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The Water Framework Directive (WFD) is a key initiative aimed at improving water quality throughout the EU. The development
of the computer technologies enables us to solve the ecological problems in water management practice very efficiently. The
mathematical and numerical modelling allows evaluating various situations of contaminants spread in rivers (from everyday
wastewater disposal through the fatal discharges of toxic substances) without immediate destructive impact on the environment.
The paper deals with 1-dimensional numerical model HEC-RAS and its response on various values of dispersion coefficient. This
parameter is one of the most important input data for simulation of pollution spread in streams. There were performed tracer
experiments in the Mala Nitra River and results of these measurements are compared with results of numerical simulations. The
values of the longitudinal dispersion coefficient were estimated from this comparison. The range of mean values of this coefficient
determined on the base of numerical model application was 0.05 — 0.13 m? s™, for the other flow condition it was 0.07 — 2.5 m?s™
or 0.28 - 0.6 m? 5. The next task was carrying out the model sensitivity analysis, which means to evaluate input data influences,
especially longitudinal dispersion coefficient, on outputs computed by 1-dimensional simulation model HEC-RAS. According
to the results it can be said that the model HEC-RAS responds to longitudinal dispersion coefficient value changes adequately,
suitably and proportionately. The application of the model HEC-RAS demonstrated the eligibility for simulation of pollution spread
in streams, which means that it is a suitable tool allowing a reasonable support in decision making process connected to river water

quality management.
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In order to prevent harmful effects of pollution on aquatic
environment and also human health, the EC Water
Framework Directive (WFD, 2000/60/EC) came into force
in 2000 as a part of the EU environmental legislation. The
implementation of the WFD has been a challenge for all of
the EU member countries.

The development of the computer technologies enables
us to solve the ecological problems in water management
practice very efficiently. The mathematical and numerical
modelling allows evaluating various situations of
contaminants spread in rivers (from everyday wastewater
disposal up to the fatal discharges of the toxic substances)
without immediate destructive impact to the environment.
There has been developed a lot of mathematical and
numerical models to simulate water quality. These models
are able to simulate the real situation at streams, however
the range of the reliability and accuracy of the results is very
wide (Abbott, 1978; Jolankai, 1992; Pekarova, Veliskova,
1998; Riha, et al., 2000; Rankinen, et al.,, 2002; Mclnstyre,
2005).

When a conservative pollutant is released into
a river, physical processes such as advective transport
and dispersion determine the movement and change in
concentration of the pollutant. The transport process of the
pollutant can be conveniently viewed as being composed
of three stages. In the first stage, the pollutant is diluted
by the flow in a channel because of its initial momentum.
In the second stage, the pollutant is mixed throughout the
cross-section of a river by turbulent transport processes.
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In the third stage, after the cross-sectional and the vertical
mixing is complete, longitudinal dispersion tends to erase
any longitudinal variation in the pollutant concentration
(French, 1986). Thus, from this moment on it is possible to
simulate pollution transport one-dimensionally.

This study deals with evaluation and quantification of
input data influences on outputs of dispersion simulation
models, especially with longitudinal dispersion coefficient
impact as one of the main parameters of dispersion process
in 1-D simulations. This publication is the result of the project
APVV-0274-10, which is concentrated on the evaluation of
abilities, limitations, strengths and weaknesses of the current
level of how to solve the qualitative problems of surface
flows, with a focus mainly on approach for hydrodynamic
dispersion in surface water. It is also the result of the project
ITMS 26240120004 Centre of excellence for integrated
flood protection of land implementation, supported by the
Research & Development Operational Programme funded
by the ERDF.

Material and methods

The transport of pollution in surface and subsurface
waters is generally described with the advection-
dispersion equation (ADE). The ADE distinguishes two
transport modes: advective transport as a result of passive
movement along with water, and dispersive/diffusive
transport to account for diffusion and small-scale variations
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in the flow velocity as well as any other processes that
contribute to solute spreading. ADE comes from the mass
balance equation (van Genuchten, et.al, 2013), which can
be formulated in a general manner by considering the
accumulation or depletion of solute in a control volume
over time as a result of the divergence of the flux (i.e., net
inflow or outflow), possible reactions, and the injection or
extraction of solute along with the fluid phase. A variety of
solute source or sink terms may need to be implemented
in the ADE. Many other processes such as biodegradation
or inactivation, radioactive decay, and production may
affect the contaminant concentration. For relatively simple
transport scenarios, the ADE can be represented in the
one-dimensional form:
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where:

u - the flow velocity (m s™)

C - the pollution concentration expressed as mass per
unit volume of water (kg m)

D_ - the longitudinal dispersion coefficient accounting for
the combined effects of ionic or molecular diffusion
and hydrodynamic dispersion (m?s™)

x - the longitudinal distance/coordinate (m)

p - ageneral first-order decay rate (s7)

9 - azero-order production term (kg m3s)

Longitudinal dispersion is difficult to determine as it
depends upon too many variables and their nonlinear
inter-relationships. A large disparity exists between the
values of dispersion coefficients obtained for idealized
and simplified systems (such as irrigation channals) and for
rivers (Rutherford, 1994). Such a disparity suggests that the
processes contributing to dispersion in rivers are not well
understood.

The knowledge of accurate value of longitudinal
dispersion coefficient Dx is important for determining self-
purifying characteristics of streams, devising water diversion
strategies, designing treatment plants, intakes and outfalls,
and studying environmental impact due to injection of
polluting effluents into the stream (David et al. 2002).

The investigated part of the water body was
approximately 1,340 m long rearch of - the Mald Nitra
River situated at the southwest part of Slovakia. The Mala
Nitra River is a small, modified stream with basin area
A =76.6 km? Discharge is regulated by operation with the
weir located 15 km upstream in bifurcation point with The
Mald Nitra River. Mean annual discharge is 0.550 m* s™.
Cross sections had originally double-trapezoidal shape
with bed width b = 4 m, height 2.5 m and bank slope
1 : 2 with concrete revetments. However, the channel
geometry along the stream has been slightly changed by
natural morphological processes during the years. There
exists relatively long straight part with small water depths
(max. 0.65 m). Longitudinal bed slope is 1.5 %o. Measured
discharge value during field experiments were 0.46 m? s
On base of field measurements of water level between
balanced cross sections the roughness coefficient (n =0.035)
was determined by energy grade line slope calculation.
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Location of the tracer injection point and

sampling points on the Mala Nitra River

Figure 1

Tracer experiments, during which the tracer spreading in
the current stream hydraulic conditions was monitored,
were done in Velky Kyr settlement region (N +48° 10" 50°,
E +18° 09' 19“). The solution of common salt (NaCl) was
used as a tracer. A single dose of tracer was 2 kg NaCl in
50-60 | of water, representing approximately 11 % of the
actual discharge in the stream. The time course of tracer
concentration, channel morphology and basic hydraulic
parameters of water flow were monitored in several cross-
sections downstream from injection point and lasted until
the background concentration value was reached. Velocity
distribution and actual discharge were determined on
base of measurements with Acoustic Doppler Velocimeter,
Sampling points were at 60, 120, 180,410 and 1,340 m from
injection point (Figure 1). Concentration measurements
were carried out in 6 stations of the monitored cross
section. As a representative concentration profile course
in time was chosen the cross section station with the
most significant concentration increasing. On base of field
measurement results, there were determined the values of
longitudinal dispersion coefficient. The next aim was the
evaluation of input data influences, especially longitudinal
dispersion coefficient, on outputs of 1-D simulation model
HEC-RAS ver. 4.1 (USACE, 2010), which can simulate the
dispersion in streams.
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This model was developed by the
United States Army Corps of Engineers
and it is designed to model complex
phenomena and processes occurring
in surface waters of the river systems.
This software allows the calculation
of one-dimensional steady non-
uniform and unsteady flow, solving of
hydraulic engineering tasks, design of
modifications stream channels, design
of water works, pollution transport
modelling, modelling of temperature
of surface water, bed load transport,
modelling of accumulation-erosion
processes in stream channels, etc.
An advection-dispersion module is
included with the used version of
HEC-RAS. This new module uses the
QUICKEST-ULTIMATE explicit numerical
scheme to solve the one-dimensional
ADE using a control volume approach.

Results and discussion

As mentioned above, the longitudinal
dispersion coefficient is one of the
most important input data for the
simulation of the model of dispersion
in a stream. On the other hand,
determination of this parameter is
very difficult as it depends upon
too many variables and their
nonlinear inter-relationships. Various
approaches to determine this value
exist: from the own experience or that
from the references, over the qualified
estimates, up the special calculations
application. Empirical relations have
often limited validity: values given by
them are applicable only in specific
conditions and in some cases it is not
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Figure 3 Concentration distribution during the experiment time — comparison

of experiment results and results of the numerical model HEC-RAS in
sampling cross-section profile at distance 120 m, 410 m and 1,340 m

from injection point

it is necessary to give attention to
conditions in which the relations
were obtained and if those conditions
were approximately consistent with
conditions in which the relations will
be applied. Next way how to find out
the value of D_is an application of
one-dimensional simulation model.
In this case, the fluctuations of D,
values are more significant. It can be
supposed that the model simulates
the flow conditions in more details, so
the obtained values would be more
accurate.

Firstly, we use monitored and
measured data for determination of
longitudinal dispersion coefficient.
We have simulated tracer experiments
with various values of longitudinal
dispersion coefficient by the model
HEC-RAS. The results of simulations
were compared with the measured

measurements Minimum difference
determinesthevalueofthelongitudinal
dispersion coefficient for each of
the experiments. Figure 2 presents
a comparison of concentration profiles
obtained with the HEC-RAS model
and the results measured during the
tracer experiment in sampling points
at distance 60 m, 120 m and 180 m
from injection point, considering 10
kg of NaCl injected in the river channel
for discharge 0.230 m* s, average flow
velocity of 0.17 ms' and computational
cell size 2 m.

The range of mean values of this
coefficient determined on the base of
numerical model application was 0.05-
0.13 m?s™, for the other flow condition
it was 0.07-2.5 m? s or 0.28-0.6 m?
s'. It is convenient to mention that
these ranges of values are closer to
values obtained in laboratory flume

possible to use any of them.Therefore, data obtained during the field than in natural conditions (Fischer,
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Figure 2 Comparison of concentration profiles obtained with the HEC-RAS model and the results measured during tracer

experiment in the sampling points at distance 60 m, 120 m and 180 m from the injection point

40



Acta horticulturae et regiotecturae 2/2014

EXPERIMENT DL3
(Q = 0.457 m3.s'1, m = 2000 g NaCl )
470 T T T T
D =0.04 m2.s - EXPERIMENT
460 " ~——8—— HEC-RASD=0.04 []
o A K \ e HEC-RAS D = 0.4
gﬁ 450 ) / 3 \ ..... HEC-RASD=4 [
£ a0
c
g -/ 3
T 430 / =
€
g 42 = ~—
c a
8 410 D =0.4 m%s”
—
Y p I / A% a ik
Z 400
D=4 m2s?
390 4
4 5 6 7 8 9 10 1 12
time after tracer injection in min
Figure 4a Concentration distribution bythe HEC-RAS model - discharge 0.457
m? s; injection amount 2 kg NaCl; distance from injection point 100 m
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Figure4b  Concentration distribution by the HEC-RAS model - discharge 0.457 m®s™;
injection amount 2 kg NaCl; distance from injection point 150 mm
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Figure 4c Concentration distribution by the HEC-RAS model - discharge 0.457

m?s7; injection amount 2 kg NaCl; distance from injection point 200 m

Yvetta VELISKOVA et al.

1979; Riha, 2000). Next, the values
of this coefficient obtained by the
model seem to be variable along the
investigated part of the stream. It can
be the consequence that the model
simulates the flow conditions in details
and partially takes into consideration
also transverse spreading through
velocity distribution. The results from
the HEC-RAS could also indicate that
so-called mixing length (length along
which the tracer spreads across the
whole width of a stream) was not
estimated right. In Figure 3 there is
the next result of modelled situation
in the Malad Nitra stream. It can be
seen as an asymmetrical shape of
the observed solute concentration
curve, characterized by steep leading
edges and prolonged tails (especially
at 1,340 m from injection point).
It is probably caused by transient
storage occurrence when portions
of transported solute become
temporarily isolated from the main
stream in a channel (De Smedt, et al.,
2005). In our case it is due to existence
of aquatic vegetation and dead
zones in places of the bank failure in
the downstream reach of the river.
On base of the obtained results we
may state that transient storage is
important factor that is not included
in water quality module of the HEC-
RAS software that in cases of some
specific conditions (relatively narrow
river channel with dense aquatic
vegetation) may affect model outputs.

The next goal was to evaluate the
impact of longitudinal dispersion
coefficients as input data on computed
outputs of 1-D simulation model
HEC-RAS. We simulated the pollution
spread in the Mala Nitra stream during
the same flow conditions (discharge
and velocity distribution), with the
same tracer/mass injection volume,
only values of longitudinal dispersion
coefficient were different. For this
numerical experiment we chose three
different values: 0.04 m? s'; 0.4 m? s
and4m?s™.

Outputs from the model were
compared with the measured values
from the experiment with similar
conditions. As it can be seen in Figure
4, the model HEC-RAS responds to D,
value changes adequately, suitably
and proportionately. Besides, the
results of this kind of numerical
experiments show that the lower value
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of D_(0.04 m? s") is more acceptable at the beginning part
of monitored length of the stream, with increasing distance
from injection point the value of longitudinal dispersion
coefficient increases. However, the value 4 m?s looks quite
a high one and for this stream and flow conditions it is unreal
and unsuitable.

The application of the model HEC-RAS demonstrated
eligibility for simulation of pollution spreading in streams,
which means that it is a suitable tool allowing a reasonable
support in decision making process connected to river
water quality management. Although the model is able
to predict the parameters for practical applications, its use
without previous calibration has limited reliability. This
task is very urgent in rivers with many natural factors that
may influence the longitudinal dispersion e.g. in-stream
vegetation, geometric irregularities or existence of any kind
of dead zones.
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