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ABSTRACT

Pipes that are mounted on the river bed is mostly exposed to continuously strong flow
field. This continuous flow field removes sand particles deposited around the pipe and
creates a hole, which is known as local scour, and this phenomenon is known as scouring.
Sometime this scouring is so intense that it leads to pipe’s demage. The aim of this study
was to study the effect of bluff body shapes and gap between circular body and wall of
sand bed and the turbulence models sensitivity study and effect of scour depth.

A numerical investigation of incompressible and transient flow around circular pipe has
been carried out at different five gap phases. Flow equations such as Navier-Stokes and
continuity equations have been solved using finite volume method. Unsteady horizontal
velocity and Kinetic energy square root profiles are plotted using different turbulence
models and their sensitivity is checked against published experimental results. Flow
parameters such as horizontal velocity under pipe, pressure coefficient, wall shear stress,
drag coefficient, lift coefficient, bed roughness are studied and presented graphically to

investigate the flow behavior around an immovable pipe and scoured bed.

Results reveal that among existing turbulence models, the standard k- € turbulence model
is preferred over others for more accurate prediction of local scour surrounding circular
cylinder over sandy bed when compared against experimental data. In addition, It is found
that in both cases with flat and scoured bed, the size of the vortex shedding increases with
the increase in the gap and when the pipe closer to the bed the vortices behind the circular
cylinder is unsymmetrical. It is observed that in both cases with flat and scoured bed, the
drag coefficient reduces as the gap increases and lift coefficient as well. However, for the
scoured bed the lift coefficient has a negative value which indicates the void under the
pipe. It is found that in both cases with flat and scoured bed shear stress reduces as the

gap increases. A reduction of around 82.3 % in the pressure distribution over the bed’s



surface is observed with flat-bed, and a reduction of around 80 % of bed wall shear stress

observes from time 10 min to 300 min at scoured bed.



ABSTRAK

Paip yang telah dipasang di dasar sungai kebanyakannya terdedah kepada medan aliran
terus kuat. Bidang aliran berterusan mengeluarkan zarah-zarah pasir yang disimpan di
sekeliling paip dan mewujudkan lubang, yang dikenali sebagai kerokan tempatan, dan
fenomena ini dikenali sebagai penyental. Kadang-kadang penyental ini adalah begitu kuat
bahawa ia membawa kepada retak paip itu. Tujuan kajian ini adalah untuk mengkaji kesan
bentuk badan pembohongan dan jurang antara badan bulat dan dinding katil pasir dan

kajian sensitiviti model pergolakan dan kesan kedalaman kerokan.

Penyiasatan berangka aliran tak boleh mampat dan sementara di sekeliling paip bulat
telah dijalankan di lima fasa yang berbeza jurang. Persamaan aliran seperti Navier-Stokes
dan persamaan kesinambungan telah diselesaikan dengan menggunakan kaedah isipadu
terhingga. Halaju mendatar tak mantap dan Kinetic profil punca kuasa tenaga diplot
menggunakan model pergolakan yang berbeza dan sensitiviti mereka disemak dengan
keputusan eksperimen diterbitkan. Parameter aliran seperti halaju mendatar di bawah
paip, pekali tekanan, tegasan ricih dinding, pekali seretan, pekali daya angkat, kekasaran
katil dikaji dan dipersembahkan secara grafik untuk menyiasat kelakuan aliran sekitar

sebuah paip tak alih dan katil dicari dengan rapi.

Keputusan menunjukkan bahawa antara model pergolakan yang sedia ada, k- model
gelora ¢ standard lebih disukai berbanding lain-lain untuk ramalan yang lebih tepat
kerokan tempatan di sekitar silinder bulat atas katil berpasir apabila dibandingkan dengan
data eksperimen. Di samping itu, la mendapati bahawa dalam kedua-dua kes dengan Katil
rata dan dicari dengan rapi, saiz vorteks menumpahkan meningkat dengan peningkatan
dalam jurang dan apabila paip yang lebih dekat dengan katil yang vorteks di belakang

silinder bulat adalah simetri. Adalah diperhatikan bahawa dalam kedua-dua kes dengan

Vi



katil rata dan dicari dengan rapi, pekali seretan mengurangkan dengan peningkatan jurang
dan pekali daya angkat juga. Walau bagaimanapun, bagi katil dicari dengan rapi pekali
daya angkat mempunyai nilai negatif yang menunjukkan tidak sah di bawah paip.
Didapati bahawa kedua-dua kes dengan tegasan ricih Kkatil rata dan dicari dengan rapi
mengurangkan jurang yang meningkat. Pengurangan sekitar 82.3% pada taburan tekanan
di atas permukaan katil yang diperhatikan dengan rata-katil, dan pengurangan kira-kira
80% daripada tegasan ricih dinding katil memerhati dari masa 10 min 300 min di inap

dicari dengan rapi.
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Chapter 1.0

Introduction



1.1 Background

Scouring can be defined as the erosion of sand bed sediment surrounding the obstruction
I.e., cylindrical pipes when the obstruction is exposed to continuously strong flow field
or flood events (Breusers et al., 1977; Chang, 1992; Kattell & Eriksson, 1998; Akib,
Fayyadh, Shirazi, et al., 2011). The sand bed can be undermined due to the normal flow
field subjected to the obstruction under flow conditions by which its rate increases with
larger flow events. In other words, scouring is basically caused when the foundation of
the bed is swept away under flood conditions in which the flow around the obstruction
accelerates and induces high shear stress over the seabed surface (Adhikary et al., 2009;
Akib, Fayyadh, Shirazi, et al., 2011). The resulted reduction of the sand bed around the
pipe below the normal and natural river level is called the scour depth. A scour hole is a
pit or void that forms as a result of the sand bed sediment removal from the river bed
(Alabi, 2006).

Local and area scour threaten pipeline stability which may damage the pipe. Scour holes
endanger stability when large free spans create unacceptable stress due to static
deformation (Bruschi et al. 1986). During the development of the scour hole under the
pipeline, the stresses inside the wall of the pipe increase due to the sagging of the pipe.
The suspended part of the pipe deflects like a uniformly loaded beam with fixed or simply
supported ends. The pipe will rupture if the static bending stresses exceed the ultimate
strength of the pipe.

Local scouring surrounding the cylindrical pipes are considered to be one of the main
causes of their damage. The local scour around river hydraulic structures are disaster
mitigation of the engineering structure (Nagata et al., 2005; Fayyadh et al., 2011).
Damage of hydraulic structure because of local scouring is a global concern, and it has
been studied by many researchers experimentally and numerically for several decades

such as (Akib, Fayyadh, & Othman, 2011; Akib, Jahangirzadeh, et al., 2014). The study
2



conducted by Smith (D. Smith, 1976; Sheppard et al., 2004) reported that the most of the
reasons contributed for the damage and failure of pipes located or river in the period of
time from 1847 to 1975, details are shown in the Table 1.1.

Table 1.1:World-wide structure failures categories ( Smith, 1976)

Classification Reasons Number
1 Flood scour 70

2 Inappropriate material 22

3 Overloading and Accidents 14

4 Inappropriate instalment 12

5 Earthquakes 11

6 Error in design 5

7 Wind destroy 4

8 Fatigue 4

9 Rust 1

Due to the importance of complex phenomenon of scouring around cylindrical pipe, it
has been subject of research for decades and is still an open interdisciplinary research
field as the mechanism of scouring are still less understood. Majority of the earlier studies
focused on fields of finding applicable experimental methods to ensure structure
endurance and protection rather than in-depth understanding of the phenomenon.
Although these methods which mainly focused on seeking empirical equations to predict
the maximum scour depth proved to be helpful to some extent, they are not always
successful to extend the experimental results to the practical applications. The empirical
equations are also unable to give a comprehensive prediction for the configuration of
scour hole in detail. Considering the shortcomings and the high costs of laboratory tests,
some researchers have instead attempted to develop numerical models since 1980s.
However due to its complex nature, numerical modeling of scouring has remained

relatively less developed.



1.2 Problem statement

Local scouring around pipes mounted on river are a complex phenomenon which needs
more effort to be understood and clarified. Since experimental studies are not always
feasible, computational study of such design shows to be an important and effective tool
for understanding the effect of scouring depth. However, since scouring is very complex
due to nature, simulations are quite challenging and advanced as well as proper techniques
for modeling of turbulence models should be applied to ensure reliable and accurate

results.



1.3 Objectives of study
This study aims to achieve the following objectives:

e To investigate the flow behavior over various shapes of a pipe (i.ecircle,
rectangle, square and square with round edge) using CFD.

e To investigate the effect of the vertical distance between the flat sand bed and
circular pipe surface using CFD.

e To study the sensitivity of various turbulence models (RANs types) for the
investigation of the flow around a circular pipe for number of scoured (non-flat)
sand bed.

e Toinvestigate the effect of different scoured depths between sand bed and circular

pipe surface.



1.1  Research project outline
This thesis consists five chapters:

Chapter 1: Introduction.

Chapter 2: Literature review. This part provides extensive and informative
background on past studies that deal with the main reasons causing the formation of
scouring around bridge piers and abutments.

Chapter 3: This chapter presents the research findings and their analysis for
objectives 1 and 2. It discusses the effect of bluff body shapes and effect of gap between
circular body and wall of sand bed. The chapter systematically describes the methods
which are used in simulation of body shapes and gaps effect. This chapter consists of ten
subsections namely: Introduction, Geometry of different cross sections view of pipe,
Governing equations, Turbulence models, Boundary conditions, Numerical methods,
Simulation cases, Mesh independence and time step test, Results and discussions, and
Conclusions.

Chapter 4: This chapter presents the research findings and their analysis for
objectives 3 and 4. It discusses the turbulence models sensitivity study and effect of scour
gap. This chapter systematically describes the methods which are used in simulation of
effect of different turbulence models and effect of scouring depth. This chapter consists
ten subsections namely: Introduction, Geometry of different cross sections view of pipe,
Governing equations, Turbulence models, Boundary conditions, Numerical methods,
Simulation cases, Mesh independence and time step test, Results and discussions, and
Conclusions.

Chapter 5: Conclusions: The conclusions and the contributions of this study and

suggestions for future work are given in this chapter.



Chapter 2.0

Literature review



2.1 Introduction

Pipes that are located in the flow direction are mostly exposed to damage. Structural
failure, embankment erosion and scouring are some of the main reasons which contribute
to the failure of a pipe located on river bed. Scouring is the most important effects of
flood on cylindrical pipes, which occurs due to the erosion of the bed foundation. The
flow around the obstruction accelerates and induces high shear stress over the bed surface
that sweeps away the bed foundation of river pipes. There are several types of scouring
around cylindrical pipes, e.g., general scouring or erosion scouring, contractive scouring
and local scouring. General scouring occurs regardless of the existence of pipes on the
river bed. While a contractive scouring occurs when cylindrical pipes block the water
flow and a local scouring is due to the local flow field around pipes.

Scour prediction has been a subject of interest since the beginning of civilization. Over
the past years, there have been a lot of experimental and simulation based studies
conducted to predict local scouring phenomenon. Obstruction,i.e., cylindrical pipes,
located in the water flow direction are mostly exposed to local scour and such local
scouring prediction surrounding the obstruction has been primary interest to hydraulic

and ocean engineers (Kattell & Eriksson, 1998).



2.2  Mechanism of the scouring process

Figure 2.1 shows the basic mechanisms for flow around pipe and local scour formation.
The flow field around an obstruction such as cylindrical pipe passes through three stages
before forming a scour hole, i.e., the flow pattern at the downstream, the pressure
stagnation (located at the front of the pier surface) and the vortex system. The velocity
decelerates as the flow approach an obstruction and the velocity reduces to zero at the
stagnation point on the obstruction surface which leads to an increase in pressure at the
point. This stagnation pressure is considered as the highest pressure near to pipe surface.
The flow at the downstream of the obstruction forms a strong vortex, which is called as
horseshoe vortex for its similarity to a horseshoe and the down-flow (i.e., the flow from
top to bottom of an obstruction) which rolls up continuously, creates a scour hole. The
down-flow reaches its maximum near to the sand bed level, and it is known as the main
scouring agent (B. W. Melville & Raudkivi, 1977). Furthermore, the vortex flow, which
is conducive to the evolution and development of a local scour hole, is considered as the
main agent for scouring as well (Dey & Barbhuiya, 2005). Beside the horseshoe vortex,
there are vertical vortices downstream the pipe which is called as wake vortices
(Khwairakpam & Mazumdar, 2009). Both horseshoe vortex and wake vortices remove
the sand at the base region around the pier (Negm et al.; Khwairakpam & Mazumdar,
2009). Normally the flow accelerates around the pipes and make them susceptible to local
scour (Zhai, 2010). Scouring is mostly harmful for the pipes located over river bed at the
upstream in which it washes the erodible river bed around it and eventually creates a void
that proportionally gets largely undermined with the time development (Millard et al.,
1998). Briefly, local scour at the obstruction occurs due to the formation of horseshoe
vortex by water accumulation on the obstruction surface at the upstream which increases

shear stress and sediment transport (Pal et al., 2011).



Figure 2.1: Flow pattern surrounding a pier and basic scour mechanisms.
Although numerous investigations have been conducted on scouring around cylindrical
pipes, but the understanding of the complex flow field and the mechanisms of scouring
combined with the complexity of geometries and various erodible beds still requires

further study and this remains challenging problems.
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2.3 Parameters causing local scouring

Two parameters down-flow at the upstream face of the pipe and formation of horseshoe
vortex play the major role in causing the local scouring around cylindrical pipes. There
have been numerous experimental investigations in the past to determine the reasons of
local scouring around cylindrical pipes. Details can be found in ref (Saneie et al.; Mao,
1987; B. Jensen et al., 1990; Jones et al., 1992; B. W. Melville, 1997; Ettema et al., 1998;
Millard et al., 1998; Briaud et al., 1999; Ting et al., 2001; Yanmaz & Ustun, 2001; Oliveto
& Hager, 2002; Coleman et al., 2003; Bateman et al., 2005; Coleman, 2005; Dey &
Barbhuiya, 2005; Ataie-Ashtiani & Beheshti, 2006; Sturm, 2006; Dey & Raikar, 2007;
Haltigin et al., 2007; Mutlu Sumer, 2007; Unger & Hager, 2007; B. Melville, 2008;
Beheshti & Ataie-Ashtiani, 2009; G Kirkil et al., 2009; Lee & Sturm, 2009; Mashahir et
al., 2009; Bihs & Olsen, 2010; Debnath & Chaudhuri, 2010; Defanti et al., 2010; Grimaldi
& Cardoso, 2010; Q. L. C. Liu & Dong, 2010; Eghbali et al., 2011; Guney et al., 2011;
Khosronejad et al., 2012; Khwairakpam et al., 2012; Das et al., 2013; Nielsen et al.,
2013).There have been some numerical investigations on finding the causes of scouring
which focused on the scour features such as shape and size of the scour hole and time
scale of void formation , while the current study focuses on the forces on cylindrical pipe

,vortex shedding and velocities for each of the bed profiles .
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2.3.1 Down-flow filed

The down-flow is the accelerated flow field surrounding the obstruction e.g. pipe that
leads the flow to move downward and forms a clockwise spiral around the pipe. This
downward flow induces shear stress over the bed that leads to the formation of scour void.
The accelerated flow around the obstruction parallel to bed surface induces shear stress
over the bed which is called bed shear stress, and it experiences the maximum shear
(Tmax) at the flow separation point which makes scouring to begin. Lu Li and Qin (2005)
investigated local scour surrounding offshore pipelines by using the Re-Normalized
group (RNG) turbulence model using CFD. They showed the bed shear stress is a
dominated factor that involves creating a local scour profile around hydraulic structure.
A CFD study to predict a flow field surrounding a circular pipeline was carried out by
Zhu and Liu (2012). Authors observed the scour depth depends on three quantitative
numbers which are numbers of pier, number of sediment size and the period time number
(a period time number is a time that takes for a scouring hole to reach to its equilibrium
stage, in that case sand stops removing.). Results were used to calculate the bed shear
stress surrounding the cylinder and an expression which was taken from the results was
used to get the varied scour depth with the time development. Molina et al. (1998)
experimentally investigated shear stress surrounding vertical wall obstruction. Results
revealed that at the upstream corner of vertical wall, the maximum shear stress occurred,
and by increasing the flow velocity and the shear stress intensity, the local scour around
obstruction is initiated.

The scour gap below pipelines under upward seepage affect through bed sediment was
conducted by computationally and experimentally by Dey and Singh (2007). It was found
that scour gap below pipelines with upward seepage influence is smaller than scour gap
without upward seepage. This was because of the mechanism of scour below upward

which was controlled by the decreasing of bed shear stress due to seepage reduction in
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the submerged weight of the sediment particles due to seepage. Kang and Yeo (2012) and
Sheppard et al. (2004) experimentally conducted to study the changes in the shear stress
surrounding piers for different bed materials through the influence of time development
on scour depth, the shear stress surrounding piers and the critical shear stress on particles
. Results revealed that the bed shear stress gets its maximum value at the initial stage
during scour formation, and it gets decreased gradually while the scour depth gets
increased until it reaches the equilibrium scour depth. A numerical study on maximum
scour depth below submarine pipelines was conducted by Chiew (1991). Results showed
that when the shear stress and critical shear stress of sand sediment are equal, the scour
depth will be at its maximum value. The results obtained by Kamil and Karim (2002)
revealed that the overall bed shear stress reduced with scour accompanies time
development increases and with local scour size increases. The flow field and the scour
mechanism surrounding a circular pier was numerically investigated based on Large Eddy
Simulation (LES). The results found that at the downstream, as the scouring depth
increases, the bed shear stress decreases and approaches the undisturbed shear stress (Wei
& Aode, 2006). The flow field surrounding a bridge abutment was numerically
investigated. The results concluded that the maximum shear stress are condensed at a
small area near the edge of the abutment upstream where the maximum scour capacity is

found (Teruzzi et al., 2006).
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2.3.2 Horseshoe vortex

The horseshoe vortex is simple eddies circulation model of water around cylindrical pipe
that forms as a results of the strong down-flow filed which is called as horseshoe vortex
for its similarity to a horseshoe. The formation and flow of vortex generates around the
cylindrical pipe due to water external forces that subjected to the cylindrical pipe surface,
are both cause the cylindrical pipe to be vibrated and may cause resonance phenomena
besides the scouring phenomena. This section presents factors which contribute in
cylindrical pipe failure that mounted on river bed.

Several experiments and numerical simulations have been done in last few decades to
investigate the main reasons causing a scour to form around cylinders that are subjected
to a sandy bed. Experimental investigation showed that the horseshoe vortices play the
main role in the scour around the bridge piers (Dargahi, 1990; Unger & Hager, 2007;
Akoz, 2009; Lee & Sturm, 2009). At the early stage scouring occurs in the wake region
behind the cylinder. The primary wake vortices and accelerated side flow are the main
cause of this scouring. Countermeasures surrounding bridge piers for scour reduction
were applied to diminish the down-flow strength and the horseshoe vortex that consider
as major reasons causing local scour around hydraulic structures (Parker et al., 1998; Y.
Chiew & Lim, 2003). The horseshoe vortex were experimentally investigated and the
results showed that the down-flow and the vortices are the basic mechanisms for local
scour process. It has been found that the size of the vortex enlarges with the increasing of
the scour void (Muzzammil et al., 2004). Dey and Raikar (2007) reported that the
horseshoe vortex size becomes larger with the development of the scour pit. In other
words, reducing the horseshoe vortex strength by preventing it from escaping downstream
consequent in a reduction in scour depth significantly (Beg & Beg, 2013). The scale
influence on turbulent flow and sand sediment scour close bridge pier was numerically

investigated by Huang.et.al (2009). The computational data was obtained by Fluent, was
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compared with experimental data, and the comparison showed good agreement. Results
showed that some of turbulence quantities are difficult to be measured such as vortex
which was the main factor lead to bed scouring. Smith and Foster (2005) investigated a
numerical study to simulate and examine the steady flow surrounding a circular cylinder
at five scoured phases. Both k-€ and Smagorinsky LES turbulence models were used to
simulate the flow filed modeling. The numerical results showed satisfactorily agreement
against the experimental data of Jensen.et.al (1990), and it revealed that the change in
grid size affects and the frequency as well as the magnitude of the shedding vortex. The
experimental work reported by Unger and Hager (2007) was aimed to study local scour
basic mechanisms characteristics of sediment surrounded the bridge piers. The results
revealed that the horseshoe vortex within the scour pit and the vertical jet are the main
scour agents. In other words, a scour pit is formed due to the horseshoe vortex that has
enough strength to wash the sand sediment particles from the sand bed (Bateman et al.,
2005) and as the scour depth increases the horseshoe vortex diminishes (Lagasse &
Richardson, 2001). A numerical simulation was developed to study the flow surrounding
obstructions. The study conducted by Das and Raikar (2007) revealed that the horseshoe
vortex differs with different pier’s shape. Thus, it was observed that the horseshoe vortex
size of a circular pier is smaller than the square pier (Das et al., 2013). An experimental
investigation was done by Melville and Raudkivi (1996) to study the effects of foundation
geometry on bridge pier scour. The results revealed that the horseshoe vortex increases

and deepens the scour.
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2.4  CFD modeling
In following sub-sections, previous studies for predicting scour formation using CFD
modeling techniques, i.e., scour modeling, multiphase-model, turbulence modeling will

be discussed.

2.4.1 Scour modeling

The CFD-based methods were primarily utilized for scour modelling in the 1990s. The
previous methods were run to model flow simulations coupled with a morphological
description that drives the deformation of the bottom computational mesh to produce a
scour hole. In the following years, a successive refinement is being applied for the
calculation of the mesh deformation tensor to simplify modelling complexity. A boundary
adjustment technique is a mesh deformation technique that is used to represent the factors
that cause sediment redistribution as a result of scouring formation. These include the
local hydrodynamics, resolved to an appropriate level, associated structures, pressure
gradients and bed shear stresses (Lu et al., 2005). They have been employed which
relates the magnitude of deformation to the equilibrium of the bottom shear stress (z) and
critical threshold for incipient sediment motion (zc), i.e. the mesh vertices are adjusted in
vertical direction in response to the impinging flow until the condition z = z¢ is reached.
More common method based on sediment transport theory in which the morphological
model consists of bed-load and/or suspended sediment equations and the bed evolution is
determined by solving the mass balance of sediment equation (Olsen & Melaaen, 1993;
Brars, 1999; Liang et al., 2005; X. Liu & Garcia, 2008).

Boundary adjustment technique using deforming or moving grids have often relied upon
the grid structure in order to provide a convenient mechanism for repositioning the
internal grid points in response to the deforming interface. The method represents one of

the techniques for tying the deformation of the internal mesh to that of the interface. In
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their simplest manifestation, spines represent guiding lines to which internal mesh is
constrained. The grid mesh is constructed by dividing the mesh into two regions; inner
fixed mesh region and an outer moving mesh region. The moving region is constructed
by defining spines that are approximately normal to the initial ablating surface and its
nodes are regularly structured.

More recently, scour predictions based on two-phase (water-sand) flow considerations
have been presented. Euler-Euler models treat the fluid and solids as phases as
interpenetrating continua capable of exchanging properties like mass and momentum.
The advantage of two-phase models is that fluid-solid and solid-solid interactions are

considered and no empirical relations are required.
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2.4.2 Multiphase models

The Euler-Euler (E-E) method has recently been applied to scour studies around marine
pipelines (Z. Zhao & Fernando, 2007; Yeganeh-Bakhtiary et al., 2011) with promising
success. The E-E method establishes conservation equations for both phases based on
single-phase conservation equations with additional terms for inter phase exchanges of
mass and momentum. The particle-particle interaction is governed by the kinetic theory
of granular flow which describes viscosities for the kinetic, collisional and frictional
regimes.

Several issues have been identified with the standard solver (fluid-sand interaction
method). Using kinetic theory alone to control the maximum solid fraction, the bed is
subject to strong over packing. The attenuation of flow in the near-bed area is caused by
an inadequate representation of the particle-turbulence interaction which causes a strong
reduction in flow velocity leading to rapid settling out of particles near the pipe. Another
issue is a discrepancy in timescales. The characteristic timescale of particle-turbulence
interaction is shorter than the time required for the flow to adjust to the bed morphology
change, causing errors in the scour calculation which has also been reported by ( Zhao &
Fernando, 2007). A number of modifications are required to alleviate over packing, a
particle normal force model is used that introduces a solids pressure term in the
conservation equation. Initial inclusion has shown to improve the control of the maximum
solid fraction. For issues with particle-turbulence interaction a number of potential
remedies have been identified. Two-phase turbulence model which includes the terms for
the effect of particles on turbulence was developed by (Elghobashi & Abou-Arab, 1983).
Another option could be a “frozen bed switch” which entails not solving for the solid
phase while the hydrodynamics are calculated; once the flow is fully developed, both
phases are solved to allow for bed adjustment before returning to the previous step in

figures 2.2 (a) and 2.2(b). Similarly, iterative mapping between a transient single-phase
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and the E-E solver could be used to provide accurate hydrodynamics while respecting the

disparity between the characteristic timescales (Melling et al., 2011).

Map flow and turbulence

q > 4 -

Solve for fluid phase only Solve for both phases Single-phase solver Euler-Euler solver
Second phase “frozen” llowing bed adjust for flow simulation for two-phase calculation

< J

Figure 2.2: Bed adjustment of two phase models (a) Frozen bed switch, and (b) Iterative
mapping between solvers (Melling et al., 2011).

Map bed surface

The correlations of interfacial forces in multiphase flows were used to study the
interaction among phases (Akib et al., 2014). The interaction between liquid (water) phase
and sand is determined by solving the momentum equation which includes interfacial
forces i.e., drag, lift and added mass forces. E-E model often uses the drag force as the
prominent interfacial force to predict local scour surrounding circular cylinder. Many
studies have used only the drag force in order to predict local scour (see table 2.1).
However, some studies have used different interfacial forces simultaneously in the
solving of the momentum equation. Computing a pair or all the interfacial forces in some
cases will result in more accurate prediction of local scour and flow modelling around
obstruction. Table 2.1 shows various multiphase methods, interfacial force and turbulence
models to study the local scour and flow modelling. The table shows that, the drag and
lift models can be applied in many different operation conditions while added masses
forces rarely used as interfacial forces in the momentum equation for simulating local

scour.
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Table 2.1: Summary of numerical studies for local scour modeling

Turbulence Interfacial force  Structure Multiphase  Ref.
models models shape models
k- & Symmetric drag Circular pipe Eulerian (Z. Zhao &
Fernando, 2008)
k- € Drag and lift Circular pipe Euler-Euler (M.
coefficients, inter- Kazeminezhad &
granular stresses Yeganeh-
Bakhtiary, 2011)
k- Symmetric drag Circular pipe Eulerian (Z. Zhao &
Fernando, 2007)
k- & Drag, lift Circular pipe Eulerian (Hossein
coefficients and Kazeminezhad et
added mass forces al., 2011)
k- An compressive Circular pipe Lagrangian (X. Liu & Garcia,
interface capturing Eulerian 2006)
Scheme CICSAM (ALE)
is used to re-sharp
the interface
k- ¢ Drag and lift Circular pipe Euler-Euler (Yeganeh-
coefficients, inter- Bakhtiary et al.,
granular stresses 2011)
k- € Drag, lift coefficients ~ Circular pipe Euler- (Fard etal.)
and added mass Lagrange
forces
k- ¢ Drag, lift Circular pipe Euler- (Hajivalie et al.,
coefficients and Lagrange 2012)
added mass forces
k- & The interface with  Circular pipe Volume Of (Smith & Foster,
Smagorinsky  solid boundaries is Fluid (VOF) 2005)

LES

simulated by
(FAVOR) method

The drag force is the horizontal component of the hydrodynamic force relative to the flow
directions. Symmetric drag model is employed to describe the interaction between fluid
(water) phase and sand phase. The symmetric drag model is used for the fluid-fluid drag
function, and it is recommended for flows in which the secondary (dispersed) phase in
one region of the domain becomes the primary (continuous) phase in another. Note that,
in numerical studies when the sand sediments have the same diameter size, a constant
drag coefficient (mostly used as 0.5 for diameter size of 0.36 mm, see Table 2.2) can be

used instead of the drag models in order to reduce the computational time, and some
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studies have employed the drag models instead of the drag coefficient. Unlike the drag
force, the lift force is the perpendicular component of the hydrodynamic force relative to
the flow directions, and it has a significant effect on defining the flow pattern in the
scoured bed pit. For granular flows, the effect of lift forces may be included on the
secondary phase particles. Theses lift forces at on a particle due to velocity gradients in
the primary phase flow filed. In most cases, the lift force is insignificant compared to the
drag force. Thus, it is employed as interfacial forces. The lift coefficient for sand sediment
having the same diameter size which is 0.5 for a sand diameter size of 0.36 mm can be
used as an interfacial force for multiphase water-sand interaction simulation (see Table
2.2). The virtual mass force is the work performed by the sand sediment particles from
the acceleration of the fluid near bed. The fluid acceleration is automatically computed
through the calculation of the virtual mass force. There is no significant contribution of
virtual mass model for different sand sediment particles (see Table 2.2). Table2.2 shows
the two-phase system, flow velocity, sand diameter size , shields parameter and pipe
diameter to study the local scour, and the flow modelling which contributes with the

interfacial forces to the sand erosion and plays a major role to interfacial forces changes.
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Table 2.2: Summary of the system properties of several studies reviewed

System Flow inlet  Sand size Shields  Pipeline Ref.
mm parameter diameter
(6) (m)
Water-sand 0.052m3/s 0.27mm e 0.1m (Thanh et al.,
- 2014)
Water-sand 0.247m/s 0.825mm 0.11 0.2m (Das et al., 2013)
Water-sand 0.25m/s 0.385mm  0.0001 5.08 cm (Zhu & Liu,
2012)
Water-sand 0.35m/s 0.36mm  0.26 0.1m (Yeganeh-
Bakhtiary et al.,
2011)
Water-sand 0.5m/s 0.36 mm  0.08 0.1m (M. Zhao &
Cheng, 2010)
Water-sand 0.028m3/s 095mm 0.92 0.04 m (Mashahir et al.,
2009)
Water-sand 0.5m/s 0.36 mm  0.098 0.1m (Z. Zhao &
Fernando, 2008)
Water-sand 0.31m/s 0.36 mm  0.048 0.1m (Z. Zhao &
Fernando, 2007)
Water-sand Wave 0.2 mm 0.07 1m (X. Liu & Garcia,
maker 2006)
Water-sand 0.35m/s 0.36 mm  0.048 0.1m (Fard et al.)
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2.4.3 Turbulence modeling

Turbulence modeling is used to predict the turbulence flow behavior and characteristics.
None of the existing models can be used universally to analyze all the problems
encountered in various engineering applications. However, each model has its own
advantages and limitations depending upon the nature of the flow and the desired
accuracy. In numerical study, turbulence models that are available to investigate the flow
filed are two-equation k- € models, two-equation k-o models, five-equation Reynolds
stress models and large eddy simulation (LES) model. Thus, the aim of this part is to
discuss the advantages and limitations of each model to simulate the local scour and report

the comparison among them (refer to tables 2.3, 2.4 and 2.5).

24.3.1 k- € Models
Two-equation k- € models, turbulence kinetic energy, k and turbulence dissipation, ¢, are
the simplest and the most widely used models among all turbulence models that aim to
simulate the influence of turbulent in the flow. The two-equation model involves with
two extra transport equations to represent the turbulence properties of the flow. There are
three different models that are derived from k- ¢ model, standard k- € model, Realizable
k- ¢ model and Re-Normalization Group method (RNG) model. Despite of having the two
common equations, these turbulence models use the different ways to calculate the
principle form of the eddy viscosity equation, turbulent Prandtl number, and the
generation and the dissipation term €. is used User-specified constant value of the
turbulent Prandtl numbers is used in the standard k- e model (Launder et al., 1975),
whereas the RNG k- ¢ model uses an analytically-derived formula (Yakhot & Orszag,
1986). The realizable k- ¢ model contains different formulation for turbulent viscosity and
dissipation rate & based on exact equation of vortices fluctuations (Yakhot & Orszag,

1986).
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There are various studies carried out to investigate scouring process using k- & turbulence
model, see refs (Fard et al.; Celik & Rodi, 1988; Van Beek & Wind, 1990; Olsen &
Melaaen, 1993; Cheong & Xue, 1997; Brars, 1999; Jia et al., 2001; Ge et al., 2005; Ge &
Sotiropoulos, 2005; Liang & Cheng, 2005; Liang et al., 2005; Nagata et al., 2005; X. Liu
& Garcid, 2006; Z. Zhao & Fernando, 2007; Bihs & Olsen, 2010; M. H. Kazeminezhad
etal., 2010; Kocaman et al., 2010; Hossein Kazeminezhad et al., 2011; M. Kazeminezhad
& Yeganeh-Bakhtiary, 2011; Yeganeh-Bakhtiary et al., 2011; Nielsen et al., 2013) have
mostly focused on the scour around piers and use of the k- e turbulence model for
analyzing scour process. The work reported by Liang and Cheng (2005) numerically
investigated the flow filed and scouring depth underneath a pipe in currents. The
performance of four turbulence models (which are standard k- £, Wilcox high-Reynolds
number k-o, Wilcox low-Reynolds number k-o and Smagorinsky subgrid scale
turbulence models) are tested against flow filed surrounding a circular cylinder above a
solid wall. A CFD study to predict the accurate turbulence model for simulating local
scour with the time development under clear water and live bed conditions was carried
out by Liang et al (2005). The standard k- € model and (SGS) LES model are used to
predict the flow filed, and models were compared by Tulimilli et al (2011). They found
that LES turbulence model provides accurate and desired flow filed results for local scour
prediction. However, its simulation takes quite long time to be completed within a day or
two which can be used for practical scour simulation that required a high computer
performance while the standard k- ¢ model is employed to obtain reasonable computation
times. The work reported by Salaheldin et al (2004) numerically investigated the
performance of several turbulence models in predicting flow field around circular
pipelines. Simulations are conducted using k- £ turbulence models and the Reynolds

stress model (RSM) turbulence models.
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2.4.3.2 k- models

k- models, also known as two equation models, have the same definition for k as in k- €
model. However, it differs in the selection of second variable (®). This model is broadly
categorized into two types, the standard k-o model and the Shear Stress Transport (SST)
model. The standard k-& model is an empirical model based on model transport equations
for the turbulence energy (k) and the specific dissipation rate (»), which can also be
thought of as the ratio of ¢ to k. As the k-0 model has been modified over the years,
production terms have been added to both the k and ® equations, which have improved
the accuracy of the model for predicting free shear flows (Wilcox, 1998). In addition,
over the last years, the k-o model has been improved by adding few production terms to
the k and ® equations. Thus, the desired free shear flows prediction gets modified. In
addition, the shear stress transport (SST) k-m model is also provided by FLUENT. It is
improved for calculating the transport of turbulence shear stress principal. This feature
makes (SST) k-o model perform over other turbulence models such as standard k- and
standard k-€ (FLUENT, 2014).

Series of numerical investigations have been done by (F. Li & Cheng, 1999; Chrisohoides
etal., 2003; Akoz & Kirkgoz, 2009; Gislason et al., 2009; Zang et al., 2009; Khosronejad
et al., 2012) using k- turbulence model to simulate flow pattern and scour around piers
and abutments. The work reported by Esmaeili et al (2009) is concluded that k- predicts
more accurate and reasonable results for simulating the scour around pier in a natural
river. The work reported by Akoz and Kirkgoz (2009) numerically and experimentally
investigated the flow filed around a horizontal wall mounted circular cylinder. ANSYS
10.0 FLOTRAN program was employed to solve the governing equation using Finite
Element Method (FEM) and examine the performance of the standard k- €, standard k-o

and SST turbulence models.
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2.4.3.3 Reynolds stress model (RSM)
Unlike the previous two turbulence models, RSM abandon the calculation of eddy
viscosity and solve the transport equation for Reynolds stresses. It provides four
additional equations for 2-D flow and seven for 3-D flow. Having these additional
equations, RSM takes comparatively more effort and time to simulate the flow. The
specification of turbulent boundary condition for the RSM is the same as for the other
turbulence models for all the boundaries except at boundaries where flow enters the
domain (FLUENT, 2014). A CFD study is done by Salaheldin et al (2004) numerically

investigated the flow field surrounding obstruction using RSM model.

2434 Large Eddy Simulation (LES)
A large-eddy simulation (LES) model explicitly calculates the large-eddy field and
parameterizes the small eddies. The large eddies in the atmospheric boundary layer are
believed to be much more important and insensitive to the parameterization scheme for
the small eddies. In LES, the large three-dimensional unsteady turbulent motions are
directly resolved while the smaller scale motions are modelled. In terms of computational
effort LES lies between RANS and DNS, and it can be expected more accurate and
reliable than Reynolds-stress models for flows where large-scale unsteadiness is
significant (Moeng, 1984; Ghosal & Moin, 1995; Gokhan Kirkil et al., 2005; Vass et al.,

2005; Teruzzi et al., 2006).
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Table 2.3: Turbulence models for predicting velocity near the bed

Turbulence Remarks Ref.
Model (s)
k- € The k-€ turbulence model is capable of modelling (Smith &
the velocity profile near an offshore pipeline Foster, 2005)
RNG k- ¢ The standard and the RNG k- & models slightly (Salaheldin et
realizable k- e  overestimate the velocity near the bed. al., 2004)
RSM The realizable k- € model largely overestimates the
velocity field near the bed and should not be used.
The RSM is found to give satisfactory results for
estimating the velocity variation around the pier in
the case of flat bottom and for estimating the velocity
field and water level variation in the case of
equilibrium scour.
RNG k- ¢ The renormalization group (RNG) k- € model gives (Fluent, 2014)
a good estimation of the velocity field.
k- € The numerical modelling using either k-o or SST (Fayyadh et al.,
k-o turbulence models provided better estimations of 2011)
SST horizontal velocity component than the k- ¢ model.
Table 2.4: Turbulence models for predicting bed shear stress
Turbulence Remarks Ref.
Model (s)
k- ¢ The standard k- € model is able to accurately (Liang et al., 2005)
predict incoming seabed shear stress.
k-¢ Both models k- & can predict various bed (Aghaee &
LES shear stresses at the upstream of the cylinder. Hakimzadeh,
The bed shear stress in the LES model is 2010)
more intensive and extensive than the k- ¢
model.
The LES model has shown better results than
k- € model at both up-stream and down-
stream of the pier.
k-¢ The model results obtained using the k- & (Salaheldin et al.,
models showed some discrepancy with the 2004)
measured bed stress.
RNG k- ¢ The renormalization group (RNG) k-& (Kaniil Alietal.,

model gives a good estimation of the bed 1997)
shear stress.
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Table 2.5: Turbulence models for predicting vortex shedding

Turbulence Remarks Ref.
Model (s)
LES(SGS)  SGS model over-predicts the shedding of (Liang & Cheng,
k-0 vortices from the cylindrical.
The Wilcox k-o models give better 2005)
predictions on the shedding of vortices than
their counterparts using the wall function
boundary condition.
k- € The k- € turbulence closure model is capable (M. H.
of simulating the vortex shedding kaseminezhad et
phenomena.
al., 2010)
k- € The k- e model is not capable of modellingthe (H. D. Smith &
strong vortex shedding for a cylinder over the Foster,
scoured bed
2005)Kattell &
Eriksson, 1998
k- k- € model shows the inability to predict the (Aghaee &
periodic behaviour of the vortex shedding the Hakimzadeh,
both of horseshoe and Lee wake vortices and
the model results partly be due to using wall 2010)
function
k- k- ewas not an appropriate choice for (H.D.Smith &
LES

predicting the time-varying nature of the
wake namely vortex shedding.

Prediction using LES was able to predict
vortex shedding in the wake obstacle, with
reasonable comparisons with observed
Strouhal number.

The length of the recirculating region in the
lee of the cylinder was also well predicted
with the model utilizing the LES

Foster, 2007)

Variants k- e models can predict velocity profile near the bed. Standard k- € model shows
an accurate result with experimental data (H. D. Smith & Foster, 2005) the RNG k- ¢
model slightly overestimates the velocity near the bed and the realizable k- € model
largely overestimates the velocity field near the bed (Salaheldin et al., 2004). In addition,

k- models with using wall function boundary and RMS can both predict the velocity
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profile near the bed. Among all turbulence methods, Standard k- € model gives better
predictions for the velocity profile near the bed and simulation using Fluent program by
which k-o models show a discrepancy with the measured data because of the non-
existence of the wall function boundary option and the inability of the model to simulate
the velocity in the wake region with the strong turbulence.

For simulating bed shear stress over scoured bed, the k- ¢ models can predict the seabed
shear stress. The LES model can predict the seabed shear stress and shows better results
than k- ¢ models (Aghaee & Hakimzadeh, 2010) . Thus, among all turbulence methods,
LES model can be better predict the seabed shear stress for a circular cylinder over a
scoured bed. In general, the k- € models are not capable of modelling the vortex shedding
for a cylinder over scoured bed. The k- models give good predictions on the shedding
of vortex by using the wall function boundary condition. The RSM turbulence model may
not be accurate for simulating vortex shedding, and the LES model may be capable to
predict the vortex shedding, and in some cases it shows over prediction. Among all
turbulence methods, LES model can be better predict the vortex shedding for a cylindrical
cylinder over scoured bed.

The standard and RNG k- € models with the use of wall function can predict the local
scour surrounding circular cylinder. The k- and LES models can also predict the local
scour around a circular cylinder over sandy bed but with some limitations. Among all
turbulence methods, standard k- € model is widely used and recommended for scour
process modelling, and it shows good predictions with experimental data as it was
mentioned in the literature. Table 2.6 shows turbulence models that are employed to study

the local scour around circular cylinder.
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Table 2.6: Comparison between the turbulence models

Turbulence Remarks Ref.
Model (s)
k- £, k- Standard k-€ outperforms than k-m with the use  (Liang &
of wall function. Cheng, 2005)
k- & Both models predict the overall scour pit (Liangetal.,
LES (SGS)  development reasonably well. 2005)
Standard k- € gives better prediction than LES
(SGS) on time dependent scour profiles,
especially at the later stages of the scour.
Author recommended the standard k- &€ model
for the scour modelling process.
RNG k-&  The RNG turbulence model is capable of (Lu et al., 2005)
predicting the equilibrium profile of local scour
submarine pipeline.
RNG k-&  The results obtained using the RNG k- e model  (Fayyadh et al.,
are virtual identical to those produced by the k-  2011)
€ model.
K-o The k-o predicts more accurate and reasonable (Esmaeili et al.,
results among various turbulence models for 2009)

simulating the scour around piers in a natural
river.
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2.5

Summary of literature

The current literature review is summarized as follow:

Previous studies have highlighted the two major parameters viz. the
strength of the down-flow and the horseshoe vortex held responsible for
local scouring formation.

There are two numerically scour modeling methods which are Mesh
deformation techniques and Multiphase models. Mesh deformation
techniques are based on Boundary adjustment techniques and Sediment
Transport theory models and Multiphase models are based of Eulerian-
Eulerian (E-E) two phase models.

To enhance the accuracy of prediction of local scour, interfacial forces i.e.
drag, lift etc. have to be accurately selected. According to previous
discussion, symmetric drag and E-E model are recommended as drag
models and multiphase models, respectively. The lift model and added
mass forces are often used in the investigation of local scour and they are
given a value of 0.5. A proper measurement technique for sand sediment
removal, shape and diameter can enhance the accuracy of simulation
Turbulence models are not utilized to solve all problems may be faced in
engineering applications thus it is better to study their advantages and
limitations on simulating basic elements (such as velocity under pipe,
pressure and wall shear stress around pipe etc.) which lead to scour
formation. According to previous studies in the literature, simulating local
scour requires proper techniques selections and factors that are affect scour
depth.

This study is aimed to study the effect on bluff body shapes and the effect

of gap between circular body and wall of sand bed, and the sensitivity of
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turbulence models study of the flow around the pipe by modeling unsteady
horizontal velocity and square root turbulent Kinetic energy and to

computationally study the scour gap effect of unsteady flow around pipe
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Chapter 3.0
The effect of bluff body shapes and gap between horizontal

circular body and wall of sand bed
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3.1 Introduction

In this chapter, a numerical investigation is carried out to study the effect of the different
pipe cross section geometry on the flow. Furthermore, the effect of the gap between the
sand bed and pipe surface on the flow has also been investigated. In order to study the
effect of the geometry, four different shapes which are cylinder, square, square with round
edges, and rectangle have been chosen to simulate their effect on the flow characteristics.
These kinds of bodies are also known as bluff bodies. This section is divided into three
sub-sections which are velocity profiles around bluff bodies, pressure distribution around
bluff bodies, and turbulence models sensitivity in producing vortex shedding. Six
turbulence models (variants k- € models; standard k- € model, Realizable k- € model and
Renormalization Group model (RNG), variants k- models; standard k-&» model and the
shear stress transport (SST) model, and Reynolds Stress Model (RMS)) have been utilized
to conduct the sensitivity study while Standard k- € model has been used to simulate the
velocity and pressure distribution around the bluff bodies.

To study the effect of the gap between the sand bed and pipe surface (circular shape), five
gaps G/D = 0.0, 0.1, 0.2, 0.4 and 0.8 using Standard k — & turbulence model have been
used to simulate the flow around the circular shape. This part is divided into three
sections, which are the effect of gaps between the wall bed and cylinder on the flow,

pressure over surface bed, and wall shear stress over sand wall bed surface.
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3.2  Geometry of different cross section view of pipe

Figure 3.1 shows the schematic of the two dimensional (2D) geometrical domain used in
the present study along with the corresponding boundary conditions and Fig 3.2 shows
the different geometries chosen in this study. The domain for these simulations were
chosen as suggested by Jensen et al. (1990) for flat-bed wall .The length of the domain is
20D, where D is the diameter of pipe and the height of the domain is 4D. The pipe has
been placed in such a way that its center distance from the inlet is 5D and from the outlet

Is 15D, as shown in Fig 3.1the chosen pipe diameter D in the current investigation is

0.1m.
Symmetry
Velocity inlet_ I Cylinder wall Pressure outlet
G/D Flat-bed wall
«— 5D %ll < 15D >

Figure 3.1: Geometrical model of computational domain and boundary conditions.

O ) ]

Circular shape Square Square with rounded Rectangular with
edge rounded edge AR=2

Figure 3.2: Selected geometrical shape of pipes for the present investigation
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3.3  Governing equations
The continuity and the momentum equations for the present case are as given below:
Continuity equation:

ou ov

&4—5:0 (1)

X-component of the momentum equation:

ou ou op o’u o
U—+V— |=—T+ | —+— 2
p[ OX ayj OX ”(axz ayzj @)

Y-component of the momentum equation:

o oV op ov o (3)
£ U&-FV— Z—E'Fpg-'-/,l y"—y

3.4  Turbulence models
Turbulence models of two-equation k- &, two-equation k-o models and five-equation
Reynolds stress models are used in the present research and their results are compared

with experimental data from the literature (B. Jensen et al., 1990).

3.4.1 k- &models

Two-equation k- e models, turbulent kinetic energy k and turbulent dissipation ¢, are the
simplest and the most widely used models among all turbulence models that aim to study
the effect of turbulence in the flow. The two-equation model signifies that it includes two
extra transport equations (Eq.5, 6) to represent the turbulence properties of the flow.
There are three different models that are derived from k- € model, standard k- € model,
Realizable k- ¢ model and Renormalization Group model (RNG). Despite of having the
two general equations, these turbulence models use the different way to calculate the

principle form of the eddy viscosity equation.
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The variants k- € models approximate the eddy viscosity as

2
g = PEK (4)
&

The turbulent kinetic energy (k) and its dissipation rate (&) for the standard k- € model are

calculated from:

0 0 0 ok

a(pk)+&(pkui)=& ('LH_O'&)@T +G, +G, - pe+3, ()
i j k j

0 0 0 W | O¢ P &

E(Pg)J’&i(pguj):gj (ﬁ“a_jgj +C15E(Gk+CSeGb)_C25?+Sg (6)

The model constants are C;. = 1.44,C,c = 1.92,C5, = —0.33,(, = 0.09,0; =

1.0,0, = 1.3

The modeled transport equations for (k) and (&) in the RNG k- € model are:

0 0 0 ok
a(pk)+&(pkui):&[akueﬁ &J+Gk+Gb_p‘9+Sk (7)

i j

]

0 0 0 0 2
a(pg) +g(pgui ) 3 &[agueff i} +Clg E(Gk +C3£Gb)_c2£p%_ Re + Sg (8)
] i ]

The model constants are C; = 1.42, (. = 1.68,C, = 0.084.

The modeled transport equations for (k) and (&) in the realizable k- € model are:

0 0 0 u, o
—(pr)+—(pxu )=—| | U+ | == |+G_+G, — pe+5 (9)
P 5 (o) axj{[ o;:]ax.} VTP

] J

2

0 0 0 u, | oe & &
—(pe)+—(peu; )=—|| u+—+ |=— |+ pC_S, + pC,——=+C,_=C,.G, +S
at(p) 8XJ (p J) axj |:( GK\JaXJ] P 1e¥e P 2K+ Ve 15K_ 3¢~b £

(10)
The model constants C,, oy, and o, have been established to ensure that the model

performs well for certain flows. The model constants are:
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Cie=144,C, =19,0, = 1.0,0, = 1.2

34.2 k- models

k-® models, also known as two equation models, have the same definition for k as in k- €
model. However, it differs in the selection of second variable (®). This model is broadly
categorized into two types, the standard k-o model and the shear stress transport (SST)
model.

The turbulent viscosity y; for the k- model is computed by combining (k) and (w) as

follows:

_ K (12)
=a —
# w

The modeled transport equations for (k) and (®) in the standard k-m model are:

0 0 0 ok

—(pk)+—(pku)=—| T, — [+G_ +S 12
0 0 0 ow

—(po)+—(paou,)=—| T, — |+G_ +S
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The modeled transport equations for (k) and (o) in the SST k- model are:

0 0 0 ok
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3.4.3 Reynolds stress model (RSM)

Reynolds stress model (RSM) abandons the calculation of eddy viscosity and solve the
transport equation for Reynolds stresses. It provides four additional equations for 2-D
flow and seven for 3-D flow (Fluent, 2014). Having these additional equations, RSM

takes comparatively more effort and time to simulate the flow.

The exact transport equation for the Reynolds stresses( pfug) is written as follows:

o[ — 5 — 0 e, < 0 0 (—

—( pult )]+ —( pu, uiu’ =——[pui’u’.u’ + p(o.U] + 5, U’ }+—Eu— uu’ }

at( ) 8xk( ) X, i+ p (Ol + o)) X, axk( )
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,0[ i~k an j 'k axk] pﬂ<g| j gj i ) p (axl aXiJ an 6Xk
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3.5  Boundary Conditions

A logarithmic velocity profile as shown in Fig.3.3 is generated using as user-defined
functions (UDF) in Fluent 14.0 (Appendix (A)) based on the formulation in equation (20).
A logarithmic velocity profile with U, =0.3 m/s and the intensity and hydraulic diameter
were set for the velocity inlet and pressure outlet, respectively, 10 % and 0.4 m. Equations

from (17) to (20) represent the boundary conditions.

0.4

I
(U

Water depth (m)
o
[\S]

V.

OO elle) @) O_dg/oﬁ
0.0 0.1 0.2 0.3
U (mfs)

Figure 3.3: Comparison of the horizontal logarithmic velocity-inlet (Ug) in the total
water depth between, Opresent numerical investigation and, = experimental work of
Dudley RD (Dudley, 2007).

Pressure outlet, P =0

(17)
ou_ov ok 0
Symmetry surface, —=—=— -% _p-o (18)
0z 07 01 o1
Water at wall surface, (no slip condition) U=v="0 (19)
Velocity inlet, U pn Y 20
elocity inlet, U, =—In—
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3.6  Numerical methods

The commercial CFD software FLUENT 14.0, which is based on finite volume method
(FVM), is used to solve the Reynolds-averaged Navier-Stokes equations for an
incompressible flow. The transport governing equations are discretized using the second
order upwind spatial discretization method. The pressure-implicit with splitting of
operators (P1SO) scheme was used for the coupling of the pressure and the velocity fields.
The under-relaxation factor of all the components, such as velocity components and
pressure correction is kept at 0.3. The scaled residual of 1x107% is set as the convergence
criteria for the continuity and momentum equations. Transient model based on implicit
scheme with a time step of 0.01 were used in the current numerical study.

The typical wall treatment function y* (= yU./v) value of the first node in all turbulence
models near the bed profile is less than 1. It is used to describe how coarse or fine a mesh

for a particular flow and presents the ratio between the turbulent and laminar influences

in a cell. The current study shows that the non-dimensional V" less than 1 is a suitable

selection criterion for determining the appropriate mesh configuration and turbulence
model, coupled with near wall treatment, that lead to accurate computational predictions

in FLUENT.
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3.7  Simulation cases
A total of 19 cases were analyzed in the present study and have been shown in Table 3.1.

Cases (1-5) which are based on circular shape, were run for the calculation of the mean
drag coefficient (C, ), and the mean lift coefficient (C, ) and the results were compared

with Jensen et al.(1990). Six simulation cases (6-11) were run to study the turbulence
models sensitivity for identifying the preferred turbulence model for vortex shedding
formation and the results are presented in Section 3.8.2.1. Cases (12-14) have been carried
out to evaluate the effect of bluff bodies on velocity profiles and pressure distribution
using Standard k — & model and their results are presented and discussed in Sections
3.8.2.2 and 3.8.2.3 respectively. For this study, circular shape, square shape, square with
rounded edges, and rectangular with rounded edge were used. These shapes are
commonly used in bridge piers construction. Thus, they were chosen to conduct this part
of the current study.

Five simulation cases (15-19) were run to obtain the effect of gap between the sand bed
and circular shape on vortex formation, pressure and wall shear stress distribution over
the sand bed surface. Five different gaps at G/D=0.0,0.1,0.2,0.4,and 0.8 were chosen
based on B. Jensen et al.(1990) experimental data for flat-bed using Standard k — ¢
turbulence model and the results are presented and discussed at Section 3.8.3.1, 3.8.3.2,
and 3.8.3.3 respectively. These particular gaps were chosen to validate current study with

B. Jensen et al. (1990) experimental data and they are equal to the gaps for scoured bed.
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Table 3.1: Simulation cases, gaps and turbulence models

Sim* Domain Gap Turbulence Remark
Cases (G/D) Models
1-5 1) 0.15 Standard k — ¢ To validate the mean
(circular cylinder) drag coefficient (C_d ),
and the mean lift
coefficientCTI (B. Jensen
etal., 1990)
6-11 (1) 0.15 Standard k — ¢ To identify preferred
(circular cylinder) RNG k — ¢ turbulence models for
Realizable k — ¢ vortex shedding
Standard k — w formation
SSTk—-—w
RSM
12-14 (1,2,3,4) 0.15 Standard k — ¢ To evaluate the velocity
(circular, square, and pressure profiles.
square with rounded
edge, rectangular with
rounded edge
cylinders)
15-19 (1,2,3,4,5) 0.0,0.1,0. Standard k — ¢ To evaluate the wall
(circular cylinder) 2,04,0.8 proximate effect on
vortex, pressure over
bed’s surface, and wall
shear stress over bed’s
surface
*Simulation
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3.8 Mesh independence and time step test

The domain is meshed using a structured and uniform square grid spacing for x and y-
directions that are used for all the numerical simulation cases, see Fig.3.4. Mesh
independence test is carried out using five different types of grids having cell number
30546, 80623, 156344, 236864, and 324895. Considering the characteristics of the flow
within the solution domain, a Quad fine mesh is used near the pipe surface and the plane
wall and near the bed. The domain with 156344 cells is selected throughout this study,
because it shows reasonable accuracy for mean drag coefficient and mean lift coefficient
when compared with Jensen laboratory data (B. Jensen et al., 1990) for flat-bed wall. Four
different time step sizes (At = 0.0001, 0.001, 0.01, and 0.1) were tested and 0.01 is used
throughout this current numerical study as there were no deviations observed below this

value of time step. The numbers of iterations for this study are kept between 80.

Figure 3.4: The grid for the model
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3.9 Results and discussion

3.9.1 \Validation
For validation of the present numerical methods, the drag (Cq) and lift (Ci) coefficients
on the pipe surface was calculated using simulation Cases 1-5. The results are compared

with the same experimental study and shown in Figure 3.5. This domain has been
discussed in detail in Section 3.2, Chapter 4. The study of C, and C, of the flow have
been obtained for assessing the flow field behavior. The obtained results show good
agreement when compared with Jensen et al. (1990) experimental results. It is observed
a reduction of 74.36 % in C, and an increase of 12.11% in C, between the gaps of G/D

0 and 0.8. This study aims to investigate the changes of flow parameters with flat bed and

compare it when the bed is scoured.

1.5
L < Jensen
e = =]
¢ 1.0 e £} presented
0.5 &
a ‘5\}
0.0

00 02 04 06 08
Gap (G/D) (m)

Figure 3.5: The effect of gaps on (a) mean Drag coefficient (C, ), and (b) Lift coefficient
(6,) for cylinder surface.
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3.9.2 Turbulence models sensitivity in predicting vortex shedding

Simulation Cases 1-6 are used to analyze the effect of turbulence models viz. k- € models,
k- models, and RSM model on vortex shedding and the results are presented in Figure
3.6. An arbitrary domain of dimensions 2m x 0.4m and pipe diameter is 0.1m has been
chosen for this sensitivity analysis. The vortices are generated at the downstream and get
separated periodically from the top and the bottom side of the bluff bodies. Referring to
Figure 3.6 (a), the Standard k- € model is capable of producing the vortex around both
sides of the circular cylinder. However, it shows the inability to predict the periodic
behavior of the vortex shedding around the circular shape in the downstream. This is
because; the late transition of the separation boundary layer from laminar to turbulent on
both sides of the circular cylinder occurs and the wall function treatment for the circular
cylinder wall was not applied. Figure 3.6 (b) and (c) show the prediction of vortex using
Realizable and RNG k- € models, both of the models are able to produce the vortex in
both sides of the circular cylinder and show the ability to produce the periodic behavior
of the vortex shedding. As shown in the Figures, the vortexes from both sides come
together in the wake region and separate to be shed along the domain. However, the vortex
shedding still is not continuously sheds till the end of the domain. Both models show good
separation boundary layer on the circular cylinder.

Nearly the same can be said about k- models, for both k-@ models either Standard k-
model or SST k- model as shown in Fig .3.6 (d) and (¢), the transition to form a vortex
occurs. However, they show the inability to predict the periodic behavior of the vortex
shedding. This is because the transitional flow option is activated in the naturally low-Re
models which are valid all the way to the wall. SST k- model shows a bit of the
interaction and it can be more recommendable than Standard k-o model because of its
transport of turbulence shear stress principle. Fig.3.6 (f) shows the prediction of vortex

using RSM model. It shows the ability of producing vortex and the periodic behavior of
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vortex shedding with limited extend. RSM model has the ability to deal with high flow
streamline curvature and strong pressure gradient. It is observed that RANS models is not
appropriate for high Reynolds number (Re) simulation, thus they are not suitable to model

periodic behavior of vortex shedding.

Figure 3.6: Vortex shedding at the downstream of the circular cylinder with different
turbulent models, (a) Standard k- e model, (b) Realizable k- € model, (¢) RNG k- € model,
(d) Standard k-® model, (e) SST k- model, and (f) RMS model.
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3.9.3 Effect of different types of bluff bodies

3.9.3.1 Velocity profiles around bluff bodies

Figure 3.7 shows velocity streamline profiles for different bluff bodies viz. circular
cylinder, square cylinder, square rounded edge cylinder and rectangular rounded edge
cylinder at downstream of the pipe. Despite the simplicity of bluff body geometry, the
flow passes over it causes some very important phenomena such as complex vortex
dynamics of the wake, unsteady boundary layer separation points, and shear layer
instability. The flow smoothly passes the cylinder and then it separates and creates a
highly turbulent region behind the cylinder, which is known as wake region. The pressure
distribution in the wake region decreases compared to the pressure at the stagnation point
in the front side of the cylinder. In the circular cylinder, the wake region is smaller and
narrower with axial lengths x/d=1.7 and y/d=1.0 compared to others. This is because of
the asymmetrical boundary layer separation on both sides of the cylinder; see Fig.3.7
(a).The flow at the wake region varies from one geometrical structure to another and
vortex shedding changes as well. For example, as it is seen in Fig.3.7(b), the wake region
behind the square cylinder with sharp edges shows wider and longer region with axial
lengths x/d= 2.2 and y/d= 1.277 compared to others created by flow separation. Early
boundary layer separation occurs at both edges and it results larger eddies circulation in
the case of square cylinder, while it becomes less wider and longer behind the square
with rounded edge cylinder with axial lengths x/d=1.8069 and y/d=1.97.This is because
of the rounded edges delays a bit the boundary layer separation and as a result eddies
circulation becomes smaller, see Fig.3.7(c).For the rectangular rounded edge cylinder the
boundary layer separation points create eddies in two stages as shown in Fig 3.7 (b).
First, the eddies are generated on the pipe surface after passing the front round edges and

then in the second stage they get generated in the downstream flow which eventually
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creates the wake region with x/d= 2.0 and y/d= 1.37.The first stage after passing the in
front rounded edge that cause eddies on along the cylinder’s surface and then separates
in the second stages causing a wake region that includes eddies as well with axial lengths
x/d=2.0 and y/d=1.37 and as a results there are many circulations eddies on the cylinder
sides and at its wake region. As a result, the circular cylinders or circular structures have
less circulation eddies and lesser turbulence in the wake region which makes them less

prone to failure due to forces the structure experiences during flow.

Figure 3.7: Velocity streamlines profiles fat different bluff bodies, (a) circular cylinder,
(b) square cylinder, (c) square rounded edge cylinder, (d) rectangular with rounded edge
cylinder.
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3.9.3.2 Pressure distribution around geometrical structures

The pressure distribution has been plotted for predicting the drag and lift forces and
shown in Fig. 3.8. The figure shows the pressure distribution around bluff bodies e.g.
circular cylinder, square cylinder, square rounded edge cylinder and rectangular rounded
edge cylinder. The pressure at the upstream in the front cross section varies from one
geometry to another. Since the cross-section of the bluff bodies in the direction of the
flow is larger than that of the circular pipe, so they experience comparatively higher
force/pressure during the flow.

The square shape with straight edges (Fig.3.8 b) and rectangular shape with rounded
corner (Fig.3.8 d) has the higher values of pressure that dominates the formation the drag
and lift coefficients compared to circular shape (Fig.3.8a) and square with round corners
(Fig.3.8c). The rounded edge square cylinder shows less pressure distribution on its front
cross section (in the direction of flow) compared to the square cylinder with sharp edges.
This is because, when fluid flows over bluff body, the boundary layer typically separates
from the surface and the separation occurs near the maximum width of the body or at a
sharp corner. Thus, most of the structures which are constructed to be exposed to fluid
flow are preferred to be circular to avoid the effect of drag and lift forces compared to
those constructed by having square shape with sharp edge. The body shape changes from
a bluff body with fixed points of separation to a more aerodynamic shape, the effect of
pressure and the drag coefficient will decrease. It is observed that the pressure distribution
is relatively higher at bodies that have sharper edge and larger cross section while it

reduces at the cylinders that have smaller cross section.
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Figure 3.8: Pressure distribution around bluff bodies, (a) circular cylinder, (b) square
cylinder, (c) square rounded edge cylinder, (d) rectangular with rounded edge cylinder.
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3.9.4 Effect of gap between circular body and wall of sand bed

In this section, the effect of the gap between the wall bed and the cylinder on the flow
parameters has been investigated. To study the effect of the gap, five different gaps have
been chosen to simulate their effect on the flow. Figure 3.9 shows five bed profiles at
different gaps, G/D= 0.0, 0.1, 0.2, 0.4, and 0.8 to conduct a study on gap effect between
circular cylinder and wall bed which were taken from Jensen experimental study with
flat-bed profiles (B. Jensen et al., 1990). This section is divided into three sections,
velocity profiles around bluff bodies, pressure distribution around bluff bodies, and

turbulence models sensitivity in producing vortex shedding.

Figure 3.9: Circular cylinder profiles at different gaps (G/D), (a) G/D= 0.0, (b) G/D=
0.1, (c) G/D=0.2, (d) G/D= 0.4, and (e) G/D=0.8.
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3.9.4.1 Vortex

Figure 3.10 shows the effect of wall approximate on vortex formation at different gap
ratio (G/D=0.0, 0.01, 0.02, 0.04, and 0.08). The vortex shedding occurs only when the
two shear layers interact with each other. If the interaction is inhibited in one way or
another, for example in this case when the cylinder is placed close to the wall, the wall-
side shear layer will not develop as strongly as the opposing shear layer; this will lead to
a wake interaction between the shear layers or no interaction if the cylinder is placed very
close to the wall. In such situation, the shedding would be prevented and therefore no
vortex shedding would occur. It is observed that the flow around the circular cylinder
indicates that vortex shedding behind the cylinder does not take place until a substantial
amount of wall gap ratio to the cylinder has been developed below the cylinder. For
example, at G/D=0, when there is no passage for the flow between the circular cylinder
and the bed’s surface, there is circulation in front and behind the cylinder that cause
because of the inability of vortex interaction or boundary layer separation. However,
when the gap increases from G/D=0.1 to 0.8, the vortex interaction at the rear surface of
the circular cylinder occurs. The suppression of vortex shedding is linked with the
asymmetry in the development of the vortices on the two sides of the cylinder. The free-
stream side vortex grows larger and stronger than the wall-side vortex. Therefore the
interaction of the two vortices is largely inhibited resulting in partial or complete
suppression of the regular vortex shedding. It is observed that when the cylinder surface’s
edge is closer to the bed, the vortices behind the circular cylinder is unsymmetrical
because of the interaction of the shear layers of the flow between the bed surface and the

cylinder.
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Figure 3.10 : Streamlines for circular cylinders at, (a) G/D= 0.0, (b) G/D=0.1, (c)
G/D=0.2, (d) G/D=0.4, and (e) G/D=0.8.
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3.9.4.2 Pressure over surface bed for different G/D

Figure3.11. Shows the pressure distribution along the bed surface at axial length (x-
position) at different gap ratio (G/D=0.0, 0.01, 0.02, 0.04, and 0.08) between the
cylinder’s surface and bed. The pressure is relatively high at downstream and near the
cylinder and becomes higher when the cylinder is placed close to the bed surface. For
example, at position x=0 to 0.81m, the pressure distribution shows high changes due to
the gap ratio variation, while having approximately the same value at upstream. For
example, at position x=0.81 to 0.2, the pressure distribution is mostly linear. This change
IS due to the strength of the turbulent flow around the cylinder that gets strongly
accelerated as the gap between bed surface and cylinder is narrow. As shown in Table
3.2, as the gap ration (G/D) increases, the pressure decreases. A reduction of around 80
% in the pressure distribution over the bed’s surface is observed.

Table 3.2: Pressure distribution along the bed surface

G/D 0.0 0.01 0.02 0.04 0.08
Pressure (Pa) | -98.6471 | -85.1309 | -39.6471 | -25.1986a | -24.3935
100
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Figure 3.11 : Effect on pressure at bed ‘s surface of different gaps, ---- G/D=0.0,
----G/D=0.01, ----G/D=0.02 , ----G/D=0.04, ---- G/D=0.08
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3.9.4.3 Wall shear stress over surface’s bed for different G/D

Fig 3.12 shows the wall shear stress along the bed surface at axial length (x-position) at
different gap ratio (G/D=0.0, 0.01, 0.02, 0.04, and 0.08) between the cylinder’s surface
and bed. The wall shear stress is relatively high at locations near the cylinder. It becomes
higher when the cylinder is placed close to the bed surface. For example, at position
x=0.41 to 0.6m where the cylinder is placed , the wall shear stress shows high changes
due to the gap ratio variation, while having the same value at downstream, at position
x=0.0 to 0.41, and upstream, at position x=0.6 to 2m. The changes are due to strong
turbulence flow and narrow ratio gap. As shown in Table 3.3, as the gap ration (G/D)
increases, the wall shear stress decreases. A reduction of around 82.3 % in the pressure
distribution over the bed’s surface is observed.

Table 3.3: Wall shear stress along the bed surface

G/D 0.0 0.01 0.02 0.04 0.08
shear stress (Pa) 2.61471 1.52271 0.983124 0.66305 0.463949
4.0
7 ! |
!
i
£ rd}‘\ i
z Fi s P, G
§ 0.0 """'—'--‘-’_-siic’/.;’ v/ ?Et:-s:-:::::é
-2.0
0.2 04 0.6 0.8 1.0

Position, X (m)

Figure 3.12 : Effect on wall shear stress at bed ‘s surface of different gaps, ---- G/D=0.0,
----G/D=0.01, ----G/D=0.02 , ----G/D=0.04, ---- G/D=0.08.
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3.10  Conclusions

Two dimensional (2D) CFD analyses were carried to investigate fluid flow over an
obstruction under different G/D using a number of turbulence models. The numerical
study has been carried out into two major sections. First part deals with the effect of
geometrical structures while the second one deal with the effect of wall approximate on
velocity profile, pressure distribution over surface bed, and wall shear stress distribution

over bed surface. The conclusions are as follow:

e It is observed a reduction of 74.36 % in C, and an increase of 12.11% in C,

between the gaps of G/D 0 and 0.8.

e |t has been observed that the flow velocity at the wake region changes from bluff
body to another causing large eddy circulation for cylinders having sharp edges.

e Itis observed that the pressure distribution is relatively higher at bodies that have
sharper edge and larger cross section while it reduces at the cylinders that have
smooth edges and smaller cross sections.

e It is observed that RANS models is not appropriate for high Reynolds number
(Re) simulation, thus they are not suitable to model periodic behavior of vortex
shedding, because to their large late transition of the boundary layer from laminar
to turbulent.

e It is found that when the pipe is closer to the bed, the vortices behind the circular
cylinder is unsymmetrical because of the interaction of the shear layers of the flow
between the bed surface and the cylinder.

e Itis observed that there is a reduction of around 80% in the pressure distribution
over the bed surface.

e It is observed that there is a reduction of around 82.3 % in the wall shear stress

distribution over the bed surface.
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Chapter 4.0

Turbulence models sensitivity study and effect of scour depth
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4.1 Introduction

This chapter attempts to carry out the turbulence models sensitivity study and the effect
of scour gap (the deformed sand bed profile) which have been investigated numerically.
First part to test the performance of various turbulence models on the flow. The results of
horizontal velocity profiles (U,) and turbulent kinetic energy square (TKE) at various
axial locations were compared with that of Jensen experimental data (B. Jensen et al.,
1990) to identify a suitable turbulence model for a further study. Six turbulence models
(namely variants k- € models, variants k-o models, and Reynolds Stress Model (RSM))
have been chosen to conduct the sensitivity study. Spatial distribution of velocity, the
vortex formation, the pressure and wall shear stress distribution around the pipe were
obtained.

Five scoured bed profiles at different period of time at 10, 30, 100, 200, and 300 min of

experimental data from literature have been used.
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4.2 Geometrical selection
Fig.4.1 shows the schematic of the two dimensional (2D) geometrical domain used in

the present study along with the corresponding boundary conditions.

Upper separation
Point O Symmetry

Lower separation Pressure outlet
Point

—»>0
NVNVVATYYRINNYY

Velocity inlet g
Stagnation
point |7 Wall

X/D=-3.0 XID=0 X/D=10 X/D=15 X/D=20

Figure 4.1: Geometrical model of computational domain and boundary conditions.

4.2.1 Mao (1986) experimental description

The experiments conducted by Mao (1986) were used as the benchmark for further
investigations (Jensen et al., 1990) and modeling efforts (Brors, 1999; Li and Cheng,
2011). Mao (1986) observed the scour around horizontal cylinders in steady current and
wave conditions, as well as with different Reynolds numbers (Re), shields parameters (6),
and pipeline gaps. These experiments investigated scour features such as the shape and
size of the scour hole and time scale of scour void formation. Figure 4.2 shows a sketch
of the experimental setup of Mao (1986).

The case considered in the study is a clear water case (6=0.048,d.,=0.036cm) where

scour and deposition are caused only by the local fluid forcing, with no net transport
downstream. The cylinder has a diameter of 10 cm (Re=37,000) for these experiments.

A sand bed follower was used to measure the bed profile at five along pipe locations.
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Figure 4.2: The laboratory setup for the laboratory investigations of Mao (1986).

4.4.2 Jensen et al. (1990) Experiment Description

Jensen at al. (1990) measured the flow around 3 cm (Re=6000) diameter fixed cylinder
above five scoured bed profiles, representing the five phases of the scour process
observed by Mao (1986). Jensen et al. (1990) (seen Fig.4.3) reported horizontal and
vertical profiles at several upstream and downstream longitudinal locations with one-
component tracker-based and frequency-shifted. The forces on the cylinder, vortex
shedding frequencies and near bed velocities for each of the bed profiles were also

evaluated with the velocity observations.
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Figure 4.3: Development of bed profiles with time (in min) taken from Mao (1986). The
shields parameters are 0.048, 0.056 and 0.096 correspond to free stream velocities of 37,

44 and 53 cm/s, respectively.
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4.3  Governing equations

The governing equations for this section are the same as presented in Section 3.3.

4.4  Turbulence models
The governing equations for turbulence models in this section are the same as presented

in Section 3.4.

45  Boundary conditions
A logarithmic velocity profile as shown in Fig.4.4 is generated using user-defined
functions (UDF) in Fluent 14.0 (see Appendix (A)) based on the formulation in equation

20, given in Section 3.5.

0.10
0.08

0.06 i
0.04 f
0.02 /[

/
0.00 boo o 04—‘%/

0.00 0.05 0.10 0.15 0.20
U (mfs)

Figure 4.4 :Comparison of the horizontal logarithmic velocity-inlet (U,) in the total water
depth between, presertbnumerical investigation and, experimental work of Dudley RD
(Dudley, 2007).

Water depth (m)

The inlet and exist boundary conditions were placed, respectively, 4D and 9D from the
center of the cylinder by which D is a diameter of the cylinder that equals 0.3 D and the
velocity inlet and pressure outlet vertical distances equal 0.6D. In addition, a logarithmic

velocity profile with U, = 0.2 m/s and the turbulent kinetic energy and turbulent
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dissipation rate were set for the velocity inlet and pressure outlet, respectively, in range
from 0.001 ™/ ,100.0017 ™/, and from 0.000052 ™/, ;t00.00052 ™"/ ;.

The velocity profile is applied at the flow inlet. The profile from the presented CFD model
is compared with that from the experimental study of Dudley (2007) for consistency, see
Fig.4.4. Zero pressure outlet boundary condition is applied at the flow exist. The water
surface (top wall) is set as a symmetry boundary condition by which zero normal velocity
and zero gradients of all variables are satisfied. No-slip boundary condition is applied on

the pipe surface and the scour bed. Gravity acts in the negative y-direction.

4.6 Numerical method

The numerical method for this section is the same as presented in Section 3.6.

4.7  Simulation cases

A total of 35 cases as shown in Table 4.1 were simulated in the present study. The effect
of different turbulence models such as k-¢ models (standard, RNG, Realizable), k-
models (SST, standard) and Reynolds stress model (RSM) on horizontal velocity and
kinetic energy square root will be investigated. For studying this effect, the domain
proposed by Jensen e al.(1990) is adopted to validate the results of Mao et al. (1987). This
domain is of 0.5 m length and 0.1 m height with pipe diameter of 0.03 m. Turbulence
models were tested for scour gap at time 0 min, 1 min, 6 min, 30 min, and 300 min and
four positions (X/D =-3.0, 1.0, 1.5, and 2.0) in-front and behind the pipe. Qualitatively
the results of a particular turbulence model were the same for all scour gaps, so, the results
of Cases (1-6) for scour gap at time 30 min are presented. The turbulence model that
produces a similar result as of experimental investigation of Jensen et al. is chosen for all
further simulation cases in the current study.

In sections 4.9.2, 4.9.3, 4.9.4, 4.9.5, and 4.9.6 of this study, a parametric study has been

carried out by using five bed profiles suggested by Mao (1987) at 10 min, 30 min, 100
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min, 200 min, and 300 min. Five simulation cases (7-11) were run to obtain the horizontal

velocity profile under the pipe, pressure coefficient

Cp, wall shear stresst,, drag

coefficient C,; and lift coefficient C; around the pipe with different gaps at position X/D

= 0 using Standard k — & turbulence model.

Table 4.1: Simulation cases

Sim.*  Domain Cases  Turbulence Positions Remarks
Models (X/D)
1 (1,2,3,4,5) 1-30 Standard k — ¢ 3.0,1.0,15,2.0 To identify
(0,1,6,30,300 min) RNG k — ¢ The preferred
Realizable k — ¢ turbulence model
Standard k — w
SSTk—w
RSM
2 (1,2,3,4,5) 31-35 Standard k — ¢ 0 To evaluate
(10,30,100,200, velocity profile
300 min) under the pipe, C, ,
wall shear stress,
C, and C;
*Simulation
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4.8  Mesh independence and time step test

The domain is meshed using a structured and uniform square grid spacing for x and y-
directions that are used for all the numerical simulation cases, see Fig.4.5, Mesh
independence is carried out using five different types of grids having cell number of
40,000, 82,500, 130,225, 223404, and 315,623, see Fig.4.5 and 4.6. A Quad fine mesh is
used near the pipe surface and the plane wall and near the bed. The domain with 223,404
cells is selected throughout this study, because it shows reasonable accuracy and the
lowest deviations of the velocity profile and turbulent kinetic energy (TKE) for turbulence
models compared to Jensen laboratory data (B. Jensen et al., 1990). Four different time
step sizes (At =10.0002, 0.002, 0.02, and 0.2) were tested and 0.002is used throughout this
current numerical study as there were no deviations observed below this value of time

step. The numbers of iterations for this study are kept between 3000-3500.

Figure 4.5: The grid for the model calculation
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4.9  Results and discussion

The present numerical study has been carried out into two major sections. First part deals
with the effect of different turbulence models on horizontal velocity profile and kinetic
energy square root while the second deals with the effect of scour gap on velocity profile

under the pipe, wall shear stress and others.

49.1 Effect of different turbulence models

4.9.1.1 Horizontal velocity profile

The prediction of the horizontal velocity profile (U,) for five different types of scouring
domains (Cases 1-30) at different axial length positions (i.e., X/D = -3.0, 1.0, 1.5, and
2.0) using different turbulence models are presented in Section 4.9.1. For comparisons,
the experimental results reported in Jensen et al. (1990) are also presented in the figure.
Note that, the location of the axial positions covers the front and rear part of the pipe (or
obstruction). The prediction of the standard k-e turbulence model is much closer to the
experimental data at different water depths (see Figs 4.7, to 4.11); In fact, some of them
are overlap each other. Nearly the same can be said for the realizable k-¢ model and RSM
model, but some deviations are seen at some of the water depths, e.g., see at water depths
below 0.01m and those between 0.03 to 0.04m at X/D = 2.0 (Fig. 4.10(d)) for the both
models. RNG k-e¢ model prediction is quite accurate for X/D = -3.0 and 1.0 (Fig. 4.10(a)
and 4.10(b)), but this is not the case for X/D = 1.5, and 2.0 (Figs. 4.10(c) and 4.1(d)); over
prediction of the velocity is seen at water depths between 0.01 to 0.03m. Relatively,
standard k-w and SST k- models are the most inaccurate among the turbulence models
studied. A significant under-prediction of velocity is seen at water depths from 0 to 0.04m

at X/D =1.0, 1.5, and 2.0.
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Figure 4.7: Unsteady horizontal velocity (U,) at 0 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
= Standard k — €, O RNG k — &, A Realizable k — ¢, x Standard k — w , + SST k — w,
o Reynolds Stress Modles (RSM), - - - Jensen (B. L. Jensen et al., 1990).
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Figure 4.8: Unsteady horizontal velocity (U,) at 1 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
= Standard k — &, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
o Reynolds Stress Modles (RSM) , - - - Jensen (B. Jensen et al., 1990).
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Figure 4.9: Unsteady horizontal velocity (U,) at 6 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
== Standard k — &, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
o Reynolds Stress Modles (RSM), - - - Jensen (B. Jensen et al., 1990).
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Figure 4.10: Unsteady horizontal velocity (U,.) at 30 min at different positions, (a) X/D=
-3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 using different turbulent models, ==
Standard k — €, 0 RNG k — &, A Realizable k — ¢, x Standardk — w , + SSTk — w, O
Reynolds Stress Model (RSM), - - - Jensen (B. Jensen et al., 1990).
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Figure 4.11: Unsteady horizontal velocity (U,) at 300 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
== Standard k — €, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
o Reynolds Stress Modles (RSM) ,- - - Jensen (B. Jensen et al., 1990).
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4.9.1.2 Turbulent Kinetic Energy square root (vVk)

Fig.4.2 shows the Turbulent Kinetic Energy (TKE) profiles at axial length (X/D) of -3.0,
1.0, 1.5, and 2.0 using different turbulence models for different types of scoured bed
profiles. For comparisons, the experimental results reported in Jensen et al. (1990) are
also presented in the figure (see Figs 4.12 to 4.16). TKE is well predicted using the
Standard k -e turbulence with some deviation at X/D of 2.0 (Fig. 4.15(d)) in comparison
to other turbulence models. RNG k-¢ model and RSM model also reasonably predicts
TKE especially for X/D= 1.5 and 2.0 and Realizable k-¢ model has a good prediction only
at X/D = 1.0. On overall, Realizable k-¢ model, Standard k- and SST k- models can

be regarded as the least accurate among the turbulence models studied in predicting TKE.
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Figure 4.12: Turbulent Kinetic Energy Square Root (vk) at 0 min and at differnet
locations,(a) X/D= -3.0, (b) X/D=1.0, (¢) X/D=2.0, and (d) X/D=4.0, == Standard k —
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w,0Reynolds Stress Modles (RSM), - - - Jensen (B. Jensen et al., 1990).
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Figure 4.13: Turbulent Kinetic Energy Square Root (vk) at 1 min and at differnet
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Figure 4.14: Unsteady horizontal velocity (U,) at 6 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
== Standard k — €, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
oReynolds Stress Modles (RSM), - - - Jensen (B. Jensen et al., 1990).
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Figure 4.15: Unsteady horizontal velocity (U,) at 30 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
== Standard k — €, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
oReynolds Stress Modles (RSM), - - - Jensen (B. Jensen et al., 1990).

78



(@)

(©

0.06

(b) ix
+
7 0.04 0.04
2
< .
5 3
5 0.02
X
*
0.00
0.00 - 7" *
0039 0082 004 0.03 0.04 0.05
0.06 , 0.06
ﬂ\ (d)

0.04 } 0.04
£ %
£
oy 5
T 002 0.02
Q x
] +
? f

0.00 0.00

g{
0.02 :

0.02 0.04 0.06 L

JK (mls)

0.06

Figure 4.16: Unsteady horizontal velocity (U,) at 300 min and at different positions, (a)
X/D= -3.0, (b) X/D=1.0,(c) X/D=1.5, and (d) X/D=2.0 with different turbulent models,
== Standard k — €, 0 RNG k — &, A Realizable k — €, x Standard k — w , + SST k — w,
oReynolds Stress Modles (RSM), - - - Jensen (B. Jensen et al., 1990).
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Among all turbulence models, standard k- & model gives better predictions when
compared with the experimental data of Jensen et al.(1990) standard k- € model is widely
acceptable for scour process modelling because of its better accuracy, reasonable
computation time and does not require high computational facilities. However, the k-o
models show a discrepancy with the experimental data and the velocity profile deviates
mostly near the wake region (highly turbulent region) and less in the farther area in the
downstream profile. This deviation is more significant at the bottom (near the wall bed)
and around the pipeline and reduces towards the water surface. This deviation may be
because k-o model produces slightly large turbulence in the weak area which is less
encountered with the variants k-e models and the Reynolds Stress Model (RSM). It may
also be because of the absence of the wall treatment function in k-o models, and they are

also very sensitive to the inlet boundary conditions flow.
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4.9.2 Spatial distribution of velocity profile

Fig.4.17 shows the horizontal velocity (Ux) contours based on Standard k- € for domains
of scoured bed profiles at times 10, 30, 100, 200, and 300 min. The velocity magnitude
at the stagnation point (i.e., at the center & front side of the pipe) and separation point
(i.e., at the center and back of the pipe) on the pipe wall is given in Tables 4.2 and 4.3,
respectively. The velocity at stagnation points has a negative value to indicate that the Uy
are in the opposite direction to the main stream flow. The velocity, initially, increases and
then reduces with the increase in the scour depth.

Table 4.2: Velocity at stagnation point at front side of pipe

Domain | 10 min 30 min 100 min 200 min | 300 min
Velocity | -0.0394 m/s | -0.046 m/s | -0.075 m/s | -0.04 m/s | -0.045 m/s

The separation points at the upper and bottom side of the pipe surface vary with scour
gap. Because of the interaction of the flow and bed surface, the bottom section gets more
affected than upper one and this interaction causes the scour to occur which increases
with time. As shown in the Table 4.3, as the scour gap increases, separation point velocity
decreases, and beyond 300 min the velocity and the scour gap both remain unchanged
and this stage is called equilibrium stage. A reduction of around 24.8% in the horizontal
velocity between the time 10 min and 300 min is observed at the upper separation point.

Table 4.3: Velocity at upper separation point
Domain | 10 min | 30 min 100 min | 200 min | 300 min
Velocity | 0.48 m/s | 0.479 m/s | 0.434 m/s | 0.389 m/s | 0.361m/s

At the bottom separation point, the flow velocity decreases as the scour gap increases.
For example, at time 10 min the velocity at bottom separation point is 0.48 m/s while it
becomes 0.337 m/s at 300 min, as shown in Table 4.4. A reduction of around 29.8 % of
the horizontal velocity is seen from time 10 min to 300 min at bottom separation point.

Table 4.4: Velocity at bottom separation point

Domain | 10 min 30 min 100 min | 200 min | 300 min
Velocity | 0.48 m/s | 0.453 m/s | 0.391 m/s | 0.369 m/s | 0.337 m/s
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Figure 4.17: Horizontal velocity contour at different scour gaps, (a) 10 min, (b) 30 min,
(c) 100 min, (d) 200 min, and (e) 300 min.
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4.9.3 Effect of vortex shedding

The vortex shedding is shown for different types of scoured bed profiles in Fig.4.18. As
expected, the vortex shedding varies with the scour gap size. The size of the vortex
shedding increases with increase in the scour gap. Because the vortex on the free-stream
side in the upper side of pipe grows larger and stronger than the vortex on the bottom side
of pipe, the vortex shedding in the narrow gaps is prevented to be formed. However, it
forms very well as the scour depth gets larger and the vortices in the bottom separation
point sheds symmetrically with vortices in the upper side of pipe and the vortex shedding
dominates the scour process till scour reaches its equilibrium stage. The standard k- €
turbulence model shows the inability to model the strong vortex shedding for a circular
pipe over the scour bed and this may resulted from using the wall function or due to

insufficient grid resolution.
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Figure 4.18: Streamlines at different scour gaps, (a) 10 min, (b) 30 min, (c) 100 min, (d)
200 min, and (e) 300 min.
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4.9.4 Pressure distribution around pipe

Fig.4.19 shows the pressure distribution around pipe for different types of scoured bed
profiles. The pressure is relatively higher at locations near the separation points (on the
upper and bottom pipe surface) compared to other locations while the pressure reduces as
the flow approaches the stagnation point in the front side of pipe and increases after
passing the wake region. It is observed that at narrow gaps at times 10 and 30 min, the
pressure distribution is higher compared to larger scour depth at times of 100, 200, and
300 min. For example, at time 10 min, the pressure on the upper separation point is118
Pa near the top surface of the pipe and reduces when it moves towards the free stream.
The pressure distribution at the upper separation points decreases with increase in scour
depth. For example, the pressure at time 30 min,is118 Pa which is same as that at 10 while
it is 101 Pa at time of 100 min, 98 Pa at time of 200 min, and 92.8 Pa at time of 300 min.
A reduction of around26.3% in pressure is observed at upper separation point from time
10 to 300 min.

Similarly, the pressure at bottom separation point decreases with increase in scour depth
and it becomes almost negligible at the bed surface. For example, at time 10 min the
pressure at bottom separation point is 118 Pa similar to the upper separation point at the
same time. This is because the scour gap is very narrow and due to this, the stagnation
point appears on the center of the front side of pipe. However, it is not so for the other
cases, as shown in Fig. 4.19. For example, at time 30 min, the pressure is 100 Pa and at
100 min 85.3 Pa. At 300 min, the pressure is 70 Pa which is almost 40.7 % lesser than

that at 10 min.
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Figure 4.19: Pressure distribution around pipe at different scour gaps, (a) 10 min, (b) 30
min, (c) 100 min, (d) 200 min, and (e) 300 min.
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4.9.5 Wall shear stress at bed surface

Fig.4.20 shows the wall shear stress along bed surface at different types of scoured bed
profiles. The bed wall shear stress forms as a result of parallel flow along the bed surface.
A wall shear stress can be expected to be highly changed at the scour depth from times of
10 min till 300 min while having the same value at other bed surface regions. For
example, at Fig. 4.20 it can be clearly seen that the wall shear stress along the domain
having a value of 0.5 Pa at the five different types of scoured bed while its value is
changed below the pipe at the gap area. These changes due to the strength of the horizontal
velocity flow into the gap after being reduced at the front side of the pipe at the stagnation
point and then accelerated at the separation points. A higher bed wall shear stress can be
expected to be high at narrow gaps (such as bed profiles at 10 min and 30 min) and lower
for large gaps (such as 100,200 and 300 min) as shown in Fig.4.21. The results obtained

found that a reduction of around 80 % of bed wall shear stress observes from time 10 min

to 300 min.
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Figure 4.20: Effect on wall shear stress at bed surface of different scour gaps, (a) 10 min,
(b) 30 min, (c) 100 min, (d) 200 min, and (e) 300 min.
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4.9.6 Effect of scouring depth

In this section, the effect of the scour gap between the sand bed and the cylinder on the
flow parameters has been investigated. To study the effect of the gap, five different gaps
have been chosen to simulate their effect on the flow. Fig.4.8 shows five bed profiles
suggested by Mao (1987) at 10 min, 30 min, 100 min, 200 min, and 300 min to conduct

a parametric study on scouring depth effect.

Figure 4.22: Bed profiles during the development of scouring, (a) 10 min, (b) 30 min,
(c) 100 min, (d) 200 min, and (e) 300 min.
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4.9.6.1 Horizontal velocity (U,) in the gap at (X/D=0)

Fig.4.23 shows the horizontal velocity profile under the pipe (obstruction) at X/D=0 for
different types of scoured bed profiles as presented in Fig.4.22.A higher horizontal
velocity can be expected for the scoured bed profiles of 10 min and 30 min due to a narrow
gap under the pipe to the surface of the bed. The opposite can be said for the scoured bed
profiles of 100, 200 and 300 min. A reduction of around 18% of horizontal velocity is

seen from time phase of 10 min to 300 min.
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Figure 4.23:Horizontal velocity profile (U,) in the gap at (X/D=0) and at different scour
gaps, 010 min, A 30 min, ¢ 100 min , x 200 min , + 300 min
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4.9.6.2 Pressure coefficient (Cp) around pipe

Fig.4.24 shows the variation of the pressure coefficient with gap depth at different
circumferential positions (¢) around the pipe. The angle 8 indicates the location of the
pressure coefficient around the pipe surface from 0° the point nearest to the wall to 360°
in a clockwise direction. The stagnation and separation points which can be referred as
maximum and minimum peak are clearly delineated in the figure. The positive value of
the pressure coefficient indicates that the pressure rises and the water level increases at
that location, whereas, a negative value indicates that the pressure drops and the water

level decreases.
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Figure 4.24: Effect on pressure coeffcient(Cp) at cylinder surface of different scour gaps,
© 10 min, A 30 min, ¢100 min, 0 200 min, x 300 min
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4.9.6.3 Wall shear stress around pipe

Fig.4.25 shows the variation of the wall shear stress with gap depth. The wall shear stress

forms as a sequence of approaching the flow on the pipe parallel to bed surface and it

experiences the maximum value t,,,,at the flow separation point which makes scouring

to begin. At an early stage, t,,4, OCCUrs near the bottom in each side of the pipe forming

shedding vortex that creates a space on both sides of the pipe which is quickly occupied

with water and leads to scour formation. Further, the maximum shear stress moves

downward approaching the bed and move the sand particles in the flow direction. It is

observed that, the higher the shear stress, the deeper the scour hole below the pipe.

wall shear stress

2.0

1.5
1.0p— 2+

:ﬁi—.
A
)
O
+M§>

+

Figure 4.25: Effect on wall shear stress at cylinder surface of different scour gaps, o 10
min, A 30 min, ¢100 min, 0 200 min, X 300 min
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4.9.6.4 Drag and lift coefficients

When the flow approaches the pipe, it imparts drag and lift forces on the pipe. In the
current numerical study, variation in these forces is seen in terms of drag and lifts
coefficients for five different time phases and presented in Fig.4.26. Shear stress causes
the bed erosion and as soon as it comes into action, the pipe experiences to negative lift
coefficient (C)) and it decreases with time and consequently increases the scour gap. The
negative lift can be attributed to the suction below and behind the pipe caused by the scour
gap. For the velocity, negative lift can be explained by the position of the stagnation point
pipe and the angle of attack of the approaching flow. As a result of lift coefficient
elimination, the drag coefficient is reduced with time as well. A reduction of 23.7% in Cq

and 51.3% in C; was observed between the time phases of 10 min and 300 min.
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Figure 4.26: Effecton (a) Drag coefficient (C;), and Lift coefficient (C;) at cylinder
surface of different time phases
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410 Conclusions

Two dimensional (2D) CFD analyses were carried to investigate fluid flow over an
obstruction under different bed profiles using a number of turbulence models. Unsteady
horizontal velocity profile and the kinetic energy square root at few axial directions are
examined. The effect of scour depth on the velocity distribution under the pipe, the wall
shear on the bed, the pressure coefficient, the drag coefficient, and the lift coefficient of
the obstruction body were numerically investigated. The conclusions of the current study

are as follows:

e The standard k-¢ model can predict accurate results in comparison to other
turbulence models when compared to experimental data for unsteady horizontal
velocity and turbulent Kinetic energy square root.

e From the spatial distribution velocity, results shows that the velocity magnitude
at stagnation and separation points on the pipe wall changes as the time progress
and a reduction of around 24.8% and 29.8 %of the horizontal velocity at the
separation and bottom points observed respectively.

e Itis found that the size of the vortex shedding increases with increase in the scour
gap and the k-¢ model is not appropriate to predict vortex shedding due to the use
of wall function or insufficient grid resolution.

e |t is observed that there is a reduction of around 26.3 % in pressure at upper point
of the separation point from times 10 min to 300 min and a reduction of around
40.7% in pressure at bottom point of the separation point from times 10 min to
300 min.

e From the bed shear stress, results obtained found that at narrow gaps (such as bed
profiles at 10 min and 30 min) a bed shear stress is high compared to large gaps
(such as 100,200 and 300 min). A reduction of around 80 % of bed wall shear

stress observes from time 10 min to 300 min.
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e From the velocity behavior under the pipe, results show that the maximum
velocity at each phase decreases with increasing time till the scour reaches its
equilibrium depth and a decrease of around 18% of horizontal velocity is seen
from time period of 10 min to 300 min.

e The drag and lift coefficients decrease as the gap under the pipe increases. A
reduction of 23.7% in Cq and 51.3% in C; was observed between the time phases

of 10 min and 300 min.

Among existing turbulence models, the standard k- sturbulence model is preferred over
others for more accurate prediction of local scour surrounding circular cylinder over
sandy bed. To enhance the accuracy of prediction of local scour, symmetric drag and
Eulerian model are recommended as drag models and multiphase models, respectively.
The lift model and added mass forces are often used in the investigation of local scour,
and they are given a value of 0.5. A proper measurement technique for sand sediment

removal, shape and diameter can enhance the accuracy of the simulation.
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Chapter: 5.0

Conclusions and Future work
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51  Conclusions

Two dimensional (2D) CFD analyses were carried out to conduct this study .A total of
fifty four (54) Cases were simulated to present this study. 19 Cases were simulated to
investigate the effect of bluff body shapes and gap between circular body and wall of sand
bed and the other 35 Cases were simulated to investigate turbulence models sensitivity
study and effect of scour depth. The conclusions of the current study can be summarized

as followed:

e The standard k-€ model can predict accurate results for scour bed simulation.

e It is observed that RANS models is not appropriate for high Reynolds number
(Re) simulation, thus they are not suitable to model periodic behavior of vortex
shedding, because to their large late transition of the boundary layer from laminar
to turbulent.

e It is found that in both cases with flat and scoured bed, the size of the vortex
shedding increases with the increase in the gap and when the pipe closer to the
bed the vortices behind the circular cylinder is unsymmetrical.

e |t is observed that in both cases with flat and scoured bed, the drag coefficient
reduces as the gap increases and lift coefficient as well. However, for the scoured
bed the lift coefficient has a negative value which indicates the void under the
pipe.

e It is observed that that in both cases with flat and scoured bed, the pressure
distribution around the pipe reduces with the increase of the gap.

e Itis found that in both cases with flat and scoured bed shear stress reduces as the
gap increases. A reduction of around 82.3 % in the pressure distribution over the
bed’s surface is observed with falt-bed, and a reduction of around 80 % of bed

wall shear stress observes from time 10 min to 300 min at scoured bed.
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e It is observed that that in both cases with flat and scoured bed there is a reduction

in the wall shear stress distribution over the bed surface.

e From the velocity behavior under the pipe, results show that the maximum
velocity at each phase decreases with increasing time till the scour reaches its
equilibrium depth and a decrease of around 18% of horizontal velocity is seen

from time period of 10 min to 300 min.
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5.2  Future work

One way to improve understanding the basic local mechanisms and sand sediment
removal is to use the digital image processing that properly measures and captures the
movement of sand sediment due to the strong flow subject to the obstruction and
increasing the bed shear stress. This method can be used to measure the flow filed
parameters, sand bed deformation, diameter size and velocity flow behaviour in scour pit.
Using digital image processing to evaluate the sand bed deformation and velocity
behavior in scour void in the numerical method can be a useful way to assess various
numerical techniques. The digital image processing method is more significant where the
numerical methods are usually not able to predict appropriately e.g. the flow filed in
downstream (turbulence region). The flow around obstruction is important because of it
affects the accuracy of the results of the shedding vortex formation. However, using fine
mesh at the upstream and downstream around the obstruction and especially the wake
region with wall function boundary may improve the numerical results.

Other way for local scour mechanisms understanding, fluid flow and sand sediment
movement is by using Particle Image Velocimetry (PI1V). PIV is an optical method of
flow visualization used in education and research. PIV can be employed to measure the
velocity filed in a granular flows. It is particularly well-suited for nontransparent media
such as sand, gravel and quartz or other granular materials. This method also can be used
to measure the flow filed parameters, sand bed deformation, diameter size and velocity
flow behavior in scour pit.

The hydraulic structures such as bridge piers subjected to strong flow filed, external wind
forces and heavy trucks are mostly encountered failures. Thus, regular maintenance and
deep understanding of the main reasons contributing to their failures may avoid a lot of
losses in terms of cost losses or human losses. To enhance the accuracy of hydraulic

structures failures due to local scour and undesirable vibration, Fluid Structure Interaction
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(FS1) is recommended to be employed and study this phenomenon. FSI is the interaction
of oscillatory structure with fluid flow. It is a critical prediction in the design of many
engineering applications, e.g. aircraft and bridges. FSI problems are too complex to be
solved analytically. Thus, they have to be analysed either by experiments or numerical
simulation, numerically by using two way Fluid Structure Interaction (FSI) in Ansys
Workbench and experimentally by Experimental Modal Analysis (EMA) (EMA is the
studying of the dynamic structure properties behaviour under vibrational excitation). Both
can be used to demonstrate the effect of scouring on structure motion or vibration on
hydraulic structures and examine the dynamic structure characteristics such as structural
field natural frequency, damping and mode shapes. Through the dynamic structures
characteristics, it can be observed the changes occur to dynamic structure characteristics

due to enlarge of local scour and vibration that may lead to resonance.
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