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Abstract—Experimental investigations were carried out in the Vorticity measurement was carried out on a frontain

Manchester Tidal flow Facility (MTF) to study thiow patterns in
the region around and adjacent to a hypotheticatilaed in tidal
(oscillatory) ambient flow. The Planar laser-inddicBuorescence
(PLIF) technique was used for visualization, withofescent dye
released at specific points around the headlanignptsr and in its
adjacent recirculation zone. The flow patterns lcamgeneralized into
the acceleration, stable flow and decelerationestdgr each half-
cycle, with small variations according to locatiomhich are more
distinct for low Keulegan-Carpenter number (KC) e=as Flow
patterns in the mixing region are unstable and ¢exmespecially in
the recirculation zone. The flow patterns are imeament with
previous visualizations, and support previous tesuh steady
ambient flow. It is suggested that the headlancctadd be a viable
location for siting of pollutant outfalls.

Keywords—Planar laser-induced Fluorescence,
zone, tidal flow, wake flows

. INTRODUCTION

N coastal areas, geographical features such amssland

headlands commonly exist. These features couldrgne
recirculation zones, or adjacent areas of low vgloghich
could trap water, and consequently, any pollutagisased in
the water. Because coastal areas are highly pa@gutatas, it
is important that the water quality of such areaprieserved.
In coastal cities, sewage treatment plant outtaklscommonly
located into the ocean, disposing of treatmentuefits for
dilution. If these effluents are not diluted quigkland
efficiently, water quality could be compromised.

The authors have carried out studies on flow pasgtemd
pollutant dispersion in headland-generated reatouh zones
([1], [2]). The focus was on steady, uni-directibfiaw, past a
hypothetical headland, which is considered as thestacase
scenario for generating a recirculation zone thatpd
pollutants. Here, the results of the study on tsailg, or tidal
ambient flow is presented. A brief review on fiskilidies and
numerical modelling on the field of coastal engniveg and
island or headland wakes is as follows.

Field studies in this area have been carried outdsious
researchers, often involving a large area of stuhd
significant funds. Satellite imagery was used irseafing
coastal flow patterns in a study carried out in1880s [3]. A
pattern of fringes was presented for island of elenssing
satellite imagery and tracking of drifting buoys$.[4
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California coastline [5]. In [6], the data from themote
sensing survey of the Clyde estuary on the wesstcof
Scotland was presented. The process of flow separatas
demonstrated for the case of an isolated islaradtidal flow.
Reference [7] presented a study of the spatial sttacture
around a headland using a shipboard acoustic Doppteent
profiler (ADCP). The in-situ velocity was testedy b
comparing the moored current measurements withcitglo

measurements from the shipboard ADCP. Reference [8]

presented observations of instances of marine tomilwsing
synthetic aperture radar (SAR). In [9], tidal eléwas and
velocities were modelled using two modelling system
(Princeton Ocean Model and MIKE 3) and comparednasga
field measurements off Singapore’s coastal waiére.results
indicated that the predicted tidal elevations frane two
hydrodynamic modeling systems are almost
correlating well to the field measurements, wheré¢las
simulated tidal current velocities or the depthfile of the
velocities from the two model runs may be quitdeddnt at
the upper layers of the water column. The effettsdal and
non-tidal circulation on a bay (St. Andrew Bay, fida)
during spring and neap tides were studied and pteden
[10]. The observed velocities were fitted to didrrend
semidiurnal harmonics separating tidal and sub-tig@tions.
The results indicated that the estuary will switcdm diurnal
tides to semidiurnal tides.

Many numerical or analytical studies have also bemmnied
out, primarily due to lower costs required compatedield
studies. In 1987, [11] presented tidal sea mathealat
modelling carried out in the Laboratoire National
d’Hydraulique (LNF). Falconer has presented islavakes
studies on Rattray island ([12], [13]). The islandidal
circulation was modelled and compared with field
measurements, aerial observations and satellitgamg12].
Good agreement was found between the eddy dimensioch
circulation strength. Reynolds stresses were alsaleffed
with a semi-empirical turbulence model [13]. The deb
predicted the size and shape of the eddy well. fide shear
layer turbulence was found to be dominant in themgi zone.
Reference [14] studied vortex generation behinéadtand in
tidal flow using analytical and numerical modellirg the
shallow-water equations. Four basic wake regimesewe
identified: a low Keulegan Carpenter number (KC)ghh
stability parameter (S) which caused vortices gateerduring
the transition to decay quickly, low KC, low S whicaused
vortex pairing, high KC, high S and high KC, lowvich
was quasi-steady for both. A comparison of model
capabilities on Rattray island was carried out %3 [15]. In
general
neglecting free shear layer dynamics as suggesyedhé
authors. Large-scale flow structures have also beegiving
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attention ([16], [17]). In [16], the focus was dalsility, where
a linear stability analysis was performed to deteenabsolute
and convective instability criteria. Mixing was ddbed in
[17]. More recent studies include [18], [19], [28}d [21] on
various island and headland wakes.

Headland or island wakes and flow patterns have la¢en
studied extensively by modelling in the laboratorhe
Reynolds numbers generated in the laboratory shéeld
sufficient in magnitude to represent actual sitwai Some
laboratory-based studies include [22], [23], and][ZThe
authors have also studied the shallow water boyntdger
[25]. In [26], wake formation patterns around rigla in
oscillatory laminar shallow-water flows were preseh In
[27], the structure of the eddy shedding was fotmdbe
dependent on the KC number. As KC (K€ 15) was
increased, the extent of eddy shedding also inetgasith
regular vortex formation and pairing.

Here, based on Planar Laser-induced Fluorescerd&)(P 2.%2'/

flow visualization, the authors aim to describe thew
patterns around and near a hypothetical coastalldred in
oscillating or tidal ambient shallow flow. PLIF flo
visualization provides a visual indication of tHew patterns
and mass transport of the released tracer (fluentsdye).
With such an understanding, engineering works sisctiesign
and siting of sewage treatment plant outfalls coblel
improved, and damage to the coastal environmenimisad.
The experimental
Manchester Tidal flow Facility, which is capablegeinerating
large-magnitude Reynolds numbers. Attention is gaidhe
perimeter of the headland, and in its generatedcréation
zone.

Il. EXPERIMENTAL FACILITIES AND ARRANGEMENT

investigation was carried out he t
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Fig. 1 Schematic diagram of the experimental seta)filume and
headland (b) side view of headland model and sltyeedh.All
dimensions in mm. Rectangles (with broken linegrdweadland
indicate field of view for experiments with highatjal variability
(large rectangle) and low spatial variability (shmattangle) relative
to flume and headland model

To synchronize the visually observed flow with thiate-
change of the valves, tidal marking was perfornieal.mark
one point in each half cycle of the tidal periole tstate-
change signal of the four valves was extracted inditated
by an LED which was brought within the field of wieof the
camera, which recorded the images.

The PLIF technique is based on the photoluminesceha

The details of the experimental facility, the Plsgstem and frescent solution. Reference [30] introduceds thion-
data processing have been presented in [2] and T28is only jnirysive method to measure turbulent fluctuatiofissolute

the outlines will be given here.

A. Manchester Tidal Flow Facility and the PLIF System

The experiments were conducted in a purpose-thali®sy
water flume, with full dimensions 11m3.3mx 0.2m. A 1:20
plane beach was constructed on one side (See Fig.he
headland model consisted of a conical, ellipsoghd) and a
shore connecting section with a triangular crossiee. The
bed of the flume and the headland were coverednim5
median diameter gravel, thus the equivalent roughnewas

taken as 2paccording to [29]. To create the tidal flows for

the experiments, a uni-directional variable speetdp and an
arrangement of valves connected to both ends offltimee

was employed. The valves were opened and closechately
to create tidal flows. To change the directionta# flow, the
state of the valves was changed by a PC housedbbéid

and a sinusoidal voltage input. A computer prograas

written to control the voltage inputs, state ofveal, and tidal
periods.
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concentration. References [31] and [32] have pteskisland
wake flows and shallow water bounded plane jetaifeay the
use of the PLIF technique. Reference [33] studieddtand
wakes using PLIF.

In the experimental set-up here, the fluorescemrt ayed
was Rhodamine-B, released by means of a steel tube
submerged in the water, and pumped with a peiistaitmp.
A piece of sponge was used to damp the releadeedlyte, to
avoid initial momentum. In [34], submerged rounts jevere
classified to turbulent (Re 3300 — 3500), transitional (Re
1600 — 1700) and laminar (Re 1000). According to the
study, turbulent jets exhibited stronger mixing retwderistics
with considerably smaller decay rate of centrelirgdocity,
compared to laminar jets. Since the velocity of be of
released dye was minimised in this experiment, st i
considered that the effect of the initial condiSorare
minimised.

A 5W argon laser was used, together with a lasamrser to
produce the laser sheet of thickness 2mm. The k=mmer
was an 8-faceted diamond turned polygon mirror,ctviwas
attached to a level gauge together with its hoysngbling it
to be moved up and down a scale. An optical colyiass
filter was used to filter out the reflected lasght and retain
the emission fluorescence. This filter was attadioeithe front
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of the camera lens to eliminate the reflected ldiglt. For about two widths of the headland at the widest tpointhe

capturing the images, a high performance monochr@@E shore connecting section. This is sufficiently wtdellustrate

camera was used. The camera was attached todghefrthe the behaviour of the recirculation flow [1]. Sirikées in flow

enclosure, about 2.5m from the surface of the flumEo patterns can be seen across the three columnscim reav,

obtain images with high spatial resolution, an 8rblens was were row 1 indicates the main current, rows 2 anth&

used. For digitising the images, a monochrome frgnabber mixing region, and rows 4 and 5 indicate the neaores

board was used. The grabber produced images wihx B8  region.

pixels, with a greyscale value ranging from 0 — 2&6each The test conditions for both the headland perimeted

pixel. The area covered is about 1.8r@m, using the 8.5mm recirculation zone are presented in Table 1. Apeiments

lens. were carried out under the same subcritical, tetulflow
To enhance the images and improve their appearan@@pdition. The PLIF laser sheet was located 70nom fihe bed

image processing was automated with MATLAB programdor all experiments.

Thresholdipg and mean (Iovy-pass) filter!ng wereriedrout. TABLE |

More details are pre,sented I.n [28] To f!nISh’ erS are FLOW PARAMETERS FORTIDAL FLOW AT THE HEADLAND PERIMETER AND

cropped, and a specially-designed, non-linear gadgscolour RECIRCULATION ZONE

scheme was added to the images to improve theeaappce.

Location  Depth  Period Max. Avg. Stability  KC
B. Discharge Positions and Experimental Tests (mm) — (s) fftee CR)SC- para. No.
stream e.
To study the pollutant flushing and flow patternt tbe vel., no.,
shallow water region near the coastal headlandexperiment _ (m/s)
was carried out with dye discharged around thenpster of the ~ Perimeter 100 60 0087 64840 ~ 0245 6.9
headland, and within the headland-generated rdation zone. cnmete  10¢ 24¢ 0.10: " 354091 0.07 322
, g * Recirc. 100 60 0082 57215 025 6.5

Previous studies in steady, ambient flow were edrout with  zone

the same discharge points around the perimetdredfi¢adland, Recirc. 108 240 0.083 229615 0.07 26.1
and recirculation zone ([1], [2]). zone

Discharge points around the headland perimeter Voeaed

symmetrically around both the left and right sidefsthe The oscillatory flow Reynolds number, Re defined as:

headland (see Fig. 2). From previous studies (H]), the U,a Uonm
areas as the current flows past the headland cadlivined Re, = ,a=—— (1)
into the free stream (unobstructed, free and highooity v w

flow), near shore region (very low velocity, locateear the Where Lb is the fr_ee stream velocity, a is the _amplitude of
shore and obstructed to incoming flow by the headjland fluid partlples outS|de. the boundary layer for datpry flows,
mixing region (transition between main current aedr shore 2nd Um is the maximum velocity amplitude in the outer
region). The discharge points are located to viseaflow ~€gion according to:

patterns in these areas; where R1, R2, L1, andréhearest U, =U ., Sinat (2)

to the shore, and indicate behaviour in a bighta aoastal  For values of Rereported in this study, 4 is used in place
shoreline; R3, R4, R5, L3, L4 and L5 are in theimixegion;  of U, in (1).

and R6, C, and L6 are near the toe of the headtaokl and The stability parameter, S, was calculated accgrtin

indicate behaviour near the free-stream flow. c.D
== 3)
< o 1 Free Stream H- - . . .
i i Where ¢is the bed-friction coefficient, D is the repretsive
2 diameter of the headland, estimated at the wat&l lee to
LEE Mixing region be about 0.76m and H is the water depth.

The bed-friction coefficient,;ds estimated based on [35].

4 Nearshore region For all bounded flows including open channels, hbendary
shear stress is expressed as a coefficient ofioinictor ¢

5 where:

SIDE

— z-O
c,=—2—
1/2pU,

WhereT1, is the shear stress between the fluid and thel soli
Fig. 2 Schematic diagram of discharge points ardhacperimeter of surface. Reference [35] presented the effectsaofing bed
the headland and recirculation zone. roughness in a water tunnel, and using modifiedntdas
derived by previous researchers plotted a wavédrnidactor
(aiagram. This diagram was used in the current stadybtain
the friction factors for tidal flow over a roughde

4)

To study the recirculation zone systematically, th
recirculation zone was divided into a grid (Fig., 2yith
columns B, C and D and rows 1 to 5. Dye was digggtiat
the intersection points of the grid (discharge poBi, C1, D1
for row 1, for example). The furthest column, colu is
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The Keulegan Carpenter number, KC, was calculated From experimental observation, the flow patternsioth

according to:

KC = M
D

where T is the tidal period.

For all experiments, two tidal periods were used; §0s
and T = 240s. Values of KC and S are calculatedtliier
headland perimeter and headland-generated redimulzone
as above, in Table 1. For any tidal period the flalocity is a
sinusoidal variation (Fig. 3). For each tidal pdrito illustrate
the flow sequence a total of 24 frames were digitizovering
each phase of the tidal period. Therefore, fodal tperiod of
60s, the time interval between two images is 2coisds, and
for 240s period, the time interval is 10 secondsall the tidal
sequences the first half cycle was defined as tbeement
westward as seen on the image.

(5)

1234567 8 9101112M™141516171819202122224

Tidal velocity variation

Digitised frame numbers

Fig. 3 Schematic representation of tidal velociyiation against
digitised frame numbers

I1l. RESULTS

The generalized flow patterns for both the low K@ &igh
KC cases, pertaining to both discharge locatioessapwn in
Table II.

TABLE Il
GENERALIZED TIDAL FLOW PATTERNS
Frame number Observations

Period (s)
60

the low KC and high KC cases can be generaliseul tim
acceleration, stable flow and deceleration stage®dth half
cycles. Variation occurs according to the positiorf
discharge, and is more apparent for the low KC .cBse the
high KC case the flow patterns were remarkably Ilgimi
regardless of discharge position. For dischargehet near
shore region of the headland perimeter in low Kdaltiflow,
the released dye plume formed an anticlockwiseexothat
was quickly disintegrated during acceleration (iertdetails
in Section A). Another anticlockwise vortex was nfad
during deceleration and disintegrated when the fiin@ction
changes. Accumulation of the released dye occuried,
particular for high KC flow, near the lee of thealdéand. For
discharge points at the mixing region, the antikizise vortex
as described above was distorted and appears s@hewh
flattened. This may be due to the increased ambiglatcity.
Further details on flow patterns in the mixing myiare
presented in Section B.

For the high KC case, the occurrence of vortices wat
prominent throughout the flow visualizations, asnpared to
the low KC case. Clockwise vortices were seem@tnixing
region, at R3, R4 and R5. These vortices occurtethg the
transition stage, and correspondingly for L3, L4dab5
anticlockwise vortices were seen during the firstederation
(first half-cycle).

At the recirculation zone, due to the generally lambient
velocity, the flow patterns were complicated. Hoegv
similarities were seen for flow patterns across same row,
with some small timing differences observed. Thewfl
patterns in row 1 consisted of simple eastward westward
movement. Flow patterns at row 2 and 3 were corait and
unstable (an example for discharge at B2 is presein
Section C). It is suggested that this is because 2cand 3
were located within the mixing region, and wereeefiéd by
the recirculatory eddy. For both rows, for the |8& case,
vortices were apparent. However for the high KCe¢ahe
occurrence of vortices was less distinct. Unstébie patterns
were also seen for row 4 for both low KC and high &ases.
For row 5, initial accumulation of the released dyas seen,
with indistinct flow patterns for both low KC andgh KC
cases.

Further details on the flow patterns are descriedhe

Deceleration of movement and impendingfollowing three sections, which are mainly focusedthe low

direction change. Direction change occursk C case. Regions of interest include the near stexgon for

the headland perimeter, and mixing regions for btita
headland perimeter and recirculation zone, dudsewations
of trapping, and complex flow patterns.

A. Discharge around the Headland Perimeter (Near shore
region, discharge positions R1 and L1)

For low KC conditions, in frames 1 — 2 the movement

1-6 Start of movement westward, acceleration,
and development of a stable dye plume

7-12
for some test cases

13-18 Direction change to eastward has occurred
adjustment and acceleration of movement,
and development of a stable dye plume

19-24 Deceleration of movement and impending
direction chanc

240 1-3 Acceleration of movement westward
4-9 Rapid and stable movement westward
10-11 Deceleration of movement

12 Transition

13-16 Acceleration of movement eastward
17-21 Rapid and stable movement eastward
22-24 Deceleration of movement and impendin

direction change
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started (a typical tidal cycle for dye dischargeRatis shown
in Fig. 4), and an anticlockwise vortex formed ames 3 — 4,
and disintegrated in frame 5. Stable movement waastvis
observed with a well-formed dye plume from frame® 3.

gHowever, the plume changes its angle by as mudbas 20°

from the horizontal, corresponding to changes & dmbient
velocity. In particular, deceleration of the amhidlow is
indicated by the instability of the plume. By frasnt0 and 11,

1SN1:0000000091950263
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the ambient flow has decelerated and an anticlaskwortex
was formed. While transitioning in frame 12, thisrtex
remained westwards of the headland, and disintegrat
frames 13 — 15, becoming entrained and dispersted tire
flow eastwards (frame 14, Fig. 4). Significant aocilation of
the released dye near the discharge point is &en. dn real
life situations, if the accumulation of such releépollutants
occurs, the water quality of the region may becéfd. While
the eastward flow is stabilising, the accumulatgd thass is
observed to travel towards the main current in &sh6 — 18,
while the residual masses of dye from the previmai§ cycle
was dispersed off the field of view by frame 19.Wdment
towards the free stream is observed in frames 2BB8towith
the start of a new cycle indicated in frame 24.

Frame 3

Frame 12 Frame 14

Frame 16 Frame 18

Frame 21 Frame 24

50 100 150 200 250

Fig. 4: PLIF images of dye concentration distribotfor dye
discharge at R1, tidal flow (KC = 6.9, T = 60s). M&harrows on top
left corner indicate eastward or westward ambilent f

B. Discharge around the Headland Perimeter (Mixing
region, discharge positions R5 and L5)

In this region, the evolution of the tidal flow &milar to
the near shore region and conforms to the flow epadt
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presented in Table 2. Here, some developments jer d
discharge at R5 and L5 (low KC case) are showrign9:
For the low KC case, dye discharge at both R5 aBd L
showed a common vortex, opposed in direction, fothb
points during the transition stage that was noh ggeviously
(Fig. 5). For discharge at R5, stable westward flaas
indicated by the dye plume in frames 4 — 9, anctléeation
occurred in frame 10. Some accumulation of releayedwas
seen at the discharge point in frame 11, and asrshoFig. 5
a clockwise vortex was seen in frames 12 and 113 plume
was established and moved towards the free stredrames
14 — 17, and deceleration started in frames 18.-Ah8ther

clockwise vortex can be seen in frames 20 — 21, and

disintegrated in frames 22 — 23. The new periodtedain
frame 24. For L5, the initial anticlockwise vortexas
successfully formed in frames 1 and 2, and follovegdthe
dye plume developing and establishing itself inmfes 3 — 5.
Deceleration started from frame 6 — 8, and in fra®e- 10 a
small anticlockwise vortex was seen (Fig. 5). Titéons
occurred in frame 11, and from frames 12 — 17 ma@me@m

eastward was seen. From frames 18 and 19 decelerati

started and the residual dye mass was out of viéx.plume
disintegrated by frame 23.

R5: Frame 13 L5: Frame 11

50 100 150 200 250
Fig. 5 PLIF images of dye concentration distribntfor dye
discharge at R5 and L5, tidal flow (KC = 6.9, T@s} showing
vortices of opposite direction during second acegien. All curved
arrows indicate flow movement

C.Discharge in the Headland-generated Recirculation Zone
(Mixing region, discharge positions B2, C2 and D2)

Flow patterns for B2 (low KC case) are presenteHifn 6.
Complicated flow patterns are observed in the secdoalf

1SNI:0000000091950263
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cycle. k is suggested that the erratic flow visualizati
observed are due to the velocity instability of thea, a:
observed earlier (Chen et al. 2003, 2005). FormB§g. 6), two
clockwise vortices were seen within the duratiorirames 1£
— 21. Starting in frames 15 %7, a clockwise vortex we
formed from the adjacemesidual dye (residual dye mas:
from the previous half cycle that remained witHie field of
view) as the flow direction changed. This vortegrgased it
size during the duration of frames 18 In frame 17 and 1.
another clockwise vortex, which was formed fromtafis-

residual dye (residual dye masses that have mowegt tom

the field of view) is seen next to the previousaadp-residual
dye vortex (Fig. 6)forming a complicate dye plume. Both
clockwise vortices and dye plume moved away as gh

concentration dye mass in frame, M8hile minor vortica

movement was observed at the discharge point. Tieserns
disintegrated over frames 223 as the flow decelerated, &
by frame 24 movement westward started. For the high
case, a clockwise vortex appeared during the transin

frame 13, similar to the low KC case. This vorteaswalsc
seen for both C2 and D2, for both high and low KSes

Frame 17 Frame 18
L — -

¥,

Frame 19 Frame 21

q—

Sb 180 150 200 250
Fig. 6 PLIF images of dye concentration distribution fyge!
discharge at point B2, tidal flow, (KC = 6.9, T 8. All curved
arrows indicate movement of residual dye. Whitewas on top righ

corner indicate estward or westward ambient fl

D.Flow Visualization with Methylene Blue Dye

Lloyd’s previous experiments at the UK Coastal Rese
Facility (UKCRF) had visualised flows with comcated flow
patterns and vortex pairing behavio[#7(], [36]). In addition,
Lloyd had performed some simple dyvisualization
experiments at the head of the headland at MTFhathe
current study using methylene blue dye. The resabtainec
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in this earlier study were compared with the currBhlF
visualization results. Tabldl lists the flow parameters for
these previous experiments.

TABLE Il
FLOW PARAMETERS FORMETHYLENE BLUE DYE FLOW VISUALIZATION
EXPERIMENTS

Period Depth  Max. Roughness Avg. KC No.
(s) (mm) free factor Osc.

stream (M) Re.

vel. No.

(m/s)
6C 98 0.03¢ 0.01 1013( 54
60 98 0.05¢ 0.01 28980 9.1
60 98 0.14] 0.01 166566 21.7

It was observed thahé plume formewith vortices for the
low KC case but no vortices were observed for the high
case.This is similar to the current PLIF experiments,end
vortices were distinct for the low KC casNo instances of
accumulation of released dye were observed. Thpsabably
due to the different discharge position, where rirethylene
blue dye was discharged from the apex of the hads

For the low KC caseK(C = 5.4 inFig. 7), the flow patterns
for both methylene blue dyvisualizations were very similar.
Due to the low ambient velocity, residual dye weit behind
when the flow changed direction (. 7). The span of the
movement of dye was about- 2 widths of the headland on
either side. At the ehof the period residual dye remainec
both sides of the headland. Increasing the KCXa&sulted ir
a similar flow pattern but the visible span of tmevemen
was about 3 4 widths of the headland from its centreline.
the end of the first periothe residual dye on either side of-
headland was symmetrical. For the high KC casg. 7) flow
behaviour was similar. The released dye was sweftt the
shoreline due to the faster velocity. This occurdeding the
corresponding haléycle (i.e. weeping on eastern shore on
eastern haltycle). However, little dye was entrair.

From the available data for MTF (this current stuatyd
Lloyd’s early results), the visuzations did not indicate any
pairing behaviour. It is suggested here that thsence of
pairing behaviour compared with the UKCRF was pesl
due to other reasons, such as bed roughness. [Higeded
roughness at UKCRF is 2% while at MTF it is 5%. Moetex
pairing may be suppressed by a high relative roeghra
MTF (relative oughness here defined by ratio of gravel siz
water depth). Also the state of the flow generaatdTF
tended to be between transitional to rough turkit
(according to the wave friction cha[35]) whereas flows at
UKCRF were mainly rough turbule

—> <—

KC=5.4,T=60s,t=0.3t KC =5.4,T =60s, t = 0.6f
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KC=21.7,T=60s,t=0.35T KC=21.7,T=60s,t=0.8!

Fig. 7 Images of dye visualizatiavith methylene blue dye, KC =5

and 21.7, T = 60s. White arrows on top left coindicate eastwar
or westward ambient flow. Black aws indicate residual d

IV. DISCUSSION

The results of this experiment form a componera sfudy
on flow patterns ah pollutant dispersion or trapping in t
region near and around a hypothetical headland.résdts of
the study including the image processing techniq
developed, serve tassist the design and siting of mar
sewage outfalls, and aid understandofgthe dispersion c
sewage effluents in tidal watemgith geographical feature
such as headlands and islandaride sewage outfalls may
the main means of disposal in coastal ci For real life
projects, further modeling work may be necessargccount
for complex geographical features and coastlinbymaétry.

In this study, for the experiments to become fdas
distorted scales were used for water depths andildoed
geometry. In a real life situation, the water deptsuch area
is expectedto be of the order of 10 m but, the headl
dimensions could be of the order of up t¢ or 1¢ m. High
experimental flow velocities ensure sufficienthghiReynolds
numbers for the ambient flow.

In real situations, released pollutants that atea@ed into
the surrounding flow could also affect the watealdy of the
area. To observe the potential of the ambient tildal for
trapping entrainedlye, after the dye release was stoj, the
dispersion of the residual dye was obser In low KC
ambient flow,the shorter time period allowed more resic
dye to circulate in the region. &8t of the residual dye wi
entrained in the flow in the first tidal cycle afdye discharg
was stopped. About three to faiolal periods were needed
disperse the dye maswith significant decrease in the d
concentration by the second tidal pe. The longer tidal
period of 240s for the high KC case significantly short the
number of tidal periods needed to disperse the (*2 to 1
tidal period), despite nte dye in volume being discharged
the 240s period.This indicates that the entrainment
pollutants in tidal ambient flow is not significam both higk
and low KC cases.

The authors have conducted experiments with thee
hypothetical headland, in steady ambient flow, tadg
pollutant dispersion in the headlagdnerated recirculatic
zone and also around its perimetémi-directional steady
flow is taken as the worst case scenario for pafititrapping
in the headland generated recirculation zone. Tiewiqus
study of the region near a headland in steady floag
indicated the roles of the lee of the headland, &mel
recirculatory edy in conveying the released pollutants to
dispersed in the free stream. In brief, the le¢hefheadlan
seems to act as a station for dye discharged inreébions
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nearest to the shore to stagnate, before beingmisg into th
free stream. This veaobserved for steady flow experime
conducted for both the headlegenerated recirculation zone,
and around its perimeter. As for the recirculategdy, it
functions to convey the residual dye (after disgbaiis
stopped) back into the recirculatioone, but it also conveys
the residual dye to be mixed and diluted at the B&ean
The recirculatory eddy is generated from flow sapan at
the tip of the headland, and recirculates adjadenthe
headland, within the recirculation zone as showFig. 2.

The results in this current study complement ttsilts of
the steady flow experiments. From the steady |
experiments, which was carried out with the sansetdirge
points around the perimeter of the headland anditdl
recirculation zone, theecommendation for siting of polluta
outfalls was point Bb (inthe middle of B1 and B2) for
discharge in the recirculation zone, and R5 ordrsdischarge
around the headland perimetisee Fig. 2). As the current
results have indicated that flow ferns at rows 2 and 3 are
complex, and due to the proximity of Bb to row Bug it
seems logical to consider R5 or L5 rather than Bpsiting
the outfalls as near as possible to the shore,aandear a
possible to the border between the recirculatind mixing
zonestrapping of released pollutants and possible poltuis
avoided, while ensuring low costs since it will nbe
necessary to construct the outfall far into theanc

To illustrate further, selected images of dye plsnfrem
discharge arund the headland perimeter are superimpose
a single image. The image (. 8) is produced with
superimposed dye plumes taken at different disehamnts
at the same phase. Fig.shows the dye plumes for both
high and low KC cases at the perier of the headland. It is
seen that for dye discharged within the entirercatation
zone up to the mixing region (F— R4, L1 — L4), the dye
plume developed an anticlockwise vortex towards
recirculation zone generated downstream. Howear,dfe
discharged at the toe area, the plume seemed to nuoneal
to the shore towards the free stream. Thus a bowridathe
recirculation zone can be estimated as seen fr@. 8. The
dye plume from point R5 seems to indicate this lauy
itself, for both te high and low KC cases. Thus the res
indicate that dye discharge at the mixing regi¢maint R5 or
L5, is most economic, and reinforced the si
recommendation from the steady flow experime

~ Free
stream

stream
~

N
N

50 100 150 200 250
Fig. 8Superimposed PLIF images of dye plumes for dyehdisge a
discharge points within the recirculation zone anthe free strear
for both low KC and high KC cases. Dashed lineédats estimate
position ofrecirculation zont
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V.CONCLUSION

The flow patterns for both the high and low KC asan
be generalized into stages, which include the acatbn,
stable flow and deceleration stages for both hafifles.
Variation occurs according to the position of dege, and is
more apparent for the low KC cases. For high KGesathe
flow patterns were remarkably similar regardlesslisEharge
position. For discharge in the recirculation zdiey patterns
at rows 2 and 3 were unstable and complex. Thiluésto the
transitional flow velocities in the mixing regioretween the
recirculation zone, the rapid currents in the Beam.

At the headland perimeter, for points nearest te tl‘tg]

shoreline (R1 — R4, L1 — L4), the released dye glunoved
around the headland to the opposite side of digehaand
formed an anticlockwise vortex that was quicklyimtisgrated
during acceleration. Another anticlockwise vorteaswormed
during deceleration and disintegrated when the fitinection
changes. Accumulation of the released dye was seanthe
lee of the headland for both high and low KC casdss
supports the previous finding that the lee of theadiand
seems to be a location for the released dye toepgdtbfore
being dispersed in the free stream. Thus, in ifEaltuations,
it is important to monitor the water quality at the= of the
headland.

At the recirculation zone, the flow patterns extati

[4] R.D. Pingree, G. T. Mardell, L. Maddock, “Tidaiximg in the channel

isles region derived from the results of remote ssen and

measurements at se&stuarine, Coastal and Shelf Science, vol. 20, pp.

1-18, 1985

T. F. Duda, and C. S. Cox, “Vorticity measuremerd iregion of coastal

ocean eddies by observation of near inertial @gimls”, Geophys. Res.

Lett., vol. 14, no. 8, pp. 793-796, 1987

P. A. Davies, L. A. Mofor, “Observations of flow g@ration by an

isolated island”Int. J. of Remote Sensing, vol. 11, n0.51990

W. R. Geyer, R. Signell, “Measurements of tidalflaround a headland

with a shipboard acoustic doppler current profildr’of Geophys. Res.,

vol. 95, no. C31990

M. Gade, W. Alpers, “Using ERS2-SAR images for nogitobservation

of marine pollution in European coastal watefBie Sci. of the Total

Environment. vol. 237/238, pp. 441 — 448, 1999

Q. Y. Zhang, 2006. “Comparison of two three-dimenal

hydrodynamic modeling systems for coastal tidaliomt Ocean Eng.

vol. 33. pp. 137 — 151, 2006

P. L. Murphy, A. Valle-Levinson, “Tidal and residuarculation in the

St. Andrew Bay system, FloridaContinental Self Research, vol. 28. pp.

2678 — 2688, 2008

[11] Y. Coeffe, S. Courtier, B. Latteux, “Tidal sea netmatical modeling:
current applications and future developmen®Jastal Eng., vol. 11, pp.
479 -511, 1987

[12] R. A. Falconer, E. Wolanski, L. Mardapitta Hadjipet, “Modelling
tidal circulation in an island’s wakeJ. of Waterway, Port, Coastal and
Ocean Eng., vol. 112, Iss. 2, pp. 234-254, 1986

[13] R. A. Falconer, L. Mardapitta Hadjipandeli, “Bathgtric and shear
stress effects on an island's wake: a computationaflel study”.
Coastal Eng., vol. 11, pp. 57 — 86, 1987

[14] R. P. Signell, W. R. Geyer, 1991. “Transient eddynfation around
headlands”J. of Geophys. Res., vol. 96, no. C21991

(5]

(6]
(71

(8]

[10]

similarity on the same row, with some small timingis) p. Galloway, E. Wolanski, B. King, “Modelling eddiprmations in

differences. Flow patterns for discharge in row drevsimple
and symmetrical. Flow patterns for discharge atsr@wand 3
were unstable and manifested complicated dye plufRes
both rows, for the low KC case, movement of dyenpu
normal to the shoreline was apparent, but not lisee for

the high KC case. Some unstable flow patterns aks@ seen
at row 4 for both high and low KC cases. For rowfldw

patterns were indistinct for both high and low Ka&zes.

The experimental results compliment the authorsvimus
experiments on pollutant dispersion in the recatioh zone
and perimeter of the headland in steady, ambiemt.fDue to
the complicated nature of the flow in the mixingion as
shown here, it is recommended that pollutant olstféle
located at the lee of the headland, to minimizetscasf
construction in the ocean.
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