CSIR

DIVISION OF WATER, ENVIRONMENT AND
FORESTRY TECHNOLOGY

Report to the
WATER RESEARCH COMMISSION

on

COMPARISON OF PREDICTED SECONDARY DILUTIONS
TO MEASURED FIELD DATA AND THE DETERMINATION
OF PROTOTYPE DIFFUSION COEFFICIENTS

by

W A M Botes
and

S Taljaard

WRC Report No, 675/1/96
ISBN 1 86845 256 §

PRETORIA




SCOPE

Between 1991 and 1993 the CSIR conducted full-scale field exercises at three deep
sea outfalls along the South African coast to verify the initial dilution prediction methods
applied in South Africa. During these exercises the transport of the waste field was also
monitored.

These data, together with other related field data, coliected over a period of 10 years
along the South African coastiine, were used to assess the accuracy and applicability
of the methods and controlling parameters, e.g. diffusion coefficients, generally used
in South African to predict achievable secondary dilutions and subsequent impact at
distant locations.

The results of this assessment are presented in this report. The report was compiled
by W A M Botes from WAM Technology cc. and Susan Taljaard (CSIR).
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EXECUTIVE SUMMARY

The aim of this project is to compare actual secondary diiutions obtained from field data
with predicted secondary dilutions, as well as to determine prototype diffusion
coefficients at a number of areas along the South African coast to verify the applicability
of a standard prediction method used in South Africa for marine outfall design
purposes.

The total achievable dilution which can be expected at a distant location is the product
of the initial dilution, secondary dilution, dilution due to the die-off of microbiological
organisms and the chemical/biological dispersion of non-conservative substances. The
initial dilution is the dilution achieved by the entrainment of seawater at the periphery
of the plume during the rise of the buoyant effluent from the diffuser to the surface of
the sea, thereby reducing pollutant concentrations in the effluent. The subsequent
transport of the effluent (waste field) away from the initial surfacing plume, referred to
as the ‘boil’, brings about further reduction of the poliutant concentrations. This process
is generally referred to as secondary dilution, which is caused by turbulence, eddies
and shears, causing further entrainment/mixing of seawater. Together with chemical
and biological dispersion of non-conservative substances and the die-off or decay of
certain organisms during the transport of the waste field (dilution due to decay), the
initial dilution and secondary dilutions determine the ultimate concentration of pollutants,
originating from an effluent, and the subsequent impact on the designated uses at any
location away from the discharge location.

From 1991 to 1993 the CSIR conducted full-scale field tests on three outfalls on behalf
of the Water Research Commission to verify the methods used for the prediction of
initial ditution. These sites were chosen to represent typical coastal conditions and
various types of deep sea outfalis in South Africa. A tracer material, Rhodamine-B, was
introduced to the outfall system. The concentration of the tracer was then measured
-in‘the system and in the initial surface plume (referred to as the 'boil’) to determine the
achievable initial dilutions. Although not part of those studies, the growth and
dispersion of the moving waste field was also monitored by circumnavigation and the
sampling of tracer concentrations in the moving waste field.
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During 1995 the CSIR was commissioned by the Water Research Commission to
assess the applicability of the methods used for prediction of secondary dilutions to
South African near-shore conditions, using the available data from these field tests and
others. Dus to the diversity of near-shore conditions along the South African coastline,

it was expected that the dispersion characteristics, i.e. the diffusion coefficients, might
be site or region specific.

Because the dispersion of a waste field, after surfacing of the plume, is a spatial and
time dependent process, the following data are required to predict behaviour and
subsequent impact of the moving waste field: -

- ambient current velocities;

- frequency of occurrence of these current speeds and directions:

- frequency of occurrence of wind speeds and directions:

- spatial behaviour of the current, i.e. the near-shore circulation patterns;
- typical diffusion coefficients.

The accuracy of the predicted secondary dilutions depends on the accuracy and
completeness of the above-mentioned data sets. For both analytical and numerical
methods the diffusion coefficient has to be estimated from experience of relevant data
if prototype tests are not conducted at a specific location. The diffusion coefficient
cannot be ‘modelled’ due to the compiex physical processes causing the eddy diffusion.

The physical measurements of the dispersion characteristics are a time consuming and
costly operation and until present, a ‘general’ dissipation parameter, referred to as
a a-value, of 0,0005 m* s was applied to determine the secondary dilutions for all
deep sea outfalls in South Africa, based on the proposais of several researchers and
from a once-off field exercise conducted on the Natal coast. The prediction method
basically relates to the method of Brooks (1960) applying the so-called ‘4/3 law’,
considered to be applicable to 'open sea’ conditions.

Various theories can be used to estimate the diffusion coefficients for a specific site,
including a procedure whereby ‘drogue pair' measurements are used. Between 1981
and 1892, the CSIR undertook numerous studies at a number of coastal development
areas to determine the feasibility of ocean outfalls as options for sewage disposal.
These studies included the Lagrangian recording of currents, using surface and sub-
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surface drogues. The path of the drogues were recorded by accurate position fixing in
time and space. Drogue data collected were from Noordwesbaai (on the west coast),
Hout Bay, False Bay, Vlees Bay and East London.

This valuable source of data is also assessed in this report to estimate the magnitude
of the diffusion coefficient at various coastal regions. Tracer measurements, collected
at Richards Bay, Viees Bay and Hout Bay, were also assessed to estimate diffusion
coefficients on the days of the exercises.

The comparison between predicted and measured secondary dilutions yielded the
foliowing:

. Richards Bay. Using a a-value of 0,0005 m?® g', the predicted secondary
dilutions at Richards Bay were about 2,5 times less than the measured dilutions.
Previous studies in the area (Pearce, 1969), had also indicated that a a-value
of 0,0005 m*®s'' can be considered as conservative. The actual a-value on the
day of the exercise was 0,0017 m?® s, applying the '4/3 law’. The predicted
waste field width was also about two times less than the measured width.

. Viees Bay. The predicted secondary dilutions, using a a-value of 0,0005 m2® s,
were slightly less than the measured values. The predicted waste field width
was about two times less than the measured width, possibly associated with the
estimation of the angle between the current direction and the diffuser orientation
(i.e. 8). This angle is used to calculate the effective diffuser width (i.e. the initial
waste field width, b, where b = w sin 8). The estimation of the effective diffuser
width also affects the prediction of secondary dilutions, but not as drastically as
for the prediction of waste field width. For a relatively short diffuser, the effective
diffuser width would be less affected by an inciined current considering the width
of the initial waste field (‘boil’), relative to the length of the ‘boil’.

. Hout Bay. Changing current conditions, which caused reversal of the moving
waste field, limited the time period during which concentration measurements
after the initial dilution process (i.e. after surfacing of the plume} could be
conducted at Hout Bay. Due to the ‘near stagnant’ conditions, measured
secondary dilutions were only limited to about 1,5 after 36 minutes, which were
slightly less than the predicted secondary dilutions.
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The estimation of the a-values from the selected drogue data yielded the following:

Although the median a-value of 0,00052 m?? s for all sites compare well with
the generally suggested value of 0,0005 m** s for open sea conditions, the
individual values for certain areas, for example Noordwesbaai differ substantially
from the general a-value of 0,0005 m2® g

The effect of current velocity on the turbulent behaviour of the receiving water
and subsequent o-value is shown, where the a-value for currents less than 0,1 ‘
ms” is 0,00046 m*s” compared to 0,00083 m s -t for currents greater
than 0,2 ms”. In sheltered areas, where currents are weaker, avalue of
less than 0,0005 m** s should be used for a conservative approach, whereas
in a more dynamic environment, for example east coast conditions (Richards
Bay), values greater than 0,0005 m*® s can be applied.

The estimated median a-value for sub-surface currents (-5 m water depth) is
approximately 20 percent lower than the estimated value for surface currents.
This is important especially when conducting performance evaluations of deep
sea outfalls by measuring of actual dilutions using tracer material in an effluent,
as most of the samples are taken close to the sea surface.

The influence of the length scale (L,) obtained from the drogue data illustrated

that for a length scale of between 80 and 120 m the o-value is less than two J
times the a-value for a length scale of less than 40 m.

The following conclusions and recommendations can be drawn from the findings of this

project:

. Results from this project indicate that the ‘general procedure applied in the
prediction of achievable secondary dilutions for deep sea outfall along the South
African coast, i.e. the method of Brooks (1960), assuming the ‘4/3 law’ and a -
value of 0,0005 m** s does not always apply.

. Although the median a-value of 0,0005 m?® s', obtained for grouping all
available drogue measurements, confirmed the ‘general’ a-value suggested by
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numerous authors, the a-values estimated for the individual sites, clearly
showed the diversity of conditions along the 3 000 km South African coastline.

Based on the findings of this report the use of a ‘general’ a-value is not
recommended in determining the secondary dilutions and subsequent impact of
an effluent waste field at distant locations in South Africa. The most typical
values for certain areas should be considered and if detailed field measurements
cannot be obtained to estabiish the actual diffusion coefficients, at least a range
of values should be considered. The diffusion coefficients and a-values
determined in this report could be used as a rough guideline.

Although the prediction of achievable secondary dilutions and subsequent
impact at distant locations is considered appropriate for planning and feasibility
phases of an outfall project, taking into account the near shore processes and
the coastiine configuration, it is strongly recommended that field measurements
be conducted to obtain more accurate site specific diffusion characteristics of the
area for the optimisation of the outfall during the detailed design phase.

Irrespective of the procedure or method used to predict the behaviour of a
moving waste field, i.e. analytical methods or numerical modelling, a thorough
understanding of the physical processes, the sensitivity and limitations of the
predictfon method or procedure to all variables, as well as the applicability of a
certain methods to a specific area or near shore conditions is essential before
any quantitative conclusions can be made with regard to the detailed outfall
design. A simple equation or a ‘black box' approach is therefore not always
considered to be sufficient in providing reliable quantitative results on achievable
secondary dilutions, especially taking into account the consequences of
detrimental impact in terms of ecological, health and economical aspects, both
in the short and long term.
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1. INTRODUCTION

The aim of this project is to compare actual secondary dilutions obtained from field data
with predicted secondary dilutions, as well as to determine prototype diffusion
coefficients at a number of areas along the South African coast to verify the applicability
of a standard prediction method used in South Africa for marine outfall design
purposes.

When a buoyant effluent is discharged into the sea, the reduction of concentrations of
constituents is brought about by various physical, chemical and biological processes.
The physical dilution of an effluent can be considered as two distinct processes, i.e.

i The initial dilution process where a buoyant plume rise from the diffuser or an
open end pipeline to the surface of the sea. The dilution is brought about by the
entrainment- of seawater during the rise of the plume. The influencing
parameters are the buoyant and momentum flux of the jet, the ambient currents
and the density structure of the receiving water column. The dilution obtained
from this process can be optimised by adapting the diffuser design for a certain
ambient environment,

i, Secondary dilution or subsequent dilution (after dissipation of the energy during
the initial dilution phase) where the piume (waste field) is transported by ocean
currents to distant locations. During the transport of the waste field, mixing
occurs due to eddies which arise from various physical processes, also referred
to as eddy diffusion. Unlike during the initial dilution process, this cannot be
influenced by the design of the outfall and is primarily dependent on the near-
shore oceanographic conditions.

In a previous research project financed by the Water Research Commission the
applicability of different methods for the prediction of initial dilution was investigated at
three outfall sites, i.e. Richards Bay, Vliees Bay and Hout Bay (WRC, 1994). This
project will focus on the methods and controlling parameters used in the prediction of
secondary ditution. |

From the planning to the final design phase of a deep sea outfall, the estimation of the
secondary dilutions, and subsequent impact at distant locations, are essential,




2

irrespective of whether anatlytical or numerical models are used for the assessment.
Detailed field measurement, for this purpose, are time consuming and costly, especially
when considering the seasonal variations of physical conditions. Detailed
measurements are, therefore, only conducted during the final design phase. For the
planning and feasibility phases, secondary dilutions need to be predicted as realistically
as possible.

At present a standard prediction method for secondary dilution has been applied for
outfall design purposes along the South African coast. It is primarily based on the
method developed by Brooks (1960) which defines the diffusion coefficient, a controlling
parameter in the determination of secondary dilutions as:

K= qalL"

For open ocean conditions, assumed to be representative of deep sea outfalls, a value
of 4/3 is recommended for n, referred to as the ‘4/3 law’. The a-value assumed for the
South African situation is 0.0005 m*? s (Brooks, 1960; Pearce, 1969).

However, due to the diversity of the coastal processes along the 3 000 km South
African coastline, the application of a 'general diffusion’ coefficient has caused some
concern over the last few years and, therefore, warranted investigation.

Between 1881 and 1994, the CSIR undertdok numerous studies at certain coastal
development areas to determine the feasibility of ocean outfalls as options for sewage
treatment and to investigate initial dilution methods commonly applied in South Africa
(i.e. Noordwesbaai, Hout Bay, False Bay, Viees Bay, East London and Richards Bay).
Measurements included the Lagrangian recording of currents, using pairs of surface
and sub-surface drogues and tracer (i.e. Rhodamine B) measurements. The path of the
drogues were recorded by accurate paosition fixing in time and space. These data
provide a valuable basis for determining the magnitude of eddy diffusivity at various
locations along the South African coastline (i.e. diffusion coefficients). The analysis of
this data not only contributes to a better understanding of South African conditions, but
will also supplement any future studies on diffusity and the refinement diffusion
coefficients elsewhere.
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The location of the different sampling sites mentioned throughout this report are
indicated below:

Richards Bay

\ SOUTHAFRICA ™%

-_//

b

: v

Noordweshaai @\ cape Tomn Port Elizabeth East London
Hout Bay

False Bay ses Bay

This report presents the results from this investigation. The report is structured as
follows:

. Literature review, where theories and methods, specifically related to deep sea
outfall studies are assessed.

. Materials and Methods, where the data used for this project are defined and the
methods used in the assessment are outlined.

o Results and Discussion, where measured secondary dilutions are compared with
predicted values and where prototype controliing parameters (i.e. diffusion
coefficients) in the determination of secondary dilutions, are investigated for a
number of areas along the South African coast.

. Conclusion and Recommendations, where the important findings of the study are
summarised and recommendations, related to these findings, are outlined.




2, LITERATURE REVIEW

Since the scope of this study was not to evaiuate the numerous theories and methods
used to determine secondary dilution, but rather to compare field measurements to
prediction methods generally applied in South Africa, the literature review wili focus on
the practical application of diffusion coefficients and secondary dilutions in the near
shore environment related to the discharge of long sea outfalls. Theories related
specifically to diffusion in the ocean were developed by Okubo (1 962), Joseph and
Sendner (1958) and Brooks (1960), and were summarised by Yundelson (1967).

Because the dispe‘rsion of a waste field after surfacing of the plume is a spatial and time
dependent process, the following data are required to predict behaviour and
subsequent impact of the moving waste field:

l. ambient current velocities;
i, frequency of occurrence of these current speeds and directions;
ifi. frequency of occurrence of wind speeds and directions;
iv. spatial behaviour of the current, i.e. the near shore circulation patterns;
V. typical diffusion coefficients.

The accuracy of the predicted secondary dilutions depends on the accuracy and
completeness of the above-mentioned data sets. For both analytical and numerical
methods the diffusion coefficient has to be assumed if prototype tests are not
conducted at a specific location. The diffusion coefficient cannot be ‘modelled’ due to
the compliex physical processes causing the eddy diffusion.

Numerous studies have been conducted to develop mechanisms and theories to
predict the turbulent diffusion and behaviour of a surface waste field when transported
away from a discharge location. Researchers who made valuable contributions include
Brooks (1960 and 1972), Yudelson (1967) and Pearce (1969). These and many others
facilitated in formulating and quantifying complex oceanographic processes in order to
provide ‘tools’ to assist with the design of marine outfalls with regard to the impact
which a discharged effluent may have at distant locations.
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The theory of turbulent diffusion has been studied since the beginning of the century
and numerous field experiments contributed to the development of rational methods
which can be applied. Various theories and concepts to define this process were
developed: '

With reference to Yudelson (1967):

. Einstein defined the diffusion coefficient as:
K 91%)  in units of length? tme .o 1
©o2dt
Where o= mean square dispersion (or variance of distribution)

of the diffusing particles in one direction after time t.

s Fick’s law relates the variation of the concentration C of a substance to eddy
diffusivity and mathematically described diffusion as:

00 L BIC e 2
Ot Ox 2
Where. K, is a function of the distance x.

Brooks (1960} described the diffusion process with regard to the scale of the waste field
as:

When the waste field is transported away from a discharge location, it is mixed
with the adjacent seawater due to irregular turbulent circulation, super-imposed
on the main flow field. This mixing will only occur if the turbulent fluctuations or
eddies are smaller than the main flow of the waste field. If the main flow or
waste field is smaller than the ocean eddies mixing will not be promoted. Thus
in the ocean, the larger the scale of the waste field becomes, the larger the
effect of eddies will be on the mixing process. However, this does not apply for
molecular diffusion when the mixing of one substance with another relates to the
random molecular motion.




For this study the works of Brooks {1960) and Yundeison (1967), reviewed by many
other authors, is considered to be the most applicable and relevant when considering
a rational method to predict secondary dilutions.

According to Brooks (1960) the linear diffusion law is the simplest for engineering
applications and can be expected to be reasonably reliable if the diffusion coefficient
(Ko is considered a variable. He used the basic Fickian equation to determine the
dispersion of a waste field, i.e.:

FIUX x_direcﬁon :Kxa_c,_ ...................................................................... 3
Ox
Where C = concentration of the substance being diffused

x = a coordinate in the direction of the flow path.

He also assumed that K, is a function of the length scale (L), i.e. the width of the waste
field and that vertical mixing as well as longitudinal mixing are negligible and that the
main flow (transport) is steady. The die-off of microbiological organisms was not
considered as part of the physical mixing during transport, but is handled separately as
a 'dilution of decay’ which is defined as e, where t can be expressed in terms of the
distance x and the current velocity U. Because the nature of the field data used in this
project, i.e. physical drogue measurements and tracer (Rhodamine-B) measurements,
the dilution due to decay will not be discussed.

Neglecting vertical mixing, yields a more conservative approach although the magnitude
of the vertical dilution is several magnitudes lower compared to horizontal diffusion as
reported by Koh and Brooks (1975). Typical diffusion coefficients for vertical mixing
range from 0,0001 to 0,004 m* s*. Generally, for a fresh water effluent the relative
buoyancy (compared to the ambient water) will curtail the vertical mixing, while vigorous
wave action will enhance the vertical mixing.
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Considering the assumption that the diffusion coefficient is a function of the size and
width of a waste field, the initial horizontal diffusion coefficient (K,) for a spreading

effluent plume which varies with the length scale of the waste field can be expressed

as follows:

length scale
a dissipation parameter (‘variable constant')
a power exponent

5 Q
noyou

Field measurements by Okubo (1974) and Pearce (1969) concluded that in the near
shore environment where the spreading of the waste field is unobstructed n values
range from 1,0 < n < 4/3.

The best agreement with open coastal waters according to Okubo (1974) and Pearce

(1956) corresponds with a n-value of 4/3 (generally referred to as the '4/3 law’). This
“value of n applies to waste field widths (L) ranging from 10 m to 10 000 m and is
generally applicable to deep sea outfalls. In calmer coastal waters the spreading of the
waste field becomes curtailed due to limited eddies and confined areas which limit
mixing (proximity of the coastline). In these instances the values for n are more likely
to be in the range 0,5 to 1,0. In restricted areas such as estuaries and small
embayments where flow is homogenous and the lateral mixing is limited by adjacent
estuary banks a value of zero can be used for n, '

The estimated dilution factor relates to the average concentration at the discharge
location (C;) and the centre line concentration (Crey) at a distant location (x).

il
i
H
[
[
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Assuming a transverse Gaussian distribution (situation is illustrated schematically in the
sketch below), the average concentration at a distance (x) from the discharge location
is:

The diffuser of the outfall is taken as a steady line source of a width b and the piume
is transported by a uniform steady flow u in m s". The concentration, C,, is the
concentration at the surface after the initial dilution process had taken place:

c, =EE ........................................................................................ 6
Si
Where C. = concentration in the effluent in the pipe
S, = initial dilution which occurred when the effluent rises

to the surface due to jet momentum and the relative
buoyancy of the effluent

The minimum secondary dilution is:

c

[v]
SEmln - c

max 7

....................................................................................
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For the prediction of the secondary and eddy dilution (S,) when concentrations are not
measured, the initial horizontal diffusion coefficient (K.} is the key parameter.

For a constant value of K,, K, increasing linearly with the length scale and for Ke
proportional to L*°, the maximum concentrations along the centre fine of = moving
waste field, according to Brooks (1960), are:

Description of K, CradC, = 118,

K.= constant

3 _
4Bx/b

erf

Keal orf 3/2
(1+Bx/b)? -1

K= al4? et 312
(1+2/3Bx/b)* ~1

Where B =12K /ub

K, = initial horizontal diffusion coefficient
b = initial plume width (m)

U = uniform current speed {ms)

x = distance downstream (m)

Crmex = CONCentration at distance x.
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Substituting a dimensionless distance p = B x/b, these equations to describe the
concentrations along the centre line become:

Description of K, CmadC, =118,
K,= constant erf 3
4p
=gl
Ke orf | 312
(1+p)?~1
K = GL4,'3 e,-f —3!2.._...__
° (1+2/3p)%~1

The travel time t can be expressed as u/x which will result in:

B = 12K_t/xb
P = 12K t/b?

The error function which is defined as:

2 X 2
i (X)=—= »* g
erf (X) = fo e p

relates to the solving of the partial differehtiat equations that involve convection and
diffusion.
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Similarly the plume width (L) at distance x along the centre line of the path can be
expressed, according to Brooks (1960), as: '

Description of K L, {plume width)
K,= constant ‘ b[1 + 2p]'”?
K.= al b[1 + p}
K.= al* b[1 + 2/3p]*"?

For direct onshore conditions this method is conservative, since onshore currents are
complex physical processes which are normally deflected, resulting in horizontal and
vertical counter currents. Together with the more complex behaviour of onshore
ambient currents, other oceanic processes such as wind shear and wave action are not
easy to describe mathematically in shallower water. This results in more complex and
vigorous mixing processes and, subsequently, larger dilutions. This phenomenon,
especially in instances where ambient currents are dominated by the tide, can be
simulated better by numerical models during the final design stage of a project.

The values of“a depend on the natural turbulence (related to wave, wind and current
conditions) and the initial plume width. According to Yudelson (1867) the most common
range is between 0,02 and 0,005 cm® s*' Okubo (1974) compared data from
humerous experiments and found a good agreement between the diffusion coefficients
and length scales for an a-value of 0,0005 m?° s applying the 4/3 law for open
coastal waters, Pearce (1969) also recommended 2z ‘conservative’ value of
0,0005 m®® s, which according to him, can be considerably higher in the presence of
shearing cumrents and a severe wave ciimate. Nine experiments on the Natal coast
yielded values ranging from 0,0005 m22 s to 0,014 m*® s using data from drift cards,
tracers and transport of a waste field. The recommended lower value was preferred.
Although it was shown to be conservative, confirmation of this became necessary
considering the diversity of the coastal conditions along the South African. The value
of a may vary from 0,00001 to 0,03 m?* s and for more detailed assessments of
impacts from sea outfalls, site specific investigations may be a requirernent in the
future. This would not only be for the determination of the achievable secondary
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dilutions, but also for the prediction of the geometry of the plume (i.e. plume width).
This is not only a requirement for analytical assessments, but also for the calibration
and verification of numerical models.

Prototype diffusion coefficients can be estimated by:

L. measuring the change in concentration of a tracer material (e.g. Basazol
Red or Rhodamine B) over distance and time, measuring the actual
change in size of the spreading waste field and through accurate
photographic records;

. the recording and statistical analysis of spreading of particles (drift cards);
ifi. studying the separation in time and distance of drogue pairs (floats).

The mean eddy diffusion coefficient from Einstein's definition for a distribution of
particles can be estimated as follows:

20,2 s e
0,%-0, 8

2(7,-T,)

Where 0, and g, are the variance of the distributions at times
T, and T, (rate of change of &)

The assumption is that at any time t, the concentration C, at a distance x can be
expressed as a normal curve:

(L2 Where O=y2Kt

Richardson and Stommel's approach (1948) proposed a theory to define neighbour
diffusivity of which the concept is based on the separation of the particles in the waste
field instead of a unit concentration C, at a distance x.
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Richardson's Law (Yudeison, 1867) expressed the neighbour diffusivity F(f) by the
following equation:

(mean of 1, -1) for all pairs of particles =~ -eresereerrnosmnrerrennnnn, 9
Fih=
2T
Where l, = the initial separation of the particle at t = 0

f the separation after time t= T

The iength scale should be defined as Lo if (I - | ) is relatively small and as (, -L/2)
if (I,-1,)is large.

Referring to equation (8), the length scale (L) of the waste field can be expressed as
L = 40 since 95 % of the lateral concentrations of a substance in the plume will be
within the width (-20 + 20).

Thus, the diffusion coefﬁbient can be expressed in terms of the width of the waste field
as follows:

w 2w 2
K:1/32—(—2—--1—) ............................................................................. 10
(t,-t,) —

Where Wy and w, are the width at times t, and t,

For drogue pairs it is suggested by Pearce (1967), according to Richardson and
Stommel (1948), that the diffusion coefficient can be determined as follows:

e 11
8(7,-T,)
Where initial distance (m) at time T, between the drogue pairs

Ly=
L., = distance between the drogue pairs at time T,
T, - T, = total time in seconds.




14
3.  MATERIAL AND METHODS

3.1 Data
f. Drogue measurements

Between 1981 and 1992, the CSIR undertook numerous studies at a number of coastal
development areas to determine the feasibility of ocean outfalls as options for sewage
disposal. These studies included the Lagrangian recording of currents, using surface
and sub-surface drogues. The paths of the drogues were recorded by accurate position
fixing in time and space. Drogue data were collected from the following areas:

1. Noordwesbaai (north of Saldanha Bay). Representing a ‘rugged’ west
coast coastline, subjected to typical southerly and north-westerly wind
conditions;

2, False Bay. The bay is relatively calm with regard to wave conditions but
the northern part of the bay is exposed to the strong south-easterly and
north-westerly conditions. - Ambient currents are relatively weak,
averaging less than 0,2 ms™

3. Hout Bay. A semi-enclosed bay exposed to the south-easterly and
northerly wind conditions, but the wind fields are not homogeneous and
varied continuously due to the complex coastline configuration and
surrounding mountain areas;

4, Viees Bay. Studies were undertaken at Vlees Bay, south-west of Mossel
Bay. This bay is not sheltered against waves or from the summer and
winter wind conditions. Ambient currents are subjected to the west
flowing Agulhas Current and anti-clockwise eddies.

5, East London. A 'straight’ coastline subjected to strong ambient longshore
currents (Agulhas) and strong south-westerly and north-easterly winds
which together with the ambient currents result in a dynamic, turbulent
environment.
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Data from each study site, including suiface and sub-surface drogues, were assesseqd
to select suitable data sets. Suitable data were defined as those where drogue pairs
were released and retrieved more or less simultaneously. Data sets were evaluated
and qualified for the estimation of the diffusion coefficients according to equation 8. The
selected data for each site are provided in Appendix A.

if. Tracer (Rhodamine-B) measurements

Between 1991 and 1993 initial dilution performance tests were conducted at three deep
sea outfalls along the South African coastiine (WRC, 1994), i.e Richards Bay
(Mhlathuze Water A-line), Viees Bay (Mossgas discharge into Viees Bay) and Hout Bay
(sewage outfall).

The aim of this study was to determine the actual achievable initial dilutions for
comparison to theories generally applied in South Africa. During these field exercises
the concentrations in the moving waste field were also recorded as accurately as
possible, although a review of the secondary dilutions was not part of the scope of the
project. The raw data for Richards Bay, Vlees Bay and Hout Bay is presented in
Appendix A. The data parameters are time, concentration and distance from diffuser.

1. Richards Bay. During 1980 two marine outfalls (A and B-fine) were
constructed at Richards Bay for the discharge of various industriai
effluents and domestic sewage. The location of the outfalls are illustrated
in Figure 1a. The entire outfall scheme is managed by the Mhlathuze
Water.




Figure 1a.
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Richards Bay: Locality map of sea outfall (A-line)

The A-line, which discharges in 29 m water depth approximately 4,8 km
offshore, was designed to accommodate buoyant effluents from various
industries and the domestic sewage from Richards Bay.

Another pipeline, the B-line discharges in 24 m water depth and was
designed for discharging ‘dense’ effluents from the fertilizer factory
(presently owned by Indian Ocean Fertilizers).

The main features and specifications of the Richards Bay marine outfall
(A-line) which has been in operation since 1984 are:

Effluent type:

Discharge pattern:
Material:

Pipeiine length:
Water depth:
Internal diameter:
Diffuser length:
Port configuration:
Port spacing:
Design flow rate:

Industrial and domestic (buoyant in
comparison with seawater)

Continuous

HDPE (High density polyethylene)

4.8 km offshore

29 m

920 mm

~630 m

69x75 mm @, 6x115 mm & and 21x75 mm @&
6,5m

160 000 m® day™” (1,85 m®s™)



The following data refer to the conditions

experiment;
® Flow:

® Diffuser:

& Currents:
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Constant at 1,35 m® 5!
Effluent density: 1 010,1 g I
96 ports discharged without obstruction, However,
measurements refer only to the 8 x 115 mm J ports
which, for the estimation of secondary dilutions,
represented a diffuser with a length of 32,5 m.
The surface and sub-surface currents were as

on the day of the field

follows:
SPEED (m s™) DIRECTION (degrees to N)
Surface 0,47 - 0,63 202 - 225
-5m 0,34-0,48 202 - 225
-10m 0,32 -0,38 202 - 225

The current patterns and velocity vectors are jllustrated

Figure 1b.

-T0m000 Y

A0 Y
cel Ly

]

Figure 1b. Richards Bay: Currents measured on 11 September 1991

in
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Viees Bay. This ocean outfall at Viees Bay, approximately 10 km west of
Mossel Bay, was constructed in 1991 for discharging effluent from the
Mossgas refinery. This outfall is owned and operated by Mossgas. The
location of the outfall is illustrated in Figure 2a.

Figure 2a. Vlees Bay: Locality map of the sea outfall

The main features and specifications of the Mossgas pipeline at Viees
Bay which has been in operation since 1992 are as follows:

® Effluent type: Industrial (buoyant)

e Discharge pattern: Intermittent

L Material: Steel

. Pipeline length: 9 km (refinery to diffuser)
Diffuser is 1,4 km offshore

° Water depth: 27m

o Internal diameter: 233,2 mm

° Diffuser length: 50 m

. Port configuration: 4x75mm@and1x79 mm @

® Port spacing: 3x10and 1x85m
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® Design flow rates in phases: 0,052 még™
0,136 m*s”’
0,167 m’s™

The following data refer to the conditions on the day of the field exercise:

® Flow: Constant at 0,08 m s |
®  Effluentdensity: 1 000g I )
® Diffuser: All 5 ports were discharging without obstruction
e Currents:  The surface and sub-surface cuments were as
foliows:

SPEED (ms™) DIRECTION (degrees to N)

Surface 0,11-0,18 315-0
-5 m 0,07 -0,18 317 - 315 ;;
-10m 0,06 - 0,10 337 - 315 :

The current patterns and velocity vectors are illustrated in
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Figure 2b. Viees Bay: Currents measured on 10 November 1992




20

Hout Bay. The pipeline is owned by the Cape Metropolitan Council
(formerly the Western Cape Regional Services Council). The location of
the outfall is shown in Figure 3a. For discharging of the pre-treated
effluent from the treatment works to the sea, the system operates on
gravity flow but uses booster pumps to provide the additional pressure
head when required.

S1000Y
apocoyY
£000Y

Diza filver

I7R9000Y

ITT0000X

IIT1000X

AT000%

-3 m

a W m

Figure 3a. Hout Bay: Locality map of the sea outfall

The main features and specifications of the marine outfail at Hout Bay
which has been in operation since October 1993 are as follows:

. Effluent type: Domestic and industrial (Fishing industry)
. Pre-treatment: Maceration and fine screening

. Discharge pattern: Intermittent

® Material: High density polyethylene (HDPE)

. Pipeline length: 1,8 km offshore

e Water depth: 37 m

® Internal diameter: 364 mm

° Diffuser length: 114 m
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Part configuration: 10 x 110 mm @ and 5 x 140 mm @
Port spacing: 10m
Maximum design flow rate: 250 m® s
Flow rate in 1993: 125 m?®g"

The following data refer to the conditions on the day of the field
experiment; '

] Flow:

L Effluent density: 1000 g I

Constantat 0,123 m s™

® Currents: The surface and sub-surface currents’ were as
follows:
SPEED (m s} DIRECTION (degrees to N)
Surface 0,02-0,16 344 - 66
-Am 0,02 -0,08 152
-10m 0,02-0,11 354-89

The current patterns and velocity vectors are illustrated in
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Figure 3b. Hout Bay: Currents measured on 12 October 1993
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3.2 Methods

I Determination of predicted and measured secondary dilutions

The tracer measurements at Richards Bay, Viees Bay and Hout Bay were used to
determine actual secondary ditutions. For each test the secondary dilution (S,) was
determined from C/C,. The initial concentration (C, ) was determined from the
measured surface concentrations in the initial surface plume (referred to as the 'boil’),
after the initial dilution process. Because the previous project was designed to assess
initial dilutions, the data had to be re-organized to obtain the required information for the
assessment of secondary dilutions.

For each location a few groups of data points, at a certain time and distance from the
release point, were selected to represent the concentrations in the moving waste field.
Due to extremely weak currents together with varying directions during the Hout Bay
exercise, a meaningful relationship between the concentrations and dilutions versus
distance could not be obtained. The reduction in concentrations of the growing waste
field can be estimated better in relation to time.

For the prediction of achievable secondary dilutions the method suggested by Brooks
(1960) was used (refer to Section 2). Presently this method is generally used in the
assessment of secondary dilutions for deep sea outfalls in South Africa. For South
African conditions, the controlling parameter, i.e. the diffusion coefficient, is considered
to be proportional to L*?, referred to as the '4/3 law' (generally used for ‘open ocean
conditions') and a a-value of 0,0005 m*? s,

fi. Determination of prototype diffusion coefficients

To determine prototype diffusion coefficients and, subsequently a-values, from the
drogue measurements Equation 11 (refer to Section 2) was used, i.e.:

Ko LA-L2
8(T,-T,)

Where L, = initial distance (m) at time T ,between the drogue pairs
L, = distance between the drogue pairs at time T,



23

T, - T, = total time in seconds.

The o-values were subsequently determined, applying the ‘4/3 law', presently
considered to be applicable to all ‘deep sea outfall’ studies (refer to Equation 4 in
Section 2), i.e.:

K, = L4

From the tracer measurements at Richards Bay, Viees Bay and Hout Bay the actual
prototype diffusion coefficient and, subsequently the a-values were determined from
the actual secondary dilutions, assuming the Brooks (1960) method for ‘open sea
conditions’, i.e. the ‘4/3 law’, applies.
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4, RESULTS AND DISCUSSION

41 Comparison of Predicted Secondary Dilutions to Measured Field Data

For the purpose of this project, the actual secondary dilutions measured during three
field experiments are compared with predicted secondary dilutions, based on the
standard method applied in South Africa, i.e. Brooks method (1960) assuming the ‘4/3
law’ and a a-value of 0,0005 m*® s (Brooks, 1960; Yudelson, 1967; Okubo, 1974;
Pearce, 1969).

4.1.1 Richards Bay
The surface concentrations of the tracer and secondary dilutions (log scale) versus

distance measured at Richards Bay during the field experiment on 11 September 1991
are illustrated in Figures 4a and 4b, respectively.
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Figure 4a. Surface fracer concentrations (Idg scale) versus distance from
discharge location for Richards Bay on 11 September 1991
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Figure 4b. Secondary dilutions (log scale) versus distance from discharge
location for Richards Bay on 11 September 1991

The measured secondary dilutions (averages of grouped data) versus distance
measured for Richards Bay are aiso shown in Table 1a.

TABLE 1a. Measured secondary dilutions versus distance measured for
Richards Bay

DISTANCE (m) SECONDARY DILUTION
400 2,88
900 5,02
1300 5,87

To obtain a spatial overview of the behaviour of the moving waste field (transport and
‘growth’), circumnavigations of the waste field were conducted (Figure 4¢). Due to the
strong currents on the day of the exercise, the longitudinal dispersion of the waste field
was more than five times the lateral dispersion. For comparison with the theoretical
predicted waste field width, using Brooks method (1960), the diameter of the ‘circle’
representing the measured width of the waste field was used as a width. The time it
took fo circumnavigate the waste field was also taken into account. These estimated
waste field widths are tabulated in Table 1b.
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TABLE 1b. Measured waste field width versus distance for Richards Bay

DISTANCE (m) WIDTH (m)
500 168
1 000 185
1600 209
2400 280
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Figure 4c. Richards Bay: Transport of the waste field on 11 September 1991

(taken from WRC [1994])

To predict secondary dilutions for Richards Bay, the following input data were used

(refer to Section 3 and WRC (1 994)):

- The initial surface waste field (b), also referred to as the ‘boil’, was
30 m. It relates to the diffuser width (38,5 m, i.e. 6 ports at 6,5m
spacing) and the orientation of the diffuser to the current direction
which was 80 degrees on the day of the exercise;

- Current speeds:

Surface = 0,55 m g™
-5m
~-10m

=0,41ms
=0,35ms




The predicted secondary dilutions and predicted width of the waste fi
Brooks (1960) method, assuming the

distance for Richards Bay are provided in Tables 1¢ and 1d, respectively.
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eld (according to
4/3 law’ and a a-value of 0,0005 m2* s™') versus

TABLE ic. Predicted secondary dilutions versus distance for Richards Bay
U, n DISTANCE - m
ms%) 250 500 750 1000 1250 1500
0,55 4/3 1.04 1,21 1,43 1,68 1,95 2,23
1 1,03 1,18 1,36 1,56 1,75 1,95
0,41 413 1,08 1,36 1,70 2,08 2,44 2,86
1 1,07 1,30 1,56 1,83 2,10 2,35
0,35 4/3 1,12 1,48 1,89 2,33 2,86 3,36
1 1,11 1,39 1,70 2,03 2,33 2,64

TABLE 1d. Predicted waste field width (L)) versus distance for Richards Bay

u, | n DISTANCE - m

(ms) 250 500 750 1000 | 1250 | 1500 | 2000

055 | 43 39 48 59 70 81 93 119
1 38 47 56 64 73 81 ;

041 | 413 42 55 70 86 102 120 158
1 41 53 64 76 87 98 )

035 | a3 44 60 78 97 117 139 185
1 43 57 70 83 97 110 .

A comparison of the predicted data and the fi
waste field width versus distance from the discharge location for Richards

presented in Figures 4d and 4e, respectively.

eld data for both secondary dilution and

Bay are
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Figure 4d. Predicted and measured secondary dilutions for Richards Bay
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Figure 4e.  Predicted and measured waste field width for Richards Bay

Using a a-value of 0,0005 m*® s™, the predicted secondary dilutions at Richards Bay
were about 2,5 times less than the measured dilutions. Previous studies in the area
(Pearce, 1969), had also indicated that a a-value of 0,0005 m?? s can be considered
as conservative. The actual a-value on the day of the exercise was 0,0017 m?® g
applying the ‘4/3 law’. The predicted waste field width was also about two times less
than the measured width.
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4.1.2 Vlees Bay
The surface concentrations of the tracer and secondary dilutions (log scale) versus

distance measured at Viees Bay during the field experiment on 10 November 1992 are
Nustrated in Figures 5a and Sb, respectively.
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Figure 5a. Surface tracer concentrations (log scale) versus distance from
discharge point for Viees Bay on 10 November 1992
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Figure 5b. Secondary dilutions (log scale) versus distance from discharge
point for Viees Bay on 10 November 1992

The measured secondary di!utions versus distance measured for Viees Bay are also
provided in Table 2a.
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TABLE 2a. Measured secondary dilutions versus distance measured for Viees
Bay
DISTANCE (m) SECONDARY DILUTION
150 3,2
320 5,6
500 6,7

To obtain a spatial overview of the behaviour of the moving waste field (transport and
‘growth’), circumnavigations of the waste field were conducted (Figure 5c). From these
results the waste field widths were determined. The results are tabulated in Table 2b.

Figure 5c.

TABLE 2b. Waste field width versus distance measured for Vlees Bay
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Vlees Bay: Transport of the waste field on 10 November 1992

DISTANCE (m) WIDTH (m)
200 220
360 340
630 450
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To predict secondary diiutions for Viees Bay, the following input data were used (refer
to Section 3 and WRC (1984)):

- The initial surface waste field width (b) was 25 m, takihg the

diffuser length as 38,5 m and the angle between the diffuser
orientation and the current direction as 40 degrees:

- Average current speeds: Surface = 0,14 msg"
Sm  =0,13ms"

~-10m =0,08ms"

The predicted secondary dilutions and the predicted waste field width versus distance
for Viees Bay are provided in Tables 2¢ and 2d, respectively.

TABLE 2¢. Predicted secondary dilutions versus distance for Vlees Bay

u, n DISTANCE - m
(m &%) 200 400 600
0,14 43 16 2,7 3,8
1 15 2,2 2,9
0,13 4/3 1,6 2.8 4,1
1 1,5 2,3 3,0
0,08 413 2,3 45 6,9
A 2,0 3,3 4,5
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TABLE 2d. Predicted waste field width (L,) versus distance for Viees Bay

U, n DISTANGE - n

(m <) 200 400 600
0,14 4/3 54 89 130
1 50 75 100

0,13 413 56 95 141
1 52 79 106

0,08 413 80 153 240

1 89 113 157

A comparison of the measured data and the field data for both secondary dilution and
plume width versus distance from the discharge location for Vlees Bay are presented
in Figures 5d and 5e, respectively.

Figure 5d.
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Predicted and measured secondary dilutions for Viees Bay
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Figure 5e. Predicted and measured waste field widths for Viees Bay

For the experiment at Viees Bay, the predicted secondary dilutions, using a gi-value of
0,0005 m* s, were slightly less than the measured secondary dilutions.

The predicted waste field width was also about two times Jess than the measured width,
possibly associated with the estimation of the angle between the current direction and
the diffuser orientation (ie. 8). This angle is used to calculate the effective diffuser
width (i.e. the initial waste field width, b, where b = w sin 8). The estimation of the
effective diffuser width also affacts the prediction of secondary dilutions, but not as.
drastically as for the prediction of waste field width_ . For a relatively short diffuser, the
effective diffuser width would be less affected by an inclined current considering the
width of the initial waste field (‘boil’), relative to the length of the ‘boil’.

4.1.3 Hout Bay

Due to the varying near-stagnant conditions at Hout Bay (varying wind and near
stagnant ambient currents resulted in a complex transport path) the secondary dilutions
were determined versus time after surfacing of the plume. The surface concentrations
of the tracer and secondary dilutions (log scale) versus time measured at Hout Bay
during the field experiment on 12 October 1993 are iliustrated in Figures 6a and 6b,
respectively,
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Figure 6a. Surface tracer concentrations (log scale) versus time from
discharge location for Hout Bay on 12 October 1993

Secondary Dilution

Time {hours}

Figure 6b. Secondary dilutions (log scale) versus time from discharge
location for Hout Bay on 12 October 1993

The measured secondary dilutions versus time measured for Hout Bay are also

provided in Table 3a.

TABLE 3a. Measured secondary dilutions versus time measured for Hout Bay

TIME {min) SECONDARY DILUTION

6 1
36 1,5
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To obtain a spatial overview of the moving waste field (transport and ‘growth’),

circumnavigations of the waste field were conducted (Figure 6¢). The results are
tabulated in Table 3b.
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Figure 6c. Hout Bay: Transport of the waste field on 12 October 1983

TABLE 3b. Waste field width versus time measured for Hout Bay

TIME (min) WIDTH (m)
58 130
75 140
90 220
108 260

To predict secondary dilutions for Hout Bay, the following input data were used (refer
to Section 3 and WRC (1994)):

. The initial waste field width (b) was 40 m - only five ports were in

operation and the angle between the diffuser orientation and the
current was 80 degrees;
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Surface = 0,09 m s’
=0,04ms
= 0,06 ms

- Average current speeds:
-5m
-10m

The predicted secondary and waste field width versus time for Hout Bay are provided
in Table 3c. The dilutions (based on measured concentrations) and waste field width
could not be given in distance, due to the lack of a descriptive path owing to varying
current conditions.  After two hours the total distance was only about 500 m. The
effective distance of the waste field width from the discharge location after that time was
even less due to the change in currents. For the offshore environment such conditions
can be considered as 'almost stagnant’.

TABLE 3c. Predicted secondary dilutions (s,) and waste field width (L, ) versus

time for Hout Bay

n TIME {minutes)
_ 10 20 40 60 80 100 120
S, 4/3 1,05 1,25 1,78 2,46 3,16 3,94 4,74
1 1,04 1,21 1,63 2,06 2,561 2,96 3,37
L, (m) 4/3 53 67 98 134 172 213 257
1 52 85 89 114 138 165 148

A comparison of the measured data and the field data for both secondary dilution and
plume width versus time for Hout Bay are presented in Figures 6d and 6e, respectively.

Figure 6d.

Secondary Dilution

Predicted and measured secondary dilutions for Hout Bay
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Figure 6e. Predicted and measured waste field widths for Hout Bay

Changing current conditions, which caused reversal of the moving waste field, limited
the time period during which concentration measurements after the initial dilution
process (i.e. after surfacing of the plume) could be conducted at Hout Bay. Due to the
‘near stagnant’ conditions, measured secondary dilutions were only limited to about 1,5
after 36 minutes, which were slightly less than the predicted secondary dilutions.

The relationship between the achievable secondary dilutions (S, = C ,/C mac) @nd the
dimensionless parameter Bx/b for n =0, n= 1 and n = 4/3 are illustrated in Figure 7.
The measured secondary dilutions at Richards Bay, Viees Bay and Hout Bay, using a
a of 0,0005 m* s, are also super-imposed on these,
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The under-prediction of achievable secondary dilutions for Richards Bay and Viees
Bay, using a a-value of 0,0005 m*® s™, is clearly illustrated.

4.2 Determination of Prototype Diffusion Coefficients { and a-values)

A comparison of the measured and predicted secondary dilutions (based on the
standard procedure applied in South Africa, i.e. method of Brooks (1960) assuming the
‘4/3 law’ and a constant a-value of 0,0005 m**s ™) yielded a trend from under-estimation
on the east coast (Richards Bay) to an over-estimation of secondary dilutions at Hout
Bay in the western Cape (refer to Section 4.1) . This could imply that either the ‘4/3 law’,
i.e. assuming open ocean conditions, does not apply for all areas along the 3 000 km
coastline of South Africa or that the selected a-value are site-related, especially when
considering the diversity of conditions along the South African coast.

In this section an attempt will be made to determine prototype a-values (based on
actual diffusion coefficient measurements) for a number of areas around the South
African coastline, using available data collected along the coast over a period of 10
years (Section 3.1). As it is presently assumed that the ‘open sea’ condition applies to
all deep sea outfalls along the South African coast, Brooks' (1960) method, assuming
‘the 4/3 law’ was applied in order to estimate a-values from measured difusion
coefficients.

421 Determination of diffusion coefficients { and o-values) based on drogue
measurements

Extensive drogue data from a number of areas along the South African coast were used
in this study, i.e. Noordwesbaai, False Bay, Hout Bay, Viees Bay and East London.
The detailed drogue data are presented in Appendix A.

From the selected drogue measurements of each study site the following parameters
were calculated to determine the diffusion coefficient according to Equation 11 (refer
to Section 2):

l. Initial separation (L,)
i. Separation at retrieval (L,)
iii. Time (T,) for L,
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iv. Time (T,) for L,

V. Total distance (S)
vi. Total time (T, - T,)
vii.  Transport velocity: S
Tz = T1
vii.  Diffusion coefficient: K= L?-L?

8(T2-T1)
ix. The a-value based on the ‘4/3 law’, ie K= al4?,

The detailed sets of K-values and a-vaiues calculafed for each site are presented in
Appendix A.

To gain a better understanding of the diffusion processes and the influencing
parameters, an attempt was made to obtain a relationship between the estimated o
values and length scale (L), transport distance, current velocity, water depth and wind
speed. The best fit to the raw data proved to be exponential and yielded the following
relationships:

o = 0,00038 g2%4%u
o = 0,00052¢° = 000052
eyriaca = 0,00056e% = 0.00056

Asm = 0,0005e% = 00005

o = 0,00069 g0.0040L
o = 0,00063 g.0033v
o = 0,00054 g0.02187
Where current velocity (m s™)

total distance (m)

length scale (initial distance between drogues)
wind speed (knots)

total time (hours)

< mc
it 0 nn

The relationship versus transport distance (S) yields a constant value of 0,00052 m?3g1
for a-values.
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The data for each study site and for the overall data set (all sites) were grouped in
various combinations of current velocities, water depth, total transport distance, length
scales and wind conditions in order to determine the effect of these parameters on the
estimated a-values. Detailed analysis and plots are presented in Appendix B.

The combinations were as foliows:

PARAMETER COMBINATION
Current velocities <01 011002, >0,2ms"
Depth surface and -5 m
Total distance (S) <§&00; 500-1000; >1000m
Length scale (L) <40;40-80; 80-120m
Wind speed <9, 6-15; > 15 knots
Time <t1; 1-2; >2 hours

After a statistical review of the distributions of the selected sets of grouped data (see
Appendix C), the medjan value was shown to be more realistic than the average vaiues
for K- and a-values, due to the variation in magnitude and limited number of samples
for certain sites.

The median K- and a-values for the various combinations are presented in Tables 4a
to 4f and illustrated in Figures 8a to 8f. The notation ‘S' and ‘SS’ relates to surface and
sub-surface (-5 m) drogue measurements

TABLE 4a. Median K- and a-values for Noordwesbaai determined for various
combinations of conditions

SAMPLE . CONIleIONS MEDIAN

#
Wind | Currents (ms™) | 8/8S | L (m) S (m) K-Vaiue a-Value
147 ALL ALL 8/88 ALL ALL 0,0867 0,000375
79 ALL ALL S ALL ALL 0,073 0,00038

687 ALL ALL 58 ALL ALL 0,058 0,00036
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TABLE 4b. Median K- and a-values for False

Bay determined for various
combinations of conditions

SAMPLE . CONDITIONS MEDIAN
#
Wind Currents (ms™) | §/88 | L (m) S (m) K-Value o-Value
51 ALL ALL S/8S AlL ALL 0.1252 0,00037
20 ALL ALL S ALL ALL 0,1248 0,000317
31 ALL ALL S8 ALL ALL - 0,1256 0,00038
TABLE 4¢c. Median K- and a-values for Hout Bay determined for various
combinations of conditions '
SAMPLE CONDITIONS MEDIAN
#
Wind | Currents (ms?) | 8/88 | L {m) g (m) K-Value a-Value
57 ALL ALL S/SS | ALL ALL 0,112 0,00077
27 ALL ALL S ALL ALL 0,227 0,00091
28 ALL ALL ss | ALL ALL 0,0809 0,00074
TABLE 4d.

Median K- and a-values for VI

ees Bay determined for various
combinations of conditions

SAMPLE CONDITIONS MEDIAN
# Wind Currents (ms*) | s/s8 | L (m) S (m) K-Value | o-Value
54 ALL ALL S5/88 ALL ALL 0,1632 0,00051
24 ALL ALL S ALL ALL 0,2064 0.00048
30 ALL ALL S8 ALL AlLL 0,1438 0,00052
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TABLE 4e. Median K- and a-values for East London determined for various
combinations of conditions
SAMPLE CONDITIONS MEDIAN
* Wind Currents (ms”) | S/SS | L{m) S(m) K-Value a-Value
93 ALL - ALL S/88 ALL ALL 0,1564 0,001
52 ALL ALL S ALL ALL 0,1681 0,00112
41 ALL ALL ss ALL ALL 0,1304 0,00109
TABLE 4f. Median K- and a-values for all sites (grouped) determined for
various combinations of conditions
SAMPLE CONDITIONS MEDIAN
# Wind | Currents | Time SISS | L(m) S (m) K-Value oa-Value
(ms™) | (hours)

400 ALL ALL ALL S/8S ALL ALL - 0.1050 0,00058
205 ALL ALL ALL S ALL ALL 0,1197 0,00062
199 ALL ALL ALL SS ALL ALL 0,0931 0,00051
158 ALL < 0,1 ALL S/58 ALL ALL 0,0841 0,00046
137 ALL 0,1-0,2 ALL S/83 ALL ALL 0,1188 0,00054
109 ALL >0,2 ALL S/S8 | ALL ALL 0,1416 0,00083
159 ALL ALL ALL S/8S ALL < 500 0,1042 0,00085
114 ALL ALL ALL S/88 ALL _ 500-1000 0,0856 0,00050
131 ALL ALL ALL $/S8 | ALL > 1000 0,1263 0,00062
136 ALL ALL ALL S/SS | <40 ALL 0,0547 0,00079
192 ALL ALL ALL S/SS | 40-80 ALL 0,1220 0,00054
76 ALL AlLL ALL S/8S > 80 ALL 0,1782 0,000361
70 <5 ALL ALL 3155 ALL ALL 0,0865 0,000727
193 5-15 ALL ALL S/SS ALL ALL 0,1252 0,00060
73 >15 ALL ALL S/8S ALL ALL 0,2104 0,00074
133 ALL ALL <1 5/88 ALL ALL 0,1428 0,00082
146 ALL ALL 1-2 S/SS | ALL ALL 0,0931 0,00051
120 ALL ALL >2 SISS ALL ALL 0,0783 0,00045
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Figure 8a. Median of a-values calculated for each sites, in both surface and
sub-surface (-5 m) waters at different current velocities
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The median and exponential fit versus distance of all the K- and a-values calculated

from the selected drogue data sets presented in Table 5.

TABLE 5. The median and exponential fit versus distance of all the K- and
a-values calculated from the selected drogue data sets

LOCATION K-VALUE o-VALUE
Median Exp-fit Median Exp-fit
All sites 0,105 0,0948 0,00058 0,00052
Noordwesbaai 0,0867 0,05228 0,000375 0,00031
Hout Bay 0,1120 0,1236 0,00077 0,00088
False Bay 0,1252 0,1366 0,00037 0,0005
Viees Bay 0,1632 0,181 0,00051 0.00057
East London 0,1563 0,166 0,0011 0,00103

Although the median a-values of 0,00058 m*® s for all sites compare well with the
general suggested value of 0,0005 m?® ' for open sea conditions, the individual
values for certain areas, for example Noordwesbaai differ substantially from the general
a-value of 0,0005 m*® s,

The effect of current velocity on the turbulent behaviour of the receiving water and
subsequent a-value is illustrated in Figure 8b, where the a-value for currents less than
0,1ms™ is 0,00046 m**s' compared to 0,00083 m?®s™' for currents greater than
0.2 ms™. The relation between the a-value and current speed for all available drogue
data is;

o = 0,00038 g4

In sheltered areas, where currents are weaker, a value of less than 0,0005m?® g’
should be used for a conservative approach, whereas in a more dynamic environment,

for example east coast conditions (Richards Bay), values greater than 0,0005m?? s
can be applied.
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The validity of the equation K = gL" which is independent of the transport distance was
confirmed. The difference between the a-values for total distances of less than 500 m
and greater than 1 000 m is less than 0,0001 m** s'. The exponential fit yielded a
constant:

o =0,00052

The estimated median a-value for sub-surface currents (-5 m water depth) is
approximately 20 percent lower than the estimated value for surface currents. This is
important especially when cond ucting performance evaluations of deep sea outfalls by
the measuring of actual dilutions using tracer material in an effluent, as most of the
samples are taken close to the sea surface. '

The influence of the length scale (L) obtained from the drogue data is illustrated in
Figure 8e. For a Iength scale of between 80 and 120 m the mean o-vaiue
(0,000361 m>® s} is less than two times the o-value for a length scale of less than
40 m (0,00079 m*® g1y,

4.2;2 Determination of diffusion coefficients ( and a-values) based on tracer
" measurements

As explained in Section 3, the measured concentration data had to be re-organised in
‘groups’ so as to obtain a meaningful description of the moving waste field with regard
to the reduction of concentrations and the achievable secondary dilutions. The grouped
data (concentrations and secondary dilutions) versus distance are iiustrated in Figures
4a and 4b and 5a and 5b for Richards Bay and Viees Bay, respectively and versus time
for Hout Bay in Figures 6a and 6b.

The average and median initial surface concentrations (in the initial surface plume, i.e.
the ‘boil’) and concentrations at a distance x from the ‘boil’ for the experiments at
Richards Bay and Viees Bay are shown in Table 6a and 6b. Due to the weak and
varying current directions on the day of the Hout Bay experiment and the subsequent
~meandering of the waste field, the reduction in concentrations was related to time after
the surfacing of the dye. The average and median concentrations in the *boif measured
at different times are given in Table 6c¢.
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TABLE 6a. Average and median surface concentrations in the initial surface
plume and at a distance for Richards Bay

TRACER CONCENTRATIONS (ppm)
INITIAL 400 m 900 m 1300 m
AVERAGE 0,08889 0,0314 7 0,01786 0,01632
MEDIAN 0,008 0,0295 0,0175 0,0150

TABLE 6b. Average and median surface concentrations in the initial surface
plume and at a distance for Viees Bay

TRACER CONCENTRATIONS (ppm)
INITIAL 150 m 320 m 500 m
AVERAGE 0,1027 0,03325 0,0184 0,01494
MEDIAN 0,1010 0,032 0,0180 0,0150

TABLE 6¢c. Average and median surface concentrations in the initial surface
plume and at specific times after release for Hout Bay

TRACER CONCENTRATIONS (ppm)
INITIAL & min 36 min
AVERAGE 0,0619 0,0665 0,0428
MEDIAN 0,0805 0,0683 0,0400

The current velocities on the days of the field measurements for the three sites are
presented in Table 7.

TABLE7. Currentvelocities on the days of the field measurements at the three
sites
CURRENT VELOCITY (m s}
Before the exercise After the exercise Average
Surface -5m Surface -5m
Richards Bay 0,47 0,34 0,63 0,48 0,48
Viges Bay 0,16 0,12 C, 11 0,09 0,12
Hout Bay 0,02 0,02 0,16 0,08 0,07
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The average of the surface and sub-surface (-5 m) current speeds before and after the
exercises were determined to apply to analytical estimations of the diffusion
coefficients.

For the determination of the initial diffusion coefficient (Ko} and a-value applying the
method of Brooks (1960), the initial length scale is taken as the width of the ‘boil’ in the
direction of the ambient current. It was proposed that the length scale (L) is equal to
the effective width of the diffuser (b), i.e. :

L.=bsinB

Where 8= angle between the ambient current direction and the
diffuser orientation. :

For Richards Bay, Viees Bay and Hout Bay these were estimated as follows:

LOCATION DIFFUSER WIDTH - b {(m )
Richards Bay 30*
Vlees Bay 25
Hout Bay 40+

The surface plume refated only to 6 x 115 mm ports (8,5 m spacing) and
an angle of 80 degrees to the current direction.

Angle between diffuser and current direction was 40 degrees. Total
length of diffuser 38,5 m.

Only five ports were in operation. Angle between diffuser and current
approximately 90 degrees.

*h

ik

The estimated diffusion coefficients and a-value, based on the ‘4/3 law’ according to
the method of Brooks (1960), for Richards Bay and Viees Bay at selected distances
and in the case of Hout Bay, after 6 minutes and 36 minutes after the surfacing of the
dye are presented in Table 8.
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TABLE 8. Diffusion coefficients (K) and a-value (assuming the ‘4/3 law’)
calculated for the three sites at different distances from the
discharge location

SITE DISTANCE | DILUTION p u KJL2 a-vatue
(m) (ms”)
Richards Bay 400 2.98 24 0,4 0,0002 0,00183
800 5.02 4,1 0,48 0,00018 0,00174
1300 5.87 46 0,56 0,00017 0,00164
Viees Bay 150 3.2 2,6 0,14 0,0002 0,0011
320 5.6 45 0,12 0,00014 0,00077
500 8.7 5.2 0,10 0,00009 0.0005
TIME (min)
Hout Bay 6 1 - - - -
36 1,5 1.1 0,07 0,00006 0,0007

The median a-values, calculated from the tracer measurements, for Richards Bay,
Viees Bay and Hout Bay were 0,00177, 0,00079 and 0,0007 m?2® s, respectively,
assuming that the '4/3 law’ applied. '

Although measured on one occasion only, the median a-value of 0,00177 m?® s at
Richards Bay (as determined from tracer concentration measurements) corresponds
to similar dynamic conditions such as at East London where the average a-value
determined from measurements with drogue pairs yielded a median value of
0,0011 m*® s,

For Vlees Bay, the median a-value (0,00079 m?® s') determined from the tracer
measurements is approximately 50 percent higher than the median value
(0,00051 m** s calculated from the drogue measurements.

For Hout Bay the a-value of 0,0007 m?® ™' calculated from the tracer measurements,
corresponds well with the median value 0,00077 m?® ! derived from the drogue
measurements.



5.1

52

5.3

5.4

51
CONCLUSIONS AND RECOMMENDATIONS

Results from this project indicate that the ‘general’ procedure applied in the
prediction of achievable secondary dilutions for deep sea outfalls along the
South African coast, i.e. the method of Brooks (1960), assuming the ‘4/3 law’
and a a-value of 0,0005 m** s does not always apply. This could imply that
either the ‘4/3 law’, i.e. assuming open ocean conditions, does not apply for all
areas along the 3 000 km coastline of South Africa or that the selected a-value
are site-related, especially when considering the diversity of conditions along the
South African coast.

Although the median a-value of 0,0005 m¥s ', obtained for grouping all
available drogue measurements, confirmed the ‘general’ g-value suggested by
numerous authors, the a-values estimated for the individual sites, clearly
showed the diversity of conditions along the 3 000 km South African coastline.
However, the expected effects of current velocities, transport distance, the
length scale and water depth were also confirmed by the drogue measurements.

For Richards Bay, the conservative prediction of secondary dilutions was most
probably due to an incorrect a-values, taken that * open sea condition’, i.e. the
‘4/3 law’ according to the method of Brooks (1960), definitely apply. However,
the refatlvely low o-values obtained at Noordwesbaai on the west coast, may
indicate that the '4/3 law’ does not apply to a ‘rugged’ coastline (often found on
the South African west coast), where the configuration of the coastline may
affect the ‘free spreading’ (as is assumed by the ‘4/3 law') of the waste field.

Based on these findings the use of a ‘general’ a-value is therefore not
recommended in determining the secondary dilutions and subsequent impact of
an effluent waste field at distant locations in South Africa. The most typical
values for certain areas should be considered and if detailed field measurements
cannot be obtained to establish the actual diffusion coefficients, at least a range
of values should be considered. The diffusion coefficients and o-values
determined in this report could be used as a rough guideline.
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Although the prediction of achievable secondary dilutions and subsequent
impact at distant locations is considered appropriate for planning and feasibility
phases of an outfall project, taking into account the near shore processes and
the coastline configuration, it is strongly recommended that field measurements
be conducted to obtain more accurate site specific diffusion characteristics of the
area for the optimisation of the outfall during the detailed design phase. '

Irrespective of the procedure or method used to predict the behaviour of a
moving waste field, i.e. analytical methods or numerical modelling, a thorough
understanding of the physical processes, the sensitivity and limitations of the
prediction methed or procedure to all variables, as well as the applicability of a
certain methods to a specific area or near shore conditions is essential before
any quantitative conclusions can be made with regard to the detaiied outfali}
design. A simple equation or a ‘black box’ approach is therefore not always
considered to be sufficient in providing reliable quantitative results on achievable
secondary dilutions, especially taking into account the consequences of
detrimental impact in terms of ecological, health and economical aspects, both
in the short and long term.
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APPENDIX A

SELECTED DROGUE DATA
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APPENDIX B

DETAILED STATISTICAL ANALYSES AND PLOTS OF DATA
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Plots of a-values for all the data versus current velocity, distance from discharge location,

length scale, wind speed and time and water depth.
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Figure B.1  qa-values (log scale) for all sites versus current speed
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Figure B.2 «-values (log scale) for all sites versus total distance from discharge

point
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Figure-B.3 a-values (log scale) for all sites versus length scale (L)
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Figure B.4 «a-values (log scale) for all sites versus wind speed
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Figure B.6 a-values (log scale) for all sites (surface) versus distance
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Figure B.7 «a-values (log scale) for all sites (-5 m) versus distance




