University of Southern Queensland

Faculty of Health, Engineering and Sciences

Development of a computer simulation for scouring

around bridge piers

A dissertation submitted by

Gary A. Nankervis

in fulfilment of the requirements of

ENG4111 and ENG4112 Research Project

towards the degree of

Bachelor of Engineering (Honours) (Civil)

Submitted October, 2016



Abstract

Bridges are important and valuable items of inftattire in modern society. They
are designed to be functional and cost effectiuétliey must also be safe. A great
many bridges cross bodies of flowing water and hsweporting piers founded
within the water; therefore the foundations arejetttto erosion by scouring and

this could lead to potential bridge failures.

The aim of this research project is to developramater simulation of bridge pier
scouring, to accurately predict the extent of ptisscouring. Accurate predictions
of scouring could lead to more efficient bridgeigas while still maintaining the
required level of safety. The project also propasasw pier design with potential

for improved scouring performance.

There has previously been much research conducte@drious aspects of bridge
pier scouring. This includes explaining the scogirimechanism, physical
experiments on pier geometries and developing @tiedi formulas. Most of this

work has been done using scale models in a hydruine tank and therefore has

some limitations in transference to real scaleasioms.

In recent years computer simulations have beenlojgse for bridge pier scouring.
They have an advantage of being able to modeluatgin at real scale, and can
easily be altered as required. Early simulationsevagainly single-phase (one fluid;
water) models which require empirical sedimentgpamt equations to predict sand
movement. Multiphase (more than one fluid) simolatmodels are a more recent

development; they model sediment transport asrautaaflow.

In this project Computational Fluid Dynamics (CFBas used to develop the
simulation model in ANSYS Fluent, which is a compiar software package. The
model is a three-dimensional multiphase model wéthd and water phases. It was

based on a cylindrical control pier in a previodpariment so that known results



could be used to validate the model. A new strezdlislotted pier geometry was

proposed for performance testing with the moderafalidation.

At present, development of the model does not a&ehiee anticipated objective of
simulating local scouring around a bridge pier. $imeulation of sand, as a riverbed
sediment, is not realistic. Therefore the model maisbeen validated and is not
reliable. The sand appears to behave much moraliiquid rather than a semi-

solid granular flow.

The new pier design when tested in a two-dimensifinaizontal plane) model
shows potential for reduced scouring. This is beeanf lower water velocity along
its outer edges, compared to the cylindrical cdrirer. However it has not been

possible to test the new pier in a three-dimensisc@uring model.

Future successful development with this simulatiwdel is dependent on further
research and experimentation to achieve realigtitd smovement. Additional
models would be required specifically to betterenstand modelling of sand flow

and the most appropriate parameter choices to\aitie

Results from this project may offer some usefulghts to other researchers, or

ideas for future research projects.
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Nomenclature

Note: depending on original document sources, ésymay sometimes be used
to represent different parameters, or alternatidéfgrent symbols may

sometimes be used to represent the same parameter.

2-D Two dimensional.

3-D Three dimensional.

dso Sediment particle diameter at 50 percentile avargrange.
dsa Sediment particle diameter at 84 percentile givan range.

CFD Computational Fluid Dynamics.

D Diameter, in general usage.

D Pier width (equivalent diameter), used in the Nequation.
Dso As for dso, but specifically used in the Sheppard equation.
g Gravitational acceleration, taken as 9.81m s

k Unit multiplier, equal to 1000.

u Velocity

U Velocity

UDF User defined function.

Vv Velocity

\ Volume fraction.

y, oryo  Normal flow depth, unaffected by any flow obstrant
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Glossary of terms

Bed load;
Sediment grains roll, or are dragged, across tearst bed surface but are not
lifted into suspension.
Clear-water transport;
There is no sediment transport already coming fupstream.
Live-bed transport;
There is already incoming sediment transport wbighinated further
upstream.
Multiphase flow;
Two or more fluids flowing within the same volunietspace.
Packing limit;
The maximum volume of a granular phase materiatkwban be packed into
a volume space, expressed as a proportion. (Takesiat of void space).
Suspended load;
Sediment grains are lifted into suspension andezhlyy the fluid flow.
Volume fraction;
The proportion of a volume space occupied by aqdar secondary phase

material.
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Chapter 1

Introduction

The research project is focused on scouring arbudde piers. It aims to improve
the safety and cost efficiency of future bridgesibyeloping an accurate computer

simulation model for predicting the extent of sangraround bridge piers.

The dissertation provides a background to the sogroblem, sets out the project
aims, examines previous research on the probleplaies project development

methodology and presents project results.

1.1 Background

As part of a nation’s road and rail infrastructuradges provide a means of easy
and efficient access to cross barriers like watgswgorges and other un-trafficable
areas. Bridges have considerable economic andl s@dige in allowing personal

travel and transport of goods. The failure of @dei therefore imposes a significant

cost on society, not just in monetary terms bub@ps also in loss of life.

The American Federal Highway Administration (FHW#gs found scouring to be
a significant contributing factor in many bridgeldees (Arneson et al. 2012),
therefore, during bridge design there is need tmueate prediction of potential
scouring effects. Historically scour estimation wased on designer’'s experience,
but later evolved to experimentally-based predictiequations. Computer
simulation modelling could provide a better meamstudy and more accurately

predict the extent of scouring.

Scouring is generally defined as erosion of streachmaterial, under the influence
and power of flowing water (Arneson et al. 2012cdn undermine the structural

integrity of bridge foundations, potentially leadito bridge failures.

1



Scouring is a dynamic process which can occurverse different forms (Arneson
et al. 2012), either alone or in combination. Gehstour can occur anywhere along
the length of a riverbed, contraction scour ocaatjgcent to a flow restriction, and
local scour occurs surrounding particular flow obstions. Only local scour
around bridge piers is considered in this reseprofect. Figure 1.1 shows a very

prominent example of local scour.

Figure 1.1  Local scour around a bridge pier (FDOUS).

1.2 Project aims

This research project aims to:
* Develop a three-dimensional, computational fluichayics (CFD) model
for simulating water flow and river bed scouringamd bridge piers.
* Enable more accurate prediction of scouring arauewl and novel bridge
pier designs, at the design stage.

» Critically examine an alternative bridge pier desiging the model.

The project aims and objectives are listed in thgegt specification which is

attached as Appendix A.



1.3  Specific objectives

1. Conduct a literature search and review to discexesting knowledge and
background information relating to bridge failutl®e scouring process, and
CFD modelling techniques. This will help identifgtarting point based on
extending the existing knowledge, and to identigpg in the existing
knowledge.

2. Propose a new and novel pier geometry based otingxisiowledge of the
scouring process, and as an extension of previtugled pier geometries.
The shape of the new design is expected to prokueer flow velocities
around the pier, and therefore should also cawheesl scouring.

3. Develop a 2-D single-phase steady-state model tdysa water flow
velocities. This is a relatively simple form of meavhich will not consume
excessive computational runtime, but is quite adegio examine flow
velocities. Velocities around a traditional cylirad pier are to be examined
to establish a benchmark for comparison with tlafssenew and novel pier
geometry. Reduced flow velocity around the new pieuld prove it has
potential to reduce scouring.

4. Further develop the model into a two-phase tramgieodel. This more
complex form of model is required to examine therwelated flow of two
different materials (phases) over a long time meri@ranular river bed
material is considered as a secondary phase floidhwmoves (flows) as a
consequence of the primary phase fluid (water) fldtve more complex
model will have a much longer computational runtime

5. Validate and/or calibrate the model against preteyg experimental results
by replicating all the parameters of a benchmargeement involving
circular piers. Accurate model results are dependancorrect choice of
input parameters, values and techniques, thertdstiag the model against
a set of known results is essential to verify thedel performs correctly. If
the model does not perform correctly it may needeocalibrated by
adjusting specific parameters until the correctultesare achieved. A
sensitivity analysis may also be required to seehvharameters have the

most significant effect on results.



6. Use the two-phase model to test scouring aroundéhepier design. This
is the practical application of the model to testfprmance of a new pier
design.

7. Compare modelling results with traditional scoutireates based on
empirical formulae. This comparison checks for &anty or difference
between results. Results will be examined and ds=d in order to
conclude whether the modelled results can be ceresidmore accurate or

not.

As time and resources permit:

1. Trial and evaluate different geometric variatiodsi.ce the model has been
created it can easily be rerun with other variaiohpier geometry to see if
performance can be further improved.

2. Trial and evaluate different flow approach angl€se new pier design
proposed in this research may not perform as widil wcreasingly oblique
flow approach angles. Therefore different appraaugies should be tested

to see if performance is reduced or not.

1.4 Consequential effects

Positive effects of the project are an increas&kraiwledge on the subject of
developing computer simulations to predict bridger pscouring. If further

development work can produce an accurate modei, dpeplication of the model
could lead to more cost-efficient bridge designschtstill provide satisfactory

structural integrity.

Results of this research project may be of futuemelit for further model
development. Additional research and experimematay be able to improve the

model.



Chapter 2

Background and Literature review

This chapter reviews the available literature, fri@xtbooks or previous research,
related to the aims of this project. It identifiesisting knowledge/information
which may be useful to this project, and also idiesst areas where there may not

be sufficient existing knowledge.

2.1 Bridges

2.1.1 Bridge and pier design

Many bridges use multiple simply supported spanaduaieve the required total
span length (Fu 2013). This design requires supmpgiers, at the end of each
span, founded on piles or spread footings. Thespi@aty consist of a single, or
multiple, columns. Multiple columns are usuallyerdonnected at the top by a pier
cap, with the bottoms either independent or inteneated by a footing. Column
cross-sections are usually circular, square, otanguilar; they may also have
rounded or angled ends to assist streamlining témilow. Some long length piers

may take the form of a continuous wall, rather thauitiple columns.

When crossing waterways, piers must be foundedimvitfie riverbed, and are

vulnerable to scouring.

Bridge designers need to optimise their designs 46L3) in order to provide

structural integrity under adverse circumstancelilewalso achieving a cost
effective structure. To design the minimum satigfacfoundation designers need
an accurate prediction of maximum scour depth ergethroughout the lifetime

of the bridge.



2.1.2 Failure causes

A study of 114 reported bridge failures in the @ditStates of America (Harik et
al. 1990), between 1951 and 1988, categorisedaihees of failure. Loss of use in
at least one traffic lane was considered as ar&gind the worst case scenario was
total collapse. The study authors suggest failuvits potential for loss of life
should be considered unacceptable, and designetgdsbendeavour to prevent
them. Accordingly the study was a first step towaddveloping a database of

bridge failure details in order to improve futumédige design and construction.

The Harik et al. (1990) study was based on regmrbdished in the public media;
therefore it may not have included all bridge feel during the period. The
accuracy and level of detail reported by thesemwvas limited. The study found
natural phenomena to be the second most signifezaude of bridge failures, after
collisions from ships/vehicles. Natural phenomera@uded such things as floods,
scouring and wind. Results could not be quantiieg more accurately because

detailed investigation records did not exist.

Wardhana and Hadipriono (2003) conducted a moregceimensive study of 503
bridge failures between 1989 and 2000. During thésiod the New York
Department of Transport (NYDOT) made an effort adlext and record relevant
details from bridge failure incidents throughout thnited States, but not all states
supplied information. Most failure details for thstudy were obtained from the
NYDOT database, however some supplementary infeomawvas from other
published reports. The study concluded 48% of fadwvere attributed to flooding
and scouring. The authors suggest these two closklted causes may actually be
the same thing but described differently by thdedént people reporting the

incidents.



2.2 The scouring process

2.2.1 Characteristic flow

The characteristic nature of a fluid flow may bmiiaar, transitional or turbulent.
The Reynolds NumberRg) is a dimensionless number used to determine the
characteristic nature of a flow, and to comparentieire of one flow with that of
others. Results are indicative only, with loweruesd suggesting laminar flow and
higher values suggesting turbulent flow. By comgami with commonly accepted
reference values, the calculated result is usettltocate if a particular flow situation
is likely to be laminar, transitional, or turbulef®eynolds Number is calculated

from the formula

Re =—=—, (2.1)

wherep is fluid density,V is flow velocity, D is diameter (characteristic length
dimension), W is dynamic viscosity, ands kinematic viscosity (Chadwick et al.
2004).

The Reynolds number is usually used in relatiorlaav through pipes but by

substituting different characteristic lengths ttvrfula can be used for flow through
channels, flow around bodies (e.g. Piers) or flomuad particles (e.g. Sediment or
gravel) (Nalluri & Featherstone 2001). In the diffiet situations, the characteristic
length values are likely to be in different rangémagnitude therefore the accepted

reference values to distinguish between laminartarimilent flow also differ.

This project is concerned with flow through operamhels (e.g. riverbeds), and
flow around bodies (e.g. piers). For open chanioal,fhydraulic radiusR) is used

as the characteristic length, rather than the dianaes used for pipes. Furthermore,
where a channel flow is considerably wider thais deep, the hydraulic radius is
approximately equal to depth, therefore depth @anded as a simplification. For
flow around bodies, the body diameter (or an edentaapproximation) is used as

the characteristic length.



For practical purposes, water flow in open chanaats around submerged bodies
is nearly always turbulent (Chadwick et al. 2004).

2.2.2 Sediment transport

Natural riverbeds generally consist of sedimentiglas which vary in size, shape
and composition. Some of these particles may Bedijed, by the force of flowing

water, and migrate downstream (Nalluri & Featherst@001). Such particle
movement is known as sediment transport. Sedinnansport can occur as “bed
load”, or “suspended load” (Chadwick et al. 200@)e two transport modes can

occur simultaneously.

Bed load occurs when individual particles eithétesbr roll along the bed surface
(Chadwick et al. 2004). For this to happen, waterds acting on each particle must
overcome the critical shear stress which existewden particles and the river bed.
Smaller and lighter particles have a lower valuecritical shear stress so they

require less force to move and will be first to raig.

Suspended load occurs when turbulent water flowp&ap to act in a direction
which imparts an uplift force component on parsol€hadwick et al. 2004). If the
uplift force overcomes the gravitational force,tjdes are lifted up off the riverbed
and become suspended in the water flow. Smalleligimer particles are also more

prone to this transport mode than larger particles.

Sediment transport can occur under “clear watefliee bed” conditions (FDOT
2005). Clear water transport is when there is rinsent already coming from
further upstream; only local scour occurs, and reedis are redeposited just
downstream of the flow obstruction. Live bed tram$ps when sediment from
scouring further upstream is already moving dovaastr. This means a local scour
site will have sediment being transported in to sigeur site as well as local
sediment being transported out. A scour hole d@galghen transport out exceeds

transport in. Under live bed conditions, a scodemoay be refilled to some degree

8



by upstream sediment inflow. This is not a solutmthe scouring problem because
it is only loose fill, and not firmly packed as tbeginal stream bed would have

been.

For a given riverbed, under normal flow conditioa,of the smallest particles,
which may have once been present, will have beemplely transported away.
Of the particles remaining, the smallest size lateel to flow velocity and is
determined from the critical shear stress. The timmdwhereby there are no
particles smaller than a certain size is knownbesi“armouring” (Chadwick et al.
2004).

In stream flow where the bed is significantly widkean flow depth, bed shear stress
(To) can be taken as equal to mean shear stt@saiid hydraulic radiudR) can be
taken as equal to flow deptyp). At the threshold of particle motion, particléical

shear stresg{) is equal to average bed shear stress:

Ter = To = PGY0So » (2.2)
where,
p is fluid density,
g is gravity, and
S is bed slope.

Critical friction velocity (»c) is a theoretical reference value derived fromiibe

shear stress:

Use = To/p =1/ 9Yo0S0 - (2.3)

The entrainment functionF{) (Chadwick et al. 2004) is used with the Shields

diagram to determine whether particle motion waitor or not.

_ TCR
Fs = Gospran " (2.4)




where,
ps is sediment particle density,

D is particle diameter.

The Shields diagram, shown in Figure 2.1, plotsetiteainment function against a
form of Reynolds number, known as the shear Regnolonber (R9. The shear

Reynolds number uses friction velocity) as the fluid velocity term.

Re, =*> (2.5)
! T
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Figure 2.1  The Shields diagram plots entrainmemt¢tion against the shear
Reynolds number to indicate threshold of motionnthson 1966).

The curve plotted on the Shields diagram is knowrthe Shields function. It
indicates the threshold of particle motion. Co-naties of entrainment function and
shear Reynolds number which plot below the Shidlotion will be stable,

whereas those which plot above the function wiltstodged.
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For an experimental study of local scouring, congaer of particle critical shear
stress with mean bed shear stress is importamdore sediment transport is not
likely to occur under normal flow conditions; thvaduld constitute general scouring

rather than local scouring.

2.2.3 Local scouring mechanism

Local scour occurs around an obstruction in thi pé&fluid flow. The obstruction
forces the flow to divert its path in order to geist the obstruction. A cylindrical
pier is commonly used as a benchmark in flow expents and analysis

(Zevenberger 2005) because it is a simple, yeiste&algeometric shape. Figure 2.2

shows typical disturbances to the flow around @ndyical pier.

Figure 2.2  Flow disturbance around a cylindricak gArneson et al. 2012).

The scouring mechanism was described by LaurserTant (cited in Melville
1975). A vertical profile of normal unobstructedvil velocity, shown at left in the
11



diagram of Figure 2.2, approaches the pier frontrapm. Free flow and maximum
velocity occurs near the water surface, while leagbcity occurs near the stream
bed due to surface friction causing an energy iogbe boundary layer. As the
vertical velocity profile reaches, and is obstrddby, the front (nose) of the pier a
high pressure region develops. A pressure gratbemts with higher pressure near

the water surface and reducing to lower pressusethe stream bed.

Oncoming flow attempts to divert to areas of lowesssure. Near the surface, a
small upwelling occurs, but beneath the surfacey ik diverted down the face of
the pier toward the stream bed (Laursen and Tdeld an Melville 1975). When
obstructed again by the stream bed, this flowverded upstream along the stream
bed and towards the oncoming normal flow. Thidesgtart of a vortex in front of

and at the base of the pier.

High pressure at the front of the pier simultangoseeks to divert flow to lower
pressure areas around the sides of the pier. Tivexviormed in front of the pier is
swept around the sides of the pier in a spiralimanner (Laursen and Toch cited
in Melville 1975). The result is called a horseshoetex due to its characteristic

shape.

All of the previously obstructed flow ultimately ito divert around the pier. This
causes an increased flow rate through a now cotedricross-sectional area,
therefore flow velocity increases around the piesccord with the conservation of

mass theory.

High and/or increased flow velocity around the mianses a shearing action at the
pier wall boundary layer. A vertical wake vortexrfts on each side of the pier,
spiralling into the low pressure area directly Imehthe pier (Laursen and Toch
cited in Melville 1975). These wake vortices peroadly shear away and travel
downstream with the flow. They are known to conitté to local scouring
downstream of the pier, however they will not speally be considered in this

research project.
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At the bed surface, increased turbulence due tbdhgeshoe vortex and increased
flow velocity around the sides of the pier causm@l®couring. In this region, larger
sediment particles can be transported away dovamtreompared with normal
flow velocity over the general bed surface. Scaystarts as a small depression on
each side of the pier, then grows into larger haleish migrate upstream until both
sides meet at the nose of the pier (Melville 19T8)jce started, scouring continues
until an equilibrium state is achieved (Melville78) whereby the scour hole is
large enough to allow flow to divert around thedas$the pier without increased

velocity adjacent to the modified bed surface.

2.3 Previous bridge scour research

From the 1950’s, and up to the present day, coraitie research has been
conducted with regard to scouring at bridge siRssearchers are usually from
university engineering departments, or governmeat rauthorities; sometimes

working collaboratively.

Several researchers and organisations are quitaipeat in the literature over
several decades. They are:

« E.V.Richardson and S.R. Davis, Colorado State &msity (CSU),

e D. M. Sheppard, University of Florida,

*  B.W. Melville, Auckland University,

* American Federal Highway Administration (FHWA), and

* Florida Department of Transport (FDOT).
The researchers named above have each developedotive equations for
prediction of maximum scouring depth, and theselaee of the most commonly

used prediction equations (Zevenberger 2005).

Past research has generally been conducted asre&pts using scale models in a
flume tank (FDOT 2005). There are a number of ktniins imposed on these
experiments, therefore they cannot accurately semte realistic situations.
Experiments are usually conducted with uniform wétev, constant water depth,

homogenous close graded cohesion-less bed mgtaral), clear water transport
13



conditions, flat bed and side walls of virtual chal) and scaled pier models. In
reality bedding materials are inconsistent and fl®wunsteady, rising to a peak then
falling again. This leads to clear water transpatowed by live bed transport, then

back to clear water transport.

Previous research has examined characteristicatdrvilow and turbulence, the
mechanism of riverbed scouring, bridge pier geoyeand performance of
scouring countermeasures. Countermeasures arg #idhe altering devices or

riverbed armouring devices.

Early experiments were based on cylindrical pierly.oLater experiments often
introduced some sort of geometric variation, asasreduction countermeasure,

and compared performance with that of a cylindnie&rence pier.

2.3.1 Melville experiment

Melville (1975) conducted cylindrical pier scourpeximents in a flume tank at the
University of Auckland. The main aim, at that tinvegs to better understand the
scouring mechanism, rather than predict the scepthd The research built on an
earlier understanding of the scouring process hyden and Toch (1956). Melville
commented that the flume could not perform live tradsport experiments because
it did not have sand feed and collection (cyclingpability, however maximum
scouring was expected to be at threshold conditiBesults were presented as a
contour map and tabular data of the scour holesevfsed understanding of the

scouring process was also discussed.

The experiment and results were well documented, @ften cited by other
subsequent researchers. The results are oftenassadbenchmark to verify the

results of more recent experiments, particularhsehfrom numerical modelling.

This research project also uses the Melville (1®3eriment as a benchmark for
validation. A contour plot of the resulting equriilbm scour hole is shown in Figure
2.3, and further results are attached in Appendix B
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The CFD model will, as far as practicable, be ramag all the same parameters as

the Melville experiment.

The Melville (1975) experiment parameters are:

Flume = 45.6 cm wide x 44 cm deep x 19 m long. thh7#alse floor
depth. Glass panel sides.

Bedslope &) = 0.0001 m/m.

Flow depth ¥o) = 15 cm.

Pier = 5.08 cm diameter (1/9 width ratio).

Sanddso = 0.385 mmps = 2650 kg/m, 32° angle of repose.

Inlet mean velocity\o) = 0.25 m/s. Dischargé€)) = 17.12 L/s.
Bed shear velocity) = 0.0121 m/s.

Critical particle shear velocityy) = 0.014 m/s.

Figure 2.3  Contour plot of the resulting equilibriscour hole after 2.5 hrs flow
time (Melville 1975, p. 94).

2.3.2 Scour mitigation trials

Chiew (1992) reviewed existing methods of scoutgmiion and trialled two new

geometric shapes as countermeasures. The new measare a vertical slot

through a cylindrical pier, and a horizontal colidate around the base of the pier.
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The theory of the slot is to minimise or preventvddlow at the front of the pier
by allowing the velocity profile pressure build-tg pass through the pier. Slots
proportional to pier diameted) of d/2 width near the surface, ad@ width near

the bed were trialled in a flume tank.

Results are given as a percentage reduction ofileguin scour depth as compared

to a cylindrical control pier. It is suggestedat slear the surface effectively reduces
water depth, and reduces scour by up to 30%. Anglat the bed reduces scour by
up to 20%, but when combined with a collar can cedtiby 100% in clear-water

conditions.

It is noted that bed shear velocity was kept atih®s critical entrainment velocity,
and that tests typically took 72 hrs to reach @guiim. There is also a suggestion
slots could be blocked by debris, thereby redupmgormance.

Kumar et al. (1999) trialled slots of d/4 widthaylindrical piers under clear-water
conditions. The aim was to study length of slotd #ow approach angle. Slot
lengths were full depth of water, and full deptlugplanticipated equilibrium
scour-hole depth (i.e. below normal bed surfachje@& grades of sand were used;
all fairly fine (0.78 mm <dso < 1.54 mm). Critical shear velocity ratio was kept
below one (vu- between 0.75 and 0.98). Results indicate a sketneling down
below the bed surface is more effective, howevereased flow approach angles
guickly negate the benefit of any slot.

Moncada et al. (2009) trialled slots of differeendth, aligned with the flow. They
concluded that the longer the slot length the ehadl the scour hole. Slots
extending up from the bed were more effective thase extending down from the

water surface. A slot of full water depth was meféective.
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2.3.3 USQ projects

In recent years a number of related USQ engineegisearch student projects have
been undertaken to study the effect of bridge parflow velocity, vortices, and
scouring. These have generally been restrictelditoef tank experiments.

Figure 2.4 shows a typical flume tank setup. CalNety these experiments

demonstrate a development of alternative geoméyrisiaaped piers.

One of the most advanced shapes tested was arpidestyfed cross section
(Drysdale 2008). The wake vortices and velocityfirowere studied but the
horseshoe vortex and sediment transport were notefsions of the pier models

were scaled down from those of a real bridge usied-roude scaling method.

Christensen (2009) further refined the aerofoilssrsection, by adding a vertical
slot through its long central axis. The horseshodex, velocity profile and

sediment transport were studied. The slot was te@do reduce scouring when

compared with a benchmark cylindrical pier.

Figure 2.4  An example of a typical flume tank seftupa physical model

experiment (Christensen 2009).
17



2.4  Empirical scour prediction formulas

Many researchers have developed pier scour preditrmulas from the results
of experimental laboratory tests using scaled nsouheh flume tank (FDOT 2005).
Most predict the maximum (equilibrium) scour dedtormulas tend to correlate
well with experimental results, but may not necabsaorrelate well with larger
scale real structures. There is limited field datailable for validation with real
large scale structures. The Sheppard equationhloagver, been tested in some
very large flume tanks, which are perhaps at theeteend of real scale structures.

Melville and Chiew (1999) also developed a formiéda predicting the time
required to achieve the equilibrium condition. Twiilibrium condition is when
the maximum scour hole depth is achieved and resm@nstant because the rate

of incoming sediment transport equals the rateuta@ng sediment transport.

Zevenbergen (2005) compares results from threen afteed scour prediction
formulas. The three formulas nominated are:

* HEC-18 equation,

* Sheppard equation, and

* Melville equation.
Results tend to vary between the three equatidms.Melville equation generally
predicts the greatest scour (Zevenbergen 2005)lewthe Sheppard equation

generally predicts the least scour.

2.4.1 HEC-18 equation

HEC-18 has been revised to a Fifth Edition (Arnesbal. 2012). The following
equation and definition diagram (Figure 2.5) aomfrchapter 7 of the fifth edition.
Pages 7.3 to 7.5 of the HEC-18 document shoulddosuited when using the

equation in order to determine the appropriateemion factor values.
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% = 2.0 KiKoKy (yil)o'65 Fro4s (2.6)

where:

ys = Scour depth, (m),

y1 = Flow depth directly upstream of the pier, (m),

K1 = Correction factor for pier nose shape,

K2 = Correction factor for angle of attack of flow,

Ks = Correction factor for bed condition,

a = Pier width, (m),

Fr1 = Froude number directly upstream of the pi&h# (gy1)°®,

V1 = Mean velocity of flow directly upstream of thiep (m/s), and

g = Acceleration of gravity (9.81 nfjs

le—>
/\J/.‘—— ]
wnfiow ¥

Vv Y1 Downflow

Figure 2.5 Definition diagram for the HEC-18 eqaat{Arneson et al. 2012).

2.4.2 Sheppard equation

The Sheppard equation is from the Florida BridgeusdManual (FDOT 2005).
There are different equations for clear-water semak for live-bed scour situations.

The clear-water scour equation is applicable faywfl velocity ratios of
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0.47 <VIV. < 1.0, wheré/; must be calculated as specified in the manuale$ag
3.4, 3.7 and 3.10 of the manual should be consuwiteeh using the equation in
order to determine the appropriate parameters aledlation methods.

The Sheppard equation for clear-water scour is:

*

D
/Ds,

0.4 (D*/DSO)L2 +10.6 (D*/DSO)

-0.13

Z =25 [(2)""]{1-175n(7)]

(2.7)
where:
ys = Maximum (equilibrium) scour depth,
Yo = Flow depth directly upstream of the pier,
D* = Effective diameter of pier,
Dso = Median diameter of sediment particles,
V = Depth-averaged velocity of flow upstream of piner, and

V. = Critical depth-averaged velocity (for sedimerdtion on a flat bed).

2.4.3 Melville equation

The Melville equation (Melville & Sutherland 1988. 7) is:

% = KiKyKqK K Ko | (2.8)

where:

ds = Maximum (equilibrium) scour depth,

D = Pier width (or diameter) normal to flow,

Ki = Flow intensity,

Ky = Flow depth directly upstream of the pier,

K¢ = Sediment size (diameter),

Ks = Sediment gradation factor,

Ks = Pier shape factor, and

K. = Pier alignment factor.
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The cited journal paper should be consulted fotrilesions, when using the
equation, in order to determine the appropriatescbion factor values.

When applied to the physical model and parametieresaused in this project the
Melville equation gives a maximum scour depth eation of 0.106 m.
Appendix C contains the method and calculationsl ts@etermine this result.

2.5 Numerical modelling

Numerical methods and CFD modelling have been deeel and applied to the
scouring problem within the last few years, buythave generally been limited to

a single phase fluid flow.

25.1 Tao

Tao (2013) reviews recent developments in one amd ghase CFD scouring
models. Some explanation of relevant conceptstagaties is given. These include:

* Turbulence models including&-k-o, and Reynolds Stress Model (RSM).
RSM is available in Fluent and considered to betraosurate (Tao 2013).

» Discretisation by finite difference (FDM), finiteolume (FVM), and finite
elements (FEM). Fluent uses FVM; FEM is not recomdsel for fluid
dynamics.

* For two phase situations, Eulerian models better ftwid flow, and
Lagrangian models better suit particle flow. EwdarEulerian is
satisfactory, and Eulerian-Lagrangian is satistactdut Lagrangian-
Lagrangian is too complex and computationally espen(Tao 2013).

* Meshing; structured or non-structured.

* Boundary conditions
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Tao et al. (2015) trialled five different pier skeapn a 3-D single phase CFD model
using COMSOL software. Some points of interest are:

* The domain was set up in two sections: a long ebareeshed first section
to establish turbulent flow conditions at the irdét finely meshed second
section containing the pier.

» Constant velocity at inlet one.

e Zero pressure outlet at both outlets.

* Non-slip walls at bottom and both sides.

» Sliding wall at top water surface.

» Eight mesh boundary layers at the non-slip piefsval

* ~70,000 mesh elements in section two.

* Results were well displayed as velocity streamliaas shear stress contour

diagrams.

2.5.2 Zhu and Liu

Zhu and Liu (2012) modelled cylindrical piers anompared results with the
Melville (1975) experiment. The software used wa$ named, but from the
diagrams shown in their paper it does not look M¢SYS Fluent. They used a
single phase Reynolds-Averaged Navier-Stokes (RABF) model of flow, with
standard ke turbulence model, and mathematical sediment tahspodels. The
scour hole was developed by incremental updateswidary adaptive mesh, based

on the sediment transport equations.

They comment that an inlet velocity profile was agailable from the test scenario
so the model was run without the pier until reaghanstable profile. That profile

was then used as the simulation input profile.

A smooth non-slip (friction) surface was used oe fhier, and a rough non-slip
surface on the riverbed (2i5). They found a symmetric condition had to be used
on the water surface to prevent unintended predsgse They advise it was a
necessary simplification, although it is not cotras the water surface should be a

free surface.
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A number of simplifications were used to reduce patational load:
» Considerably shorter model space length; sevendmeneters before and
ten diameters after the pier.
* Domain discretised with hexahedral blocks of noifewm size; finer mesh
in areas of greatest interest around the pier.

* Symmetric wall functions to avoid unnecessary fimeshing.

Results were similar to experimental results, bad k& slight difference to the
location and shape of the scour hole. They sugbests because the model does
not accurately allow for collapse of the scour hale to gravity and the angle of
repose of the bedding material. This suggests gtvase model should be better.

2.5.3 Xiong et al.

Xiong et al. (2016) modelled cylindrical piers amldo compared results with the
Melville (1975) experiment. By using an Euleriarotphase model they expected
to produce a more reliable scour simulation. Sawesed was ANSYS Fluent but
it appears to have been modified in some way by'‘risdevelopment function”.
The paper mostly explains the methodology and thieehind their method. It does
not provide much explanation from a practical mbaglpoint of view, such as the
parameter settings used.

Some comments of interest (Xiong et al. 2016) idelu
» [Each phase has a separate and independent volaatierirand velocity
field.
e Solution is based on mass, momentum, and energeoation equations.
* The model space is 20 pier diameters long (6 ah&ddehind).
* Mesh is based on a scour influence region; a sepfasiele five diameters.

* Inflow for each phase was a pre-set pattern.

To reduce computation time the simulation was only for 30 minutes, in the

knowledge this would produce about 67% of full scdevelopment (Xiong et al.
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2016). Full scour development was expected todbkeit 2.5 hours, so equilibrium
scour depth was not achieved. Results at the 30teiun time were compared
with the Melville experiment and considered to la@ly similar, although not
identical. Results for a single phase model at 30utas run time were also
compared; there are no details/description aaltife single phase model. It was
concluded results for the two phase model were mocarate than the single phase
model. This was taken as proof and justificatioa tfvo phase model being “more

reliable”.

2.5.4 Knipe

Knipe (2014) used ANSYS Fluent, for a different pnse, in a USQ research
project. Floodwater backflow behind a bridge wasdelled using a water phase
with an air phase above. Discrete analysis compgenerre used in ANSYS
workbench rather than complete analysis systems Whs to provide greater
flexibility in how ANSYS can be used.

Various parameters associated with meshing andicolsetup are mentioned
Knipe (2014). Some specific choices are given; havéhe options are generally
trialled to try and achieve the most reasonablalt®sA body sizing function is

used to specify mesh size for specific chosen lsodiferently from other bodies.

2.6  Conclusions of review

Sediment particle characteristics and water flovocigy are the most significant
factors in sediment transport. Accelerated wataw flwhen water is forced to go

around an obstruction, is the most significant eaafdocal scouring.

A number of different pier cross sections have beafied in an effort to reduce
scouring around them, however they all still sdousome degree when used alone
without any other countermeasure. There is scopéufther research on slotted

piers.
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Previous research suggests slotted piers coulddres po debris blockage (Chiew
1992), and loss of performance at oblique appraaghes (Kumar et al. 1999).

Most previous numerical modelling focuses on thelelong methods rather than
the scouring results. However they usually incladeomparison with existing
experimental results in order to validate their elodVultiphase models are

relatively new and there are very few which modelus around bridge piers.

Papers describing existing CFD models contain abmunef suggestions which
relate to reducing computational load, and may btlsle to implement in this
project. They also provide some clues about ap@tgpparameter and variable

choices.
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Chapter 3

Methodology

Computer simulations are an efficient way to tegide designs, when compared
to using scale models in a flume tank. They offéigaadvantage in that they can
easily be altered to test the effect of changeanioof the input parameters. This

project develops a computer simulation model toligdge pier designs.

Computational Fluid Dynamics (CFD) was used to s$ateu multiphase flows

around bridge piers. A commercial software packadéSYS Fluent, was used.

An existing experimental pier scour trial, conduickgth a physical scale model in
a flume tank, was replicated as a two-phase CFDeinosing water and sand
phases. This was done because experimental sedugsuits were available from
the literature to validate correct operation of #@ulation model. The validated
model could then be used to test performance efxaand novel pier design.

The project was developed from a simple initial lahd progressively expanded
into the final model. Firstly, a 2-D steady-statedal, in a horizontal plane, was
used to examine the flow velocity around both @uwar pier and the new pier
design. Next a 2-D transient model, in a vertidainp, was used to examine a
normal flow velocity profile and its interaction tvia sand bed. Finally, a 3-D
transient model was developed to examine flow distace and scouring around
each of the piers.

3.1 Computer hardware and software

ANSYS Fluent CFD software (version 16.2) was usetthis project because itis a
well-known popular commercial product, and the U&qgineering faculty was
already familiar with it. The USQ fully licenced rggon of software was not used

because there was a problem in trying to setup terxxress to the licence server
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from the author’s own computer. The student ver§palically available from the
ANSYS website) was used instead. The student versia fully featured version
but it has a maximum limit of 512k meshing elemArddes available (ANSYS
2015). The meshing module can exceed this limitthatlimit is enforced by the
Fluent simulation module. Accordingly, the modeksr&/purposely kept within the

meshing limit.

3.1.1 Hardware

The computer used for this project was a workstatiass laptop. It was equipped
with an Intel i7-6820HQ quad core processor, ojpggaat 2.7 GHz, and eight
gigabytes of memory. It was capable of performihg talculations but it was
required to run for a very long time while doing €alculations could be done in
blocks by using a specified number of time stepsdwer these blocks were still
typically a number of hours at a time, or overnighttere was a need to estimate
how long a certain number of iterations may needimg and calculations could not
be stopped once a new block had commenced.

3.1.2 Software familiarisation and support

At project commencement the author had practigadlyrior experience with the
ANSYS software. Familiarity was initially obtainedom online tutorial type
materials, and then further developed from expantaleuse of the program and

reference to the user manuals.

The ANSYS software company no longer provide usetechnical support to
university students; they expect such assistand tprovided by the university.
Consequently detailed ANSYS online tutorials whigdre available in the past are
no longer available. The ANSYS website does prosimae limited “self-service”
assistance to students, this is in the form of $hetets, basic usage tutorials, and

links to some other external sources of tutorials.
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The ANSYS software package contains on-board hiédp fvhich include user
manuals for each of the specialised modules witierpackage. The user manuals
tend to give brief explanations and assume a cestabunt of knowledge is already
known, but they are quite helpful. The help filésacontain a theory manual which

explains some more complex aspects in greaterldetai

Independently searching the internet also foundesoseful information available
from various university websites. These includer@trUniversity, ‘SmCafe CFD
tutorials’ (Cornell 2015), and University of ConnecticutANSYS tutorial 21,
Using the Eulerian Multiphase Model for Granular Flow” (ANSYS 2009).

When attempting to resolve the remote licencindpfanm, technical assistance was
obtained from the USQ IT department and from LEABRs#alia (agents for
ANSYS in Australia), however they were not abledsolve the problem.

3.1.3 Workbench

The ANSYS software opens in “Workbench” which iplatform from which to
open other more specific analysis modules. The rothedules used were
“Geometry”, “Mesh”, “Fluent”, and “Results”. Theseodules are available as an
analysis system called “Fluid Flow (Fluent)” whigroups all four modules
together, however this project used the moduleseparate entities and manually
linked them together. This provided the opportundydelete/change individual
modules if required without losing information iretother modules. This technique
was often used, especially with the Fluent modatethe easiest way to recover
from having made an error or to ensure settings figrevious trial setup were not

retained (Fluent did not always update all dataafaew trial).

3.1.4 Geometry

The Geometry module is a 3-D computer aided dmft(CAD) program
specifically tailored for ANSYS use. It is used dreate the extent of the fluid
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domain under analysis, and any physical featurédsmihe domain. The physical
features include edges, surfaces, and bodies (8uidolid). Externally created

geometry can also be imported from other populaD@fograms.

The geometry required by this project was quitepnso it was drawn within the
Geometry module itself, however using the Geomatodule is different from
using popular CAD software so a workable levelawhiiiarity had to be developed.

The flume geometry was modelled as a full sizeicapf the physical experimental
setup in order to try and reproduce realistic satiah results. The geometry was
modelled in several stages with flow passing frame stage to the next through
interior interfaces. The separate component paei® wall grouped together as a
single part, for meshing, so the mesh on eachdfidee interfaces was perfectly
aligned for flow to pass seamlessly through thehe $eparate component parts
allowed flexibility in how the components were is#d. At times some components
were suppressed (hidden) in order to minimise nadhnumbers in use, and
computational load required. Figure 3.1 shows aeclgp view of the domain in the

vicinity of the cylindrical pier.

0000 0.150 0300 (m)
I I

0078 0225

Figure 3.1  Close-up view of the model domain invtteénity of the cylindrical
pier.

29



The model domain was generally set out the saméhasoriginal physical
experiment. A Cartesian co-ordinate system (x)ywas used, with the origin
located at the intersection of sand surface leweél@er central vertical axis. Water
flow was in the positive x direction. The water enlwas located upstream
(at x =-15 m) to allow fully turbulent flow to delop before reaching the pier. The
water outlet was located downstream (at X = 4 nglmwv any dislodged sand to
settle, and to allow for any pressure backflow@feaipstream of the outlet.

The height of the water body was limited to z =50 deep, the same as water
depth in the physical experiment; no provision wele for an air body above the
water surface. Lack of an air interface could lead slight error because it does
not allow any water surface upwelling to occurnont of the pier. The sand body
was limited in both length and depth to reducerthber of mesh cells required.
Initially length was 0.25 m upstream and downstreznthe pier but this was
extended to 0.75 m in some later simulations. D&k z = -0.070 m, which is
slightly deeper than scouring experienced in thgsigial experiment. The sand
body is considerably shorter than the water bolgretfore the floor of the water
body is a false floor, with a surface roughnessakdqa sand grain diameter,
wherever there is no sand body below it.

3.1.5 Mesh

Mesh is a program for meshing the domain of comfiled and solid geometries.
It contains various methods of creating and regnaD or 3-D meshes. It can
display, check quality and report statistics aldtbetmesh. For convenience it can
also attach user friendly names to particular pafrtee geometry, such as walls or
inlet/outlet etc. Naming specific parts of the getmm can be very helpful for

identifying them within the Fluent and Results miedu

The literature suggests fine meshing of a simutatimdel is required in order to
produce accurate results, however this ideal mayflico with software and
computer hardware limitations. The student verstbnANSYS Fluent has a

maximum limit of 512k nodes/cells, and the compuatersen for use also has some
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limit to its maximum computing capacity. For thessmsons the domain was
minimised wherever possible in order to reduce ribmber of mesh elements

required.

Ideally there should be fine meshing around theame the streambed surrounding
it. Radiating out from these areas the mesh cagressively grow in element size;

this was achieved by using a body sizing functiasdal on the pier itself.

The pier is a solid item and not part of the flddmain therefore it did not
necessarily have to be meshed; at times it wagsepted as a void space in the
fluid domain, with only its outer wall being repesded. Meshing the pier was also
beneficial at times, such as when there was aal&sialternate that portion of the
domain between being fluid or solid (pier absenpr@sent). It was also beneficial

when the pier was required for display in the gregliresult outputs.

The walls and floor of the flume were representea@n-slip surfaces in order to
create friction drag along a boundary layer. Ineortb accurately simulate the
boundary layer effect, edge or surface inflatiorswaed to create finer meshing
adjacent to these surfaces. The ceiling (and samstthe walls) was represented
as a symmetry wall. This was to ensure there walip aurface with no boundary
effect. The result was as if the boundary did nastebut the domain continued

indefinitely, and it meant fine meshing was notuieed along the boundary.

Figure 3.2 shows a typical example of mesh on @icatrsection of the sand and

water bodies, through the pier axis.
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Figure 3.2 A section view of the sand and watelidmdhowing fine meshing in

the vicinity of pier, walls and sand surface.

3.1.6 Fluent

Fluent is the analysis module which performs thausation calculations. There are
many sub-models, parameters, variables and opt@eadable in this module
however only those relevant to this project are tineed.

Within Fluent, some basic input values have to fexied but many parameters
can be chosen from an inbuilt selection of sub-rt®déany parameters for which
past researchers have developed a functional oe#dtip are available as sub-
models; the most generally appropriate of thesetiem set as the default choice.
There may be a choice of several sub-models, are ik usually additional user
choices available. User choices include nominatingonstant value or a user
defined function (UDF).

Fluent contains three broad categories of opersitieetup, solution and results.

Setup includes choice of a steady state or transgnulation, selection of
turbulence and viscous models, specifying phasenmahiproperties and setting
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boundary conditions. All simulations in this prdjesed the standakes turbulence
model because it was expected to be satisfactoryhto simple geometry and
because it creates less computational load thagr @btentially more accurate
turbulence models. All multiphase simulations imstproject used the Eulerian
multiphase model with dispersed phases becaudeubat user manual indicates
the Eulerian multiphase model is the only multighasodel which can handle
dense granular phases (ANSYS 2015a).

Solution includes specifying time step size fonsiant simulations, setting initial
values for calculations, setting convergence liniitis calculation accuracy and

running the calculations.

Results allows for visual inspection of particusimulation result parameters
displayed graphically on nominated surfaces in dobenain. These results are
available from within Fluent while it is running eéhsimulation (however the
simulation has to be stopped at the time). Thirsdy for periodically checking if

the simulation is progressing as expected.

3.1.7 Results

The Results module, also known as “CFD Post”, éduse process result data after
the simulation run has finished; this is referredas post-processing. It has
similarities with the results section in the Fluembdule but it seems to be more
user friendly, have a better graphics quality aedniore flexible in how it can
present outputs.

Simulation results can be difficult to interpredamay require close inspection of
values on several surfaces. This is the case fonaang velocity in specific parts
of a 3-D domain because there are an infinite nurobearallel planes either in
front of or behind the plane currently on view. CPDst results allow the user to
create and name planes of particular interestyaspecific location. Transparency
of planes can also be adjusted so it is possibkeéothrough a plane to another
plane behind it. Determining the location of a sandace from a volume fraction
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display can also be difficult because the surfacadt clearly defined and not
located on a particular plane surface. An isoserfean be created to display an
irregular surface at any locations where a spetwiague of a specified variable

exists.

3.2 New pier design

A new pier cross-sectional geometry (Figure 3.3)pisposed, as a further
development of shapes already tested by previ@earehers. The aim of the new
shape is to prevent, or at least minimise, acceberaf water flow as it is forced

to divert around an obstruction such as a bridge. dihis would be achieved by
purposely forcing water flow to pass through thetae of the pier rather than

diverting around the outside of it.

The new shape is based on a slotted aerofoil sedtid turned inside out. The two
long outer sides are straight, so there shouldbeoainy acceleration of water
flowing around the outside of them. Both the eming exit of the slot are full width
in order to present minimal obstruction to incomingter flow. The two inner
surfaces of the slot are curves in order to smgatteamline flow through the
centre of the pier. For simplicity, the inner cuviaces of a basic pier model are
just a segment of a circle. Flow through the cenfréhe pier is accelerated to a

high velocity, however the concrete pier shouldstescouring internally.
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Figure 3.3  The new slotted pier design, alignedhwiteam flow direction.

The new pier used in the project has the same-sexdsnal area as the cylindrical
pier so that when used as a substitute it shouldighe the same compressive load
bearing capacity. The overall width, normal to fldwection, is also the same as
the cylindrical pier. This is in order to make asenable comparison of flow
obstruction between the two pier designs. In otdérave the same cross-sectional
area, the new pier is longer in the flow directi@ywever this is not expected to
produce any adverse effects.

3.3 Experimental process

To develop a simulation model which replicates dhiginal physical experiment
an experimental approach was used. Parameter vaheesub-model functions
were selected in Fluent and trial simulation rureyevconducted. Results were

examined to see if they resembled the real sitnatio

Concepts and techniques from tutorials and previessarch projects were used as
a starting point. Initial parameter values werewtfeft on default settings and then
changed for subsequent runs, dependant on refui¢tsied. Setting changes were
generally confined to one parameter at a time ab dhy consequent change in
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results could be observed. However the corredngstimay require a combination
of changes. Where possible informed judgement \wad when changing settings,
but at times a radical change was made to testtheould affect the outcome. The
Fluent user manual was often consulted howevenasdot usually give explicit

recommendations applicable to any particular Sinat

Most existing tutorials and research projects vedrenly limited use as guidance
because they had different objectives to this ptojehey usually expected or even
intended for the granular sand phase to be mowlagively quickly in situations

such as slurry transport, mixing tanks or sedinténtaln contrast this project

requires the granular sand phase to generally restationary in the presence of
flowing water, except for within the localised tutbnt region around a pier. In this
project, where sand movement is expected to otdsrexpected to happen very

slowly.

Simplified versions of the models were used at sirte try and narrow down

reasons for not achieving desired results. Keejhiegituation as simple as possible
reduced run times and made changes in results abmieus. The experimental

process was difficult because trial runs take g lime before any results or change
in results can be seen. Ideally, duration of triads should be for at least a full
residence time to allow calculations to stabilisel @roduce meaningful results.
Residence time is the time required for a pargciering the inlet to pass along the

full length of domain and appear at the outlet.

While there was a desire to keep the model simpiaaller and quicker, there was
also a realisation that going too far with simg#ltfiion could adversely affect the
accuracy of results. It was observed that if medls gvere made too large accuracy
was reduced. It was also observed that if timesstegre made too large, in order
to speed up calculations, the simulation would bezainstable and produce
blatantly unrealistic results. In the worst cades gimulation would suffer a fatal

and irrecoverable error.

To maintain stability of calculated results the @i condition must be satisfied.

The Courant condition is a relationship betweenmstge and time step size such
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that wave propagation (water flow velocity in thse) can not travel further than
one mesh element in a single time step (Chadwiek €004). Care must be taken
when considering this because water velocity vahesughout parts of a turbulent

simulation and the mesh size is quite small inspafthe domain.

When using a fine mesh in order to produce morarate results it was necessary
to also use small time steps, and that in turntecebong run times. Therefore it

took a very long time to see if a setting change beneficial or not.

In 3-D models, trying to achieve realistic sanddebur in the presence of flowing
water was the biggest problem. There was a nepdoie the model would work

properly before it could be used on the new pisigie

3.4 Input data

3.4.1 Physical parameters

The physical input parameter values used are tme s& for the Melville (1975)

experiment described in section 2.3.1 of this diaten. They are:

*  Flume = 45.6cm wide x 44 cm deep x 19m long. 12.7lse floor depth.
e Bed slope (§ = 0.0001.

* Flow depth (y) = 15cm.

e Inlet mean velocity (¥) = 0.25 m/s.

» Discharge (Q) = 17.12L/s.

* Pier =5.08cm diameter (1/9 width ratio).

* Sand: d = 0.385mmp = 2.65, 32° angle of repose.
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3.4.2 Normal flow conditions

Mean bed shear stress is calculated as:

To = PIYoSo (3.1)
= 1000 x 9.81 x 0.15 x 0.0001
= 0.147 kg m s?.

Friction velocity is calculated as:

U, = ,/To/p = 1/ 9Yo0S0 (3.2)

=1/9.81 x 0.15 x 0.0001
= 0.0121 ms&

The entrainment function is calculated as:

— To
Fs = oot (3:3)

_ 0.147
(2650-1000)%9.81x0.000385

= 0.0236 (unitless).

The shear Reynolds number is calculated as:

Re, = X450 (3.4)

_0.0121x0.000385
© 1.003x10-6

= 4.656 (unitless).
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Referring to the Shields diagram, the and Re- values plot below the Shields

function curve, therefore the sand will be stalider normal flow conditions.

The Shields diagram is indirectly used to deterntiveecritical friction velocity, at
the threshold of motion, for a given grain sizee Bhields diagram requires values
of entrainment function and shear Reynolds numbeanputs, however formulas
for both of these values also require the unknovitrcal friction velocity as an
input. Solution requires an initial estimate folledvby an iterative refinement
process. The correct critical friction velocity stwbn is confirmed when co-
ordinate values of entrainment function and shesmBlds number plot exactly on
the Shields function line.

Melville & Sutherland (1988) suggest an alternagtimation method whereby a
chart of critical friction velocity versus a rangégrain sizes is derived from the
Shields diagram. This requires reading pairs ofagmmnent value and shear
Reynolds number from the Shields function and sgi\their respective formulas
as simultaneous equations, for both grain diamatet critical shear velocity.

Plotted results allow a close estimate of theaaitshear velocity to be directly read
from the chart for any grain size in the plottedga The chart must be specifically
prepared using densities and fluid viscosity paléicto the given situation. Such a
chart (Figure 3.4) has been prepared using vaklesant to this research project.
The chart shows critical shear velocity estimated®15 m/s for a grain size of
0.385 mm.
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Critical shear velocity from specified grain diameter
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Figure 3.4  Chart prepared for estimation of critgfeear velocity at threshold

conditions; demonstrated for the 0.385 mm nomingtadh size.

Melville & Sutherland (1988, eq. 2) indicate thatical shear velocity can be

converted to a critical mean stream flow veloclty)(using the formula:

U, = u,, X 5.751og(5.53 ;—0) (3.5)

50

= 0.015 x 5.75log (5'53 0 0(2;(1)285)

= 0.288 m&s.

Estimates of both critical shear velocity and catimean stream velocity are both
higher than actual values present in the norma¥ té this model situation. This

also confirms the given grain size will be stalieler normal flow conditions.
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3.5 2-D steady-state model

A 2-D steady-state single-phase model, in a hotaoplane, was created first
because it was a fairly simple form of model toibegith. It was used to examine
and compare velocity profiles and pressure distiols for the empty domain
space, the model domain with cylindrical contrarpiand the model domain with
the new pier geometry. Neither the limit on cellsmenumbers, or computational

runtime, were a problem in these 2-D models.

The first stage, of 14.75m length, was moderategsmed for development of
turbulent inflow. The second stage, of 0.5m lengths finely meshed to study
interactions around piers. The third stage, of & Téngth, was moderately meshed
to allow for turbulent outflow. All stages used edupflation to provide finer

meshing along the flume walls in order to accuyas@hulate boundary effects.

3.5.1 Empty domain space

The full flume length was modelled to allow reatigurbulent flow development,
and to determine the velocity profile due to bougdaffects. Smooth (zero
roughness height) standard no slip walls were USedvergence residual monitors

were set at 1E-6. Initialisation was at water xeedly of 0.25 m/s.

A contour plot of velocity profile (Figure 3.5) shie a friction boundary layer at
the tank walls. Frictional drag slows the boundaser down to zero velocity at
the wall surface. Due to mass conservation, velanithe centre of the flume is
slightly accelerated beyond the nominal input viyoso a velocity profile exists

across the tank width. The plot suggests at Idast flume lengths are required for
development of a stable velocity profile. A velggitrofile was recorded at 14.75 m
distance from the inlet so it could be used asbat velocity profile in subsequent

shorter model domains. A maximum velocity of 0.28/3 was observed.

Repeating the simulation with symmetry walls showdrictional boundary layer
is formed so the water velocity always remains stest across the tank width.
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Figure 3.5  Water velocity profile in a horizontddipe across the width of the
flume, when free of any flow obstructions (watewvilis from left to right).
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3.5.2 Cylindrical pier

The cylindrical pier was modelled in a reduced fulength. The longer length of
stage one was suppressed leaving only stages twothaee. Smooth (zero
roughness height) standard no slip walls were USedvergence residual monitors
were set at 1E-6. The velocity profile recordedrfrthe empty flume was used as
an inlet velocity profile at the start of stage twetialisation used parameter values,

from the inlet profile, present at the water inlet.

3.5.3 New pier design

The new slotted pier was modelled in a reduced dluemgth, similarly to the
cylindrical pier. The velocity profile recorded frothe empty flume was again used

as the inlet velocity profile, and for initialisati.

3.6 2-D transient model

A 2-D transient model was created after initiagatpts to run a 3-D transient model
were found to be unsuccessful and were taking w loeig time to run. The 2-D
model is a vertical slice through the central lbndinal axis of a 3-D model. Itis a
multiphase model with water as the primary phaskesand as the secondary phase.
As a 2-D model it used a lower number of mesh @alt$ could therefore run much

faster and provide meaningful results much sooner.

The model was used to examine the effects of gettimnges on sand movement.
This was first done using a model without any flolstruction; it only had a
flowing water body above a sand body. In this situlathe sand was expected to

remain stationary.

Initial sand behaviour was found to be sensitiveirtibialisation conditions.
Initialisation conditions are universally applied all locations throughout the

domain. Initial conditions of velocity or presswlich were suitable to the water
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body were not suitable for the sand body. Unrealsind behaviour was evident

in the results and the simulation was unable tovecfrom that situation.

The most appropriate initialisation technique waisnd to be using a temporary
wall surface between the sand body and the watdy, iitialising the model with

default values of zero pressure and velocity, ameing it as a steady-state model
until convergence of water flow was obtained. Aftenvergence the temporary
wall surface was changed back to an interior pantitsand was patched in to the
sand body at a chosen volume fraction, and the htgpe changed to transient.
The model was then run with very small time stepsiinimise the shock reaction
occurring at the interface between stationary sardiflowing water. After a few

iterations the calculation residuals began to Bs&band time step size could be
increased when calculation residuals were acceptdbis technique was used for

all subsequent transient models.

The vertical 2-D model was also used with a walaw fobstruction to examine
sand movement due to the disturbed water flow. icad pier could not be used
in the 2-D model as it would have completely blatkiee water flow. Instead a
circular section representing a pipe running pedperar to the flow and just above

the sand bed was used to divert flow toward the &&al and cause scouring.

3.7 3-D transient model

The 3-D transient model is a multiphase model wislter as the primary phase and
sand as the secondary phase. It is used to exdnameteraction between the sand
and water phases. The model is required to run avextended time period until
local scouring around the pier reaches a maximumiiegqum depth. Initially this

is an unknown duration however, from the originaysical experiment, it was

expected to be approximately 2.5 hours flow time.

For the 3-D model mesh cell numbers and simulationtimes were significant

factors. There was a need to keep the model dofaiaiypnshort in order to keep the

total number of mesh cells within the 512k limitilshproviding the finest possible
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meshing to accurately capture sand movement. Tgteehinumber of mesh cells

required by the 3-D model significantly increaskee talculation run times.

Several different domain lengths were trialled imles to seek a satisfactory
compromise between adequate meshing and shortedatadn run times. A pre-
recorded inlet velocity profile was used in all ea$o compensate for the lack of
turbulence development length at the inlet. A velngrt domain of only 0.5 m
length, and moderately meshed, was found to betisfeszory. It achieved shorter
run times but the mesh was too coarse to accuratelylate and display sand
movement. The sand surface location was uncleausedhe mesh was too course
to accurately define it.

A better alternative domain had a 1.5 m sand bodly2a0 m waterbody. It used

body sizing functions to achieve fine meshing atbthe pier and sand interface
regions. Over 400k mesh cells were used and tiepsdtad to be 0.0001 seconds
or less. Attempts to further increase the numbemesh cells in use tended to

promptly exceed the maximum limit available.

Within Fluent, definition of the secondary phaseludes a number of options for

sand properties and interaction with the water phas

Available sand properties include:
* Grain diameter,
* Granular viscosity;
* Granular bulk viscosity;
» Frictional viscosity;
e Granular temperature;
* Solids pressure;
* Radial distribution;
» Elasticity modulus; and

» Packing limit.

Available phase interactions include:

¢ Virtual mass;
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* Drag;

e Lift;

* Turbulent dispersion;
* Turbulent interaction;
» Collisions;

* Mass transfer;

» Surface tension; and

* |nterfacial area.

Not all of these options are applicable in all gitons. Most are automatically set
on the default choice to begin with and this ienfa sub model. Some of these
options have been varied in different trial runsn&viscosity settings and packing

limit were varied; the drag interaction was alsde

Calculation residual monitors were reduced to a Esngent setting of 1E-3 so
that convergence of calculations could be achiewdess iterations and therefore

speed up the overall process.

Runtime for the 3-D model meshed with 440k mesls aeas about one hour per
1000 time steps, when calculations converged withicouple of iterations.

Maximum number of iterations was set at 20, b@Oifterations were required for
each time step runtime was considerably longerhWiixed time step size of 1E-5
seconds, 1000 time steps was only one hundreditse€ond flow time; therefore
simulation runs took a very long time to producg aaticeable change in results.
Even with a short domain, at this time step sineutitions did not run for a full

residence time; they usually only ran for less tbae second.

When the same simulations were meshed more coasatger time step could be
used. Adaptive time stepping was also used infantéd speed up the simulation.
Adaptive time stepping is a feature in which thendi step size is able to
automatically vary up or down depending on the @abfi calculation residuals
achieved. Using this technique it was possibleuto simulations of 120 seconds
flow time, however their accuracy was compromised ealculations sometimes

became unstable so fixed time steps were genersdlgl instead.
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3.8 Sand flow model

A new and separate transient model was created gffart to learn more about
sand behaviour. The model had a sand secondarg phdsan air primary phase so
the primary phase would have negligible effectlmsand behaviour.

The model was a 3-D cube shaped domain with amaitéorizontal wall surface
part way up the internal volume space. Figure Botvs the model in a 2-D diagram
along the central vertical axis. Sand was patched the volume space above the
internal wall and allowed to drain out, througheairal hole, under gravitational
force alone. There was no external inflow or ouwtflof either air or sand. There

was a venting riser tube provided to equaliser@sgure above and below the sand.

The purpose of this model was to examine the faonatf a crater in the sand
surface in the upper section, and the formatians#nd mound in the lower section.

ANSYS
R16.2
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Figure 3.6 A model to examine sand behaviour dsains freely under gravity

alone.
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Chapter 4

Results

4.1 2-D model in a horizontal plane

Velocity profiles surrounding the cylindrical coolkmpier and the new slotted pier
are noticeably different. The profile around thérgrical pier has a small area of
maximum velocity at each side, and is consisterih wixpectations based on
previous research results. Figure 4.1 shows theltirgg velocity profile

surrounding the pier as water flows from left tghtiin the diagram.

0 0.150 0.300 (m)
]

0.075 0.225

Figure 4.1  Water velocity profile due to flow ohsttion from the cylindrical
control pier (water flow is from left to right).

For a mean inlet velocity of 0.25 m/s, a maximurowity of 0.43 m/s occurs at the
sides of the pier in the red shaded areas. A samedl of very low velocity appears
at the nose of the pier where flow is obstructed @nerted down the face of the

pier. A large tail area of very low velocity appear a negative pressure area behind
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the pier. Figure D.2 contains a wider view diagrarhthis result, showing the

downstream velocity stabilising as it travels toavire outlet.

The profile around the new pier has a maximum vslagithin the centre of the
pier; the highest velocity around the outside /s less than for the cylindrical
pier. Figure 4.2 shows the resulting velocity de8urrounding the new pier as
water flows from left to right in the diagram. Theale used is the same as that of

Figure 4.1 for ease of comparison.

0 0.150 0.300 (m)
|
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Figure 4.2  Water velocity profile due to flow ohsgition from the new pier
design (water flow is from left to right).

For a mean inlet velocity of 0.25 m/s, a maximurtogity of 0.47 m/s occurs in
the slot at the centre of the pier. The highesbaigl at the sides of the pier is
approximately 0.36 m/s. Two small tail areas ofyMem velocity appear behind
the pier sections. Figure D.3 contains a wider wiggram, of this result, showing

the downstream velocity stabilising as it travelward the outlet.

The results suggest the new pier design has pateaatreduce scouring effects,
compared to the cylindrical control pier, becausehe reduced water velocity

alongside the pier.
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4.2 2-D model in a vertical plane

The 2-D vertical model was cost effective, in tehsun time, to experiment with

parameter/setting changes.

In this model with no specific flow obstruction theshould not have been any sand
movement. The initialisation technique using a terapy lid over the sand body
greatly improved sand behaviour, but the sand wameving when it should have

remained stationary.

A number of parameter variations were trialled medfort to find out why sand
behaviour was not realistic. Initial attempts irgd slower water velocity,
increased sand density, and larger sand grainBazic theory suggests all of these
measures should have slowed down or stopped sandmemt however they did

not appear to cause any noticeable difference.

Sand packing density was varied to control watevengent within the sand body.
Packing limits ranging between 0.63 and 1.0 wesslu8 packing density of 0.63
is the default value, based on an assumption oftickly sized spherical sand
grains. It allows for the maximum amount of voichep between sand grains. In
contrast a packing limit of 1.0 means there woudtllvze any void space between
sand particles, therefore there would not be anyneamum transfer from water
within the sand body. In this limiting case, momenttransfer from water to sand

could only occur at the sand surface.

Further trials included selection of different dragd frictional viscosity laws.
“Gidaspow” and “Syamlal-Obrien” drag laws were ltgd, along with modified
versions of each. The drag law was modified bydi@csmaller and greater than
one. A factor of less than one was found to caasé selocity to increase above
that of water. A factor greatly larger than oneg(e.000) appears to slow sand
velocity down. The Schaeffer frictional viscosigw was also trialled to see if it

could increase frictional resistance between saaihg)
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Figure 4.3 shows early results after a short fliowetof 0.3 seconds. A contour plot
of sand volume fraction appears to show sand sdaweay from beneath the pipe.
However after running the model for a longer pemdd.2 seconds (Figure 4.4),
the sand appears to be levelling off along the wisaind bed length. Changes to
the sand packing limit, viscosity properties anel pihase interaction drag law did

not overcome the problem but may have slowed tbegss down.

o

0.100 0300

Figure 4.3  Early scouring results beneath a hot&gpe after 0.3 seconds flow

time in a 2-D vertical model (water flow is fronfti¢o right).

L

Figure 4.4  Sand bed scouring appears to levelftf a longer flowtime of 3.2

seconds (water flow is from left to right).
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4.3 3-D model

The model has been run in many forms includingedéfiit domain lengths, different
numbers of stages present, different meshing sizdslifferent time step sizes. In
all cases so far the sand does not behave realigtitt moves too easily and
quickly and appears to behave much more like a fthian sand. It is likely

something in the sand properties or phase interacis not set correctly.

4.3.1 Early results

Early results from a model using initial sand aluwee fraction 1.0 indicate that
over a period of time sand appears to be scouregt &iem the whole general area
rather than locally around the pier. Figure 4.5vehan isosurface at 0.991 sand
volume fraction. It appears to show most of thedshas been scoured away.
However, at the same situation and point in timguie 4.6 shows an isosurface at
0.90 sand volume fraction; it appears to show nodghe sand is still present.
Appendix D shows some additional results, at déffiervolume fractions, at the

same point in time.

Figure 4.5 An isosurface at 0.991 sand volumeifsa@ppears to show most of

the sand has been scoured away.
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Figure 4.6  Anisosurface at 0.90 sand volume foacéippears to show most of

the sand is still present.

The presence or location of a sand surface reqeoe® interpretation. As a bulk
guantity, real sand either exists in a locatioit does not. Sand at a volume fraction
of less than one must be interpreted as a numtsamaf grains suspended in water,
rather than a bulk quantity of sand. In practicelie model) a sand volume fraction
of one becomes non-existent as soon as the simulaégins to run, therefore a
volume fraction of slightly less than one is thetlevailable.

4.3.2 Improved results

Improved results were obtained from a model usiimgerf meshing and a
combination of parameter changes including the drabfriction laws. The model
used smaller time steps and took around 70 houtsmwe to produce 3.5 seconds
simulated flow time. Initial sand volume fractiomsvat the default value of 0.63 in
this model, and all subsequent models. Tablelbvs settings used in this model.
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Table 4.1 Fluent settings used in the cylindrigat model.

Mesh elements 429k

Time steps (Initial/Final) 1E-5/ 5E-4 seconds
Runtime 70 hrs, for 3.52 s flowtime
Sand Granular Viscosity Syamlal-Obrien

Sand Granular Bulk Viscosity Lun et al.

Sand Frictional Viscosity Schaeffer

Sand Angle of repose 32 degrees

Sand Frictional packing limit 0.63

Sand General packing limit 0.63

Phase interaction, Drag function Gidaspow, modibgd 000
Phase interaction, Lift function Moraga

Figure 4.7 shows there is less generalised scquand some suggestion of
localised scouring to either side and behind te. diocation and shape of the

scouring suggest it is a result of disturbance fithie pier, however it is not

consistent with realistic expectations.

Figure 4.7  An isosurface at 0.62 sand volume foactifter 3.52 seconds flow
time. It shows a suggestion of localised scourmthé sides and behind the pier,
with very little generalised scouring.

After another 20 hours runtime, making a total 8ff®urs, the improved model
started showing signs of generalised scouring wivipled out any sign of localised
scouring. Figure 4.8 shows the result after 12sgedow time. Sand was behaving
more like a fluid and seeking a level surface dwee, so the same problem still

existed but was taking longer to manifest itself.
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Figure 4.8  An isosurface at 0.62 sand volume foactifter 12.0 seconds flow
time. Generalised scouring is very prominent jstkofrom the inlet, and localised

scouring adjacent to the pier has been wiped out.

After 20 seconds flow time, Figure 4.9 shows gelrs®d scouring has occurred
over the entire surface area. , An isosurface ngdoexists at a volume fraction of
0.62 as used in the previous result diagrams, isodiagram is at 0.615 volume
fraction.

a 0300 0,800 (m}
]
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Figure 4.9 An isosurface at 0.615 sand volumeifsacfter 20.0 seconds flow
time. Results are similar to those after 16.0 sdsdnut generalised scouring has

removed some sand volume from the entire surfae® ar
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Appendix D contains a series of result diagramsisiog 3.5 to 20.0 seconds flow

time. They show a slow process of general scowpringressively getting worse.

Following this simulation run a decision was mamladt make any further attempts
at refining the model as time was running out. Aagylitional alterations to the

model would need around 70 hours runtime to stif were beneficial, and there
appears to be something definitely wrong with sgttirelated to sand movement.
Remaining time was required for conclusions andnejndings.

4.4 Sand behaviour model

The sand behaviour model was used to prove thhtdbstand crater surface and a
sand mounded surface could be observed in the alimlresults if they actually
existed. Figure 4.10 shows the results of the sahdviour model after 0.8 seconds
of flow time. Expected localised scouring had regtvseen in any of the simulation
results so this visual confirmation gave a degifespafidence in the capability of

the simulation model results to display localisedwsing.

4.9960-001

2.498e-001

0.000e+000

0 0,100 0.200 (m)

Figure 4.10 Visual proof that both a sand cratefase and a sand mounded

surface can be seen in the results if they acteailst.
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The crater surface is at a volume fraction of 019@®ich is just marginally less
than the maximum fraction present in the resultss 15 a high fraction because the
sand was initially patched in at a volume fractadriL.O so it was firmly packed.
The mounded sand in the lower section is at a velfraction of 0.7 because it has

simply fallen under the force of gravity and isrdfere only loosely packed.

When the sand behaviour model had run for a lopgend of 5.0 seconds flow
time, both the upper and lower sand surfaces weempting to level off as might

be expected from liquid behaviour.

4.5 New pier design

A simulation trial was conducted using the new pmesign. As the simulation
model had not yet proven itself to be reliables thas done purely as an experiment
rather than a genuine test of pier performance. fiéw pier design is more
streamlined than the cylindrical pier so there wasssibility of reduced water flow
disturbance. Fluent settings used are listed in€l4l2, and are essentially the same
as used in the most recent cylindrical pier trials.

Table 4.2 Fluent settings used in the new pier hode

Mesh elements 440k

Time steps 50k @ 1E-5

Runtime 40 hrs, for 0.5 s flowtime
Sand Granular Viscosity Syamlal-Obrien

Sand Granular Bulk Viscosity Lun et al.

Sand Frictional Viscosity Schaeffer

Sand Angle of repose 32 degrees

Sand Frictional packing limit 0.63

Sand General packing limit 0.63

Phase interaction, Drag function

Gidaspow, modibgd 000

Phase interaction, Lift function

Moraga
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Initialisation and initial convergence of calcutais proved to be difficult. Initial

convergence of water flow calculations could noabkieved in a steady state, but
was achieved in a transient state instead. Aftewexence and removal of the
temporary initialisation sand lid, calculations gmessed at very small time steps
but were a little unstable. Stability appeareddocover however it was observed

that the calculation residual for sand volume faactvas slowly increasing.

Figure 4.11 shows results after 0.5 seconds flaneti There is significant
unrealistic gouging of sand from near the inletthete does not appear to be much
general scouring over the rest of the sand sugsz® There is also a suggestion of
localised scouring adjacent to and upstream opike The location and shape of
this scouring suggest it is due to flow disturbafmoen the pier however there is no

benchmark to indicate what a scour pattern aroliscgier design should look like.

Figure 4.11 Initial simulation results for the npier design appear to show

unrealistic gouging and a suggestion of local Sogunear the pier. These results

are unverified and unreliable.
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4.6 Empirical estimates

Three popular empirical estimation formulas haverbeised to estimate the
maximum equilibrium scour for the original physicdouring experiment. The
three formulas are:

e« HEC-18 equation,

* Sheppard equation, and

* Melville equation.

The estimated results were intended to be compaitbdsimulation results from
the model however the model has not been ableodupe any realistic results for
comparison. Alternatively, Table 4.3 compares tl@neted results with the
original experiment and gives an indication of wimaght have been expected from
the simulation model. Full Calculations from eaatrniula are included in

Appendix C.

Table 4.3 Result comparison for different scouinestion methods.
Estimation method Equilibrium scour depth (mm)
Physical experiment ~70
HEC-18 equation 82.8
Sheppard equation 104.9
Melville equation 105.8

These estimates differ slightly from the findingsZzevenbergen (2005) in that the
HEC-18 equation gives a shallower scour than tlepférd equation. The Melville
equation is consistent in predicting the greatestishowever it is only slightly

greater than the Sheppard equation.
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Chapter 5

Potential future development

5.1 Further research

5.1.1 Current model

Successful simulations using the current modetlapendent on achieving realistic
sand behaviour, therefore there is a need forédudtudy of sand behaviour. There
is a need to develop specific models to objectigelgntify sand movement relative

to parameter/setting changes.

There could be benefit in creating a simple modaland with an inclined surface
at an angle of less than the angle of repose. Diecive would be to find the

correct combination of parameter settings to kdep dand stationary over an
indefinite time period, rather than levelling ogtlajuid behaviour would do.

While this project requires no sediment transpmridcur in a general sense, there
may be benefit in researching a different modeVinmch sand transport is intended
to occur. This could perhaps provide more insight the appropriate parameter

and setting choices for a sand phase.

Further development of the current model couldudel
* Use of a different turbulence model.
» Use of the Dense Discreet Particle (DDPM) model.

» Consideration of other Fluent parameter choicesvahges.
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5.1.2 Model application

Further research areas could include:

Cohesive and non-uniform soils

Unsteady flow, rising to a peak then receding

5.1.3 New pier design

The new pier could be further developed by:

Slightly concave outer walls.

Streamlined spline shaped inner walls.

Optimised proportions/dimensions.

Exhaust outlet shaping, to influence the outlet jet
Holes from outer to inner walls, acting as venturis

Steel guide plates at the inlet, to improve straang of inflow.

61



Chapter 6

Conclusions

Both 2-D and 3-D simulation models have been cceatng the geometry and
input parameters from a physical experiment. Sitrala produced by the 3-D
models are not accurate; sand behaviour in theepcesof flowing water is not
realistic. At present, testing of pier designs wiite 3-D models can not be used for

predicting potential scouring effects.

* Research of relevant background information hasnbeenducted.
Information on bridges, sediment transport, scaquand CFD modelling
has been incorporated into this project.

* A 2-D single-phase steady-state model has beenlapmd and used to
examine the flow velocity profile around both ainglical control pier and
a new slotted pier design.

« The initial model has been further developed inB2two-phase transient
model.

e The 3-D two-phase model does not function propsdyd movement is not
realistic. Attempts to calibrate its performance dstecting appropriate
Fluent parameters and values have not been sugkessf

* The 3-D two phase model is clearly not functionaagrectly therefore it
has not been validated against results from theipalyexperiment.

» Performance of the new pier design has been sietulatboth the 2-D
and 3-D models. The 2-D model indicates the pisigitehas potential to
produce less scouring than a cylindrical pier. 3H2 model does not
function accurately so results are not reliable.

* Modelling results have not been compared with et from empirical
formulas because the modelling results are cleamhgalistic. Empirical
formulas have been used to estimate the resulishwiere to be expected

from the model.
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Appendix B

Melville experiment results

B.1 Intermediate scour hole

B.2 Equilibrium scour hole



B.1 Intermediate scour hole

Figure B.1 shows a contour plot of the intermedsai@ur hole after 0.5 hrs flow

time (Melville 1975) The contours are at 1 cm intervals.

Q

FIG 305

Figure B.1  Contour plot of the resulting intermeeéiacour hole after a half hour
of flow time (Melville 1975, p. 93).

B.2 Equilibrium scour hole

Figure B.2 shows sectional elevation diagrams efetpuilibrium scour hole after
2.5 hrs flow timgMelville 1975)

Figure B.2  Sectional elevation diagrams of theltegpequilibrium scour hole
after 2.5 hrs flow time (Melville 1975, p. 94).
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Figure B.3 shows a contour plot of the equilibrisoour hole after 2.5 hrs flow

time (Melville 1975) The contours are at 1 cm intervals.

2 3 4 Scm

FIG 3.07

Figure B.3  Contour plot of the resulting equilibrisscour hole after 2.5 hrs flow
time (Melville 1975, p. 94).
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Appendix C

Empirical estimate formulae calculations

C.1 HEC-18 formula

C.1.1 Input data

C.1.2 Application of the HEC-18 formula

C.1.3 Resultant HEC-18 formula estimate
C.2 Sheppard formula

C.2.1 Input data

C.2.2 Application of the Sheppard formula

C.2.3 Critical velocity for sediment motion

C.2.4 Resultant Sheppard formula estimate
C.3 Melville formula

C.3.1 Input data

C.3.2 Critical flow conditions

C.3.3 Application of the Melville formula

C.3.4 Resultant Melville formula estimate



C.1 HEC18 formula

C.1.1 Input data

Input parameter variables for the model are:
flow depth,y: = 0.150 m;
pier width (diameter) normal to flone = 0.0508 m;
mean stream flow velocityys = 0.25 m; and

gravitational accelerationg = 9.81 m3

C.1.2 Application of the HEC-18 formula

The HEC-18 formula (Arneson et al. 2012), described2.6) in Chapter 2, for

estimation of maximum equilibrium local scour def) is:

0.65
Y = 2.0 K K,Ks (yil) Fro4s (C.1)

Y1

Application to calculations for this project follotlve procedure described in the

cited journal document. The correction factorsexglained and evaluated below.

The Kz correction factor
TheK; correction factor is for pier nose shape and ga®i.0 for a rounded nose
or cylindrical pier (Arneson et al. 2012, p. 7.4).

The Kzcorrection factor

TheKoa correction factor is for angle of attack of flowdis taken as 1.0 for an
angle of zero degrees when the pier is aligned fiath direction (Arneson et al.
2012, p. 7.4).
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The Kz correction factor

The K3 correction factor is for bed condition and is tales 1.0 for clear-water

scour conditions (Arneson et al. 2012, p. 7.5).

The Froude number

The Froude numbeF(1) is calculated as:

%
Fr, = 1/ ,
1 (gy)°5

— 0.25/
(9.81 x 0.15)05
= 0.20609 (Dimensionless).
C.1.3 Resultant HEC-18 formula estimate
0.65
Ys = V1 x 2.0 K1K2K3 (i) FT10'43 y
Y1

0.0508
0.150

= 0.150 X 2.0 X 1.0 X 1.0 X 1.1(

=0.0828 m.
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C.2 Sheppard formula

C.2.1 Input data

Input parameter variables for the model are:
median diameter of sediment particleBso = 0.000385 m;
specific gravity of sedimentsg = 2.65;
gravitational accelerationg = 9.81 m¥
kinematic viscosity of waterv = 1.003E-6 rs?;
flow depth, yo = 0.150 m;
mean stream flow velocityV = 0.25 m$; and

effective pier diameter,D* = 0.0508 m.

C.2.2 Application of the Sheppard formula

The Sheppard equation (FDOT 2005, eq. 3.4) forraleder scour, described as
(2.7) in Chapter 2, for estimation of maximum eipnibm local scour depthy{)

is:

D
¥ o5 h[ Yo 0'4] {1 —175 [1 (K)r} /sy =
D* tan (D*) n 7 04 (D*/DSO)LZ 106 (D*/DSO) 0.13

(C.4)

Critical velocity {/c) and other pre-requisite parameter values werraéated in
accord with the instructions on page 3.10 of treiffh Bridge Scour Manual
(FDOT 2005, p. 3.10). The clear-water scour equasapplicable for flow
velocity ratios of 0.47 ¥//V. < 1.0, wheré/; must be calculated as specified in

the manual.

74



C.2.3 Ciritical velocity for sediment motion

1
d. = Dgo |9~ Dy 17 (C.5)

1
_ (2.65 — 1) x 9.81 /3
= 0.000385 | (1003 x 1062

= 9.7195 (Dimensionless).

0, = 0.0023d. — 0.000378d, In(d.) + 023/, —0.005 (C.6)

= 0.02235485 — 0.008355103 + 0.023663768 — 0.005

= 0.03266 (Dimensionless).

U = ﬁ X EIN (C.7)

= ,/0.03266 x (2.65 — 1) x 9.81 x 0.000385 ,

= 0.01427 ml/s.

ks =5Dg, forDso<0.6 mm (C.8)
= 5x0.000385 ,

= 0.001925 m.
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Re, = Uscks/ (C.9)
v

_0.01427x0.001925
T 1.003x10-6

= 27.388 (Dimensionless).

Zo = ks X 1073 |6 + 2.85Re, — 0.58Re, In(Re,) + 0.002ReZ +—| ,
(C.10)

= 22022 [—6 + 78.0558 — 52.581 + 1.5002 + 4.0529]
= 4.8179 x 18 m.

o= 2ston(2) c11
= 25% 001427 xIn (2220}

2.72X4.8179%X10
= 0.2513 m/s.
V, _0.250 _
Jy = /02513 = 0995 . (C.12)

Cc
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C.2.4 Resultant Sheppard formula estimate

Maximum equilibrium local scour depth is calculagesd(FDOT 2005, eq. 3.4):

,
%~ 2stnn[(22)""|fo - 175 ()] e
D* tan (D*) n v, 04 (D*/Dso)l.z 106 (D*/DSO) 0.13

(C.13)
0.150 \ 04 0.250 \12
ys = 0.0508 x 2.5 tanh | (=) 11— 1.75 [n (S0 )] f .
0.0508/
[ ~_0.000385 ‘0'13l
0.4(0-0508/, 03g5) ~ +10.6(0-0508/, 50345)

= 0.1049 m.
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C.3

C31

Melville formula

Input data

Input parameter variables for the model are:

water density,p = 1000 kg n;

sand densityps = 2650 kg m;

mean sand grain diametedso = 0. 385 mm,;
gravitational accelerationg = 9.81 m7¥

flow depth,yo = 0.150 m;

bed slope,S% = 0.0001 mnfy

mean stream flow velocitt) = 0.25 m$; and
pier width (diameter) normal to flom = 0.0508 m.

Melville (1975) considered the sand in the origipaysical experiment to be

fairly well graded; a distribution ranging betwe&d and 1.0 mm diameter was

displayed in a graph. Geometric standard devidtighof grain size was not

given but can be found from an estimate df Bércentile grain sizelgs )

equals 0.65 mm, read from the graph, used in thatem (Melville & Sutherland
1988, p. 1211):

d
a9 =g (C.14)

= 0'65/0.385 '

= 1.688

C.3.2 Critical flow conditions

A preliminary step is required to determine:

critical friction velocity (¢ ) and critical mean stream flow velocity)
for the nominatediso grain size; and
critical armoured friction velocityc ) and critical mean armoured

stream flow velocity(a ) for the maximum bed armouring condition.
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The Shields diagram is indirectly used to deterntiveecritical friction velocity, at
the threshold of motion, for the given grain sizbe Shields diagram requires
values of entrainment function and shear Reynalofsher as inputs, however
formulas for both of these values also requireutiienown critical friction
velocity as an input. Solution requires an inigatimate followed by an iterative
refinement process. The correct friction veloctjusion is confirmed when co-
ordinate values of entrainment function and shegmilds number plot exactly

on the Shields function line.

Melville & Sutherland (1988) suggest an alternaggéimation method whereby a
chart of critical friction velocity versus a rangegrain sizes is derived from the
Shields diagram. This requires reading pairs afaéminent value and shear
Reynolds number from the Shields function and sgjtheir respective formulas
as simultaneous equations, for both grain diansetdrcritical shear velocity.
Plotted results allow a close estimate of theaaitshear velocity to be directly
read from the chart for any grain size in the gldttange. The chart must be
specifically prepared using densities and fluictcegsty particular to the given
situation. Such a chart (Figure C.1) has been pe€@a suit this research project.
The chart shows critical shear velocity estimat®.215 m/s for a grain size of
0.385 mm.
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Critical shear velocity from specified grain diameter
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Figure C.1  Chart prepared for estimation of critgfeear velocity at threshold

conditions; demonstrated for the 0.385 mm nomingtadh size.

Melville & Sutherland (1988, eq. 2) indicate théical shear velocity can be

converted to a critical mean stream flow velocigyng the formula:

U, = u,, X 5.751og(5.53 ;—0) (C.15)

50

= 0.015 x 5.75log (5.53 =)

0.000385

= 0.288 m&s.

For the bed armouring condition it is assumed ither fgrain sizes will have been
washed away so the mean size of the remainingsy@sx ) will be larger than it
was for the original grain distribution. The valofedsoa is calculated from the
largest possible armouring grain sizieqf ). The value otlmax is calculated from

(Melville & Sutherland 1988, eq. 3):

Amax = 04'dsg , (C.16)
using a value of exponentfrom Table 1 of the cited reference.
80



The value ofisoais calculated as (Melville & Sutherland 1988, p12):

d
dsoa = ™%/1 g, (C.17)

_ 1.688%3%x0.385
1.8

= 0.728 mm.

Referring to the chart of Figure C.1 this givasa of 0.019 m/s. The value of
Uca is calculated from (C.2) as 0.344 m/s. The valuggs calculated as
(Melville & Sutherland 1988, p. 1212):

U, =0.8U., (C.18)
= 0.267 m/s.

The value olUa has been calculated for the most severe caseladro®ouring but
the value attained is less thda. This is an unrealistic result therefddeis taken
as equal taJ..

C.3.3 Application of the Melville formula

The Melville formula (Melville & Sutherland 1988ge7), described as (2.8) in

Chapter 2, for estimation of maximum equilibriuncabscour depthdg ) is:
L = KKy KoK KKy (C.19)

Application to calculations for this project follotie procedure described in the
cited journal document. THe correction factors are explained and evaluated

below.

The K, correction factor
TheK; correction factor is a flow intensity factor wighmaximum value of 2.4,
however it may be reduced in particular circumstan@®lelville & Sutherland

1988).
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The ratio of mean stream flow velocity to criticakan stream flow velocity is an
indication of flow intensity; it is used as the Isasf theK, correction factor. An
additional term for critical armoured mean stredmwfvelocity (Ua) accounts for
bed armouring when sediment is non uniform. F@& pinoject a ratio of)/Uc <1
indicates clear water conditions exist, therefareganeral scouring occurs and no
sediment is transported from further upstream. €guently, bed armouring does

not occur and th&a term is taken to be equal to theterm.

TheK; correction factor is calculated as (Melville & Betland 1988, eq. 10a):

U-Wa-Uo)| Wherew <1 (C.20)

K =24 -

0.25—(0.288-0.288)
0.288

The Ky correction factor

TheKy correction factor is a flow depth factor and igegi as 1.0 when the ratio
yo/D is greater than 2.6 (Melville & Sutherland 19881p14). The ratigo/D is
2.95 in this project.

The Kgq correction factor

TheKg correction factor is a sediment size factor argiven as 1.0 when the
ratio D/dso is greater than 25 (Melville & Sutherland 19881p15). The ratio
D/dso is 132 in this project.

The Kq correction factor

TheK, correction factor is a sediment gradation factat s always given as 1.0
because its effects are accounted for byuhterm within theK; factor (Melville
& Sutherland 1988, p. 1219).

The Ks correction factor
TheKs correction factor is a pier shape factor andvegias the reference value
of 1.0 for piers of circular cross-section (Melgi& Sutherland 1988, p. 1220).
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The Kq correction factor

TheK, correction factor is a pier alignment factor fegrp not aligned with the
stream flow direction. The reference value of %.Qiven for circular cross-
section piers because they have no particular tatien (Melville & Sutherland
1988, p. 1220).

C.3.4 Resultant Melville formula estimate

Maximum equilibrium local scour depth is calculatsd(Melville & Sutherland
1988, eq. 11):

ds = KK, K KK,D . (C.21)
=2.083 x 1.0 x 1.0 X 1.0 x 1.0 X 0.0508

= 0.1058 m.

Note: theK, factor is omitted because it is always given &sctor of 1.0 and is

therefore inconsequential.
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Appendix D

Model diagrams

D.1 Domain diagram

D.2 Result diagrams

D.2.1 2-D results
D.2.2 3-Dresults



D.1 Domain diagram

Figure D.1 shows a full length view of the modehdon. All the component

stages can be seen, including the long turbuldlowwrstage which is suppressed

in most other model diagrams.

Figure D.1 A full length view of the model domaghowing all the component
stages.

D.2 Result diagrams

D.2.1 2-D results

Figures D.2 and D.3 show the velocity profile ihaizontal plane around the
cylindrical pier and the new slotted pier respesiivBoth diagrams include the
full length of the outflow stage and show the vélpprofile stabilising

downstream of the pier.
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Figure D.2  Velocity profile around the cylindrigaier, and stabilising as it flows
downstream to the outlet.

Figure D.3  Velocity profile around the new slotgdr, and stabilising as it flows
downstream to the outlet.
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D.2.2 3-D results

Figures D.4 to D.7 show an isosurface at a rangaiftédrent volume fractions.
These results are from an early trial and are smgwdifferent surface
representations at the same point in time. Theygesig some degree of
interpretation is required to determine where fheutated sand surface is actually
located. At lower volume fractions the surface appdo be unblemished whereas
at the highest possible volume fraction it appéafsave incurred the most erosion.

Figure D.4 An isosurface at 0.950 sand volume ibact

Figure D.5 An isosurface at 0.90 sand volume foacti
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Figure D.6 Anisosurface at 0.850 sand volume ifvact

Figure D.7 An isosurface at 0.991 sand volume ifbact

Figures D.8 to D.13 show an isosurface at a pregresange of flow times during
continued running of the last cylindrical pier triehey show a progressive increase
in the degree of general scouring over the santaair Initially there is little
general scouring and some suggestion of localisedrgg, however this is wiped
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out over a period of time. The isosurfaces wereagk volume fraction of 0.62

except for the last one. At 20 seconds run timerfase at 0.62 volume fraction no

longer existed.

o

Figure D.8 Anisosurface at 0.62 sand volume foactifter 3.52 seconds flow
time. It shows a suggestion of localised scourinthé sides and behind the pier,
with very little generalised scouring.

Figure D.9  An isosurface at 0.62 sand volume foacéfter 4.82 seconds flow

time. Small areas of generalised scouring are begirto appear just back from the

inlet.
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Figure D.10 An isosurface at 0.62 sand volume ilvactfter 8.0 seconds flow
time. Generalised scouring is becoming more prontijuest back from the inlet.

Figure D.11 An isosurface at 0.62 sand volume iivacifter 12.0 seconds flow

time. Generalised scouring is very prominent jstkofrom the inlet, and localised
scouring adjacent to the pier has been wiped out.
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Figure D.12 An isosurface at 0.62 sand volume ivacifter 16.0 seconds flow
time. Generalised scouring is very prominent jstkofrom the inlet, and localised
scouring has re-emerged adjacent to the pier.
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Figure D.13 An isosurface at 0.615 sand volumetifsa@after 20.0 seconds flow
time. Results are similar to those after 16.0 sésdut generalised scouring has

removed some sand volume from the entire surfae® ar
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