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ABSTRACT

Positive breaking surge waves are caused by a sudden change in flow. Surge wave front is
often associated with high aeration that is linked with a high turbblgmaviar. The 3
dimensional (3D) turbulent structures across a breaking surge are induitedvajocity
gradient across the surge and phase discontinuity at the front. Existing experimental studies
on this transient phenomenon provide insight into the perturbation measurements, and
velocity profiles, in the front and behind the surge wave. Hewewmany experimental
measurement®nly provide pointwise data for this flow of highly transient nature
Furthermore, existing numerical simulations are very limited, where many are mainly 2
dimensionaland a few &dimensional (3D) studies hawenarrow scope 3D numerical
simulation provides a holistic approach to simulate the turbdehtwviourbehind a
breaking surge wave. A combination of Volume of Fluid (VOF) method and Large Eddy
Simulation (LES) is utilized to capture air entrainment and turbuknictures
simultaneously for Froude numbeesgingfrom 1.71 to 2.49. Computational domain and
numerical schemes are designed to model the fully developed surge and parameters
precisely. Computational mesh isefined sufficiently to improve the LES qugliby
resolving at least 90% of the tofaurbulent Kinetic Energy TKE). Using aspanwise
periodic boundarythis studyensuredhe eddiesverenot compressed by the domain. Air
entrainment, TKE and surface perturbations obtained from the present nurnerica

simulations are consistent with laboratory observations reported in the literature. At surge
i



toe, strong aeration and surface perturbation are observed caused by intense TKE in the
area.Velocity perturbations show positive turbulent productioryiplane rather thagz

plane as the shear instabiligxists in xy-plane. Finally, the vortices result from shear
instability concentrate near the toe irc€)erion. The vortices start fromlD structure at

thetoe and exhibit rod shape upstream in anisotropy nfdps studyfirstly demonstrated

that the computational model is capable of reproducing the key turbulent mechanisms
across the surge front and behind the surge. Furthermore, this study hsghkgbte of
instability mechanisms in the formation of a breaking surge wMeanwhile, the
simulation approaches in thpresent study contribute to the foundation fature
investigation related tgositive surge waveand potentially in the fields ofcqaatic

environment and building structure.
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Chapter 1
| ntroducti on

1.1 Background

Surgewaves are transient open channel flows that fdua toanabrupt change in flow
depth or velocitySurge waves appear in marade hydraulic conveyansgructuresand
natural systemslsunami waves, for instance, are generatethbgisplacement ovater
causedoy landslides, volcanic activities, or earthquakes (Xie and Chu, 28i8ch in
dams can lead to the release of massive amount of reserveiramdtlead to the formation

of dam break wawewhich is another example of a surge waBeth phenomena lead to
destruction ancdversely impacboth built and natural environmest For example, the
Tohoku Earthquake ¢to a Tsunami that removed 30.3%boildings neatheocean Also,
another 17.3% of buildings feths mentioned by Xie and CIf2019. For the dam break,
Buffalo Creek Valley dam failure in the US, 19¢2used by poor dam construction, led
to 125 deathASDSO, 2020). Natural factgnsicluding intense rainstorsaccompaning
spillway blockagewill lead to overtoppin@sthe most common reason behind dam failure
in the last ten years (ASDSO, 2020estruction of the dam by an earthquake can also
cause dam failureThe idal bore is Bo a weltknown example of surge wavesfdorms
when the low depth river coincides with the ocean at the estuary and the river is forced
back with a positive surge wave generated (NGS, 2B@)ding is the main issue the
community adjacent to thever and fulfills the condition to generate tidal b{kéubarak

et al., 2017)Thereforejt is vital to understand the surge wave from different perspectives
1



such as its dynamic properties, transport abibityd wave forceso reduce the damage
caused bysuchextreme events to public health and property. In-made canalsurge

waves are often initiated by the gate closure downstream (Chanson, 2004).

=
ry

Figurel. Photo of a tidal bore with a breaking front. Reprinted with permission from

Chanson et al. (2011). Copyright 20Elsevier Science & Technology Journals

A highly turbulent wave fronis one of the most importaféaturesof the positive
surge waveswhich contributes to air entrainment, sediment gathering, and induces
contaminant and debris transport (Li and Chan26a8).In addition, trbulentstructures
under the front of the tidal bore may lead to bed erosion (Chanson angdOn8y Bed
erosion reslts in river channel expansion, adverse effext water safety and habitat
environment, and jeopardizes bridges over the river (Department of Environment and
Resource Management of Queens|&@9). Like tidal bores, the dammeak waves cause
sediment mvement and channel bed erosion and can cause swift changes in the bed

formation across the channel downstream. Consequently, the flow will be altered, and the
2



estimation of factors such as peak water depth and time to reach the residence area for alert
purposes will become difficult (Zech et a22008).Therefore, understanding the turbulent
characteristics of the surge wave will contribute to environmental and water resources
management in aquatic systems.

Figure 2 is a definition sketch of the positsiege wave, where the red dots indicate
the locatios o f Asurge toeo and fsurge heel 0, and
points is known "disthd dovenstrasndlowgeocityyeistigetfldwo .
velocity behind the surg® is the downstream water depfB, is the water elevation of
surge from the channel bed anib the celerity or speed of the surge wave front. There are
generally two types of surge wavesdular wavevith asmooth surfacandlittle aeration
compared with the breaking wavathva significant amount of air entrainment. They can

be categorized by the surge wave Froude number:

® Y

“® pe—
D Eqg 1

As reported by literature such agng and Chanson (2017) and Zheng et al. (2018),
breaking surgevasobserved in the range @  p®, whereasundular surgevaves are

observedat Froude numbeiselow this threshold.
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Figure2. Definition sketch of the breaking positive surge wave.

Theturbulence and air entrainment characteristst®yn inFigure 2) are caused
by thediscontinuity in water depth and velocity, which is pronounced across the wave front
A similar structure is also observed acrbgsraulic jumps. Hydraulic jumps and surge
waves have been historically known to be analogous to shock waves in compressible flow
(Gilmore et al., 1950) as both categories are compression waves of finiteudmmplit

Chaos and disorder are the natura tfrbulentflow andare also observed across
breaking surge waves. The source of instability includes the breaking surge front and the
area of shear layer as shown in Figure 2. Meanwhile, the air entrainmernhesarge
front varies rapidly, along with the surface profile and turbulent propehiesddition,
there areconcentrate@mallscaleperturbationgo capture Since thepall these properties
have made studying the subject using numerical or expeatmasthodsomplex.Below
arereviews of some existing works in surge waves and hydraulic jump conducted using

experimentabr computational methods outlined in the literature. The aim is to identify the



knowledge gap ansignify the importance of the research conducted in the scope of this

thesis.

1.2 Literature Review

1.2.1 Experimental Studies

1.2.1.1 Surge Wave Aeration

Chanson (208) presentedh surgewave experimental study focusitog air entrainment

patterns. The results shedintense air entrainment near the surge front. Chanso®)200
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Figure3. Air concentration|

were plotted against vertical distances, h normalized by initial reservoir water @epth,
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Reprinted with permission from Chanson (2005). Copyright 2005, Elsevier.
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The air concentration profile in Figure3 shows thatmeasurement withithe
differert range of distance in streamwise directielativeto the surge fronf0 mm) such
as42004620mm has smaller air entrainment compared to the point near surge fifoat at

samé¥Q . A useful theoretical relation was developed by Chanson and Toont, (2

shown inFigure3, whichis plotted from— 1T

Near surge front

e Eq 2
0 q
Near surge behind
Q9 op
A A7 e K©) O 0 &
Eq 3
p OAT RO ) 5 q
o o

wheregl is the air concentratiofQ is the height at air concentration of 00%andO is
solely based on average aeration. By comparing in Figjutes theoretical equations can
predict the air concentration with reasonable accuracy.

Air entrainmentwaswell studied in hydraulic jumdor instance by Murzyn and
Chanson (2015). With the conductivity sensor, air concentratsmecorded, whiclwas
plotted withw-direction in Figurel. From Figuret, theshear layer and recirculation region
can be identifiedAlthoughthe papeexperimentedvith hydraulic jumps, it is applicable

to surge waves as theharetheexactnature.



20

16

*rue

Fr=83
(x-x1)/d;=12.50
(x-x;)/d=16.67
(x-x1d=25.00
(x-xy)/d;=33.33

= Theory (x-x;)/d;=25.00
= Theory (x-x)/d;=33.33

l . *

<2
* A
= * A

s
} %9“}’{.::.' * 1

L

0

0 0.2 0.4 0.6 0.8 1
Qg

Figure4. Plot of air entrainment, ; w is the distance from gate to jump toe. Reprinted

with permission from Murzyn and Chanson (2009). Copyright 2009, Springer Nature BV.

Blenkinsopp and Chaplin (2011) investigated aeration characteristics within
different canpositions of water. As a result, the density of small air bubiretigher for
seawater, but the overall air concentration and variation with respect to time and space

wereclose among different fluids.

1.2.1.2 Turbulent Characteristics

Koch and Chanson (2009) reported the surge wave turbulence by obtaining velocity with
Acoustic Doppler Velocimeter (ADV) and corresponding Reynolds stresses. As shown in

Figure5, the ADV starédcollecting velocity data as the surge wave pasBeid poirtwise

7



measurementwas then usedo calculate and plot velocity perturbation and Reynolds
stresses. Align with the depth data from the fixed displacement probe, figures like Figure
6 can be plotted with respect to time. Thus, a sudden rise in the watér ghefite

represergdthe arrival of the surge wave.

Figure5. Demonstration of velocity measurement with the fixed ADV. Reprinted with

permission from Leng and Chanson (2018). Copyright 2018, Elsevier.

For the breaking surge wayLeng and Chanson (201point measuremesit
showed a sharp drop ofo>-direction velocity as surge madeby. Another significant
observationn the work of Koch and Chanson (20@#asthe shortly change of direction
for velocity inadirectionfortheasa under the surge dwas t o inf
also reported by Gualtieri & Chanson (2011) for a momentary period. For the Reynolds
stresses, a sharp jum@sobserved with the surge arrival, which can be associated with
the mixing conghowever, ér the dominant area of the mixing cone whigds the upper

surge, its turbulent characteristiwerenot measured in this paper.
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Figure6. Change of averaged velocity and its perturbations in streamwise direction with
time. Reprinted with permission from Leng and Chanson (2017). Copyright 2017,

Elsevier.

The surface profiles are usually analyzed together with the turbulent properties. The
outward bending shape is typical to observe for the surge front free sasaeported by
both Koch and Chanson (2009) and GualéexdChanson (2011

Leng and Chanson (2016) also investigated the turbulent structures of positive
surge waves along witthe water depth perturbation. In their study, both displacement
meters and velocimeter were adapted to capture the velocity and water depth, respectively.
The experimemvasproceeded in a repeated manner aretlaasemble average for result

presentationThe water depth perturbation etjealto ™ Q  "Q , which was the third



guartiles minus the first quartiles of water dejachexperiment was performed 25 times
The corresponding third quartiles and first quarthese determined and uséal define
the water depth perturbations.

Here, Figure 7 shows the instantaneous water depth and corresponding
perturbations, also from the breaking surge. From Figuileeng and Chanson (2016)
noticed a peak of water depth perturbation when the surge arrived. The gisper
summarized other works with itself for the relation between Froude number and maximum
water depth perturbations. The empirical equation derived based on the data points
describel maximum water depth perturbations increhsé@th Froude numbewas a
general trend for surge wave and hydraulic jump as shown in FRjurée paper also
reported the Reynolds stresses changed with time and observed a time lag between the
moment that surge reaches the probe and peak normal Reynold stresses. Similar patterns

were also observed in Koch and Chanson (2009).
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Figure7. Water depth mediafiQ , perturbatio™Q Q) from the breaking

surge for multiple x measurement positioReprinted with pemission from Leng and

Chanson (2016). Copyright 2018pringer Nature BV.

1.2.1.3 Instability Mechanisns

The air entrainmentas a result of instabilityat the surgeoreakingfront was modelled
physically byWang et al. (2017). Thehave observe@nd indicatedthe three most
common mechanismsthat were possible to induce instability(air entrainment)for
hydraulic jump and breaking surgehe first mechanisnwas caused byhe encounteof
moving surge with downstream flowhe downstream flow can have a velocity at the
opposite direction of the moving surge or have no velocity. Initially, there was a layer of
air above the downstream free surface. Therefore, the air layexdmoto propagating

surge led to the formation of air cavity near the surge toe.
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Figure8. Maximum water depth perturbatiofs’Q  Q ,— ) Vs. Froude

numbers for several experimental works where surge wave studias blue and
hydraulic jump studies are in bladReprinted with permission from Leng and Chanson

(2016). Copyright 2016, Springer Nature BV.

The air cavitywill be broken into small air bublddoy shear stress and watearby.
The bubbles wilbrealup after float to the free surfacéhe second mechanisvascaused
by plunging wave anttappedair within the surge wavé.he third mechanisrwasdue to
the breaking ofvave in the airlt was related testrong turbulencevith massivevortices
cause by Kelvin-Helmholtz shear instability. It teto air entrainment near the awater
interfaceand surge toe as welh sum,most ofthe instability in the surge wavis firstly

causedy shear effecat the surge toe when the moving sustiges over the downstream
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flow. It generateS KE anddivides the large bubblegto small bubblesSecondly with
two different phasg the splashingwave due to Kelvin-Helmholtz shear instabilitys
another sourcef turbulence.

The existence of shear layer that startsrfthe instability at the surge toe is
reportedoy severalvorks of literatureWangand Chanson (2015) conducted experimental
works and maximum air entrainmerft ~ was identified within theshear layer of a
hydraulic jump.Chanson (2007yentified that the toe was the entrance of air bubbles and
reached the shear layer, exhibitiayong turbulent behaviourKucukali and Chanson
(2008) also reported thehear layer based on the profile and measuredintense

turbulence within the shear region.

1.2.1.4 Roughness of Channel

The affect of channel friction on positive surge waxasalso well investigated. Such as

Chanson (2010), compat¢he undular and breaking surge with either smooth or rough
chamel. The velocity comparison txdirection exhibited a frequent reversal of x velocity
behind the surge front, al so known as dAtr;
recirculation in the case with rough chamwakextended compared to the srttoohannel.

It was shown thatvith an increase of channel friction, the transient recirculation also
increasesas shown in Figure.

Besides the whole application afrough surface on the bed, the affect from an

object with a rough surface on the channel was studied by Yeow et al. (2016). For the case

13



with the object, the transient recirculation also lasted longer. It means the region was farther

extended compared withe case without the object.
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Figure9. Velocity profiles for (a) smooth channel and (b) rough channel with breaking
surge 0, L, 0 are velocities irstreamwise, trangrse and spanwise directions

respectively Reprinted withpermission fromChanson (200). Copyright 200, ASCE

Similarly, the exhibition of transient recirculation was represented by the enhanced

velocity perturbation. According to Yeow et al. (2016), it was 60% greater with the object.
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Therefore, by increasinthe roughness of bed, either at a fixed location or through the
whole bed, the velocity perturbation will lskaper and more obvious compared with a
smooth bed.

To summarize the experimental studies that have been reviewed in this chapter, and
other simiar experimental studies such as Murzyn and Chanson (2009), Toi and Chanson
(2013) and Frazao and Zech (20akg< studiesither focused on the aeration property
or turbulent structure such as velocity measurements and Reynolds stresses. However, the
interconnection between two characteristics of positive surge waves is overlooked.
Therefore, part ofheresearch will investigate the turbulent structure and air entrainment
patterns together with the numerical method. Besides, the experimental studhscied
above performed measurements thatepoint based, which means a fixed location probe
will collect data such as water depth, velocity as the wave passes by. Such time series
resultswereplotted for examplein Figure6. Patterns can be found from this type of setup
but the numerical simulation can providenore direct viewThe numerical residtgive
access to not only the velocity field, air entrainment field but also other turbulent
characteristics such as eddy visitp, Qcr i t eri on and so on. Me .
convenient to obtain the domain averaged data compared to experimental method,
especially with respect to the spanwise directidme following section will discuss the

numerical studies about the positsgrge waves.
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1.2.2 Numerical Studies
1.2.2.1 Two Dimensional (2D)and Three Dimensional (3D) Numerical Simulations
Leng et al. (2018) compared the 2D simulation results with available laboratory results for
the water depth, velocity in streamwise and perpendiculactiires. The difference is
evident by comparing velocity and water depth profiles between laboratory results and 2D
simulations For example, theumericalo behind surgevas largeiin terms of magnitude
and fluctuation compared with experimental Moreover, the information about flow
characteristics in the third dimension rensnnknown.

Lubin et al. (2010) performed numerical simulation also on a 2D domain, as one of
the earliest groups modelled the surge waves. Although the overall shap&Dfilager
depth profile and position of the air entrainment exhibgimilarity to the experimental
phenomenon, the 2D numerical resudtd notreflect the physical free surface and air
entrainment patterns accurately, especially near the turbulentfsamgd he 3D nature of
fully cascading turbulent flow has been overlooked in these studies

On the other hand, Lubin and Glockner (20®&)e one of the few papers that
incorporated 3D nature into the surge waves modelMigtanabe et al. (200%)Iso
conducted3D simulations ofplunging waveand presented the undular shape vortex in
spanwise directiorrhus, the 3D modelling provides the opportunity for a comprehensive
understanding of the turbulent structure of the surge wanit is closer to theealistic
surge behaviour. Howevedhese existing 3Mumerical simulatiommainly focus orone

feature of the surge wave, for instanae the plunging jet at the surge front. Furthermore,
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as outlined by Lubin and Glockner (2015), the ®itbulent process quite critical to
capture. This requires proper -sgt of the spanwise domain, as outlined in the coming
subsection. Therefore, to capture the behaviour of flow, in the vicinity of toe, at the surge
front, and behind the surge, 3D simulations are nacgsBurther discussion on the-sgt

of 3D simulations will be discussed in the coming sections of Chapter 1 and Chapter 2.

1.2.2.2 SpanwiseéSimulation and Periodic Boundary Condition

It is important to perform 3D simulation rather than 2D simulatidmch ha been

indicated by various literature in the past, especially for the study of turbulent structure in

a breaking wave. As noted by Lubin a@tbckner (2015), for breaking waves, the initial

2D turbulent eddies transformed to 3D structure along flirection, due to the shear

effect whichledt o f |l uctuation. Al so, they have men
descending eddiesodo near upstream of a bre
dimension of the 3D turbulent structuieis vital to performa 3D simulation for the

breaking wave. In order to incorporate the simulation ingp@nwisedimension, the

boundary condition for the front and back faces are typically set to periodic boundary
condition which ha the perturbations are feblack into the domairit is adapted mainly

to reduce the size of domain and save computational time. For the case of preparing fully
developed inlet flow, spanwise periodic boundary conditions can recirculate the flow to
reach the final stateiithout invdving a large domain size. The dimension between two
periodic boundaries plays an important role when designing and applying the periodic

boundary condition. The periodic boundaries should not generate anycaaffibet flow,
17



especially to the turbulentratture that are physical. Therefore, the dimension between
two periodic boundaries needs to accommodate the largest scale of eddies (Munters et al.,
2016).

Periodic boundary condition also has a broad application across different fields of
study in CFD.Including gas and solid phase modelling (Kuang et al., 2013), contaminant
transportationl{abovsky 2011), heat exchange (Barletta et al., 2009), -aba@mnel flow

(Bradbrook et al., 2000).

1.2.2.3 LES Quality and Grid Resolution

Large Eddy Simulation (LES) is o the three turbulent models available, the other two
areDirect Numerical Simulation (DN$and Reynolds Averaged Nawvi8tokes equations
(RANS). RANS will resolve only the averaged portion of the turbulent flow and model the
perturbation portion in thBow. DNS will resolve every scale in the fldwom integral to
Kolmogor o v 6 s LES evid lesmlve the scale greater than the filter size and model the
smaller scale. Then the computational effort required and simulation accuracy follow as
DNS >LES>RANS. Therefore, LES is a popanl ar ap
extreme amount of computational resources as DNS but can rdaajee than scale
turbulent motion Since surge wawdynamics ardightly connected to turbulent float the

surge frontLES is preferred over RANS to present sufficient turbulent characteristics. To
achieve a high quality LES simulation, the grid size needs to be sufficiently small which is
capable to resolve the majority of total TKE. A widelgceptedstandard is to redee at

least 80% of total TKEThe 80% threshold is determined based on analytical methods in
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Pope (200L Matheou and Chung (2014) have conducted convergence studies for the
larger than filter turbulent scales and have concluded that a 90% resolvearnratdisfy

a convergency threshold instead of the 80% originally prajjms®ope (2001)As further
discussed by Matheoand Chung (2014), the variation of domain structure during the
convergence test did not affect the 90% result significarklganwhile, they have

suggested the 90% can be applied to different models under LES to achieve convergence.

logE

Resolved Modelled
80% 20%

>

logn

Figurel0. Plot of TKE spectrum vs. wavenumberA good LES model should resolve

at least 80% or into the shaded zone.

1.3 Research Motivation and Objectives

The research focuses on the numerical investigation of breaking positive surge waves on
their turbulent structure and air entrainment patterns. The surge wave is produced by

simulating a sudden lift othe gate, which isoften used to generate surge wave
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numerically and experimentalligee e.g.Liu et al, 2017) As indicated in the literature
review, most of the studies either studied the turbulent property or the aeration patterns.
The thesis aims to correlate two aspettsreaking surge waves of Froude numbers higher
than 1.6.The turbulent structures across the mixing layer and breaking aregeitiated

due totwo instability mechanismszelocity gradient in depth and pressure gradient in the
streamwise direction. Although some of the structures are induced and initiated as two
dimensional, in time they evolve into 3D structures (Watanatad. e2005; Lubin and
Glockner, 2015). Several numerical studies have investigated the turbulent structures and
Reynolds stresses across breaking and undular surge waves. Many of these studies,
however, have overlooked the 3D nature of the fully cascaditglent flow across a
breaking wave (e.g., Leng et al., 2018). Despite their intricate nature, only a few numerical
studies investigatetthe 3D nature of rolling, breaking, and energy cascade in surge waves
(Kimmoun and Branger, 2007; Lubin and GlockriZ15). Therefore, the thegszplicitly
targetsthe 3D development of turbulent breaking surge wageng a robust and accurate

LES model. Due to the 3D nature of fully cascading eddies at the surge front, it is critical
to capture the turbulent spaneigerturbations. Capturing this dimension requires delicate
consideration for the spanwise scale of eddies. The extent of the spanwise boundary
condition hasa significanteffect on the suppression of largeale eddiesand it has to be
selected to accommodate the largest scales (Munters et al., Zag€fore, here great
emphasis is focused on the spanwise extensitimegberiodic domairf-urthermore, most

existing 3D numerical studies use Large Eddy Simulation (LE%) performance of LES,
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however, significantly depends on grid resolution and filter size (Pope, 2001).
Consideration for the impact of spanwise boundary and LES filter resolution are often
overlooked in many existing 3D studies on breaking surge w@vatanabe et al., 2005;
Chanson et al., 2012). Thus, the thesis also aims to improve the quality of simioyation
improving the implementation of the LES while incorporating spanwise periodic boundary,
allowing the full development of 3D structures notedhie literature.

In sum, the objectives are:

1 Study the interconnection between turbulent characteyatid air entrainment
patternssuch as perturbations, turbulent kinetic energy, and vortigessitive
breaking surge wavesspecially near thiecations of instability mechanisms.

1 Comparingseveralanalysesdetween different surge Froude numbéis, in
order to identify theérend associated witl .

1 Perform fully 3D numerical simulations of surge waues conduct the
comprehensivetudiesof the surge waves.

1 Delicate consideration about spanwise dimension éetvwperiodic boundary
conditions which will not limit the growth of turbulence ing¢hdimension and
highlights its role within the surge waves.

1 Improve the quality of Large Eddy Simation (LES)by reachinga minimum
turbulent kinetic energyesolving rate of 80%wvith proper mesh refinement

which will increase the resolution of simulation\asll.
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1.4

Thesis Structure

Chapter 1introduces théreaking surge waves and relative approachetudies
followed by the literature reviewrelated to the study of positive surge waves
comprehensively. Two aspects of the studies are covered: Section 1.2.1 includes
the example works of experimental studesd Section 1.2.2 includes the example
works of numerical studies, whiak followed by the research objectives of the
thesis.

Chapter 2 is the methodology chapter which describes the governing equation for
the turbulent modelling and twghase flow modelling, numerical solutions related

to the surge wave simulation in OpenFOAM, surge wave Froude number definition,
1D Method of Characterigts (MOC), and computation domain, boundary
conditions. Lastly, the discussion about computational time, capacity, and
resources.

Chapter 3is the result and discussion chaptehich starts with the overview of a
positive surge wave from the simulation¢iuding phase and velocities. Then the
Turbulent Kinetic Energy (TKE) analysis regards the critical mesh resolution,
water depth perturbations, turbulent mixing relation with the air entrainment
patterns, domain width determination in the 3D simulatiah weriodic boundary
conditions, turbulence production and vortex properties and turbulence anisotropy.

Chapter 4 concludes this thesis and discusgsessible gaps and futuresearch
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Chapter 2
Met hodol ogy

2.1 Governing Equations

2.1.1 Turbulent Modelling: Large EddySimulation

As computer technologyas developedapidly in the past 20 year€omputationaFluid
Dynamics (CFD) hasbecomea fundamenal approach in simulating and designing fluid
mechanics challenges. It surpasses the original analyticadfjmiamics with a high level
of complexity in terms of geometry and flewonditions (Vold, 2017). Compared with
experimental fluid dynamics, CFD is more economical to save the financial and time
expense of building the physical model. For specific lacge models and flow
parametershallengingo measure, CFD is an excellent choice as well (Karimpour, 2019).
The CFD tool usegsilouircecdlileddd MOPEemti on
(OpenFOAM), which is an opesource CFD tool developed based on C++ |aggu
(Greenshields, 2019). Every OpenFOAM case has three necessary folders where users can
set up numerical modelling inputs instead of usiregraphical user interface (GUNVith
numerous solvers designed for different study fields and flow conditiank as
steady/unsteady, turbulent/laminar, compressible/incompreg$iblaser needs choose
the appropriate solver

Moreover, OpenFOAM solvers range from fluid problems to areas including stress
studies, electromagnetics, etc (OpenCFD, n.dAs opensource software,any

modificationsin the source codare possible.Neverthelessit is critical to select the
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appropriate solver for the simulatiorSimulation results are stored in a series of time
folders in OpenFOAM. Me sof t war e n a osealy adaptedrjentyiweghw o i s
OpenFOAM to view the simulation results and perform {poetessing

For a sudden release of millions of cubic metérwater in a reservoir, the wave
generated is expected to be turbulent flawwd most of the fluid flow atervel in life
belongs to turbulent flow rather than laminar flow where the layers are parallel and smooth.
Turbulent flow has the properties of irregular turbulence and chaotic Rominstance,
Reynolds numbeexceeds4000for pipe transportationMenan, 2014). As a resultthe
turbulent model should reflect the complicated struct@specially the smaklcale
turbulent fluctuation in the flow. Based on a different scale of eddies, thethrase
approacks Direct Numerical Smulation (DNS)approach from original NavieBtokes
equationsLargeEddy Smulation (LES), and Reynoldsveraged NavieiStokes equations
(RANS) modelling methodsDNS can resolve every scale in the turbuleasewell as the
mesh size antime steps need to ldecreased significantty resolve the smallest time and
length scalesThese limitationgnake DNS the mostcomputatiorally expensive method
amongthethreedue to the higltomputationafrequencyand amount of meshés each
cdculationy LES with a spatial filter wilkolve theeddiesgreater than the grid scaleth
the LES governing equatiorMeanwhile, the tolerance on mesh size and time steps is
highercompared with DNS sina#ie smalkscale turbulent motiooan becalculated based
on subgrid scale modeldHere thaurbulencewith a greater size above the filter dominates

theenegy movementhat is highly relatedo the hydraulicconditiors. On the other hand,

24



the existence oéddies that are below the filterwidespreadand controlledby viscosity
(J. C. Bennetser2000. TheRANS modelsan only resolve the timaveraged part dhe
turbulentstructureand modelled theerturbationpart of the flow as there will always be
more unknows in Reynold stress terms than equations available, so it has a closure problem
which can be solved by additional terms in many RANS turbulence nmayetlethods
(ANSYS, 2010). For thsthesis, LES is selectexs it carpresent more detailed eddiésn
RANS, and it is not asomputation demanding &NS. From a broader perspectivesS
has the benefits of providing the modelling dafaeddies specifally, in terms of its
transient behaviousrnd 3-D spatial variation Thesedataof eddies will notbe obvious to
capturefrom the previousturbulentmodels including RANS.In comparison withthe
statisttal model, LEScanexhibit the development afurbulence along wittime (J. C.

Bennetsen2000.

2.1.2 LES Governing Equations

LES governing equation is derivday filtering the NavietStdkes equatios:

rrrre Eq.4

o To T q
r'6 t*ew 117,196 Eq.5
T 0O Tw Tw T

where Equation4 represents the conservation of siasd Equation 5Srepresents the
conservation of moméanm within the control volumeHere, u is thdlow velocity, x

indicates the locations and t indicates the timis, theconstant density of the flusg p is
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the pressurand’ is thedynamicviscosity, Equatiors 4 and5 arepresented in the suffix
notation and orj = 1in this notation correspals to thewdirection,i orj = 2 corresponds

to thew-direction, and or j = 3to thed-direction.

Thedifferent termsn the NavierStokes equatiarespectively represent— for

v e | o qatetolyvargtionwith respect to time represents the convection term

whenitisr el at ed t o t he orfabvectioh gins whetasnmedafedbtotkat i o n

other variables such ake volume fraction, kinetic energy within the flow— is the

pressure gradient tefrand’ — standdor the molecular diffusion in the flow.

In LES, © filter any parametegsy it is decomposed into two parts, one is above the

grid scalewhich will be solved with the LES governing equatiééa:the second part is
below the grid scale or as known as the-gtt scaleg(SGS) which will be modelled with
numerical models associated with the LE&& The reason that filter sie) is determined

as the mesh size Imsed on théllowing equan:

> O " Eq.6

wherew is the cell volume. Sincthe meshes are cubéhe filter size equals the grid

length in any directionAs a result:
%0 %o %ee Eq'7
Similarly, for thevelocity, u and pressure, p:
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n 70 nee Eq.9

Staring with the continuity equationthe first assumption made ithe filter being

homogeneous which means fifdéter and derivativeeommut®, therefore

roore ot Eq.10
T o Tw To Tw
Similarly for the momentum equation:
7me T1%6 T . To0 Eq.11
T O Tw Tw Tw
Same as:
1’6 1%6 1A 130 Eq.12
T o Tw Ta Tw
To solve , 0 is an unknownOn theother handd can be used as the substitution to

solve the equation instead, theref&guation 1Zecomes:

T 76 1 "00 1 1o T706 1 700

To T o Tw

=t

Eq.13

o
8‘
e

The last term irEquation13 canalsobe writtenwith the subgrid scale turbulent shear

stresst

t "50 00 Eq.14



And Equation 13ecomes:

1o Tt Eq.15

which is thefinal momentum equation f&ES.

2.1.3 Sub-grid ScaleModels
The SGSturbulent shear stressrm inEquation 15needso bemodelled also known as
the SGSmodels.The models will target thenovement ofeddies thatare not resolved
within the pre-defined mesh during the simulation procgSempared to the eddies with
greater sizes, th&GS eddiesare furtherhomogeneousnd sensitive to th@hysical
fluctuaton, whichallows the potential of modets articipateextra deta# of the flow in
addition tothe portion above the filter sizeGenerally, theSGS models mainly wil
represeneddy viscosity' differently and withthe strain rate’Y , as a function ofreater
than filter size eddied;  will be computedJ. C. Bennetser2000.

The SGSmodelapplied for the project ithe k-equationmodel] initially proposed
by Yoshizawa and Hauti (1985) Firstly, the turbulent shear e8s is definetdy the SGS

turbulence model
t ¢ v Proy Eq.16
o
whergl is the Kronecker delta af¥ is the strain ratejefined as:

~ P10 10 Eq.17
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The eddy viscosity of the SGS motion is constructed based on-¢a@adtion model

(Yoshizawa and Horiuti, 1985):
‘ "G Q Eq.18
whered 18t win the model[Q s the turbulent kinetic energy in the sgid scale,

ands-is the filter size of the SGS model, represented as the size of the med. Tise

calculated with its transport equation:

~ ~

"Q "0Q Q — ."Q Eq.19
=2 T2 o 2y w g g
T O Tw Tw 3
where kinetic viscosity is represented’hy =~ —, and0 is a constant

2.1.4 Volume of Fluid Method(VOF)

To determine the boundary between water and air, interBoararadapts the Volume of
Fluid method(VOF) proposed by Hirt and Nichols (1981). The assumption made is that
the velocity for waterd ) and air ¢ are not separated and they are bothesgnted in

the same velocity field:

6 6 6 Eq. 20

VOF introduces a key parameter for phaseto represent the phase volume fraction for
every cell in the computational domain.

The| can be water volume fractiot, or air volume fraction®d and their relation is:
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| Eq.21

Therefore| p indicates the cell has water orand| mindicates the cell has air
only. For the interface, surge front, anddepth where air entrainment is expected, the

water volume fraction i < U, < 1.

0.2 0.02 0

1.0 0.8 \0.1

1.0 1.0 %

Figurell. Water volume fraction ( ) example during the interface capg where blue

color is under the water and white color is in the air, using VOF.

Fluid properties in this method are estimated using the fractional fluid volume in
each cell. Fothe current simulation for phase air and water, based on water and air

volume fractions, and , combined phase density and viscosity are:
el N e Eq.22

where” and‘ are the overall density and dynamic viscosity, respectiwlith the

transport equation of , the interface and air entrainment patterns can be determined:

m_ro 1. Eq.23
o To To o | n q
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The third term is an artificial compression term intended to sharpen the interface (Cifani et

al.,, 2016)6 represents the relative velocity for water and air is calculated as:

6 5 DT Eq.24
Q sTw

whered is a model constant for compression strength, and set to 1.

2.2 Numerical Solutions

2.2.1 DiscretizationSchemes

The numerical schemes are assigned inftBehemesle for various derivativesn the
relative governing equations. Numerical schemesaaseries ofalgorithmsfor solving
partial differential equations with respect to time and sdadéefvSchemeshe schemes
are selected for the derivative terms and discretized deyeon the numerical schemes.
As a result, differenschemes can obtain different accuraag stability level.

For the time derivative term@ 7 §) Euler scheme is assigneficcording to the
OpenFOAM User Guide v2012, is applicable for transient problemincluding the

simulaeddambreak wave in this thesigVith the following discregation:

T oo o Eq.25
T o 30

where%ois a field variablen+1 is the next time stepndn is the current time step.
It is a firstorder implicittime-marching scheme. Other methods include explicit

and semtimplicit methods. When the time derivative term is discretizbd,explicit
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methodis used to calculatihe next time stemé1) variables with the current time ste) (

values suclhat:

T o
discretized and transferred to
6 6 36006 Eq.27

And implicit method willcalculate the variables in terms of the next time atep

0 6 30Q6 Eq.28

Semtimplicit is between these two methods which adapted both current and future time
steps variables. Comparéegtween explicit and implicit metheda larger time step is

preferred for steady simulati@o that a steady state can be achieved faster. For implicit
method, the limit on time step is little compared to that of explicit which could benefit the
processd become steadySince theexplicit methods conditionally stable i t 6 s neces
to maintain the stability condition, Lev§ourant numberThe maimum Levy-Courant

number is set to one in the simulatidxso, in the case when the simulation needbdo

"time accurate” for unsteady case and "local refinement” is applied, itis common to observe

the implicit method as the standard binlfor CFD software rather than explicit method;

even with explicit method's time step becomes smaller which couid faé stability
demand but that doesndt n(lezigesesah 2G02)Asfopr ovi d-

presensimulations, the interest is placed on the fully developed surge wave which can be
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further converted to a quasieady problem. With thenplementation of implicit related
schemes, it will allow for larger time stepnd reach the quasteady state faster. The
shorter process can reduce the computational time cost as well. Meanwbik,
refinement is applied along the surge front passagncrease the resolution and accuracy
of theanalysis. Therefore, implicit schemes are preferred for the performed simulations.
For the divergencechemes, they are applied over the advection and convection

terms in the momentum equationQ2 and| transport equationsThe spatial

discretization of the convection ternssperformed using different schemes based on the
sensitivity of the term in the computatiofhe flux of subgrid scale turbulent kinetic
energy,Q ,appearing the conveonh term inEquation 19s performed using a firsirder
upwind biased interpolatiotlpwind scheme will estimate the face values as the upstream
values depend on the flow directidn the finitevolume method, with the face values, the
values at nextime step are determineWith fine enough mesh size, accuracy level can
also be satisfied to compensate the numerical sidfuFerzigeret al., 2002) However,

the convection term in thmomentum equation requirasigherorder approximation and,
therdore, an upwind biased central differencing is seledtad.a combination of central
differencing and upwind where the face vals@stimatedas the average of two points
upwind (OpenFOAM User Guide v2012As for thel  term associated with the rélae
velocity, the secondrder linear interpolation (central differencing) is adapted.the
other hand, for the flux of phase, , in Equation 23 the van Leer Total Variation

Diminishing (TVD) method is selecte@VD schemes have the advantages ay@vind
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which can provide a stable simulation but lower accuracy order and high order central
differencing which tends to generate undesirable oscillations. TVD schemes limit the
wiggling and maintain the monotonic behaviour of flow and provide a higheramc

order meanwhiléKarimpour & Chu, 201p

_____________________

Figurel12. lllustration of the finite volume method nodes for TVD schemes.

For the flow identified ifFigure 12, the schemes can be generalized to one equation

to determine the face valui:

% %o 0w Do %o P 0w Th O Bo Eq.29
The DWEF in the equatiors known as Downward Weight Factdiherefore, for the case
of the upwind schemeD®™O mto achieve%o %o ; for the case ofthe central

differencing scheméD w 'O -to achieve % - % %o . And for linear upwind

differencing,DWF is defined as

%0 %o
o1 o A Eq. 30
060 ¢ %o %0

Then
%o %o g %o %o Eq 31

DWF can be rewvritten as a function of r, where:
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[ Ko %o Eq.32

%o %o
Since acillatoryfree is equivalent to monotonic flow, and from tbguation 32r needs
to be greater than zerm termsof Total Variation (TV), when TV does not increase with
time, the oscillatory is managed as w&arimpour & Chu, 2015).

The applied vaheerTVD scheme is seconorder accurate and is bounded asd it
accuracy can drop to as low as first order in regions with discontinuity. As demonstrated
in Figure 2 starting from its initial condition, the moving surge wave exhibits discontinuity
in phag at the surge front and it requires a TVD (or an alternative) scheme to ensure
numerical stabilityKarimpour & Chu, 2015)its DWF function is defined as:

P
I

opo L Eq.33
P

—1o|(~1o

The van Leer TVDcan ideally reduce sudden changesl provide a flat transition

(Tryggvason, 2017)

2.2.2 InterFoam Solver and PIMPLE

Sincel am interesed in the two phases: air and water of the positive surge wave, a
multiphase solve should be selectewithin OpenFOAM InterFoam is one of the
multiphase solverspecifically designed famwo fluids that are immiscible. Mawhile, it

is suitable foincompressible, transient flow and it supports the turbulent modelling and
finite volume methodGreenshields, 20)5lt is using the PIMPLE algorithm to solve the

NavierStokes equations for velocity pressure decoupling and is a combinatiaro of
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different algorithms: one ibased orSemiimplicit time integrationfor Pressurd.inked

Equations (SIMPLE) and the second is Pressure Implicit Splitting Operator (PISO).
SIMPLE, PISO and PIMPLE are commonly applied in OpenFOAM and they are

working in thesimilar way called "predictecorrector".The goal is tasolve for thenext

time instanced , which isthe current time instanag plus the time stem0. For

PI MPLE al gorithm, start wininftiial gubssopfegsure di ct o

and according to the pressure, perform discretization onntieenentum equatiorio

determine the corresponding velocifyh e nex't step wifromthbe t he

velocity, build andperform discretizationn the pressure equation to determineuaated

pressureWith theupdated pressure, firttie newvelocity with the momentum equation.

When the results are converged, the new fieldsailatedor 6 . Otherwise, the loop

will restartsincet h e A p rstepduntititiseanvergedYe et al., 2020)

2.3  Numerical Flow Framework

2.3.1 Surge Wave Froude Numbes, »y

As shown inFigure 13, the wave will move with a speed, also known as the positive surge
celerity,y the water level downstream'@s; the water level behind the surge front is

annotated ag ; downstream water velocityy ; velocity behind the surge fron .
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Figure13. Analogy method of transferring the transient positive surge waves te quasi
steady st hydraulic jump assuming the observer is moving together with the surge
front at a celerity ofa Positive surge waves can be generated with (a) suddenly closure

of the gate; (b) opening of the gate, also known as theldaak wave.

Therefore, for cas@) in Figurel3(a), surge wave Froude numbers can be defined

as the following in the quasteady state:
0 @ — Eq.35

This definitionis analogouswith convective Froude number defined by Karimpour and
Chu (2016, 2019) based on the velocity difference across the mixing Sayelarly, for

the dam break waves that are simulated:

37



0 — Eq.36
‘m

"0 —_Y Eq.37
‘m

As noted by Chanson (2004), the positive surge waves are typically characterized by the

surge wave Froude numberthéfront,”@ . SinceY  1ta fi, for the dambreak wave:

(4]

2.3.2 Method of Characteristics (MOC)

The flow conditions of the positive surge waves can be predicéesgd on an analytical
solution known as Method of Characteristics (MOC). Fididrehows how three points of
interest are repsented in the plot of time and x locations, which are the negative surge
wave point, behind surge wave point and a surge front.fimn$ the reservoir depth and
o is the negative surge celerity.

According to Chanson (2004), by solving the systenoatiauity, momentum
and MOC equations the unknown variabl&s; Gand’Q can be solved by knowir@
andQ .

Continuity equation:
QoY QoY Eq.39

Momentum equation:
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26 967v Pm Pwm Eq.40
C C
Forward characteristics:
Y o ¢m ¢ M Eq.41
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Figurel4. lllustration of the MOC for positive surge waves, m is tl
slope of thecharacteristics line.

Also the following semianalytical equations were proposed by Chanson (2004):

H @ Eq.42

8

Q Q
il Eq.43
a T o p wq),ac P
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Eq.44

ToULT O® Q LIJ%
8

e
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2.3.3 Computational Domainand Flow Conditiors

Periodic boundary condition (back)

_/I '/'

(@)

Periodic boundary condition (front)

_______ Water gate, at x = 0 m : Area of refinement (AR)

——————— Initial water depth

y 4
L:x Ly Lya

Figure15. Sketch of the computational domain. (a) 3D view of the initial reservoir; (b)

front view ofthe surge wave.
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Figure 15 shows the 3D view of the computational domain and 2D front view of a
positive surge waveAR1 covers the passagé the surge waveotha the detail behind
and at the surge front increas&¥§ith one level of refinement in ARlhe resolved
percentage of Turbulent Kinetic Enerdid not meet the 80% threshab@ar the todor
high quality simulationThe detailis provided in the later sectiofherefore, an additional
level of refinement is incorporatettarthe toe, labelled a&R2 to provide sufficient fine
meshand reach the 80% threst. 0 is the height of the domain, is the length before
the gated the length after the gatandT is the thickness of the domain.

Lengand Chanson (2017) and Zheng et al. (2018) have reported undular waves at
surgewave Froude numbers up ferga 1 ThiS project, thereforegovess surge Froude

numberdeyond this rangas it ainsto investigate the turbulent properties across the surge

breakingfront. For all the modelled case®, pm,0 p&m,&d M o an/s

ID dl dﬂ c dz ARI1 dx1 AR2 de .FT_.; T
(m) (m) (m/s) (m) (m?) (m) (m?) (m) (m)
1 0.3 1.0 293 0.596 22%0.7 0.005 6.95%0.1  0.0025 1.71 40Ax
2-1 0.2 1.0 2.98 0.513 22*0.6 0.005 7.30*%0.1  0.0025 2.13 10Ax
2-2 0.2 1.0 2.98 0.513 22*0.6 0.005 7.30*%0.1  0.0025 2.13 20Ax
2-3 0.2 1.0 2.98 0.513 22*%0.6 0.005 7.30*%0.1  0.0025 2.13 40Ax
3 0.15 1.0 3.02 0.461 22*0.56 0.005 7.01*%0.1  0.0025 2.49 40Ax

Tablel. Flow conditions of the modelled positive surge flows and mesh information.
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The flow variables in Tablgéwere selectedased on th®lethod of Characteristics

described in the previous sectidfrom Equatiord4, predefined— will determine the

expeced"@ of a surge wavéo be in the range of breaking wave. Therefarean be
calculatedand thed ®z060 o* 0, where t is themoving time of the surgeThe
computational domain length design will ensure that the wave will not be reflected at the
end wall, and the depth of tlipstream reservoir will not be reduc&ll.is calculated with

Equation43, and’Y is catulated with EquatioB9.

2.3.4 Boundary Conditions

The computational domain is surrounded by three rigid wal®re smooth boundary
conditions are appliedior the left, right and bottom patchasd withthetop patch open to
the atmospherel herefore, for the velocity, U, relip boundary conditions are assigned
for the walls; for thesubgrid scale TKEQ , and eddy viscosity, , wall functions are
assigned for the walls.

The front and back patches aget toperiodic boundary contions. In order to
achieve fullydeveloped turbulent flow across a breaking surge wtvs, study has
implemented periodic boundary condition in the spanwig@ection. This technique is
used in operthannel flow such as the work d&€im et al. (1987) adin other flow types
Munters et al. (2016p prodwce a fully developed turbulent flow, where the perturbations
are fed back into the domaihhe size of the periodic domain widtty, however, should

be selectedo thatit is several times largaghan the largest scale in the domain (Munters
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et al., 2016). The turbulent scale, however, is natietl for breaking waves. Therefore, in
order to fully capture all turbulent scales, including large sctiissstudyhasimplemented
multiple domain widh sizes;Y and have assessed the role of domain width on thelgro

of spanwise turbulent fluctuations.

2.3.5 Computational Resources

The modelling of positive surge waves starts with the investigation of 2D cases. The 2D
cases are different from the 3D cabgsetting the number of grids ¢rdirection as 1 and

the front and back patches are empty in the OpenFOAM, during the mesh generation. The

2D studyis conducted by connecting to the computers on campus. The desktop computer

has better performance intes of computational speed. Also, it habdlVIDIA Quadro

p400 graphic card which allows for the visualization and-postessing of results without
transferring the data from the saved location. The desktop is equipped with Intel -Core 9
10900K CPU @ 3.MBHz, 10 Cores, and 64GB physical memory #rekcorresponding
computational time for a 2D case with local refinemiertb be completedni about one

month. Besides the hardware perspective, to further increase the computational speed,
Apar al | el technmqoedseappsied. Tlyeddea of parallel processing is to make use

of multiple processors instead of onlytieg) a single processor perform a serial processing

(Afzal et al., 20%) . Il n OpenFOAM, the parall el proc
decompositond0 and message passing interface ( Ml
that the domain is decomposed into several subdomains with each of them is taken care of

by a processor. For a particular time instance, instead of putting all the pressure on one
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proaessor to solve the whole domain, each processor only solves a portion of the domain.
Processors amourig determinedased on trial and error of a test case. The simulation is
selected to be short and the number of processors that has the shortesttimpléte is
selected After reconstructing the decomposed data, the data for the overall domain is
obtained. MPI is common to use for parallel computing and computers with excellent
performance. The information is transferred from a subdomain to the adgee (Afzal

et al., 20%). With the parallel processing implemented, the computational time for the 2D
cases is reduced to half.

The computational domain is decomposed into 12 subdomains and the method
selected will arrange subdomains horizontally. Tirayaof subdomains is similar to the
sketch shown in Figur#s, where each of them has the same amount of meshes. Therefore,
each processor will finish the calculation for the time step with a similar time to avoid the
waste of resources by waiting for ethprocess@ to complete. The reason that 12
subdomains are distributed horizontally only but not divided in the y or z direction is to
lower the communication load wittewergr i ds a't subdomai nsdé int
increase the efficiency of parallel processifige communicatiomns necessary to maintain
coherence of the overall simulati@ieough, 2014)

As moving on to the 3D simulations, the maximum number of gridseinldmain
guadrupled. Therefore, the computational time increased significantly as well. A solution
that can provide aubstatial improvement of computing capacity is needed. Compute

Canada which includes different clusters across Canada providegpdrighmance
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computing (HPC). As shown in Table 2, even with thettepHPC, and optimal number
of processors and physical memory selected, the computational time will still be about a
month for everyY 1 Bmwcase. Besides the cases that are presentedtemehave been
many trial simulations and meanwhile the abandoned cases that were not properly
simulated. Thus, with such exceedingly long computational time and numerous data points
for postprocessing, eventually the cases that can represent threengreakge Froude

numbers are exhibited in the thesis.

1 2 3 4 5 6 7 8 9 10 11 12

Figure16. Demonstration of subdomains in parallel processing.

Case D | Numberof | @ essor'stype | vicmory | Simulation
processors ¥ per CPU duration

Intel E5-2683 v4

1 12 Broadwell @ 2.1 10 GB 33d
Ghz
Intel E5-2683 v4
2-1 12 Broadwell @ 2.1 10 GB 12d

Ghz

Intel E5-2683 v4
2-2 12 Broadwell @ 2.1 10 GB 18d
Ghz

Intel E5-2683 v4
2-3 12 Broadwell @ 2.1 10 GB 29d
Ghz

Intel E5-2683 v4
3 12 Broadwell @ 2.1 10 GB 32d
Ghz

Table2. Computational resources and durafionthe simulated cases.
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Chapter 3
Resul tDs s@amud sS1 on

After the completion ofhesimulation produced by OpenFOAM, results can be visualized

and posfprocessed using ParaVielhe simulationsvere used to calculate the values of
variables such as velocity, phapegssure, eddyiscosity, andhe subgrid scale turbulent

kinetic energy The primary objecive is to correlate the turbulent stture statistics and

air entrainment patterrier the surge fronat different surge Froude numbesng with

the investigation 08D spanwise size argtid resolution regards LES turbulent modelling.
Beyond Parhaoviseewo, MATNWLAB codes -waterieterfate vel op
identification and ensemble averaging of this transient phenomenonchidpser starts

with thegenerabehaviourf thecomputel surge wavesndthenanalysis otheturbulent

kinetic energy (TKE), water depth perturbations, air entrainment profiekcity

perturbations quadrant analysis dimally the turbulentvortices

3.1 Phase and Velocity Contours

To demonstrate thappearance of a propagating surge wdivstly, the water volume
fraction, ,is plottedin time. The process of thevater being released from the gated
becomng a fully developedtateof wavecan be observed as weMloreover, the variation
of thesurface profiles and air entrainment properties with respect tetagean important
role inthe analysisBased on the simulated resulise surge front andurroundinghave
the strongesand chaotidurbulent structuraccompared with abundant air entrainment
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Meanwhile,atd ¢ s the wave front is not fully developed and therefdejeloping
stageof the surge wavesan notrepresenthe characteristics of the g@ waveproperly,
as shown in Figur&7(d).

Therefore the results a plotted by focusing on ¢hsurge front area aradtero
T s corresponding to thetage of a developed surge waseshown in Figusel7(a), (b)
and(c) for"@ of 1.71, 2.13 and 2.49, respectively.

As demonstrated in Figurk?, three time instats are selectedd t8tt&hugrs,
of the positive surge waves move from upstream to downstream (left to right) and intruding
into the downstream still water with a celerify,The surge wave height maintains nearly
constant as the wave moving.

Solid blue colour represents the pure water such as at the undisturbed downstream;
whitish colour represents aeration zoRestly, & waves move forward, air bubbles are
generated near the surge front, with numerous small air bubbles trailing behind the surge.
Since the'® are in the range of breaking surge waviess expected to observe a
significant amount of air entrainment.

Secondly, discontinuity over depth is observed which starts from the surge toe.
Typically, the free surface at the surge frttending outward. These observations agree
with the laboratory work bysualtieri & Chanson (2012) for breaking waves by probing
data collection approach. The red bme Figures 17(a) (b) and (c)aredeveloped based on
the celerity calculated from the MOGr three& Omentioned in sectio.3.2 The surge

front ds position predicted by the MOC
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Therefore, the impact of friction is negligible and MOC celerity can properly
estimate the relative position of tearge frontThus the theoreticabis utilized during
finding the ensemble average which will be provided with more details in the next section.

Streamwise velocityg, dominates the movement of the wave and it has a greater
magnitude relative to -girection velocity,b and zdirection velocity,b . Therefore6
contours are plotted as shown in Figa& With the contour filter applied during pest
processing the velocity data in ParaView, isolings of m@ are added above tlgefield.

They are sbwn as dark grey lines in Figui8. Isolines of T® represents the surface
profiles of the surge waves.

The strongesb is observed near the toe in common for different times@nend
diminishing as the surge front has passed. The rangatfd p& ds between0.7
and 6.1 m/s, a0 ¢® ds between0.97 and 5.52 m/sand@ ¢& ds between
3.01 and 5.94 m/s

Meanwhile, in the vertical direction, there is also a velocity discontinuity,
especially behind the surge front.rrexample, in Figurd8@) atd v s, near the surge
front surface, the flow velocity can reach as high as 3.8 m/s but decrease sharply to about
0.5 m/s next to the bed behind the surge. Wittotfields that are shared by the water and
air, negatived are observed mostly in the air zone. Some exceptions have negatider
the surge wave. Such as the enlarged view in Fig8f@) for@ p& mtd uvs, as
well as in Figurel8(b) for' @ ¢&® a@td 1 s also locates under the surge wave, twhic
exhibits blue color as negative
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Figurel7. Propagating surge wave where is water volume fraction, toward
downstream with time, @ 18t t® andu8ts, for'@ of (a)p& p(b)¢P g(c)¢8 w
Red lineoutlines the free surface based on ¢ from M@shows initial stage a@

g8 w

This phenomenon is also reported@®yaltieri & Chanson (2011) which is captured
by the probe with a momentary period. Such rapid diregtfanging behaviour can be
exd ained as Afl ow separationo under the tr a
The streamwise velocity relative to the theoretical velocity behind the 1Fge,
is plotted in Figurel9for'@ ¢® a'Y is calculated based on the MOC mentioned in
section 2.3.2. From thelqis, theoretical velocity behind the surQ¢, has an obvious
difference with the actual velocity behind the surge in the simulation. At the area closer to
the surge front, the difference is greater. At a distance further upstream from the surge
front, the difference between two velocities is smaller. Besides, the flow is not uniform so
a constant velocit}¥ can not represent the actual flow. Therefore, from this comparison,
3D numerical modelling of the positive surge wave has a great advantage edtoptre

1D analytical methods, such as MOC.
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Figurel19. Plot of the velocity field relative to theoretical velocity behind the surge

(6TY), atd 1811, andudts, for'd ¢ o

3.2 Q-criterion Analysis and Relation to Production
Due to the complexity of the flow, with multipiestability inducing mechanisms, the plot
of vorticity alone does not shed light on the vortical circulations, also reported by Lubin
and Glockner (2015). Instead;c@terion is used to visualize the formation, rolling, and
merging of the coherent struces.

This criterion was introduced by Hunt et al. (1988) and it is defined in terms of the
instantaneous velocity gradients.
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0 P mm Eq.45

C

where represents the rotational vortices, S repressragrelated movement.

Eq.46

Val o)
=
=l
=
=l

Eq.47

i
Val o)
=
=l
=
=l

Positive value for €riterion identifies rotatiosdominated regions of the flow, or vortices.
Similarly, negative values asssociated with straining regions of the flow. Figa@ 21

and 2 arethe plos of Q-criterion and Q isesurface (at Q=2000) in thie eplane ford

P& PC® cand¢d dfor 'Y T BW. The instantaneous plots of Q contours, stbe
accumulation of @rtices adjacent to the toe and behiinel breaking surge front. Vortices

are generated by two instability mechanisms outlieadier and are advected behind the
surge Therefore,concentrated vortices are observed near the toe where shear instability
hapens and right behind the breaking surge front where phase discontinuity exists.

As seen in Figure@ both from instantaneous contour plots and isosurfaces, the
vorticity formation is constrained to the vicinity of the toe and surge front. ABrithade
number increases, the-@iterion contours, as should in Figurelsghd 2, progressively
spreads further in depth. This is evident frf@n p& @o 2.13 and to 2.49. Furthermore,
as explained in the literature review, Chapter 1, a shear lapegisated at the toe and
forms and spreads behind the toe. Theri@rion profiles in Figures®and 2 shows the

spread of vorticity with moving thgz cross section further upstream.
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3.3 Shifting and EnsembleAverage

As surge waves amovingand varying with time towarddownstream, it is a challenge

to obtain the average results of the wave. Since it is importaiéteErmine the general

behaviour of the moving surge, a shiftingahanism is applied in the data analy3ike

surge from moves witha celerity that is approximated with the Method of Characteristics

(MOC). The ensembles, therefore, have a spacedag,moving with surge wave celerity,

@ The results are obtained by using 100 ensembles betweanand 6 s when the

turbulent at the wave front is fully developed. To capture this transient natwmeted

rectangular domain spanning fram o um tow o wn is selected at 1 s. The

domain boundaries in thedirectionmove with the surge wave celerity @festimated

from MOC. In cases where the shifted boundaries do not overlap with the grid alignment,

a weighted algorithm is applied. The weight factors are determined based on the distance

to the two adjacent grid pus. This is demonstrated iigure26for 6 18t is and'Q

¢ gwhere the celerity i® ¢ Y omv's.Two factors in the example are calculated as:
wforo ocdTmw @ TN

T W TP T wpl v

ma e PP
wforo ocdPpun,w 0@ un:
T T WP LT T @ @ o U

W T™TO
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t=4.05s:
xy = 35m+cx*(t—4.00s)= 35149175 m
X, =x1+ 4m= 39.149175m

x; = 35.145m <
x; = 35.149175m

x; = 35.15m
x; = 35.145m x; = 39.145m x; = 35.15m x, = 39.15m
W = 0.165 l W = 0.835
x; = 35.149175m X, = 39.149175m
0.835 0.165
0.145m 0.149175m 0.15m

Figure26. lllustration of the weighted algorithm at t = 4.05 s for ¢ = 2.9835 m/s and
uni form grid of @x = 0.005 m. Thewboundar:
o uw andw o wn att=4.00 s. The weighted factors, W, are calculated based on the

vicinity of the shifted domain to the nearest grid point.
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3.4 Subgrid Scale Resolution

Energy cascadeappensluring theLES modellingwhere turbulent kinetic enerdy KE)
dissipats in the descendingorder of scales. At the tiny sales, where SGSiscosity
controls thedissipation stopand TKE becomesnternal energyLi et al.,2020) One of

the primary functions of a LES model is to dissipate the energy from the resolved scales at
an apropriate rateln the Smagorinsky model, the SGS viscosity is directly proportional

to the strain ratéSmagorinsky, 1963):
‘ ” 6 3‘_ c"Y“Y 7 Eq.48

where’ is SGS viscosity) is Smagorinsky constar@nd"Y is strain rate Therefore,

the model performpoorly in sheadriven flows, where the strain rat¥, is large due to

the initial condition. In neawall on the other hand, the majority of the energy containing
eddes are smaller than the filter size, which leads again to poor performance of the model.
A similar limitation close to the boundary, where the subgrid scale viscosigggminates.

As a result/Qequation model is selected instead of $meagorinsky model.

In order to justify the mesh size that is applied in the simulation to be effactive
lead to highquality results;the percentage of TKE that is solvéd, is defined and
presented in the domaiihe selection of filter sizes a aitical issuearound LES, and it
should be able to resolve the majoonfylarge scale energygontaining eddies?ope (2001)
provided a popular approach to evaluate the LES simulatiatity, who suggested that

the resolved TKE, denoted ) was eyected to be greater than 8@¥4otal TKEin a
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high quality simulationMatheou and Chun@014),on the other handuggestethe ratio
to be more than 90%

The equation t@alculatethe percentage of resolved turbulent kinetic enei@y,

o S — Eqg.49

Subgrid scale TKEQ , is modelled with Equatioh9, which is a direct output from the
simulation sincéRequationSGSmodel is usedQ also known as the energy in larger

than scaleurbulenceand is defined as

o Pss o 0U Eq.50
q
whereoq 0§ andl Gare the resolved perturbation components in x, y, adulextions,

respectively. Furthermoré,6 ,0 0, andd 0 are the normal stresses in the Reynolds

stress tensor:

56 80 00
Y 706 00 00
06 00 00

Eq.51

The free surface is also delineatad T® based on the VOF method. Splash and
separation are not accounted for, in delineating the free surface shown in-iguiéack.
Firstly, thesimulation was performed with refinement over AR1 in Figlbdor "Q

p& and 2.13Thetime andz averaged) fields areshown inFigure27with h normalized

by surge wave heigh® and & @ &fQ is thex coordinates shifted th Tts and with

gate location as the orignormalizedby downstream water depiq,.
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Figure27.Q at’0 of (a)p& p(b)¢® awithout toe refinement of AR2.

As shown in Figur@7, for both Froude number®)  p& pand¢® galarge area
of red presents near the toe. According to the scaléQth80% threshold is indicated as
white colaur, smaller thar80% is indicated as red caoandgreater tha®0% is indicated
as blue colar. Therefore, the surge toe area is not resbhwell compared to the rest of
the domain. A second level refinement is applied near the toe, AR2 in Rfgunéich
has the h covef® 1@t um. The second level refinement results are presented in Bigure
28, 29 and ®. Figures 28(a), 29a) and 8(a) show larger than scale TKE) , for"@
P& pcP @andc8 wrespectively. Higher values in these plots are observed around the
surge front in both air and water, but it also spreads in depth and extends between surge

heel and toeFurthermore™@ peaks in the vicinity of the surge toe fitree Froude
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numbes. Existing laboratory experiment&dch and Chansor2009; Leng and Chanson,

2016 have also shown a sharp rise in the normal Reynolds strésseandb U as
components of KE, near the todrigures28(b), 29b) and30(b), on the other hanthose
arethe plos of instantaneous subgrid scale TKE, , the darker colars are concentrated
around the toe and around the surge front. Due to highemround the toe, thetio of
resolved to total TKE is at the lowest value of about 86% in this area. However, this ratio
remains above the recommended value for [[B$pe, 2001)

In the surgethe ratio ofQ remains consistently above 90%his indicates that the
LES model resolves mostly 90% of the TKE. This ivi@ved by designingvo areas of
refinement, in the surge propagation area (AR1) and further refinement across the toe
(AR2), where shear layer is formedlthough the overall TKE is small and mainly
concentates near the surge toevelocity gradient at the surge tmeone of the primary
reasons causes the instability.

Therefore,t is important to refinghe mesh around this particular area in order to
fully understand the turbulent characteristics of h.fThe’Q transport equation does
not treat the neawall nor the neakvall region is refined to resolve the very small scales.
Therefore, this arehas very lowQ. However, as shown in the later sections, the lower
envelope of mixing in the baking surge is not affected by the neall region,and
therefore, thiddoes not impact the development of turbulent structures in the vicinity of

surge front.
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Figure28. Plots of (a) time and-averagedQ ; (b)'Q atd t1& sandd T8 qn;
(c) time and zaveragedQ with 80% as the threshold for case#1 vifih  p& pWater

surface is shown as the black line. Yellow box outlines AR2.
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Water surface is shown as the black line. Yellow box outlines AR2.
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3.5 Water Depth Perturbations

Figures32(a), 3(a) and &(a) show the instantaneous water surface profiles, all shown in
grey, and the averaged water surface prdfilblue. Both are normalizedvith respect to
surge wave heighf? , obtained fom MOC.Since the averaged water depth changes in the

x-direction, this spatiallyaried averaged water depth is used for normalization.

Water surface perturbation is defined 8 "Q "Q The magnitude of the

normalizedQé&as the expression &0 TQ. In terms of the root mean square (rnvehich

is defined as:

P Eq.52
E

where nis the amount of data poswvhich will be 100since there are 100 time instances
included in the calculatior) for the magnitude ofvater surface perturbatiomhus
L2 9 Eq.53

Q Q

which is plotted in Figure 32(b), 3(b) and 3(b) for '@ p& PP candcd wThe
normalized water surface perpationpeaks at— m@tipr'@ p& pat0.011for

higher Froude number &  ¢&® g¢gandcanreach 0.22for'@ ¢& w
Leng and Chanso(2016) summarized several experimental works of both surge
waveand hydraulic jump studies about the relation betwne Froude numbéf) , and

the maximum water depth perturbatioigs, . In general’lQ increases withid , and
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maximum water depth perturbatiam present studfollowed the same trenfiom "0
p& poc& wln all threecasesthis peak was observed immediately behind the toe.

Higher moments of perturbation, skewné¥s, and kurtosisy provide deeper
insight into the distribution of perturbation aottimately the physics of the flow. The
skewness is the third moment and kurtosis is thetiomoment of perturbation of
parametelg where%o.can be velocity components, pressure, and water depth, and are

defined as:

v % T % - Eq.54

O %o T %o EQ.55

The skewness reveals information about the asymmetry of the perturbation, while kurtosis
provides information on the flatness of perturbation distribution or their distribution around
mean perturbation value. Skewness for a Gaussian distribution is & @nta positive
skewness means that the perturbation is more likely to take on large positivetihatues
large negativeralues

On the other hand, kurtods a Gaussian distribution is around 3. Perturbation and
measurements leading to kurtosis lowan this value, are mainly clustered around the
mean, where perturbation measurements dominated by intermittent extreme events ha
higher kurtosis.

Around the heel, the depth skewness remaioand0 forthreeFroude numbers as

shown in Figure82(c), 33(c) and 3(c). However, moving from heel towards the toe, the
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skewness starts to rise and reaching as high as 20 for p§& @nd2.5for@d ¢ o
and¢& carondthe toe

This shows the tendency for water surface profile perturbation to experien
extreme positive fluctuations. The water surfacedsis profiles fothreeFroude numbers
exhibit the same behaviour, as shown in Fig@&fd), 33(d), 34(d). In the vicinity of the
heel, kurtosis remains at aboyt®wever, rises to above 3, cloedlte toe. This confirms

that around the toe, flow mainly comprises intermittent extreme water depth perturbations.

20
Safranez (Safranez, 1929)
Einwachter (Einwachter, 1933)
¢  Present work
15 F
\ul L]
2 10 | .
—~J
5 o
@
O L L L L
1.6 1.8 2.0 2.2 24 2.6

Fr

Figure31 Plot of 0OXQ againstQ , where L is the surge length
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The surge leng®0FQ are identified and measured for three Froude numbers in
Figures 32(a), 33(a) and &(a). Two analytical methods to calculate hydraulic jump length

notedby Mundo-Molina andPérez(2019)areplotted together with theurrent simulation

in Figure3l. They ae:

SafraneqSafranez, 1929):

5
— 2 Eq.56
a SLALING)
Einwacher (Einwachter, 1933)
0
o dz "0 p Eq.57

As shownin Figure 31, the general@ vs.07Q trend for present work agrees with the
other two analyticamethods, which is the normalized surge length increases as Froude
number increaseSafraned surge lengthare all greater than the simulation surge lesgth

For Einwactleer, the data points areloserto the current simulatidn,sespecially at®

¢® gtwo data pointsneet at the same location
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3.6 Air Entrainment Profiles and Mixing Cones

Two mechanisms are identified in the literature that contribute to the instability and

development of highly turbulent front in a surge wave. These are thetaevdiffusion

region and the breaking frofakahashi and Ohtsu, 201 The first instability is induced

by the velocity gradient at the surge t&&aiimpour and Chu, 20)9and the second by the

phase discontinuity at the surge front. The formatiahisfbreaking region is independent

of the inflow conditions and idependant on the surge heigRa{aratnam, 197
Figures35(a)(b), 36(a)(b), 37(a)(b) are plots of instantaneous air concentration

distribution The orange lines in these profiles delineate the marginal zero value for eddy

viscosity,’ — 18t T mfs. Along with the water surface profiles, these lines

provide an envelope where the velocity perturbations are contained. In B§{ak86(c)

and 37(c), the averaged air concentration and the upper and lower envelopesw ,

are plotted fof@ p& p¢® @ndc& wThe averaged lower envelope of@mtrainment,

W, is plotted using both eddy viscosity and 1@. Both method yield similar lower
envelopes fothreeFroude numbers. Furthermore, the instantaneous and averaged lower
envelopes demonstrate the proximity of theasHayer to the rigid bednlall cases, this
lower envelope is developed at a depth, where the ingdatte boundary layer is not
present. This is evidentlndicating that lowerQ values for near the boundary region,
shown in Figure 28, 29 and 3, have no effect on the development of the turbulent region

across the surge front, between surge toe and the heel.
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Figure35. Normalized wave surfacé, mixing cone boundary, air mixing cone boundary
plotsof () ab 18ts,¢ T& m;(b)atd T®sS,a TR m; (c) time andraveraged;

(d)| for case#l with® p& p

79



Wave surface profile B
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Figure36. Normalized wave surfacé, mixing cone boundary, air mixing cone boundary
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Figure37. Normalized wave surfacé, mixing coneboundary, air mixing cone boundary
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Instantaneous and averaged upper and lower bousslsyell as the air
concentration contourspdicate the xent of air entrainment grows wifroude number,
which has been previously reported Wuthrich et al (2020). To quantify the air
entrainment across the surge wave, average air concentratjas,defined between the
free-surface profile ato and the lower boundary of mixing cone in the adveetiifision

region denoted b :

T Eq. 58

The peak value for average air concentrationshown in Figuré&6(d), occurs ato ¢ 0
08'Q for'@ ¢&® Gwhich coincideswith the peak of surface perturbation plotted in
Figure33(b). This is supported by the plot© for this Froude number in Figug(a).
The area of high larger than scale perturbation in Fig&(a), intersects with the free
surface right behind the toe, leading to substantial level of air entrainmertheeae.
However, the contour implies that the area with intense resolved TKE deviates from
the freesurface moving upstream away from the. This plot also demonstrates that the
intensity of the resolved TKE reduces behind the toe. Bothgshena combined, lead to
rapid induction of air entrainment close to the toe, and subsequently reduction in air
entrainment, moving further upstream. A similar pattern is observeé@ for p& pand

¢& wlhreg plots for threé@ exhibit similarmaximum which can bettributed to the
similar surge heighof about0.3 mfor the 3 casesAs most of the air entrainment exist
behind the surge frontherefore, cciding areabehind the surge lead to similar plots.
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Chanson(2003) has conducted laboratory experiments to study air entrainment in surge
waves by generating dabreak wave. They have reported very high air concentration ratio
near the toe which agrees with observaitoiine present studpr| .Asshown in Figure

3, for the region near the surge toe whigas0-70 mm Chanson (2003) reportaeak
depthaveragedir entrainment of 0.7ih the experimentAs moving towards upstream,

the depth averaged air entrainment decreaamedwell. This trend ofreducing air
entmainment from toe to upstreanvincides with therend of| for the three Froude
numbers inpresentsimulations.Air concentration| , is also plotted against vertical
coordinate at multiple locations between surge toe and heel in RBguidere,three
instantaneous profiles as well as the averaged profiles are plotted. The air concentration
pattern in depth in shear layer and breakiegion is reported in literature for hydraulic
jumps(Takahahi and Ohtsu,@L7; Wang and Chanson, 201%he airparcelsat the toe

are advected and diffused in the shear layer. The instantaneous profiles often peak at the
depth of theshear layer, forristance fof¥Q 18 cat @ @ &Q o® 1,UFigure
38(c),and¥Q 18 yat 0 OAQ T L TRigure38b), foro T& . While this

trend is not observed at all times, the averaged profiles also seem to peak where the shear
layer forms.The position of this local maximum occurs at slightly higher depththe

profiles move away from the toe, which is consistent witla daported bywang and
Chanson (2015Afterwards| grows with the depth and reachm®eat the free surface.

This demonstrateie importance of the TKE across the shear layer in air entrainment and

air distribution, as observed in Figsr@s(d), 36(d) and37(d).
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3.7 Velocity Perturbation and Quadrant Analysis

To quantify the turbulent structures behind breaking swvgges, the instantaneous
perturbations are extracted and plotted in Fig@&and 4. These plots are produced at

two depths: ato  'Q for points located behind the surge toe and tHosated at the
midpoint of surge heightpy Q 1 Q 'Q . Standard Deviational Ellipses (SDES)
arealso plotted at 99% and 50%. SDEs delineate the spatial characteristics and distribution
of perturbations. The orientation of the SDEs is such iteasemiaxes align with the
eigenvectors of the covariance matrix of the sample. The plotted SDEs approximate the
regions containing 99% and 50% of the perturbations in each perturbation cloud. The

guadrant analysis is one of the most conventional mettmddentify the dominant
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coherent structures in turbulent flgwu and Willmarth, 1973; Rajagopalan and Antonia,
1982) I n order for us to assess the pthieper pe
study has conducted the simulation fo ¢&® ofor three domain sizes &Y
p maf mahandt ®G in cases#2l, 2-2, and 23, respectively. The plotted perturbations
in Figure39in columns 1 to 3, represent the progression of perturbation as et
domainin thedi direction. As seen in the plot 08Y against) Y in"Y p =m®at toe
in Figures39(b1), in this narrow domain tha®Y is dominantovert T'Y. However,
progressively ashe domainwas expandedhe SDEsgot closer in shape to concentric
circles, suggesting comparable magnitude fa€Y and0 TY. From"Y ¢ B®tO
T ®mwthe impact othe domain width becomes negligible as shown in FigB®ds?) and
(b3). The structureof the perturbations becomes invariant to the domain widthl at
T = This width,therefore, is selected to demonstrate the structure of perturbations in this
thesis Figures 3, 24 and 5 contain instantaneous plots ofd@terion in thew eplane. As
evidentthere, the coherent structures are present ibtg@ane. The width of the domain,
“Y 1 B® as shown in all instances for three Froude numbéfs of p& @n Figure 3,
"0 ¢® an Figure Z2and’@ ¢& dn Figure 5 is significantlylarger than the scale
of eddies formed in the éplane. This ensures that domain size does not suppress the
perturbation growth in thé-direction and therefore, fulgeveloped 3D structures are not
suppressed.

The perturbations in th® dplane atd  'Q and’Y 1 @ 0&Y and VEY, are
plotted for'@ p& p¢P @ndcd dn Figuresd40(a) and 4(c), respectively. The 99%
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and 50% confidence SDEs tihreeFroude numbers are inclined towards the second and
the fourth quadrant. In quirants#2 and 4, the product of perturbations in x and y directions,
Oaxe is negative.This consequently leads to a positive production of TKEe w w
perturbation cloud is dominated by sweeps (demonstrated by perturbation in quadrant#4)
and ejectiongquadrant#2jLu and Willmarth, 1973)Similar pattern emerges in different
depthacross the surge height, as plotteddior Q ™ 'Q 'Q in Figure40(c).

On the contrary, thed ¢perturbation cloud, illustrates a different pattfigures
40(b), 40(d) show even distribution of perturbation in all 4 quadrants. All 4 mechanism
of outward interactions (quadrant#l), sweeps (quadrant#2), inward interaction
(quadrant#3), andjectiors (quadrant#4) become equally significant. This indictias
overall product of perturbations in tdeéplane is zero, leading to no turbul@mbduction.
A similar trend appearsdt Q T Q Q ,where the perturbatiorioud foroY
versusU&E'Y leans towards the second and fourth quadr@itse the shear instability is
in thew eplane(the gradient of xcomponent of the velocity idi direction) the vortices in
the vicinity of the toe are expected to have a 2D structure. Similadyingtability caused
by depth discontinuity also occurs in thesplane (phase or depth gradient across the surge
front in thewcomponent) Therefore, turbulence production is only observed inuile
plane but noin thew éplane from the velocitperturbationsThe velocity perturbations in
the g-direction, aare critical for fully cascading turbulent flow and are comparable in size
to the velocity perturbation component in thelirection,bgeas demonstrated in Figsre
40(b) and 9(d).
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Figure39. Velocity perturbation plots normalized By. (a) and (c) aré 'Y vs.0 TY;
(b)yand (d) ar® Y vs.0 TYat®dx Qand Q 1 Q 'Q hrespectively.

Column (1) is for case#2; column (2) for case#2 and column (3) for case#®

87



Surge toe

1:00_1.5

10 15

15,

Surge middle

1.0 15

(©)

13 1.0, 0.

Figure40. Velocity perturbation plots normalized By. (a) and (c) aré 'Y vs.0 TY;
(b)yand (d) ar® Y vs.0 TYat®dx Qand Q 1 Q 'Q hrespectively.

Column (1) is for case#1; column (2) for cas&#nd column (3) for case#3.
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3.8 Turbulence Anisotropy

The perturbation clouds have demonstrated the dominané®afd 0Gin turbulent
production. Plot of €Criterion has helped us visualize and investigate the structure of the
vortices. However, this is a qualitative measure and cannot quantify turbtrigctures.
Reynolds stresgsually can be utilized to quantify the turbulent structurée shear and

normal Reynolds stresses however is dependent on the choice of the coordinate system.
The isotropic stress is to b&Y . The anisotropic tensor is defined based on the Reynolds

Stresses as:

. 00 Eq.59
() —_— —
¢cQ o
.. 00
0 : Eq.60

wherd represents Kronecker delfs TKE. To present the 3D structure of turbulence

in the surge wave, Lumley triangle can be utilized for anisotropic visualization, which is
also known as an Anisotropy Invariant Map (AIM) (Emory and laccarino, 2014).

, _ can be used to calculate

Therefore, the eigenvalues for the: _ , _
invariants. In order to discover the 3D characteristics of turbulence with Lumley triangle,
the following invariant needs to be determined from the eigenvalues (Choi and Lumley,

2001):

00— Eq.61
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006 - L Eq.62
000 Eq.63

’ q
_ 0o Eq.64

(0]

Three sides of the triangle demonstrate 1D (upper corner), 2D isotropic (left corner),
and 3D isotropic flow. Sides demonstrateténege between these dimensional behaviours.
For instance, moving from 1D towards the 3D corner, two components of the perturbation
grow, until all perturbation components reach an equal magnitude. Between 2D isotropic
and 3D isotropic, the8perturbatim grows. This is often demonstrated as a donut shape
vortex, where the"8perturbation component is smaller than other two.

The second anisotropy analysis presented here is barycentric map. It is also

developed as a function of eigenvalues.

®w 6 ) P Eqg.65
C
Vio
C
where
ol _ Eq.67
6 o_ P Eq68
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The advantage of a barycentric map, is that equal visual representation is given to all
limiting states.

This studyhas selected the data points across different heighthe surge front:
M Q,Q -Q Q.,Q -Q Q andQ -Q Q , for Froude numbers
from 1.71 to 2.49. Figusbelow show the expecting turbulent structure when plotted with
, vs.— andw vs.w invariants The pointxclose to the surge frortvithin 0.2 mto the
front) are light coleed and at further behind the front the pointsdanker colored

Figure4l, 42, and 48 show thedistribution oftheanisotropy points 80  p& p
¢® gandcd qrespectively. At a low Froude number of 1.71 most of the poiri€FQt
=0.520 are corentrated to the right side of the Lumley triangle. This indicates that the
perturbations at the toe start with a 1D structure. Moving away from theottoer
perturbation components grow and the overall turbulence are between the 1D turbulence
and 3D istropic turbulence, and with the cigar or also known as the rod shape. From the
barycentric map, the points also tend to locate between 3D and 1D structure but not as close
as in Lumley triangleThe observatiosiof the turbulent structure at toe heiginesimilar
for the other two Froude numbers.

At higher depthssuch as at the middle of surge hei@rey),the perturbation close
to the surge front is initiated somewheesar 3Dandmoves towardsod shapdehind the
frontat™®  p& pFor all three Froude numbers, the grey points behind $wagerod

shape in both map#t a higher@ of 2.13, the turbulence at a higher elevation than the
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toe move toward the left side of tihemley triangle so the turbulenamoves towards
pancakeshapestructurebetween 2D isotropic and 3D isotropioints

Similarly, for the barycentric map, higher points are near the 2D and 3D boundary.

The turbulenceat— T1@® T (prange points) are reaching toward the 3D isotropy or a

spherical shape as shownboth methods. Al  ¢& both maps show that points at

the higher elevation locate closer to the left side as pancake shape than the filevious

92



o h/d; = 0.520 . h/dy = 0.755
(Surge behind) (Surge behind)
h/d, = 0.520 h/d, = 0.755
04 (Surge front) (Surge front) h/d, = 0.638 h/d, =0.872
1-D turbulence
03
no2 r 2-D isotropic
turbulence
0.1 F
“3D isotropic
turbulence
0.0 L .
-0.4 -0.2 0.0 0.2 0.4
§
1.0
3-D isotropic
turbulence
0.8 F
0.6 F
VB
]
s t
04 ,
r %
0.2 F
2-D isotropic
turbulence 1-D turbulence
0.0 - . - -
0.0 0.2 0.4 0.6 0.8 1.0
B

Figure4l Lumley triangle (upper) and barycentric map (lower) ofjsuront turbulence
at’®  p& pBlue dots are given &¥Q 1@ ¢ at the toe, orange points are given at
‘XQ 1@ o gt a quarter of surge, grey points are givéil@® 1 v at half of

surge and yellow points are givern@Q @& X gt three quarters of surge.
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Figure42. Lumley triangle (upper) and barycentric map (lower) of surge front turbulence
at’® ¢® oBlue dots are given &¥Q 1@ p at the toe, orange points are given at
‘XQ 1™ T gt a quarter of surge, grey points are giveil@® 1@ Y at half of
surge and yellow points are given@Q @ p ai three quarters of surge.
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Figure43. Lumley triangle (uper) and barycentric map (lower) of surge front turbulence
at"® ¢& wBlue dots are given &¥Q 1@ ¢ at the toe, orange points are given at
‘XYQ 1@ v gt aquarter of surge, grey points are giveil@ 1@ 1 &t half of

surge and yellow pointre given atyQ & o gt three quarters of surge.
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