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Abstract

Interactions between an Incident Bore and

a Free-Standing Coastal Structure
by Halldor Arnason

Chair of Supervisory Committee:

Affiliate Assistant Professor Catherine M. Petroff
Department of Civil and Environmental Engineering
This dissertation describes experiments carried out tm@eathe problem of tsunami im-
pact on coastal structures. Using a6 long and (61 m wide tank situated in the Harris
Hydraulics Laboratory at the University of Washington, éowere generated using a lift
gate and made to impinge on structures of simple geometry.

Measurements were made of water level using wave gauges lasdrgorofiler. Flow
velocities were obtained at single points with a laser depyptlocimeter and a two dimen-
sional flow field was constructed using particle image vehatry. A six degree of freedom
load cell recorded forces on the structures.

The energy and momentum in the flow was analyzed. The cotibibaf the potential
energy was found to be approximately equal to that of thetiirergy. The turbulence
in the bore and the wake of the structure was also analyzetulant kinetic energy was
found to be negligible. The dynamics of the bore interactigtm the structures and tank
side walls yielded highly unsteady momentum flux in the regibthe structures.

The forces on the structures were examined and related tBrthede number, bore
height, tank width and structure geometry. Resistance caifs in the range of 1-2 were

observed. The resistance decreased with increasing Fnoundleger and relative bore height.






The variation of the resistance coefficients with bore hievgdis more pronounced for cir-
cular columns than for square columns. Resistance coefficiecreased with decrease in

the ratio between flow depth and column width owing to moréreetion of the flow.
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Chapter 1

INTRODUCTION

A tsunami is a wave or a series of waves produced by an abroptaine earth mo-
tion. This motion may be caused by landslides, volcanio/éigtiexplosions, meteor im-
pact or more commonly by fault motion during a seismic ev&he termtsunamiis from
Japanese and meageeat wave in harbor(Dudley and Lee, 1988). Throughout history,
tsunamis have caused tremendous damage and loss of lifewynaoastal areas around the
world. The deadliest and also most recent was triggered hyge learthquake on Decem-
ber 26, 2004 off the west coast of Sumatra. The preliminatiyn@se of its moment mag-
nitude is 9.3. According to news reports, almost 300000 |ggap 12 countries around
the Indian Ocean, lost their lives. Another very destrictsunami in relation to loss of
life was generated by the eruption of volcano Krakatoa iroiresia on August 27, 1883
(Warton and Evans, 1888). A 30 m high tsunami was generatahwkhled approximately
36 000 people. One of the most dramatic documented casesnaintg runup occurred in
Lituya Bay, Alaska in 1958 where a landslide-generated tsulevelled trees up to 525 m
above the original water level and produced a 50 m high wateeibay (Miller, 1960).

During sudden vertical changes in the seafloor, such as ttaassed by seismic mo-
tion occurring beneath the sea or by large underwater &s|ua large volume of water
is displaced from its equilibrium position and a rise or assion is formed. This distur-
bance then propagates outwards from the source region ifotiteof a long wave or a
tsunami. Unlike wind generated waves, which have theirggneontained primarily near

the surface, the kinetic energy of a tsunami is evenly tisted throughout the entire water



depth. The wave length of a tsunami can be of the order of akliendred kilometers,
making it behave as a shallow water wave even in the “deepdracehis means that when
tsunamis approach shore, their wavelengths decrease dsleating, leading to an in-
crease in wave height. In many cases, tsunamis reach the atoon-breaking waves, i.e.
a tsunami which acts as a rapidly rising tide. In some cas®schn arrive as very large
breaking waves; as large as 30 m or even greater in extrerag.ddsese broken waves can-
not be characterized by cyclic wave action impinging on th@sline, but are more aptly
modelled as a strong turbulent bore. Bores can pass the sigoagld continue onshore as
high-speed surges propagating over a dry bed with celeptiehe order of tens of meters
per second and wave heights on the order of several to tenstefsnThe form of the wave
at the shoreline depends on the incident tsunami as welleakdal bathymetry and the
tidal level. Local bathymetry can cause effects like waw®nance in near shore regions or
harbors and wave focussing on headlands and in gradualigwiag estuaries with steep
sidewalls.

Swift tsunami flow effects were clearly observed in many widecordings of the 2004
Sumatra tsunami event. Some of the structural failures fiemamis suggest the dam-
age was caused by the force of flow itself as opposed to thecispd floating debris.
Eaton et al. (1961) report observations from Hilo, Hawatridg the tsunami caused by
the 1960 Chilean earthquake, that a bore travelled from taldvater to the shore of Hilo
(about 2100 m) within 2.5 to 3 minutes. The speed of the baréhfat stretch would then
have been between 12 and 14snThis velocity corresponds to a Froude number close to
one.

The forces from a tsunami runup can be of different types:yaoband hydrostatic
forces result from partial or total submergence in the sgvater, impact forces are
caused by the leading edge of the bore impinging on a struciire high flow velocity
exerts drag forces on structures and debris picked up bysth®inis can add additional
impact forces.

As far as tsunami-structure interactions and mitigationtsohami damage are con-



cerned, an accurate understanding of local tsunami flovetsfieround structures is criti-
cal for accurate force and scour predictions. This knowdeckn be combined with runup
height predictions to devise measures for limiting expesartsunami damage.

The work described in this dissertation focused on physicadelling of free-standing
structures of simple shapes, subjected to a passing of artsunodelled by a turbulent
bore. Measurements were made of surface levels and velufditye passing water as well
as the forces acting on each structure. The goal is to fudineunderstanding of the inter-
action between the bore and the structure, i.e. the steistaffect on the bore as well as
the bore’s effect on the structure, and to predict the madeiof the hydrodynamic force

on a structure during impact and passage of a tsunami.



Chapter 2

LITERATURE REVIEW

2.1 Dam Break Problem

This study uses bores formed by the fast removal of a gate watler impounded on
one side, i.e. @lam breakRitter (1892) introduced a theoretical description of the-tw
dimensional dam break problem for an inviscid fluid for a deg by solving the non-linear
shallow-water equations. The solution gives a paraboliemnsurface profile which is con-
cave upward. The front travels downstream with the waveritgle = 2\/% whereg

is acceleration due to gravity artd is the initial quiescent water depth behind the dam.
Upstream of the dam a negative wave travels upstreama/\ﬂih\/ng which corresponds

to the shallow water wave celerity.

In the shallow front region of the flow, neglecting resistifiom bed friction is not
realistic. It has considerable influence on the propagatmeed. Dressler (1952) adds a
Chézy resistance term of the for@(%)* to the momentum equation and obtains a first

order approximation of the location of the water front asrecfion of time.

Whitham (1955) argued that near the surge front the effeaticifdn is to pile up the
fluid so the water surface slope is steep, where the depthriecemall. Noting that the
acceleration terms would remain finite, Whitham (1955) raadahat the friction and the
pressure gradient terms in the horizontal momentum equatiould balance each other
as they become large near the tip of the surge. Neglectingdbeleration terms in the
equation of motion, while using a friction model, which isaguatic in the flow velocity,
results in a parabolic water surface profile for the surgeviich is concave downward.

This profile asymptotically approaches a vertical face tieatip of the surge and tends to



a very mild slope far behind the front of the surge. Whithanb@)3ompared the tip speed
from both his study and that of Dressler (1952) and found lagproaching the Ritter
(1892) solution for short times.

Cross (1967) performed experiments on a bore propagatimmgeodty bed. He derived

an expression for the profile of a surge tip

h u? C?
E—x = E_Czﬂz log (1+ ufh) (2.2)
where
1 du

x = & is the location of the tipC is the Chézy coefficient an8l is the bottom slope. He
concluded that the shape of the tip of a surge advancing oder lbed in his experiments
was described fairly well by Equation 2.1, especially cltséhe tip, but further back the
theory tended to overestimate the water depth. When theeaatieh and the slope are
both zero or their effects cancel each other, his solutidnces to the profile presented by
Whitham (1955).

Wang and Ansari (1986) present a model for the flow in a surgaevtine velocity field
was approximated with a power law. They computed the presmid with a finite element
solution of Poisson’s equation where an eddy viscosityuierce model and an experimen-
tally determined head loss distribution along the watefas@rwere used to obtain a closed

solution.

Fujima and Shuto (1990) produced a stationary surge frongwsflume with a bottom
made up of inclined moving belts. They used laser doppleyciietry (LDV) to measure
the mean velocity field and the Reynolds stress. They foundtiigaenergy loss in the
boundary layer near the tip of a surge on a dry bed, can be tedds} the friction law for

uniform flow over a flat plate (Schlichting, 1979).



2.2 Bores and jumps

Often bores are considered to act similarly to hydraulicgartaken in a moving reference
frame. Bradley and Peterka (1957) classify hydraulic jumgsorizontal rectangular chan-
nels into five categories based on the approach Froude nuRtbade numbers in the range
1.7-2.5 fall into the category afieak jump characterized with a series of surface rollers
developing on the surface of the hydraulic jump and a smaattace downstream of the
jump. Froude numbers in the range 2.5-4.5 fall into the @ategf oscillating jump There
the incoming jet oscillates in a random manner between tbeabd the surface producing
surface waves that persist a considerable distance deanstrJumps with approaching
Froude numbers in the range 4.5-9.0 st@ady jumpsThe jump is well stabilized. The
downstream extremity of the surface roller and the pointtattvthe high velocity jet tends
to leave the floor occur in practically in the same verticalng. The other two categories
areundular jump(l < Fr < 1.7) andstrong jump(9.0 < Fr).

Afzal and Bushra (2002) presented calculations for flow stmecin hydraulic jumps
in a channel of arbitrary shape. Their results, togetheh #ibse of previous models and
experiments show a marked variation of relative jump lerigtiFroude numbers between
1 and 5.

2.3 Tsunamiimpact effects

In order to approximate the impact of a tsunami, Cumberbdi®6Q) presented a solution
for the impact of a two-dimensional fluid wedge on a flat swefdde assumed a con-
stant wedge angle before impact, an inviscid fluid and itiatal flow where the velocities
throughout the wedge before impact are equal to the conapgmbach velocity. He used
a no-flux boundary condition at the wall and fully nonlineeedf surface boundary con-
ditions. Since gravity was neglected in the problem formaoig the theory was intended
to model the dynamics soon after impact, before the gramital acceleration begins to

affect the flow along the wall. Water surface profiles and sues distributions along the



wall were presented for wedge angles of 22.2 degrees andyéete Cumberbatch (1960)
defined a force coefficient which relates the force on the wwathe momentum flux which

would occur at the wall location if the wall were not preses follows
F = Cppbhc?, (2.3)

whereCr is the force coefficient which was shown to be a function ofyahk incident
wedge anglé, p is the density of the fluids is the width of the wall/ is the water level
at the wall location and is the celerity.

As mentioned before, Cross (1967) studied the propertiegrges. His work included
a study on their impact forces on vertical walls. He used #imeesapproach as Cumberbatch
(1960), but added gravity forces

F 1
7= 5th + Cppu’h. (2.4)

Fukui et al. (1963a) measured the pressures generated srwalto the reflections of
bores. The bores propagate on to a slope varying frontcd840° and the bore heights were
varied so

h —hg
ho

where/ is the water level in the bore arg is the still water depth it propagates onto.

0.5 < <3.0, (2.5)

The experiments were made in a 152 mm wide, 460 mm deep.and Bng glass walled
channel.

Fukui et al. (1963a) differentiated between what they datlee impulsive pressure
which is obtained soon after the bore strikes the wall andctiminuouspressure which
corresponds to the hydrostatic pressure at the wall onceefleeted bore has propagated
away from the wall. Using linear regression they concluded the impulsive pressure was
proportional to the fourth power of the celerity.

Nakamura and Tsuchiya (1973) study the shock pressure ahans bore on a com-
posite structure. The bores were generated by the dam breealkamism using impound-

ment of 300, 400 and 500 mm. Large pressure heads of relashelt duration just after
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Figure 2.1: Examples of data from Gupta and Gaoyal (1975)revhés the flow depthb is
the column diametemB is the column spacing center to center dfds the Froude number

the impact were measured. This was followed by a nearly aohs$tydrostatic pressure
from the height of the reflected bore. They found the maximuessure to be about 50 %
of the following hydrostatic pressure. Velocity measuratadnowever showed higher ve-
locities than predicted by Dressler (1952) and Whitham (19B5some cases as high as
triple the theoretical values.

Ramsden (1993) investigated the interaction of tsunamis avitertical wall. He used
a physical model to look at bores and surges propagating yiheht as well as solitary
waves. His measurement included both force and runup msasuts. He found that the
force computed from the maximum measured runup, assumidgstatic condition, ex-
ceeded the maximum measured force. He also found that thelmb@ross (1967) under-
predicted the measured forces due to bore on dry bed by 30-50 %

Davletshin and Lappo (1986) investigated tsunami forcested on a vertical cylindri-



cal barrier. They looked at three cases, first a long unbrekeiiow water wave; second, a
transformed solitary wave and third, a surge resulting flygaking of large waves. They
use a formulation from Fukui et al. (1963b) and conclude ¢éhlaiad on a vertical circular

cylinder is
F = pbhu?, (2.6)

which corresponds to the linear momentum flux.

Gupta and Goyal (1975) use laboratory studies (no scala givéheir paper) to ana-
lyze aspects of three-dimensional flow around bridge piEhngy relate the coefficient of
resistance(y, defined as

Cr= 27
3P8Apul
to the Froude numbe¥Tr, relative spacing of the piers and the relative depth. Thewnd

the Cr to peak around or abovér = 0.5, while the value ofCy around the peak was
dependent on both the relative spacing of the piers withrdegapier width and relative
flow depth with regard to pier width. For Froude number abgubdt dependence was less
pronounced. Figure 2.1 shows some of their data. For sufpeatflow (Fr > 1), the depth

of flow does not have a pronounced effect@nnor does the blockage. On the other hand,
for subcritical flowCy increases with increase in blockage (decreadg/ih). The value of
Ci reaches a very definite maximum aroufgl = 0.5. Because the value @f reflects
both the wave and form drags, the sharpness of the curveltwety small depths of the
oncoming flow indicates that the wave drag is then importatié total resistance, but as
the depth increases, the relative importance of the formg iereases resulting in a flatter

curve.

2.4 Cylinders in steady and unsteady flow

For information about the flow around cylinders in free sceflows, the reader is referred

to the work of Sumer and Fredsge (1997) who have compiled g@mansive overview
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of hydrodynamics around cylindrical structures. During timrush of a tsunami bore, an
important consideration is the initial interaction of theréd and structure during impact
Wang and Chwang (1984) look at nonlinear impulsive force orréical cylinder. They
also look at flow around an impulsive starting vertical cgleen (Wang and Chwang, 1986)
and free-surface flow produced by accelerating a verticihagr (Wang and Chwang,
1989). They found good agreement between measurementhamn-linear potential

flow theory.
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Chapter 3

THEORETICAL CONSIDERATIONS

3.1 Shallow water wave equation

Conservation of mass or continuity for incompressible fl@idimensiongx, z) states
that

Ju dw

Vo= — 4 — —
"= T ez

0. (3.1)
A fluid domain with a flat nonporous bottom yields a no-flow ciioth atz = 0 or

w|;= = 0. (3.2)

At a free surface at = i (x, t) the kinematic condition is

Dh  0h dh

=h = — = — z=h— 3
W|;= D 8t+u| e (3.3)
and the dynamic condition is

P|,-, =0, (3.4)

where P represents pressure. Integrating Equation 3.1 with réspecand making use of
Equations 3.2 and 3.3 yields

Pou . oh oh on 9 [h
Mg 2 g =, 3.5
Loy O T g Tulgs az+ax/0”2 (3:5)

So far, no use has been made of the assumption that the flovalisvghShallow water
theory assumes that the fluid acceleration inzfdrection has a negligible effect on the

pressureP, which means that the pressure is hydrostatic

P = pg(h—z), (3.6)
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wherep is the fluid density ang is the acceleration of gravity. Note that

P dh

or_ . on 3.7
o = P85y (3.7)

is independent af. Therefore thec-component of the fluid acceleration is also independent
of z and if at any time: is independent of it will be so at any time. Equation 3.5 can then

be written as

oh  dwh) ok du Ok _

The momentum principle or Newton’s second law of motionestahe total force on
a fluid particle equals its mass times its acceleration. #asg the significant forces are

pressure and gravity, i.e. ignoring both turbulent andauscshear, this can be written as

Du du
Por = p(g + (u- V)u) = —V(P + pgz) = —V(pgh). (3.9)
Thex component, divided by is then

u ou ou oh

and the shallow water assumption leaves

ou ou oh
ML w0, 11
o Ty e 0 (3.11)

Now, with the introduction of the propagation speed

¢ = Jah, (3.12)

Equations 3.8 and 3.11 can be rewritten in terms ahdc rather than: and#, yielding

dc ou ac

and

m +u—+2c—=0. (3.14)
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3.2 Method of characteristics

3.2.1 Introduction

Equations 3.13 and 3.14 are partial differential equatithvaé can be solved using the
method of characteristics. In solving them here, a disonssi Stoker (1948) is followed

and applied to the tank used in this study. Adding the aforgimeed equations together

yields
0 0
— 4+ w+c)— i (wm+2c)=0 (3.15)
ot 0x

and subtracting them
a+(—)a (u—2c)=0 (3.16)
8[ u C ax u Cc) = V. .

Equation 3.15 states that the functi@n + 2¢) is a constant on a curve defined by the

ordinary differential equation

d

d—); =u+c (3.17)
and similarly, Equation 3.16 states thfat— 2¢) is a constant on a curve defined by

d

d—); =u-—c. (3.18)

These curves are called characteristic lines.

3.2.2 Infinite tank

Now consider the flow resulting from a instantaneous remokalwall atx = 0 causing a

discontinuity in water level there with

hy for x>0
h = (3.19)
h, for x <O

u=20 (3.20)
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0
X

Figure 3.1: Characteristic lines for the dam break problefn, indisturbed, 2: propagating
disturbance and 3: simple wave

everywhere at = 0.

Four different zones can be identified in the fluid at any tinfsee Figure 3.1). Zone
0 is the quiet downstream region which is terminated on ttetrapm by the shock wave,
zone 1 is the undisturbed upstream region, zone 2 is a zonensfant state in which the

water is not at a rest and zone 3 is a centered simple wave wbiuects zones 2 and 1.

The shock conditions between zones 0 and 2 are
C 3 1 2 2
—E(u, —§) = E(Co + cz) (3.21)
and
2 AN 2 &
Ay —§) = —; (3.22)

Whereé is propagation speed of the shock wave. By solving them tegétinu, we get

225_12 L4 1+8<i) | (3.23)
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Doing the same fot, we get

22 % 1+8<5) —1]. (3.24)

Co Co

The straight characteristics in zone 3 have slopa ef ¢ so the characteristics that
delimit zone 3 arex = —c;¢ on the left hand side and = (1, — ¢,)¢ on the right hand
side. On the curved characteristic in zone 3 the quantity2c is a constant. Therefore on

one hand

U +2c¢3 = 2¢4 (3.25)
and the other

us +2c3 = uy + 2¢;. (3.26)
This means that

2 h& & (3.27)

Co Co Co

Substituting Equations 3.23 and 3.24 into Equation |3.2&sthe following:

E_C_(f 1 + 1+8(§) +2 % 1+8(é) —1 | =24, (3.28)

Co 4& Co Co Co

The values ot, andc, are known so this yields a value fg')when solved numerically. Hav-
ing found the value of the values ofi, andc, can be drawn directly from Equations 3.23
and 3.24 respectively. Then the water depth in zone 2 canurelfby
%

4

hy = (3.29)

In zone 3 we have, along with the straight characteristi¢kigizone, the relations

dx «x 3
a:;:u3—C3:2C1—3C3:§M3—C1 (330)
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from which we get

2 = é(zc1 . ?)2 (3.31)
and
Uy = %(c1 + ;) (3.32)

Thus the water surface in zone 3 is curved in the form of a mdaaip all cases. At the
junctions with both zones 1 and 2 the parabola does not haweizohtal tangent, so that
the slope of the water surface is discontinuous at theseagoin
Thet-axis, i.e. the linex = 0 is a characteristic belonging to zone 3. We then observe

from Equations 3.31 and 3.32, which are then valid onrtheis, thatc andu are both
independent of at x = 0, which means that the depth of the water and its velacitye
both independent af at this point, i.e. the original location of the gate, anddeesthat the
volume dy/ dr = uh of water crossing that site per unit of time is independentroé
although the motion as a whole is not steady. In fact ghl andu = §c1 for all times
¢ at this point. In additiony and¢ and thus also gl/ dr are not only independent ofbut
also independent of the undisturbed defpgton the lower side, if;; is held fixed, as long
as

hy 4

E < 5

This condition holds for every case in this study.

(3.33)

3.2.3 Effects of end walls

As the bore travels downstream it will hit the downstreamlaatl a bore will reflect back
forming zone 4 as can be seen in Figure 3.2. The bore will leitvhll atz, = xmaxé.
Looking at how it reflects from the wall, Stoker (1948) is usgain. The shock conditions
give us the propagation speed of the reflected bore from

: o _ 8ha Uz —él
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Xmin 0 Xmax
X

Figure 3.2: Characteristic lines for the dam break probleith reflection from the down-
stream end-wall

The largest root corresponds gpwhile the smallest is the speed of the reflected I§are

The height of the reflected bofg is found by solving

(uy — €y = —E'hy (3.35)

or

The characteristic line between zones 2 and 4 is then
X = Xmax+ E(t — 14). (3.37)

The limit of undisturbed area behind the gate (zone 1) mowek with the speeéd-¢,

and therefore reaches the upstream wall at

£y = —2min (3.38)

1

This forms a zone 5 (see Figure 3.3) in whicland¢ are affected by the upstream wall

(x = xmin). TO estimate the time before those effects reach a locdtamstream, we need
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Xmin 0 Xmax
X

Figure 3.3: Characteristic lines for the dam break probleith veflection from the end-
walls

the characteristic line originating i, xmin). Using the values ok andc in zone 3, the

coordinates of any point on that characteristic linex) fulfill the following differential

equation
dx 1 X
== 5(4@ -2). (3:39)

Its solution for the given initial condition is

A

X = 2xmin(7). + ¢4t. (3.40)

This line intersects the line between zones 2 and 3 whereotidition

£\ 3
2xmin(71) + ci1t = (uy — o)t (3.41)
holds, or at
it )
tys = (xm—fl) , (3.42)
Uy — Cy — Cq

where the subscript 25 refers to the time and location athwthie characteristic from

affects zone 2.
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Xmin 0 Xmax
X

Figure 3.4: Characteristic lines for the dam break probleith veflection from the end-
walls

Now we need to find the characteristic line startingxgs, 7,5). We do that in the same
way except now we usk andc from zone 2 rather than 3. The constant water level gives

us the straight characteristic
X = (uy + cy)t. (3.43)

We have then fully enclosed the area in the plane representing the bore condition, i.e.

zone 2 as can be seen in Figure 3.4.

3.2.4 Calculations

Calculations were carried out for the .68 m long tank used in this study for physical
modelling (See [84.1 for the layout of the tank) and the vaiealues of impoundment
h;. The resulting values o#,, 5 andu, can be seen in Table 3.1 along with values of
t, andz*, which represent arrival times of the bore front and theatfef the back wall
respectively, ak = 5.2 m, which is the location of the columns in the flow. The locéis o
the characteristic lines for each case can also be seenureii§.5 through 3.13. For every

case the initial downstream depthig = 20 mm.
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-5.9 0 5.2 10.72
x [m]

Figure 3.5: Characteristic lines bounding the bore for impbuentsz; = 100 mm

Table 3.1: Bore heights,, propagation speeoﬁs flow velocitiesu, and arrival times at
x = 5.2 m of the bore, and any effects of the back wall for different impoundments; .

hy h, S U, to t* Fr’
[mm] [mm] [m/s] [m/s] [s] [s] —
100 50.8 094 057 554 1415 212
125 585 1.06 0.70 490 1254 2.39
150 658 1.18 0.82 442 1139 2.66
175 727 129 0.93 4.05 1051 2091
200 79.2 139 104 374 9.82 314
225 855 149 114 350 9.26 3.36
250 915 158 124 329 879 357
275 974 167 133 3.11 839 3.77
300 103 1.76 142 295 8.05 3.97
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Figure 3.9: Characteristic lines bounding the bore for impbuentsz; = 200 mm
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Figure 3.10: Characteristic lines bounding the bore for iomabmentz; = 225 mm
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Chapter 4

EXPERIMENTAL FACILITIES AND PROCEDURES

4.1 Location

Dam-Break Gate

Column

Head Tank \ _—Gate Support/

N —

A 4

‘(

0 5
Horizontal Scale, m
2x Vertical Exaggeration

Figure 4.1: A diagram of the tank (adapted from Moore (1999))

Physical experiments were carried out in a wave tank (sag € 1) at the Charles W.
Harris Hydraulics Laboratory of the University of Washiogt The tank is 162 m long,
0.61 m wide and (15 m deep. The tank walls are 13 mm thick plate glass. The &nk i
equipped with a pneumatically activated gat® & from the head tank (see Figure |4.2).
The lift gate is made of @ mm thick stainless steel and rides in an ultra-high mokacul
weight plastic track fitted into the walls of the tank. Theeg@tlifted by a 64 mm diameter

pneumatic piston driven by.® MPa air pressure. The piston can lift the gate at the average
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Figure 4.2: The gate

speed of 2 s allowing the gate to reach the top of the tank i@ €. The time it takes
to clear the water surface depends on the impoundment.&F&G8rshows that fok, =
250 mm, the gate has cleared the surface113G.

Since the sides of the tank are made from glass, the flow caretaed from the side.
The bottom is primarily made from stainless steel, excap fb5 m long plexiglas window
5 m downstream of the gate. Over this window, an obstacle eapldced. The window

enables a view from below or for a laser light shining fromdeeto aid flow visualization.

4.2 Obstacles

The obstacles used in this study are three circular columinganying diameters and a
square column. The diameters of the three circular colum&sl40 mm, 606 mm and
29 mm. They will hereafter be referred to sge, intermediateand small respectively.
The square column is 120 mm120 mm. It can be set up in two different configurations.

In one, referred to agquare it has two sides parallel to the tank side walls and consgtue
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e e

Figure 4.3: The gate has cleared the water surface=a0.13 s foriz; = 250 mm

the other two perpendicular. In the other configuratioremeid to asliamond the column
is rotated by 4% so that one corner is facing the flow. The square and the targelar
columns are made of acrylic. The material of the intermediatumn is steel and the small

one is aluminum.

4.3 Supporting structure

The obstacle is supported from above by a mount attached tank sidewalls. The support
is set up so that all the hydrodynamic load impinges on the ¢edl (see(84.6). The acrylic
columns are fastened to the load cell so that the cell iséntdid column. This is optimal
for the experiment since the force on the column is at abautémterline of the load cell

and moments are minimized The load cell is then connectedigidavertical aluminum
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Figure 4.4: View over the tank, the cylinder above the pldgvindow can be seen in the
center of the picture

beam. The vertical aluminum beam is connected to a thickzbotal aluminum beam that
lies across the tank and rests on instrument rails mountddpnf the tank’s sides (see
Figurel 4.4). The medium and small circular columns are toalisfor the load cell to fit
within them. In those cases the load cell is fastened to thesdseam and the columns then
to the load cell. The connection for the medium column canges $n Figure 4.6.

Since the column is not attached to the floor of the tank, ingartant that it be stiff
enough that the bottom of the column does not swing with the, fleend considerably
or touch the tank floor. To answer the question of whether tipparting structure is stiff
enough, the following tests were performed. The structwae stiffened in successive steps
so that its natural frequency of oscillation changed, thenforces on the square obstacle
were measured (see 84.6). These measurements were petiorashortened tank with
300 mm of water impoundment behind the gate.

The results of taking one of the force time series for the ésglirequency of 28 Hz

as a base time series and then finding the root-mean-squaskdf the difference between
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Figure 4.5: The cylindrical column

it and the other series, for a duration of 6 seconds from the tf impact, can be seen

in Table 4.1. Where there was more than one time series foratine frequency the table
shows the mean of the rms, i.e. the rms for each series wadat®id and then the results
were averaged. Fofy = 28.5 Hz the base series was, of course, excluded from the average

Looking at Figure 4.7, the time series at 22.5 and24z do not differ substantially

from the series at 2B Hz. From this the conclusion can be inferred, that when #teral
frequency of the structure has risen up to about 22 Hz, it besre stiff enough to not have

a noticeable effect on the results. The natural frequen2g&fHz is therefore high enough

and the support structure is deemed stiff enough to be ugée ifollowing experiments.

4.4 \Water level measurements

4.4.1 Surface profiles

To obtain a time history of the spatial variation of the wagerface, laser induced image

processing was used. This method is laid th in GardarémﬁlA two-dimensional
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Figure 4.7: Force history for several runs using differemtfigurations of the supporting
structure
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Table 4.1: Root-mean-square difference in force time hystor the square column for
different natural frequencies of the supporting structure

/N |Runl Run2 Run3 Run4
Hz] | NI  [IN]  [N] [N]
177 6.03 6.03 590 6.05
225 141 1.46 1.01 1.49
240| 091 146 121 157
285| 145 161 135 1.65

vertical plane is illuminated by a laser and recorded onataee during the experiment.

A 4 W Argon-ion laser §pectra Physics, Stability 2015 used to generate a laser
beam. Next the beam is sent through a manipuld@antec 60X2)to align it to a fiber op-
tic cable Pantec 60X0302 The cable transports the beam to an oscillating mit@Gar{eral
Scannings, 6224vhich produces a laser sheet, used to illuminate a secftitredlow in
the tank. The mirror is driven by a scanner dri@&sheral Scannings, AX-2P@hich con-
trols the scanning amplitude, location of the sheet and sk@lating frequency. A uniform
intensity is achieved by a skewed saw-toothed signal froomatfon generator. Unlike the
DPIV (see 84.5.1), shining the laser from above is actualifgrable in this case as it de-
lineates a sharp surface interface. The intersection dager sheet with the water surface
identifies the water surface profile. A video camera is usedpture the illuminated water
surface. An image-processing software package c&letimasis used to digitize the im-
ages frame by frame from the video taj@ptimasis further used to trace and extract the

coordinates of the water surface. The image processingfidlaws:
Optimas 6.0running on aGateway 2000, P5-20@omputer which drives the VCR
(Panasonic Desktop Editor, RS-232€ used to advance the video tape frame by frame.

For each frameQptimasuses a frame grabbeinfaging Technology Visionplus-AT, OFG
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47-G30001-0)1on the computer to acquire and digitize a relevant porticth® frame and
place it in a digitized form in a file on the hard drive. An exdenpf such a frame can be
seen in Figure 4.8a. It is fdr;, = 250 mm and the square column.

The images on the video tape are slightly distorted becdgseamera records through
the wall of the tank and at a small angle. To correct for thigaition and to calibrate the
images, a calibration board is placed at the location ofdker sheet. At the start of each
digitization the coordinates on the calibration board arteed into theDptimasdatabase.
These coordinates are then used to calibrate the image®aedtdor distortion.

Now, depending on the light intensity in the frame, a thrédhalue is chosen. The
user has to choose the light intensity value that best cord#do the water surface. This
traces not only the water surface but can delineate othargshena such as reflections of
the tank walls, droplets and other things. The coordinatgomts on all the traced lines
are written to a file (see Figure 4.8b).

To distinguish the water surface from all the other linespss were developed ifvat-
lab. First, all lines that fall outside the physical range okneist, indicated by dotted lines
in Figure 4.8c, are removed. On one side, this range is ydiraited by the location of the
obstacle. Then, utilizing user input, the script goes syatecally through the remaining
lines piece by piece and determines whether they are a pHré afater surface profile or
not. This leaves the surface profile (thick line in Figurecd.&igure 4.8d then shows the
resulting surface profile. Figure 4.9 shows a number of sucfilgs for an impoundment
h, = 250 mm impinging on the square column compiled on one plathEx@ofile repre-
sents the water surfacelgt30 of a second before or after the one next to it. The evolution of
the surface can be seen from an advancing bore to the runugpéaghup on the structure

and the reflecting flow and disturbance of the water afterrtigact. The time is measured

from the raising of the gate, thecoordinate is measured from the face of the obstacle and

z is measured from the bottom of the tank.
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Figure 4.8: Water surface profile processing from a videdwap (a) A capture from a
video. (b) Coordinates of isoluminous curves with spatiatattion corrected. (c) Range
of interest defined (dotted lines) and the surface identfilitk line). (d) The resulting

surface profile.
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4.4.2 Film

No measurements were made in the wake close to the obstamievidr high speed films
were used to get estimates of the water level on the dowmstsédes of the columns for
the case oh; = 250 mm. The screws on the supporting structure can be sedr dints.
Their location is known and therefore they can be used fabi@lon. Figure 4.10 shows
each column with the supporting structure. The distanchetenters of each row of load
cell screws to the bottom of the aluminum beam.&mm and 68 mm. The bottom of the
larger screws are 106 mm and 188 mm above the bottom of the beam. For the square
column the bottom of that beam is.55mm above the tank floor, while it is 3Imm above
the floor for the large circular beam. Those heights can tleendtibrated with the pixel
line numbers on a digitized frame from the film using a linedation, as can be seen in

Figure 4.11. For the square column a least square regregisemthe relation as
z =-1.10 mmx N, + 246 mm (4.1)

where N, represents the pixel line number. The linear relation iatdis that any distortion

is not a problem in the-direction. For the circular column the correspondingtretais
z = —-0.98 mmx N, + 200 mm (4.2)

The aforementioned beam and the screws are inside the cslanththerefore never
come in contact with the water. In the case of the square aolins 17 mm from the
outside of the wall and 29 mm in the case of the circular onés Treans that the water
level at the outside of the column is higher than at the scrattepn would indicate. The

height difference was calculated as
Az = Axsinf (4.3)

where Ax is the distance of the aluminum beam from the outside of thenwo andé is

the angle of view of the camera from horizontal. Effects dfaetion are negligible.
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Figure 4.10: Views of the square and circular column from stneam (scale 1:3)
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: Typical calibration of the vertical coordieafor the square column
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Figure 4.12: Calibration curve for the wave gauge

4.4.3 Wave gauge

In some instances the water surface was recorded with ait@paewave gauge consisting
of a steel rod with a diameter of Bmm, with plastic tubing and sealed at the bottom with
a plastic plug. The analog voltage output of the gauge is thersferred to a personal
computer using a data acquisition system fr@omputer Boards IncThe same system is
also used to acquire data from the load cell (see 84.6). Thgegs calibrated by taking
measurements in standing water of varying known depths.pficdy calibration curve is
shown in Figure 4.12. Calibrating the voltagewith the water level by means of a least

square regression gives a cubic calibration formula in dinen fof

h = —64.50 mnyV®x ¢® +3914 mm/V2x ¢> —637.4 mnyV x ¢ + 3914 mm (4.4)
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4.5 \Velocity measurements

4.5.1 Digital particle image velocimetry

Measurements of velocities were done with a digital patiohage velocimeter (DPIV)
from TSI Inc (see Figure 4.13). It can measure the flow velocity in a twoedisional
plane. It measures the velocity components in that plane.

A dual-headContinuum Nd:YAglaser is used to generate a pulsating laser beam. The
beam is passed through a cylindrical lens to form a sheeh Bead pulsates at the same
frequency f;, but with an offsetAz. The timing of the video camera is synchronized with
the lasers so one pulse occurs at the end of the first expostiogl @and then the other at
the start of the second exposure period (see Figure 4.1# .allbws short time intervals
between pulses so that high velocity flows can be measuresl midximum acquisition
rate is then half of the frame rate of the camera as two imageds are required for each
measurement. For our 30 Hz camera the maximum flow sampliagsra5 Hz. The values
used in these experiments wefe= 14 Hz andAr = 0.4 ms.

A digital 30 Hz video camera is used to take pictures of therihated area and the
images downloaded to a personal compulicfon Millenia Prod. The computer has a
267 MB internal memory. A large internal memory is necessarthat a sequence of video
captures does not have to be written to disk while captusrigking place, as that would
be too time consuming. A software package callesightis then used to compute the
velocity at several points by looking at the cross-corretabf the location of particles in
the water between consecutive frames. Two-frame crogglation uses two image frames
with one pulse of light on each frame. The flow velocity is fduoy measuring the distance
the particles have travelled from one frame to the next.

For the best results, a camera that can capture a picturdhandrtove the image into
memory and start integrating the next image frame quickigesired. The movement of
charge between the photosensitive pixels and memory mustripdast for high-speed two-

frame cross-correlation. The time it takes from the end & exposure period to the start
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Figure 4.14: Timing of laser pulses for DPIV measurements

of the next exposure period determines the maximum flow wgltitat can be measured.
The time it takes to read out the image from the CCD to the completermines the frame

rate or how frequently the flow can be sampled.

The cross-correlation function is computed using FastiEodransforms (FFT). The
power spectrum is computed from the sum of the squares oktileand imaginary com-
ponents. The square root of the computed power spectrunicshewsed to get the same
scaling factors for the peak intensities to compare thectioe correlation techniques with
FFT correlation. Calculating the square root of the comppteger spectrum is skipped to
save processing time. It does not affect which peak is sdeas$ the displacement peak,

but it does change the relative peak intensities and thestgmoise ratio numbers.

For there to be enough particles in the water for the lasét lig reflect off and be
visible on the video, the water needs to be seeded with refleparticles. Therefore 8—
12 um hollow glass spheres are added to the water. The densityea$gheres is in the
range of 1050-1150 kgn®. The fall velocity for the particles would then be 2—{1&/s,
meaning it would take a particle about 100-500 s to fall 1 mhe particles can therefore

be considered neutrally buoyant for the purpose of thessunemments.
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4.5.2 Laser doppler velocimeter

Another velocity measuring device available at the time atrid Laboratory is a non-
intrusive two-component back-scattering Laser Doppldo&iemeter (LDV) system from
Dantec Electronics Inc. It can offer more frequent measergmthan the DPIV, but can
only measure velocity at one point at a time. It measuresdineensional velocity compo-

nents in a plane perpendicular to the laser beam.

The LDV system used in this study consists of the optics, therflow system and the
processor and a 4 W argon-i@oherent Innova 71aser. After coming out of the laser, the
laser beam is split into three separated beams (blue, grekoyan) as it passes through
the beam splitters of the optics. Both the green beam and tieeld@lam are shifted by the
Bragg cell inside the optics (the shifted frequency for the itV system is 40 MHz).
The three laser beams are directed by the fiberflow systemfid@dow system has three
manipulators which direct the three laser beams througlolepdistribution box into the
fiber probe. Then the laser beams shoot out through the filodrepihich is placed on
a levelled positioning system with three degrees of freedDne laser beams focus at a
focal point (inside the fluid) in front of the fiber probe. Thacél lengths used for this
LDV system are either 160 or 600 mm by changing the opticadlh8enall particles in the
measurement fluid will scatter the laser light. The scatitéght is collected by a spherical
lens (the same lens as the transmitting lens) and convertedan electrical signal by a
high speed photodetector. The frequency of the electrigab§ which is proportional to

the particle velocity, is then measured with an electrieafice.

The processor receives signals from three detectors éddedtdifferent and well spec-
ified scattering angles) to estimate the Doppler frequeray fwhich the two-dimensional
velocity of the particle is calculated. The signal from theodetector is bandpass filtered
and amplified. The signal is then fed to a delay line that dethg signal by a time and
to a phase splitter that produces two outputs with a phagerelifce of}. The function of

the phase splitter is to transform the signal from the remhfoosw? into the complex form
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coswt +isinwt. Each output from the phase splitter is now multiplied bydakayed signal
and integrated to form both the real and the imaginary pate#tuto-covariance function.
The two integrators are gated by a signal generated by tls¢ ¢herector. The detected burst
envelope signal does not depend on the Doppler frequenayided that it is within the
passband of the input filters. Also the signal to noise ratigeary low, since the delay
has been chosen to assure that the correlation betweenifigeafithe two input signals to
each of the multipliers is negligible. The resolution of tHaV system is 156 mnys. The
sideways-looking setup of these experiments means th&d¢htgon of the measurements
goes from being in air to fluid, as the bore front passes, witht af bubbles in between.
This also means that the system can not make any measuraiméhtbe bore passes the

measurement location.

4.6 Force measurements

The load on the column is measured by a multi-component fvesesducer Advanced
Mechanical Technology Inc., MC3A-6-1)0referred to as load cell in this dissertation.
It can measure the force in three dimensions and moment @rttwee axes. The load
cell incorporates strain gauges and a precision cylindeleanent to isolate and measure
applied forces and moments. Bridge excitation and signaliiogtion are required. The
amplifiers process the signals from a transducer and pr@aridkg outputs.

In the same way as for the wave gauge (see §84.4.3), the anatiogt of the transducer
is then transferred to a personal computer using a datasatguisystem fromComputer
Boards IncThe acquisition board can handle 8 analog to digital inpanoels. Th&Com-
puter Boards’ DAS Wizargs a macro package for use withiicrosoft Excel so the data
is gathered into &xcel worksheet

The load cell is calibrated using®heppo—Digital load gaugé&he gauge is pressed
against the column, and the peak force is recorded and cewhpdath the peak voltage

from the load cell. A calibration curve is then made by fittagurve to the data using
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Figure 4.15: The load cell inside the square column

least squares regression. For the large columns, wheredhaamic forces act directly on
the load cell, the data can be fit to a straight line and funtoge this line has the same
slope for both the circular and square column, /o= 20.0 N/V x ¢,, whereg, is the
voltage from the load cell corresponding to the force inxthdirection. However when the
load cell is mounted above the water surface, some of the farthex-direction translates
into vertical forces and moment in thez plane, before going through the load cell. This
makes it necessary to include into the calibration formataf,, the voltage from the load
cell corresponding ta, and M,. An example of a single push with the calibrating gauge,
for the medium circular column is shown in Figure 4.16. Théage deviation from the
baseline for channels correspondingRg F, and M, are represented by,, ¢, andg,
respectively. The baseline for the vertical force lies &t tiaximum capacity of the load
cell, so we can not trust that this is the actual baselinefaresome non-zero values @t

we can still recordp, = 0. Therefore it is necessary to include a constant term. ety
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Figure 4.16: An example of load cell data from one push with fitrce meter on the
intermediate circular column

the second order terms, the form of calibration curve is then

Fo = a1¢x + 020; + 03¢ + s, + a5, + as9) + a7 (4.5)
and a least square regression gives the following valuesyfory, = —30.37 N/V,
a, = 1659 N/V? a3 = —-1932N/V, ay = —2514N/V? as = —1.388N/V,

as = —0.1484 N/V? anda; = —0.4775 NThe small circular column was calibrated sim-

ilarily.

4.7 Synchronization

To use all the measurements together it is important to keetatknow what is going on at
specific times for each measurement device. A trigger systasiset up so that when the

gate was released, a precise clock started in view of videth&visual surface data. The
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Table 4.2: Surface profiles
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trigger also sends an indication of the gate release to ttaegd@hering system for both the

force and velocity and time is set to zero.

4.8 Experiments

4.8.1 Surface profiles

Surface profiles using a laser light sheet were taken foraeesshown in Table 4.2. There,
the vertically oriented text refers to the position of thetial laser sheet and therefore the
surface profileCenterlinerefers to the upstream centerline of the column in the doect

of the flow. The sheets marke&dong sideare one radius (for the circular column) or half



45

a side length (for the square) from the centerline sheetsarsame direction. The sheets
marked 60 mnoff sideare then parallel to tha&long sideprofiles but 60 mm further away.

The left-most columrk, refers to the impoundment behind the gate.

4.8.2 \Velocity measurements using DPIV

The DPIV was used to measure flow fields for the cases shownbile #a3. In it the left
most column, refers to the impoundment behind the gate. @¢@sl column is the position
of the lasersheetjpstreanrefers to a camera view of one of the upstream corners of the
column in question andownstreamthen refers to a similar view, only of a downstream
corner. The camera views for the circular column are showigare 4.17, marked ‘u’ and
‘d’.

The columns in Table 4.3 under the wakb obstaclerefer to measurements made
without any column in the tank. The second line of verticalyented text in the table
refers to the height of the sheet above the tank floor.

DPIV-measurements for all regions shown in Figure 4.17 weagle for the circular
column at 15 mm above the tank floor for impoundments of 250 mcth30 mm and at

35 mm above the floor for an impoundment of 250 mm.

4.8.3 Velocity measurements using LDV
4.8.3.1 The bore

The LDV was used to acquire a velocity profile in bores of défé sizes. The measure-
ments were first made without any obstacles in the flow. Thee weade at varying heights
above the floor on the centerline 5200 mm downstream of the g#iis location corre-
sponds to the obstacles’ most upstream points. Table 4usstie heightsz, at which
measurements were made for each impoundnignin each case the two horizontal ve-

locity components were measured.
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Table 4.3: The DPIV measurement matrix

15 mm off floor
35 mm off floor

Large

Circular

75 mm off floor

115 mm off floor

Small

35 mm off floor

15 mm off floor
35 mm off floor

Straigh

75 mm off floor

Square
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upstream
100 mm
downstream

upstream
125 mm
downstream

upstream
150 mm
downstream

upstream
175 mm
downstream

upstream
200 mm
downstream

upstream
225 mm
downstream

upstream
250 mm
downstream

upstream
275 mm
downstream

upstream
300 mm
downstream

upstream
400 mm
downstream
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Table 4.4: LDV measurements @f, v) without any obstacle in the flow3 m downstream
of the gate

hy z [mm]
[mm] |8 14 19 30 36 46 56 82 89
100 (¢ o o

125 |e o o e o o
150 |le e e o o o
175 |e¢ o e o o o

200 (e o o e o o °

225 e o e o o o

250 e o e o o o o o o
275 | o o e o o o o
300 (¢ o e o e o o o o

Table 4.5: LDV measurements @f, w) with no obstacles; = 300 mm

b y z

—1200 mm Omm 30 mm

—1200 mm Omm 50 mm
—1200 mm Omm 70 mm
—1200 mm Omm 90 mm
—1200 mm Omm 110 mm
—1200 mm 100 mm 50 mm
—1200 mm 200 mm 50 mm
—1200 mm 260 mm 50 mm
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For a single boreheigltt; = 300 mm,u andw, i.e. the velocity components in thez
plane, were measured further upstream. The coordinatég ei¢asurement points can be
found in Table 4.5.

4.8.3.2 The wake

The horizontal velocity components were measured with LD&geral points downstream
of the circular column. The plan layout of the points can bense Figure 5.48. For each
position, measurements were made at 15 mm and 35 mm off theTloese measurements

were made withh; = 250 mm.

4.8.3.3 Upstream of the circular column

As in the wake, the horizontal velocity components were messfor/; = 250 mm.
Those measurements were made at points formihg 8 matrix with y = 0 mm, 70 mm

and 130 mm measured from the centerline angd 8 mm, 24 mm and 60 mm measured
from the tank floor. This cross-section was sekat —300 mm, i.e. 300 mm upstream

of the obstacles extreme upstream point or 4900 mm dowmstoéshe upstream edge of
the gate. Forz; = 300 mm,u andw were measured at larger distances upstream of the

circular column. The coordinates of the measurement poarisbe found in Table 4.6.

4.8.3.4 Around the square column

Using/; = 250 mm the two horizontal velocity components were measairadew points
around the square column. The coordinates of the measutgoarns can be found in
Table 4.7. There is the downtank directiony; is crosstankz is up and(x, y, z) = (0,0, 0)

at the center of the upstream face of the column at floor |@Ved.upstream face of the gate

isatx = —5200 mm.
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Table 4.6: LDV measurements @f, w) upstream of the circular columh; = 300 mm

X y z
—1200 mm Omm 30 mm
—1200 mm Omm 50 mm
—1200 mm Omm 70 mm
—1200 mm Omm 90 mm
—1200 mm Omm 110 mm

—1200 mm =100 mm 50 mm
—-1200 mm —-200 mm 50 mm
—-1200 mm —-260 mm 50 mm

—2400 mm Omm 40 mm
—3200 mm Omm 50 mm
—3200 mm Omm 70 mm
—3200 mm Omm 90 mm
—3200 mm Omm 110 mm
—3200 mm —100 mm 70 mm
—4200 mm Omm 50 mm

4200 mm =140 mm 50 mm
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Table 4.7: LDV measurements around the square coldéms; 250 mm

X y z

—60 mm Omm 30 mm
—60mm —60mm 30 mm
—60 mm —-120 mm 30 mm
—120 mm Omm 30 mm
180 mm Omm 30 mm
180 mm —-60 mm 30 mm
180 mm —-120 mm 30 mm

240 mm Omm 30 mm

4.8.4 Force measurements

Force measurements using the larger obstacles, i.e. betitations of the square and the
large circular, were made for impoundmentsof 100 mm, 125 mm, 150 mm, 175 mm,
200 mm, 225 mm, 250 mm, 275 mm and 300 mm. For the small andnetéate circular

columns, force was measured forof 100 mm, 150 mm, 200 mm, 250 mm and 300 mm.
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Chapter 5

RESULTS AND DISCUSSIONS

5.1 Qualitative analysis of the flow structure

5.1.1 Introduction

The goal in this section is to represent a few qualitativeeolagions about the flow around
the obstacles and describe the main features of the flowtsteud-or that purpose both
velocity and surface data are used in combinations witho/idetage. The main focus is
the bore generated usilg = 250 mm, wheréi, is the initial water impoundment depth

behind the gate.

5.1.2 Large circular column

Figure 5.1 shows 8 photographs, captured from a high spaeddien at 100 frames per
second, of the upstream side of the large circular column foe 250 mm. Each capture
is marked with the time that has passed since the raisingeofjétte. Figure 5.1a shows
the splashup on the upstream side of the column just aftdodhe has arrived. After the

water falls back there is a buildup of water right upstreanhefcolumn caused by the flow
blockage (Figure 5/1b), which then flattens out both in thetngam direction and towards
the sides of the tank (Figure 5.1c). When the wave coming efttiumn reaches the side-
walls (Figure 5.1d), a wave forms over the whole width at thstrteam edge of the column
(Figure 5.1e) which then starts to propagate upstream (&sgeL1f—h). Smaller waves can
also be seen moving at an angle from the sidewalls. This b&hean also be seen in Fig-
ure 5.2. It shows the evolution of the water surface upstrefethre large circular column for

impoundment:; = 250 mm. It shows the bore propagating towards the column lzem t



Figure 5.1:
250 mm
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Views of the flow around the large circular colufrom upstream for:;, =
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Figure 5.2: Evolution of the water surface profile in the waitplane at the centerline
upstream of the large circular column floy = 250 mm
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Figure 5.3: Evolution of the water surface profile in the et plane at the centerline
upstream of the large circular column for = 250 mm. Expanded view near initial impact.
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running up onto it. In this graph the front edge of the colus@atix = 0, z is measured
from the bottom of the tank and= 0 when the gate starts to raise. Flow-disturbance due
to impingement is confined to an area extending about 100 natnegm of the column but
evens out at a lower level further upstream. After the ihg@ashup the water level at the
upstream edge of the column is at approximately 170 mm. Thiesturbed height away
from the impinging disturbance is about 90 mm. Figure 5.2 al®ows that the wave seen
in Figures 5.1f-h is in fact only the first one of two prominestves propagating upstream.
These waves start at the upstream face of the column at apatety 6 and 8 s after gate
opening and can be seen clearlyxat= —300 mm near = 7 andt = 9s. The wave
propagates upstream at about©nys. As Figure 5.2, Figure 5.3 shows the evolution of
the water surface upstream of the large circular columnrfiggaundment:; = 250 mm,
but with expanded detail near the time of initial impingemeithe bore on the structure.
In Figure 5.3 the surface is initially still at a level of 20 mAt ¢ = 3.0 s the arriving bore

is first seen. The raised bore surface at the toe is quitelilaegs can be expected from the
overturning and air entrainment at the bore facer At 3.4 s the water hits the structure
and begins to climb up the front face. As the bore continugspange on the column, both
the water level on the column and the depth of flow upstreamease. The flow is being
set up at this stage and the flow blockage caused by the coliadfecting the upstream
depth. The water surface on the column itself can not mairtsisteep slope. It reaches a
maximum of 270 mm at = 3.5 s and begins to break, sending the broken volume of water
back upstream. This reflected wave reaches —100 mm at = 3.8 s before being swept
back onto the column. It is useful to look at Figure|5.2 at gfsnt. It can be seen there that

the process of buildup on the column front face occurs setieras during the experiment.

In Figure 5.2, as in all the water surface time historiesydimated wave motions or re-
flection appear as areas of convergence of the lines of thex wiatface. There are a number
of small reflections during the initial runup on the columat the biggest reflections are
seen fromr = 6.0 stor = 7.0 s and agaim = 8.0 s tor = 9.0 s. These correspond to the

reflections of a travelling wave from both side walls as seghe video. The water surface
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on the upstream side of the column rises to 170 mm and the waypagates upstream
with a speed of  m/s. The first of the two large waves visible in Figure 5.2 is moire
distinct. Its peak is clearly seen at= —300 mm att = 6.6 s. The second wave is more
gradual and can be seenxat= —300 mm attr = 7.9 s. The second wave appears to be
affected by additional reflections occurring in the tank.

Figure 5.4 shows 8 captures from the high speed film of the wékiee large circular
column forz; = 250 mm. As before, each capture is marked with the time thephased
since the gate was lifted. In Figure 5.4a the front of the tha® passed the column. Most
of the water shoots straight downstream, whereas only a godion bends around the
column and moves towards the centerline (Figure 5.4b). Tdw& has travelled about two
diameters downstream before the two sides meet in the wagaré5.4c). Figure 5.4d
shows the wake during the impact of the two swerving frontseyToriginally flow past
each other (Figure 5.4€) but soon a so called rooster tailfat the junction of the opposite
flows as can be seen in Figure 5.4f. The rooster tail is ungtead oscillates around the
centerline (Figures 5.4g and h).

Figures 5.5 through 5.8 show examples of the combined wgldields using DPIV
around the large circular column fa; = 250 mm measured at = 15 mm above the
floor. As for every case, the initial water level downstreanthe gate,, is 20 mm. The
whole set of DPIV measurements for this case can be seen ien@lppA.2. Figure 5.5
shows the velocity field at = 3.243 s. The bore has just reached the obstacle and the
span-wise velocity is close to zero everywhere. The water that the obstaclereasmed
from continuing downstream has run up the obstacle rattar ¢fone around. Figure 5.6
shows the velocity field @15 s, or 3 frames, later. The water is now flowing past the ob-
stacle, but its effects have not reached the side wall. Tdri®sponds to the flows shown in
Figures 5.4a and b. Figure 5.7 shows the velocity field-at3.886 s. Some positive veloc-
ity v (towards the side wall) can be seen between the column awdathel he direction of
v is negative further downstream, showing the effects of thk. Where positive and neg-

ative values ob converge, the water surface is forced up forming what is éerenrooster



58

(h) 1 = 447 s

Figure 5.4: View of flow around the large circular column fralownstream for:, =
250 mm
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t = 3243 ms 1m/s hy = 250 mm

Figure 5.5: Horizontal velocity field around the large clesicolumn at = 3243 ms, with
h; = 250 mm and = 15 mm

t = 3458 ms hy =250 m

Figure 5.6: Horizontal velocity field around the large cleawcolumn at = 3458 ms, with
hy = 250 mm and = 15 mm
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tail because of its arcing narrow shape. The rooster tadnsing in the wake and is now
a little to the left of the centerline. Figure 5.8 shows thioeity field atr = 4.600 s. The
rooster tail is now fully formed. The velocity close to thdeiwall is close to being parallel
to the wall, i.e.v ~ 0. Figure 5.9 shows the velocity field at the same time as Figufe
but 20 mm higher in the flow, i.e. = 35 mm above the floor. The full set of the measure-
ments forz = 35 mm can be seen in Appendix A.3. The three-dimensionakcher of
the wake is evident when this figure is compared to Figure At different elevations in
the flow, the velocity deviations from the downstream ditare significantly different at
points with the same relative location with respect to tHarmm. At the upstream side near
the cylinder, the horizontal velocity is higher closer te tiottom. At the higher elevation,
more of the fluid is swaying upwards as part of the buildupngash of the column. Down-
stream of the column, the width of the separation area iggréegher up in the flow than
near the bottom. Figure 5.10 shows the velocity field for gdabore, i.es; = 300 mm
atr = 3.158 s. The full set of flow fields can be seen in Appendix A.4.ngghe time
scale described in 85.3.1 this time should correspond lgltse3.886 s for the bore with
h; = 250 mm shown in Figures 5.7 and 5.9. The effects of the sidksaed not quite as
prominent for this larger bore while the deviations from thean flow directions upstream

are a bit larger.

Figures 5.11 and 5.12 show the evolution of the water suifacfles at two different
cross-sections in the wake of the large circular colummifoe= 250 mm. The centerline
of the tank is aty = 0 and the side wall ay = —305 mm The waterlevel is highest
near the centerline. This rise represents the roostehtilforms in the wake. It oscillates
around the centerliney( = 0), with an oscillation period of about 1.0:5ls. Between
x = 350 mm andv = 470 mm the rooster tail becomes lower and widerxAt 350 mm,
the waterlevel at the sidewall rises to 107 mm right aftebiwe first passes, but establishes
at about(76 + 3) mm, so that is an overshoot of about 40 %. The same kind of l@hav
can still be seen at = 470 mm, where the initial peak is 93 mm but the flow stays at abou
(60 4+ 3) mm after that. Here the overshoot is 55 %.
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t = 3886 ms hy = 250 mm

Figure 5.7: Horizontal velocity field around the large clesicolumn at = 3886 ms, with
h; = 250 mm and = 15 mm
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Figure 5.8: Horizontal velocity field around the large cleawcolumn at = 4600 ms, with
hy = 250 mm and = 15 mm
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t = 3886 ms h1 = 250 mm
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Figure 5.9: Horizontal velocity field around the large clesicolumn at = 3886 ms, with
hy = 250 mm and = 35 mm
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Figure 5.10: Horizontal velocity field around the large ales column att = 3158 ms,
with 2; = 300 mm and = 15 mm
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Figure 5.11: Time history of surface data in the wake of theutar column ak = 350 mm
for i, = 250 mm
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Figure 5.12: Time history of surface data in the wake of theutar column at = 470 mm

for h; = 250 mm
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5.1.3 Small and intermediate circular column

Figure/ 5.13 shows a side view of a bore with = 250 mm passing the small circular
column. The effects of the column on the water surface leseeh@inimal. There is only a
small runup directly on the cylinder but only minor signs tadffecting the surface further
away. That would indicate minimal effects of blockage fastbetup. A small wake effect
can be observed in the slightly raised surface behind thedss. Figure 5.14 has the same
kind of side view for the intermediate column. The obstade mffects the water surface
all the way across the tank, but while there is a different@®&en the water level upstream
and downstream it is small compared to what is seen for tige lewlumn (Figures 5.1 and
5.4).

5.1.4 Square column

Figure 5.15 shows 8 captures from the high speed video of #ke wf the square column
for h; = 250 mm. Each capture is marked with the time passed from tiecbgeng raised.
The main characteristics of the flow are similar to that of ldrge circular column. The
shape of the flow around the column is obviously differenttasonforms to the shape
of the column and is affected by the sharp corners of the squdre flows from either
side meet in the wake at= 3.6 s (Figure 5.15d), which corresponds well with the time
for the circular column (Figure 5.4d). As in the case of theuwar column, the wake
oscillates from side to side, but the two trailing edges efshjuare column also appear to
generate separate wake structures that then interact tteams(Figures 5.15e—h), whereas
the circular column does not have such clearly defined flowarsgion.

Figure 5.16 shows captures of 8 consecutive video framesyisg the runup onto the
square column foh; = 250 m and as always, = 20 mm. As soon as the bore front
arrives at the column, a thin tongue of water travels up tHenso wall (Figure 5.16b—
d) and when it has reached its final height it falls back owaslit(Figure 5.16f-h). After

this initial splashup the water surface elevation at themol face is approximately 170—
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Figure 5.13: A typical side view of the small circular colupin = 250 mm

Figure 5.14: A typical side view of the intermediate cirawalumn,#z; = 250 mm
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Figure 5.15: View of flow around the square column from dowe®n for.z; = 250 mm
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(@)t =321s (b)t=324s

(d)¢r=331s
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Figure 5.16: The water surface upstream of the square colonin = 250 mm
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175 mm, slightly higher than for the circular column. Thisd® seen in Figures 5.17 and
5.18. They show the evolution of the water surface on theeckm¢ at the upstream side
of the square column for the bore formed by a 250 mm impoundnkégure 5.17 covers
a 7 s interval while Figure 5.18 focuses on a 1 s interval aildbe bore front arrival and
the initial splashup. The main features here are also sitaildnose of the circular column.
The straight side facing the flow causes a larger splashupttieround features of the
circular column. As with the circular column, there are tive reflected waves travelling
upstream. The speed is similar to that of the circular collouinthe waves appear to be
generated a little bit earlier, most likely because of theupbfront face of the column.
Figures 5.19 and 5.20 also show the evolution of the watdaseirelevation upstream of
the square column using the same two intervals, though sircése the column is oriented
with one corner facing the flow. For this case the originaashbup is considerably smaller
than for the other cases. However the water level after tleskpp is about the same for
either orientation of the square column and even the cirama as well, or about 170 mm.
The pair of waves also propagate upstream for this case lhthegsecond one is less
prominent. The reflected waves appear to depend more on izeréhan obstacle shape,

given a similar blockage coefficient.
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Figure 5.17: Evolution of the water surface profile in thetieat plane at the centerline

upstream of the square column with one side facing the flovi fae 250 mm
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Figure 5.18: Evolution of the water surface profile in thetieat plane at the centerline
upstream of the square column with one side facing the flowt fo= 250 mm, expanded
view near initial impact
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Figure 5.19: Evolution of the water surface profile in thetieat plane at the centerline
upstream of the square column with its diagonal aligned thiéhflow forz; = 250 mm
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Figure 5.20: Evolution of the water surface profile in thetieatt plane at the centerline

upstream of the square column with its diagonal aligned Wiéhflow for/s; = 250 mm,
expanded view near initial impact
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5.2 Quantitative analysis of the flow structure

5.2.1 Introduction

The goal in this section is to examine the effects of the stimnecon the total energy of
the flow and its components, the specific momentum of the flaidvthe structure of the
velocity field. In order to examine the energy and specific motum, it is necessary to

decompose the flow velocity to mean and fluctuating companent

5.2.2 Comparison with wave gauge data

Figures 5.211 through 5.29 show how the calculated watel testories from 83.2 compare
with wave gauge measurementsva& 5.2 m. The time of arrival, and therefore the prop-
agation speed are in good agreement. So is the agreement with water ldwvaligh an
increase in depth can be seen in the measured data, whesdhsahy indicates a constant
depth while in zone 2, i.e. during bore conditions. The tignof a decrease in the water
level data corresponds reasonably well with the calcultieel of the upstream wall effects

arriving at this location (marked with * in the figures).
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Figure 5.21: Comparison of measured water level with theory f = 100 mm
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Figure 5.22: Comparison of measured water level with theoryf = 125 mm
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Figure 5.23: Comparison of measured water level with theory f = 150 mm
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Figure 5.24: Comparison of measured water level with theorjf = 175 mm
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Figure 5.25: Comparison of measured water level with theory f = 200 mm
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Figure 5.26: Comparison of measured water level with theomry f = 225 mm
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Figure 5.27: Comparison of measured water level with theory f = 250 mm
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Figure 5.28: Comparison of measured water level with theory f = 275 mm
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Figure 5.29: Comparison of measured water level with theory f = 300 mm

5.2.3 Comparison with velocity data

Figures 5.30 through 5.38 show how our calculated velodgiohies compare with veloc-
ity measurements, both using LDV and DPIVat= 5.2 m.  In each figure, the dots
represent the DPIV and the solid line the LDV measuremerits.skraight solid line seg-
ments are the results of the calculations from 8§3.2. As innther level comparisons, the

arrival of the upstream wall effects are marked with an &kdr). As with the water level,
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Figure 5.32: Comparison of measured velocity with theoryifoe= 150 mm
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Figure 5.33: Comparison of measured velocity with theoryifoe= 175 mm
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Figure 5.34: Comparison of measured velocity with theoryifoe= 200 mm
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Figure 5.35: Comparison of measured velocity with theoryifoe= 225 mm
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Figure 5.37: Comparison of measured velocity with theoryifoe= 275 mm
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Figure 5.38: Comparison of measured velocity with theoryifoe= 300 mm
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the agreement is quite good. The velocity does however dserduring the passing of the
bore, and the calculations overestimate the velocity ferdénger bores. This is consistent

with the results for the depth.

The shape of the larger bores is different from calculatedyn The theoretical as-
sumptions are those of a irrotational, incompressibldasaig and hydrostatic flow. As the
bore becomes larger, these assumptions start to break d=awithe bore front, the incom-
pressibility because of air entrainment. Other weaknesstt®e assumptions relate to the
tank. The removal of the gate is not instantaneous but takiet@ time. Friction effects
from the gate might affect the initial shape and vorticitytloé flow. A small stretch at the
upstream end of the tank (see Figure 4.1) is actually debparthe rest of the tank, while
the calculations assume a constant depth. This should grufisantly affect the bore be-
cause any influence of this extra depth would arrive at thesoreanent point at about the
same time as the upstream end wall effects, and not influésecledre in any way before

that.

Applying the classification of Bradley and Peterka (1957¢ &2.2) to the Froude num-

bers calculated in a coordinate system moving with the bore

3
vgho’

as seen in Table 3.1, we see that the smallest bores fall etacategory of a weak

Fr' =

(5.1)

jump while the others would be characterized as oscillaimgps. For the largest bore
(h; = 300 mm) Fr’ = 4.0, which is close to the upper limit of the oscillating categor
so some characteristics of a steady jump might be expectagpear. The water surface
profiles of both oscillating and steady jumps rise with disaway from the jump in the
downstream direction. The downstream direction in the mgwoordinate system corre-

sponds to evolution in time at a fixed location in the fixed daowate system.

For Fr' = 4 the length of a hydraulic jump should be abéui/, = 570 mm, which

corresponds to about3P s.
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5.2.4 Filtering of data

The velocity data acquired using the LDV has several fainigrp spikes. An example can
be seen in Figure 5.39. The 3 small frames within the figurevsdwlected peaks with the
t-axis stretched by a factor of 50 while theaxis is compressed by a factor of 2. Each
spike is composed of several data points and is therefori@sta single outlier. A filtering
process was implemented to remove the sharpest spikesliedata. The premise is that
a very sudden change in velocity represents an outlier. Atgyval between 2 consecutive
data points, where the change in velocity, either acceterair deceleration, exceeds a

given valuex is identified and both endpoints flagged, i.e. when

Uity — U; > o (5.2)

liy1 — 1

both pointsi andi + 1 are flagged. Any outlier should form a cluster of at leastehre
flagged points, more in most cases. Flagged points are @asido form a single cluster

if no consecutive non-flagged points are among them. Now if

< Umaxs (5.3)

wherei and; represent the endpoints of a cluster, any pbintherei < k < j is removed
from the data set. If, however, the absolute acceleratibmd®n points and; still exceeds
amax the cluster is considered to be a real velocity change drth& points within it are

retained.

To assist in deciding on the value of the maximum allowabtzebsration or decelera-
tion amay the value ofAu/ At for each data point was calculated and tFfeafhd 99" per-
centile was determined for each data set in the wake. Thés&sun be seen in Table 5.1.

The same value af,., = 40 m/s* was used for each location.
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Table 5.1: Values of thesland 99" percentile ofAu / At for different data sets

X Y z ao.01 Ao.99

15mm —-70 nys* 75 m/s?
0 mm

35mm —-68m/ss 78 m/s?

15mm -36m/s> 36 m/s
70 mm

35mm —48m/s® 48 m/s?

350 mm

15mm -32m/s$s 32 m/¢
140 mm

35mm —-34m/ss 32m/s?

15mm —-29nm/s® 29 m/s
210 mm

35mm —-32m/s*> 29 nys?

15mm —-49nm/s® 54 m/s
0 mm

35mm -53m/s’ 54 m/s?

15mm —-42nm/s? 42 m/s
70 mm

35mm -55m/s*> 50 nys?

470 mm

15mm -32nm/s? 32 m/s
140 mm

35mm —-36m/s*> 36 nYs?

15mm -32nm/s$ 34 m/s
210 mm

35mm —-32m/s* 32nYs
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5.2.5 Base velocity

In order to estimate the turbulent kinetic energy, valuevébocity deviations are needed.

These can be expressed as
u/ =u-—Up (54)

whereu is a velocity vector andy, is a base velocity. As the bore passes the obstacle,
there are large changes in the flow structure, and therafidieei velocity. These changes
represent changes in the base flow and are not related tdandauin the flow. Therefore
definingu,, as the time averaged velocity is not applicable, rathepa 6f moving average

is needed. However calculating a moving averageising

1 t+3 At
u(t) = — u(7)dr, 55
O=g5/, " 55)

wheret is time andA¢ represents the length of the time interval the velocity israged
over, does not solve the problem, as the changes in the flowesyeabrupt, especially
at the time of bore impact. A single averaging intersalprovides too much averaging in
some portions of the velocity time history and does not mtednough averaging in others.
A different definition of a base velocity, is then needed. First the time of bore arrivg),

needs to be identified from the velocity time history. Befdratthe water is still so
u,(t <ty) =(0,0,0). (5.6)

After the bore has arrived the base velocity is calculatedgusepeated moving average

calculations.

1 t+ At
_ u;(v)dr if to <t <ty+ At,
l_%+Ak& () V<l <iot

uip(t) = | prar (5.7)

— i(r)ydr if to + At < t,
Al u;(t)dr ot

wherei is the step number in the repetition ang= u. Four repetitions are used 89 = u,.
The value of the half-interval\ is set to Ol s. Figures 5.40 and 5.41 show examples of
these calculations at different locations in the wake ofahge circular column. The broken

vertical line indicate the interval used in the calculasiam §5.2.6.
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Figure 5.40: Velocity data and base velocity in the wake efldrge circular column at
x = 350 mm,y = 0 mm andz = 15 mm fori; = 250 mm
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Figure 5.41: Velocity data and base velocity in the wake efltrge circular column at
x =470 mm,y = 210 mm and = 35 mm fors; = 250 mm
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5.2.6 Turbulence intensity

Restating the definition of turbulent velocity:
u' = u— uy,. (5.8)

The turbulence intensity is then calculated as the rootrsegare average of the velocity

deviations or
rms(u’) = Vu” (5.9)

where the averaging interval is 20 times that used for the lvatocity calculations or
20At = 2 s. Figures 5.42 through 5.43 show results of such calomigtior a 55 s long
interval starting (b s after the bore arrival. Away from the centerline there tdea@r de-
crease in turbulence intensity in time, in both thend y-directions. The magnitudes of
u,.s andv/ , are about the same away from the centerline, whjjle > u;_ . near the cen-

terline. Using root mean square values over the intervadrde=d above, and calculating

u,.J/ |u|, where
lu| = Vi +v°, (5.10)

yields values of 0.04—-0.06 away from the centerline, 0.1thercenterline at = 350 mm
and 0.11 atx = 470 mm. For all values see Table 5.2. Generally the turbelémt¢he x-
direction is greater at the lower elevation, but that dogsotd for the y-direction. There
the turbulence is greater at the lower elevation on the dergebut varies outside of it. On
the centerline the turbulence intensity in thalirection is considerably higher than that in
the x-direction, while the magnitude is similar in either dinectaway from the centerline.
The turbulence intensity in either direction is much higbarthe centerline than away
from it. Figures 5.44 and 5.45 show how the ratio varies withdownstream distance and
Figures 5.46 and 5.47 show how it varies across the tank.
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Figure 5.42: Root-mean-square average of velocity dewviatin the wake of the large
circular column atx = 350 mm,y = 0 mm andz = 15 mm foriz; = 250 mm
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Figure 5.43: Root-mean-square average of velocity deviatin the wake of the large
circular column att = 470 mm,y = 210 mm and: = 35 mm fors; = 250 mm
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Table 5.2: Velocity deviation as a ratio of the mean veloaitghe wake of the circular
column fors; = 250 mm

x y o U/ ul v/ [ul
15mm 0.1762 0.2581
0 mm
35mm 0.1399 0.3044
15mm 0.0374 0.0325
70 mm
35mm 0.0363 0.0295
210 mm
15mm 0.0468 0.0456
140 mm
35mm 0.0362 0.0394
15mm 0.0618 0.0636
210 mm
35mm 0.0501 0.0487
15mm 0.1621 0.2335
0 mm
35mm 0.1597 0.2315
15mm 0.0460 0.0407
70 mm
35mm 0.0444 0.0417
350 mm
15mm 0.0464 0.0394
140 mm
35mm 0.0307 0.0281
15mm 0.0418 0.0402
210 mm
35mm 0.0366 0.0354
15mm 0.1093 0.1489
0 mm
35mm 0.0955 0.1740
15mm 0.0598 0.0595
70 mm
35mm 0.0604 0.0597
470 mm
15mm 0.0417 0.0394
140 mm
35mm 0.0433 0.0439
15mm 0.0376 0.0364
210 mm

35mm 0.0332 0.0311
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Figure 5.44: The flow-wise variations in relative flow-wiseliulence intensity
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Figure 5.45: The flow-wise variations in relative span-wistulence intensity
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Figure 5.47: The span-wise variations in relative sparewusbulence intensity
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5.2.7 Energy budget in the wake

Using H to denote head or energy divided by weight, we have at a @&s#nx, three
energy components, potential enetdy, mean flow kinetic energydy and turbulent kinetic

energyH,. For a level bottom the potential energy is equivalent toddyath, so

Hy(x,y,1) = h(x, y,1), (5.11)

H(x,y,z,t) = M = L(ﬁ2 + 02+ wz) (5.12)
2g 2g
and
g h) 2 2 2
// Bhg /(; (u? +v? 4+ w?)dzdy. (5.13)

Foru, the base velocity calculations, as described in 85.2é5used. The total energy flux

& through a cross-section atis
E(x,t) = [ H(x,y,z,t)yudA

h(x,y,t)
[ (er + Bz + Hixy.z0)
xu(x,y,z,t)dzdy (5.14)

Whereg is the distance from the obstacle’s centerline to the sideofiehe tank.

To estimate the kinetic turbulent hedd,, the values ofi; andw,,. are required.

ms? rms

For the cases of bore impact on an obstacle, the LDV measuatsmeovide the first two

values, but notw’

rms*

Therefore it must be estimated from the other two turbuketacity
components. It can be expected to be of the same order of tndgrasu’ andv’. The
assumption is therefore made that

/ 1 / /
Wims = E(urms + vrms) (515)

or

3
(u:ms + vﬁms + w;ms) = E(u;ms + v;ms) (516)
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S0 H, is estimated to be

3
_( rms + v;ﬁws) (517)

l— 1 /— — —
H = 12— (/2 2 /2):
t u 2gu +ve+w ig

2g

In the wake of the large circular column for an impoundmer2s® mm, water surface
data is available at = 350 mmand 470 mmfdr < y < %. The data are a time sequence
of snapshots of the surface, taken evgi-({)of a second (see Figures 5.11 and 5.12). Each
shapshot is composed of a sequence of pgintd(y)), wherey is not at a regular interval
because of the image processing of the water surface dedgérnitg4.4.1.

A velocity time history foru andv is available at 24 points on a three-dimensional
rectangular grid at = 210 mm, 350 mm and 470 mm, = 0 mm, 70 mm, 140 mm and
210 mm, and = 15 mm and 35 mm (see Figure 5.48). No data is available fordhecal
velocity componenty, butw’ is estimated fromx’ andv’ as described in §5.2.6.

Using discrete data, the integrals in Equation 5.14 becamessThe velocity at each
measurement point is taken to represent the velocity ovectios of the cross-section as
seen in Figure 5.49, i.e. at any given point in the crossi@ethe velocity is taken to be

the same as at the closest measurement point. The compohesttd energy then become

8
éap =Y Z M,‘EiA,', (518)
i=1
0 8
& = 5 ; i(ug 4+ v2), (5.19)
and
3p

& = Ui (Upps + Vi) A (5.20)

rms,

EM“

T
where A; represents the area closest to painFor1 < i < 4 (the lower points) it is
a constant whereas for < i < 8 (the upper points) it evolves with. The horizontal

velocity deviationgu’, v') are calculated as

1

u;m3=<% > u’z). (5.21)

t—At<t;<t+At
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Figure 5.48: Location of LDV measurements in the wake of #ngd circular column
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0 70 140 210
y [mm]
Figure 5.49: An example of a cross-section, showing the mgatdace and location of the

velocity measurement points used in the summation of theggrilkeix, x = 350 mm and
h; = 250 mm

Figures 5.50 through 5.52 show the calculations for each®Btsegments, for the =
350 mm cross-section.

Results for a cross-sectionaat= 470 mm can be seen in Figure 5.53. It shows the time
history of the total energy flux, as well as the three comptmere. the flux of potential,
mean kinetic and turbulent kinetic energy. The magnitudehefturbulent kinetic energy
flux is just under 2 % of the mean kinetic energy flux, averagest the whole cross-
section. The mean kinetic and the potential energy flux tifindbe cross-section are about
the same, never more than about 10 % from each other duringasage of the bore. So
during the passing of the bore, both the potential and laretiergy flux is in the range
(50 £ 5) %, while the turbulent kinetic energy is a little over 1 %.

Figure 5.54 shows the energy flux through a cross-sectioseclto the cylinder, at
x = 350 mm. The numbers there are very similar, though the tertbldinetic energy is
closer to 3 % of the mean kinetic energy. So there is more lenbenergy closer to the
cylinder, while still not a significant portion of the totatergy.

Points with available velocity data upstream of the obstémi the same impoundment,
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Figure 5.53: Energy flux through a cross-section at 470 mm in the wake of the large
circular column forz; = 250 mm
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Figure 5.54: Energy flux through a cross-sectior at 350 mm in the wake of the large
circular column forz; = 250 mm
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Figure 5.55: Energy flux through a cross-section at —300 mm forz; = 250 mm

form a3 x 3 matrix with y = 0 mm, 70 mm and 130 mm measured from the centerline

andz = 8 mm, 24 mm and 60 mm measured from the tank floor. This crad®nds at

x = —300 mm, i.e. 300 mm upstream of the obstacle’s extreme wetmInt. There is

no surface profile at = —300 mm, but there are profiles at all threevalues, crossing the

section. It is therefore possible to obtain a water levekthistorys(x = —300 mm y, 1),

where as beforg = 0 mm, 70 mm or 130 mm arndranges from 3—-10 s. Now the energy

flux through this cross-section can be calculated with tmeesmethods as for the down-

stream cross-sections, with the exception that no numéniegyration of the water surface

level over the cross-section takes place, but each segmsestthe depth from the single

measurement point within it. As the span-wise variationshim water surface level are

much smaller upstream of the obstacle than they are in the i should not cause any

discrepancy. Figure 5.55 shows each component of the eflargthrough this upstream

cross-section. Unlike in the cross-sections in the waleptitential energy dominates here.

As the bore front passes, the kinetic energy represents @bdk of the total energy, but
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Figure 5.56: Energy flux in the bore with no obstacleat 0 ands; = 250 mm

decreases quickly and is within 1 % after aboli & During the passing of the first re-
flected wave from the obstacle the kinetic energy flux is lkas 01 % of the total energy
flux and just under @ % for the second and only rises to abolg % in the trough.

Figure 5.56 shows the results of calculating the energy filuaugh a cross-section of
the undisturbed bore, i.e. without any obstacle in it. Thpaomdment was 250 mm and
the velocity data are all from the centerline but at varyiegttis (see Table 4.4). The wa-
terlevel data comes from wavegauge measurements (see Fdif) The magnitude of
the turbulent kinetic energy is aboutt(% of that of the mean kinetic energy. The mean
kinetic energy is about 60 % of the magnitude of the poteetigrgy flux just behind the
bore front, but that ratio gradually decreases during tresipg of the bore. At approxi-
matelyz = 8.5 s the decreases and the ratio hold at 33—-35 %. The timingsobétmavior
change corresponds reasonably to expected time of thestieflow depletion form the
tank’s upstream boundary, which according to Table 3.1 Ishogiat 879 s.

Figure 5.58 compares the time history of the energy flux thindhe downstream cross-
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Figure 5.57: The water surface profile on the centerlineauitiany obstacle in the flow at
x =0forh, =250 mm

sections with that of the flow without any obstacle. It showwlthe placing of an obstacle
in the flow affects the energy flux. Figure 5.59 shows timednjsof the amount of energy

that has been transported through the cross-sectiondataidas

E@t) = /0 t &(r)dr. (5.22)

The difference in slope indicates the energy loss of apprately 7 %.
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5.2.8 Specific momentum

Using V; and A. to denote a control volume and its surface respectivelynribenentum

equation can be written as

ZF =ma = %///Vc,oudeL//ACpu(u-n)dA (5.23)

where F represents the forces acting on the control volumes mass. is the three-
dimensional acceleration amds the normal vector, i.e. vector of unit length normal to the
surface. The first part of the right hand side of Equation 5e8esents the rate of change
of linear momentum inside the control volume over time argdgbcond part represents the
net momentum flux out of the control volume.

For a control volume limited by the tank walls and floor betwé®o cross-sections

normal to thex axis in the tank, there is only flow through the cross-sestemd
u atthe downstream cross-section,
(u-n) = { —u atthe upstream cross-section, (5.24)
0 elsewhere.

The x direction component of the surface integral then becomes

//Cpu@.n) dA = //Adpusz - //pu d4 (5.25)

whereAy and A, refer to the downstream and up stream cross-sections tesbhgc

The forces included iy F in Equation 5.23 can be divided into three separate forces.
First the pressure forces acting on the upstream and daanstfaces of the control vol-
ume, second friction forces from the tank walls and bottowh third, resistance and shear

forces from the obstacle in the flow, i.e.
Y F=FR+F+F (5.26)

Assuming a hydrostatic pressure the force from the fluid we ha

P(y,z,t) = yh(y,t) —2) (5.27)
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where P is the pressure ang is the specific weight of the fluid. The hydrostatic forces on

the cross-sections then become

PL:ZZ;P¢4—ZZJP¢4=ZZ3&h—@dA—Zlﬂwh—ﬂdA (5.28)

Assuming a relatively short control volume
FE~0 (5.29)

can be assumed. Adding the hydrostatic forces and momentxnagsociated with each

cross-section together yields

ps(x, 1) = //A (pu? +y(h—1z))dA (5.30)

where ps will be referred to as specific momentum. Thelirection component of Equa-
tion[5.23 for the control volume can now be rewritten as

dp

Fo=—
dr

+ Psa — Psu (5.31)

whereF, is the reaction force of the obstacle on the control volumpdas the momentum
integrated over the volume apd, and p, are the specific momentum at each cross-section.
Therefore, by evaluating the right hand side of Equatiorl %3 can be estimated and
compared with measured values, provided the the assumsimout); hold.

Using the same data as for the energy calculations (85.@:Thé single cross-section
upstream and the two cross-sections downstream, the sp@afentum is calculatedfor
each section. Figure 5.60, shows the result for each of tleet®ss of the cross-section at
x = 350 mm. Figure 5.61 shows the specific momentum at a crosisisaty = 470 mm
and Figure 5.62 shows the same thingrat= 350 mm. Figure 5.63 shows the specific
momentum upstream of the obstaclexat= —300 mm and Figure 5.64 shows what the
specific momentum looks like at = 0 without any obstacle in the channel.

As can be seen in Figure 5/65, the reaction force estimat&djbgtion 5.3 does not fit
well with the measured force record (see 8§5.3.1). It is floeesclear that the assumption of
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Figure 5.61: Specific momentum at a cross-section-at470 mm in the wake of the large
circular column forz; = 250 mm
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Figure 5.62: Specific momentum at a cross-section-at350 mm in the wake of the large
circular column forz; = 250 mm
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Figure 5.63: Specific momentum at a cross-sectioa —300 mm upstream of the large
circular column forz; = 250 mm
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Figure 5.64: Specific momentum in the bore without any olssaatx = 0 for 4, =
250 mm
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Figure 5.65: Comparison of measured force recdrd, and force estimate by specific
momentum calculationg ps

a steady flow, i.e. no accelerations, does not hold and theat@elume approach will not
give a reliable estimate in this case. The two waves trangellipstream from the obstacle
(see 85.1.2) give two very prominent peaks in the momentuimmate. The force record

does have local maxima at the corresponding times, but witthrsmaller values.

5.3 Forces

5.3.1 Resistance

Time histories of the stream wise lodQ on the columns from bores of several different
heights were recorded using the load cell. Figures/5.6&1git&.70 show the time histories
for both orientations of the square column and all threeutarcones. In most cases the
curves have similar shapes indicating that they could bmatized to collapse into a single

curve. As the evolution of the load must be in step with thaihefbore, it makes sense to use
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Figure 5.67: Force histories for the square column with aweer facing the flow
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Figure 5.70: Force histories for the small circular column

the propagation speédto normalize the time or more directly the arrival time of there
at the object,. The force record can be normalized withhbu?, wherep = 998 kg/m?
is the density of the water during the ruhss the water depth; is the width of the object
perpendicular to the flow andis the flow velocity. Values of both andu are taken from
free flow conditions, i.e. flow without any objects.

This formulation also corresponds to the drag coeffioigntout as hydrostatic pressure
difference between the back and the front of the obstacle goatribute a portion of the
force, referring to this value solely as a drag coefficienha$ appropriate so the term
coefficient of resistanc€r will be used instead. This is similar to the resistance coefii
reported by Gupta and Goyal (1975) for steady flows arourdbbrpiers.

F, 2F,
Cr =+ = > (5.32)
spApu?  phbu

with the exception ofC; being a time history rather than a constant. The resultsisf th
normalization are shown in Figures 5.71 through 5.75. Thaltefor either orientation of
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Figure 5.71: Non-dimensionalized force histories for theae column with one side fac-
ing the flow

the square column are reasonable (Figures 5.71 and 5.7#)@sdme can be said about the
small cylinder (Figure 5.75) for three of the four curveseTburth curve corresponds to the
smallest bore/{; = 100 mm) and there the lack of resolution of the force measentsn
for such a small force is evident. However, the larger cydnsd(Figures 5.73 and 5.74)

behave quite differently.
Defining the mean resistance coefficient as

_ 1 r
Ch= —— Cr ds, 5.33
R 1.2t /1,2,0 R (5.33)

wheret* is the time when the effects of the flow depletion from the tmnpstream bound-
ary are expected to arrive (see §3.2 for calculations). efenth, the symbolCy will be
used to refer to the average coefficient of resistafigeThe results for different obstacles
and impoundments are tabulated in Table 5.3. In standanchhiyds texts (see for example

Roberson and Crowe (1995) and Daugherty et al. (1985)) theabeifjcient for cylinders
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Figure 5.73: Non-dimensionalized force histories for tngé circular column
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Table 5.3:Ck values for different impoundments and column configuration

hl CR

O o . 1<

100 mm| 2.05 2.06 139 226 2.22

125 mm| 1.86 220 1.99

150 mm| 1.80 1.90 217 2.00
175 mm 209 1.82

200mm| 1.70 140 0.92 221 1.90
225 mm| 1.49 215 1.89
250 mm| 147 121 0.89 215 1.85
275 mm| 1.26 210 1.85

300mm| 1.15 097 093 199 1.72

is found to be about.2 for 2 x 10* < Re, < 2 x 103, which is the range observed in this
study. The coefficients in this study are of the same ordeitevatbit higher, especially for
the smaller bores. The main trend for each column here ishleatalue ofCy decreases
with increased bore height. It's also evident tliatincreases with increased diameter of
the circular columns, owing to more redirection of the flowisTwould indicate that both
bore height and column size, or blockage, affects the valug;oln the next few figures
the relationships betwedtrk and a few non-dimensional groupings are investigated.
Figure' 5.76 shows how, for all five shapes, varies with the flow Reynolds number

Rey, calculated as

h
Re, = 2 (5.34)
V
wherev is the kinematic viscosity of the fluid. The resistance cogffitCr appears mostly
independent ofRe, for the square column of either configuration, while it isfannly

decreasing with increasinBe;, for the circular columns. Figure 5.77 shows hGwvaries
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Figure 5.76: Resistance coefficients vs. flow Reynolds nuno and ¢ represent data
from the square column with a side and corner facing the fl@peetively, 0 represents
data from the large cylinde x from the intermediate one at - from the small one.

with the object Reynolds number,

Rey, = @ (5.35)
v
Similar to the results forRe,, while C; seems to be independent 8¢, for the square
column, it is uniformly decreasing with increasiig, for the circular columns. In neither
the case ofRe,, (Figure/ 5.76) nor that oRRe, (Figure 5.77) can the values for the three
circular cylinders be considered to belong to a mutual fienciThe same can be said about

the Froude number

(5.36)

as can be seen in Figure 5.78. Again, there is no apparentdepee onFr for the square
column, butCy decreses with increase i for each circular column. Figure 5.79 shows
the variations ofC; with the ratio of water depth to the object wid#h,» and Figure 5.80
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Figure 5.77: Resistance coefficients vs. object Reynolds puio and ¢ represent data
from the square column with a side and corner facing the fl@peetively, 0 represents
data from the large cylinde x from the intermediate one a1 - from the small one.
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Figure 5.78: Resistance coefficients vs. the Froude nuro amd ¢ represent data from
the square column with a side and corner facing the flow réseég O represents data
from the large cylinder x from the intermediate one ar - from the small one.
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Figure 5.79: Resistance coefficients vs. the ratio of flow ldeptobject width, o and
¢ represent data from the square column with a side and coawargf the flow respec-

tively, © represents data from the large cylinc x from the intermediate one ai - from
the small one.
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Figure 5.80: Resistance coefficients vs. the ratio of objadthmo tank width, o and
¢ represent data from the square column with a side and coscergf the flow respec-

tively, O represents data from the large cylinc x from the intermediate one ai - from
the small one.
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shows the variation with the blockage coefficient, i.e. whation of the tank widthB is
blocked by the width of the columby B.

Figures 5.76 through 5.80 indicate tltat can not be considered to be a function of any
single one of these non-dimensional groupings. That hom@wesn’'t mean that it isn’'t a
function of some combination of them. The biggest contriiufactors to the variations in
Cr seem to be the flow velocity, bore height:, object widthh and tank widthB. It would

then be reasonable to deduce that there exists such a furfctimat

b h
Cr = f(Fr, L 5). (5.37)

The largest differences between the conditions in thisystindl the standard conditions
that yieldCp = 1.2, are twofold. First is the free surface condition and theosdds the
blockage the column causes in the narrow channel. In gerferaa given column, the
smaller the bore the more of an impact the column has on tkesfrdace because a larger
proportion of the flow must be redirected around the colunom.a=given bore height, the
larger the column the larger the blockage effect. As an e¥anipr a large proportional
blockage, like for the large column, the free surface istlyeaised upstream and the load
on the column becomes larger. The small cylinder causes & smaller blockage and is
consequently closer to the free flow drag condition.

Data from Gupta and Goyal (1975) suggests thatfiox 1, Cy is a function ofFr, g
and%. The data from the current research falls on a similar shiayieif is difficult to do
a direct comparison of values as the range of the independeables, especially/b, is
quite different. The only real overlap is for the small cdar at:;, = 100 mm, which is the
case with the least precise measurement (see 5at5hdt single point, however,

the agreement is good.

5.3.2 Hydrostatic forces

Figures 5.81 through 5.83 show the measured force on the thrge columns foh, =

250 mm and the water level at the upstream side of the columvelisas 10, 20, 30, 40
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Figure 5.81: Time history of the force (solid line) on theccilar column and the waterlevel
at the upstream side
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Figure 5.82: Time history of the force (solid line) on the amgicolumn with one side facing
the flow and the waterlevel at the upstream side
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Figure 5.83: Time history of the force (solid line) on the argicolumn with one corner
facing the flow and the waterlevel at the upstream side

and 50 mm upstream of it for.Q s around the bore impact. It can be deduced from them,
that the water level just off the upstream edge may be a batterator of the force acting
on the column than the water level right at it. These figureaatanclude information for
the the water surface in the wake of the columns.

During the bore passing, the water level on the upstreamddide obstacle is higher
than that of the downstream side. The hydrostatic force fn@ter of depth: on one side

of a column of a widthb is
h
F, = / (h—z)ybdz = %ybhz. (5.38)
0

The net hydrostatic force in thedirection should then be the difference between this force

on the upstream and downstream side or

AF, = Lyb(h? - i2) (5.39)
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Figure 5.84: Water level time history at = 0 mm for 2, = 250 mm and the square
column

whereh, and 4 represent the water level on the upstream and downstreamnrsispec-
tively. Figure 5.84, shows the water level at the upstreata & = 0) of the large square
column for impoundment of; = 250 mm. Figure 5.85 also shows the water level up-
stream of the column, but it uses an average water level avéntarval starting at the
upstream side and extending 100 mm upstream, rather thiath@igalue right at the col-
umn. Figure 5.86 shows the water level on the centerlineeatiistream side of the large
circular column while Figure 5.87 shows the water leveldngton the upstream side of
the large circular column, using an average over an inteaxanding 100 mm upstream
from the column. The upstream water level data for both cokim acquired from video
(see 84.4.1). Figure 5.88 shows the time history of the esémof the water level at the
downstream wall of the square column and Figure 5.89 showsdme for the circular
column. The downstream water level data comes from the lpghdfilm (see §84.4.2). The
two lines in each figure represent the possible range of three@aposition, i.e. a camera
angle in the range df0° < 6 < 35°. Figures 5.90 through 5.93 show the net force from
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Figure 5.85: Water level time history averaged over thervate—100 mm< x < 0 mm
for h; = 250 mm and the square column
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Figure 5.86: The water level history at the upstream side=( 0) of the large circular
column fork; = 250 mm
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Figure 5.88: Water level at the downstream side of the squ@wenn forz; = 250 mm



126

100 T T T T T T T

)

N
o
T
I

03 4 5 6 7 8 9 10 11

t [s]

Figure 5.89: Water level at the downstream side of the arccblumn forz; = 250 mm
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Figure 5.90: Hydrostatic force (solid lines) using the wdéxel at the upstreamx( =
0 mm) and downstreamx (= 120 mm) sides of the square column compared to the mea-
sured force (dotted line) far, = 250 mm



127

40 T T T T T T

30

10

03 4 5 6 7 8 9 10
t[s]

Figure 5.91: Hydrostatic force (solid lines) using the wdével at the upstreamx( =
0 mm) and downstreamx (= 140 mm) sides of the large circular column compared to the
measured force (dotted line) fof = 250 mm
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Figure 5.92: Hydrostatic force using upstream water lever dhe interval-100 mm <
x < 0 mm and the downstream water levelkat= 120 mm for the square columh; =
250 mm
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Figure 5.93: Hydrostatic force using upstream water lever ahe interval-100 mm <
x < 0 mm and the downstream water levelkat= 140 mm for the large circular column,
h, =250 mm

the height difference, again assuming the same range faraimera angle. The logos in
the top right corner of each figure indicate the column shapd@cation of the water level
measurements. It is clear from the figure that the unceytairthe angle does not affect the
force estimate to any appreciable degree. In the case ofjtlees column, there is a fairly
good correspondence between the calculated hydrostatie &md the measured force on
the column, with the exception of the initial impact. Thisnigt the case for the circular
column as can be seen in Figure 5.91. There the differenamsderable. The hydrostatic
force estimate is solely built on the water level on the cdinie, upstream and downstream,
and does not take into account the continuous changes irebatwhe hydrostatic force
estimate is therefore less accurate for a circular coluran thsquare one where pressure
on the sides does not yield any force in thelirection. Figure 5.92 shows the same kind of
force comparison as Figure 5/90, except rather than usisigagm water level right at the

column, an average of the water level for the first 100 mm epstrof the column (see Fig-
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Table 5.4: Impact force on the square column for each boee siz

noR BB
[mm] [N] — —

300 1991 1.02 1.10
275 17.41 1.04 1.23
250 14.12 1.01 1.13
225 1142 099 1.24
200 885 0.99 1.22
175 7.18 1.07 1.24
150 525 1.17 1.49
125 3.65 124 1.8

100 2.27 1.34 1.47

urel 5.85). This gives a more even representation of theagrstwater level and therefore
also the force estimate. Figure 5.92 shows the hydrostatie fon the large circular column
calculated using the averaged water level upstream as simokigure 5.87. Although the
fit with the measured force is still less accurate than forstipgare column, this approach
gives a better result than just using the upstream watel &\ single point right at the

column.

5.3.3 Initial impact

The values of the maximum force during the initial impafgt, for the square column and
various impoundments can be seen in Table 5.4. It also shmvstio betweer, and the
resistance forcéy, i.e. the average force after the bore impact, calculatedyube same
time interval as used for the calculations@, i.e.

1 r
Fr=—— / F, dr, (5.40)
t* - 1.2l0 1.2t()
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Figure 5.94: The definitions of}, F| and Fg, using the example df; = 175 mm

wheret, is the arrival time of the bore and is the time when the effects of the flow
depletion from the tank’s upstream boundary are expectadiige. For all but the smallest
bores this ratio is very close tio This is because the load continues to increase during the
bore passing and the peak during the impact does not alwpyesent the maximum force
applied to the structure. We can also compare the impace fiarche force immediately
after the initial peak has subsidéd. This yields the fourth column in Table 5.4. Figure 5.94
shows the definitions of the different force values. For timalger bores the force on the
square column during the impact is about 50 % higher tharottee fafter the initial impact.

This corresponds well with the results of Nakamura and Tiyacti973).

5.3.4 Effects of orientation of the square column

Figures 5.95 through 5.97 show the histories of force fohlmtentations of the square
column for different bore heights. The timés measured from the removal of the gate. In
every case the bore causes a larger load, for nearly the@urdtpassing, on the column

when it has its diagonal in the main flow direction. Only dgrite initial impact is the
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Figure 5.95: Comparison of force time history for the two ptéions of the square col-
umn,/; = 300 mm

load higher on the one parallel to the flow, for some, but nlotades. The initial peak is
however never higher than the maximum load for the diagatajps The relative difference
of forces between the two orientations is less than widtio 1a¢2), so force divided by
column width is smaller for diagonal orientation.

Figure 5.98 shows a comparison of the water surface histottyeaupstream edge of
the obstacle and Figures 5.99 through 5.101 show the sardeokitomparisons at points
100, 200 and 300 mm upstream of the edge respectively. Fgpaxason, the water surface
history without any obstacle in the tank-at= 0 can be seen in Figure 5.57. The data in
Figures 5.98 through 5.101 are taken from video whereasdtseinl Figure 5.57 are from a
wave gauge. Apart from very close to the impact, the profiesHe two different orienta-
tions are quite similar, indicating that the differenceaad is not caused by a significantly

different amount of water being held back by each orientatio
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Figure 5.96: Comparison of force time history for the two ptéions of the square col-
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Figure 5.97. Comparison of force time history for the two ota&ions of the square col-
umn,/s; = 100 mm
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Figure 5.98: Comparison of the water surface profile on théeckme at the upstream edge
of the obstacled;; = 250 mm
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Figure 5.99: Comparison of the water surface profile on théeckme 100 mm upstream
of the obstacled;; = 250 mm
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Figure 5.100: Comparison of the water surface profile on tieckne 200 mm upstream
of the obstacled;; = 250 mm
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Figure 5.101: Comparison of the water surface profile on tigeckne 300 mm upstream
of the obstacled;; = 250 mm
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Chapter 6

CONCLUSIONS

6.1 Qualitative observations

The bore propagates towards the column and upon impact pumista it, causing a buildup
of water on the upstream face of the column. It is highest iar@a, extending a distance
about equal to the bore depth, upstream of the large colunthsoleckage ratich/ B of
about 0.2 and higher, but evens out at a lower level furthetrapm. For the case of the
large circular column and higher bores, two prominent wavagel upstream from the
column. In comparison, for the square column both alignetisat diagonally to the flow,
the two waves travelling upstream are still prominent thothge second one is not quite as
pronounced, particularly for the diagonal case. These svaxe attributable not only to the
effects of flow being redirected around the obstacle in tiesgmce of a free surface but also
to the presence of the tank sidewalls, effectively makingrées of columns upon which
the bore impinges. In the wake of the obstacles, the conmeegef the split flow at the back
of the obstacle results in a turbulent rooster tail thatredsedownstream. The rooster tail is
highly three-dimensional and unsteady. It is usually asgtnimin the transverse direction
and fluctuates from side to side. The wake behind the obsthoes larger wake angles
and more transverse velocity components for the smalleshevrhile larger bores maintain

more of their downstream directed momentum.

The effects of the smallest cylindér/ B = 0.05, on the water surface level are mini-
mal. There is a small runup directly on the cylinder but onipon signs of it affecting the
surface further away. That would indicate minimal effedt®lockage for this setup. The

effects of the intermediate cylinddr/B = 0.10, do reach across the tank, but it does not
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cause the large water level difference between the upstasahidownstream side that are

seen for the large cylinder.

6.2 Energy and momentum

The energy and momentum around a circular cylindrical colame examined by calculat-
ing the mean and fluctuating components of the flow velocitg furbulent kinetic energy
is estimated by using velocity deviations about a mean flowrdler to avoid the limitations
that occur when averaging the velocity, temporally or sigtiaround the abrupt velocity
change at bore-obstacle impact, a special base velociyigifusing path averaging. The
energy budget in the wake is then estimated to find the palesiergy, the mean flow
kinetic energy, and the turbulent kinetic energy.

In the wake of the obstacle, the turbulent kinetic energpistl to be about 0.5-10 %
of the total energy in the wake. The highest turbulent kinetiergy values (10 % of total
kinetic energy) are observed in the rooster tail directlizibe the obstacle. The average
value over the entire cross section is roughly 2 % of the tatadtic energy. The contribu-
tion of the potential energy is found to be approximatelyado that of the kinetic energy,
both for the flow without any obstacle and for the flow in the wai the column. The
energy loss passed to the column is about 7 % compared to thevitbout any obstacle.

The specific momentum of the flow is calculated at a singlescsestion upstream and
at two cross-sections downstream using the same data aseddar the energy calcula-
tions. The dynamics of the bore interaction with the strreguand tank side walls yield
highly unsteady momentum flux in the region of the structuesssng the momentum flux
to estimate the force acting on the columns was therefonedféo be non-productive. The
large scale fluctuations in the upstream momentum corresglosely to the build-up and
upstream propagation of breaking wave on the front face efolstacles. Although the
conclusions regarding the energy and momentum are not enteq) they demonstrate the

ability to obtain quantitative values for these attributethe laboratory using careful water
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surface and velocity measurements.

6.3 Forces

The total resistance coefficie@k is observed to be in the range 1-2, dependent on shape,
object spacing and relative depth. For the circular colufins found to be a function of
the Froude numbefr, relative depttk /b and blockag® / B. The resistance decreases with
increasing Froude number and relative bore height. Thatan of the resistance coeffi-
cients with bore height is much less pronounced for the sgeaumn than for the circular
ones. For the square column, althoughdecreases a&r and/ /b increase, that decrease
is small and considering to be a constant for either orientation of the square colusnn i
quite reasonable. With one side facing the flow = 2.1 £ 0.1 and with one corner into
the flowCr = 1.8 & 0.2. The invariantCy for the square column can be explained by the
fixed flow separation points at the corners of the column.

The values ofCy observed in these experiments are somewhat higher thanoahat
be found in standard hydraulics texts (see for example Robhensd Crowe (1995) and
Daugherty et al. (1985)) for drag coefficients,, for infinite cylinders in submerged steady
flow and for comparable Reynolds numbers.

The measured forces compare relatively well with hydrasfatces calculated from
water level on either side of the square column. The relgtilgge size of the columns
compared to the impinging bore as well as the existence deadurface are the primary
causes for the piling up of water on the upstream face of ttetacke and the low wa-
ter depth on the downstream face. The redirection of flow tda/¢ghe tank sidewalls and
subsequent reflections are also important. These flow caargemore variable for the
large circular column than for the square column becaus@wfgeparation on the square
column always occurs at the corners.

For the smaller bores, the force during the initial impaabsut 50 % higher than the

resistance force during the bore passing. For the largersbaéhe force increases during
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the bore due to blockage effects, so the maximum resistamce €an be as large or even

larger than the force during the initial impact.
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Appendix A

VELOCITY FIELD DATA

A.1 Introduction

This is a compilation showing the evolution of velocity figlth a bore flowing past a
cylinder. There are three different cases, 8A.2 shows @kentatz = 15 mm, wherez
represents height above the floor, for an initial impoundméh; = 250 mm, shows
data forz = 35 mm andi; = 250 mm and 8A.4 for = 15 mm andik; = 300 mm.
Each figure is compiled from PIV measurements from 11 diffexéews, mapped out in
Figure 4.17. The length of the arrows is scaled so that itledha distance a particle would
travel between consecutive frames, were it to travel atiélatcity. The time indicated at
the bottom of each figure is the time passed since the gatefteals The extreme upstream

point of the cylinder is 2 m from the upstream side of the gate.

A.2 \Velocity field 15 mm above the floor for 250 mm impoundment

Figures A.1 through A.9 show the compilation of PIV velocityeasurements for, =
250 mm and = 15 mm
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A.3 \Velocity field 35 mm above the floor for 250 mm impoundment

Figures A.10 through A.19 show the compilation of PIV vetgeheasurements far, =
250 mm and = 35 mm

Figure A.10: Horizontal velocity field at= 3100 through 3458 ms fok, = 250 mm and
z =35 mm.
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A.4  Velocity field 15 mm above the floor for 300 mm impoundment

Figures A.20 through A.29 show the compilation of PIV vetganeasurements fdr, =
300 mm and = 15 mm

Figure A.20: Horizontal velocity field at= 2800 through 2872 ms fok, = 300 mm and
z =15 mm.
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