advantages over the full way bounce back scheme. As a result, we have
been encouraged to implement half way bounce back scheme for maintaining no slip
boundary condition at walls.

2.4 Force calculation
The forces on the obstacles placed in a channel flow are calculated by applying the
concept of Newton’s 2nd law (F=ma). Force is the result of the multiplication between
the variation in time of velocity of fluid particles and the mass. Each particle
distribution function f i , colliding with the obstacle contains the momentum f i e i .
According to the bounce back rule, particle distribution function will be bounced back
having a new momentum − f i e i . Therefore, the phenomenon yields a variation of
momentum equals to 2 f i e i . As a whole, the Force exerted on the obstacle can be
obtained as follows:
F = ∑∑ 2 f i (Γ )e i ,
Γ

(2.29)

i

where, Γ represents the boundary surface of the obstacle. So, the drag and lift forces
are x and y component of the total force respectively where x represents the main
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flow direction. Ultimately, the normalized drag and lift can be expressed as:
CD =

Fy
Fx
, CL =
2
(1/ 2)ρU D
(1/ 2)ρU 2 D

(2.30)

where, U is the entrance flow and D is the characteristic parameter.

2.5 Lid-driven flow in a square cavity
Numerical solutions of Navier-Stokes equations are often tested and evaluated on a very
well known benchmark problem; the lid-driven cavity flows. Though the cavity
geometry is quite simple, the complexity of flow retains rich fluid flow physics with
counter rotating recirculation regions appeared at the corners of the cavity closure
depending on the Reynolds numbers. Besides, lid-driven cavity flow is a perfect
example of typical steady separated flow which has been comprehensively examined
both numerically and experimentally in the past. That’s why, in order to demonstrate
the capabilities of the LBGK model, it has been tested and compared with other
numerical results against lid-driven cavity flows over a wide range of Reynolds
numbers. In case of a lid-driven cavity flow, an incompressible fluid is confined in a
square closure and the flow is driven in the cavity with the help of a uniform translation
of the lid. The geometry of the square cavity, boundary conditions of cavity flow and
the flow pattern in the cavity are demonstrated schematically in Figure 2-4. There exists
a strong vortex near the centre of the cavity which is termed as primary vortex. Vortices
of different strengths are also generated in the lower corners of the cavity depending on
the Reynolds numbers. They are identified as counter rotating secondary vortices of
very low strength. Moreover, there exits a very weak vortex in the upper left corner if
the Reynolds number is higher than 2000. Cavity flows are analyzed over a wide range
of the Reynolds numbers from 100 to 5000. The flow domain is discretized with the
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help of 256 × 256 mesh. The initial flow velocity is set to zero at every node except the
nodes of top layer of the mesh where uniform inlet velocity U = 0.1 is used for the Re
values higher than 100. But, U = 0.01 is considered for Re=100. The reason of
choosing smaller value of inlet velocity is well reported by other researchers in the past
[58]. The full way bounce back rule is implemented at walls and the bounce forward
rule is applied at the free surface. The top two corners are considered as a part of the
moving lid though it could have been considered as wall nodes in the simulations. All
obtained results are normalized for the sake of comparison between the present study
and other results based on a unit square cavity with unit velocity imposed at the inlet.

Figure 2-4: Geometry, flow pattern and boundary conditions of cavity flow

Figure 2-5 depicts the streamlines of the fluid flow at various Reynolds
numbers. It reveals that the strength of secondary vortices become higher as the cavity
flow become more turbulent. In table 2-1, the locations of the centre of primary
vortices are tabulated and compared with those obtained from other numerical studies.
The comparison exhibits a fair agreement between the present study and those of other
researchers[58, 59] .It has been observed that the location of the centre of primary
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vortex is at mid width of the cavity and at about two-third of the height of the cavity
from the bottom wall when the Reynolds number is very low (<=10). The centre of the
primary vortex moves down towards the geometric centre of the cavity and towards the
right as the Re value increases.
Figure 2-6 represents the velocity profiles along horizontal and vertical
centerlines at different Reynolds numbers. It has been revealed that the velocity profiles
change from curve at lower Re values to straight line for higher Re values. It means that
the uniform vorticity exists around the geometric centre at higher Re values. The
plotting of velocity profiles exhibit fair agreement with those from previous studies [58,
59].

Table 2- 1: Locations of primary vortex centre at various Reynolds numbers
Reynolds number

Ref.

100

400

1000

[59]

(0.6172,0.7344)

(0.5547,0.6055)

(0.5313,0.5625)

not reported

(0.5117,0.5352)

[58]

(0.6196,0.7373)

(0.5608,0.6078)

(0.5333,0.5647)

(0.5255,0.5490)

(0.5176,0.5373)

present

(0.6238,0.7448)

(0.5582,0.6067)

(0.5323,0.5653)

(0.5225,0.5472)

(0.5162,0.5362)
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Figure 2- 5: Fluid streamlines at different Reynolds numbers
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Figure 2-6: Velocity profiles along horizontal and vertical centerlines of the cavity

2.6 Conclusion
This chapter has been devoted to present the LBGK model that is well efficient to solve
the NS equations on a mesoscopic scale. We have presented how LBGK model is
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derived from the kinetic theory of gases. The full algorithm of LBGK model is also
provided to illustrate the process of simulating fluid flow. Then, the mechanisms of full
way and half way bounce back conditions were carefully demonstrated. Moreover, the
Smagorinsky turbulent model is presented in the LBGK context. The technique of
stabilizing high Reynolds numbers fluid flows are well described with the help of
equations mentioned. Finally, the simulations results of our developed code based on
LBGK model is presented and compared with some other numerical studies. In fact, a
very simple test case is selected to validate our developed code. The next chapters will
be organized in order to demonstrate the efficiency of our prominent LBGK code which
has the characteristics of solving more complex flow problems regarding 2-D and 3-D
flow and scour in the vicinity of offshore pipelines.
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Chapter 3
GRID REFINEMENT MODELS FOR FLUID
FLOW
This chapter is organized in order to give an overview regarding the available mesh
refinement techniques for simulating fluid flow employing LBM. Afterwards a new and
slightly modified mesh refinement technique will be introduced. At last validation of the
proposed technique will be presented in terms of results obtained from simulation of 2D lid driven cavity flow.

3.1 Gird refinement
There is always a trade off between computational cost and accuracy for carrying out
calculation in a specific domain. This can be well managed if finer grid is considered
only where velocity gradient is much higher than other regions. The traditional way of
simulating fluid flow based on the Lattice Boltzmann method is to consider a
computational domain which does represent a regular lattice. As a result, computational
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time can not be saved if same lattice spacing is allowed where higher resolution is much
expected. On the other hand, accuracy will be lost if coarser grid is considered where
higher resolution should be set at any cost. Therefore, by introducing fine grid around
regions of interest, the computational efficiency can be enhanced significantly.

3.2 Rescaling of relaxation time and particle distribution
functions
The main idea of refining a coarse lattice is to divide the lattice spacing by an integer
number ( n ref ). Then, the collision-propagation rules are executed on fine lattice
provided that the particle distribution functions (PDFs) of fine lattice is obtained from
spatial and time interpolation of coarse lattice PDFs. In this way, the macroscopic
behaviors of fluid can be well captured in a treated region where high velocity gradient
exists. It should be mentioned that nref represents the level of grid refinement. If the
value of n ref is 2, then the coarse grid spacing is partitioned into two parts evenly and
each part is presenting the unit of spacing of fine lattice. Figure 3-1 reveals an ideal
example of multi-grid mesh considering refinement factor is equal to 2. In this figure,
all red nodes and blue nodes on the interface lines (AB, BC, CD and DA) belong to
coarse lattice and fine lattice respectively. The collision-propagation steps of coarse
lattice are executed considering discrete time step ∆t . But, the same discrete time step
can not be exercised as it will generate different molecular velocities on the different
lattice. Therefore, discrete time step

∆t
is considered for fine lattice in order to
n ref

achieve identical molecular velocities in the whole computational domain.
Fine and coarse lattices must reflect identical viscosity, hence identical Reynolds
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number for the sake of domain stability. Therefore, the relaxation time of LBGK
scheme has to be rescaled according to the below mentioned equation [60]:

τc =

1
1 1
(τ f − ) +
2 2
nref

(3.1)

where, τ c and τ f are relaxation time on coarse lattice and fine lattice
respectively and the parameter nref is the local grid refinement factor.
The implementation of equation (3.1) on lattices of various densities ensures the
identical physical quantity everywhere. In spite of that rescaling of distribution
functions is suggested by previous researchers [39, 60]. Though, Lin and Lai [61]
claimed that accurate results can be obtained without rescaling distribution functions.
But, omitting the rescaling factor might lead inaccurate simulation results [39].
Therefore, rescaling factors of distribution functions is considered in our study.

D

C

A

B

Figure 3- 1: Local refinement of coarse grid where refinement factor is 2
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In order to consider the rescaling factor of PDFs, Filippova et al. [60] proposed a
relationship between coarse lattice and fine lattice populations. This relationship is
mentioned below:

τ c −1
τ f −1

(3.2)

~
1 ~ out ,C ~ eq ,C τ f − 1
f i out , f = f i eq ,C +
− fi )
( fi
n ref
τ c −1

(3.3)

f i out ,C

= f i eq , f + nref ( f i out , f − f i eq , f )

~
where, f stands for spatially and temporally interpolated population on coarse

lattice. Subscript C and f denote values of coarse lattice and fine lattice respectively.
Moreover, f i out denotes post collision values of distribution function.

3.3 Existing grid refinement models
3.3.1 The Filippova grid refinement scheme
Filippova et al. [60] proposed and well validated a method of coupling LB simulations
of different grid resolution for a certain computational domain. The fine grid resolution
is fit in a specific area of a coarse grid. Then, the overlapping boundary of the merged
resolutions is treated with equations and rules in order to produce PDFs for fine grids.
PDFs of fine grids at the boundary interface in achieved through time interpolation,
spatial interpolation and conversion equations (equations to rescale populations) to
convert coarse grids’ PDFs to fine grids’ PDFs for the same instance (Eq. (3.2) & Eq.
(3.3)). The Algorithm 3-1 shows the grid refinement technique of Filippova et al. [39,
60].
It should be mentioned that equations (3.2) and (3.3) proposed by Filippova et
al. has a singularity when τ c or τ f value is 1. But, this can be automatically avoided for
turbulent flow as relaxation time becomes close to 1/2 due to low viscous effect of flow.
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3.3.2 The Lin grid refinement technique
Lin et al. [61] proposed a composite LBE method for solving incompressible fluid flows
with grid refinement technique. The composite grid structure is composed of coarse grid
and various levels of fine grids. The coarse grid is located all over the domain whereas
fine grids of various levels are placed where local grid refinement is desirable. In the
previous model, we have seen that two way interactions at the post collision stage is
allowed after getting the rescaled discrete distribution functions based on equations
(3.2) or equation (3.3). Whereas, in the Lin model, one way interaction at the post
streaming stages are considered by dropping the idea of two way interaction proposed
by Filippova et al. Therefore, the discrete distribution functions need not to be rescaled
according to the Lin model. Algorithm 3-2 [39, 61]shows how the grid refinement
technique works in a multi-grid environment. Note, f i in represents discrete distribution
functions at pre- collision stage.
Lin et al. successfully simulated cavity flows considering coarse mesh in the
whole domain and fine meshes in the corners where secondary vortices take place. They
carefully analyzed the numerical data and showed that the model has the capability of
predicting accurate results. But, there has an argument on it [39] mentioning that the
f i in fields need not to be interchangeable after the streaming steps and they should be

rescaled after at the post-collision stage allowing two way interactions on both lattices.
We also feel that the Lin model is not well guided as it does not allow rescaling of
populations and thus the model itself might be slightly inaccurate.
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Algorithm 3-1: Algorithm of the Filippova model for multi-grid regions

Algorithm 3-2: An algorithm of the Lin model for multi-grid environment

M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 3. Grid refinement models for fluid flow

43

3.4 A new grid refinement technique for multi-grid
environment
The Lin model seems not to be encouraging as it does not allow two way interactions of
discrete distribution functions. On the other hand, the Filippova model is striking as it
allows two way interactions after rescaling of populations at post-collision stages. In

~
this model, the spatially and temporally interpolated f i out ,C is obtained on missing fields
(blue nodes of Figure 3-1) of the interface lines from the available

f i out ,C values on

~
coarse lattice nodes (red nodes of Figure 3-1). Then, f i out ,C and f i out ,C values are
utilized in the equation (3.3) in order to calculate f i out , f values on all nodes of the
interface. Finally, propagation-collision steps are executed on the inner domain of the
Figure 3-1. By analyzing the whole process we feel that it would have been more
convincing if the process of obtaining f i out , f values on fine nodes (blue nodes of Figure
3-1) would be straight forward. It means that there is no need to calculate discrete
populations on fine nodes (blue nodes of Figure 3-1) based on the interpolated discrete
populations of coarse lattice. Instead, discrete populations on fine nodes (blue nodes of

~
Figure 3-1) could be calculated based on interpolated discrete populations f i out , f on red
~
nodes if f i out ,C could be converted into f i out , f on red nodes utilizing the equation (3.3).
Therefore, the transformation processes of discrete population on interface lines are
proposed in a slightly different way:
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On the other hand, according to the Filippova model, the transformation processes of
particle distribution functions are as follows:

A full algorithm of the proposed grid refinement technique of this study is
provided in the next page:
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Algorithm 3-3 Grid refinement scheme according to our new approach

3.4.1 Validation of the new model
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A D2Q9 LBGK cavity flow and flow around square cylinder in infinite stream are
considered to validate out proposed multi-block model.

3.4.1.1 Cavity flow
At first, we consider the lid driven cavity flow to check the functionality and ultimately
validate our multi-block model.

Numerical simulations are also carried out at a

Reynolds number 1000. In order to compare the results, simulations also carried out on
uniform coarse grid. Figure 3-2 shows a multi-block lattice structure where the
arrangement of fine blocks on the coarse lattice is considered. The fine blocks are
placed at locations where smaller recirculation zone is expected or high velocity change
occurs. The size of the coarse lattice is 80× 80 . The size of fine lattices differs based on
the location. A refinement factor, nref = 2 is considered for all locations. Figure 3-3
shows how a fine lattice is fitted in a location of a coarse lattice in order to care high
velocity change. Figure 3-4(a) depicts streamlines at the top right corner of the flow
domain without a fine block. It shows that oscillatory solution is developed at the top
right corner of the cavity as coarse grid is employed. Therefore, insufficient grid points
near the top right corner are responsible for oscillatory solution and finally revealing
streamlines which are not smooth. On the other hand, figure 3-4(b) shows the
streamlines orientation at the same location of the flow domain when a fine block
having a refinement factor 2 is considered. It is observed that much smoother
streamlines are revealed when the top right corner of the flow domain is treated with
fine block. Therefore, oscillatory solution can be carefully removed by introducing a
fine block in that region. It is also revealed that our proposed grid refinement model has
the capability to successfully deal with multi-block lattices of a flow domain. Figure 3-5
depicts the streamlines of the whole flow domain with fine blocks located at different
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places. It can be seen that the streamlines are very smooth across the interface between
the coarse lattice and the fine lattice. It also assures that the implementation of our
LBGK multi-block scheme has good property at the interface.

Figure 3-2: Layout of multi-block lattices for lid driven cavity flow at Re=1000
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Figure 3-3: Layout of uniform grid and multi-block grid for the top right corner of
a lid driven cavity
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Figure 3-4: Streamlines arrangement for uniform grid (left) and multi-block grid
(right)
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Figure 3-5: Streamlines for cavity flow at Re=1000

In order to measure the accuracy of our proposed multi-block model, results are
compared with those of our standard LBM simulation of cavity flow on uniform grid
and with the benchmark cavity flow solutions of Ghia et al.[59] and Hou et al.[58]. The
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present study shows that the centre of the primary vortex is (0.5324, 0.5641), the centre
of lower left corner vortex is (0.0859, 0.0791) and the centre of lower right vortex is
(0.8628, 0.1171) for the multi-block scheme. For the uniform coarse grid, the centre of
the primary vortex is (0.5324, 0.5651), the centre of lower left corner vortex is (0.0867,
0.0774) and the centre of lower right vortex is (0.8630, 0.1173). Results of both cases
are in good agreement with those of Ghia et al. [59] and Hou et al. [58].
Figure 3-6 displays the normalized horizontal and vertical velocity profiles
along the centerlines of the cavity for both uniform grid system and multi-block grid
system of the present study. It also displays the numerical solutions of Ghia et al. [59]
for comparison purpose. It can be seen that our results for both systems are in excellent
agreement with those of Ghia et al. [59].
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Figure 3-6: Comparison of velocity profiles at the vertical and horizontal
centerlines for lid driven cavity flow at Re=1000
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Table 3-1: Vortex centers comparison of cavity flow at Re=1000
Reference

Primary vortex

Lower left vortex

Lower right vortex

Present,
uniform grid
Present ,
multi-block grid
Ghia et al.[59]

(0.5324,0.5651)

(0.0867,0.0774)

(0.8630,0.1173)

(0.5324,0.5641)

(0.0859,0.0791)

(0.8628,0.1171)

(0.5313,0.5625)

(0.0859,0.0781)

(0.8594,0.1094)

Hou et al. [58]

(0.5333,0.5647)

(0.0902,0.0784)

(0.8667,0.1137)

3.4.1.2 Flow around square cylinder
Numerical simulation of the flow around square cylinder placed in infinite stream is
carried out in order to validate our proposed multi-block scheme. Figure 3-7 displays
the orientation of mesh in the vicinity of the square cylinder for the multi-block
environment. The red lines represent the coarse lattice, whereas all other lines represent
a fine lattice of the same degree of refinement. The ratio of mesh spacing between the
coarse lattice and a fine lattice is 2. The channel length is chosen as 32.0D which is
large enough to avoid the effects of channel walls on the flow field. The distance of the
cylinder from the inlet and outlet is 11.0D and 21.0D respectively. The width of the
channel is 20D and the centre of the cylinder is the equal distance away from both top
and bottom wall. Top and bottom walls are treated as free surface and the bounce
forward rule is exercised as a boundary condition. On the other hand, bounce back
method is implemented at the surface of the cylinder. The inlet has a uniform velocity,
0.05. A zero velocity gradient is applied at outlet. The calculation of the unsteady flow
is carried out at Re=100 for the multi-block scheme. It should be mentioned that the
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height of the square cylinder is considered as the characteristic length for calculating the
Reynolds numbers, force coefficients and the Strouhal number. The Strouhal number is
a non-dimensionalized frequency of vortex shedding and is defined as
St =

fD
uα

(3.4)

where, f is the vortex shedding frequency and uα is far field velocity.
Figure 3-8 displays the streamlines orientation around the square cylinder for a specific
instance. It clearly shows that the propagation of streamlines across the interface
between coarse lattice and fine lattice are very smooth. Therefore, the implementation
of our multi-block scheme has good property at the interface. Figure 3-9 depicts the
variation of drag and lift force coefficients with respect to lattice unit time. From table
3-2, we can see that our calculated drag coefficients compare very well with the
reported experimental and numerical results. The calculated value of Strouhal number is
0.1322 in our present study. The experimental results of Okajima [62] showed that it
stays within a band of 0.10 -0.15 for Reynolds number from 70 to about 100. Therefore,
the present value of Strouhal number compares well with the reported experimental
results.

Figure 3-7: Schematic diagram of multi-block arrangement in the vicinity of a
square cylinder
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Figure 3-8: Streamlines for flow past square cylinder in a multi-block arrangement
at Re=100
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Figure 3-9: Force coefficients for flow past square cylinder in a multi-block
arrangement at Re=100

Table 3-2: Comparison of drag coefficient at Re=100
Source

Scheme

Mean Drag
Coeff. (C d )

Franke et al.[26]
Nakayama
&
Vengadesan[63]
Present

Experiment
3rd order upwind

1.61
1.626

Multi-block

1.573

3.5 Conclusion
In this chapter, we reviewed the existing grid refinement techniques. Then we proposed
a new way of treating multi-block regime which is slightly different from the Filippova
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model. We can state that the new multi-block scheme has the demonstrated ability to
simulate fluid flow with accuracy as the numerical results compare well with the
benchmark data. We have also shown with example that the proposed multi-block
model can efficiently remove oscillatory solutions at the high velocity change regime by
introducing fine blocks on the framework of a regular coarse lattice.
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Chapter 4

A LBGK MODELLING OF FLOW AROUND
SMOOTH AND ROUGH SURFACE PIPES

4.1 Introduction
This chapter will aim at modelling flow around isolated square cylinder. A blockage
ratio study will be carried out in order to investigate the influence of lateral boundary on
various local and global flow parameters. A mesh dependency study will also be carried
out to figure out a proper mesh size for predicting mesh independent vortex shedding
flow. Afterwards results from simulations of flow around isolated cylinder at different
Reynolds numbers will be presented with comparisons.
This chapter will also be devoted to the investigation of cylinder surface roughness
effects on the global and local flow parameters. For the sake of simplicity, we will
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assume that the vegetation growing is attached to the pipe surface rigidly and it has
constant height all around, though vegetation growing is flexible in nature and it might
grow at different heights on the pipe surface.

4.2 Boundary condition for flow over isolated cylinder
Figure 4-1 displays the boundary condition for a two-dimensional incompressible fluid
flow over a square cylinder placed in an infinite stream. The flow is bounded by AB,
BC, CD and AD planes which make a rectangular flow field. The AB and DC planes
are treated as lateral boundaries, while AD and BC planes are the flow inlet and outlet
planes respectively. The typical domain size for the calculation of fluid flow around
isolated cylinder is considered as 32D × 20D . This domain size is recommended based
on the feedback obtained from the study of blockage and mesh dependency study
provided in this chapter. The stationary isolated square cylinder of diameter D is placed
10.67D (one-third of the domain length in the x direction) away from the flow inlet and
21.33D (two-third of the domain length in the x direction) away from the flow outlet.
The distance between flow outlet and cylinder is considered close enough to avoid any
unexpected influence of outlet boundary on the whole flow structure especially on the
near-body flow. An equal distance is maintained from the cylinder to the lateral
boundaries. The height for a typical rectangular flow domain is considered as 20D,
while variable heights will be considered in the next section for the study of the effects
of blockage ratio on the flow field parameters. The fluid is assumed to enter into the
domain at a uniform velocity. The velocity components are specified as:
u = U o = 0.05;

v=0

(4.1)

For the flow outlet, the gradients of flow in the longitudinal direction are assumed
negligible by imposing the rule as follows:
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(4.2)

The free slip boundary condition is applied at lateral boundaries by practicing the
bounce forward scheme for particle distribution functions.
On the walls of cylinder surface, no-slip boundary condition is exercised. Therefore,
any particle approaching towards the wall of the cylinder will be bounced back
according to the half-way bounce back scheme. It ensures zero velocity components on
the wall of the cylinder.
C

Bounce forward (free slip) boundary condition

Inlet

u=0.05
v=0

Bounce back
(no-slip) boundary condition at walls
outlet

D

D

du/dx=0
dv/dx=0

u=v=0
10.67D

20D

21.33D

Y
X

A

Bounce forward (free slip) boundary condition

B

Figure 4-1: Schematics of flow around square cylinder

4.3 Study of Blockage
One of the major difficulties encountered in carrying out numerical simulation of
Navier-Stokes equation is defining a proper size of a computational domain. As the
computational domain is truncated from the physical domain, enough grid points should
be allowed to make the flow field independent of the effect of boundaries of the domain.
Therefore, the flow outlet and lateral boundaries should be far away from the bluff
bodies of the domain. But, the boundaries should be as close as possible to produce cost
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effective accurate results. This is the motivation of the study of revealing or reinvestigating the effects of lateral boundary location on some significant flow
parameters. In this section, we will carry out some numerical simulations for flow
around square cylinder where variable lateral boundary locations will be considered in
order to determine the effects of lateral boundary locations on some valuable flow
parameters. Finally, a prerequisite spacing between the cylinder centre and the lateral
boundary location will be proposed which is well enough to simulate fluid flow around
bluff bodies with a considerable accuracy.

4.3.1 Mesh configuration
Various tests are carried out on different domain sizes in order to determine the
appropriate spacing required between the cylinder and the lateral boundary when the
cylinder is considered to be placed in infinite stream. For every case, the domain length
is 32D whereas the width of the domain varies from 4D to 20D. Figure 4-2 depicts the
grid layout for every calculation domain having a fixed channel length. It should be
pointed out that every sixteenth grid line is presented for each domain. The details of
the flow domains are mentioned in Table 4-1.

DM-H4D
DM-H6D
DM-H8D
DM-H10D
DM-H12D
DM-H16D
DM-H20D

D

32D

Figure 4-2: Grid layout for different domains; only every sixteenth grid line is
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displayed
Table 4-1: Details of flow domains for carrying out blockage study
Domain name
DM-H4D
DM-H6D
DM-H8D
DM-H10D
DM-H12D
DM-H16D
DM-H20D

Distance between lateral
boundary and cylinder
4D
6D
8D
10D
12D
16D
20D

Mesh size

512× 64
512× 96
512× 128
512× 160
512× 240
512× 256
512× 320

Blockage ratio
(%)
25.0
16.67
12.5
10.0
8.33
6.25
5.00

4.3.2 Numerical results
The effects of blockage ratio on various flow parameters are illustrated in Figure 4-3 for
Re=100. The flow parameters which are considered for the blockage ratio study are as
follows:
1. Mean Drag Coefficient,
2. RMS Lift Coefficient,
3. Negative Base Pressure Coefficient ( − C p , base ),
4. Stagnation Pressure Coefficient ( C p , stag . ), and
5. The Strouhal Number
The negative base pressure coefficient ( − C p , base ) is measured from the pressure located
at the intersection between the bottom wall and the vertical centerline of the square
cylinder. The equation of the pressure coefficient is defined by the following relation:
Cp =

p − pα
1
ρ U O2
2

(4.3)

where, pα is the free stream pressure and p is the surface pressure.
The Strouhal number is calculated according to the given Equation (3.4). The
drag and lift coefficient are measured according to the relationship given in Equation
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(2.30).
Figure 4-3 demonstrates that the global and local flow parameters are noticeably
dependant on the location of the lateral boundary. But, an exception is noticed for the
stagnation pressure coefficient ( C p , stag . ) measured at the front stagnation point. It is
observed that the stagnation pressure coefficient is not significantly dependant on the
location of the lateral boundary. Apart from this, all other global and local flow
parameters show the highest value when the lowest distance is maintained between the
lateral boundary and the cylinder center (DM-H4D). It is also revealed that the flow
parameters approach a steady value as the distance between the lateral boundary and the
cylinder center increases. It is observed that 5% variation of mean drag coefficient exits
when numerical simulations are carried out on DM-16D and DM-20D domains at
Re=100. In addition, the variation of RMS lift coefficient, − C p , base , C p , stag . and the
Strouhal number are around 6%, 2%, 1% and 1% respectively. On the other hand, the
variations of mean drag coefficient, RMS lift coefficient, − C p , base , C p , stag . and the
Strouhal number are around 11%, 9%, 13%, 1% and 5% if calculation is carried out on
DM-H10D domain instead of choosing DM-H20D domain. Therefore, it reveals that
the smaller numerical errors occur when simulation is carried out on larger flow
domain.
Blockage ratio study is also carried out for the Reynolds number 1000. All
aforementioned global and local flow parameters are calculated, compared and finally
illustrated in Figure 4-4. Figure 4-4 demonstrates that the global and local parameters
are still significantly dependant on the location of lateral boundary. But, the variations
are not very prominent compared with those at the Reynolds number 100. Around 1.5%,
2%, 1%, 1.28%, 0.68% and 1.67% variations observed for the cases of mean drag
coefficient, RMS lift coefficient, − C p , base , C p , stag . and the Strouhal number respectively.
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Figure 4-3: Effects of lateral boundary location on flow parameters at Re=100
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H20D domains. In addition, the variations of mean drag coefficient, RMS lift
coefficient, − C p , base , C p , stag . and the Strouhal number are around 5.6%, 5.5%, 8%,
0.87% and 1.6% if calculation is carried on DM-H10D domain instead of choosing DMH20D domain.

4.3.3 Summary
In this section, the study of blockage ratio is carried out in order to reveal the effects of
lateral boundary location on the global and local parameters at different Reynolds
numbers. It is seen that the effects on parameters are prominent for the simulation of
flow at Re=100. On the other hand, the effects are still distinct but less pronounced
when calculations are carried out at the Reynolds number 1000. The variations of flow
parameters depending on the location of lateral boundary are already discussed and
tabulated in detail in Table 4-2.

Table 4-2 shows that there exists less than 2%

deviation if calculation is carried out on DM-H16D at Re=1000. This considerable
amount of deviation suggests a fair numerical simulation on DM-H16D domain with
smaller errors. In spite of that we have chosen DM-H20D as a standard domain which is
able to predict vortex shedding phenomena with considerable accuracy. Selection of
DM-H20D domain will be well justified in the next sections as the predicted results
based on this domain size is much expected to reveal fair agreements with those of
experimental findings.
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Figure 4-4: Effects of lateral boundary location on flow parameters at Re=1000
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Table 4-2: Summary of blockage study
Deviation with respect to
DM-H20D at Re=100
(%)
DM-H10D
DM-H16D

Flow
parameters

Deviation with respect to
DM-H20D at Re=100
(%)
DM-H10D
DM-H16D

Mean Drag Co.

10.75

5.10

5.62

1.43

RMS Lift Co.

9.23

5.77

5.53

1.99

− C p , base

13.48

1.90

8.15

1.28

C p , stag .

0.89

0.84

0.87

0.67

Strouhal
number

5.04

0.98

1.61

1.67

4.4 Mesh dependency study
The numerical convergence of the present model with respect to the grid resolution is
examined first. Five different mesh sizes are considered to test the mesh dependency on
DM-H20D domain which has already been recommended in the previous section as a
standard computational domain. The size of the every mesh is kept as 20D × 32D which
resembles DM-H20D domain. Therefore, by considering five different heights (D=4, 8,
16,

24

and

32)

of

the

square

cylinders

various

grid

resolutions

(from 80 × 128 to 640× 1024 ) are achieved in the DM-H20D domain in order to run the
mesh dependency test. The Strouhal number and the drag coefficient are tabulated
below (in Table 4-3 and Table 4-4) for two different Reynolds numbers (100 and 1000)
of the five meshes. Table 4-3 and Table 4-3 show the deviation of Strouhal number and
drag coefficient from the domain size of 640× 1024 lattice units for the Reynolds
number of 100 and 1000 respectively.
For Re=100, the Strouhal number and drag coefficient of 320× 512 mesh size
are deviated by 2.82% and 0.26% from those of 640× 1024 mesh size, respectively.
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For Re=1000, the aforementioned deviation become 1.46% and 3.78% respectively.
Though it is well understood that the higher resolution around the cylinder helps to
provide better outcome, compromise should be made between the cost of
computational time and the computational accuracy. For example, Table 4-4 shows
that only 3.78 %( for C d ) or 1.46 %( for S t ) deviation occurs if we run the simulation
on 320× 512 mesh size instead of choosing 640× 1024 mesh size.

Table 4-3: Effect of spatial resolution on the Strouhal number ( S t ) and mean
drag coefficient ( C d ) for Re=100
Mesh
St
Cd

80 × 128
0.101

160× 256
320× 512
480× 768
640× 1024
0.123(13.38%) 0.138(2.82%) 0.140(1.41%) 0.142

1.643

1.604(3.08%)

1.56(0.26%)

1.554(0.13%) 1.556

Numbers within the brackets represent the percentage deviation with respect to the grid resolution of

640× 1024
Table 4-4: Effect of spatial resolution on the Strouhal number ( S t ) and mean drag
coefficient ( C d ) for Re=1000
Mesh
St
Cd

80 × 128
0.114

160× 256
320× 512
480× 768
640× 1024
0.145(5.84%) 0.139(1.46%) 0.133(2.92%) 0.137

1.687

1.706(11.5%) 1.855(3.78%) 1.898(1.55%) 1.928

Numbers within the brackets represent the percentage deviation with respect to the grid resolution of

640× 1024

But, by analyzing the elapsed times for the both meshes it is found that around 70% of
elapsed time can be saved if we allow only 3.78%( for C d ) or 1.46%( for S t ) deviation
by running the simulation on the aforementioned coarser grid instead of the denser grid.
Therefore, it is considered that 320× 512 mesh size is small enough to allow reasonable
computational time and provide simulation results with well agreeable accuracy. In fact,
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it will be revealed in the next section of the paper that the 320× 512 mesh size is able to
provide results well agreeable with the available numerical results and experimental
measurements. But, it is obvious that more accurate results can be achieved especially
for higher Reynolds numbers if higher resolution could be provided to capture the flow.

4.5 Flow around isolated square cylinder
This section presents a two-dimensional numerical simulation of fluid flow around a
isolated square cylinder for Reynolds numbers ranging from 40 to 22000. The proposed
model has been examined at different laboratory Reynolds numbers. The nondimensional vortex shedding frequency, drag and lift coefficients, surface pressure
distribution and time-averaged horizontal velocity along the wake and at the centerline
of the cylinder are numerically measured. It is revealed that the obtained results are well
agreeable with different experimental measurements. Moreover, the contours of
vorticity and the streamlines around the bluff body are plotted and well compared with
those captured by other researchers.

4.5.1 Background study regarding square cylinder
Simulation of flow around square cylinder placed in infinite stream has been
numerically carried out by many researchers in the past. To be more specific, various
techniques such as finite difference method, finite volume method, finite element
method etc. were implemented to simulate the flow around square cylinder. The robust
Lattice Boltzmann (BGK) method which is noticeably different from all the
aforementioned techniques is now introduced in this chapter to simulate the flow around
a square obstacle inside a channel. Though sufficient numerical and experimental data
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are available for circular cylinders, still more research is required for rectangular
cylinders especially for a wide range of Reynolds numbers. In the past, vortex shedding
behind rectangles was numerically investigated by Davis and Moore [25] for Reynolds
numbers up to 2800. Strouhal numbers for Re not more than 1000 calculated from their
numerical simulation and compared with the values obtained from their experiment.
Franke et al. [26] simulated the flow around square obstacle using finite volume
techniques for a narrow range of Re (<301). J. Bernsford et al. [27] simulated the flow
around square cylinder and performed the Strouhal number computation for Re=80-300
considering the blockage ratio of 0.125. They have performed the simulation for that
square obstacle using lattice Boltzmann (BGK) automata. But, numerical simulation
implementing lattice Boltzmann technique is still required for a wide range of Re in
order to prove the efficiency of this technique such that researchers interest is enhanced
to use BGK automata which is already proven and attracted as more advantageous and
straight forward than other traditional numerical techniques. Recently, Ansumali et al.
[28] computed the flow simulation numerically using entropic lattice Boltzmann
method (ELBM) considering a wide range of Re (from 37 to 20000). They have
showed that their ELBM is well enough to predict the variation of vortex shedding
frequency for a wide range of Re without any need for explicit sub-grid scale modelling.
Their results in terms of Strouhal numbers were well compared with the experimental
results of Okajima. But, their proposed model requires considerably higher numbers of
grid points in order to get a good resolution for higher Re. In fact, this is the motivation
of our present research. In this section we are going to propose the popular LBGK
technique for simulating the flow past square cylinder. We will show that it requires
comparatively low grid points to capture fluid flow with satisfactory resolution and it is
also able to simulate fluid flow considering wide range of Re (40-20000). In addition, it
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will be shown that our simulation is enable to reveal a good resolution of vortex
shedding behind the wake even considering comparatively lower numbers of grid points
which is well deserved for lattice Boltzmann (BGK) automata programmers to treat is
as a robust technique for flow simulation. The possible reason behind getting a good
resolution with a relatively lower grid points is that we have applied the Smagorinski
sub-grid scale (SGS) model to capture the flow in the calculation domain.

4.5.2 Calculation domain
The size of the calculation domain is considered based on blockage ratio study and the
mesh dependency study. In the blockage study, it is found that the domain width should
be at least 20D in order to carry out calculation with considerable accuracy. Therefore, a
domain size of 32D × 20D is recommended for better accuracy. Finally, the mesh
dependency study shows that a mesh independent flow simulation is possible with fair
accuracy if the height of the square cylinder (D) is considered as 16 lattice units.
Therefore, from these two aspects, the ultimate domain size is 32D × 20D , where D=16
l.u. is considered. The ultimate configuration of the whole domain is displayed in Figure
4-5.
In Figure 4-5, D represents the height of the square cylinder which is placed in
the channel having a fixed uniform inlet flow of 0.05 (in lattice unit). The centre of the
square cylinder is located in the mid-height of the domain and the distance from the
inlet to the centre of cylinder is 10.67H (one-third of the length of the calculation
domain).The boundary conditions which are prescribed for all boundaries are exactly
the same as those for the single square cylinder of blockage study. The Reynolds
number is defined in terms of the height of the square cylinder D, the velocity of the
uniform inlet flow U and the dynamic viscosityν .Thus, the expression of Reynolds
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number is turned into:
Re =

UH

ν

The flow around square cylinder is simulated at ten different Reynolds numbers from 40
to 22,000 and the results are compared with the available experimental data.
C

Bounce forward (free slip) boundary condition
u=0.05
v=0

Inlet

Bounce back
(no-slip) boundary condition at walls
outlet

D

D=16 l.u.

du/dx=0
dv/dx=0

u=v=0
10.67D

20D

21.33D

Y
X

A

Bounce forward (free slip) boundary condition

B

Figure 4-5: Configuration of flow domain for isolated square cylinder

4.5.3 Results and discussions
4.5.3.1 Streamlines analysis
The flow around cylinder inside a channel can be symmetrical or periodic depending on
the Reynolds number. If the Reynolds number is too small then the flow regime is
obviously symmetrical. On the other hand, unsteady or periodic flow is imminent when
the Reynolds number is increased from a critical value. In the present research, the flow
regime around the square cylinder is investigated for smaller values of Re where
symmetric and steady flow is found out even at Re=40. But, the periodic flow is
revealed in the situation when the simulation is accomplished at Re=50. Therefore, it
can be stated that the critical Reynolds number lies within the range Re=40 to Re=50.
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Figure 4-6(a) shows the plotting of streamlines crossing the square cylinder at Re=40.
At this Re value the twin vortices are appeared within the separation bubble located
behind the square cylinder. This result is in a good agreement with the potting of
streamlines of symmetric flow regime reported by Nakayama and Vengadesan [63].
Figure 4-7 shows the plotting of streamlines for the case of Re=100. It is seen that at
this Reynolds number the flow starts to be unsteady and periodic vortex shedding is
appeared behind the cylinder placed in the channel. Figure 4-8(a-e) shows the
occurrence of one cycle of vortex shedding in terms of illustration of streamlines which
is in noticeably good agreement with the results (Figure 4-8(f)) reported by Franke et al.
[26]. Though three- dimensionality effect is taken place from the Re=200 (Nakayama
and Vengadesan [63]), the streamlines and the contours of vortex shedding obtained
from our present simulation is well expressed even at Re=22000 illustrated in Figure 49.

4.5.3.2 Vortex shedding and the Strouhal number
The vortex shedding phenomenon is investigated for various Reynolds numbers and the
development mechanism of the alternating vortices behind the square cylinder is
compared with other numerical studies. Figure 4-10 shows how the alternating vortices
having the same size and strength grow and propagate from the upper and lower side of
the square cylinder in case of Reynolds number, Re=100. It is clear from the Figure 410 that the mean position of the front stagnation point is located at the centre of the
front face of the square cylinder. Figure 4-10 is the complete representation of the
vorticity contours at different time instants for a specific cycle of vortex shedding
behind the cylinder. Figure 4-10(a) shows that a negative vortex is about to detach from
the cylinder and a new positive vortex is developing to detach from the lower end of the
cylinder. Then, the negative vortex is isolated from the top end of the back face of
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cylinder in the Figure 4-10(b) where the positive vortex is on the way to become
matured enough to make isolated shedding. Figure 4-10(d) shows that the formation of
positive vortex is completed where Figure 4-10(e) reveals that the vortex forming
evolutionary process is repeated in every cycle of shedding period. Moreover, it is seen
that our present results agree well with the observation of vortex shedding formation
reported by Cheng et al.[64].

200

Re=40

150

a)

100
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Figure 4-6: Calculation results for Re=40: (a) Streamlines; (b) contours of vorticity
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Figure 4-7: Calculation results of streamlines and contours of constant vorticity for
Re=100 using 320 by 512 mesh size
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a)

b)

c)

d)

e)

f)
Figure 4-8: Calculation results for Re=150 compared with Franke et al.
calculation: (a-e) Present calculation of streamlines crossing the square cylinder
within one cycle of vortex shedding; (f) Franke et al.
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Figure 4-9: Calculation results for Re=22000: (a) Streamlines crossing the square
cylinder in the channel; (b) Vorticity contours

The dimensionless vortex shedding frequency which is defined as the Strouhal
number is expressed in the present study in terms of the uniform velocity of the inlet as:
S t = fD / U ,

where f is the vortex shedding frequency. Figure 4-11 plots the Strouhal number
fluctuation with respect to the Reynolds numbers ranging from 100 to 10,000. In the
Figure 4-11, our calculated vortex shedding frequency is also compared with the
experimental measurements of shedding frequency carried out by Okajima [62]. In the
experiment, it has been observed that the shedding frequency is increased sharply from
about 0.10 to .145 for Reynolds number from 70 to about 100. Then, the variation of the
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Strouhal number is restricted to a narrow band of 0.13-0.15 for Reynolds number up to

a)

b)

c)

d)

e)
Figure 4-10: Vorticity Contours at several time instants during one cycle of vortex
shedding at Re=100
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10,000 [65]. In Figure 4-11 it can also be seen that there is a considerable discrepancy
between the present numerical result and the set of experimental data reported by
Okajima. The discrepancy appeared on the plotting especially for higher Reynolds
number can be attributed to the consequence of the three-dimensionality effect and only
way to get ride of it is to develop a new 3-D model to predict the flow around square
cylinder. That’s the motivation of extending our code to simulate the 3-D flow around
the cylinder.

Strouhal Number

0.2
0.15
0.1
0.05

Okajima(1982) - experimental
Present results

0
101

102

Re

103

104

Figure 4-11: Strouhal numbers as function of Reynolds number Re for a square
cylinder placed in the flow

It is aforementioned that the simulation is done for the Reynolds number up to
22,000. As Figure 4-11 can only reveal the comparison for Reynolds number up to 10,
000, a new table is constructed (Table 4-5) to compare our calculated Strouhal number
with the available experimental and numerical findings by other researchers. In fact,
apart from the Figure 4-11 , our results are compared with the standard benchmark test
case of Lyn’s [66] flow calculation of square cylinder at the Reynolds number of
22,000. Table 4-5 shows that our calculated Strouhal number is in a considerable
agreement with the tabulated experimental [67] and numerical [63] measurements.
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Table 4-5: Summarized results for turbulent flow case at Re=22,000
Source

Scheme

SGS
model
-

Mean Drag
Coeff. (C d )
2.1

Strouhal no.
(S t )
0.132

Lyn and Rodi
[66]
Nakayama &
Vengadesan[63]
Present

Experiment
3rd order
upwind
LBM

Smag.

1.78

0.150

Smag.

1.81

0.141

4.5.3.3 Drag and lift force coefficients
The drag and lift force coefficients are calculated according to the expressions
mentioned in the Eq (2.30). Figure 4-12 shows the time histories of drag and lift force
coefficients for various Reynolds numbers (40, 100, 200, 1000 and 22000). The
fluctuation of lift is taken place due to the variation of the shedding of vortices behind
the cylinder with respect to non-dimensional time. For example, the positive peaks of
lift are caused by the shedding of vortices revealed from the lower side of the cylinder,
vice versa. The amplitude of lift is gradually suppressed when the Reynolds number is
progressively decreased. It is seen from the Figure 4-12 that the amplitude of the lift
force coefficient is about 1.0 when Reynolds number is 22000. Moreover, the amplitude
of the lift force coefficient is further decreased to about 0.265 when Re value is 100.
The drag force coefficients computed from our model are compared with others
experimental and numerical results reported in the Table 4-5 and Table 4-6. It is
observed that for Re=100, our calculated drag coefficient is in well agreement with the
experimental data reported by Franke et al. [26]. Moreover, our simulation even for
higher Reynolds number like 22000 is also able to give a good calculation result of drag
coefficient. It is seen from the reported results mentioned in Table 4-5 that our
calculated drag force coefficient is 1.81 which is fairly close to the reported value of
Lyn and Rodi [66]. The discrepancy which is appeared for higher Reynolds number is
possibly due to the strong effect of three dimensional flows around the cylinder not
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captured by the present 2-D model. Therefore, we can state that extending the code from
2-D to 3-D can effectively diminish the discrepancy and obviously this matter sets up
the guideline for our research regarding 3-D flow using LBM.

4.5.3.4 Mean pressure distribution
Figure 4-13 reveals the mean pressure distribution ( C p ) along the surface of the square
cylinder for the Reynolds number of 22000. The pressure coefficient is defined as
Cp =

P − Po
1
ρU o2
2

where Po is the reference pressure and P is the pressure on the surface of the cylinder.
In Figure 4-13, the predicted mean pressure distribution is compared with the available
experimental data of

Lee [68]

and the numerical prediction of Nakayama &

Vengadesan [63]. It is observed in Figure 4-13 that our present calculation is in
harmony with the experimental data reported by Lee [68].

4.5.3.5 Mean velocity components
Finally, the distribution of time-averaged velocity components ( u / U o ) along the wake
centreline (x/D=-4.0 -8.0 and y/D=0) and at the centre of the cylinder (x/D=-0.50 and
y/D=0.50-1.50) are investigated for the Reynolds number of 22000. Figure 4-14 shows
that the present numerical simulation of calculating the time-averaged velocity
components at different sections resembles the experimental data of Lyn and Rodi [66]
and the numerical results of Nakayama & Vengadesan [63]. It should be mentioned that
the numerical results obtained by Nakayama & Vengadesan are from the 3-D simulation
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of flow around the square cylinder. Still, considerable discrepancy exits between the
numerical results of present studies and the studies done by Nakayama & Vengadesan
[63].
2

Drag Co.

1

Lift Co.
0

e)

-1

2

Drag Co.

1

Lift Co.
0
-1

d)
2

Drag Co.
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0

c)

-1

Drag Co.

2

Lift Co.

1
0

b)

-1

Drag Co.

2

Lift Co.

1
0
-1

a)

65000

75000

Time (l.u.)

85000

95000

Figure 4-12: Variation of the drag and lift coefficients with time at different Re: a)
Re=22000, (b) Re=1000, (c) Re=200, (d) Re=100, and (e) Re=40
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Table 4-6: Summarized results for Re=100
Source

Scheme

Franke et al.[26]
Nakayama &
Vengadesan[63]
Present

1
0.5

Experiment
3 order upwind

Mean Drag
Co. (C d )
1.61
1.626

LBM

1.57

rd

B

C

A

D

Present
Expt.-Lee
Nakayama and Vengadesan

0
-0.5
-1
-1.5
-2
-2.5

A

B

C

D

A

Figure 4-13: Calculation results of surface pressure ( C p ) distribution at Re=22000
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Figure 4-14: Time-averaged horizontal velocity ( u / U o ); (a) along the wake
centerline, (b) at the centre of the cylinder (x/D=-0.50)
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4.5.4 Summary
A comprehensive numerical study of the flow around a singular square cylinder has
been carried out. The surface pressure distribution; drag and lift force coefficients; timeaveraged velocity along the wake centerline and at the cylinder centre; and Strouhal
number has been measured numerically even at Re=22000 and well compared with the
experimental measurement. The plotting of vorticity contours and streamlines around
the square cylinder were also in harmony with those represented by different researchers
in different papers. Therefore, we can conclude that our proposed model is able to
capture a reliable time dependent flow around the singular square cylinder even for
higher Reynolds number like Re=22000.

4.6 Effects of pipe roughness on flow parameters
This section is devoted to the study of cylinder surface roughness effects on the global
and local flow parameters. Vegetation can develop on the pipe surface at different
densities and heights. The existence of vegetation on the pipe surface should have an
effect on the flow parameters if it grows with significant height and densities. This is
the motivation of the present study. The present study put the emphasis on finding out
how the vegetation density and height affects the global and local flow parameters. For
the sake of simplicity, we assume that the vegetation growing is attached to the pipe
surface rigidly and it has constant height (considering insignificant height difference) all
around, though vegetation growing is flexible in nature and it might grow at different
heights on the pipe surface.

4.6.1 Test parameters
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In order to investigate the roughness effects on flow parameters, numerical simulations
are carried out for square cylinder of various roughness heights and various roughness
densities. In Figure 4-15, a schematic diagram of vegetation growing having a constant
roughness height is displayed. The black bars represent vegetation growing with a
roughness height, RH. In this study, total twelve types of rough cylinders are considered
for predicting the flow around each of them at Re=100 and D=16 lattice unit. All
cylinders are treated as isolated cylinders subjected to uniform flow of 0.05 l.u. from
inlet. The boundary conditions for simulating the flow around smooth surface square
cylinder are implemented in the current study of flow around rough surface cylinder.
The configuration of the rough surface cylinders are tabulated and presented in Table 47. The density of roughness is determined as the percentage of peripheral length of the
cylinder covered by vegetation with respect to the total peripheral length of the cylinder.

Flow

D

D+2RH

Figure 4-15: Schematic diagram of square cylinder with rough surface; RH stands
for Roughness Height
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Table 4-7: Parameters for the flow domains of rough surface cylinders
Domain name

Roughness height
(l.u.)

Roughness density
(%)

RH1-D1
RH1-D2
RH1-D3
RH1-D4
RH3-D1
RH3-D2
RH3-D3
RH3-D4
RH6-D1
RH6-D2
RH6-D3
RH6-D4

1
1
1
1
3
3
3
3
6
6
6
6

37.50 (D1)
31.25(D2)
25.00(D3)
12.50(D4)
37.50(D1)
31.25(D2)
25.00(D3)
12.50(D4)
37.50(D1)
31.25(D2)
25.00(D3)
12.50(D4)

4.6.2 Results and discussions
Numerical experiments are carried out for flow around rough surface cylinder at a low
Reynolds number, Re=100.The roughness heights for rough surface cylinders are taken
as 1, 3 and 6 lattice units where the cylinder height is 16 lattice unit. Therefore, the
roughness heights in terms of cylinder height are 0.0625D, 0.1875D and 0.375
respectively. 37.50%, 31.25%, 25% and 12.5% vegetation densities are considered for a
specific roughness height. It is expected that the conclusion drawn from the numerical
investigation of the current study will also be qualitatively applicable for higher
Reynolds number cases. Also, it is not expected that the vegetation growing will be
encouraging at storm condition in the vicinity of the cylinder. That’s why the current
study is limited to investigation of the influence of pipe roughness on global and local
flow parameters at Re=100 only. The influence of pipe roughness on vortex shedding
frequency, hydrodynamic forces, pressure distribution and velocity profile along the
wake centerline are investigated in this study.
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4.6.2.1 Effect of pipe roughness on drag force
The existence of roughness on the cylinder would influence the flow and hydrodynamic
forces. In order to quantify this influence, numerical simulations are carried out for flow
around smooth surface and rough surface cylinders. The variations of drag coefficients
with respect to lattice unit time are presented in Figure 4-16. It is seen that the existence
of surface roughness influence the drag force remarkably. Figure 4-16 shows that the
drag coefficient increases as the roughness height of the pipe increases. We have also
noticed that the variations of drag coefficients are almost similar for various densities of
roughness or vegetation growing at a specific roughness height. It indicates that the
density of vegetation growing or orientation of roughness on the pipe surface does not
have any significant influence on drag force at a specific roughness height. It should be
mentioned that the drag coefficients in Figure 4-16 are normalized by the cylinder
height, D. The similar trends of variations of drag coefficients are observed when the
drag coefficients are normalized by (D+2RH) and presented in Figure 4-17. In Figure
4-18, the dependence of drag coefficients on pipe roughness heights are presented for all
density groups of vegetation growing or surface roughness. It shows that drag force is a
function of pipe roughness height regardless the density of the roughness or orientation
of the roughness. In addition, drag force increases as pipe roughness height increases.
This can be attributed to the generation of larger wake length due to the forced flow
separation from the top side and bottom side of the rough surface cylinder.

4.6.2.2 Effect of pipe roughness on RMS lift
It is expected that the pipe roughness will enhance the strength of vortex shedding and
thus the RMS lift will be increased considerably. Figure 4-19 confirms this phenomenon
where the RMS lift coefficient is plotted against height of pipe roughness for different
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roughness densities. It is obvious in Figure 4-19 that the RMS lift coefficient is
increased as the roughness height increases. It is also revealed that the density or
orientation of roughness along the cylinder surface does not have any significant
influence on RMS lift. The dependence of RMS lift coefficient on roughness height is
quite significant. Fig- 4-19 displays that the value of RMS lift coefficient is 0.169 for
smooth surface cylinder. This value is increased to 0.97 approximately for roughness
height of 6 lattice unit. It also shows that the average increment of RMS lift coefficient
is around 60%. This increment is quite remarkable and it might have an impact on the
flow-induced vibration of the cylinder.

4.6.2.3 Effect of pipe roughness on vortex shedding frequency
It is likely that the pipe roughness will influence the vortex shedding frequency. Figure
4-20 plots the variations of non-dimensionalized vortex shedding frequency with
respect to roughness heights at different roughness densities. The non-dimensionalized
vortex shedding, which is termed as Strouhal number is calculated according to the
equation (3.40). In this equation, D is considered as the height of the smooth surface
square cylinder. It can be seen in Figure 4-20 that the Strouhal number does not change
significantly with roughness density at a specific roughness height. Therefore, it has
been proven again that roughness density or orientation of roughness along the pipe
surface does not affect the flow field significantly. Figure 4-20 shows the Strouhal
number tends to decrease as roughness height increases. Maximum 26% decrease in
Strouhal number is observed due to the existence of cylinder surface roughness. The
equation (3.40) shows that the decrease of the Strouhal number results, ceteris paribus,
in the decrease of the vortex shedding frequency. It is expected and will be proven in
the second next section that the enhancement of the distance of interaction between
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vortices shed from the top and bottom side of the cylinder is responsible for the lower
vortex shedding frequency.

4.6.2.4 Effect of pipe roughness on pressure distributions
The existence of the roughness on the pipe would alter the pressure distribution as it has
been revealed in the previous paragraphs that the pipe roughness affects the flow field
significantly. Simulations results of cylinder with or without surface roughness are
plotted in the Figure 4-21 in order to quantify the influence of roughness on pressure
distribution. As it has been confirmed in the previous paragraphs that there is no
significant influence of roughness density or orientation of surface roughness on the
flow parameters, pressure distributions of roughness densities D1 and D3 are only
considered to be plotted along with the pressure distribution of smooth cylinder in the
Figure 4-21. The pressure coefficient given in the figure is calculated according to the
equation (4.3). It should be pointed out that the pressure coefficients of rough cylinders
are calculated at the original cylinder surface only and definitely not at the surface of
vegetation growing. Figure 4-21 exhibits that the patterns of surface pressure
distribution are similar for both smooth surface cylinder and rough surface cylinder. It
is also seen that the stagnation pressure is not dependant on the pipe roughness. So, the
stagnation pressure coefficient is almost identical and its value is around 1.05. Figure 421 illustrates that the pipe roughness height has noticeable effect on the pressure
coefficient distribution on the side and rear faces BCDA. The discrepancy of pressure
coefficient distribution on BCDA is due to the variation of distance needed for vortex
formation behind the cylinder and the strength of the vortices shed from the top and
bottom sides of the cylinder. This phenomenon will be confirmed in the next section. A
significant pressure drop exists almost everywhere on BCDA and the magnitude of the
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pressure drop tends to increase as the roughness height increases. It can be seen that the
base pressure coefficients on the rear face CD are -0.712 and -1.116 for the smooth
surface cylinder and the cylinder with roughness height 6 lattice units respectively.
Therefore, around 56% drop of base pressure coefficient is observed due to the pipe
roughness height which is quite noteworthy. The drop of base pressure can be attributed
to the vortices of strong structure formed behind the cylinder.

4.6.2.5 Effect of pipe roughness on vortex shedding generation
Figure 4-22 and Figure 4-23 depict the instantaneous vorticity contours in the vicinity of
the smooth surface and the rough surface cylinders. The blue figures represent the
vorticity contours for smooth surface cylinder whereas the red figures for the rough
surface cylinder of roughness height 6 lattice units. Vorticity contours are presented for
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Figure 4-16: Variations of drag coefficients normalized by D at different roughness
heights and roughness densities for flow around square cylinder
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Figure 4-17: Variations of drag coefficients normalized by (D+2RH) at different
roughness heights and roughness densities for flow around square cylinder
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Figure 4-18: Dependence of drag coefficient on roughness height of a square
cylinder
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Figure 4-19: Root-mean-square lift coefficient, RMS C L versus roughness height,
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Figure 4-20: Dependence of the Strouhal number on pipe roughness height at
different roughness densities
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Figure 4-21: Calculation results of surface pressure ( C p ) distribution at different
roughness heights and roughness densities

three instances of a one cycle of vortex shedding. These figures reveal that the vortices
shed from the top and the bottom of the rough surface cylinder are more energetic than
those of smooth surface cylinder. It can also be seen that the distance of interaction
between the vortices in the vicinity of the rough cylinder is higher than that of smooth
surface cylinder. The higher distance of interaction between vortices for rough cylinder
makes delay of completing one cycle of vortex shedding behind the cylinder. That’s
why; lower frequency of vortex shedding has been noticed in the “effect of pipe
roughness on vortex shedding frequency” section for rough cylinder. Therefore, the
results shown in the Figure 4-22 and Figure 4-23 are consistent with those of Figure 420.

4.6.3 Summary
Numerical tests are carried out in order to study the effects of pipe roughness on the
global and local flow parameters. It is evident that the influences of pipe roughness on
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the flow parameters are quite noteworthy. Therefore, the circumferential development
of pipe roughness due to the vegetation growing should be taken into account if the pipe
surface is exposed to such an environmental condition.

4.7 Closure
In this chapter, we presented LBGK model to simulate flow around a singular square
cylinder. We carried out a blockage ratio study to determine the proper location of later
boundary. We concluded that numerical simulations with considerable accuracy can be
carried out by setting the lateral boundary 10D away from the isolated square cylinder.
Then, we carried out mesh dependency study in order to figure out an appropriate
calculation domain which is able to produce mesh independent numerical results. We
showed that a calculation domain for isolated square cylinder with height, D=16 lattice
units and domain size 32D × 20D is well enough for carrying out numerical tests with
considerable accuracy. We employed our model to predict flow simulation around
isolated cylinder at different Reynolds numbers (from Re=40 to Re=22000). The model
is well validated against numerical and experimental results found in literature. Finally,
we employed our model to carry out a noble study of revealing pipe roughness effects
on flow parameters. We showed that the circumferential pipe roughness due to the
vegetation growing has significant influences on the hydrodynamic forces,
circumferential pressure distribution, vortex shedding frequency and the formation of
vortices in the vicinity of cylinder. In addition, we observed that the orientation of
vegetation growing or the density of cylinder roughness does not have any significant
influence on the flow parameters. Therefore, the roughness height is the main parameter
which affects the flow field significantly. It should be noted that the numerical
calculations to reveal the pipe roughness influences on the flow parameters were carried
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a) t=to

b) t=to

c) t=to+T/3

d) t=to+T/3

Figure 4-22: Instantaneous vorticity contours where blue figures for smooth
cylinder and red figures for RH6-D1 cylinder
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e) t=to+2T/3

f) t=to+2T/3
Figure 4-23: Instantaneous vorticity contours where blue figures for smooth
cylinder and red figures for RH6-D1 cylinder

out only at Re=100. It is expected that the results of similar trends to that reported here
would be emerged at higher Reynolds numbers also.
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Chapter 5
A LBGK MODELLING OF FLOW AND
LOCAL

SCOUR

AROUND

OFFSHORE

PIPELINES

5.1 Introduction
5.1.1 Motivation
Offshore pipelines are common means of transporting hydrocarbons across the sea beds.
Local scour below pipelines which are exposed to marine environment is inevitable and
is a threat to on-bottom stability. Gradual enhancement of scour depth below a pipeline
and propagation of scour along pipeline length may lead to severe sagging and
consequence is nothing but pipeline failure. On the other hand, scouring processes take
place on such a manner which might lead to self-burial of a pipeline. It should be noted
that a successful self-burial of a pipeline definitely increases its stability. Therefore, in
designing an offshore pipeline, engineers are interested to know how the local scour
around a pipeline is developed and to what extent the scoured bed level is changed
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under various parameters such as incoming flow velocity, pipelines diameter, size of
sand particles, etc.

5.1.2 Scope of Present Study
In this current study, lattice Boltzmann method (LBM) is implemented to approximate
Navier-Stokes (NS) equations that govern time dependent, viscous and incompressible
flow. The sediment model presented in this study is comprised of sediment
transportation, deposition, toppling and erosion mechanisms. The concept of snow
transport by wind proposed by Masselot [44] is hired in order to define the
transportation rule for sand particles. According to our proposal, sand particles head
towards neighbor sites of D2Q9 lattice along with water particles. Whereas, snow
particles of Masselot model [44] propagate towards neighbor nodes along with wind.
Therefore, the main difference between the transportation technique of Dupuis &
Chopard model [32] and that of our model is the structure of the lattice for the
movement of sand particles. According to Dupuis & Chopard, fluid particles move on
D2Q9 lattice and sand particles are allowed to move on D2Q7 lattice. Therefore, when a
sand particle moves to a new location on D2Q7 lattice, it does not represent a fluid site.
Thus, a different and sophisticated probabilistic approach has to be employed to make
sure that the jump is taken place to neighbor nodes based on the projection quantity on
the lattice direction. On the other hand, our model directly allows sand particles to jump
to the neighbor nodes employing stochastic method. It is possible because the
movement of both the sand particles and fluid particles are strictly restricted on D2Q9
lattice.
The deposition and toppling mechanisms of Dupuis & Chopard [32] is exercised
in the present study and the erosion mechanism is improved by defining the threshold of

M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 5. LBGK modelling of flow and local scour around offshore pipelines

96

sediment entrainment on bed in a similar manner to that employed in the traditional
scour models [30, 31, 33, 38]. Therefore, the proposed sediment model of this study is a
hybrid of the LBM sediment models [32, 39, 40] and traditional scour models.

5.2 MATHEMATICAL FORMULATION
5.2.1 The flow model
The flow model that has been described in previous chapter is implemented here in this
study of investigating flow and local scour around offshore pipelines.

5.2.2 The sediment model
The sole ingredient of the sediment model is sand particle. Sand particles are allowed to
move on regular lattice synchronously along with fluid particles at discrete time steps.
But, the presence of sand particles does not affect the movement (collision and
propagation) of fluid particles unless they are part of the bed surface from where fluid
particles are bounced back to its original position. As each lattice node is able to contain
a multiple amount of sand particles and they follow the stochastic rules to change their
location, the movement phenomenon can be stated as a representative of multi-particle
cellular automata (CA). In this study, the threshold of sediment entrainment similar to
those used in traditional scour models [30, 31, 33, 38, 69] is introduced in our sediment
model. Sand particles are allowed to move from its current position only if the local
Shields parameter is greater than the threshold Shields parameter. The empirical
formula for the threshold of sediment particle movement is described below [25]:
⎡ g ( s − 1) ⎤
D* = ⎢
2
⎥⎦
⎣ ν

1/ 3
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0.30
+ 0.055[1 − exp(− 0.020 D* )]
1 + 1.2 D*

u*2cr

θ cr =

g ( s − 1)d 50

Where,

D* = dimensionless grain size,
g = acceleration due to gravity,

s = specific gravity of sediment grains,

ν = molecular kinetic viscosity,
d 50 = median grain diameter,

θ cr = threshold Shields parameter, and
u*cr =threshold friction velocity

For details regarding the aforementioned equations, readers are referred to [69]. It
should be mentioned that all the computations involved in this model are carried out in
terms of lattice unit unless mentioned otherwise. Therefore, all the physical units are
converted into lattice units for the sake of computation. By obeying the rule that the
Reynolds numbers in both systems are equal, conversion rules for length scale (L),
velocity scale (U) and time scale (t) are set as follows:
Llattice =

U

t

lattice

lattice

d lattice fluid
L
d fluid

d fluid ν lattice
= lattice fluid U
ν
d

⎛ d lattice
= ⎜⎜ fluid
⎝d

⎞
⎟⎟
⎠

2

⎛ ν fluid
⎜⎜ latice
⎝ν

fluid

⎞ fluid
⎟⎟t
⎠

where, subscript fluid represents physical flow system and subscript lattice represents
lattice Boltzmann system.
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The macroscopic behavior of scour development is analyzed at mesoscopic level where
sand particles follow the rules of transportation, deposition, toppling and scour. It
should be mentioned that although all the parameters proposed in this sand model are
not fully accurate in representing the microscopic details of the system, the validation of
the model for bed profile evolution indicates its strength of predicting scour formation
below offshore pipelines. Also, it has been demonstrated previously that macroscopic
behavior of the system barely depends on the microscopic details [32].
The mesoscopic rules of sand particles are described in the next sections.

5.2.2.1 Transportation
Each lattice node is capable of carrying certain amount of sand particles. The particle
density for a specific node r at discrete time step t can be expressed as:
n

ρ p (r, t ) = ∑ pi (r, t )
i =0

Particles are allowed to move from the current lattice node to a new location according
to the combined action of flow velocity and its own falling speed. Therefore, if one
particle is currently staying in location r at time t, then its new position will be r + c i
based on ( u fluid (r, t ) + u falling speed ). In fact, the relocation is completed through the
stochastic procedure. In case of 2DQ9 model, particles stream towards any of the four
quadrants (north-east, south-east, south-west and north-west). First of all, the
appropriate quadrant has to be determined based on the sign of x-component and ycomponent of ( u fluid (r, t ) + u falling speed ). Then, the probabilities to stream towards
vertical ( ξ y ) and horizontal ( ξ x ) directions are calculated as follows:

ξ y = u y , fluid + u y , falling speed
M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 5. LBGK modelling of flow and local scour around offshore pipelines

ξ x = u x , fluid + u x ,

99

falling speed

At last, the probabilities ( ω i ) of resting or moving towards the vertical, diagonal and
horizontal directions are computed as below:
probability to move along horizontal direction: ω 0 = ξ x (1 − ξ y )
probability to move along vertical direction:

ω1 = ξ y (1 − ξ x )

probability to move along diagonal direction: ω 2 = ξ y ξ x
probability of resting on the original location: ω 3 = (1 − ξ x )(1 − ξ y )
Once directional probabilities are computed, particles are dispatched from its site r to its
neighbor nodes ( r + c i ) depending on ω i . The dispatch algorithm of sand particles that
possesses the characteristics of probabilistic method is mentioned below:
2.1 Dispatch Algorithm: χ ([0,1]) represents a random variable uniformly
distributed between 0.0 to 1.0 [0,1]
for i = 1, ρ p (r, t ), i + +
{

rand = χ ([0,1])
dir = 0
while(rand > ω dir )
{
rand = rand − ω dir
dir + +
}while loop

ρ dir (r, t ) = ρ dir (r, t ) + 1
} for loop

5.2.2.2 Deposition
The mechanism of sand model is implemented maintaining the condition of having
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three typical lattice nodes in the computational domain. They are: solid nodes, rest
particles nodes and fluid nodes. Another important feature of the sand model is
threshold of solidification, N tresh . If any lattice node carries N tresh numbers of particles
then their accumulation turns the lattice node into solid node which compels all
incoming fluid particles to be bounced back. It happens when sand particles are landing
on bed surface due to the combined action of fluid flow and its own falling speed. The
lattice nodes just above the solid nodes are treated as rest particles nodes (or immature
solid nodes) where sand particles are arrested to stay on unless the particle amount
reaches N tresh in order to turn the node into solid node. It should be remembered that the
rest particles nodes behave like a fluid node having only one exception of not practicing
the transportation rule. The presence of sand particles in the fluid node and rest particles
node do not interfere the streaming and collision of fluid particles. It means, sand
particles of fluid nodes are streaming among the neighbors synchronously along with
fluid flow and at the same discrete time step by not affecting the rules of fictitious fluid
particles. On the other hand, sand particles of rest particles nodes are unable to head
towards neighbor nodes and fluid particles are not affected to keep practicing their own
rules (streaming and collision). So, though (in case of fluid nodes) sand and fluid
particles stay together on sites and propagate among neighbor nodes synchronously,
their presence do not interfere each other as they keep themselves in different layers/
dimensions.

5.2.2.3 Toppling
The proposed sand model possesses another important aspect of scour mechanism
called toppling. As sand does not have infinite cohesion, stability is lost when particles
are piled up excessively on the seabed. In order to maintain the equilibrium condition of
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particles piling up, their gathering is reoriented. When particles are accumulated in one
lattice site excessively, excess amount of particles in the unstable site is distributed to its
left and right neighbors where excess amount is calculated according to the value of
angle of repose. The stability might not arise in one step of reorientation and that is why
several steps are required to readjust the particles location. As a result, the toppling
mechanism requires different time scale to work along with other mechanisms of
morphological seabed change. After running numerous numerical tests it has been
confirmed that 10-20 steps of toppling is well enough to readjust the particles
orientation after running 10 steps of all other rules.

5.2.2.4 Scour
The most important feature of the sand model which controls the morphological change
of bed is called scouring mechanism. Scouring mechanism is only valid to top layer of
bed nodes and rest particles nodes. The top N tresh particles of rest particles node and bed
node are ejected upward with an erosion probability of p erosion . Therefore, specific
amount of candidates are selected stochastically to take part into erosion mechanism. If
the shields parameter ( θ ) in the upper node is higher than the critical shields parameter
( θ cr ) then candidate particles are washed away according to the combined action of
fluid flow and falling speed. On the other hand, candidate particles will be sent back to
their original nodes if θ < θ cr . The concept of setting up the threshold of erosion
mechanism is similar to that used in the traditional scour models [31, 33, 38]. This is
different from the technique used by Dupuis & Chopard [32].

5.2.3 Model parameters
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The characteristic grain size of sand material is considered as a constant in the current
study. Therefore, the amount of sand particles in one lattice node is fixed assuming that
the sand particle is uniform. The falling speed ( u falling speed ) of the sand particles and
probability of erosion ( p erosion ) are all in real unit. Like Dupuis and Chopard[32], we
consider the value of falling speed, u falling speed = 0.06 × U 0 . In the current study, p erosion
is chosen as 0.05. As the calculation results agree with the experimental results, the
chosen values of LBM parameters proves its capability to model evolution of scour
formation under submarine pipelines. For details regarding the selection of the value of
u falling speed and p erosion readers are referred to [32].

5.3 Flow and scour in the vicinity of cylinder
5.3.1 Validation of flow model for flow around isolated cylinder
For the purpose of validating the numerical model, it is firstly applied to the
computation of the flow past a singular circular cylinder for the Reynolds numbers
ranging from 10 to 1000. Although it is assumed that the circular cylinder is placed in
an infinite stream, for the sake of calculation, the computational domain is confined in a
rectangular flow field of 30D × 18.75D. The centre of the cylinder is located at the midheight of the computational domain and at a distance of 10D from the inlet boundary.
Figure 5-1(a) shows the time averaged drag coefficient variation with respect to the
Reynolds number from 10 to 100 which is well compared with the experimental
observation made by Tritton[7]. Furthermore, the dependence of the Strouhal number
on the Reynolds number is plotted in Figure 5-1(b) and well compared with the
available experimental and numerical observations. The two continuous lines in Figure
5-1(b) represent the regime of the Strouhal number captured by Roshko from his own
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experiment. In fact, the regime is reproduced from the paper of Braza et al. (1986). Our
next attempt is to present the various outcome of the calculation of flow past a cylinder
placed on bed and some distance away from bed.
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Figure 5-1: Variation of Drag coefficient and Strouhal number of single circular
cylinder placed in the flow

5.3.2 Validation of turbulent flow model
It has already been stated before that our LBM flow model employs the Smagorinsky
sub-grid scale (SGS) turbulent model in order to predict turbulent flow. The
performance of the turbulent model is tested against flow around a pipeline where
experimental results are available. First of all, the gross behavior of the flow is
compared with the experimental results obtained by Jensen [70]. Calculations are
carried out in a similar geometry except the water depth. To save computational costs,
the water depth is taken as 4D although water depth of 8D was used in the experiments,
where D is the diameter of the pipeline. The pipe is placed at 0.37D above the seabed
and 10D away from the inlet where the outlet is considered as 20D away from the pipe.
Calculations are carried out at Re=7000. The pipe diameter is considered as 20 lattice
unit based on the mesh dependency test. Though higher concentration of mesh produces
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little bit more accurate results, for the sake of the computational cost, 20 lattice unit of
pipe diameter is considered for the fair prediction of the turbulent flow. Figure 5-2
shows the horizontal velocity components at different places downstream of the
pipelines. It can be seen that the gross behavior of the flow has been well predicted.
Figure 5-3 depicts the vertical velocity components at a number of sections downstream
of the pipeline. The calculation results are well compared with the experimental
findings. The discrepancy occurs at few sections near the pipeline which is expected due
to the generation of strong vortex shedding behind the pipeline.
Another calculation is carried out for different geometry of the domain. For this case,
the pipeline is placed 0.6D above the seabed. The Reynolds number of the flow is
Re=15000. The pressure distribution along the cylindrical surface of the pipe is
examined. Figure 5-4 shows the variation of pressure coefficient along the surface of the
pipe together with the available experimental data reported by Bearman and
Zdravkovich [6]. The position is given by the angle (in degree). The angle 0 0 represents
the point closest to the seabed and increases to 360 0 clockwise. The predicted pressure
coefficients are in fair agreement with the measured distribution. Also, the predicted
location of the stagnation point (where maximum pressure exists) is in consistent with
the measurement. Figure 5-5 depicts the contours of vortex shedding generation behind
the cylinder for different stages of one cycle of shedding period. It also shows the
position of the stagnation point which is in harmony with the pressure distribution
curve. Figure 5-5 shows that the vortices shedding from the upper half of the cylinder
are stronger and move relatively faster. On the other hand, the vortices shed from the
lower half of the cylinder are rapidly damped. Figure 5-5 also reveals that vortices are
shed alternatively from upper and lower half of the cylinder. Thus, a clear vortex street
is simulated downstream of the cylinder. Figure 5-5 also shows that there exits an
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interaction between the seabed and the vortices specially originated from the lower half
of the cylinder. The current model reflects almost identical vortex shedding phenomena
reported by Mao (1986), where Strouhal number ( D / Tu 0 ) was measured to be 0.23.
According to the prediction of the present model, the Strouhal number is calculated to
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a) t = t 0

b) t = t 0 + T / 4

c) t = t 0 + T / 2

d) t = t 0 + 3T / 4

Figure 5-5: Vorticity contours at several time instants during one cycle of vortex
shedding for flow at cylinder above wall

At last, the flow model is validated against the experimental data for the flow around
cylinder at the plane bed. This case is considered as an ideal test case because the scour
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model will be implemented on a similar geometry. The pipe is placed on the bed. As the
fluid flows over the pipe, the flow detaches from the wall due to the adverse pressure
gradient. The flow is reattached to the upstream face of the pipe forming a recirculation
zone in front of the pipe. The adverse pressure that exists downstream of the pipe causes
a large recirculation zone in the lee and finally the flow is reattached to the wall
immediately behind that zone. There also exists a small and weaker secondary
recirculation zone behind the pipe inside the primary recirculation zone. Figure 5-6
shows the flow field calculated for Re=15000 considering boundary layer
thickness δ / D = 4.0 . The key results obtained from the current model, others numerical
models and experimental measurements are tabulated and can be seen in Table 1. It can
be seen that the height of the downstream recirculation zone (h=1.5D) is in excellent
agreement with the experimental measurement (h=1.6D) though its length is found
shorter (3.5D) than the measurement (8-10D). The location of the upstream
reattachment point is 88 0 which is within the range reported in the experimental results
( 60 0 − 90 0 ). The predicted length of the upstream recirculation zone is 1.8D which is
longer than the measurement (1.0D -1.5D). The predicted separation/detachment point
is found at the highest point of the cylinder ( 180 0 ) which is also consistent with the
experimental measurement ( 180 0 − 210 0 ).
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Figure 5-6: Flow past surface mounted cylinder
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Table 5-1: Measurement and predicted parameters of surface-mounted cylinder
flow

Reference

R
( × 10 4 )

δ

Upstream

Downstream

D

− xD / D

θR

θD

x D / D hs / D

__

__

__

175180

5.0

1.3

Ali
and __
Narayanan
(1985)
Solberg
and 4.5
Eidsvik
(1989)
Solberg(1992) 4.5

0.8

1.20

66.5

201.2

5.9

1.02

1.0

0.98

75.0

190.0

9.0

1.28

Brors(1999)

1.5

6.0

0.76

63.4

210.3

6.8

1.06

Brors(1999)

1.5

1.0

0.77

69.5

208.9

7.2

1.08

Experiments

0.6-10

1.0-1.5

60-90

1.6

1.5

1.80

88

180210
180

8-10

Present model

0.25.2
4.0

3.5

1.5

5.3.3 Scour development underneath pipeline
5.3.3.1 Computational domain and boundary conditions
Figure 5-7 depicts the configuration of the calculation domain for simulating flow and
scour in the vicinity of surface-mounted cylinder. The geometry of the computational
domain is kept consistent with the physical model of Mao [18]. Because the
experiments conducted by Mao[18] were selected to validate the present numerical
model. The flow conditions, pipeline diameters and the characteristic grain size
resemble those of Mao’s physical model. In the computational domain, the pipeline is
placed on the sandy erodible bed which is considered as 1D deep in the present model.
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The length of the computational domain extends from -17D upstream to 33D
downstream where the co-ordinate of the pipe is (0, 0). The height of the domain is
4.5D that consists of 3.5D water depth and 1.D sandy bed depth. It should be mentioned
that the water depth of the domain resembles that of Mao’s tests. Free surface is
approximated by a rigid-lid. A small gap of 0.1D is initially enforced immediately
below the pipeline, similar to the technique adopted in the conventional numerical
models. The computation grid is completely regular (square) over the entire domain.
The diameter of the pipe is considered as 20 lattice units. Therefore, the ultimate mesh
size is 1000× 90 which is found to be adequate in carrying out calculation within
considerable tolerance limit of error.

F= fluid node
R=rest particle node
S=solid node
F

F

F

F

F

F
F

R

R

R

R

S

S

S

S

3.5D

D= 20 l.u.

F

1.0D

17.0D

33.0D

Figure 5-7: computational flow domain for carrying out simulation of flow and
scour around cylinder

The present study is undertaken considering two sets of Mao’s experiments. One set
represents the mean flow velocity 350 mm/s for θ = 0.048 and e = 0 (e is the gap
between the pipe and undisturbed sand layer). The second set has the mean flow
velocity 500mm/s for θ = 0.098 and e = 0 . It should be noted again that all the flow
calculations are carried out in lattice units. The free stream flow velocity is considered
as 0.10 in lattice unit for both of these cases. The lattice kinematic viscosity is
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appropriately tuned according to the Mao’s flow conditions whereas conversions of
units are undertaken according to the equations mentioned in the section 5.2.2. The
configurations of Mao’s two cases are tabulated below:

Table 5-2: Configuration of Mao’s tests
Case

Pipe

Sand size

Flow

Flow

Gap Shields

diameter

d 50

depth

velocity

ratio

(mm)

(mm)

(mm)

(mm/s)

(e/D)

1

100

0.36

350

350

0

0.048

2

100

0.36

350

500

0

0.098

parameter
(θ )

5.3.3.2 Analysis of the numerical prediction results
The numerical test results are found to agree with the experimental findings which is
highly encouraging as the code of the scour model is constructed without invoking the
traditional sediment transport formula. To be specific, the model is able to predict the
time development of scour underneath pipelines and the generation of vortex shedding
behind the pipeline which is believed to play the key role in shaping the downstream
part of the scour profile. Furthermore, the model is also able to predict equilibrium
scour hole which is in concord with the measured equilibrium scour hole of Mao’s
experiment.
It was revealed by physical experiments [28] that the time development of scour
usually passes through three major stages. Those stages are known as onset scour,
tunnel scour and lee-wake scour.
When the pipeline is placed on erodible bed and the flow starts attacking the
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pipeline, there exists a positive pressure difference between the upstream and
downstream of that pipeline. This pressure difference is responsible for piping. As a
result, the soil immediately below the pipeline is washed away making room for water
to flow underneath the pipeline. This phenomenon is termed as onset scouring. As water
starts flowing through the newly created gap below pipeline, it remains vigorous and
exerts large shear stress on the bed. This vigorous flow is noticeably hasty and exists for
very short period of time. Meanwhile, the eroded sand particles which come off from
the surrounding area of pipeline are accumulated on the bed downstream of the pipeline
and create sand ridge. Therefore, the sediment concentration increases in the proximity
of the bed near pipeline. The scouring due to the existence of seems like jet flow is
termed as tunnel erosion. During the stage of tunnel scouring the bed level in the
vicinity of the pipeline is substantially changed within a short period of time. The flow
through the eroded gap becomes weaker as the gap increases. Therefore, it causes the
termination of jet erosion by introducing the lee wake erosion. It is speculated that the
flow underneath the pipeline become much weaker which reduces the rate of erosion
significantly as bed shear stress plummets. As the shields parameter is still higher than
the critical value, the time development of scour below pipeline does continue. But, the
rate of erosion is noticeably slower than that of jet scouring stage. The sand ridge moves
further downstream of the pipe and the downstream slope of the eroded bed is being
shaped out to be turned into a gentle slope. Moreover, the sediment concentration near
the pipeline in the proximity of the bed is much more reduced at this stage. The shaping
of the downstream slope along with the movement of the downstream sand ridge
towards flow direction is associated with the strong vortex shedding behind the pipeline.
That’s why, the scouring mechanism that takes place after the jet erosion is called as lee
wake erosion. The lee wake erosion stays for a longer period of time until it reaches the
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equilibrium state. During the equilibrium state of scouring, no significant change of bed
profile is revealed. The maximum depth which corresponds to the equilibrium state of
time development of scour is called equilibrium scour depth. The empirical formula for
the equilibrium scour depth ( Sm ) in steady current proposed by Sumer and Fredsoe[16]
is as follows:
S m / D = 0.6 ± 0.1

In the current model, the mechanism of piping is not simulated. Instead of
introducing piping mechanism in the code, an artificial sinusoidal small gap is
introduced immediately below the pipeline. The scouring calculation begins based on
the enforced scour bed shape. It should be mentioned that the scour model is not
switched on straightway with the beginning of flow model calculation in the
computational domain. First of all, the calculation is carried out only for the flow
model. Then, time is allowed to establish the flow in the domain having an initial small
gap below the pipe.
Figure 5-8 and Figure 5-9 depict the evolution of bed profile for case 1 and case
2 respectively. These figures also allow the comparison between the numerical bed
profiles and the measurements from the experiments for different stages of time
development of scour. It can be stated that the current numerical model predicts the time
development of scour below pipelines under different incoming flow conditions
reasonably well. Specially, the predicted equilibrium scour depth agrees well with the
experimental findings.
Figure 5-10 depicts the sediment concentration in the proximity of the bed for
different stages of scouring. Figure 5-10 demonstrates that the sediment concentration is
higher in the vicinity of the pipeline at the beginning of the scouring processes (t=1000

M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 5. LBGK modelling of flow and local scour around offshore pipelines

115

l.u.). But, the sediment is moved further downstream with respect to time (Figure 510(b-c)) and finally the sediment concentration in the vicinity of the pipeline becomes
insignificant (Figure 5-10(d)) as it reaches equilibrium scour state.
Figure 5-8 depicts the scour profiles for 100, 200, 300 and 370 minutes which
are fairly comparable with LBM scour bed profiles for 10000, 20000, 30000, and 37000
l.u. respectively. In contrast, Figure 5-9 shows that Mao’s scour profile of 5, 30, 80 and
217 minutes are fairly comparable with the LBM scour profiles of 1000, 6000, 16000
and 40000 l.u. correspondingly. It should be mentioned that the discrete time step is
considered as 0.2 l.u. which indicates that 200000 iteration steps are required in order to
simulate an equilibrium state of time development of bed profile. The proposed model
of the present study and that of Dupuis & Chopard [32] has the similarity in possessing
drawback regarding development of scour hole with respect to real world time. Both
models are able to predict scour formation underneath pipelines with respect to lattice
unit time. But, engineers are interested in not only the scour hole development but also
the time requirement to achieve an equilibrium scour hole shape. In this study, we tried
to convert the equilibrium lattice unit time into real life time. It is seen that it requires
only 40 seconds to achieve the equilibrium stage of scour formation for Mao’s test case
2. In contrast, Mao’s experiment demonstrated that it requires 217 minutes to settle the
scour formation below pipelines. Therefore, scour development is unrealistically quick
according to our proposed model though the predicted equilibrium scour depth for
various incoming flow conditions agrees well with the experimental findings. The
proposed LBM model of Dupuis & Chopard [32] appeared to have the same constraint
from this aspect. But, the distinguishing feature of the present model is that it has the
demonstrated ability to predict lattice unit time development of scour below pipelines
depending on various incoming flow conditions.
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The current scour model has the ability to reflect a dynamic description of time
development of maximum scour depth. Figure 5-11 and Figure 5-12 describe the change
2

Present model t=10000 l.u.
Mao's test t=100mins

1.5

S/D

1
0.5
0
-0.5
-1
-3

-2

-1

0

1
x/D

2

3

4

5

2

Present model t=20000 l.u.
Mao's test t=200mins

1.5

S/D

1
0.5
0
-0.5
-1
-3

-2

-1

0

1
x/D

2

3

4

5

2

Present model t=30000 l.u.
Mao's test t=300mins

1.5

S/D

1
0.5
0
-0.5
-1
-3

-2

-1

0

1
x/D

2

3

4

5

2

Present model t=37000 l.u.
Mao's test t=370min

1.5

S/D

1
0.5
0
-0.5
-1
-3

-2

-1

0

1
x/D

2

3

4

5

Figure 5-8: Comparison of bed profiles during the development of scouring
( u 0 = 350 mm / s , D=100 mm, e=0, θ=0.048)
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Figure 5-9: Comparison of bed profiles during the development of scouring
( u 0 = 500 mm / s , D=100 mm, e=0, θ=0.098)
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Figure 5-10: Bed profiles and sediment concentration during the development of
scouring ( u 0 = 500 mm / s , D=100 mm, e=0, θ=0.098)

of maximum depth with respect to lattice unit time for the entire period of scour
progression. They also depict a quantitative validation of time development by
revealing a fair agreement with the empirical time development obtained from the
M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 5. LBGK modelling of flow and local scour around offshore pipelines

119

phenomenological relationship proposed by Sumer and Fredsoe[16]:
⎛
⎛ t ⎞⎞
S t = S ⎜⎜1 − exp⎜ − ⎟ ⎟⎟
⎝ T ⎠⎠
⎝
The quantity S denotes maximum equilibrium scour depth and the quantity T represents
the time scale during which a substantial scour develops. These figures also depict that
the current numerical model is also able to capture the correct scouring rates at different
stages of scour development. According to these figures, for both of the cases, the
scour rate seems very high at the early stage of the time development of scour. The
main reason behind this is nothing but the presence of tunnel erosion in the vicinity of
the pipeline. It happens within a short period of time. Then, the scour rates plummeted
sharply all the way down. At the later stage, the scour rate is much lower due to the
existence of lee wake erosion caused by the continuous generation of vortex shedding in
the lee of the pipeline. These figures also show that the lee wake erosion does possess
longer time scale than the tunnel erosion. All the above mentioned characteristics of
these figures are consistent with the experimental scrutinies.
Figure 5-13 depicts the vortex shedding generation in the lee of pipe line at
different significant stages of scour development. It is believed that the continuous
generation of vortex shedding is responsible for smearing out the ridge of deposits
further downstream and changing the downstream slope of the scour hole into gentle
nature. It is revealed from these figures that vortex shedding exists at the lee of the
pipeline from the very beginning of scour development. Thus, this is consistent with the
experimental findings of Mao.
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Figure 5-11: Time development of scour depth ( u 0 = 350 mm / s , D=100 mm, e=0,
θ=0.048)
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Figure 5-12 Time development of scour depth ( u 0 = 500 mm / s , D=100 mm, e=0,
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Figure 5-13: Vortex shedding generation at the lee of the pipeline during the
development of scouring ( u 0 = 500 mm / s , D=100 mm, e=0, θ=0.098)
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5.3.4 Flow and scour around cylinder with spoiler
To validate the numerical LBGK model developed in this chapter, numerical tests were
also carried out for the cases of flow and scour around pipeline with spoiler at different
lengths and orientation where experimental data are available. These include the
experimental tests by Chiew [71]. Chiew[71] investigated the effect of placing spoilers
on the pipelines to encourage self-burial process. Basically, two different-sized spoilers
were considered for his experimental study. The length of one spoiler is half of the
diameter of the pipe and the other has the length equal to a quarter of the pipe diameter.
The spoiler attached to the pipe was positioned at different angles, ranging
from 0 0 − 180 0 , with respect to the vertical axis of the pipe. The layout of the pipelinespoiler configuration is shown in Figure 5-14. The configuration of the computational
domain, flow condition and particle diameter are kept consistent with the corresponding
physical model.

3.5D

Vertical axis

Flow
D= 20 l.u.

2.0D

Sand layer
17.0D

33.0D

Figure 5-14: Computational domain

Numerical tests are carried out for spoiler inclination angles of 0, 90, 120 and 180
degrees with respect to the vertical axis of the pipe. The test results are compared with
the experimental data and tabulated in Table 5-3. In Table 5-3, the change of
M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 5. LBGK modelling of flow and local scour around offshore pipelines

123

equilibrium scour depth with respect to the spoiler free pipeline scouring case are
tabulated for various orientation of spoiler on the pipe surface. It is observed that the
numerical results have a good agreement with the experimental data in the majority of
cases (case 1, case 2, case3, case 4, case 6, and case 8). For all other cases (case 5 and
case 7), similar trend of bed level change is seen, even though there exists a significant
discrepancy between the numerical and experimental data. It is observed that the
equilibrium scour depth is increased when inclination angles are 0 and 120 degrees.
This can be attributed to the enhancement of blocking of the flow from flowing over or
below the pipe. On the other hand, the decline of equilibrium scour depth is observed
when the spoiler is attached at an angle of 90 degree with respect to the vertical axis. As
the spoiler is positioned parallel to the streamlines of the incoming flow, it affects the
formation of boundary layer of the approached flow. The affected boundary layer makes
Table 5-3: Effects of spoiler on the equilibrium scour depth below pipeline
Case No.

Depth of
Spoiler

Angle

1
2
3
4
5
6
7
8

D/2
D/2
D/2
D/2
D/4
D/4
D/4
D/4

0
90
120
180
0
90
120
180

Increase of Scour
depth
(%)
Experimental
46.4
-8.9
60.7
No scouring
39.3
-7.14
3.56
No scouring

Increase of
Scour depth
(%)
Numerical
55
-10
60
No scouring
20
-10
10
No scouring

the flow weak which leads lesser scouring depth below the pipe. The predicted
equilibrium scour bed profiles for the orientation of spoiler having length of half and a
quarter diameter of pipe are showed in Figure 5-15 and Figure 5-16 respectively.
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Figure 5-15: Equilibrium scour hole shapes, spoiler length=D/2
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Figure 5-16: Equilibrium scour hole shapes, spoiler length=D/4
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5.4 Summary
A vertical 2D scour model has been developed in order to predict time development of
scour below pipelines. The concept of sand particles transportation has been hired from
the snow model proposed by Messesolt [44]. On the other hand, the concept of sand
particles deposition, toppling and erosion mechanisms have been hired from the model
proposed by Dupuis and Chopard [32]. Unlike the model of Dupuis and Chopard [32],
the sand particles are treated as an independent parameter in this study and they are
restricted to stream towards neighbor sites obeying D2Q9 lattice format instead of
D2Q7 lattice format. In addition, the traditional concept of employing the threshold of
sediment entrainment on bed has been adapted in this study. Ultimately the model
proves its robust nature in predicting time-dependant scour formation as a whole. The
validation of the model against available experimental measurements for different flow
and scouring cases suggests the following conclusions to be drawn:
1. The turbulent flow model that consists of Smagorinsky’s SGS model predicts the
gross behavior of the flow around a cylinder placed slightly above the scoured bed quite
well.
2. The predicted flow at a surface mounted cylinder is in excellent agreement with the
experiments though the length of the downstream primary recirculation zone is not well
compared.
3. The periodic vortex shedding from a cylinder placed slightly above the bed is in
excellent agreement with the experimental findings.
4. The scour model predicts the time development of scour below pipelines quite well
for both of the mentioned cases of Mao’s experiments.
5. The time development of maximum scour hole is well predicted in this study. It
proves that the model reflects the ability of capturing scour mechanisms under various
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incoming flow conditions. This establishes that the current model has the extra feature
from this aspect over the other models of LBM.
6. The tunnel erosion and lee wake erosion are well captured during the time
development of scour for both cases of Mao’s experiment.
7. The scour model predicts the period vortex shedding from the beginning of the scour
process. It proves that the lee wake erosion is due to the continuous generation of vortex
shedding in the lee of the pipeline.
8. As SGS model over-predicts the interaction between the vortices shed from the lower
half of the pipeline and the scoured bed, the accretion of the sediment downstream of
the pipeline is not well captured. The over-prediction of the aforementioned phenomena
has also previously noticed by Liang and Cheng[72].
9. The model has the drawback of not providing accurate real-time dependant scour
formation below pipelines. In spite of that the model has the ability to reflect dynamic
description of lattice unit time development of maximum scour depth below pipelines.
10. The scour model has demonstrated ability to predict the equilibrium scour hole
shape for flow and scour in the vicinity of pipe with spoiler attached to the surface at
different orientation. It has been observed that the predicted equilibrium scour depth is
in excellent agreement with the experimental findings in the majority of cases. For the
other the two cases, similar trend of bed level change is observed with the existence of
discrepancy between the numerical and experimental data.
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Chapter 6
A

PARALLEL

3D

SCOUR

MODEL

EMPLOYING LBGK TECHNIQUE

6.1 Introduction
Though scour in the vicinity of pipelines occurs in three dimensional fashion, the scour
of the middle section of a free span is often considered as two dimensional process [20].
Therefore, the LBGK scour model of the previous chapter is only valid for investigating
the 2-D nature of scour propagation along the streamwise direction. It means that the
numerical method presented in the previous chapter or any 2-D scour model available in
the literature can not predict the spanwise scour propagation at all. This chapter is
concerned with the three-dimensional scour process. The numerical method presented in
this chapter is able to predict the spanwise and streamwise propagations of scour with
respect to the lattice unit of time scale.
Figure 6-1 depicts the typical scour process in the vicinity of a pipeline. The
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section B-B in Figure 6-1 shows the existence of free span which is developed due to
the three-dimensional scour process. Figure 6-1 also shows that the propagation of scour
along the length of the pipeline happens in both directions. The presence of spiral vortex
at the corner of the scour hole was speculated [53]. The propagation of scour along the
length of a pipeline leads to the development of a free span significantly which is
responsible for the sagging of the pipeline. This phenomenon induces self-burial of the
pipeline which is beneficial for pipeline stability. Therefore, understanding of the 3D
nature of scouring is very important from this aspect. But, it is really costly to make a
large set-up for physical modelling of 3D scouring. So, it is easier to investigate the 3D
scouring phenomena around pipelines numerically if a good 3D scour model and
enough computational resources are available. Unfortunately, numerical investigation of
three dimensional scour around offshore pipelines has remained untouched until now.
The main reason behind it might be the lack of time-dependant scour model to simulate
three dimensional sand particle movements. This is complicated by the huge demand for
computational resources and time required for modelling such phenomena.
The purpose of the present study is to investigate the spanwise and streamwise
scour below pipelines and the flow field around them. A parallel LBGK scour model is
developed where the motion of sand particles represents MPCA (Multi-Particle Cellular
Automata) and the Smagorinsky sub-grid model is employed in order to solve high
Reynolds number turbulent flow. MPI (massage passing interface) is implemented in
order to split the computational domain into many parts and employ C++ language to
run the computation of each sub-domain staying on separate but homogeneous
computers. It should be mentioned that MPI is a rich message passing standard that
provides a much richer set of communication procedures than any other standards.
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Figure 6-1: A typical scour process below a pipeline [43]

This chapter is organized in the following manner. First of all, the 3-D flow
model is validated against cavity flow. Then, the 3-D flow model is implemented to
predict the 3-D vortex shedding flow in the vicinity of isolated cylinder. Numerical
results are compared with the available experimental and numerical results of other
researchers found in literature. Finally, the 3-D scour model is employed in order to
calculate the time development of scour underneath a pipeline. The numerical results
are then compared with available experimental data and observations. It will be revealed
that the 3-D scour model in this study is capable of predicting maximum equilibrium
scour hole quite well. The pattern of propagation speed of scour along the pipeline
length is also well agreeable with the experimental observations.

6.2 Validation of the flow model: lid-driven cubic cavity
Cavity flow driven by a roof lid is well-known as a good benchmark test for numerical
and experimental flow research [73-81]. It has been considered for many decades in
order to validate numerical methods for the prediction of incompressible Navier-Stokes
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fluid flows. Moreover, it is a popular benchmark problem as it represents complex
geometry flow despite of its simple geometry. This is why; first of all, we have selected
the lid driven cavity flow problem for validating our LBGK 3-D flow model.

6.2.1 Domain configuration and flow parameters for 3-D cavity flow
In this study, 51 × 51 × 51 elements mesh size is selected for the calculation of the liddriven flow within a cubic cavity. Figure 6-2 depicts the layout of the flow domain
where the top lid’s speed is, U=0.1 lattice units. The lid is moving along X direction. No
slip boundary condition is considered for each wall except the top wall. Therefore, the
velocity boundary conditions on different boundaries are specified as:
U X = 0.1l.u.,⎫
⎪
U y = 0, and ⎬ top wall
⎪
Uz = 0
⎭
⎫
⎪
U y = 0, and ⎬ allother walls
⎪
Uz = 0
⎭
U X = 0,

The Reynolds number is calculated based on the velocity of the moving lid and the size
of the cavity’s edge. Re=400 is considered for the purpose of validating our model as
numerical results of various researchers are available at this Reynolds number.

6.2.2 Numerical results for 3-D cavity flow
Figure 6-3 plots the simulation results of our model and compares them with the
available experimental data [82, 83]. It can be seen that the u and w velocity
components taken from the y mid-plane compares well with those of other numerical
results.
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Figure 6-2: Layout of the domain for flow within a cubic cavity
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Figure 6-3: Comparison of u and w velocity profiles in the y-mid plane at Re=400
when grid size is 51 × 51 × 51
Figure 6-4 represents the projections streamlines on the end walls and midplanes of the cavity domain. The arrangements of the streamlines agree well with those
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of the numerical results obtained by different researchers [78].

Y

X

Z

Z
Y

X

Figure 6-4: Projections of streamlines onto the end walls and mid-planes of the
cavity at Re=400 when lid moves in the x direction (Well compared with [78].)

Figure 6-5 shows particle stracking originated from the mid-section of y plane and
spreading towards the end wall in order to formulate secondary eddy. The orientation of
streamines qualitively agrees well with the results of [73] obtained at Re=1000.

Figure 6-5: Particle tracking presenting downstream secondary eddy (Re=400)
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6.3 Validation of the flow model: flow around a cylinder
The proposed LBGK 3D flow model is implemented to carry out numerical test for
predicting the three-dimensional vortex shedding flow past an isolated circular cylinder
at a Reynolds number of Re=1000. The main reason for selecting this Reynolds number
is that the three-dimensionality is fully developed at this value [84]. Moreover, various
experimental results are also available at this Reynolds number which makes us choose
this value for validating our numerical results.

6.3.1 Domain configuration
A cuboid flow filed is considered for the study of three-dimensional vortex shedding
flow around isolated circular cylinder. The geometry of the computational domain is
schematically shown in Figure 6-6. The location of lateral boundaries is kept 8D away
from the centre of the pipeline. The two-dimensional numerical analysis presented in
section 4.3.3 has shown that the numerical tests can be carried out with considerable
accuracy if the location of lateral boundaries is set at this distance. The outflow
boundary is located 15D away from the centre of the pipeline. The two-dimensional
study carried out by [85] showed that the near wake flow filed and the global and local
flow parameters of the flow will not be significantly affected by outflow boundary if it
is kept 14.5D away from the centerline of the pipe. The pipeline length is considered to
be 6.4D. It is reported [84] that there exists two types of vortex shedding modes and
their existence is dependent of Reynolds number. It requires around four cylinder
diameters to capture mode A, while only about one cylinder diameter is enough to
capture mode B. Another study regarding the effect of spanwise length of cylinder
carried out by [86] showed that the spanwise length less than 2D is not well enough to
achieve reliable results. Therefore, the ideal domain width should be about 4D in order
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to predict three-dimensional vortex shedding flow past isolated cylinder regardless the
Reynolds number. So, 6.4D pipe length considered for the present numerical
investigation is large enough from all of the aforementioned aspects.

z

8D

x
y

8D

5D

15D

Figure 6-6: Isometric view of the flow domain

6.3.2 Boundary condition for the cuboid flow domain
Section 4.2 describes the velocity boundary conditions for the inflow, outflow and
lateral boundaries for simulating 2-D flow around an isolated cylinder. In this study of
simulating 3-D flow around isolated cylinder, we consider exactly the same boundary
conditions for the inflow, outflow and lateral boundaries. In addition, free-slip boundary
condition is applied on the side walls.

6.3.3 Comparison of hydrodynamic forces
Figure 6-7 depicts the time histories of hydrodynamic forces obtained from the
numerical calculation of flow around isolated cylinder at Re=1000. It is evident that the
oscillation of both the drag and lift force coefficients are not regular. Due to the
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development of 3-D instabilities, the oscillations of both force coefficients are irregular
with variable amplitudes. Figure 6-7(b) shows that the oscillation frequency of lift
coefficient is twice of the frequency of drag coefficient. The calculated mean value of
drag coefficient is 1.145. It is reported [87] that the mean drag coefficient is 1.1 for
Re=1000. On the other hand, the reported [88, 89] experimental measurements of mean
drag coefficient lies between 1.0 and 1.20. Therefore, the obtained mean drag
coefficient from the present simulation agrees reasonably well with the both numerical
and experimental results.

6.3.4 Comparison of Strouhal number
In this study, the vortex shedding frequency is measured in non-dimensional form
which is known as Strouhal number. The calculated Strouhal number for Re=1000 is
0.205. On the other hand, the reported [88] Strouhal number at this Reynolds number is
0.20-0.21. Therefore, the predicted Strouhal number is in excellent agreement with the
experimental data.

6.3.5 Comparison of spanwise vortices
Figure 6-8 describes isosurfaces of spanwise vortices. The numerical results of the
current study is presented in Figure 6-8(a) for Re=1000. On the other hand, Figure 6-8
(b) depicts numerical results for Re=800. It can be seen that the pattern of spanwise
vortices are well agreeable with each other. Though, more three-dimensionality effects
are revealed in Figure 6-8(a) compared to Figure 6-8(b). This can be attributed to the
difference in Reynolds numbers. Figure 6-9 describes vortex shedding arrangement at
randomly selected instances within one cycle of shedding period. It is noteworthy that
the vortices are not regular like 2-D vortices presented in chapter 4. Moreover, the shape
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of the vortices is also distorted. The irregularity and distortion of vortices are appeared
due to the interaction between the Karman vortices and the three-dimensional vortices
developing along the length of the pipe [90].
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Figure 6-7 Time histories of hydrodynamic forces

6.3.6 Comparison of streamwise vortices
In Figure 6-10, the instantaneous velocity vectors along the spanwise direction located
at about x/D=1.25 is compared with the numerical results of [91]. The mushroom
shaped vortex pairs can be seen in both Figure 6-10(a) and Figure 6-10(b). Those are the
characteristics of turbulent flow. Figure 6-10 also reveals that the present numerical
M. S. ALAM
Ph.D. dissertation

The University of Western Australia
School of Civil and Resource Engineering

Chapter 6. A parallel 3D scour model employing LBGK technique

138

results are in good harmony with those of [91]. It can also be seen that the counterrotating vortices are irregular and they cancel each other merging like a mushroom
shape.

a)

b)
Figure 6-8: Isosurfaces of spanwise vorticity; a) current study for flow at Re=1000,
b) simulation results of [91] for flow at Re=800
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Figure 6-9: Spanwise vorticity variation at randomly selected instances within one
cycle of shedding
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Z

X

Y

Figure 6-10: Velocity vectors in spanwise planes ; a) result of current model, at
Re=1000 , b) simulation result of [91], at Re=800

6.4 Modelling of 3-D scour around offshore pipelines
6.4.1 Transportation and toppling rules for sand particles
In chapter 5, we mentioned and then validated our 2-D scour model where sand
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particles are allowed to move neighbor-nodes maintaining the 2-D environment. In this
chapter, as we are considering the three-dimensional scour, sand particles are adapted to
cope with the 3-D environment. Therefore, sand particles movement occurs in a threedimensional fashion following a stochastic procedure. The directional probabilities of
particles are ξ x , ξy and ξ z . They are dependant on the combined action of fluid velocity
and falling speed of sand particles. So, they can be computed as below:

ξ x = u x , fluid + u x ,

falling speed

ξ y = u y , fluid + u y , falling speed
ξ z = u z , fluid + u z , falling speed
Finally, the probabilities of moving along various directions can be expressed as:

ω 0 = (1 − ξ x )(1 −ξ y)(1 − ξ z )
ω xy = ξ x ξ y(1 − ξ z )
ω yz = (1 − ξ x )ξ yξ z
ω zx = ξ x (1 −ξ y)ξ z
ω x = ξ x (1 −ξ y)(1 − ξ z )
ω y = (1 − ξ x )ξ y(1 − ξ z )
ω z = (1 − ξ x )(1 −ξ y)ξ z
where, by example, ω xy is the probability to move along xy plane and not along z
direction. The exact direction in that plane depends on the sign of the
vector u fluid + u falling speed . Therefore, once directional probabilities are computed,
particles are dispatched from its site r to its neighbor nodes ( r + c i ) depending on ω i .
That is the transportation rule for sand particles in a 3-D environment.
The toppling rule of sediment particles is also adjusted to cope with the threeM. S. ALAM
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dimensional environment. When a specific node contains sand particles excessively, the
excess amount of particles is distributed to the left and right neighbors. The excess
amount is computed according to the value of angle of repose. Once the excess amount
has been sent to right and left neighbors, the existing amount of particles are again
compared with the particles accumulation of east and west direction. If the site still
containing sand particles excessively with respect to east and west neighbors, the excess
amount is distributed again. The particles reorientation is not completed in one step.
After carrying out numerous numerical tests, it is confirmed that around 10-20 steps of
reorientation is required if one step of other mechanisms of morphological seabed
change is run.

6.4.2 Deposition and scour rules for sand particles
The sand particles obey the same deposition and scour rules that have been discussed in
the previous chapter. Readers are referred to Chapter 5 for details.

6.4.3 MPI (Massage Passing Interface) for supercomputing
The most important prerequisite of the 3-D modelling is the availability of huge
computational resources. Therefore, running a 3-D model on a single machine is ideally
unexpected. The solution of this type of case is the implementation of parallel
programming through which the computational domain can be split into many subdomains. Each of the sub-domains is then solved executing the same model on different
machines and establishing communications among the end wall of the sub-domains.
The end wall communications can be established employing any suitable parallel
programming model. In this study, MPI (Massage Passing Interface) is considered as
this is the most used standard for writing parallel numerical programs.
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Figure 6-11 shows how the whole computational domain is split into subdomains and how the communications are set up for exchanging the end wall
information among them. In this study, we run 32 processes on 32 processors for the 3D modelling of local scour around pipelines. Figure 6-11 describes how the MPI works
if we consider a very simple case. It shows that the whole domain is split into 3 parts.
Each part is solved on separated machine using a single process or copy of the model.
Figure 6-11 shows that each process contains a rank number. This number is utilized to
identify a process. It can be seen from the Figure 6-11 that the information of end wall
of rank 0 is copied into buff1[][][]. Then the information is sent to rank 1 using the
subroutine MPI::COMM_WORLD.Send(). On the other hand, rank 1 receives the
information

of

right

end

wall

of

rank

0

using

the

subroutine

MPI::COMM_WORLD.Recv(). In this way, a comprehensive communication can be
established among sub-domains. Thus, the calculation load can be distributed among
processors which ultimately provide quick simulation results.
Algorithm 6.1 provides a simple example of exchanging information among
processors using MPI. It shows that the information presented at the end wall of a subdomain is exchanged between two processors utilizing buff1[][][] and buff2[][][] arrays.
During sending an information, the buff1[][][] or buff2[][][] array is filled up with the
information and then sent conveying the total numbers of elements, type of data,
receiver’s rank and a tag number. On the other hand, all processors receive information
where total numbers of elements, data type, sender’s rank, tag number and status are
attached.

6.4.4 Computational domain for modelling 3-D scour
The objective of the present study is to investigate numerically on the local flow and
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scour around pipelines subjected to steady currents. A cuboid computational domain is
considered for this purpose where the pipeline is laid directly on sandy bed. The
pipeline axis is considered along the z direction. The flow condition is kept the same as
in one of the physical model test of Mao [18] which is tabulated in Table 6-1. The mesh
density is kept uniform all over the domain. The diameter of the pipe is 16 lattice units.

z

y

Computational domain

rank 0

x

rank 2

rank 1

Figure 6-11: MPI solution for running the 3-D scour model on a supercomputer
The pipeline is located at about 6D from the inflow boundary and 12D from the outflow
boundary. The depth of water in the computational domain is 3.5D and the height of the
sandy bed is 1.0D. The pipeline length is considered as 10.D. In the study of [92]
suggests that a shorter spanwise extension between πD / 2 and πD is sufficient to
predict accurately the 3-D instabilities and all the characteristic components of the flow
at a high value of Reynolds number. Therefore, the consideration of pipe length in this
study is large enough in capturing three dimensionality effects of flow and scour in the
vicinity of pipeline. It should be mentioned that a small gap is purposely considered
between the pipeline and the sandy bed at the middle of pipeline. The purpose of it is to
allow the scour to develop towards both end of the pipeline.
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Algorithm 6.1 Simple example of exchange of information between processeors

void exchangePDF1()
{
if (rank==0)
{
for(int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
for (int d=0;d<NOD;d++)
{
// copying the end wall information of rank 0 to
buff1[][][]
buff1[z][x][d]=pDistFunc[z][NY+1][x][d];
}
}
}
//sending the information to rank 1
MPI::COMM_WORLD.Send(buff1,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,rank+1,
rank*2+2+13);
//receiving information from rank 1
MPI::COMM_WORLD.Recv(buff2,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,rank+1,
rank*2+3+13,status);
}//end of if rank ==0
else if (rank>0 && rank<nop-1)// nop-->total number of processors
{
for (int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
for (int d=0;d<NOD;d++)
{
buff2[z][x][d]=pDistFunc[z][0][x][d];
}
}
}
MPI::COMM_WORLD.Recv(buff1,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,
rank-1,rank*2+13,status);
//storing buff1 [][][] to tempB2 [][][]
for(int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
for (int d=0;d<NOD;d++)
{
tempB2[z][x][d]=buff1[z][x][d];
}
}
}
MPI::COMM_WORLD.Send(buff2,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,
rank-1,rank*2+1+13);

for(int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
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for (int d=0;d<NOD;d++)
{
buff1[z][x][d]=pDistFunc[z][NY+1][x][d];
}
}
}
MPI::COMM_WORLD.Send(buff1,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,rank+1,
rank*2+2+13);
MPI::COMM_WORLD.Recv(buff2,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,
rank+1,rank*2+3+13,status);
for(int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
for (int d=0;d<NOD;d++)
{
tempB1[z][x][d]=buff2[z][x][d];
}
}
}
}// end of else if
else
{
for(int z=NZ+1;z>=0;z--)
{
for(int x=NX+1;x>=0;x--)
{
for (int d=0;d<NOD;d++)
{
buff2[z][x][d]=pDistFunc[z][0][x][d];
}
}
}
MPI::COMM_WORLD.Recv(buff1,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,
rank-1,rank*2+13,status);
MPI::COMM_WORLD.Send(buff2,(NZ+2)*(NX+2)*NOD,MPI::DOUBLE,
rank-1,rank*2+1+13);
}//end of else
}// end of exchangePDF1()
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Figure 6-12: Computational domain for simulating 3-D flow and scour around
offshore pipelines

Table 6-1: Configuration of Mao’s tests
Pipe

Sand size

Flow

Flow

Gap Shields

diameter

d 50

depth

velocity

ratio

(mm)

(mm)

(mm)

(mm/s)

(e/D)

100

0.36

350

500

0

parameter
(θ )
0.098

6.4.5 Prediction of scour development
The purpose of this chapter is to study three-dimensional scour processes employing our
proposed 3-D scour model. Additionally, numerical results obtained from the developed
model will also be validated against experimental observations and test results available
in literature.
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6.4.5.1 Observation of spiral vortex
The study of three-dimensional scour carried out by [20] revealed that there may exist a
spiral type vortex in the front of the pipeline. They claimed that the presence of this type
of vortex is generated due to the three dimensional separation under the adverse
pressure gradient produced by the pipe in which the separated boundary layer rolls up.
Our numerical investigation of flow and scour around pipelines confirmed that there
certainly exists a spiral type vortex located in front of the pipe. Figure 6-13 shows the
existence of such type of vortex developed in the vicinity of the pipe. The formation
process of the vortex is similar to the formation of horseshoe vortex around a pile [20].
In figure 6-13 (a), the pipeline is not purposely presented whereas in Figure 6-13(b) the
pipeline is presented. Figure 6-13(a) shows that the three dimensionality effect exists all
around the domain except in the middle part of the scour hole. The streamlines nearly in
the middle part of the scour hole propagate from the bottom of the scour hole to
downstream side maintaining an almost 2-D nature. This 2-D propagation of
streamlines is more pronounced when the scour is developing significantly towards
streamwise direction. Figure 6-14(b) shows that the two dimensional propagation of
streamlines along the streamwise direction at the equilibrium stage. It also reveals that
the 2-D propagation of streamlines is more pronounced in the middle part of the scour
hole than the previous case. It confirms that the scour is a two-dimensional process in
the middle part of the scour hole. On the other hand, the three-dimensional propagation
of streamlines near the shoulder of span (Figure 6-13, Figure 6-14(b)) confirms the
presence of thee-dimensional nature of scour around it.
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6.4.5.2 Development of scour hole and the regime of 2-D scour
Figure 6-13 shows the scour hole shape developed at a early stage of the time
development of scour. It reveals that the propagation rate of scour is higher along
streamwise direction than that along spanwise direction. This is due to the presence of
stronger velocity component along streamwise direction which allows the sand particles
to move mainly at this direction. Figure 6-14 shows the equilibrium scour hole shape of
the sandy bed. It can be seen that the spanwise propagation of scour extends towards
both ends of the pipe almost equally. This can be attributed to the zero degree angle of
inclination considered in this case of Mao’s experiment. Figure 6-14 (b) shows
streamlines at different locations of the scour hole. The streamlines that pass near the
span shoulder of the pipe are not parallel to each other due to the strong 3-D effects of
flow in this region. On the other hand, the streamlines in the middle of the scour hole
stay almost parallel to each other. This indicates that the scour is a 2-D process in the
middle of the suspended pipe. The critical regime of 2-D scour process is found to be up
to 1.0D away from the middle of the suspended span in both directions.

6.4.5.3 Section- wise analysis of scour development
Figure 6-15 and Figure 6-16 show groups of various cross sections of equilibrium scour
bed presented in streamwise and spanwise direction respectively. The blue color in
those figures represents fluid whereas the ash color represents sandy bed or pipe. It is
obvious that the maximum scour along spanwise direction belongs to the plane of pipe
axis. On the other hand, the x-y plane which passes through the middle section of the
suspended span represents maximum erosion taken place along streamwise direction.
Figure 6-17 shows various cross sections of equilibrium scour bed along streamwise
directions. The cross sections of scour hole shape located at various positions from mid
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span to the left end of the pipe are presented in Figure 6-17. It can be seen that the
maximum scour depth happens at the mid-section of the suspended pipe. The scour hole
depth reduces as the distance between the streamwise cross section and the mid section
of the pipe increases. This is due to the generation of stronger vortex shedding flow at
the mid-section plane of the suspended pipe with respect to that in the vicinity of the
span shoulder.
Figure 6-18 shows various cross sections of equilibrium scour bed along the spanwise
direction. It can be seen that the maximum scour occurs along the pipe axis. The Figure
6-18 also reveals that the maximum scour depth takes place directly underneath the
pipe. Additionally, scour hole depth reduces as the distance between pipe axis and the
considered cross-sectional plane normal to the main flow increases.
Figure 6-19 presents the shapes of the equilibrium scour hole at different cross sections
along streamwise direction. The streamlines also presented along with the scour bed. It
can be seen that there exists the generation of vortex shedding in every sections. It is
believed that vortex shedding generation is responsible for the lee-wake erosion and that
has been confirmed through Figure 6-19.

6.4.5.4 Comparison of bed profiles
Figure 6-20 shows the comparison of bed profiles with the numerical results of Mao’s
experiment. It should be noted that the bed profiles in Figure 6-20 represent the crosssectional plane parallel to the main flow which passes through the middle section of the
suspended span. It can be seen that the present numerical model is not able to predict
the early stage of the scour development quite well. The predicted scour depth is smaller
than that of measured depth of Mao’s experiment. This discrepancy happens as the
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numerical model in this study reveals weaker tunnel scouring underneath the pipeline.
Apart from that the predicted equilibrium scour profiles of the present numerical model
agree very well with those measured in experiment. Figure 6-20(c) confirms that the
predicted time development of the maximum scour depth is in fair agreement with that
of Mao’s experiment. Additionally, the equilibrium scour hole shape in the vicinity of
the suspended pipe is well agreeable with that in Mao’s experiment. It reveals that the
present 3-D model predicts the lee-wake scour quite well.

6.4.5.5 Scour propagation speed along the pipeline
The research regarding the experimental investigation of the propagation of scour along
offshore pipelines is not far-reaching till now. Though, Leeuwestein et al. [41] gave an
account to the propagation of scour along spanwise direction, their research emphasis
was mainly on stability and self-burial of pipelines. In the Ph.D. thesis of Yeow[43],
extensive experimental investigations are carried out regarding the three-dimensional
local scour below pipelines. In his Ph.D. thesis, significant research emphasis is given
on investigating the propagation speed of scour hole along the pipeline length subjected
to steady currents. In his experimental observations for the cases with zero degree
incident angle, it is revealed that the scour propagates from the middle part of the free
span to the both ends of pipeline at a constant rate or at two constants rates. He
concluded that the free span length increases almost linearly with time till it reaches to
the both ends of pipeline. It should be mentioned that the current numerical results
obtained from the investigation regarding propagation speed of scour along pipeline
length is consistent with the experimental observation of Yeow. Figure 6-21 presents
L/D verses lattice unit of time where L/D represents the free span length measured from
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the middle part of the pipeline to nearest support point of pipe at left side. It can be seen
that there exist a almost constant rate of propagation of scour along the spanwise
direction which is consistent with experimental observation of Yeow [43]. This
represents the robustness of the current numerical model.

6.4.5.6 Analysis of scour hole slope at transverse direction
Figure 6-22 shows various cross sections of scour hole shape developed at different
stages of scour process along the length of the pipe. It is revealed that the spanwise
propagation rates of scour hole towards right and left ends of the pipeline are almost the
same. This type of scouring happens as the flow is perpendicular to the pipeline. Figure
6-22 also reveals that the scour slope at the shoulder region remains fairly constant
throughout the whole scour process. The fairly constant slope of the scour hole
expressed through the Figure 6-22 also suggests that the natural angle of repose of the
sand might be a fair estimate for transverse scour slope.
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Figure 6-13: Streamlines in a scour bed at iteration step=8000
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Figure 6-14: Equilibrium scour bed profiles presented with or without cylinder
and selected streamlines
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Figure 6-15: Equilibrium bed profiles along streamwise direction
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Figure 6-16: Equilibrium bed profiles along spanwise direction
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Figure 6-17: Equilibrium bed profiles at various sections of the computational
domain
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Figure 6-19: Streamlines for equilibrium bed profiles at various sections of the
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Figure 6-22: Scour hole shapes developed at different stages of scour process
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6.5 Conclusion
A three-dimensional flow and scour model is developed in this chapter in order to
predict lattice unit time-dependant scour below pipelines. Based on the research
findings in this chapter, the following conclusions can be drawn:
1. The 3-D flow model predicts the gross features of 3-D cavity flow and the flow
around isolated circular cylinder quite well.
2. The existence of spiral vortex in the proximity of the span shoulder is well confirmed
by the simulation results of our numerical model.
3. The critical regime of 2-D scour process is found to be up to 1.0D away in both
directions from the middle of the unsupported length of pipelines.
4. The equilibrium maximum scour depth and the shape of equilibrium scour hole are
compared well with the available experimental data.
5. The speed of propagation of scour along the pipeline length does maintain almost a
constant rate which is consistent with the experimental observations of Yeow [43].
6. The existence of vortex shedding is demonstrated by the simulation results. This
confirms that the vortex shedding plays important role for the generation of lee-wake
scour.
7. The scour slope at the shoulder region remains fairly constant throughout the whole
scour process.
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Chapter 7
CONCLUSIONS AND FUTURE WORK

The work done in this dissertation has validated the application of the proposed LBGK
models for predicting two-dimensional vortex shedding flow and scour in the vicinity of
offshore pipelines through comparison study with the published experimental results.
The study equips the author with proper modelling skills for the simulation of threedimensional flow and local scour around pipelines. The following paragraphs reflect the
conclusions on the study of the 2-D and 3-D vortex shedding flow and scour around
pipelines, with some suggestions and recommendations for further research upon the
content of this dissertation.

7.1 Conclusions
In Chapter 2, the derivation of LBGK model and the Smagorinsky turbulent model in
the context of the LBM was described. A full algorithm of the LBGK numerical scheme
was also given. The boundary conditions for simulating fluid flow were discussed in
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details in the context of the LBM. The calculation of hydrodynamic forces based on the
momentum equation of particle distribution functions was also provided. Finally, the
numerical model was validated through comparison study with others numerical results.
Chapter 3 gave an overview regarding available mesh refinement techniques available
in literature. A new and slightly modified mesh refinement technique was proposed.
The proposed grid refinement scheme was employed to simulate the flow around
isolated cylinder at low Reynolds number. The obtained results were then compared
with the available experimental and numerical results. It was concluded that the
proposed mesh refinement scheme is capable of removing oscillatory solutions by
implementing finer grid at the high velocity change regime.
In chapter 4, first of all, a numerical study of the flow around an isolated square cylinder
was carried out. The comparison of the present numerical results with those available in
literature demonstrated that the present model is able to capture a reliable time
dependent flow around the square cylinder even at high Reynolds number values.
Finally, a numerical study was carried out to investigate the influence of circumferential
pipe roughness on various local and global flow parameters. It was revealed that the
circumferential pipe roughness has significant influences on the hydrodynamic forces,
circumferential pressure distribution, vortex shedding frequency and the formation of
vortices in the vicinity of cylinder. On the other hand, the density of cylinder roughness
does not have significant influence on the flow parameters. Therefore, the roughness
height is the key parameter that affects the flow field significantly.
In chapter 5, a lattice-BGK model was proposed and the Smagorinsky sub-grid scale
(SGS) turbulent model was employed for the description of the turbulent flow. The
multi-particle cellular automata (CA) model proposed by Dupuis & Chopard [32] was
carefully modified from few aspects and employed to describe the transportation,
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sedimentation, toppling and erosion mechanisms for the eroded sand particles. The
erosion mechanism was also enriched by introducing the threshold of sediment
entrainment technique. It was demonstrated that the model has the ability to predict
lattice unit time development of scour below pipelines depending on various incoming
flow conditions. The predicted scour profiles for various incoming flow conditions are
found to compare well with the experimental results reported in the literature. The
existence of lee wake erosion due to continuous generation of vortex shedding in the lee
of the pipelines was revealed. It proves that the lee wake erosion is due to the
continuous generation of vortex shedding in the lee of the pipeline. The time
development of the maximum scour depth below the pipe was also found to be in good
agreement with the experimental measurements reported in literature. As SGS model
over-predicts the interaction between the vortices shed from the lower half of the
pipeline and the scoured bed, the accretion of the sediment downstream of the pipeline
was not well captured. The over-prediction of the aforementioned phenomena has also
previously noticed by Liang and Cheng [31].
In chapter 6, a three-dimensional flow and scour model was developed in order to
predict flow around isolated cylinder and the flow and local scour below pipelines. First
of all, the 3-D flow model was validated through comparison with the numerical data of
other researchers obtained from the simulation of lid-driven cubic cavity flow. Then, the
3-D flow model was implemented to simulate the 3-D vortex shedding flow around
isolated cylinder. The obtained results showed fair to good agreement with experimental
and numerical data available in literature. Finally, the model was utilized to carry out
numerical investigation of three-dimensional local scour below offshore pipelines. The
predicted results of the model for the scouring cases suggested the following
conclusions to be drawn:
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1. The existence of spiral vortex in the proximity of the span shoulder is well confirmed
by the simulation results of our numerical model.
2. The speed of propagation of scour along the pipeline length does maintain almost a
constant rate which is consistent with the experimental observations of Yeow [43].
3. The existence of vortex shedding is demonstrated by the simulation results. This
confirms that the vortex shedding plays important role for the generation of lee-wake
scour. This is consistent with the experimental observation of Mao [18].
In fine, the research described in this dissertation has revealed that the main strength of
the algorithms developed for the series of numerical models is the computational
efficiency and accuracy. Those models have been developed addressing aspects of
different engineering concerns. The work accomplished employing those models reveals
a significant step towards successfully modelling extremely complex fluid flow and
morphodynamic problems.

7.2 Recommendations for future work
The research described in this thesis is actually a fundamental investigation rather than a
comprehensive study addressing industrial applications. In Chapter 4, a numerical
investigation is carried out for revealing the influences of surface roughness of pipe on
the global and local parameters. The total study is carried out based on a 2-D flow
model. A comprehensive three-dimensional investigation regarding this topic which
must have a great engineering significance is recommended for future reference. The 3D vortex shedding flow model described in Chapter 6 can easily be extended to carry
out this type of recommended research. Considering only one case of Mao’s
experiment, three-dimensional investigation of local scour below pipelines is carried out
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in Chapter 6. Although it is obviously going to be extremely time consuming, a
complete three-dimensional scour study based on various incoming flows considering
the initial placement of a pipeline either directly on seabed or at different embedment
depths is highly recommended for the future research. It will definitely provide a
guideline to interested engineers to understand the scour phenomenon for the sake of
designing pipelines. The development of scour along spanwise direction might cause
the existence of a significant free spanning length of pipeline which is responsible for
pipeline sagging. The consequence of pipeline sagging is further scour or self-burial of
pipeline due to strong interactions between three-dimensional flow and pipeline. The
understanding of the pipeline sagging process is a big issue with which engineers are
deeply concerned. The 3-D model presented in this dissertation can be extended with
some further effort to carry out a comprehensive investigation on pipeline sagging
process.
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