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Soluble pollutant retention in a CSO structure.
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Introduction
Combined sewer flows contain significant quantities of pollutants which can be roughly categorised as gross
solids, fine suspended solids or dissolved contaminants.  From an integrated pollution control viewpoint, it is
required that there is an optimum retention of these pollutants within the sewer system for subsequent treatment.
This is desirable as the discharge of combined sewage to a receiving water course can have a serious impact in
terms of significant deoxygenation and aquatic life mortalities.

There is currently an urgent requirement to improve discharges to rivers, by March 2005 the Secretary of State
for the Environment requires that in England and Wales almost 3,600 km of rivers will be protected or improved
and 3,500 unsatisfactory CSOs will be improved (Morris & Fraser, 2000).

Significant interest has been concerned with 6 mm near neutrally buoyant particles which, if discharged to the
watercourse, cause aesthetic pollution.  However, less work has been concerned with fine suspended and
soluble pollutants that have a significant effect on water quality.  Also, attempts to minimise spillage of gross
solids from CSO structures often results in the addition of some form of screen.  These screens may break up
gross solids into smaller particles.  Smaller particles may potentially have a greater impact on the watercourse
due to their larger surface area resulting in a more rapid decay.

Retention time within a CSO or storage tank structure is an important consideration for a number of reasons.
Firstly, in terms of aesthetics, a longer retention time means they are more likely to either settle out or float to the
water surface, thereby assuming separation.  In terms of fine suspended and dissolved pollutants, a longer
retention time in the structure may result in an enhanced retention of these pollutants.

The dispersion characteristics of the CSO structure are also important when time varying pollutant
concentrations are being considered.  Pulses of high pollutant concentrations, for example the first foul flush,
may be significantly reduced through dispersive mechanisms.  In a study of the effects of a manhole on both the
travel time and dispersion of solutes, Guymer & O’Brien (2000) showed that the presence of a manhole structure
increased both the travel time and the longitudinal dispersion by approximately ten times that of the equivalent
length of straight pipe.  As a CSO or storage tank structure is usually significantly larger than an individual
manhole, the travel or retention time and dispersion are likely to be affected to a greater extent.

Current sewer flow quality models take a simplified approach to dispersion within the sewer system, for example
SIMPOL assumes that the concentration of the flow spilled from a CSO is equal to the concentration entering the
CSO.  For the continuation flow passing to treatment from the CSO, it assumes concentration is equal to that
after becoming fully mixed in the CSO.  This is appropriate under steady state conditions.

This paper aims to show a method for determining the retention and dispersion of soluble and fine suspended
pollutants in a CSO structure using a fluorescent solute tracing technique and show that relatively simple models
can be used to improve prediction of pollutant concentrations output from CSO and storage tank structures.

Background theory for longitudinal dispersion
To investigate the transport of solutes and fine suspended sediments, it is first necessary to develop an
understanding of solute mixing.  Consider a quantity of pollutant instantaneously injected into a body of flowing
water, it will be carried in the direction of the flow and also dispersed in three dimensions.  In sewer flow, the
pollutant will become effectively vertically and transversely well mixed after a relatively short distance, thus only
longitudinal dispersion is of interest here.

Longitudinal dispersion of a pollutant plume as it travels downstream causes the peak concentration to decrease
as spreading increases.  Measurements to determine longitudinal dispersion will generally be made from a
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number of fixed sites, thus resulting in temporal concentration distributions, these distributions are often of the
form of a skewed Gaussian profile.

To predict longitudinal dispersion, there are two main methods.  Firstly the advection - dispersion equation
(ADE), which has two primary coefficients, the travel or retention time, t, and a longitudinal dispersion coefficient,
D.  The retention time is the time difference between the temporal centroids of the upstream and downstream
plume, and the longitudinal dispersion coefficient is calculated from the measured solute plume and is a function
of the temporal variance and travel time.  ADE has been developed from work by Taylor (1954) and its
applicability is limited by a number of assumptions in it’s derivation.  It also predicts spatial concentration profiles
of Gaussian shape, whereas the measured profiles are significantly skewed and are temporal.

The second method is the aggregated dead zone (ADZ) model.  This technique also utilises two primary
parameters, the travel or retention time, t, and a time delay, τ, which is calculated as the difference between the
first arrival of the upstream and downstream plumes.  The ADZ model uses these coefficients to move the
concentration distribution downstream and applies an exponential decay to each element.  A simple discrete-
time equation for the prediction of temporal concentration distributions can be found in Wallis et al (1989).  The
potential of the ADZ technique for use in urban drainage has been shown by Dennis (2000) in his study on travel
time and dispersion of solutes in manholes.

For both of the analysis techniques an optimisation procedure has been developed at the University of Sheffield
(Dennis et al, 1999).  This is designed to remove the influence of factors such as estimation of the first arrival
time of the plume and lessen the effect of the quality of the recorded data, the procedure finds the coefficients
that predict a distribution with the closest fit to the measured plume.

The ADE and ADZ techniques have been applied to the series of tests reported here, and these have produced
some promising trends.  However, detailed presentation of these results is considered to be outside the scope of
this paper.

Fieldwork
The solute tracing technique employed in this study has been used for many years at both field and laboratory
scale in riverine, estuarine and coastal work, and has more recently been applied in wastewater applications.

One of the main advantages of fluorescent solute tracing, using Rhodamine WT, is that it is possible to use the
wide range of the instruments to accurately measure concentrations between 10-9 and 10-6 l/l.  Furthermore,
background levels of material which fluoresce at the same wavelength as Rhodamine are generally low and
stable, thus background fluorescence can be removed from the trace with confidence.

In the pilot study at the National CSO Test Facility at Wigan Wastewater Treatment Works, a single high side
weir was tested, details of which are shown in Figure 1.  An instantaneous injection of Rhodamine WT tracer
was made into the 266 mm diameter inlet pipe, approximately 50 m upstream of the chamber such that it was
cross-sectionally well mixed before entry into the CSO.

The concentration of tracer passing through the CSO was measured using three Turner Designs fluorometers
set up to continuously sample the flow, the output from the instruments was logged at 55 Hz.  The sampling
positions for the instruments were located as shown in Figure 1, one in the inlet to the structure and one at the
continuation and spill outlets respectively.  The tests were carried out for inflows of 30, 45, 60 and 100 l/s, each
inflow being tested at flow splits (the ratio of continuation flow to inflow) of 10, 20, 40 and 60%, i.e. a total of
sixteen tests.  For each test at least three repeats were made.  This range of tests covers many of the hydraulic
regimes that are commonly found in CSO chambers.
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Figure 1: Plan and elevation of test structure.

Results

Concentration and load
The raw data from the pilot study has undergone calibration and removal of background concentrations.  This
data is shown in Figure 2 for the maximum inflow tested of 100 l/s and the smallest flow split of 10%.  It can be
seen that the spill flow is retained within the CSO for a very short period of time, and undergoes little dispersion,
as there is only a small change in the peak concentration of the tracer.  In contrast the continuation flow
experiences a much longer retention time and the solute trace disperses such that the peak concentration is less
than 50% of the inflow concentration.

Figure 3 shows the temporal variation in load (i.e. the concentration multiplied by the discharge) passing as the
pulse of solute is passed through the CSO chamber.  This shows that, due to the small amount of flow passing
through to continuation, only  a very small amount of tracer is actually discharged in the continuation flow to
treatment.

Figure 4 presents the data shown in Figure 3 in a cumulative format.  The gradual rise of cumulative load in the
continuation flow compared to the steep inflow and spill curves highlights a greater dispersion for the
continuation flow component.  It can also be seen that there are some losses in the system, the cumulative mass
to spill is 82% and to continuation is 10%, thus there is a loss of approximately 8% in this case.  This could be
due to minor calibration inaccuracies, small amounts of dye being retained in the system for longer than the
period of the plume, background subtraction, or errors due to the location of the sampling pipes, especially with
for the spill flow which may not be well mixed at the sampling point.

These results therefore describe a significant finding that impacts on our current understanding and thinking
concerned with pollutants in solution.  For example SIMPOL and other mathematical models assume that there
is no difference between the inflow and continuation flow concentrations after mixing.  This is clearly not the
case as in summary, at a flow split of 10%, there was a relatively small reduction of the peak concentration in the
spill flow component, but a large reduction in the peak concentration of the continuation flow.  It should be
remembered however that this will only occur for temporally varying concentrations, for a constant concentration,
there will be no decrease in the peak. In terms of load, the split is near to the flow split, with possibly slightly
more passing to continuation, depending upon where the losses actually occur.  In practice therefore, a CSO
operating with a 10% flow split is ineffective at reducing the concentration or load of fine suspended and soluble
pollutants in the spilled flow.
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Figure 2: Calibrated temporal concentration plot.
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Figure 3: Temporal load discharge.
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Figure 4: Temporal cumulative load.

Retention time and dispersion.
The approximate value for the retention time in the CSO was found by calculating the temporal centroid of each
individual plume and subtracting the upstream centroid time from the downstream centroid time.  This can be
seen graphically in Figure 5, which is a copy of Figure 2 with centroid locations plotted.  For the flow split of 10%,
the retention times calculated are 10 seconds for spill flow and 64 seconds for continuation flow.

Figure 6 gives the results for the lowest inflow of 30 l/s and the highest flow split of approximately 60%.  This
shows significant differences to the 100 l/s inflow with the 10% flow split.  Firstly because of the slower velocity in
the pipe, the time which the plume takes to pass each sampling point is much greater, for example the inflow
plume in Figure 6 is almost five times longer, than the inflow plume for Figure 5 (approximately 600 seconds as
opposed to approximately 120 seconds).  Due to the high flow split, the flow to continuation in Figure 6 is almost
twice that of Figure 5, despite the inflow being much smaller.  The result of this is that the calculated retention
times of the continuation flows is similar, being 64 seconds for the 100 l/s inflow / 10% flow split and 62 seconds
for the 30 l/s inflow / 60% flow split.  This is a function of the hydraulics of the CSO.  The difference in retention
time of the spilled volumes is significant, being 10 seconds and 29 seconds for the 100 l/s inflow / 10% flow split
and 30 l/s inflow / 60% flow split respectively, this will be due to the lower inflow velocity and the lower proportion
of the flow spilling in the latter case.

In terms of dispersion, there is a significant difference between the two cases.  In Figure 4, where there is a only
10 % of the flow passing to continuation, there is a large amount of dispersion to continuation, resulting in a
large decrease in the peak concentration and a much longer time of passage.  Conversely the concentration
passing to continuation is in excess of 80% of the inflow peak and the time of passage is only marginally greater
than the inflow, thus there is only a small amount of dispersion.  Turning to the 30 l/s / 60% flow split, neither spill
nor continuation flows are subject to a significant amount of dispersion, the times of passage not being
significantly increased and the peak concentrations not being significantly smaller.

These results show that the inflow and flow split are extremely important to the way in which pollutants will pass
through any particular CSO structure, and that different structures are likely to exhibit significantly different
characteristics due to different flow paths and secondary circulations.
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Figure 5: Temporal concentration with Centroids marked,
Inflow = 100 l/s, Continuation flow = 10 l/s.
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Figure 6: Temporal concentration with Centroids marked,
Inflow = 30 l/s, Continuation flow = 19 l/s.



WaPUG Autumn Meeting 2000 Paper 4

Page 7 of 7

Conclusions
This pilot study has shown that the fluorescent solute tracing technique is applicable and allows the retention
time and the dispersion characteristics of CSO structures to be determined.  The results indicate that retention
time and dispersion are important when considering time varying pollutant concentrations in CSO structures, and
are significantly affected by the inflow and ratio of inflow to continuation flow passing through the structure.  The
inflow and spill flow concentrations were usually of the same order, but significant differences were observed
between some of the concentrations in the inflow and continuation flow.  This has significant implications in the
modelling of pollutants through CSO chambers.

Further work on a range of CSO structures would provide a valuable input to water quality models of urban
drainage systems, furthermore the predictive techniques used are based on simple numerical models which
would be easy to incorporate into existing methodologies.
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Discussion
No questions on this paper
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