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prediction of solute transport in rivers. The process of moving suspended
sediment in rivers acts like contamination. In this study, the transient
storage model (TSM) was used to simulate the contamination transport in
dense flow conditions (with suspended sediments). OTIS-P numerical
model and Temporal Moment analysis (TM) were used to solve the
transient storage model (TSM) and the breakthrough curves (BTCs) were
simulated. Grain material with an average diameter (Dso) of 11.85 mm and
the porosity (n) of 0.28 were used to create a sedimentary bed.
Experiments of tracer material (NaCl) were performed in a flume with a
length of 12 m, a width of 0.5 m and a height of 0.7 m applying three
different flow discharges (10, 12.5 and 15 I/s). In order to create dense
flow conditions, suspended sediments with initial concentrations of
187500 ppm (SC1) and 375000 ppm (SC2) were injected. Experimental
results showed that the existence of suspended sediment in the stream
(dense flow conditions) increased the medium residence time (MRT) of
contamination in the main stream. The results of numerical solution
showed that storage zone exchange coefficient (o) in dense flow
conditions was 1 to 3.2 times the storage zone exchange coefficient (o)
compared to clear flow conditions. The results of numerical solution
showed that the longitudinal dispersion coefficient (Dx) in dense flow
conditions was 2 to 7 times the longitudinal dispersion coefficient (Dx)
compared to clear flow conditions. The BTCs simulated by the OTIS-P
numerical model and the temporal moment analysis (TM) were highly
agreement with the laboratory BTCs with the Nash-Sutcliffe index
between 0.89 to 0.97 and 0.89 to 0.95.In natural rivers with high
concentrations of suspended sediment, hyporheic exchanges have an
important role in the transport of contamination. Therefore, the use the
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transient storage model (TSM) is recommended instead of the analytical
. solution of the advection-dispersion equation (ADE).

1.  Introduction
Environmental quality and health safety assessment often requires prediction of solute transport in

rivers. The main equation for the transport of contamination in rivers is the advection-dispersion
equation (ADE):

ac aC d%C
e % = Dx3z2 (1)

ax2

Where, C: main channel solute concentration, D: longitudinal dispersion coefficient, t: time, x: distance
and U: mean flow velocity.

Rivers are always contact with the sediment bed, surrounding floodplains and groundwater flows.
Hyporheic zone is an interstitial saturated zone beneath the river bed and its banks which
includes the part of flow penetrated into the bed, reside there for some time, and then return
to the stream. The downstream propagation of the transported substances in a natural stream is
influenced by exchanges between the surface water and the surrounding retention zones, typically
vegetated pockets, dead zones and permeable subsurface. The process of moving suspended sediment
in rivers acts like contamination. Suspended sediment in the stream changes the rate of hyporheic
exchanges. The effect of hyporheic exchanges on contamination transport is not considered in the ADE.
The attention given to the exchange of solutes between the surface water of a river and the hyporheic
zone has led to the development of various types of mathematical formulations. One of the most
commonly used models is the transient storage model (TSM), presented by Bencala and Walters (1983).

oC  QoC _ 10 ac qL
dCg A
T s %, (Cs—0) ©)

Where, A: main channel cross-sectional area, As: storage zone cross-sectional area, C: main channel
solute concentration, C.: lateral inflow solute concentration, qy,: lateral inflow rate Cs: storage zone
solute concentration, Dy: longitudinal dispersion coefficient, Q: volumetric flow rate, t: time, X:
distance, a: storage zone exchange coefficient.

The efficiency of the Transient Storage Model (TSM) depends on accurate estimation of the four
parameters of the model (Dx, As, A and a). In this study, the TSM was used to simulate the
contamination transport in dense flow conditions. OTIS-P software and Temporal Moment analysis
(TM) were used to solve the TSM.

2. Materials and Methods

The experiments of tracer material (NaCl) were performed in a flume with a length of 12 m, the width
of 0.5 m and the height of 0.7 m in four flow discharges (10, 12.5 and 15 lit/s). An ultrasonic flow-
meter was used to measure the flow discharge in all experiments. Materials with medium diameter of
(Dso) 11.85 mm and porosity of (n) 0.28 were used to create a sedimentary bed. In order to create dense

750 gr 1500 gr
Tl (SC1) and Tt (SC2) were

injected. The length of the flume was divided into three equal ranges. . Two sensors were placed at the
end of each interval, to measure the electrical conductivity (EC) of water in order to track pollutants. A
pitot tube connected to a barometer was used to measure the velocity (U) of water flow in each interval.

flow conditions, suspended sediments with initial concentrations of
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Also, an acoustic depth gauge was used to determine the depth of water flow (d). The laboratory results
were simulated by the OTIS-P numerical model and the four parameters of the Transient Storage Model
(TSM) were estimated. The OTIS-P numerical model estimated the four parameters of the TSM using
the Nonlinear Least Squares (NLS) optimization algorithm and then simulated the breakthrough curves
using the Crank-Nicolson implicit finite difference method. The parameters of the TSM were estimated
by optimizing the temporal moment (TM) relations by the Genetic Algorithm (GA) method and the
breakthrough curves were reproduced using these parameters in the OTIS software.

3. Results
Experimental results showed that the existence of suspended sediment in the stream (dense flow

conditions) had increased the medium residence time (MRT) of contamination in the main stream and
reduced the average flow velocity (U). Therefore, the contamination transport process had been reduced
by increasing the concentration of suspended sediment. Thus, the increase hyporheic exchanges in the
dense flow conditions will increase the (MRT).

The results of numerical solution showed that creating dense flow conditions increased the longitudinal
dispersion coefficient (Dx) compared to the clear flow conditions. In general, under constant hydraulic
conditions, the longitudinal dispersion coefficient (Dx) was inversely related to the peak contamination
concentration (Cmax). On the other hand, increasing the concentration of suspended sediment in the
stream reduced the concentration of the peak contamination concentration (Cmax). Therefore, in the
conditions of dense flow, increasing the concentration of suspended sediment from SC1 to SC2
increased the longitudinal dispersion coefficient (Dy).

The results of numerical solution showed that creating dense flow conditions increased the storage zone
exchange coefficient (o) compared to the clear flow state. In general, under constant hydraulic
conditions, the storage zone exchange coefficient (o) depended on the residence time and contamination
displacement in the porous media of the sediment bed. Increasing the concentration of suspended
sediment in the stream increased the medium residence time (MRT) of contamination in the main stream
as well as the sediment bed area. Therefore, in these conditions, the value of the storage zone exchange
coefficient (a) increased. Also, in the conditions of dense flow, increasing the concentration of
suspended sediment from SC1 to SC2 increased the storage zone exchange coefficient (o).

The BTCs simulated with the estimated parameters by the temporal moment (TM) analysis in the OTIS
software have a high agreement with the laboratory results of the tracer material tests under dense flow
conditions (Fig. 1).
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Fig. 1. Comparison of BTCs simulated by TM of TSM and laboratory results
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Also, the BTCs simulated by OTIS-P software have a high agreement with the tracer material tests
under dense flow conditions (Fig. 2).
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Fig. 2. Comparison of BTCs simulated by OTIS-P and laboratory results

Most of the contamination or suspended sediment due to hyporheic exchanges enters the porous media
of the sediment bed (hyporheic zone). Contamination, due to its solubility in water flow, is transferred
in the porous media of the sediment bed and returns to the main stream due to hyporheic exchanges. On
the other hand, most of the suspended sediment settles in the porous media and does not return to the
main stream. These interactions reduce the percentage of suspended sediment recovery compared to
contamination, which increase the longitudinal dispersion coefficient of suspended sediment (D)
compared to contamination.

The laboratory BTCs of suspended sediment were obtained at flow discharges of 10, 12.5, 15 and 17.5
liters per second and for the initial concentration of suspended sediment (SC1 and SC2) with manual
sampling at the end of the sediment bed. On the other hand, the longitudinal dispersion coefficients (Dy)
of suspended sediment were calculated in each of the above cases using ANALYTICAL solution of the
ADE equation by Least Square Curve Fitting in MATLAB software. Comparative comparison of BTCs
in Fig. (3) Shows that the ANALYTICAL solution has acceptable accuracy in simulating laboratory
results.
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Fig. 3. Comparison of BTCs simulated by analytical solution of ADE and laboratory results for suspended sediment
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4.  Discussion and Conclusion

The results of numerical solution showed that storage zone exchange coefficient (o) in dense flow
conditions was 1 to 3.2 times the storage zone exchange coefficient (o) compared to clear flow
conditions. The results of numerical solution showed that the longitudinal dispersion coefficient (Dy) in
dense flow conditions was 2 to 7 times the longitudinal dispersion coefficient (Dx) compared to clear
flow conditions. The BTCs simulated by the OTIS-P numerical model and the temporal moment
analysis (TM) were highly agreement with the laboratory BTCs with the Nash-Sutcliffe index between
0.89 to 0.97 and 0.89 to 0.95.In natural rivers with high concentrations of suspended sediment,
hyporheic exchanges have an important role in the transport of contamination. Therefore, the use the
transient storage model (TSM) is recommended instead of the analytical solution of the advection-
dispersion equation (ADE).
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Experimental Investigation of the Suspended Sediment Effect on the
Contamination Transport and Comparison with the Temporal Moment
Analysis and OTIS-P software

Mohammad Mirnaseri!, Alireza Emadi?", Abdolreza Zahiri?, Mohammad-Ali Gholami-
Sefidkouhi*

Abstract

Environmental quality and health safety assessment often require prediction of solute transport in rivers.
The process of moving suspended sediment in rivers acts like contamination. In this study, the transient
storage model (TSM) was used to simulate the contamination transport in dense flow conditions (with
suspended sediments). OTIS-P numerical model and Temporal Moment analysis (TM) were used to
solve the transient storage model (TSM) and the breakthrough curves (BTCs) were simulated. Grain
material with an average diameter (Dso) of 11.85 mm and the porosity (n) of 0.28 were used to create a
sedimentary bed. Experiments of tracer material (NaCl) were performed in a flume with a length of 12
m, a width of 0.5 m and a height of 0.7 m applying three different flow discharges (10, 12.5 and 15 I/s).
In order to create dense flow conditions, suspended sediments with initial concentrations of 187500 ppm
(SC1) and 375000 ppm (SC2) were injected. Experimental results showed that the existence of
suspended sediment in the stream (dense flow conditions) increased the medium residence time (MRT)
of contamination in the main stream. The results of numerical solution showed that storage zone
exchange coefficient (o) in dense flow conditions was 1 to 3.2 times the storage zone exchange
coefficient (a) compared to clear flow conditions. The results of numerical solution showed that the
longitudinal dispersion coefficient (Dy) in dense flow conditions was 2 to 7 times the longitudinal
dispersion coefficient (Dx) compared to clear flow conditions. The BTCs simulated by the OTIS-P
numerical model and the temporal moment analysis (TM) were highly agreement with the laboratory
BTCs with the Nash-Sutcliffe index between 0.89 to 0.97 and 0.89 to 0.95.In natural rivers with high
concentrations of suspended sediment, hyporheic exchanges have an important role in the transport of
contamination. Therefore, the use the transient storage model (TSM) is recommended instead of the
analytical solution of the advection-dispersion equation (ADE).

Keywords: Transient Storage Model (TSM), Breakthrough Curve (BTC), Hyporheic, Advection-
Dispersion Equation (ADE), OTIS.
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