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Summary: This work presents the development and calibration of a two dimensional
flow model for alluvial watercourses. The governing depth-averaged flow equations are
given in orthogonal curvilinear coordinates and solved using the fractional step method,
which resulted in three successive steps (advection, diffusion and propagation). The
numerically most challenging advection step, that can produce numerical oscillations
and damping, was solved utilizing the method of characteristics, while for the other two
steps finite difference schemes were employed combined with the ADI method. The
developed model is assessed using field measurements conducted on the reach of the
Danube River located in the border area between Hungary and Serbia. Analysis of the
measured and computed velocities confirmed the developed model's reliability.
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1. INTRODUCTION

The development of a stable and accurate numerical model for water flow in alluvial
watercourses is essential when computing transport processes in rivers, thus making it
one of the most significant fields in hydraulic engineering. Two dimensional depth-
averaged hydraulic models are widely used [1,2,3], since they can produce more detailed
results than 1-D models, and much faster than 3-D models.

The split-operator approach, when applied to river modeling, typically results in a three-
step solution, with separate advection, diffusion and propagation step [4]. Using this
method in water flow simulations provides the possibility to treat each of the obtained
steps with the most appropriate numerical method. The objective of this paper is to
present a developed two dimensional depth averaged model and its implementation and
assessment using field measurements.

2. MODEL FORMULATION

After deriving the full set of the two dimensional Reynolds-averaged Navier-Stokes
equations in orthogonal curvilinear coordinate system, the obtained equations were depth
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averaged [1,5]. Applying the split-operator approach [6], the water flow equations were
divided in three subsequent steps, the advection step presented with Eq. (1),
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and the propagation step that also consists the continuity equation, given by Eq. (3)
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These three steps are respectively marked with upper indexes a, d and p. In Egs. (1), (2)
and (3) u and v denote the depth-averaged velocity components in & and 77 coordinate
direction, ¢ represents the time, /4 and 4, are the geometric coefficients, d is the water
depth, z, denotes the bed elevation, C; is the friction factor, ¢ and ¢, present the angle
of the bed slope in both coordinate directions, g is the gravitational acceleration, v, is the

turbulent viscosity, while Az denotes the computational time step.
The advection step equations can be solved with the characteristics method using the

principles given by Ref. [7]. This method transforms Eqs. (1) into
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along the characteristic curves (5) that also represent the trajectory of the water particle
o= e 5)

Integration of Eqs. (4) requires known trajectory coordinates that can be retrieved by
integrating Eqs. (5) from the departure D to the arrival point 4. In order to shorten the
computation time, Eqgs. (5) are solved in a way that allows the characteristic curve to
stretch through multiple computational cells. This is achieved by developing an
algorithm that divides the considered trajectory into an arbitrary number of straight
segments, /=1, 2,..., L, each bounded on both ends by neighboring computational cells.
Finally, integration of Egs. (4) along the trajectory yields the velocity equations, which
are solved using the Newton-Raphson iterative algorithm [8].

The diffusion step is not numerically challenging, therefore it is not given in much detail.
Equations (2) are discretized with the Crank-Nicolson scheme. Implementing the
alternating direction implicit (ADI) method [5] the equations are divided, each in two
orthogonal directions, and solved using the double-sweep algorithm [9].

Using the time weighting coefficient € in propagation step Egs. (3) one can extract
explicit expressions for velocity components from the discretized continuity equation,
and obtain a single propagation step equation in terms of unknown depth increment Ad
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where «, f, y are known coefficients. To avoid numerical oscillations, Eq. (6) is
discretized on a staggered grid and then divided in two orthogonal directions using the
ADI method, and solved using the double-sweep algorithm.

3. FIELD MEASUREMENTS

Field measurements were conducted on the reach of the Danube River located in the
border area between Hungary and Serbia. The selected sight was bounded by Bezdan
(rkm 1425.5) in Serbia and Mohacs (rkm 1446.9) in Hungary. Within this reach seven
data ranges were selected for detailed flow field and sediment data measurements
(Figure 1). These ranges were placed between rkm 1438 and rkm 1432, at 1 km apart,
while bathymetry data was collected at 100m intervals. The data collection campaign
took place during five days (23-27 May 2011). Each range had seven verticals, where
velocity distribution profiles were collected with the use of ADCP. The velocity
distribution measurements were carried out in accordance with Ref.[10].
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Figure 1. Selected data ranges
4. RESULTS

The simulation time was five days, with two additional days that were allocated as the
stabilization period. The initial conditions were horizontal free-surface elevation and
zero-velocity field. The upstream and downstream boundary conditions are respectively
known discharge and free-surface elevation. The implemented algorithm in the water
advection computation enabled using larger time steps, thus finally selecting 30sec.
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Figure 2. Velocity components at data ranges 2 and 3
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The calibration of the hydraulic model was done by changing the value of the Manning’s
coefficient, until attaining reasonable accordance between measured and computed free-
surface elevations. Following this process, the disagreement of measured and computed
values decreased to +0.7cm, -1.7cm. Since free-surface elevation was the calibration
criteria, comparison of computed and measured velocity components is a suitable
indicator of the calibration quality. As an internal consistency indicator, the continuity
equation error was monitored. The largest relative error for a single computational point
throughout the simulation stayed under 0.03%, while the cumulative value of the relative
error for the whole computational domain did not surpass 4-10°® %. The analysis of the
measured and computed velocities (Figs. 2 and 3) leads to the conclusion that the
developed numerical model is trustworthy.
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Figure 3. Velocity components at data ranges 4 and 6

5. CONCLUSION

A 2-D (depth-averaged) numerical model simulating water flow was developed. The
model implements the split-operator approach, allowing separate treatment of the
troublesome advection terms. The advection step was solved using the improved
algorithm for the characteristic method allowing trajectories to extend through multiple
computational cells. Since the simulation results show good agreement with the
measurements, and the continuity equation error was negligible, the presented model is
suitable for application in natural watercourses.
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PABAHCKH MOJIEJI TEYEHA Y AJTYBUJAJTHAM
BOJOTOIIMMA

Peszume: Osaj pad npedcmas.va pazeoj u KaOpayujy pasanckoz Mooeia meuera 00e
¥ anysujarHum odomoyuma. JeOnauurbe meyera ocpeorene no OyOUuHU moka, cy oame
Y OPMOZOHANHOM KPUBOJUHUJCKOM KOOPOUHAMHOM CUCMEMY, HAKOH Ye2d Cy peuasaue
ApUMEeHOM Memode pA3IOMbeHUx Kopakd, Koja odje mpu pavyyHCKA Kopakd
(aogexmusnu, ougyzuonu u nponazayuonu). Ca cmanosUUIMAa HYMEPUUKO2 peudsarsd
Haj3axmesHuju je a08eKmMueHU Kopax, Koju je noON0HCaH HYMePUUKUM OCYULAYUjamMd U
ouysuju, 3002 ueaa je 3a He2080 peuiasarse NPUMerbeHa Memood Kapakmepucmuxa. ¥
cayuajy opyea 08a pauyHcka Kopaxa kopuuihiena je memooa KOHAYHUX PA3IUKd Y
kombunayuju ca ADI memoodom. Taumocm paszsujenHoc Hymepuukoz moodenda je
npoyerena Kopucmehu mepersa cnpogedena Ha Oeonuyu pexe [[yHag y NOSPAHUUHO]
obnacmu usmehy Mahapcke u Cpbéuje. I[loy3oanocm pazgujenos nHymepuykoz mooend je
nomepherna ynopehusaroem mepenux u CpauyHamux epeoHocmu Op3una.

Kwyune peuu: Hymepuuxu mooen, jeOnauune meuersa, mepencka mepersa
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