Environ Fluid Mech (2016) 16:209-244 /
DOI 10.1007/s10652-015-9425-0 @ CrossMark

ORIGINAL ARTICLE

Definition of mixing zones in rivers

Alonso J. Rodriguez Benitez! - Andrés Garcia Gémez!' -
César Alvarez Diaz!

Received: 15 October 2014/ Accepted: 20 July 2015/Published online: 28 July 2015
© Springer Science+Business Media Dordrecht 2015

Abstract The adequate definition of the mixing zone generated by the discharge of an
effluent is of great importance, as it serves as support for the environmental authorities on
the decision-making about the authorization of the discharge. The evolution of the mixing
zone of an effluent is affected by different kind of phenomena as temporal variations on the
hydrodynamic conditions, spatial variations in the geomorphology and bathymetry of the
receiving water, etc. The correct definition of the mixing zone should take into account
these factors, for which the use of mathematical modelling is needed. The turbulent
hydrodynamic processes in the near field of the discharge and in the far field occur at
different spatial and temporal scales. The mathematical model needs to be able of simu-
lating the hydrodynamic and transport processes on both fields. The present paper proposes
a methodology to be followed when the prediction of the extents of the mixing zone
generated by an effluent discharged into a river is needed. The methodology consists of the
obtaining of the necessary hydrodynamic and pollutant concentration data on the effluent
and on the receiving water; the building of the adequate calculation meshes for the
modelling; the calibration and validation of the model; and finally the definition of the
critical conditions for the prediction of the behaviour of the mixing zone. An example of
application of the proposed methodology is shown for a real case, the discharge of the
WWTP of Casar de Periedo town in the Saja River, Cantabria, Spain, for which field data
have been measured. The prediction of the extents of the mixing zone for this case was
made using a hydrodynamic two-dimensional depth-averaged long wave model jointly
with a transport model. In order to simulate the near field and the far field jointly, an
Embedded mesh system was built. For the Embedded mesh system, it was needed the
establishment of conditions for the information exchange between the meshes.
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1 Introduction

Most of human activities use water in their processes, and therefore, these activities
generate effluents which, after suffering diverse treatment processes, are discharged into
natural water bodies. Depending on the source of the effluent, it may have components of
different characteristics, chemical, biological, toxic, etc. [1-3], in general harmful to the
receiving water body when they exceed certain concentrations [4, 5]. When the discharge
comes into contact with the water of the receiving body it starts a dilution phenomenon due
to different factors, such as environmental flows, momentum introduced by the effluent,
difference in density and temperature between the effluent and the environmental waters,
etc. This dilution increases as the effluent progresses within the receiving water body,
reducing the concentration of the pollutants introduced. At certain distance from the dis-
charge point, the concentrations of the pollutants reach environmentally acceptable values.
The area between the discharge and the place where the contaminants introduced achieve
permissible concentrations is known as mixing zone.

When there is a need for the discharge of an effluent into a natural water body, envi-
ronmental authorities are required to decide whether to give permission or not depending
on if the water quality conditions of the receiving waters can be preserved. The extension
of the mixing zone generated by the effluent greatly influences on this decision making,
because inside of it the maximum acceptable concentration of pollutants established by the
regulations are exceeded [6—8]. Therefore, the environmental authorities should require the
proper definition of the mixing zones.

If a discharge is performed into an estuary or into the sea, the mass of water in the
receiving body can be considered as infinitely greater than that introduced by the effluent
and therefore, it is easy to imagine that dilution produced will continue indefinitely. By
contrast, if a discharge is performed into a river, it is necessary to take into account that the
mass available for the mixing is limited by the flow regimes of the river. For this reason, in
the case of rivers exists the complete mixing concept, which defines the state in which the
effluent have been mixed up with the entire mass of water available in the river, and
therefore it has reached the maximum possible dilution, until meeting another river flow
incorporation [9, 10].

There are many factors of different characteristics influencing the development of the
mixing zone produced by an effluent; therefore the definition of the mixing zone is a
complex process. Some mixing processes can occur due to the energy introduced by the
discharge, or due to environmental flows. There are phenomena that occur in the vicinity of
the effluent discharge point and other downstream occurring in sensitive areas of the
receiving body, etc. Fetterolf [11] concludes that there is no substitute for the estimation of
the extents of the mixing zone for each application case, in relation to the particular
physical, chemical and biological characteristics of each ecosystem. Among these factors,
the most influential are: type of receiving body (usually river, estuary or coastal area),
temporal variations on the hydrodynamic conditions of the receiving body, spatial varia-
tions in the geomorphology of the receiving body, variations in the bathymetry, temporal
variations on the effluent discharge conditions (flow, pollutant concentration), interference
with environmentally sensitive areas, discharge method, density and temperature
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difference between the effluent and the receiving water, pycnoclines presence, disposition
of the effluent discharge with respect to the receiving water, interaction with other effluents
in the receiving water, characteristics of the pollutants introduced; and environmentally
admissible concentration of pollutant substances. The hydrodynamic conditions on a
natural water body vary in function of climatic and seasonal aspects. Depending on the
type of water body, these variations have different characteristics. In estuaries and coastal
zones, the main hydrodynamic phenomena are induced by waves and tides. In rivers, flow
regimes have the main influence. Lakes and lagoons are the most particular cases as
depending on their affluent streams, and on their area and depth conditions, the hydro-
dynamic can be dominated by the flow currents or by the wind. In some cases evaporation
processes can produce critical situations on the water quality conditions. The spatial
variations in the geomorphology and in the bathymetry of the water body affects the
streams and the hydrodynamic turbulent processes [12]. For example, the presence of
curves in a river generates circulation phenomena in a section transverse to the flow [13].
The presence of high bathymetry gradients can produce significant vertical accelerations
[14]. The density difference between the effluent and the receiving water can generate
buoyancy effects, when the effluent is lighter than the receiving water, and sinking effects,
when it is heavier [15]. In some cases, the receiving water body can present density
gradients known as pycnoclines which can generate internal oscillations in the evolution of
an effluent [16, 17]. The disposition of the effluent discharge with respect to the receiving
water can influence the initial behavior of the effluent. When the discharge is made through
marine outfall, significant vertical velocities are produced [18]. When the discharge is
made through a lateral canal into a receiving water with a stream, like a river, the effluent
tends to advance attached to the edge of the river. This phenomena is known as Coanda
effect [19]. The interaction with other effluents can increase the concentration of certain
pollutants introduced. In some cases the receiving water can have a certain background
concentration of the pollutant under study produced by effluents discharged upstream. The
pollutants introduced by the effluent can suffer decay phenomena depending on their
nature, produced by different elements that are present in the receiving water body as
sunlight or temperature. These pollutants are known as non—conservative, in contrast with
the conservative pollutants, which are not affected by the decay processes [20, 21].

Even more, it is necessary to have in mind the difference in scales of the mixing
process. The mixing of an effluent is a turbulent process that can be divided in an initial
dilution process, which occurs in the so called near field; and in a secondary dilution,
which occurs in the so called far field [22]. In the initial dilution two mechanisms may
prevail:

— If the effluent discharge velocity is high, the dilution occurs principally by the high
momentum introduced by the effluent, in which case the discharge is called jet.

— If effluent discharge velocity is low, the dilution occurs principally by the density
difference existing between the effluent and the receiving water body (caused by the
difference in salinity and temperature), in which case the discharge is called plume.

This process continues as the effluent progresses within the receiving water body, until
reaching a state in which the causes of the initial dilution disappear, in other words, when
the momentum introduced by the effluent is reduced to the point that is lower than the one
present in the ambient waters, and/or where the effluent has been diluted to the point where
there is not appreciable difference in its density with respect to the ambient waters. From
this region onward the mixing continues by the effect of the currents of the receiving water
body. In this stage, the role of the hydrodynamics of the ambient waters is more significant.
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This zone corresponds to the so called far field, in which the secondary dilution occurs. The
dilution rate in this area is lower than that presented in the near field [23]. Therefore, to
analyze the mixing process properly it is necessary to take into account the characteristics
of both the near field and the far field. However, turbulent processes in near field and far
field are different. Processes in the near field are more intense and occur in a spatial and
temporal scale much lower than processes in the far field. A common practice for the
analysis of the evolution of the mixing zone considering only the phenomena occurring in
the far field is to assume an initial dilution coefficient. Thus, in the analysis, the con-
centration of the pollutants introduced by the effluent into the receiving waters is reduced
by this coefficient, which represents the phenomena of turbulent mixing and exchange of
salinity and temperature that occur in the near field, in order to perform then only the
analysis of the mixing in the far field [24, 25]. The problem with this practice is that the
models that define the initial dilution coefficient are simplified and usually stationary,
unable to fully reproduce the complexity and variability of the processes occurring in the
near field, introducing errors in the calculation [26].

In summary, due to the large number of parameters that influence the evolution of the
mixing zone of an effluent, for its analysis it would not be sufficient to use stationary
simplistic models. The correct definition of the mixing zones should include all of the
temporal and spatial variations that occur in the reality. Currently the best analysis tool for
achieving this goal is the use of mathematical models. Moreover, the mathematical model
used should be able to take into account the phenomena of both, near field and far field, and
their interaction in the transition from one area to another. However, this requires a special
effort in the calculation process due to the difference in spatial and temporal scales
between both fields.

In the present paper a methodology is proposed to predict the extents of the mixing zone
of an effluent in a river. To perform this methodology it is necessary in first place the
correctly description of the stretch of the river under study, and the obtaining of adequate
hydrodynamic and pollutant concentration data, of both the discharge of the effluent and
the stretch of the river. Based on the available data, appropriate calculation meshes can be
built, in an adequate mathematical model able to simulate hydrodynamic and transport
processes. This model needs to be calibrated and validated. Finally when this is achieved,
the mathematical model can be used to predict the behaviour of the mixing zone of the
effluent. For this process it is necessary to model the evolution of the effluent under critical
river flow conditions established from statistical analysis.

In order to illustrate an example of application of the methodology proposed in the
present paper, the experience on determining the evolution of the mixing zone of a real
case of effluent discharged into a river is shown. The real case of effluent analysed is the
discharge of the Casar de Periedo WWTP (Waste Water Treatment Plant) in Saja River
(North of Spain). It was used a two-dimensional long wave model developed by the
Universidad de Cantabria. This model solves the RANS equations [27]. It is able to
reproduce adequately the currents generated by the tide in coastal zones and estuaries [28],
as well as the river hydraulics [29]. A transport model capable of simulating the evolution
of pollutants within the flow established by the hydrodynamic model was also used. These
models are able to perform simulations under spatial and temporal variable conditions. It
was necessary to implement an Embedded mesh system (and the adequate information
exchange conditions) in order to analyse jointly the processes of the near field and the far
field.
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2 Methodology for the analysis of the extent of the mixing zone
of an effluent in a river

The calculation of the extent of the mixing zone of an effluent discharged in a river must be
achieved following the steps listed below:

‘Analysis of the extent of the mixing zone of an
effluent in a river

Effluent data —

- Discharge flow
- Pollutants concentration and
characteristics

- Discharge canal/pipe geometry / Water quality
criteria
Receiving body Maximum allowable pollutants
data concentrations

- Bathymetry Collection of the necessary

- River bed characteristics hydmdynam_w and concentration data,

~Elow regime of both, the effluent and the river

- Velocities and pollutant 7 7
concentrations / Dimensions

influencing on the
mixing processes

- Location of sensible areas

= . < - River width
Selection of a one-dimensional, two-- - Presence of significant vertical

dimensional or three-dimensional model|  [,ccelerations

!

Construction of a calculation domain to
analyze near field and far field jointly

Hydrodynamic

and concentration /

data for a specific /
date

Model calibration

Hydrodynamic

and concentration /

data for another /
specific date

Model validation

/ / Effluent
River flow regime variability in flow
and
/ concentrations

Selection of critical conditions for
calculation of the mixing zone

v

Hydrodynamic and transport modelling for the
calculation of the extents of the mixing zone

Fig. 1 Methodology for the analysis of the extent of the mixing zone of an effluent in a river
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1. Collection of necessary data: Hydrodynamic data and concentration of pollutants, of
both the discharge of the effluent and the stretch of the river. Maximum allowable
pollutants concentrations.

2. Selection of a one—dimension, a two—dimension, or a three—dimension model
according to the dimensions affecting the mixing processes.

3. Construction of a calculation domain able to analyze jointly the near field of the
effluent as well as the far field.

4. Calibrate the parameters of the hydrodynamic and transport models, basing on field
data measured in a specific date.

5. Validate the parameters calibrated for the models, basing on field data measured in a
different specific date.

6. Selection of the critical conditions for the calculation of the mixing zone, basing on the
river flow regime and on the effluent variability in flow and concentration.

7. Hydrodynamic and transport modelling for the calculation of the extents of the mixing
zone, basing on the maximum allowable pollutants concentrations.

The main aspects of these steps are explained next. The Fig. 1 shows the procedure of
this methodology.

2.1 Collection of necessary data

For the analysis of the extent of a determined case of mixing zone, specific data is needed
regarding to the effluent, the receiving water body and the applicable normative respect to
the maximum allowable pollutants concentrations.

2.1.1 Effluent data

The main data regarding to the effluent are the discharge flow and the introduced pollutant
concentration and characteristics. About the discharge flow and pollutant concentration it is
important to know its temporal variability, which can be associated with the nature of the
activity that generates the effluent (urban wastewaters, industrial effluents, etc.). Normally
the entities that generate the effluents exert proper control in order to obtain and maintain
the discharge authorizations; therefore in most cases it may be possible to assume mean
representative values for the discharge flow and pollutant concentration. However, there
may be situations in which pollutant concentration peaks occur, such as failures or tem-
porary disturbances on industrial processes, where interesting analysis cases are generated.

About the characteristics of the introduced pollutant, it is interesting to know if it can be
considered conservative; otherwise, the decay phenomena that suffer the pollutant in the
receiving water should be included in the transport model. Furthermore, it is necessary to
have in mind that in the zone of interest there may be more than one effluent discharge.
The mathematical model to be used should be capable of simulate the hydrodynamic of a
water body with various flow contributions. Similarly, the effluents can contain more than
one kind of pollutants considered of importance from the environmental point of view.
Usually, the evolution of each pollutant is modelled independently. For this practice, the
use of a modelling system that simulates first the hydrodynamics and then the transport
processes represents computational cost savings, because the results of a hydrodynamic
model run can serve to different executions of the transport model with different pollutants.

@ Springer



Environ Fluid Mech (2016) 16:209-244 215

The discharge geometry is also an important data. The spatial resolution in the mod-
elling mesh should be established in order to make possible the representation of the
effluent discharge, and the processes occurring in the near field.

2.1.2 Receiving water body data

The main data with respect to the receiving water body are the bathymetry and the bed
characteristics for the whole area of interest; and the flow characteristics, including the
boundary conditions. The bathymetry used in the analysis should adequately describe the
stretch of the river in the computational domain, in such manner that it allows analyzing
the influence of curves, slope changes, tidal flats, etc. The most important characteristic of
the river bed is the average size of the particles composing it, as it regulates the bottom
friction, which is a very influential factor in the mathematical modelling.

Mathematical models require the specification of the river flow and the free surface
level in the computational boundaries. The flow of a river has a high variability according
to several different parameters (mainly the precipitation). For this reason it is necessary to
perform the mixing zone analysis using statistical techniques. The ideal situation would be
to have access to a flow regime obtained from daily mean flow data for a significant period
of years. In case of not having access to statistical data to obtain a flow regime, the river
flow can be also obtained from a hydrologic analysis of the surface runoff taking into
account the basin contributing to the study area.

From the river flow regime it can be extracted the critical cases for analyzing the
evolution of the mixing zone; however, as will be discussed later, before using the
mathematical model for this purpose, the turbulence and diffusion parameters should be
calibrated and validated. For these processes, the ideal situation would be to have data for a
specific date in order to calibrate the model, and data for a different specific date in order to
validate the model. These data should not only be taken in the boundary but also in several
control points located along the computational domain. Both, the hydrodynamic model and
the transport model needs to be calibrated and validated, therefore these data should consist
on velocities and pollutant concentrations.

About the receiving water body it is also important to know if in the zone affected by
the effluent there are areas that may be sensitive to the pollutant introduced. The proximity
of the resulting mixing zone to environmentally protected areas can influence significantly
on the decision about the discharge authorization.

2.1.3 Maximum allowable pollutants concentrations

In order to preserve good water quality conditions on the receiving body, the authorities of
each country establish maximum limits to the concentration of each type of pollutant with
a recognized potential of environmental damage. For the analysis it is necessary to know
the maximum allowable concentrations of each of the pollutants introduced by the effluent,
as they define the extents of the mixing zone.

2.2 Selection of the appropriate model
The mathematical modelling can be performed on a one-dimensional, two-dimensional or

three-dimensional frame, depending on the complexity of the variables affecting the
analysis. The more complex models increase the computational cost and the complexity of
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the input data and of the results interpretation, so it is important to choose a frame that fits
each case.

For narrow rivers, where transverse mixing processes are negligible, it is possible to use
a one-dimensional model. These models work describing several cross sections along the
river. On the other hand, when the river is wide enough so transverse mixing processes are
significant, or when there are stream irregularities such as curves, widening or narrowing,
bifurcations, etc. that may influence the evolution of the mixing zone, the analysis should
be performed with a two-dimensional model, vertically averaged.

In cases where vertical accelerations are significant, three-dimensional analysis is
required. This situation can be presented on water bodies with density or temperature
gradients. Normally these gradients are introduced by the same discharge to analyze,
producing buoyancy or sinking effects. Discharges made from the bed of the river with
vertical upward direction, such as marine outfalls, also require a three-dimensional
analysis.

2.3 Construction of the calculation domain

As it has been discussed before, to analyze the mixing process properly it is necessary to
take into account the characteristics of the near field and the far field jointly. The
hydrodynamic and transport processes in each field occur at different spatial and temporal
scales. The spatial discretization of the far field of a river can have values from 1 m to tens
of meters in function of the dimensions of the stretch of the river under study. The canals or
pipes used for the discharge of an effluent can have a width of the order of tens of
centimetres to meters. The calculation domain to be built for the analysis of the mixing
zone should be able to simulate the processes with both spatial discretizations.

Several techniques can be used in order to obtain an appropriate calculation domain.
One possible technique is to use variable spatial discretization in the model. This technique
has the inconvenience that the time step used should be related to the finer spatial reso-
Iution, which increases the computational time if we take into account that for the far field
such a restrictive time step is not needed. Another technique consists on using an
Embedded mesh system by constructing two different calculation meshes, one representing
the far field, covering the entire stretch under analysis; and other one representing the near
field of the effluent discharge with smaller spatial and time resolution. This technique is
more complicated to implement because it needs the establishment of conditions for
information exchange between the meshes, in order to make sure that the hydrodynamic
and transport processes occurring in one mesh affects the other, but has the advantage that
it saves computational time as for each field an appropriate time step can be used.

2.4 Calibration and validation

One of the main concerns on the use of a hydrodynamic mathematical model is the
turbulence representation. There are several closure models to represent the turbulence
processes; all of them need the establishment of constant values established for each case
of study. Furthermore, for the use of transport models it is necessary the establishment of
values for the diffusion coefficient. The ideal procedure to establish these parameters is to
perform a calibration process, for which it is necessary to have data obtained from field
measurements for a specific date. Calibration process is based on the comparison of the
modelling results with the field data, therefore the field data should include hydrodynamic
and transport values (velocities and concentrations) for different control points located
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Fig. 2 Area of study, location of measurement transects and External and internal Embedded meshes
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along the stretch of the river as well as for the boundaries. The performance of the model
using the parameters obtained from the calibration has to be validated, performing another
modelling using different field data measured on a different specific date. If field data are
not available to perform the calibration and validation processes, recommended values
obtained from empirical studies can be used. Finally, it should be noted that if an
Embedded mesh system is used, different values for the calibration parameters should be
established for the different meshes.

2.5 Selection of critical calculation cases

Once the model is calibrated and validated, it can be used to predict the extents of the
mixing zone. Model simulations should be performed for critical conditions of river flow
and effluent discharge (flow and concentration) in order to evaluate the maximum possible
impact of the introduced pollutants on the environment. The selection of the critical river
flow should be based on the statistical analysis of the river flow regime, as discussed above.
Usually, critical conditions are related to lower river flow values. With high river flow
values the extension of the mixing zone is smaller due to the velocities and turbulent
phenomena associated to high flows are higher and there exists more ambient water
available to the dilution processes. The critical conditions for the effluent are associated to
high pollutant concentrations expected on the discharge, in combination with low dis-
charge flows. Depending on the effluent discharge regime, it may be necessary to analyse
more than one discharge conditions in order to include the possible combinations of flow
and discharge.

2.6 Calculation of the extents of the mixing zone

Finally, the hydrodynamic and transport mathematical modelling is performed for the
critical cases chosen. The extents of the mixing zone of the effluent for each case analysed
is obtained by locating the area in the stretch of the river where concentration results reach
the maximum allowable values. The predicted extent of the mixing zone adopted for
environmental analysis is the maximum obtained from the modellings of the different
cases.

3 Application of the proposed methodology to the Casar de Periedo
WWTP discharge

In order to show an example of the application of the methodology proposed in the present
study for the characterization of the mixing zone of an effluent, it is analysed the real case
of the discharge of the WWTP of Casar de Periedo, in the Saja River (north Spain). Casar
de Periedo is a small village in the Administrative Division of Cantabria. The design
equivalent population for the wastewater treatment plant is 20.000 inhabitants. Trough the
village area crosses a stretch of the Saja River. The Saja River has a basin of 440 km?, and
a total length of 67 km. It discharges in the Ria de San Martin de la Arena. Figure 2 show
the location of the area of study.

The discharge of the WWTP of Casar de Periedo is made in an edge of the river with a
cross section of around 30 m width. Field surveys were carried out to obtain the
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bathymetry of the study area [30]. The bathymetrical information measured covered a
stretch of the river 150 m upstream and 380 m downstream of the discharge point.
Bathymetry of the stretch considered in the model is shown in Fig. 2.

The discharge of the WWTP is made with a mean flow of 0.138 m*/s. The disposal of
the effluent is made using a channel with a width of approximately 3.5 m and an average
discharge velocity, ug, of 0.19 m/s. The hydrodynamic data and chloride concentration in
the river were measured in field surveys performed in spring and summer seasons. For the
day when measurements were made in spring season, the average flow recorded for the
Saja River was 12.5 m*/s, while for the day when measurements were made in summer
season the flow registered was 2.97 m?/s. For the days when spring and summer field
measurements were made, no significant variation was observed on the river average flow,
therefore, the mathematical modelling can be performed under stationary conditions, in
order to reduce computational costs. The free surface levels in the downstream boundary of
the stretch are taken from a weir, which permits to know the free surface level in the
boundary for each river flow under analysis. The bottom friction has been taken variable
over the calculation domain in order to take into account the influence of the water depth
on this parameter. For this purpose, values of Chezy coefficients between 20 and 30 were
used.

For the measurement of velocities in the Saja River stretch under study, four different
transects were selected. The first was located 50 m upstream the discharge while the
remaining three were placed 50, 220 and 400 m downstream the WWTP discharge. The

Table 1 Chloride concentration

in the WWTP effluent Spring survey

Time (h) Chloride concentration (mg/1)
9 20
12 34
15 49
18 78
21 64
24 73
27 88
30 61

Summer survey

Time (h) Chloride concentration (mg/1)
9.5 139
12 38
15 42
18 28
21 41
24 44
27 56
30 44
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localization of these transects can be seen in Fig. 2. The velocities measured in these
transects are shown in Fig. 6 for spring data and in Fig. 12 for summer data, for spring flow
and summer flow respectively.

Chloride concentrations in the discharge channel and in the transects set in the river
were measured during a period of 30 h, every 3 h. Additionally, chloride data were taken
in a transect coincident with the channel mouth. For the measurements in each one of the
transects, data were taken near the bank and in the center of the river’s cross sec-
tion. Table 1 shows chloride discharge concentrations in the WWTP effluent, while
chloride data collected in the river are shown in Table 2.

3.1 Overview of the two-dimensional long wave model used for present case
The two-dimensional long wave model used solves the depth-averaged continuity and

momentum equations using a finite differences scheme. The model considers

Table 2 Chloride concentrations measured in the Saja River

Spring survey

Transect Chloride concentration (mg/l)

1 (50 m upstream) 2 (50 m downstream) 3 (220 m downstream) 4 (400 m downstream)

Time (h) Center Bank Center Bank Center Bank Center Bank
9 8.4 9.3 8.9 20 7.9 21 7.8 9
12 8.2 7.1 7.7 26 7.7 22 6.9 20
15 10.7 10.5 10.4 38 11.6 27 12.4 25
18 13.4 12.8 10.9 32 11.4 23 11.9 22
21 10.6 9.8 11.9 36 11.8 20 114 16
24 11 11.7 11.8 38 12.1 30 10.9 24
27 10.4 11.9 10.2 56 10.4 37 10.7 26
30 10.4 10.8 9.9 35 9.7 20 9.8 21

Summer survey

Transect Chloride concentration (mg/l)

1 (50 m upstream) 2 (50 m downstream) 3 (220 m downstream) 4 (400 m downstream)

Time (h) Center Bank Center Bank Center Bank Center Bank
9.5 338 21.8 47.7 55 16.9 55.9 11.6 15.9
12 29 18.1 26 32 21 27 21 31
15 31 32 28 43 34 43 30 31

18 15.4 12.6 11.7 27 15.1 24 15.7 15.9
21 18.6 18.9 21 36 25 40 21 22
24 26 25 26 38 25 42 26 29
27 21 23 26 50 25 38 21 25
30 26 26 27 41 24 39 24 26
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incompressible flow, hydrostatic pressure and the Boussinesq approximation [14]. The
model is capable of simulate the behaviour of a hydrodynamic flow under the action of
tide, wind, density variations (salinity and temperature), fluvial flows and Coriolis accel-
erations. Model governing equations are expressed as [29, 31]:

Ouh L, vh Ovh a_h ()
' dy at
ou ou Ou 621 1 *u  %u
v = - bl 2
o T TV T T T [T"W )| e [a 1T 52 @)
ov ov ov 0z; 1

ot azv} 3)

a T8 T [t~ ) ”e[a o

where z is the water bed level with respect to an established reference level, z, is the water
free surface level with respect to the reference level, h = z;—z is the total water depth
(m), g is the gravitational acceleration (m/s?), u and v are the vertical integrated velocities
in x and y directions respectively, p is the average water density, f is the Coriolis
parameter, Ty, (z1), Tyz(,1) are the free surface tangential stress, Ty, ;0), Tyz(z0) are the water
bed tangential stress and v, represents the eddy viscosity for the turbulence closure. Fig-
ure 3 shows the reference system used.

The hydrodynamic model uses the Alternating Direction Implicit technique, ADI [32],
to solve Egs. 1 to 3. Turbulence model used for the closure of the Egs. 1 to 3 is based on
the 0 equation eddy viscosity model.

The hydrodynamic field calculated by this mathematical model can be used as input of a
transport model to analyze the behaviour of a substance introduced into the water body, by
solving the transport equation in the following form [33, 34]:

Longitudinal section Cross section
oz

Reference level

Plan view

LSS S SASA AL/

X LILLL LSS LSS S 7 SILLLS LSS ”

Fig. 3 Reference system for the mathematical models
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7 ox
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F—FF‘FG—)}—&( xa)-Fa—y(hD —)+FH (4)

where C is the substance concentration; D, and Dy are the diffusion coefficients in the x
and y direction respectively; and F is a term representing the sink or source of the sub-
stance. In the present study the contaminants analyzed are conservative, so the term F is
neglected. The transport equation is solved with a finite difference explicit upwind algo-
rithm for the advection processes, and with a centered algorithm for the diffusion
processes.

3.2 Embedded mesh system

For the modelling of the Saja River stretch under study, a cell size Ax = Ay = 2 m can be
established. Normally, the time step, At, should be set to satisfy the Courant condition, as
shown in Eq. 5, where h is a characteristic depth, which can be set around 0.2 m for the
bathymetry considered. This results in considering a hydrodynamic time step At not bigger

than 2 s.
AX2+Ay2
A el
1<y 7 X h 5)

The WWTP discharge channel has a width of 3.5 m, thus the cell size should be lesser
than this value in order to properly simulate the hydrodynamic of the area surrounding the
jet discharge. To get a good representation of the discharge channel in the model, the cell
size can be established in Ax = Ay = 0.5 m. By applying the Courant condition to this
cell size, a hydrodynamic time step At < 0.49 s is obtained. This cell size and hydrody-
namic time step are too restrictive considering the stretch of the river modelled, since it
supposes a huge number of cells and a high computational time.

The scale difference between the values of cell size and time step needed for the area
surrounding the discharge and the values needed for the entire stretch considered, makes it
necessary to use an Embedded mesh system for this modelling. So, an External mesh and
an Embedded mesh were built to perform the modelling. The External mesh represents the
total stretch considered in the present study, having Axg = Ayg = 2 m and Atg = 2 s. The
Embedded mesh represents the surroundings of the discharge point, with an area of
16 m x 70 m, and is set to have Ax; = Ay; = 0.5 m and At; = 0.2 s. The Internal
Embedded mesh constructed for the modelling and its relative location inside the External
mesh are shown in Fig. 2.

Using of an Embedded mesh system for modelling implies the needing of defining
adequate conditions to exchange hydrodynamic information between the two meshes. In
order to achieve the level of detail desired in the discharge simulation, the Embedded mesh
(where the discharge is made) needs to receive as boundary conditions the currents and free
surface level from the External mesh, while External mesh needs to receive a feedback of
the hydraulic process occurring inside the Embedded mesh. The details on the information
exchange between these two meshes are presented next.

3.2.1 General considerations for the use of the embedded mesh system

Inside the Internal mesh the same governing equations of the External mesh are solved.
Different values for the hydrodynamic data are defined for the Internal mesh (zy, uy, vy, Aty,
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Ax; and Ayp) and for the External mesh (zg, ug, vg, Atg, Axg and Ayg). The execution
method of the Embedded mesh system consists in performing a calculation cycle of the
External mesh, followed by a number, Ny, of calculation cycles of the Internal mesh. The
N value is determined by the relationship between the time steps of both meshes in the
following form:

Atg

Ng = Ay (6)

For the case in study, N¢; = 2 s/0.2 s = 10 calculation cycles, in other words, after a
calculation cycle of the External mesh is made, 10 cycles of the Internal mesh are per-
formed until complete a simulation time At; N¢y = Atg, after which another calculation
cycle of the External mesh is made and so on.

In order to ease the comprehension of the calculation process of the Embedded mesh
system, the Internal mesh has been located so that their boundaries, I';, match the edges of
External mesh’s cells. To make this situation possible Ax; has been established as sub-
multiple of Axg. Figure 4 shows the scheme of this arrangement. On this way, each cell of
the External mesh spatially corresponds to a certain number of cells of the Internal mesh,

Ncc, expressed as follows:
Axp\?
Nee = | — 7
cc (, 1) (7)

Similarly, in the boundaries of the Internal mesh, the edges of every cell of the External
mesh spatially corresponds to the edges of a certain number of cells of the Internal mesh,
Nccr, defined as:

Upper I'1
N RightI1
External e
mesh

NS

N

N N

& M~
Left T} — Internal
mesh
N\ \
Lower I'1 Axp
AXg
«—>

Fig. 4 Discretization scheme used for the Embedded mesh system
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Ncer = — (8)

In our application case, Ncc = (2 m/0.5 m)2 = 16, which means that every cell of the
External mesh spatially corresponding with the Internal mesh, matches 16 cells of the
Internal mesh. Additionally Necr = 1 m/0.2 m = 4, meaning that every cell of the
External mesh spatially corresponding with one of the boundaries of the Internal mesh, I,
matches 4 of the cells of the Internal mesh in that particular boundary.

Calibration parameters, as the eddy viscosity for the turbulence model and the diffusion
coefficient for the transport model, can be established with different values for the External
mesh and for the Internal mesh, depending on the modelling requirements. The flow-chart
on Fig. 5 shows the coupling procedure used for the modelling with the Embedded mesh
system.

3.2.2 Use of Embedded mesh for the hydraulic model

The boundary condition for the Internal mesh used for the hydrodynamic model consists in
imposing directly in the cells of the Internal mesh’s boundary, I', the velocity of the cell
spatially corresponding with the External mesh as follows:

dslﬁhli = ¢E}IJ (9)

where I’y is the boundary of the Internal mesh under analysis, ®; is the velocity of the
Internal mesh perpendicular to the boundary (uy or vy), @ is the velocity of the External

External Mesh cicles

Axg, Ay :)*
(Cr, AtTg, Dg) !

Information from A
Internal mesh

( z1, hy, uy, vi, Aty
Ax;, Ay, ver )t
(CL AtT;, Dy ) *

': I
Governing equations I TOTGa o

External mesh

|
Feedback in cells matching I .
I ’ Internal mesh ‘ I I@

I—b{ Boundary condition for every Iy I

\ 4 Exchange of information
between meshes

(hg, ug, vg ) !
(Ce)t™!

Total simulation
time reached?

End of simulation

Fig. 5 Coupling procedure used for the modelling with the Embedded mesh system
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mesh perpendicular to the boundary (ug or ug) and i is each one of the Nccr cells of the
Internal mesh spatially corresponding to the cell of the External mesh j.
The feedback condition from Internal mesh to External mesh is expressed as follows:

Nee g t Nee o, t
® t 1 (p[ mn t Zl ny m,n (10)
Eij — ’ r]Ei,j -

Nec Nec
where Mg is the free surface water level of the External mesh, ny is the free surface water
level of the Internal mesh; and m,n is every cell in the Internal mesh spatially corre-
sponding to the cell i,j of the External mesh. Under this feedback condition, for every cell
in the External mesh spatially corresponding to the Internal mesh, the average of the
hydrodynamic information (currents and level) of the cells in the Internal mesh matching
each cell of the External mesh is imposed.

3.2.3 Use of Embedded mesh for the transport model

As well as for the hydraulic model, the use of Embedded mesh for the transport model
requires to ensure the adequate exchange of information of pollutant concentrations
between the External and the Internal meshes.
The boundary condition for the Internal mesh consists in performing a mass balance in
the following way [35, 36]:
w1 Ci'ri X Vole/'r,i + Caver % AVol
Crr,; = ' (11)
r VOlC]tr,ﬁ,‘ + AVol

where C is the pollutant concentration, Volc is the volume of the cell in the boundary,
AVol is the volume of water that either enters or exits the Embedded mesh trough the
boundary, and Cay, is the concentration of pollutant that either enters or exits the
Embedded mesh with AVol. The values of AVol and Cpy,, are established as follows:

AVOZI@E}” X hlf,,i X AX] X AlT[ (12)

CAVoI = CE}N' (13)

where Cg is the pollutant concentration in the cell of the External mesh corresponding to
the boundary of the Embedded mesh I, hy y; is the depth in the cell i of the Embedded
mesh in the boundary I'y, and AtTy is the temporal discretization for the transport model for
the Embedded mesh.

For the feedback condition from the Embedded mesh to the External mesh, it was
established a simple imposing of pollutant concentration. This consists in establishing in
every cell of the External mesh the sum of the masses of the pollutant in the corresponding
cells of the Embedded mesh in the following way:

Nee ) ¢
CEE,,' )| my mn

el _imn 14
VOlCEt,‘J‘ ( )

where my,, , is the total pollutant mass of the Nc cells m, n of the Embedded mesh that
spatially corresponds to the External mesh i, j; and Volcg ;j is the volume of the cell i, j of
the External mesh.
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3.3 Calibration of the model—spring flow

Once the Embedded mesh system is built, it is needed the establishing of the proper values
for the calibration parameters in order to obtain a suitable model to representation of the
mixing zone of the effluent. These parameters are the eddy viscosity values for the tur-
bulence representation in the hydrodynamic model, and the diffusion coefficient for the
transport model. For calibration purposes, it have been modelled the conditions presented
by the river when the field measurements were made in spring.

3.3.1 Hydrodynamic model

As commented before, for the turbulence representation in the hydrodynamic model a 0
equation eddy viscosity turbulence model is used. As turbulence processes in the near field
and in the far field occur at different magnitude scales, different eddy viscosity values
should be used for the External mesh, veg, and for the Embedded mesh, ver, in a similar
way as different values of spatial and time discretization are used for both meshes.
Several hydrodynamic modellings were performed with the embedded mesh system,
using different values of veg and vey, in order to calibrate these parameters to obtain an
adequate representation of the mean river flow for the days when spring field measure-
ments were made. Good modelling results in concordance with the field data were obtained
for veg value of 0.1 m?/s, with an ve; value of 0.05 m?/s. Figure 6 shows for the External
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Transect 2 (50 m downstream)

25 25
- 2 ~ 2
2 2
E £
E 1.5 :; 15
S k5] ™
2 = 1 —n
2 m .—=.¥r\ ’ k\
05 = - 05 1
0 - - - 0 T T T
10 20 30 40 10 20 30 40
Transectcrossdistance (m) Transectcross distance (m)
m Field data Model result m Fielddata —— Modelresult
Transect 3 (220 m downstream) Transect 4 (400 m downstream)
25 25
2 2
) 8 )
E E
= 15 / ] Y = 1.5 |
S S
§ 1 i % 1 . -\
£ Z £ p ]
0.5 0.5
0 T T T 0 T T
10 20 30 40 10 20 30
Transectcross distance (m) Transectcross distance (m)
m  Field data Model result ® Field data Model result

Fig. 6 Comparison of modelled velocity profiles versus field data measured in transects of the Saja River.
Calibration with spring flow
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mesh, the comparison between the velocity profiles obtained from the numerical simulation
against field data measured in the river transects. The velocities comparison for the
Embedded mesh is shown in Fig. 7 for the transect number 2, which it is the only one
located within the mesh. The modelled velocity fields for External mesh and Internal
Embedded mesh are shown in Fig. 8.

3.3.2 Transport model

As well as for the hydrodynamic model, different diffusion coefficients should be used for
the External mesh, Dg, and for the Embedded mesh, D;, and for the is the temporal
discretization (time step for the External mesh, AtTg, and for the Embedded mesh, AtT),
as mixing processes in the near field and in the far field occur at different magnitude scales.

The transport modelling was performed taking the results from the hydrodynamic model
as input data. The evolution of the chloride discharged by the WWTP was simulated during
the time period when the field measurements were taken (30 h), for spring flow. After
several simulations, good concordance between modelling results and measured concen-
trations was obtained using for the External mesh AtTg = 0.2 s, and Dg = 0.05 m?/s, with
AtT; = 0.05 s, and D; = 0.01 m?/s for the Embedded mesh.

Figure 9 shows the comparison between the chloride concentrations measured in the
sampling stations with model results, for the External mesh. The comparison of measured
data and modelled concentrations for the Embedded mesh is shown in Fig. 10 at the bank
of transect 2, since it is the only one included in the Embedded mesh area.

Figure 11 shows the concentration fields obtained from the modelling, for External and
Embedded mesh, after 27 h simulated. It can be observed that the pollutant introduced in
the Embedded mesh is dispersed adequately in the External mesh. As it was expected, the
chloride mass advances trough the river attached to the left bank, where there are found
chloride concentration values higher than the ones found on the center of the river. For the
concentration field of the External mesh in the zone corresponding to the Embedded mesh,
good concordance is observed with the concentration field of the Embedded mesh.

3.4 Validation of the model—summer flow

With the calibration parameters adequately obtained, the validation of the model to rep-
resent the mixing zone can be achieved, by performing a modelling with different con-
ditions in order to contrast its results. In present study, for validation purposes, modellings
have been made to simulate the conditions presented by the river when the field mea-
surements were made in summer.

Fig. 7 Comparison of modelled 5 Transect 2 (50 m downstream)
velocities versus field data along )
transect 2 in the Internal 2
Embedded mesh. Calibration =
with spring flow Z 12

2

g0 /1———1——.

05 y
0 . .
0 5 10 15
Transectcross distance (m)
® Field data Model result
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Fig. 8 Velocity fields obtained from the hydraulic modelling. Calibration with spring flow

Figures 12 and 13 show the results of the velocity profiles in the transects established
obtained from the hydrodynamic modelling, compared with the field data. The modelled
velocity fields for External mesh and Internal Embedded mesh are shown in Fig. 14.
Figures 15 and 16 show the time variation of the chloride concentration obtained from the
transport model compared with the field data. Finally, Fig. 17 shows the concentration
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Fig. 9 Temporal evolution of chloride concentration. Model results versus field data. External mesh.
Calibration with spring flow
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fields obtained from the modelling, for External and Embedded mesh, after 27 h simulated.
Good agreement between the results obtained from the hydrodynamic and transport models
and the field data is observed. Therefore, the model is considered validated to the repre-
sentation of the mixing zone of the effluent.

3.5 Analysis of the suitability of the model used

In order to determine how much suitable is the Embedded mesh system used on present
paper to perform the modelling of the mixing zone, an analysis is made next consisting of
three issues: In first place, the experience of using the embedded mesh system with dif-
ferent grid sizes is exposed. In second place, it is presented an analysis using only the
External mesh for the modelling. Finally, a comparison with the use of a well known and
widely used discharge model system (Cormix) is made.

3.5.1 Analysis with different grid sizes for the embedded mesh system

In general terms, the main advantage of specifying smaller grid sizes consist of allowing
more detail on the analysis of the turbulent hydrodynamic processes as well as the better
representation of the topography of the stretch of the river, leading to obtain more accurate
modelling results, within the capabilities of every specific model. The great disadvantage is
the increase of the runtime of the model due to both, the greater number of cells that needs
to be created, which implies more calculation effort; and the smaller time discretization
that is needed to fulfil stability conditions with smaller cell sizes, which implies more
calculation cycles. On the other hand, specifying bigger grid sizes decreases the runtime of
the model, but the lesser accuracy can be expected for the results.

In the present paper, the cell size for the Internal Embedded mesh was established in
order to have the discharge channel width represented by several cells (3.5 m/0.5 m =7
cells representing the channel width) as interest is given on properly simulate the hydro-
dynamic of the area surrounding the jet discharge. Cell size established for External mesh
allows a good representation of the cross sections where data field were measured. In order
to analyze the behaviour of the model under different cells size combinations, additional
tests have been made with the following configurations (always using squared cells where
Ax = Ay):

— Configurations decreasing cell sizes:

Axg = 1 m Ax; = 0.5 m
Axg =2 m Ax; = 025 m
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Fig. 11 Pollutant concentration fields obtained from the transport modelling after 27 h simulated.
Calibration with spring flow

— Configurations increasing cell sizes:

AxE=2mAx1=1m
Axg =4 m Ax; =05 m
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Fig. 12 Comparison of modelled velocity profiles versus field data measured in transects of the Saja River.

Validation with summer flow

Fig. 13 Comparison of
modelled velocities versus field
data along transect 2 in the
Internal Embedded mesh.
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25

Velocity(m/s)
) ™
o - o n

[=]

Transect 2 (50 m downstream)

o

./%.I
10 15

Transectcross distance (m)
®  Field data

Model result

Spring flow conditions were used on the tests. Figure 18 compares for these configu-
rations, and for the configuration previously established, Axg = 2 m Ax; = 0.5 m, the
mean relative errors (from comparing the model results with the field data) and the run
time increase (over the runtime for Axg = 2 m Ax; = 0.5 m) on the hydrodynamic model
resulting from the tests. These mean relative errors were calculated for the velocities
obtained from the Internal mesh at the transect 2. As shown in the figure, for present
application, the changes on the cell size of the Internal Embedded mesh has greater
influence on the error as well as on the runtime of the model than the changes on the cell
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Fig. 14 Velocity fields obtained from the hydraulic modelling. Validation with summer flow

size of the External mesh. For the configurations decreasing cell sizes, it can be observed
that the reduction on the error obtained from adopting smaller cell sizes is not significant.
Additionally, for the case Axg = 2 m Ax; = 0.25 m, it is produced a very high run time
increase. For the configurations increasing cell sizes it can be observed that the reduction
on the runtime of the model is not significant enough to justify the rise in the error. From
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Fig. 15 Temporal evolution of chloride concentration. Model results versus field data. External mesh.

Validation with summer flow
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this, the configuration previously established (Axg = 2 m Ax; = 0.5 m) is considered
adequate to the present case.

3.5.2 Analysis using only the External mesh

Embedded mesh system have been used in present paper in order to analyze the processes
that occurs at different scales with different meshes. This supposes additional effort in the
creating of the algorithm, in the building of the meshes and in the post processing of the
results. In order to determine if this effort is worthwhile, tests have been made using only
the External mesh. Tests were made using spring flow conditions. In first place, it have
been established the discharge of the effluent on the External mesh initially built, with
Axg = 2 m. This test was expected to require less runtime, but to give less accurate results.
In second place, test was made having the External mesh with the cell size initially
established for the Internal mesh, Axg = 0.5 m. As this cell size worked well for the
Internal mesh in simulating the processes occurring on the surrounding areas of the dis-
charge, it is expected from this test to obtain results comparable to the results using the
Embedded mesh system, or even more accurate, due to the use of a single mesh eliminates
the errors that may be introduced at the information exchange processes between the
meshes. Although, as uses a fine cell size for all of the mesh, including the far field away
from the discharge point, it is expected that this test requires a greater runtime.

Figure 19 shows the error obtained and the runtime required for these test using only
External mesh, compared with the experience of using the Embedded mesh system. For the
case using only the External mesh with Axg = 2 m it was found an error much bigger than
using the Embedded mesh system. The runtime needed was lesser but it does not justify the
error obtained. For the case of the External mesh with fine cell size, Axg = 0.5 m, the error
found was comparable with the one obtained using the Embedded mesh system, never-
theless it was needed an extremely high amount of runtime, which makes the use of the
Embedded mesh system the most suitable option.

3.5.3 Comparison with discharge analytical solution model system (Cormix)

The Cormix is a discharge prediction software, able to predict the dilution and the tra-
jectory of an effluent. The model is commonly used and have been widely documented [37,
38]. Basing on length scale concepts the model classifies the flow within a data base of
nearly 80 cases. The model uses a different analytical model for every flow case. There-
fore, by using Cormix the results of the model applied on the present paper can be
compared with analytical solutions.

@ Springer



236 Environ Fluid Mech (2016) 16:209-244

Conc. {mg1)

600
500
400
Conc. (mgfl) 300
200
60.0 P
50.0 oo
40.0
30.0
20,0
10.0
0.0
Externzl mazh, zoam vizw of e arez of 2 Intemalmesh
Cone. (mg)
60.0
500
400
300
200
100
00
Externzl mazh
Internzl mezh

Fig. 17 Pollutant concentration fields obtained from the transport modelling after 27 h simulated.
Validation with summer flow

A limitation of Cormix for application in present case is that the variability of the stretch
of the river can not be specified. The receiving water body is represented with a constant
bottom slope and a constant witdh. Also, the Cormix is a stationary model, which means
that several simulations were needed to be made in order to represent the variation of the
concentration on the discharge. The different simulations were set so each one represents
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Fig. 18 Comparison of modelling with different cell sizes configurations
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Fig. 19 Comparison of modelling using only the External mesh with the use of the Embedded mesh system

an hour when data field were taken. Modelling with Cormix shows that the flow is mainly a
“wall jet/plume” which means that it advances with the river flow downstream attached to
the bank, according to what it was seen on the calibration process of the modelling with the
Embedded mesh system. Figure 20 shows the results of the modellings for the different
hours using Cormix. The figure also shows the data measured on the field, as well as the
results obtained from modelling with the Embedded mesh system, for the points taken on
the bank. Compared with field data, figures show better results for the Embedded mesh
system than for the Cormix, due to the capabilities of the two-dimensional long wave
model to represent the flow complex variability, introduced in present case mainly by
bathymetry gradients and soft river banks plan irregularities.

3.6 Characterization of the mixing zone of the effluent

With the mathematical model calibrated and validated for the simulation of the evolution
of the specific discharge under study, the mixing zone of the effluent can now be
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Fig. 20 Comparison between results of analytical solution (Cormix model) with the use of the Embedded
mesh system

characterized. The main goal of this characterization is to predict the extents of the mixing
zone of a pollutant introduced to the receiving water by the effluent, in such way that it can
serve as basis for environmental authorities on the decision-making about conceding its
authorization.

For this purpose, an effluent is assumed containing a conservative pollutant whose
maximum concentration allowed in the river water by the regulations is 0.05 mg/l, and that
the discharge concentration of this pollutant in the effluent is 1 mg/l. The discharge flow is
assumed as 0.138 m?/s coinciding with the mean flow registered in the WWTP. No pol-
lutant source is considered upstream of the discharge, so background pollutant concen-
tration in the receiving water is assumed 0 mg/l.

The flow of the river has an important role in the mixing zone developing, and therefore
the analysis should take into account its statistical variation. The flow regime of the Saja
River is obtained from the document “Study of water resources of the rivers of the northern

Table 3 Daily mean flow in

Saja River, for the area of the Non-exceedance probability (%) Daily mean flow (m3/s)
dCizsCa;lz;igteePerledo WWTP 10 1.240

30 2.618

50 4.653

70 10.360

90 23.631
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watershed of Cantabria. Saja y Besaya River Basin” (Estudio de los recursos hidricos de
los rios de la vertiente norte de Cantabria. Cuenca del Rio Saja y Besaya) presented by the
Environmental Hydraulics Institute of the Cantabria University in 2008. From this docu-
ment it has been extracted the daily mean flow shown in Table 3, related to its non-
exceedance probability. As the critical extensions of the mixing zone are presented for low
river flow values, the analysis includes the flows associated to a non-exceedance proba-
bility of 10 and 30 % (hereafter, Q10 and Q30 %). Also, the flow of a 50 % non-ex-
ceedance probability (from now on, Q50 %) is analysed in order to characterize the
average conditions of the mixing zone.

The embedded mesh system built, with the parameters established in the calibration and
validation process, was used to model the effluent discharge evolution under these river
flows conditions. The characteristics of the effluent (flow and pollutant concentration) are
considered stationary and therefore, the modellings were performed during the necessary
time until stable conditions were achieved. The resulting pollutant concentrations were
extracted on 6 points of the Embedded mesh and on 12 points of the External mesh, all of
them located close to the river bank, where higher concentrations where found during the
calibration and validation process, in order to evaluate the longitudinal extent of the mixing
zones obtained. In the Embedded mesh these points were located at 5, 10, 20, 30, 45 and
60 m downstream from the effluent discharge point. In the External mesh these points were
located from 80 m to 300 m downstream of the discharge point, spaced every 20 m.

Figure 21 shows the variation of the pollutant concentration with the distance down-
stream the discharge point, for the different river flows analysed. It can be observed that for
a given distance, as the river discharge rises the pollutant concentration diminishes,
resulting in higher dilution. Taking into account the allowable pollutant concentration
limit, assumed as 0.05 mg/l, from these results it can be deduced that the maximum
longitudinal extension of the mixing zone is 121.67 m for Q10 %, 105.35 m for Q30 %
and 80.45 m for Q50 %.
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Distance downstream the discharge (m)

P10% (Q 1.24 m3/s) - = =P30%(Q2.618mM3/s)  sweeeeees P50% (Q 4.653 m3/s)

Fig. 21 Variation of the pollutant concentration with the distance to the discharge point for the modelled
flows
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Table 4 Length of the mixing zone in the transverse direction for each section

Distance downstream the  Distance to allowable concentration limit (m) Mixing zone width (m)*
discharge point (m)

Q10 % Q30 % Q50 % Q10 % Q30 % Q50 %

5 3.38 3.09 2.87 3.38 3.09 2.87
10 452 3.74 3.01 452 3.74 3.01
20 4.76 4.32 3.56 6.76 6.32 5.56
30 5.49 4.91 4.13 7.49 6.91 6.13
40 5.97 5.10 4.29 9.97 9.10 8.29
60 6.17 5.20 4.39 12.17 11.20 10.39
80 5.55 3.55 1.76 11.55 9.55 7.76
100 3.57 2.36 - 9.57 8.36 -

120 1.82 - - 5.82 - -

? Mixing zone width referred to the transversal distance to the effluent discharge point

Fig. 22 Mixing zone calculated Conc. (mgfl)
for the discharge. Q10 %

0.09
0.07
0.05

121.67m

Once longitudinal extensions have been obtained, the widths of the mixing zones
resulting from the model were measured in different cross sections of the stretch of the
river under study. For this purpose, there were extracted from each cross section the
transversal distances at which the pollutant concentration is diluted to a value lower than
the assumed allowable limit. Table 4 shows the distances downstream the discharge point
at which these cross sections were located, and the mixing zone width found for each one
of the river flow analysed. As the river bank geometry is variable, the width of the mixing
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zone is referred to the transversal distance to the effluent discharge point. The maximum
mixing zone width resulting from the modellings are 12.17 m for Q10 %, 11.2 m for
Q30 % and 10.39 m for Q50 %.

These longitudinal and transversal extensions define the predicted extents of the mixing
zone of the effluent for each river flow considered. The maximum extension of the mixing
zone was found for the Q10 %. This result was expected, since this presents the most
critical river flow conditions. Figure 22 shows the calculated mixing zone for the Q10 %.

4 Conclusions

The present paper proposes a methodology that can be followed when the prediction of the
extents of the mixing zone produced by an effluent discharged on a river is needed. The
prediction of the extents of the mixing zone is helpful for the environmental authorities as
it serves as basis for decision-making on determining if a pollutant discharge on a natural
water body can be accepted.

Mathematical modelling is needed for the proposed methodology in order to make
possible the analysis of the influence of many different factors on the evolution of the
mixing zone, such as spatial variations in the geomorphology and in the bathymetry of the
receiving body, temporal variations on discharge conditions (flow and pollutant concen-
trations), characteristics of the pollutants introduced, etc. The hydrodynamic turbulent
mixing processes of the near field and the far field occur at different spatial and time scales;
therefore, the methodology indicates that the mathematical model needs to be able of
modelling both fields jointly.

The proposed methodology establishes the need to obtain field data and statistical data.
Field data is needed for the calibration and validation processes of the model. Statistical
data is needed for determining the critical cases for the prediction of the extents of the
mixing zone.

The application process of the proposed methodology is illustrated for a real effluent
case, discharged on a natural river. The characterization of the mixing zone was achieved
by using a two-dimensional long wave model and an advection—dispersion model. In order
to analyse the near field and the far field jointly it was implemented an Embedded mesh
system. An External mesh was built to represent the total stretch considered, and an
Embedded mesh was built to represent the surroundings of the discharge point. The use of
the Embedded mesh system generated the necessity of establishing conditions for the
information exchange between the Embedded mesh and the External mesh, for the
hydrodynamic model as well as for the transport model.

The calibration parameter of the hydrodynamic model was the eddy viscosity value for
the turbulence representation. For the transport model the calibration parameter was the
diffusion coefficient. These parameters were calibrated by comparing the modelling results
with hydrodynamic and concentration data measured in the field for a specific date in
spring season. As scales of the processes are different on the near field and on the far field,
the calibration parameters received different values for the Embedded mesh and for the
External mesh. After this, the mathematical model was validated by comparing the
modelling results, using the calibration parameters obtained, with field data measured for a
specific date in summer season. The evolution of the pollutant in the receiving water
presented the expected pattern according to the Coanda effect, as it advanced downstream
attached to the left river bank.

@ Springer



242 Environ Fluid Mech (2016) 16:209-244

For academic purposes, the suitability of the Embedded mesh system used for the
modelling have been analysed. The analysis was performed by modelling with different
grid sizes, for the External mesh as well as for the Internal mesh. Also, the use of only the
External mesh with different grid sizes was tested. Finally, the model results were com-
pared with analytical solutions with the help of the Cormix model. From the analysis with
different cell sizes it results that a coarser spatial discretization diminishes the accuracy of
the results. A finer spatial discretization produces results with similar accuracy, but
requires more runtime for the modelling. In a similar way, the analysis of the modelling
using only the External mesh have shown that for obtaining results that represent ade-
quately the data measured on the field it is needed a spatial resolution of the order of the
one used for the Embedded mesh, leading to very high increase of the runtime. Finally, the
comparison with results from Cormix model, which are intended to offer a comparison to
analytical solutions, it have been highlighted the benefits of using a model that includes the
geometrical variability of the receiving water body. As result of the different analysis
made, it have been concluded that the model presented on present paper is adequate for
simulate the behaviour of the discharge in the river.

Once the mathematical model was calibrated and validated, it could be used to predict
the evolution of the mixing zone of a pollutant introduced to the river. For this process it
was necessary the evaluation of the influence of the statistical hydrodynamic conditions on
the river during the useful life of the effluent. For this reason, the analysis of the extension
of the mixing zone was performed using the flow regime in the river, extracted from a local
statistical data base. Applying the methodology proposed in the present paper to this
specific effluent, the extension of the mixing zone was obtained for three different river
flows taken as critical cases, according to their non-exceedance probability. As it was
expected, the maximum extension of the mixing zone was found for the lowest river flow
condition analyzed.
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