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Preface

This year the 3rd WSEAS International Conference on ENERGY PLANNING, ENERGY
SAVING, ENVIRONMENTAL EDUCATION (EPESE '09), the 3rd WSEAS International
Conference on RENEWABLE ENERGY SOURCES (RES '09) and the 3rd WSEAS
International Conference on WASTE MANAGEMENT, WATER POLLUTION, AIR
POLLUTION, INDOOR CLIMATE (WWAI '09) were held in the University of La Laguna,
Tenerife, Canary Islands, Spain. The Conferences remain faithful to their original idea of
providing a platform to discuss energy planning studies, energy audits and on-site measurements,
land use and management, environmental impact from the use of energy, climate and global
change, wind energy, hydrogen energy, biomass, solar energy - photovoltaic systems, geothermal
energy, hydroelectric energy, waste management, water pollution, air pollution, indoor climate
etc. with participants from all over the world, both from academia and from industry.

Its success is reflected in the papers received, with participants coming from several countries,
allowing a real multinational multicultural exchange of experiences and ideas.

The accepted papers of this conference are published in this Book that will be indexed by ISI.
Please, check it: www.worldses.org/indexes as well as in the CD-ROM Proceedings. They will
be also available in the E-Library of the WSEAS. The best papers will be also promoted in many
Journals for further evaluation.

A Conference such as this can only succeed as a team effort, so the Editors want to thank the
International Scientific Committee and the Reviewers for their excellent work in reviewing the
papers as well as their invaluable input and advice.

Note: The paper “Explaining Firm's Decision to Invest in Pollution Abatement in Romania: An
Empirical Approach using Panel Data Estimator” by Robert Sova, lon Stancu, Anamaria Sova,
Rault Christophe, was presented in the 4th IASME / WSEAS International Conference on
ENERGY & ENVIRONMENT (EE'09), which took place in Cambridge, UK, in February 24-26,
2009.

The Editors
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Plenary Lecture 4

SEE - Society Energy and Environment: The "'Zeroth Religion™ for Everybody!

Professor Milivoje M. Kostic
Department of Mechanical Engineering
Northern Illinois University
DeKalb, IL 60115-2854, USA
E-mail: kostic@niu.edu

Abstract: Energy, as the ‘building block’ of all material and space existence, and as the cause for all (re)creations in
time, could be metaphorically considered as the most basic "Zeroth Religion," with all due respect to the "First
Religion," the way the Zeroth Law of thermal equilibrium is more basic than the grandiose First Law of energy
conservation in Thermodynamics. Energy is more than universal currency. The world view, from inside to outside, is
only possible, figuratively and literally, through the energy prism. From shining stars to rotating planets, to global
water, atmospheric and life cycles, to evolution, industrialization and modernization of civilization, energy is the cause
and measure of all there has been, it is, and will be.

Energy is the cause for all processes across all space and time scales, including global and historical changes.
Energy is both cause and consequence of formation and transformation within the universe at the grand scale, down
to the smallest sub-nano-structures within an atom nucleus and electromagnetic radiation (everything we are capable
of observing and comprehending). Energy warms our planet Earth and keeps it alive. It moves cars and trains, and
boats and planes. Energy bakes foods and keeps them frozen for storage. It heats and lights our homes and plays
our music. Energy makes our bodies to grow and alive, and allows our minds to think. Through centuries people have
learned how to harvest and use energy in different forms in order to do work more easily and live more comfortably.
Zooming in through space and history from the formation of our planet Earth some 4.5 billion years ago, it has been
changing ever since due to energy exchanges or "energy flows" in different astrophysical, geological, thermo-
physical, electro-chemical, biological, and intellectual processes. Hundreds of millions of years ago, life emerged from
the oceans and transformed the landscape. Just a few million years ago the first human species evolved and began
their own process of interaction with the environment, our planet Earth. About one million years ago our own species,
homo sapiens, first appeared, strived most of the history and boomed with agricultural and industrial revolution, after
learning how to harvest, control and use energy.

The human metabolism, to maintain life, is approximately equal to the dietary energy reference value of 2000
kcal/day, which is equivalent to 97 Watt. Human sustained working power is about 75 W or one tenth of the "horse
power." The human muscular power bursts may be a hundred times greater than the basal metabolic or sustained
power. In comparison, the World’s population is about 6.5 billion with total energy consumption about 2.2 kW/c (per
capita), compared to 0.3 billion population and 11.3 kW/c in the U.S. (the total energy rate in kW needs to be scaled
by usual 33% efficiency to be qualitatively compared with electrical energy rate in kW). The corresponding per capita
electricity consumption rate is about 0.3 kW/c and 1.5 kW/c in the World and the U.S., respectively.

All energy coming to the Earth surface is 99.98 % solar, 0.018% geothermal and 0.002% tidal-gravitational. About 14
TW (Tera-Watt, or 2.2 kW/capita, i.e. per person) the world energy consumption rate now, represents only 0.008%, a
tiny fraction of the solar energy striking Earth, and is about 6 times smaller than global photosynthesis (all life), the
latter is only 0.05% of total solar, and global atmospheric water and wind are about 1% of solar energy. As an
ultimate energy source for virtually all natural processes, the solar energy is available for direct ‘harvest’ if needed,
and is absorbed by vegetation and water surfaces on Earth, thus being the driving force for natural photosynthesis,
and in turn for biosynthesis processes, as well as natural water cycle and all atmospheric processes. The solar
radiation power density incident to the Earth atmosphere, known as the Solar Constant, is 2 cal/min/cm2 or 1.4
kW/m2, which after taking into account average day/night time (50%), varying incident angle (50%) and
atmospheric/cloud scatter and absorption (53%), reduces to only 0.5-0.5:0.47=11.7% of the Solar Constant, or about
165 W/m2 at the Earth surface, as all-time average.

If all energy is literally expelled from a confined space, then nothing, empty space will be left. As long as any matter is
left, it will contain the energy - even at zero absolute temperature the electrons will be orbiting around very energetic
nucleus. Matter is and must be energetic, Ezmc”2, thus literally, "energy is everything,” no energy, nothing in the
space. Energy is the fundamental property of a physical system and refers to its potential to maintain a material
system identity or structure (forced field in space) and to influence changes (via forced-displacement interactions, i.e.
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systems' re-structuring) with other systems in space and time by imparting work (forced directional displacement) or
heat (forced chaotic displacement/motion of a system molecular or related structures). Energy exists in many forms:
electromagnetic (including light), electrical, magnetic, nuclear, chemical, thermal, and mechanical (including kinetic,
elastic, gravitational, and sound). Energy is the ‘building block’ and fundamental property of matter and space, and
thus, the fundamental property of existence. Energy exchanges or transfers are associated with all processes (or
changes), and thus are indivisible from time.

Let us not be fooled by low oil prices now due to unforeseen economic recession! The two things are certain in not
distant future: (1) the world population and their living-standard expectations will substantially increase, and (2) the
fossil fuels’ economical reserves, particularly oil and natural gas, will substantially decrease. The difficulties that will
face every nation and the world in meeting energy needs over the next several decades will be more challenging than
what we anticipate now. The traditional solutions and approaches will not solve the global energy problem. New
knowledge, new technology, and new living habits and expectations must be developed to address both, the quantity
of energy needed to increase the standard of living world-wide and to preserve and enhance the quality of our
environment.

However, regardless of imminent shortages of fossil fuels, the outlook for future energy needs is encouraging. Energy
conservation "with existing technology" (insulation, regeneration, cogeneration and optimization with energy storage)
has real immediate potential to substantially reduce energy dependence on fossil fuels and enable use of alternative
and renewable energy sources. There are many diverse and abundant energy sources with promising future
potentials, so that mankind should be able to enhance its activities, standard and quality of living, by diversifying
energy sources, and by improving energy conversion and utilization efficiencies, while at the same time increasing
safety and reducing environmental pollution.

After all, in the wake of a short history of fossil fuels’ abundance and use (a blip on a human history radar screen), the
life may be happier after the fossil fuel era!

Brief Biography of the Speaker: Professor Kostic's teaching and research interests are in Thermodynamics (a
science of energy, the Mother of All Sciences), Fluid Mechanics, Heat Transfer and related fluid-thermal-energy
sciences; with emphases on physical comprehension and creative design, experimental methods with computerized
data acquisition, and CFD simulation; including nanotechnology and development of new-hybrid, POLY-nanofluids
with enhanced properties, as well as design, analysis and optimization of fluids-thermal-energy components and
systems in power-conversion, utilizations, manufacturing and material processing. Dr. Kostic came to Northern lllinois
University from the University of lllinois at Chicago, where he supervised and conducted a two-year research program
in heat transfer and viscoelastic fluid flows, after working for some time in industry.

Kostic received his B.S. degree with the University of Belgrade Award as the best graduated student in 1975. Then
he worked as a researcher in thermal engineering and combustion at The Vinca Institute for Nuclear Sciences, which
then hosted the headquarters of the International Center for Heat and Mass Transfer, and later taught at the
University of Belgrade in ex-Yugoslavia, Serbia now (MFB). He came to the University of lllinois at Chicago in 1981
as a Fulbright grantee, where he received his Ph.D. in mechanical engineering in 1984. Subsequently, Dr. Kostic
worked several years in industry. In addition, he spent three summers as an exchange visitor in England, West
Germany, and the former Soviet Union.

Dr. Kostic has received recognized professional fellowships and awards, including multiple citations in Marquis'
"Who's Who in the World" and "Who's Who in Science and Engineering."; the Fulbright Grant; NASA Faculty
Fellowship; Sabbatical Semester at Fermilab as a Guest Scientist; and the summer Faculty Research Participation
Program at Argonne National Laboratory. He is a frequent reviewer of professional works and books in
Thermodynamics and Experimental Methods. Dr. Kostic is a licensed professional engineer (PE) in lllinois and a
member of the ASME, ASEE, and AIP's Society of Rheology. He has a number of publications in refereed journals,
including invited state-of-the-art chapters in the Academic Press series Advances in Heat Transfer, Volume 19, and
"Viscosity" in CRC Press' Measurement, Instrumentation and Sensors Handbook; as well as invited reference
articles: Work, Power, and Energy in Academic Press/Elsevier's Encyclopedia of Energy; Extrusion Die Design in
Dekker's Encyclopedia of Chemical Processing; and Energy: Global and Historical Background, and Physics of
Energy, both in Taylor & Francis/CRC Press Encyclopedia of Energy Engineering and Technology. Professor Kostic
is a member of the Graduate Faculty at Northern lIllinois University.
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University of Technology Graz, Austria
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E-mail: helmut.jaberg@tugraz.at

Abstract: Hydro power plants of any size — be it large or small hydro - are always quite complicated arrangements as
they cannot be designed for a definite duty point of operation but in fact the duty point varies strongly with the flow
rate and in many cases also with the pressure head available. The optimization of these plants has always been a
challenge to the design engineers from all faculties involved, in the course of this presentation mechanical or civil
engineering are concerned.

Hydro power plants resemble each other as the basic set-up is always similar: Water flows from an upper reservoir to
a lower reservoir and in between we find components like intake buildings, shut-off valves of different kind in different
places, head race, moated castle, penstock, the turbine(s) and suction pipe. But due to the mentioned more or less -
and sometimes extremely — variable duty points the dimensioning and the set-up in detail are remarkably different
from on plant to another — and so is the stationary and transient operation.

Both the specific arrangement as well as the varying duty points often cause a number of problems as any hydro
power plant exist exactly once and in so far is always a prototype thus often causing unforeseeable difficulties.

On the example of a number of components fluid dynamical optimizations by means of numerical methods are
outlined for intakes, valves and different turbine designs. Specific problems as they can frequently occur in hydro
power and remedy to solve the problems are described. On the example of a cavitating Francis runner a further
trouble shooting method together with a new way for cavitation simulation will be presented.

Brief Biography of the Speaker: Prof. Jaberg holds the chair for Hydraulic Fluid Machinery at the University of
Technology Graz, Austria where he and his team look both after the machinery equipment as well as after
instationary behaviour of full systems. In parallel Prof. Jaberg works with his business consultancy and together with
his partners on management of innovations, strategy and process optimization. Prior to these engagements Prof.
Jaberg served as Vice President General Industry for KSB AG and Director Product Development in the French
subsidiary of the same company. Prof Jaberg graduated from the University of Technology Munich and holds a
PhD/Dr.-Ing. from Stuttgart University.
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Bridges and Environment: Development of an Iterative
Scouring Procedure for Implementation in CFD Code
for Different Bridge Flooding Conditions

M. KOSTIC, P. MAJUMDAR and D. BISWAS
Department of Mechanical Engineering
Northern Illinois University
DeKalb, IL 60115, U.S.A.

Email: kostic@niu.edu; Web: www.kostic.niu.edu

Abstract: - The objective of this study was to develop a simulation model to predict the final shape and size of
scour-pit under the flooded bridge deck. A computational methodology has been developed in C++ code and
implemented in STAR-CD, a commercial CFD application software, using a BASH script in UNIX environment.
For the evolution of the scour-pit shape and depth, a single-phase (re)moving boundary formulation has been
developed, based on the computational fluid dynamics analysis of the flow fields around the flooded bridge deck
and the shear stress at the bottom-wall, using the High Reynolds number k£ — ¢ turbulence model with standard
wall function. The “scouring tool” was assumed to be the excess shear stress over the critical shear stress, the latter
corresponding to the scoured bottom-wall material structure. Comparison with limited experimental data obtained
from Turner-Fairbanks Highway Research Center, McLean, VA, USA, revealed larger discrepancies than expected;
however, the developed iterative scouring methodology works well with the commercial CFD software and has
potential for further enhancement, by including other flow parameters influencing complex scouring process, in
addition to the shearing stresses.

Key-Words: - Bridge structures, CFD simulation, Computational fluid dynamics, Flooding flows, Flow scouring,
Turbulence modeling.

1. Introduction erosion in moving-boundary channel-beds has not been
well defined and it is not possible to estimate with
confidence. This is due, not only to the extreme
complexity of the problem, but also to the fact that river

Bridges are significant component of the ground
transportation infrastructure. In modern times, many

bridges incorporate large steel girders supported by  characteristics, bridge constriction geometry, and soil

piers imbedded in ground. “/mages of undermined piers,  anq water interaction are vastly different for each bridge
undercut abutments, and washed-out bridge approaches — 4c \vell as for each flooding.

have haunted bridge engineers since antiquity”

(Melville and Coleman, 2000 [1]). The huge cost and

above all risk of human life associated with bridge 2. Description of the physical problem
failure, has elevated the problem to be of national
importance. “The average risk of a bridge over water in
the USA collapsing from scour, during its 75 years
design life, makes scour of foundations the number one
cause of bridge collapse and three times larger than the
next cause of bridge collapse, which is due to
collisions” (Briaud, 2007 [2]). The theoretical basis for
the structural design of bridges is well established and
validated through numerous experiments and practical
load testing. In contrast, the mechanics of flow and

A schematic of the test set-up with lab-scale, six-girder
bridge, used at the Turner-Fairbank Highway Research
Center (TFHRC), McLean, VA, USA, is shown in
Figure 1. The computational domain representing the
test section of the actual lab flow-flume and the
characteristic dimensions are shown in Figure 2, where
the dotted box highlights the block approximation of
the bridge deck in our simulation.
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Figure 1: Experimental flume set-up
(top and side view).
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Figure 2: Computational domain with characteristic
dimensions.

Although the actual experiments were
conducted with a scaled six-girder bridge, in this study,
the bridge has been approximated as a block with the
same aspect ratio in order to save on valuable
computational time, since a 2-D simulation test showed
negligible difference between the two.

The characteristic dimensions,
Figure 2, are described as follows:

h, = water depth from the free-surface to the bottom

of the channel

shown in

h, = water depth from the bridge-bottom to the
channel-bottom, i.e., under-bridge water depth
S = bridge height
W' = width of the bridge/block
L =ength of computational domain
A series of experiments were conducted at TFHRC
to collect flow-scour data under different bridge

flooding conditions [3, 4]. The test section is 0.63 m
wide and 2.8 m long, having a model bridge deck
installed at the middle of the flume. A honeycomb flow
straighter and a trumpet-shaped inlet have been used to
create a nearly uniform inlet flow condition. A 40 cm
deep and 130 cm long sediment recess has been
installed at the flume bottom, under the bridge, and a
20 ¢m sand bed is created over that to accommodate the
scour as seen in the side view on Figurel. An
adjustable tailgate is installed at the end of the flume to
control the depth of flow. A recirculation system with a
210 m’ sump and a pump, with variable output rate
from 0 to 0.3 m’/s has been installed. Based on the
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assumption that the critical velocity for 1 mm sand (dso
= 1 mm) is 0.43 m/s, the operating velocity was chosen
as 95% of that, which is 0.41 m/s, that corresponds to a
discharge of 64.6 I/s. This gives rise to a Reynolds
number of 2.3-10° and a Froude number of 0.26. The
bridge deck elevation was adjusted to vary the under-

bridge depth (/,,) over a range of 11.5 c¢m to 22.0 cm

for the 6-girders bridge deck. The scour profiles were
measured using a laser distance sensor. A summary of
the test data for six-girder bridge deck is given in
Table 1.

Table 1: Summary of experimental results
(Reproduced from Guo et al. [4])

Under- Measured Block

Bridge- Scour Depth | Depth

Height (ys [cm]) (s [cm])
22.0 1.75 3.00
20.5 2.99 4.02
20.5 2.98 4.02
19.0 4,23 4.02
19.0 4,52 4.02
17.5 4.47 4.02
16.0 5.55 4.02
14.5 571 4.02
13.0 5.93 4.02
11.5 6.34 4.02

Experimental scour profiles for different 4,

(Reproduced from Guo et al. [4]) are also shown along
with the simulation results in Figures 12 & 13.

3. Computational model, boundary
conditions and assumptions

The term bridge scour has been coined to reflect the
phenomenon of removal of sediment such as sand,
gravel or rocks from around the bridge piers and
abutments, thereby making them incapable of taking
the full load of the bridge. The piers are then kept at the
mercy of the swift flowing water that eventually
undercuts the structures, scooping out a scour pit and
thus compromising the integrity of the bridge itself.
Modeling and simulating a scouring process
has always been a challenge to hydraulic and CFD
engineers due to its extreme complexity and countless
variability that includes consideration of many complex
fluid-solid interactions, like sediment removal,
transportation and deposition. There are numerous
approaches available to solve the scour problem, viz.
discreet particle modeling, Eulerian multiphase
modeling, shear stress based modeling, etc. In this
study a critical shear stress based model has been
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chosen because of its influence on the scouring in spite
of its simplicity.

This model uses the increased bed shear stress
above the critical shear stress of the bed, experienced
by the bed materials due to the bridge-deck flow
obstruction during flooding. The critical shear stress
may be defined as the shear stress at which the
incipient motions of the bed material particles begin.
Numerous research works have been performed in
formulating the critical shear stress, as given by Singh
[5]. The critical shear stress correlation for sediment
transport given by Guo et al [4], based on Shields-
Rouse formula, has been used in this study, i.e.:

d£.85

23

T 023

(o — pledsy  d-

+0.054 - {1 - exp{—

1)
Where,

P = density of sediment
g = acceleration due to gravity
d 5o = median size of the bed sediment

(p./p-1g " I :
d. = {2} -d,, = dimensionless diameter
Vv

(2)

and

* T " -y -
u, = |- =critical velocity
\ o

This formula, for our case, results in a 0.586 Pa, critical
shear stress value along the flat bed. However, the
critical stress will be lower down slope as gravity will
assist the downfall of the particles and higher up slope
as gravity will oppose scouring. This slope-dependent
phenomenon has been captured by Brars (1999) [6].

Figure 3: Bed slope for a scoured bottom.

)

sin(y + ¢)
Tervariable = Cer flat = . 77\ (4)
sin(9)
Where,
Tervariable = Critical shear stress varying with slope
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Ter g = CONStant critical shear stress for flat bad

without any slope
y = bed slope
¢ = angle of repose of bed material

Although the actual experiment was conducted
as an open channel flow with a free surface, in our
simulations the free-surface was approximated as a
slip-flat-top wall. The reason behind it was to represent
the two-phase flow by a single-phase steady state flow
in order to ensure faster convergence and
computational time reduction.

Another important aspect of turbulent flow
modeling is the choice of the turbulence closure model.
In this study k& —e& turbulence model with standard
wall function has been used. Study has been conducted
with different turbulence closure models obtaining
insignificant difference between the results (Biswas,
2009 [7]).

Representative roughness value of the bed is
another important parameter that needs to be
determined with care (Adikary, 2008 [8]). A number of
correlations are given by Camenen et al. [9] to evaluate
the representative roughness value, depending on the
median grain size of the bed material (ds5, = 1 mm in

this case), resulting in an effective roughness value of 2
mm, as used in this study.

The boundary conditions of the computational
domain used are:

1. Waterinlet:

> Uniform velocity in X direction (V) is
specified (0.41 m/s)

» Turbulence intensity (77) is specified
(4.0 %)

» Mixing length (/) is specified (8.0 mm)

2. Bottom wall:

» Hydrodynamically rough, no-slip wall
boundary condition (with a 2 mmeffective
roughness value assigned).

3. Block/bridge walls:

» Hydro-dynamically smooth, no-slip wall

boundary condition.
4. Top wall:

» Slip wall boundary condition, in order to

obtain a shearless free surface type boundary.
5. Outlet:

» Standard outlet boundary condition, or in
other words a constant pressure gradient at
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the boundary surface, with specified pressure
at a referenced top-cell.
6. Side walls (required in STAR-CD for 2-D flow):
» Symmetry planes, symbolizing 2-D flow
simulation, i.e., no any changes along the
Z-direction.

Algebraic-Multi-Grid (AMG) solver is used
here in an iterative way to calculate the minimum mass,
velocity, and pressure residuals. After testing
different values, maximum residual tolerances are
specified as follows:

o U-momentum =10%
o V-momentum =10*
o Pressure =10*
o Turbulence kinetic energy =107
o Dissipation rate =102

4. Scouring methodology and its
implementation

The methodology involves the evolution of

scouring, 4y , based on the so-called reference scouring
rate, o . It assumes that local scouring, Ay = o - Ar,
is proportional to the local supercritical shear stress,
At =7 -1, with reference scouring rate, o, being
the coefficient of proportionality. In principle the
scouring rate could be any value, as long as the
simulation stably evolve and converges to a scour
shape without supercritical shear stresses to cause
further scouring. The scouring rate
o= dy ~ Ayref ~ ys,max

dA T A Trcf/' A Tm,max
estimated as ratio of any known, final maximum scour
depth y; .. @nd the corresponding maximum initial

could be reasonably

supercritical shear stress, Az;, .., that caused it. The
scouring rate could be adjusted as needed with suitable
relaxation factor, 4, , t0 improve iteration speed
and/or stability, since in principle it could be any
arbitrary value. In this study the Ay, term, referred as

the step size, is used to account for relaxation factor;

Check if the
STRESSOL.0OUT
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Call the C++
program

Calculate vertices for Ln-scoured flat bottom and create the vertes list file e

Calculate critical shear stress for un-scoured flat bottorn and create
critical shear stress list file
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the stress file and its location in flow direction
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indicator file
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Figure 4: Flowchart for automation of scouring in STAR-CD (variable critical shear stress).
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changing the step size one can actually over-relax or
under-relax the scouring rate: Ay, = A, * Vs max -

ie.
Ay=24,,0AT=0A1 (5)
Vier =Yi t 4y (6)
Where,
At =17, — 1, = supercritical shear stress for
i" iteration
o, = Ay, Ay, = relaxed scouring rate.

) AZ-in,max (Tin,max - Tcr)

The developed scouring procedure on Figure 4 is
designed in a modular fashion consisting of the C++,
the BASH and the STAR module. The C++ program
has been designed to perform differently when called
for the first time and otherwise. However the basic
purpose of it is to create or modify the vertex-list file
based on the supercritical shear stress obtained as
output from the STAR module. The vertex-list file
contains the vertices of the bed (the bottom wall of the
domain) that may be subject to scouring. Input of the
STAR module includes the geometry and mesh,
boundary conditions, fluid and computation properties,
and the vertex-list file modified by the C++ module, to
solve the flow domain computationally for the next
iteration. The iteration process continues until none of
the cells have more than set fraction of the excess shear
stress (2%, the convergence criterion in this case).
The final deformed shape of the bottom bed, thus

k 4.0m

obtained, is the final, equilibrium scour-pit shape. The
BASH module has been assigned the responsibility to
call the other modules as required and save the
important files in-between iterations.

The large scale, cluster computing facility,
required for the entire simulation process to converge,
was provided by Transportation Research and Analysis
Computing Center (TRACC) of Argonne National
Laboratory. Two different approaches have been tried
out, one with the constant critical shear stress and the
other, an extension of the former, using the variable
critical shear stress, as function of the pit slope. Figure
4 shows the flowchart of the implementation scheme, a
detailed description of which can be found elsewhere
(Biswas, 2009 [7]).

5. Results and discussion

The computational domain with dimensions and one
representative fully submerged bridge case (/;,=11.5

cm) is shown in Figure 5. Simulations have been
performed for all the /;, cases keeping the relaxed
o, ,

scouring rate, o, to be a constant value

(0.012343 m/Pa). On Figures 6 to 10, different
parameters of the flow field (velocity, turbulence
Kinetic energy, dissipation rate, and turbulent viscosity)
are plotted for the initial and final iterations, for one
representative  partially submerged bridge case

(hy =22 cm).

=

k- 0.26mf 1.74m

0.095m Y

=l

0.25m-1.

I 0.0dm
Z X

6.0m

=l

Figure 5: Computational domain (in scale) for /4, = 11.5 cm case.
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Figure 6: Velocity [m/s] vector (flat bottom, initial iteration): (a) whole domain (b) zoomed.
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Figure 7: Velocity [m/s] vector (final scoured bottom): (a) whole domain (b) zoomed.

To have a better insight of what is happening as the
scouring is in progression, the other flow parameters have
also been plotted (Figure 8 through Figure 10). The
evolution of scour, critical shear stress, and shear stress
are shown in Figure 11 for the representative case of

hy, =22 cm.
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Figure 8: Turbulence kinetic energy [m’/s’] for
(a) initial, and (b) final iteration.
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Figure 9: Dissipation rate [#7/s°] for (a) initial, and
(b) final iteration.

Figure 12 shows a consolidated view of the final
scour shapes for all the /4, cases along with the

corresponding shapes obtained from the experiments.
Simulation has been performed on A, =23 cm case, for
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which no experimental data are available. Note that
on the Figure the scour shapes for the same /%, case

share the same color but different line styles.
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Figure 10: Turbulent viscosity [Pa s] for
(a) initial, and (b) final iteration.

Figure 13 shows the comparative plots of
maximum scour depths for different 4, cases

obtained from simulation and experiments.
Results show fare agreement with the
experimental data for the partially submerged case

(hy, = 22 c¢m) and slightly submerged case (4, =

20.5 c¢m), where simulations somewhat over-predict
the scour depth. For the fully submerged cases, i.e.

for lower A, values, however, simulation under-

predicts the experimentally obtained scour depths by
larger amounts. The merit of this study rests on the
fact that the partially and slightly submerged bridge
cases are the most frequently occurring in reality,
where our simulation predictions are faring better.
Table 2 is a quantitative representation of Figure 13,
where the percentage differences are shown, with
simulation data used as the base value in evaluating
the percentage differences. It should be noted that the
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available experimental results are very limited and not

fully established.
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Figure 11: Evolution of scour, corresponding shear stresses (along with the target final critical shear stress, in
red) and critical shear stresses, for the partially submerged /4, = 22 cm case (numbers in the legend represent

evolution iteration numbers). Final scour depth achieved is 2.298 cm
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Figure 12: Scour obtained by simulations and experiments.
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‘\ ~ I
‘\\ Fully Submerged
| ™

Max. Scour [em]

—e— Numerical Max Scour (CCSS)
—+— Numerical Max Scour (VCSS)

—&— Experimental Max Scour

13 145 16 17.5

Table 2: Experimental (Exp) and simulation (Sim)
scour depths with their percentage differences

(Diff) for different 4, cases.

Scour Depth Obtained | Scour Depth Obtained
h With Constant Critical With Variable Critical
b Shear Stress Shear Stress
Exp | Sim | Diff Exp | Sim | Diff
[cm] [cm] [cm] [] [em] [cm] 7]
23 - 0.853 - - 0.902 -
22 1.75 2.18 (+)19 175 | 2298 | (+)24
20.5 2.99 3.84 (+)22 299 | 3955 | (+)24
19 4.23 3.61 (N7 423 | 3734 | (113
16 5.55 3.64 | ()525| 5.55 3.75 ()48
13 5.93 3.92 (951 5.93 3.95 ()50
11.5 6.34 | 4125 | ()53.7| 6.34 4.07 (-)48
NOTE: (+) denotes Over-Scouring,  (-) denotes Under-Scouring

6. Conclusions

The advantage, and thus strength, of developed
scouring methodology, which is implemented in
powerful commercial CFD code, is its simplicity based
on physical reasoning and its easy expandability. We
reasoned physically that scouring is due to flow forces
(shearing stresses) in excess to bed material resistance
(critical shear stress). We used CFD flow simulation to
iteratively develop scouring (reshape/remesh affected
flow domain) until the scouring causes (excess stresses)
are minimized within desired tolerance (convergence
criteria), thus achieving a steady-state scoured profile.

The methodology is simple yet efficient in predicting
the scour shape and depth for partially and fully
submerged, flooded bridge decks. Starting with constant
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19 205 2 235 ]

hb [em]
Figure 13: Maximum scour depths obtained from simulations and experiments: for constant critical shear
stress (CCSS) and for variable critical shear stress (VCSS).
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critical shear stress, the methodology has been extended
to use of slope dependent variable critical shear stress.

Many other improvements could be
implemented. Since the scouring is a complex, multi-
phase phenomenon generated by complex fluid flow,
we need to account for all relevant parameters, in
addition to the time-averaged shear stress used in our
current simulations. We have to expand concept of
critical shearing stress to "Critical Scouring Criteria,"
i.e. "effective scouring generalized stress," with
inclusion of all important parameters for scouring, like
normal and tangential stress average-magnitudes, their
fluctuating amplitudes and frequencies, and others, like
porous or fluidized boundary layer which gives rise to
an increased effective viscosity near the bed, etc.

Additionally, there is considerable uncertainty
in the use of the representative bed roughness value for
the scoured bed interface. Further numerical studies
need to be performed to optimize critical simulation
parameters while validating the results with available
and new experimental data.

Another improvement could be achieved by
using the 3-D computational domain with six-girder
bridge in place of the simple block approximation, and
more realistic boundary conditions.

The transient Large Eddy Simulations (LES)
and dynamic measurements of bed (boundary) stresses
as function of time could and should be performed to
provide needed information for further improvements,
since those may be detrimental for scouring.
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The developed automated scouring evolution
program, makes it possible to perform extensive what-if
parametric studies, including further enhancements
based on physical reasoning or available data. After all,
what-if parametric analysis is one of advantages of
using a computational simulation with powerful
computing resources, so that we could “play” with as
many relevant parameters, as reasonable and practical,
and compare outcomes among themselves (to
investigate sensitivity of scouring results on suspected
influences/parameters) and with available experimental
data.
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