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ABSTRACT

Several studies have been conducted in the past to examine varioug
aspects of environmental pollution in coastal and estuarine waters
around Penang Island, especially in the eastern and northern shores,
Receatly the Municipal Council of Penang commissioned a study to
Jetermine the capability of the Western and Seuthern channels to
transport and disperse domestic sewage out into the open sea for

subsequent dilution snd degradarion.

This paper will present the use of simulation and modeling techniques
to assist Municipal Council planners to decide on the most optimal
option and combination of treating and piping che sewage for final
discharge, with the eventual relsocation of the present sewage ourfall

in Jelutong to a suitable site.

INTRODUCT 1ON

Coastal seas around the northern and eastern shores of Penang Island
serve multiple purposes which include commercial, social and
aquacultural uses as well as serving to transport and disperse domestic
and industrial sewage to the open sea for dilution. Various studies
have been conducted to date to determine the physicalt, chemical and
biological baseline quality of the sea waters around Penang {Environal
Services, 1980 ; ERG, 1983 and Oueﬁ, 1978). In addition to Ehese,
other studies have been commissioned to characterise the hydrographic
and hydraulic regimes of the are. concerned (Christiani, 1972 ; DHI,

1982 and Kob and ?ubir, §987). Resulcts of these and orther studies

have indicated the nead to provide some deccee of gewags treatment amd



the necessity to relocate the present vutfall aear Jelutong tu i
location where the eculogical systew s less sensicive to rhe lLagpact of
sewage disposal. Ic has beea correctly pointed out rhat with 4 proper
selection of the site of discharge, the degree of treatment can be

dramatically reduced (Pearson, 1979).

THE STUDY AREA

Geargetown, the capitai city of Penmang, is located at Lat 57258 and
Long 100°20'E, on the eastern shore of Penang Island, and has a
population of 330,000, Demestic waste is conveyed by trunk dewer ko

a sewage outfall at Jelutong and discharged into the Western channel
(Figure 1), the channel between Jelutong and Middle Bank. The Southern
channel is the large channel to the east of the Middle Bank. The study
area covers the estuary between Penang [slund and Butterworth and
stretches from the Latitude at Tg. Takeng (point C) to thar at Bacu
Maung (point D) for a total length of I km, and is called the Strailts

of Pemnang.

The tides and current regimes in the Straits of Penang are astronomical
and predominantly semidiurnal. Typical daily variations in cidal
levels measured at Kedah Pier near Georgetowm for the month of July
1986 are indicated in Figure 2, while hourly measured current speed at
depths of 10-12 @ at location C on September 14, 1986 and at location
D on August 13, 1986 are shown in Figures J.a and 3.b respectively.

A mean spring tide has a tidal range of 200 cm with a maxioum current
speed of 1.05 ms-l slightly to the south of A. A mean neap tide, on
the other hand, has & tidal range of 50 em with a maximum curreat

speed of 0.32 nu;—l at the same location,

Daca on wind consist of hourly averages of wind speed and direction for
the period 1968-1982. The dominant wind direction is frow the merth
which occurs for 207 of the time while that from the north east accounts
for some 14%I. The southerly and south—westerly winds account for
another 20%. Much of the wind falls within the speed of 3 ms—l. On

the annual basis, the period of calm accounts for 22%.
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Figure 3. Hourly current speeds in cm/s at depth 10-12 m

The studies conducted to date have determined the status of the
following water quality parameters DO, PH, COD, BOD, suspended solids,
temperature, totsl and faecal coliform counts, conductivity, amoniacal
and organic nitrogen, as well as oil and greese in sea waters in
Penang. Using coliform bacteria count as an indicator for human and
animal waste contamination and including the findings contained in

the reports mentioned earlier it can be concluded that all coastal
areas around Penang contain faecal coiiform count far exceeding the
limit of 200 MPN/100 ml set by the United Staces Envirenmental
Protection Agency (USEPA) for bathing waters (I979). A later POC
study (Yahya and Leong, 1987} indicates, however, that with respect to
heavy metals, the Straits of Penang is practically wumpolluted. It can
therefore be surmised that the single most important source of
pollution in the coastal waters around Penang is human and animal
waste. Indeed, the Environal Report concluded-that the Jelutong
outfall is inadequate fot the disposal of current and future domestic
waste in Georgetown, and that the Worth coast needs a proper macine

outfall or adequate treatment facilities,

HYDRODYNAMIC MODEL

Data on temperature and malinity distributions in the area indicate
that the Yater columm is vartically weli-mixed. Hence a vertically

integrated two dimensional shallow water bydrodynamic model is
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suitable,

In this case, the pressure is hydrostatic and the two

horizontal velocity components u and v are vertically incegrated. The

model consists, then, of a conservation of mass equation and two

horizental momentum equatiocns,
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where x

is positive eastward (m},
is positive northward (m),
is the eastuard velocity (m/s),

13 the novthward velocity (m/s),

g is the gravity (m/sz),

e

-

is

bottom of the estuary (m),

tH
x
-5 .
- 0 (2)
y
SE .
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h{x,y), the distance from mean sea level to the

is 4{x,y,t), the distance from mean sea level to the

water surface (m),
is the total depth, h+f (m),
is the Coriolis parameter (s-l),

is the chezy coefficient (ml/s),

In the tropics, F may be set to zero. The second

(2} and {J) accounts for frictional losses ar the

The last ierm refers to the wind stress conceived

throughout the water column, with magnictude given

p P
Cx - Y(—s) Hz cos B, Ly - y(——} uz sin 8,

a
]

last term in equations
bottom of the estuary.
to act as a body force

by {Wu, 1969)

(4)

where w is the wind speed, 0 the angle between the x axis and the

direction of wind, p
a

the density of air, p the density of water and

Y 15 a dimensionless coefficient called the wind stress coefficient

wich value approcimately 0.0026. Turbulent eddy v

Lscasity can be



284

seaditly lnvorperated in the oodel.  The boundary condifiens which must
beoupplied Lo soive the coupled ser of 2quitions are the specitication
ot tero flow anrmal co a solid boundary, and the specification of the
normal flow utr 2f the elevation of the water surface at a boundary

which is cpes to a river ur sea. R

Ihe bydrodynamic eguatiovis can be sulved by the finite differeace
mechod (Abbotc, '980 and Book, [981). An excellent review of this
mechod Ls given by {Liu and Leendertse, 1978). They have alsu been
solved by the [inite element mechods {Kawahara et al,, 1980). The
Basic foundations of the finite element methods are available in many
sources {Zienkiewicz, 1974 und  Tan and Koh, 1978} while thuse
features of the methods mosr relevant to the shallow water equations
May be found elscwhere (Conner and Brebbia, 1976 and Pinder and
Gray, 1977), we will thererore be brief. [ the estuary indicates
sctratificacion, 1 wmulciple level formulation of (1)-(1) may be devised

(Kawahara et al., 1943).

Finite Elemeut Method

The present model uses quadrilateral lsoparametriv elements with
quadratic basis tunctions for the twe velucity compenents and linear
basis functions tor water surface elevation (Walters and Cheny. i978}.
We use the conventional Galerkin mechod which reguires that the
welghted tesidual of each of (1)-(3) be zero. The weighting functions

chosen here are the basis funcrions themselves.

The time derivatives are replaced by finite difference. Generally
there are 3 broad classes of time differencing, namely the explicit,
the implicit and the implicit-explicit methods. Each has its own
merits. Thus the fully explicic mechod is direct and requires no
matrix inversion but the time step is limited by the Courant stability
criterion. On the other hand, the fully implicit method is not limited
in the choice of time step, butC requires non-linear matrix inversion

at each time step. Here we adupt an implicit-explicit method which
yields a linear system of algebraic equations with time-invariant
coefficient matrix and which is not severely restricted in time atep

by the Courant criteria.
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This wethod iovolves 3 cime levels per ilteration, namely t-Ac, € and
t+ic which are represented by superscripts k-1, k, kel respectively,
The terms that are treated implicitly are the divergence terms in che
continuity equations and the pressure gradient, eddy viscosity and
wind stress terms in the momentum equations. ALl other cerms are
treated explicictly. This method is therefore leap—froy with respect
to che terms treated explicitly, white is trapezoidal with respect ta

the implicir terms. Thus if a differencial equativn is represented
by

d
- e (5)
where a is to be treated expiicicly and 8 implicicly, then che
difterence scheme for (5) becomes
(c+ar) - L-ac
i-«———az?ﬁim———l = ale) v MBlester + dle-Ary; {b)

Numerical testings show that with this time Jitlerence s5cheme, the
time steps used were (0 to 20 cimes larger than that allowed by the
COurdnt critesion

Ax
Ar v —— tn

P
where ¢ » vgH s the celerity and dx the linear grid size.

The hydrodynamic mode! {s used to simulate che current regimes in the
Penlang Straits under various astronocical and neteorological condicions.
The wode! is caliberated wirh current data ac locations A and B

(Figure 1) for a wean spring tide available from Admiralcty charc 366
(1945} and validated by data at same locarions during mesn oeap tide,

and other data. A time step of At = 3 minites was uved.

The boundary :ondicion imposed at the north entrance, point C of figure |

Ls a sinfwet * 0} with N = 0.45 while that at the south entrance poing D,

15 a sinfwt}. Values of a are ) and 0,25m ac spring and aeap tide

respectively and & curresponds to the semidiuraal tide or 12 42 hrs
Fruures %a and oh show the flow regimes In the Western chaunel for .
Tl Ui W in r-ln;’,(' o d value [*he =g, ran,

v
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ADVECTION-D[FFUSIGN MODELS

dc e Jdc 1 3 dc [ dc

— 4 — Ay g aotHk =y - L9 . P - -

i Uty 3 i ax(H N ax) ] ay(H ky 3y t b - R a2 (8)
where kx' k are diffusion coefficients in the x, y directions
fvspectively, & the decay tate ang g is the Sourve-sink term. Here ¢
1% the vertic

ally averaged concentracion,
The Aadvection-dif fusion equation has beep soived by the
diffe [984  ang

or the finice element me thod (Baker et al,

finite
rence method (Dasgupta ee al., Patel and Markatos, )986)
v 1978) or the less popyl
CONStant volume moving coordinar method (D'kane, 19RO},
will consider the

ar

Herein, we
finite element methad .

Using rhe Galerkyin residual method welghted with the bas(s functions
N.. equaticn (8) M4y be convented o the folloving ardinary
1

differential equations

de

A T M+ D+ g)c - S =90

(9)
where € ig the concentration vector, A is the ®ACrix associared with

the ipner produce f NideA, M, D, E are rhe matricey arising from

the adveceion, Y terns respectively and S the matrix

due to the source term, see {ERG, 19833,

Time discretization ot {9) poses some difficuizy, g this repard we
Firsr considey the simplied F-dimensional adve tion—diffusion equdtion,



dc d ¢ (19

Consider now the explicit forward in time centred-in-space (FICs)

finite difterence scheme.

u+l n
“i T n k n o n 0
S S S -c. + {c. -2 v, ). (1
At 24x (ci+| l:L--I} ;;f i+] i i-1
Define the dimensionless paraceters
ult - kac . ubx (12)
"3z d sz » R g k!

which are called the Courant aumber, the diffusion number and the cell
Reynold number respectively. Tt is well kouwn that the Von Neumann

stability criteria are (Roache, 1976)

13)
a1, dgi, RCGI. {

Ec has been pointed out {Leonard, 1980 and Su et al., 1983), that
the third condition R € 2 is too rescrictive, and should be replaced
c
by
2 ’
aR £2, or a « 2d. {14)
c
Thus {13} is now replaced by the more appropriate criteria
a2 ¢ 2d g 1. {(13)

Now consider the following typical parameters used in a FTCS scheme
. 2 -1 Ax = 400 @

for the Western channel: o = 0.5 sin{wt), k = 50m"s , zx .

It turne our that the limiting criterion ia aﬁ:‘ 2, or u At £ 2k,

implying At & 400 seconds.

Since the velocity is time dependent, we discretize equation (9 ) with
the advection term explicit and all other terms implicit (trapezaidal).
This scheme results in a coefficient matrix that is time invariant,

and hence need to be inverted once only, Implicitization of the other

terms helps to acabilize the scheme to some degree.

10
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A series of tracer studies using Rhodamive B were conducted for the
Western channel, with the dye released near the cutfall. The
Western channel is approximately | km wide and 7 km long, see
Figures | and 4. Tracer concentration was mouitored for up to

3 hours after release by which time the tracer patch has moved by
some 2 to 3 km. To calculacte the dispersion coefficients, the
concept of the linear length scale model (Okubo, 1976 and Dyke and
Robertson, 1983) is used. For the putrpose of this paper, however,
equivalent constant Pickian coefficients are used as approximates,
This approximation has been found to be adequately accurate (Lawm et.

al., 1984). Afrer smoothing out the data, the following values were

. z -1 2 -4 .
obrained: k = 10m"s ', k =50 m"s | which appear to fit the
X ¥

diffusion diagrams given by Ckubo (1971). For more discussion on the
phienomend of turbulent diffusion, the reference (Csanady, 1973) is an
sxcellent source of information. Stability and acvuracy consideration
limics At = 3 minutes. To simulate Che transport d4nd assimilacion of
sewage In the Western channel, we consider a typleal average

semidiurnal tide with a range of l.!m, whose current velocity plocs

are illustrated in Figures 4,

Proper boundary couditions must be imposed on Transport equatiocn, OQn
land boundary the usual oo flux Lransport condition is used. On che

svd boundary where the Western channel mweers the larger Southern channel,
the boundary condition depends on whether the tide flows out uf the
Western channel or into it. When the tide Elows out of the channel
across a sea boundary, we assume that the sewdage 1s advected out withuut
dispersion, On the other hand when sea water flows into che channel
across a sea boundary, the condition to be imposed get cowplicated. The
precise exchange of water across the boundary is not known. The
condition used in this paper is an approximation that appears to work
reasomably well under all rest runs. We denore the concentration of
pellutant ocutside the Western channel by Co' assumed o be Cime
independent. We denote the councentration at a boundary point 4t time
T after the tide has reversed and entered the Weatern channe) by «e(t}.
The boundary vondition during The time when sea weser enlers the channel
18 takeu Lo be
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Ihe transport and decay of faecal coliform is heing simulated. The
source strength used is based upon the present uniform laading of
3.5 mgd with an average count of 2 x ID? MPN/ 400 ml, discharged as
a point source at the outfall. A decay value of 6 = 4 per day is

used, which corresponds to a value of t = 0.57 days.

90

Figure 5 gives the velocity variations over a semidiurnal tidal cycle
at a point near the outtall, while Figure 6 provides the corresponding
tidal variation in faecal coliform concentration, with the time axis
aligned. [t can be seen that the concentration builds ap with the
slowing of the current aud peaks abour 45 minutes after the tide

FeEvVerses.,

The spatial distributions of cencentration along the cenrre line of
the plume from the north encrance through the outfall to the south
entrance at four evenlly spaced time instances in 2 tidal cycle are
indicated in Figure 7. The numbers marked on the curves refer to

time instances marked on the rime axis in Figure 5.

CONCLUSION

The results presented in the previous section provide insight into
the consequences of a particular loading of sewage discharge. Other
variations in loading scenario have been and will be studied by mcans
of the models discussed in the paper. Results and recommendations of
this study will be communicated to our client in due course. The
methodolegy presented herein hay been proven to be useful in other
atudies conducted elsewvhere (Conner et al., 1983 and Miller, 1954).
While the basic idea about the simulations of hydrodynamic and
transport phenowena in general ig well established, a3 can be geen
from the references cited earlier, as well as other variations of
them {Donea, 1984 and Coussebaile et al., 1984), the applications

to tidal estuaries have not appeared to be as popular.

17
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