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ABSTRACT

The numerical models have effective and necessary tools for rivers hydrological and
morphological studies. Numerical models are useful when results are required on
scales applicable for hydrological and morphological changes, where velocity and
water depth distributions are significant especially in river reaches. In the present
study, two well-known hydraulic models are used to simulate the River Nile
hydraulics and morphological changes. A sensitivity analysis is carried out for the
two models to investigate the features and disadvantages of each model and give
recommendations for their further applications. The performance analysis depends
on field survey data and simulations. The two models are the SMS modules
(FESWMS) model and the (Delft3D) model. The field data were collected for a
study reach of 12 km which is located between km 633 to km 645, measured from
El-Roda gauge station. The data included geometric and hydraulic data, that were
gathered for calibration and validation of the models. The results indicated that both
the SMS module and (Delft3D) model predicted the water surface elevations quite
well. The sensitivity analysis showed that (Delft3D) model was more logical to
mesh resolution than the SMS module and SMS model presented a better fit for the
hydraulic variables. However, Delft3D presented a better fit for velocity and
morphological changes.
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1. Introduction

Numerical models are increasingly being utilized for simulating the complex
hydraulic processes in rivers. Two dimensional (2D) hydrodynamic models
have become indispensable tools for water management studies of natural
rivers. These models are especially useful for studies where local details of
velocity and water depth distributions are important. They normally utilize a
representative investigation reach, where the morphologic and hydraulic
characteristics can be studied in more details than when considering the
entire river as a whole [1]. Morphological changes are mainly established as
changing in bed-level, width and slope resulting from scour and deposition
processes. As a result of differential gradients normally existing in the
transport of water and sediment in the river bed, scour and deposition of the
bed and banks are more likely to happen [2].
Morphological analysis of river channels is highly essential for many reasons
such as safety of navigation, intake structures locations, and scour around
piers and abutments of bridges. It also has an essential task in the planning of
the area on the riversides for supportable development [3]. Scour is the result
of the erosive action of flowing water around the piers of the Qena bridges.
The calculated local scour from the Colarado State University (CSU)
equation gave lower results than that calculated from the Froehlich equation
[4]. The main processes tracking the transport of particles sediments are the
availability of water movement, and sedimentary processes such as
flocculation, consolidation, and erosion [5]. The movement of sediments can
be predicted by a numerical model that is capable of simulating sediment
transport processes and calculating sediment balances. From this overview, it
is obvious that different approaches exist to model morphological changes of
River Nile and each approach uses its specific methology. A 2D depth
averaged numerical model was applied to model the bed morphological
changes due to different river flows scenarios downstream new Naga-
Hammadi barrages in addition to sediment processes analysis [6-11].
The main objectives of this study are:
= Comparing the two hydrodynamic numerical models the SMS modules
(FESWMS) and the (Delft3D) model regarding their results, accuracy,
computational time, and the relevance of their application for hydraulic
and morphological changes of the Nile.
» Preceding a sensitivity analysis for the two models investigating the local
hydrological and morphological changes.
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= Briefing the features and disadvantages of the two models and giving
recommendations for their further applications.

= Studying the morphological changes in the study reach for different
years.

2. Materials and Methods

2.1. Study area

The numerical models mentioned above were applied on 12 km which
located between km 633 to km 645, measured from EI-Roda gauge station,
which located in the second reach between Nag Hammdi Barrage at km
567.500 and Esnha Barrage at km 760.340, measured from EI-Roda gauge
station on Nile River as given in Fig.1.
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Fig. 1. Schematic sketch for the study reach

2.2 Methodological Approach
In order to achieve the objectives of this study, Fig. 2 describes the main
steps of research methodology, which include:
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Data Collection: These data included geometric data (cross-sections, bed
channel elevation), hydraulic data (water levels, discharge, channel
roughness) and sediment particle data (medium diameter, settling velocity).
Numerical Models: Hydraulic models SMS2-D model and the
hydrodynamic Delft (3D) model used geometric data, the hydrograph for the
water levels, and inflow discharges for simulation and prediction of river
hydrological and morphological changes. The measured field data were used
for calibration verification, and testing of the models. The Hydraulic models
could be employed to simulate the morphological and hydraulic
characteristics in the study reach.

i Geometry and Topographic Data Hydraulic Data
Data - A hydrographic survey during vear - Water Level Hydrograph (2008-2013).
[ Collection 2006, 2010 and 2013. ™ - Discharge Hydrograph (2008-2013).
- digitizing maps 1982 - Velocity Measurements.

Defft (3D) Model models hydrodynamic models

Hydrodynamic Compare and summarize the advantages and disadvantages of the two
az (2D

i
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Modeling Application
™ Simulation of flow
" Modeling  =f=—— | Determination hydraulics and morphological changes

Determination of Water Surface, velocity and bed level,
Water Depths. ..etc

Applying of max flow and min flow

Hyrdrodynamic
SMS

(2D) Model

Fig. 2. Flow chart of the research methodology
3. Data Collection

2D Hydraulic models require detailed information about the whole river
reach. The following data are required to run the models successfully:
Bathymetry data describing the channel geometry, boundary conditions
(discharge and water level), channel roughness coefficients, and eddy
viscosity values.

3.1 Bathymetric data
A hydrographic survey of the study area excuated by the Nile Research
Institute “NRI” of the National Water Research Center for different years.
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The survey was excuated along the study reach, between the two banks of the
river as given in Fig.3.
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Fig. 3. Riverbed elevation
3.2. Hydrological data

The water levels were recorded along Qena station and max and min
released discharges downstream Esna Barrage during the period from years
2008 to 2013 as shown in Fig. 4 (a and b).

4. Model Description

4.1. SMS (2D-Model) description

The Surface Water Modeling System (SMS) is used to simulate flow in
the study reach. The SMS was initially developed by the Engineering
Computer Graphics Laboratory at Brigham Young University in 1998. The
SMS is the interface of the FESWMS, which is a depth-averaged flow and
sediment transport model. The finite element method is used to solve the
governing differential equations that describe the 2D depth-averaged surface
water flow [12], as given in followings equations [equations (1)-(3)]:
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Fig. 4. (a) Water levels at Qena gauge station; (b) Max and min discharges
downstream Esna Barrage for years (2008) through (2013)
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Where H = water depth; z = vertical direction; zy is the bed elevation; zs = zy
+ H = water surface elevation; U = horizontal velocity in the x direction; and
V = horizontal velocity in the y direction; B, Buv, and B, = momentum
flux correction coefficients that account for the variation of velocity in the

0z
vertical direction; ox = arc tan ( ) ay = arc tan (a—yb), a, = arcos (1-cos2 ax

—co0s2 ay); g = gravitational acceleratlon, Q = Coriolis parameters; p = water
mass density, which is considered constant; t,, and t,, = bed shear stresses
acting in the x and y directions, respectively; t,, and T, = surface shear
stresses acting in the x and y directions, respectively; and Ty, , Tyy, Tyx,
and T,, = shear stresses caused by turbulence; q = unit source (inflow) or a
unit sink (outflow) term, t = time and u* = shear velocity which can be
calculated by using either smooth wall log velocity profile, or the Manning
shear stress equation.

4.2. Delft (3D-FLOW) Description

To simulate the river flow of the study reach, the Delft3D model was
applied to simulate the flow velocity, by a set of mathematical equations
based on the conservation of mass, momentum. This model can be used with
good accuracy in the field of hydrodynamics [13]. Delft3D -flow is the
hydrodynamic module of Delft3D, which consists of several modules.
Delft3D-FLOW solves the Navier Stokes equations for an incompressible
fluid, under the shallow water and the Boussinesq assumptions. The
numerical method of Delft3D-FLOW is based on finite differences.
The set of partial differential equations in combination with an appropriate
set of initial and boundary conditions are solved on a finite difference grid
[14]. The model solves the depth-averaged continuity equation and the
momentum equations in horizontal directions. These equations [equations
(4)-(6)] are shown as follows:

87 L OHU | AHV _
atax Tay 70 ()
The depth-averaged momentum equations in two dimensions (in x- and y
directions respectively) are:

02U UVTEHTE
?+U_+V g +N+VH[6X2 W] TThez (5)
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Where: { = water level according to reference level (m), H = total water
depth (m), U and V = depth-averaged velocity in x- and y-direction (m/s)
respectively, g = acceleration due to gravity (m?/s), f = Coriolis parameter
(1/s),Vy = horizontal eddy viscosity (m?/s), C = Chézy coefficient (m/2/s).

4.3. Model preparation

During the process of establishing the two numerical models to represent
a given study area.The reach length was about 12 km along the shoreline;
The average grid size for Delft (3D) model was (40m*40m) used in the
model and is presented in Fig. 5. For (SMS) model the average grid size of
the mesh with the highest resolution was 25 m as shown in Fig. 6. The inflow
boundary condition of the study area for two models Delft3D and SMS
model were defined as the max and min released discharges at downstream
Esna Barrage discharges. The outflow boundary condition was used as water
level at end of the study reach.

Fig. 5. Grids used in (Delft3D) model. Fig. 6. Grids used in (SMS) model.

4.4. Model calibration and Verification

During the process of establishing two numerical models to represent the
study reach, calibration is performed to ensure adequate prediction of
hydrodynamic conditions. The calibration and the verification of the two
models depend on the amount and quality of topographic, accuracy of the
grid and hydraulic collected data such as velocity distributions, water-surface
elevation, flow rates, and bed roughness. For the calibration process, the two
models were applied for the river discharge 90 million.m%/day at downstream
Esna Barrage which is corresponding to the water level (65.90 m) at the end
of the study reach. Iterative adjustments of the element/nodal friction —
Manning’s n value for roughness coefficient varied between (0.025) and
(0.045). The results of the simulated water surface elevations for the study
reach were compared with the available gauge station measurements as given
in Fig.7. It can be concluded that both Delft3D and SMS show a good
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comparison between the measured water surface elevations and the predicted
ones but the output of the Delft3D model shows better representation
between measured and predicted water surface elevations.
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Fig.7. Comparison between measured and predicted water surface elevations along
the study reach (a) Delft3D model and (b) SMS model

A calibration between the field measured velocities and predicted
profiles of velocity obtained from the two hydrodynamic models at four
cross-sections at kms. 640.439, 640.350, 637.789, and 637.639. Fig. (8)
shows the simulated runs and the predicted ones using the two models. The
field observation water level simulations excuated using (65.90 m) and
discharge 90 million.m*/day.

The two measures (coefficient of determination (R?) and Root Mean
Square Error (RMSE)) are widely accepted [15] and are taken into
consideration for this study. The Root Mean Square Error (RMSE) is a
frequently used as a measure for quantifying the differences between the
measured values and the corresponding calculated values given by a model as
in (Fig.9). The RMSE of a model prediction with respect to the estimated
variable Xmodel is defined as the square root of the mean squared error. Where
X obs is observed values and X model are modeled values at time/place i
and N is the number of points as shown in Table 1. The two statistical
measures (R?) and (RMSE) were computed to quantify the model results
performance for the observed and measured velocity values. The results of
the SMS model show more representatives’ accuracy between measured and
model velocities.
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Table: 1. Statistical Measure Methods
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Parameter | Range value Expression Model Value
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Fig. 9. Simulated versus measured velocities a) Delft 3D model and (b) SMS model
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5. Results and Discussion

The study area is devoted to the presentation and analysis of simulation
results. So, comparative studies were implemented between extracted profiles
from the two hydrodynamic models. Different cross sections describe each of
the simulations performed in support of this study with both the Delft and
SMS hydrodynamic models. The hydraulic changes simulations, using year
2010 which available for bathymetry data, water level and discharge and
boundary conditions for different scenarios is used as Table 2. The aim of
comparative studies is to determine the benefits and limitations of the two
hydrodynamic models and propose eventually the most suitable software for
accurate modeling for hydrological changes.

Table: 2. Boundary conditions.

Discharge
Flow case (million.m¥day) Water level (m)
Minimum 41 65.88
Maximum 246 69.88

5.1 Hydraulic changes analysis

The two models’ outputs for different scenarios with respect to their
water surface elevation and velocities of the two models were considered as
comparison criteria.

5.1.1. Water surface elevation
Comparisons of predicted water surface elevations computed by two
models for cases of min. and max. discharges are shown in Figs.10 and 11.

Longitudional Section Water Surface Elevation
66.00

‘ — Delft  ---—-SMS

65.90
65.80 \
TS

65.70 o

65.60

65.50

Water Surface Elevation(m)

0 2000 4000 6000 8000 10000 12000 14000
Distance (m)

Fig.10. Comparison between predicted water surface elevation by the two models
along the study reach for min. discharge
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Fig.11. Comparison between predicted water surface elevation by the two models
along the study reach for max. discharge

5.1.2 Velocity distribution
Comparisons between the predicted flow velocity by the two models and the
available measured field data at cross-sections for min. and max. discharges
are presented in Figs. 12 and 13. It can be seen that the simulation outputs of
the flow velocity of the two models and filed data are quite comparable. No
general trend of over or underestimation by one of the models was seen. The
maximum difference seen is because of the difference in computing the dry
cells especially near boulders. For more than 90% of the cells, the velocities
match quite well. SMS model outputs are more acceptable for filed data than
Delft model outputs for the case of min. and max discharge.
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Fig.12. Predicted and measured velocities for min. discharge
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Fig.13. Predicted and measured velocities for max. discharge

5.2. Geometric bed level analysis

The survey was excuated along the study area, between the two banks of
the river. A comparison of bed level along the study reach during years 1982,
2006, 2010 and 2015 for cross-sections at kms. 640.439 and 637.639 U.S
Roda is presented in Fig.14.The figure shows that the study area was exposed
to deposition at right hand bank of cross-section and the occurrence of
erosion of bed elevation at left hand bank of cross-section.
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Fig.14. Riverbed elevations at cross-sections (a) and (b) for years 1982, 2006, 2010

and 2015

The current study devoted to the presentation morphological changes
and reliability of the topographic data insertion into the two hydrodynamic
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models. So, comparative studies were excuated between extracted profiles
from the two numerical models and those measured data for year 2015 from
the available measured topographic data presented in Fig. 15.
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Fig.15. Comparison between geometric river bed levels at different cross-sections.

After reviewing the previous cross-sections it is clear that Delft3D
presented a better fit to geometric bed level sections than the SMS model to
that measured topographic show from The two statistical measures (R?) and
(RMSE) were computed to quantify the model results performance for the
observed and filed data values as shown in Table 3.

Table (3) Statistical measure methods

cases | Parameter | Range | Optimal value Model Calculated Value
) ] SMS model 0.87
T B L
RMSE 0- o0 0 Delft model 031
) ] SMS model 0.91
o e
RMSE 0- o0 0 Delft model 0.33
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6. Conclusions

The main aim of this paper was to compare two hydrodynamic models
(Delft3D and SMS) models with reference to their outputs, accuracy, and
computation time, and to do a sensitivity analysis for the two models for
investigating the effects of mesh resolution and exclusion of rock from the
scatter data on model results. SMS model is necessary to model the hydraulic
variables at the calibration process and is not so suitable for predicting the
changes in bed morphology and in the segments of the river between the
cross-sections monitoring. However, Delft3D presented a better fit for
morphological changes. It is recommended to extend the model simulations
with sedimentation and predict the morphology changes and to study the
sedimentary processes in more detail.
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