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Radiotracer Study on Dispersion of Sewage
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SUMMARY. Domestic sewage generated in big cities is usually disposed off into a nearby
perennial water body like river, sea etc. Dilution and dispersion of sewage in such water bodies
depend upon many hydraulic and meteorological factors. In the present case studies, radioactive
82Br in the form of aqueous ammonium bromide was used to estimate the dilution and dispersion
pattern of sewage emanating from existing and simulated marine outfalls respectively at Colaba and
Malad creek off Mumbai coast. At Colaba outfall, a dilution factor of about 5.5 x 10 was obtained
at a distance of 4.3 km from the outfall during a high tide disposal. At Malad creek, a dilution factor
of 10 was obtained at a distance of 2 km from the injection point during flood tide disposal and of
1.8 x 106 was obtained at a distance of 4.9 km during ebb tide disposal. Comparable dilution factors
were also obtained by Brooks' model. A 2D advection simulation model was employed to simulate
the spatial and temporal distribution of the radiotracer data. From the model simulation a value of
Dx = 15 m2^"1 and Dy = 2 m2.s"! was obtained at Colaba and a value of Dx = 20 m .s"1 and Dy =

2 1
2m .s" was obtained at Malad creek during an ebb tide experiment.

1. INTRODUCTION

Final disposal of sewage through marine outfalls
has become a practical solution for coastal cities
all over the world. Understanding the ability of
the coastal waters to disperse sewage to
acceptable limits is essential for proper siting of
the outfall. The dispersion process in coastal
waters is mainly governed by a complex
interplay of the hydrodynamic conditions and is
often difficult to express in terms of an empirical
or semi-empirical formula (1). This necessitates
"real - time" determination of dispersion
characteristics using tracers. Tracer studies have
been carried out to determine physical dilution

and dispersion pattern of sewage released from
an existing outfall at Colaba and from a
simulated outfall at Malad creek, both off

82
Mumbai coast. Br in the form of aqueous
NBtBr was used as the tracer.

2. THE COASTAL SYSTEM

The Municipal Corporation of Mumbai
discharges treated sewage at various locations
off Mumbai coast. One such discharge point (i.e.
outfall) is located at Colaba and two others at
Malad creek. A location map showing the
outfalls is given in Fig. 1.
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Figure 1: Location map of the two experimental sites.



Domestic sewage from south Mumbai and north
Mumbai is collected in the sumps of the sewage
treatment plants at Colaba and Malad
respectively. Screened and degritted sewage is
passed through aeration tanks before being
discharged into the sea.

At Colaba treated sewage is taken through an
undersea pipeline by gravity to a distance of 1.1
km from the shoreline and discharged (~ 1400
m .h") vertically upwards from a depth of about
10 m by a 75 m long diffuser, laid transverse
lateral to the current direction. As seen from
Fig.l, the Malad creek originates from Arabian
sea at Versova and extends beyond Malad. Here
the treated sewage is discharged off the creek on
the surface unlike at Colaba.

3. RADIOTRACER STUDIES

3.1 Colaba

The Municipal Corporation of Mumbai under a
water quality management scheme has been
planned to construct two marine outfalls along
the west coast of Mumbai at Worli and Bandra
(ref. Fig.l). For evaluating the effectiveness of
these outfalls in achieving acceptable (bacterial)
water quality at the nearby recreation centres, it
is necessary to estimate the coefficients of
sewage dispersion in the sea. A radiotracer
experiment was carried out at an existing outfall
near Colaba to determine the dispersion
coefficient.

About 110 GBq of the radiotracer ( Br as
aqueous ammonium bromide) was diluted in 30
L of water and injected continuously into the
aerated sewage (i.e. near the outlet of the
aeration tank) at a rate of 250 mL.min" . Aerated
sewage with the labelled radiotracer was
discharged off the coast through a diffuser
manifold. The radiotracer injection was started at
the onset of high tide and continued for about 2h.
The concentration of the radiotracer was
monitored in coastal waters during and after the
radiotracer injection using a water proof
scintillation detector connected to a
scaler/ratemeter. Lateral transects were
performed using a boat. Positioning of the

monitoring boat was fixed with the help of a pair
of sextants.

Concentration of the radiotracer was monitored
at 2 m depth and at certain specific locations
vertical profiles of the radiotracer were obtained.
From the vertical profiles it was found that in the
near-field region the waste plume from the
diffuser rises to the surface and gets well mixed
and in the far-field region it remains in the
surface (average depth of waste plume being
about 2 m) for a distance of about 4 km. The
diluted radiotracer was tracked upto a distance of
about 4.5 km. The tracer data was corrected for
decay and background and plotted on a site plan
to get isocount contours (Fig. 2).
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Figure 2: Isocount contour map (Flood tide).

Dilution factors at various distances were
obtained as ratios of concentration of the tracer
(in units of counts per minute, cpm) at the outfall
to that at a particular distance in the direction of
general movement of tracer plume (Table 1).

3.2 Malad

The Municipal Corporation has also planned to
construct a few aerated lagoons near the mouth



Table 1. Dilution factors obtained at Colaba.

Contour

(xl03cpm)

15-20
10-15
5-10
1-5

0.1-1

Maximum
distance of

contour
(m)

640
800

1120
2640
4280

Dilution Factor

Brooks' Expt.

160
220
400
700

3500

280
370
550

1100
5500

of the Malad creek (i.e. at Versova) and at Malad
(ref, Fig. 1) under a water quality management
scheme. Studies on environmental impact of
discharges from the proposed lagoons into the
creek were undertaken. As the wastewaters
discharged into the Malad creek have the
potential to impair water quality at Juhu and
Madh beaches, safeguarding against microbial
contamination of these beaches was the major
concern while evaluating the proposed aerated
lagoons. Radiotracer experiments were carried
out at Versova to study the dispersion pattern
and dilution of the sewage plume that would
emanate from the proposed aerated lagoons.
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the sewage treatment plants at Malad and
Goregaon was simulated at Versova by pumping
the creek water from one side of a boat and
delivering it onto the creek bed on the other side
of the boat through a difluser held in the
direction of tidal currents at a rate of 40 Ljnin"1.
About 30 and 90 GBq of the tracer was used for
flood tide and ebb tide experiments, respectively.
The radiotracer was diluted in 30 L of water and
was discharged continuously into the simulated
sewage at a rate of 250 mLmin for two hours.
Concentration of Ihe radiotracer was monitored
in creek/coastal waters. Lateral transects at
various longitudinal distances from the
radiotracer injection point were made using
boats. Locations of the monitoring boats were
continuously fixed using a computerised
positioning system. Concentration of the
radiotracer, in counts per minute (cpm), was
monitored at 2 m depth and at a certain specific
locations vertical profiles of the radiotracer were
also obtained. The radiotracer concentrations
obtained were plotted on a site plan to get
isocount contours (Fig. 3 A & B).
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Figure 3: Isocount contour map for flood tide (A) and for ebb tide (B).

To study the dispersion of the sewage in a tidal
cycle, two separate experiments were carried
out; one each at the slack period of flood tide and
the slack period of ebb tide. Spring tides were
considered appropriate to study the effect of
strong currents. Sewage plume emanating from

tide experiment the tracer was detected upto a
distance of about 2 km from the injection point
in the north-east direction and in the ebb tide
experiment it was detected upto 4.9 km towards
south of the injection point. The maximum
lateral spread observed was about 200 and 1600
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m for flood tide and ebb tide experiment,
respectively. Dilution factors were obtained at
different distances from the injection point
(Table 2). It was observed that during flood tide
the dilution factors at different distances from
the injection point were comparable to those of
during the ebb tide experiments even though the
volume involved during a flood tide is limited
because of narrow width of the creek, averaging
about 400 m. As can be seen from the figure, ihe
tracer did not move towards the recreational
centres like Juhu Beach, Madh Beach,
Sun-n-Sand Hotel etc.

Table 2. Dilution factors obtained at Mated.

Contour

(xl03cpm)

Flood tide
2.5-5.0
1.0-2.5
0.5-1.0
0.1-0.5

Ebb tide
10-15

1-5
0.1-1

Maximum
distance of

contour
(m)

410
1940
1990
2030

700
4150
4910

Dilution
Factor

lx lO 5

2xlO5

5x l0 5

lxlO6

1.2 x 10s

3.5 x 105

1.8 x 106

4. ESTIMATION OF DISPERSION

COEFFICIENTS & DILUTION FACTORS

A two dimensional model with adequate
reflection at the coastal or channel boundary was
used to simulate the spatial and temporal
distribution of the experimental radiotracer data.
The processes considered are dispersion,
advection and radioactive decay. The governing
equation for a 2D advective and diffusive
transport of a radiotracer in coastal water is
given by,

5c d c d c 9c TT dc « ,1X— = Dx-— + Dy-—y - Ux — - Uy— - Xc (1)
91 dx dyl

 OK dy

where, C is radiotracer concentration in sea
water (Bq.m" ); x is longitudinal distance

parallel to sea shore (m); y is lateral distance
perpendicular to sea shore (m); Dx and Dy are
the respective dispersion coefficients (m .s");
Ux and Uy are longitudinal and lateral

.-Ucomponents of velocity of current (m.s ); and X
is radioactive decay constant (s~).

The model assumes constant dispersivity and
velocity in the longitudinal and lateral directions,
uniform vertical mixing depth, about 2 m in this
study, (i.e. sewage plume is assumed as a line
source) and parallel shore line. Analytical
solutions of the above equation for an
instantaneous unit release from a line source
with reflection from a single shoreline (as is the
case at Colaba, (2)) and reflection contribution
from double shore line (as in the case of Malad)
were obtained. The solution for a continuous
release was obtained by integrating the analytical
solutions by the method of Gaussian Quadrature.
Since the radiotracer injection was for a short
duration of about 2 hours in this study, the
concentration during release and post release
periods were evaluated separately. The simulated
radiotracer concentrations were fitted to the field
values and the best estimates of Dx and Dy were
obtained by the method of least squares. The
values obtained for Colaba are: Dx ranges from
10 to 15 m .s" and Dy ranges from 2 to 5 m .s"

1(with Ux and Uy of about 0.65 and 0.05 )
and Dx and Dy of about 20 and 2 m .s" ,
respectively for Malad were obtained (with Ux
and Uy of about 0.68 and - 0.2 m.s'1) for Malad
creek. The current measurements were done
during the course of experiment at Colaba
whereas for Malad creek, the values were taken
from an earlier measurement.

5. CALCULATION OF DILUTION

FACTORS BY BROOKS' MODEL

Brooks' model is for solving the centre - line
concentration in a surface plume transported in a
uniform current (3). The basic assumptions of
the model are listed in reference (3). The key
parameter in the determination of dilution by this
method is the lateral diffusion coefficient (K)
which is not constant but increases at some
power of a length scale L (L is taken as the
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surface plume width perpendicular to the current

direction),

- a- L (2)

where, a is a dissipation parameter (usually
ranges from 0.02 to 0.005 cm .s ) and n is a
power exponent (ranges from 1 to 4/3). Different
authors, based on experience, found that for
open ocean n = 4/3 and thereby the above
equation is sometimes called as "Four Thirds
Law".

hi this study to estimate the lateral diffusion
coefficients K at the outfall using the "Four
Thirds Law", a value of n = 4/3 and a = 0.01
cm s" was used. Usually a value of about 0.01
cm 3.s'1 is commonly used, while higher values
are used in case of a strong shearing current or in
a severe wave climate. The calculation of
subsequent dilution was computed as suggested
by Brooks' model. The dilution factors using the
above model for Colaba are given reported in
Table 1. As can be seen from the Table 1, the
dilution factors obtained from the model
compare fairly well with those obtained
experimentally. Since some of the assumptions
of Brooks' model did not hold good for the
Malad creek, Brooks' model was not attempted.

6. DISCUSSION

6.1 Malad

The transverse profiles of radiotracer at various
distances from the injection point were
asymmetric with lateral shift in their peak
concentrations. This is mainly due to varying
non uniform cross section and longitudinal depth
of the creek and consequent tendency for the
flow to meander back and forth from one side of
the channel towards the other. Due to
non-uniform cross section, eventhough Malad
creek has a fairly parallel shoreline, the present
analytical simulation model (with an assumption
of uniform flow conditions) is not an appropriate
one. Therefore, the reported dispersion
coefficients of Malad creek obtained using the
above simulation model are approximate values.
For a complex system like Malad, probably a

numerical solutions of the advection - dispersion
equation with an orthogonal or natural
coordinate system (to facilitate the meandering
and non-uniform condition of the flow
geometry) could be more appropriate. The
incorporation of the findings of the radiotracer
experiments into a water quality mathematical
model (i.e. model calibration) helped in
forecasting the dilution and dispersion patterns
for the anticipated enhanced disposal of sewage
in the future and thus examining mathematically
a cost-effective water quality management
option for the creek (4). The water quality
mathematical model studies indicated that due to
the large magnitude of the wastewater discharges
from Malad service area, the proposed aerated
lagoons will not improve the ecological
conditions in Malad creek. However if Malad
discharges are diverted away from the creek,
treated wastewater from Versova service area
(projected for the year 2005 AD) with effluent
BOD and ammonia - N levels of 30 and 3
mg.L" respectively could be discharged into the
creek without any adverse ecological impacts.

6.2 Colaba

The peak shift in lateral direction and skewness
of the field curves seen in Malad are not widely
seen at Colaba. Therefore, the present 2D
advection - dispersion model with the assumed
uniform boundary condition matches fairly well
for the Colaba site.

7. CONCLUSION

(a) Lateral mixing of the sewage at both the sites
was not complete in the experimental reach and
time mainly due to reversal of tidal currents thus
showing that the sewage is not reaching the
shore.

(b) Due to unidirectional currents, the dilution
down-shore at Colaba was rather small even for
a long distance but high dilution factors were
obtained at Malad creek eventhough the volume
involved is low due to a narrow width of the
creek



(c) Dispersion coefficients at Colaba: Dx ranges
from 10 to 15 m .s" and Dy ranges from 2 to 5
m2^"1 and at Malad: Dx = 20 and Dy = 2 m2 .s ' \
and

(d) Dilution factors obtained using Brooks'
model for Colaba compared fairly well with the
experimental ones. Radiotracers have a main
role of tracer applications in marine environment
for estimating the dilution and dispersion pattern
of sewage, released from an outfall through in
situ measurements, for prediction relevant to
water pollution studies under the conditions of
irregular channel cross section where the
theoretically derived coefficients for ideal cases
do not necessarily apply. They also help in
deciding suitable mathematical models for
simulating the spread of sewage plume
emanating from an outfall.
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