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Abstract

Spatial complexity of turbulent flow conditions has been investigated by means of ADCP measure-
ments andCFDmodelling in riverDanube. The study areawas ameandering river reach, characterized
by shallows and strongly influenced by various river training works. High resolution bed survey and
freezing plate sampling provided input river bed data for model implementation. The applied k-ε
turbulence model could well reproduce velocity distributions measured in nature. Strong spatial vari-
ability of the velocity and turbulent kinetic energy fields demonstrated the necessity of 3D model
approach under such fluvial conditions.
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1. Introduction

In the Northwest Hungarian part of river Danube the lack of the dynamic equilib-
rium of the bed river training activities have been undertaken in the framework of
which e.g. groin fields are widely used. Due to the complexity of the flow and mor-
phodynamic conditions field investigations and related 3D CFD modelling started
in 2002 aiming at maintaining favourable flow conditions wherever possible and
improve unfavourable conditions at places in the light of the demands exposed by
fluvial navigation. Extensiveflowmeasurementswere carried out by usingAcoustic
Doppler Current Profiler (ADCP), in addition to which a 3D CFD turbulence model
was tested and implemented, utilizing the available high resolution digital terrain
model based on recent river bed scanning.

The goal of the investigation is on one hand to see if currentswith such a spatial
complexity can be measured and then reasonably reproduced by proper numerical
models, on the other hand to show that field measurement data and numerical flow
models validated based on them offer a sound hydrodynamic basis for modelling
sediment transport and bed morphology.

In this study a 4 km long reach of river Danube has been investigated with the
above mentioned tools. In the paper first the 3D turbulence model will be presented
including its theoretical and numerical bases, then themodel resultswill be analysed
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including e.g. characteristic velocity fields, turbulent kinetic energy distributions
and the comparison of measurable model results with ADCP field data.

2. Theory

In laboratory conditions free surface flows are in general investigated by means of
hydraulic scale models based on the Froude-law, which takes inertia and gravity
forces into account. This approach, however, can not properly take into account the
effects of viscous forces resulting occasionally in significant difference between the
Reynolds number of real and modelled flow conditions. Since flow features related
to turbulence play a significant role in sediment transport processes, such models
can not describe correctly these phenomena. On the contrary, proper numerical flow
models suppliedwith high level turbulence closuremodules do not need to be scaled,
what means that these models can handle domains in their original extensions, as
one of the clear advantages of such CFD models.

The numerical model used in this study is the CFD code called SSIIM (Olsen,
2002). SSIIM is an abbreviation forSedimentSimulation In IntakeswithMultiblock
option. It solves the Reynolds-averaged Navier-Stokes equations with the two-
equation k-ε turbulence closure (see e.g. Rodi, 1984) in three space dimensions to
compute the water flow using the finite volume approach as discretization method
(see e.g. [8]).

The model uses the complete momentum equations in all the three directions
thus resulting in a non-hydrostatic flow description. The governing equations are
solved in a finite volume context by using the SIMPLE method [8] on a three-
dimensional, non-orthogonal curvilinear structured grid.

The Reynolds-averaged Navier-Stokes equations are written in an Einstein-
type summation form as follows:
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where
U : time-averaged velocity,
u: velocity fluctuation,
P: pressure,
x j : Cartesian space co-ordinates,
δi j : Kronecker delta,
ρ: fluid density.

The eddy viscosity concept with k-ε turbulence closure is used to model the
Reynolds stress terms as follows:
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where
νT : eddy viscosity coefficient,
k: turbulent kinetic energy.

The k turbulent kinetic energy is defined as

k ≡ 1

2
uiui .

Substituting the Reynolds stress terms into the Reynolds-averaged Navier-Stokes
equations one obtains
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In the model, in which ε represents the rate of turbulent energy dissipation, a
transport equation is solved both for kand ε as a result of which the eddy viscosity
coefficient can be evaluated as

νT = cμ

k2

ε
, (cμ = 0.09).

The transport of k is modelled by the following differential equation:
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where Pk defines the production of k, and this term is expressed as
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The transport of ε is modelled by the following differential equation:
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The constant values of the k-ε turbulence model are [11]
Cμ =0.09
Cε1=1.44
Cε2=1.92
σ k = 1.0
σ ε = 1.3

The above equations are valid inside the fluid flow in the free turbulence zone,
but next to the boundaries the flow characteristics are calculated from the following
formula [12]:
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U
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where
U : velocity parallel to boundary layer,
u∗ : friction velocity,
κ: von Karman constant,
y: distance between wall and the investigated point,
ks : roughness height.

3. Case Study

3.1. Study River Reach

The investigated reach of river Danube is situated in Northwest Hungary between
river kms 1792 and 1796 (Fig. 1). In this area the river is strongly influenced
by various river training works such as groin fields, moreover, the river channel is
meandering and characterized with a number of shallows.

The long term goal of the investigations is to support river training planning
to provide sufficient depth even in low flow conditions for fluvial traffic, further-
more, to protect river banks from erosion. The channel bathymetry is very complex
because of meandering resulting in scouring and bar formation, in which the river
presents continuous change and evolution. One of the main causes of these phe-
nomena is the hydropower plant at Bős (Gabcikovo) about 25 km upstream of the
investigated reach, which once having been put into operation retains a significant
part of sediment transport, especially the bead-load part of it. Another cause is a
significant abrupt change in the longitudinal bottom slope of Danube located about
10 km upstream of the study reach. This means that the free surface slope decreases
from 0.35 m/km to 0.15 m/km, so do consequently the kinetic energy and sediment
transporting forces, resulting in considerable sediment deposits at places [9]. All
that complexity required the launching of a detailed hydrodynamic investigation in
the region.

At this part of the Danube the mean flow discharge is about 2000 m3/s but in
flood conditions it can grow even next to 10000 m3/s as it happened in August 2002.
Nevertheless, for fluvial navigation the critical period is low flow with discharge
below 1400 m3/s accompanied with drastic drop of the depth at places.

3.2. Field Measurements

The first step toward implementing the CFD model is to establish a reasonable
digital terrain model. As an input for that the outcome of a recent ultrasonic bottom
scanning was used. The scanning was carried out in spring 2002 at high flow
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Fig. 1. Study river reach of Danube

conditions, providing high accuracy bathymetric data all over the main channel of
the river. The scanner is mounted on a boat, which detects and records the bottom
surface data by systematic cruising in the reach under investigation. The scattered
data set on the bed surface are then used to generate the digital elevation model on
a suitable grid.

In order to explore to some extent the distribution of the bed surface material
and its texture in space and time, field sampling started in 2003 by applying a
novel technology. It consists of using a freezing plate sampler, which uses low
temperature liquid nitrogen gas for freezing a hemisphere of about 30 cm diameter
of the bed surface layer right underneath the fixed sampler plate. An important
outcome of this sampling is the determination of the grain size composition of the
surface layer based on which the bed surface roughness can also be parameterized
quite in a reasonable way.

In summer 2002 detailed flow measurements were carried out in the study
river reach. Using the ADCP device, spatial distribution of the flow velocity and, as
a by-product, cross-sectional bed profiles were taken in July at 1400 m3/s, in August
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Fig. 2. a) Bed material sample b) Grain size distribution

at about 6000 m3/s and in September at 1800 m3/s discharge. These measurements
were taken in the same 12 cross-sections in each case. Measuring one cross-section
took approximately five minutes going across the river in a boat with the ADCP
device mounted on board. For more details on the measuring methodology and data
analysis, see e.g. [2].

Results from systematic ADCP measurements can make it possible to com-
pare flow regime related changes in cross-section characteristics, varying a lot dur-
ing even a single flood. Data can be used also as discharge type boundary conditions
in numerical flow models. However, in this case the cross-sectional velocity distri-
butions were utilized for validating the numerical flow model, as described later on
in this paper.

3.3. Boundary Conditions

As it was mentioned in the previous chapter, one of the ADCP measurement cam-
paigns was carried out at a discharge 1800 m3/s, at about the shallows start to cause
problems in fluvial navigation, making this flow regime particularly important to
investigate. In the model the upstream boundary was thus set to 1800 m3/s, whereas
at the downstream boundary the water level was set to the value belonging to this
discharge according to the local rating curve. Once setting the boundary conditions,
the model was run until steady-state was reached.

Fig. 3 shows the applied grid, which has an average cell size of 30×15 meters.
Taking the advantage of the boundary fitting capability of the grid, nodes were set
also to the contour of groin (right figure) to describe the geometry correctly. In
the vertical 10 layers the spacing was decreased toward the bottom where strong
gradients were expected to occur in the flow variables.

A key model input is the parameterisation of the roughness. The model offers
several options to define this hydraulic resistance feature, out of which the ks [10]
roughness height option was used. This can be calculated as ks = 3 · d90, where
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groins

Fig. 3. Horizontal layout of the structured grid of the investigated river reach

d90 is the grain diameter above which 90% of the grains are retained.
For estimating ks the results of the freezing plate bed sampling were used.

From the grain size distribution (Fig. 2b) the approximate value ks= 0.06 m was
set in the model.

3.4. Model Results

Initial model testing was carried out by investigating flow conditions in a simple
straight channel with a single groin [3]. The test runs showed the capability of
the model to reproduce the essential of the expected spatial flow complexity in the
near-groin region including e.g. recirculation zones both in the horizontal and the
vertical plan.

3.4.1. Velocity Fields

Relevant results of numerical modelling are displayed here in the form of cross-
sectional distributions, at the location identical to the ADCP measurements, facil-
itating direct comparisons and model validations. As to the model outcome, in a
steady-state solution velocity fluctuations are not present at all in the time-averaged
variables, as this effect is represented in a bulk way by the turbulent kinetic energy.
On the contrary, ADCP measurements do contain such velocity irregularities due to
the fast measuring technology. In order to imitate nature in that, fluctuation terms
were added to the time-averaged velocity components in post-processing, calculat-
ing the extra terms based on the statistical relationship between turbulent kinetic
energy and instantaneous fluctuation as follows (see e.g. [6]) :

u =
√

2

3
k · r,

where r : random number; a normal distribution with a mean of 0 and a standard
deviation of 1.
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The following Figs. 4a-d show velocity magnitudes in the selected cross-
sections as were measured (right hand side) and numerically modelled (left hand
side).

A fairly good agreement can be observed between measured and modelled
velocity values. It is especially valid for the position of the highest flow velocities,
which fall to the same zone in each section.

3.4.2. Turbulent Kinetic Energy

Turbulence conditions can be well characterized by turbulent kinetic energy distri-
butions. Fig. 5 shows k, in different cross-sections, as calculated by the numerical
model. Locally significant turbulent kinetic energy representing in a way the sedi-
ment entrainment capacity close to the river bed can explain the usual development
of scouring at the tip of the groins. The highest values generally develop in the
line of highest velocities close to the bed surface. Note that the curved lining of
the cross-sections at the groins is due to the necessary distortion of the grid lines to
properly represent the groins, as seen in Fig. 3.

3.4.3. Secondary Currents

Removing the primary flow velocity vector component perpendicular to the cross-
section the flow pattern is known as secondary flow developed in the cross-section
plane can be made visible. As it is known, in a meandering channel this secondary
flow shows a swirling behaviour. It can be explained e.g. by the irregular vertical
distribution of the velocity. Since in general the velocity decreases moving toward
the bottom, in a bent centrifugal forces acting on the upper layer become stronger
than the ones acting on the lower layer, resulting in a net moment driving circulation
in the span-wise plane. These flow patterns can be developed and easily seen in
meandering rivers such as Danube. The following figures show velocity vectors in
the span-wise plane in different locations.

3.4.4. Velocity Profiles

As it was mentioned before, in the numerical model the flow domain was discretized
to 10 layers in the vertical. The model provided then velocity vectors in the centre
of each layer. In addition, a surface velocity is also estimated that is why Fig. 7
shows 11 points for model results for two selected locations. The circles represent
results from ADCP field measurements. For one of the profiles the model results are
perturbed by a scaled random component, as described earlier. Both profiles show
reasonable logarithmic character. Due to the fast measuring capability of the ADCP,
deviation might be of course high between time averaged and quasi-instantaneous
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Fig. 4. a)−d) Measured (left) and modelled (right) velocity magnitudes in selected cross-
sections
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groins

Fig. 5. Turbulent kinetic energy (k) fields

Fig. 6. Velocity vector components in the plane of perpendicular to the primary stream,
showing secondary flow pattern
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Fig. 7. a) − b) Vertical velocity profiles

values, but in this case good agreement can be seen between measured and modelled
time averaged, steady-state values.

The lack ofADCP data close to the bottom and the free surface is due to the so-
called blanking zone deficiency, for the time being unavoidable in the measurement
technique.

4. Discussion

The chosen numerical turbulence model was successfully adopted to the study
Danube reach. That velocity distributions measured in nature could be well repro-
duced in a river with complex bed geometry. Though in this stage of the research an
overall roughness value was used, for improved tuning more detailed information is
needed about bed surface texture and grain size composition, requiring systematic
freezing plate sampling.

The strong spatial variability of velocity vectors and turbulent kinetic energy
fields demonstrate the necessity of using three dimensional approach especially as
the morphological changes in this reach are caused by bed-load sediment transport,
thus making the accurate estimation of near bottom characteristics very important.
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