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The goal of study described in this paper is to develop the three dimensional analytical
model to simulate a flow around a porous structures. The VOF method was used for the free
surface flow field considering the future applicability to the rapid changes of the flow such as a
surge flow. The flow in porous media was modeled by the Brinkman-Forchheimer extended
Darcy’s equation. As the experimental verification, three dimensional velocities around a spur
dike were measured by using Acoustic-Doppler Velocimeter (ADV). The numerically obtained
flow profile around a permeable spur dike was compared with the experimental results. It is
confirmed that agreement between proposed numerical result and experiment is good under
sub-critical flow condition. Some limitations according to mesh size and boundaries were exposed,
nevertheless applicability of the model was proved. The present study enables the future
simulation of rapidly varied flow around permeable hydraulic structures.
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1. Introduction

Spur dikes are seen as the best type of the
hydro-engineering river training structures that
allow redirecting the flow of water in a river or in a
channel. Deflecting of the current is very important
and advisable in many cases. The best example is
when the flow of the stream should be directed
away from the bank to protect it from erosion. The
usage of a set of several spur dikes is one of the
most effective means of stabilizing the river or
channel banks.

In recent years the researchers focused on study
of possible advantages of environment-friendly
hydraulic structures made of natural material such
as a rubble mound weirs. Also the researchers in
Netherlands pointed a need of innovations in spur
design. Several methods of the groyne design
innovation were presented by Van der Wal®. One of
the most important remarks was to make the
structure permeable. The same suggestion was seen
by the American researchers, resulting in the
description of the spur’s permeability in Hydraulic
Engineering Circular No. 23 by Lagasse et al.”. In
the previous research projects, the authors™ * also
pointed the advantage of the structure’s permeability
resulting in reduction of the scouring around the
spur dike. Also the difference in flow pattern during

rapid flow cases (the most dangerous for the
structure’s stability) was recognized.

Considering the above mentioned background,
development of a three dimensional numerical
model to analyze the flow around permeable
structures becomes an important and needed task.

2. Numerical and Experimental Procedure

2.1 Governing equations for fluid phase 5%6.7)

Basic equations used in the calculation are
momentum, continuity and transport equation of F
quantity (F is fractional volume of fluid). Standard
k-gmodel is used as a turbulence model.

Continuity equation:

auj
—=0 (D
axj

Momentum equations:

ou; ou;
P opu, o2
or 7 ox, P ox;

ou, _
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ox; | dx; 0x;
Transport equation of F:
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k -equation:
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k“ox;|dx; ox k
=C, (k*/e),
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Vi =V+V, /o, V. =vV+V, /o,

where, ij: Cartesian tensor indices, x;: Cartesian
coordinate, u: mean velocities, p: density of fluid,
P=p+2/3-pk, p: fluid pressure, g: acceleration due to
gravity, F;: body force components, k: Kinetic
energy, & kinetic energy dissipation rate, v: fluid
kinematic viscosity, v;: eddy viscosity.

Standard values of constants in the k-£ model are
used: C,;=0.09, 6,=1.00, 0,=1.30, C,=1.44, C,=1.92

2.2 Governing equations for porous phase
Effective pore fluid velocity »; is given by
volume-averaged seepage velocity uy and porosity
of the porous medium .
u =ugln (7
Using Eq.(7) following equations are obtained.
Continuity equation:

duy
g ®)
ox;
Momentum equations:
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Transport equation of F:
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Last term of Egs. (9), (11) and (12) is
Brinkman-Forchheimer extended Darcy’s resistance
form. It is composed of the resistance components
of both: laminar and turbulent flow through the
porous medium. X is a permeability parameter with
the dimension of square of length. It is given by the
following expression as a function of mean sand

diameter d,;:
Jr=e-d, (13)

where e was identified through the authors'
experiment on rubble mound weir®) to be: e = 0.015.

Coefficient Cr is the Forheimer number and as
suggested by E.C. Chan® was set to Cr=0.1.
Finite difference method was used in the
calculation, and second order centered difference
scheme was used for the convection term.

2.3 Experimental setup

The flume is a 15 m long, 0.6 m wide and 0.4 m
deep steel construction with its front wall made of
glass. The channel inclination was 1/500. The pit for
experimental installation is located in the middle
part of the flume. The depth of the pit is 17 cm and
its length is 100 cm (see Fig. 1). Its width is equal to
the channel width. During the experiment the pit
was filled with movable sand. The sand used for this
experiment is characterized by an average grain
diameter dsp=1.28 mm. To focus on the velocity
field the sand was covered with steel mesh
preventing scouring process. The mesh used in the
experiment was very thin, therefore, its effect
considered to be very small. Its porosity allowed
water to flow to and from the sandy bed below.
Roughness of such a surface was different from the
roughness of sand, but as the investigation of the
roughness was not in a scope of this research, the
effect was not taken under consideration.

The spur dike was constructed as a full height
structure, 6 cm thick and 15 cm wide. Two types of
the spur dikes were used in this experiment (Fig. 1).
The impermeable spur dike was solid structure
made of Plexiglas. The permeable one was made of
steel mesh filled with stones (average size 2 cm).

The measurement area of velocity field is
presented in Fig. 2. The measurement started 1.0 m
upstream from the dike and last points were located
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Fig. 2 Location of velocity measurement points
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1.5 m downstream form the dike. Basic grid of
measurements was set to 0.1x0.1x0.1 m. The area
in the close vicinity to the spur (from 0.3 m
upstream to 0.3 m downstream, and 50% of the
channel width) was covered by the measurement in
the grid 0.05x0.05x0.05 m. Also the initial
upstream (x =-1.0 m), center (x =+0.0 m), and two
downstream cross-sections (x=+1.0 m & x=+1.5m)
were covered by the grid 0.05x0.05 m. The
velocity was measured using Acoustic Doppler
Velocimeter (ADV).

Stable discharge was set to Q = 0.02 m’/s during
all the measurement. Depth was 0.3 m at x =-1.0 m.
The depth condition was controlled by the tail gate
at the end of experimental flume, x=5.1 m.

2.4 Numerical conditions

Considering the computer memory and time
consumption, the region of calculation was limited
to the area shown in Fig. 3. As shown in the figure,
variable mesh was used, that is the mesh size
becomes smaller around the spur dike. In total, the
area of calculation was composed of 84280 cells
(including 13440 obstacle cells). Uniform velocity
Vi =0.04 m/s was applied to fluid phase as an
initial condition in all the area. Uniform velocity
Vi =0.11 m/s was applied at the inflow boundary.
At the outflow boundary, considering the limited
distance from the spur dike, the logarithmic velocity
profile was set with the constant outflow rate
0=0.02m%s.

After testing many combinations, logarithmic
condition was applied to the spur-dike walls and
fixed bed. At the sidewalls of the flume the slip
condition was set. Time step was constant and was
equal t0 2.0 x 107 s.

The sand used in both cases as the riverbed in
the vicinity of the structure was characterized by
porosity 0.4 and permeability K=3.7 x 107 m?. In
the case of permeable spur, the model was described
by porosity 0.4 and permeability K= 7.3 x 10* m”.

3. Results and Discussion

Fig.4 shows the discharge variation with time at
several cross sections in the impermeable spur dike
case. Large fluctuation of the discharge can be seen
in the early stage of calculation. After that,
discharge fluctuation disappears and converges to
the inflow and outflow discharge given as a
boundary condition. The discharge fluctuation
shows that the calculation is stabilized after 10 s.
Although it is not shown in this paper, the discharge
fluctuation pattern with permeable spur dike is very
similar to the presented one.

The comparison between measured (thick line)
and computed (thin line) velocities for the

impermeable structure’s case is presented in Fig. 5
and Fig. 6. Velocity vectors in the following figures
are shown in the same manner. Fig. 5 shows the
results at fully stabilized step of calculations
(t=15s), and Fig.6 shows at the end of
stabilization phase (z= 8 s). In the author’s opinion,
the state not fully stabilized reproduces
experimental findings in much better way, as some
fluctuation also were noticed during the experiment.
In the results after full stabilization the flux in the
area just behind the dike returns to the channel wall.
The vortex is very small and concentrated close to
the downstream-sidewall of the dike. The main
reason was described by Hirt'” as an effect of
truncation errors called numerical dispersion or
numerical smoothing. As stated before, because of
very small mesh and three-dimensional domain the
time step have had very small value. As a result, the
flux just after the obstacle is not forming an
continuous path of similar width, but is dispersing
very quickly. This dispersion was not so strong
during the stabilization phase.

Another possible reason for the return of the flux
is the boundary condition at the spur’s headwall.
The logarithmic boundary condition was used. In
general, boundary condition at the wall forces the
fluid to move only in direction normal to the wall.
According to this rule, at the headwall of the dike,
water movement is limited to the x and z direction.
In other words the layer of the thickness of 1 cm
(size of the cell in y direction) is the boundary layer.
The boundary layer in the experimental condition is
assumed to be much thinner, especially at the
smooth acrylic surface which was investigated in
the experiment. Then, amount of momentum is very
different, as the amount of water in a boundary layer
is different.

Those two effects combined together gave a
result of huge numerical smoothing. That is why,
the results obtained at the time t=15s are
over-smoothed. In the case of permeable structure,
as the whole area (including the structure) is treated
as a fluid there was no boundary layer at the
headwall of the dike. Therefore, the results at t=15 s
were not affected by the effect of numerical
problems. In the graphs showing the permeable case
results, the time t=15 s is presented.

The velocity magnitudes from the experiment
and simulation are very similar. For the
impermeable structure case the velocity maps
showing magnitudes of velocities V,, ¥, and V; are
presented in Figs.7, 8 and 9 respectively. Some
discontinuities of the lines in the experimental
results are an effect of different grid size in different
areas and overlapping of those areas. Following the
assumption stated above that the calculation at the
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Fig. 4 Discharge fluctuation in the early stage of calculation
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Fig. 6 Simulated (t=8 s) and measured velocity field; plain view at z=0.1 m above the bed; impermeable spur dike

end of stabilization phase (#=8s) reproduces
experimental results better than fully stabilized state
was confirmed and only this stage is presented in
the figures. The overall pattern of the velocity
magnitudes is reproduced in satisfactory manner.
The high velocity area (V, > 0.15 m/s) located at the
side of the channel opposite to the spur dike is
visible in the simulation as well as in the
experimental results. The influence of the
downstream boundary condition is recognized in
computational results. Uniform velocity profile at
the whole width of the channel’s outflow boundary
suppresses the high velocity area as well as the
vortex area. Limitations of the experimental tools
didn’t allow the measurement of the velocity very
close to the channel’s and spur’s walls. That is why
in Fig. 7a the negative current below 0.05 m/s is not
visible in this scale. The position of the iso-line
representing zero velocity proves good agreement
between calculation and experiment.

The detailed analysis of Fig. 8 leads to similar
conclusions. The range of the area influenced by the
spur is similar near the tip of the dike and at the
upstream side of the structure. The downstream side
is influenced by the outflow condition. The distance,
at which the positive velocities were recorded, is
shorter especially in the region, where the flux is the
strongest. Also the dark area on the graph
representing negative current (the flux returning to
the channel’s right-hand-side wall) is much closer to
the dike. In the experimental results, it was observed
around the x = 2.1 m in the central part of the flume,
while in the numerical results (¢ = 8 s) it was located
around x = 1.7 m. It is not shown in this paper, but
for the fully stabilized state, the returning current in
y-direction was noticed just behind the dike.

The strength of the deflection in front of the dike
in calculation is also in good agreement with the
experimental data. The highest velocities were
observed in the very close vicinity of the structure,
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Fig. 13 Simulated and measured velocity field — cross-section
at y=0.20 m near the spur dike head — impermeable spur dike

at the edge of headwall and upstream-sidewall. The
limitations of the experimental tools did not allow
measuring the velocity in such a distance, but the
patterns formed by the iso-lines of lower velocities
confirm reasonably accurateness of calculations.

Fig. 14 Simulated and measured velocity field — cross-section
at y=0.20 m near the spur dike head — permeable spur dike

The contour plots of the vertical velocity are
presented in Fig. 9. Generally speaking, the
magnitudes of vertical velocities at the elevation
0.1 m above the riverbed were very small. In the
numerical simulations (see Fig. 9b) the influence of
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the boundary conditions was clearly visible. Near
the inflow boundary the flux was directed slightly
downward, while at the end of the numerical flume
the flux pointed upward. Near the structure, in
numerical results, the flow directed downward (up
to the value of ¥V, =-0.04 m/s) at the upstream side
and upward at the downstream side. In the
experimental data this trend was not seen at the
elevation presented in above figures, because the
limitation of the measurement tool did not allowed
to measure velocities very close to the structure. On
the other hand, other researchers noted the trends
seen in numerical results. Melville and Colleman'"”
described the downward current near the upstream
sidewall of a short structure (see Fig. 9¢). At other
levels similar pattern was observed (compare
Fig. 11 and Fig. 13).

The difference between permeable and
impermeable case was very small in both —
numerical and experimental results. Nevertheless
some general remarks are to be stated. Results of
calculation with referential experimental data are
presented in Fig. 10. In experimental results the
deflection of the current in case of impermeable
structure is larger compared with permeable case.
Also the range of the vortex is slightly larger. The
simulation results followed the same rules and the
vortex strength and its range were reproduced well.
As expected, the flow through the structure, which
influenced the flow around the spur dike was
noticed.

Vertical, longitudinal  cross-sections  are
presented in Fig. 11 to Fig. 14. Fig. 11 and Fig. 12
show cross-section at y =0.15 m for impermeable
and permeable structure case respectively. Fig. 13
shows cross-section at y=020m for the
impermeable  case, while Fig.14  shows
cross-section at y=0.20 m for permeable structure.
Easy to recognize is fluctuation of the water surface
(especially in the impermeable case, as the
presented graphs are plotted for the time 7 = § s). At
the level 0.1 m below the surface this fluctuation
does not have an effect on vertical velocities. This
result is confirmed by the experimental results.
Unfortunately limitations of ADV didn’t allow to
measure velocities higher than 0.1 m below the
surface.

At the upstream-side of the dike in both —
experiment and simulation — the downward current
was seen. It was observed in both impermeable and
permeable case, but in the case of solid structure it
had slightly larger value. The z-direction velocities
from simulation and experiment were similar.

Some differences between wvertical velocities
obtained form experiment and calculations are
visible in Figs. 13 and 14. At the upstream side of

the dike, in the distance of 5 cm from the structure
(for y =20 em) for both experimental and numerical
results the velocities are almost horizontal. Near the
headwall, in the experiment some downward current
was recorded close to the riverbed. On the other
hand in this area some small upward velocities were
simulated.

4. Conclusions

The three-dimensional VOF model for
free-surface and turbulent flow considering flow in
porous media, applied to simulate flow around a
spur-dike, gave reasonably good agreement with the
experimental results. Although some discrepancy
was noted, especially at the downstream-side of the
structure, overall image of the flow pattern was
reproduced in satisfactory manner. The influence of
boundary settings is clearly visible. Although the
computational power of modern computers allows
performing such a calculation, but still limits the
area of calculation and the grid size.

The performed simulation proved good
performance of used techniques. Despite of some
limitations and discrepancies, the model was already
used to simulate the unsteady flow conditions (the
surge pass case) and proved its applicability and
huge potential in simulating free-surface flows.

With present limitations of the power of
computers, future development should include study
on the boundary layer application. Influence of the
boundaries in the model was significant. Some of
the observed discrepancies were caused by the
thickness of the cells near the walls treated as the
boundary layers. At the same time, effect of
numerical smoothing should be eliminated as well.
Applicability of presented turbulence model should
be verified as well. Some future developments may
include testing other turbulence schemes in order to
achieve better data. Additional study is necessary to
improve presented model in order to avoid those
negative features.

As the calculations presented in this paper took
enormous time to proceed, future development of
the model will include the study on optimization of
the method. Speeding up the model is one of the
most important goals as the practical application is
concerned. With those developments, the model is
supposed to be very important for design
improvement of hydraulic structures like spurs,
bridge abutments, piers and many others.
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