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Turbulent Flow in the Scour Hole Downstream of a Sluice Gate:
Erosion induced by Gortler Vortices
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ABSTRACT: Erosion and sediment transport processes in rivers and channels usually take place in arbi-
trary geometries and occur in turbulent conditions at high Reynolds numbers. Coherent structures that
emerge from large-scale instabilities can play a fundamental role in sediment transport, and in many cases
they constitute the most important mechanism of bed-load transport and scour in non-equilibrium condi-
tions. The recent experiments carried out by Hopfinger et al. (J. Fluid Mech. 520, 2004) and Albayrak et
al. (J. Fluid Mech. 606, 2008) have shown that streamwise Gortler vortices have a considerable impact on
sediment transport rates and scour produced by a wall-jet flow downstream of a sluice gate. Gortler vor-
tices emerge in an advanced stage of scour due to the concave curvature of the bed inside the scour hole
and their interaction with the bed increases the shear stress and intensifies bed-load transport. To under-
stand better the relation between coherent structures and sediment transport, we carry out detached-eddy
simulations (DES) of the flow studied by Albayrak et al. (2008). We reproduce the original experimental
configuration, by discretizing the domain using body-fitted curvilinear grid with a total of 9.7 million
nodes. Our simulations can resolve the coherent structures of the flow at Re = 156,200, and capture the
dynamics of the Gortler vortices inside the scour hole. The model not only reproduces the unsteady flow-
field, but also the dynamic features of the shear-stress induced by the Gortler vortices, which are respon-
sible for the sediment streaks that appear on the bed. The model can therefore serve as a powerful tool to
predict sediment transport and scour under non-equilibrium conditions.

Keywords: Turbulent flows, Computational fluid dynamics (CFD), Gortler vortices, Scour, Sediment
transport.

1 INTRODUCTION lence fluctuations by using a gradient-diffusion

hypothesis to estimate the eddy-viscosity from
Turbulent flows in fluvial systems usually take transport equations. Recent investigations (Paik et
place in arbitrarily complex topographies. They al., 2007; Escauriaza and Sotiropoulos, 2010)

are also highly three-dimensional, and characte- have demonstrated that URANS models fail to
rized by a wide range vortical scales that dominate capture the unsteady features of flows driven by
sediment transport and erosion processes. These dynamically-rich coherent structures, such as the

flows are further complicated when they interact horseshoe vortex system around obstacles
with hydraulic structures, which produce unsteady mounted on the bed (Escauriaza and Sotiropoulos,

vortices that emerge from flow instabilities, in- 2010). On the other hand, large-eddy simulations
creasing the stresses on the bed and initiating lo- (LES) models can resolve the most important vor-
cal scour. tical structures in the flow, but they might become

These characteristics present a great challenge computationally expensive in complex flows at
to numerical models intended to study the effects high Reynolds numbers in engineering applica-
of unsteady coherent structures in sediment trans- tions. Recently, hybrid models such as detached
port problems. At engineering scales, unsteady eddy simulations (DES) have shown to be power-
Reynolds-averaged Navier Stokes (URANS) ful tools to resolve the large-scale coherent struc-
models are usually employed to compute the mean tures with moderate computational resources
flowfield, and account for the effects of the turbu- (Spalart et al., 1997; Spalart, 2009). DES com-
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bines the advantages of both, URANS and LES
strategies, employing URANS models near solid
walls, and LES in the rest of domain.

Clear examples on the importance of coherent
structures arising from large-scales instabilities of
the mean flow are the studies of Hopfinger et al.
(2004) and Albayrak et al. (2008). These authors
studied experimentally the scour produced by a
wall-jet downstream of a sluice gate, and observed
that the development of a concave bed surface due
to initial scour triggered a centrifugal instability,
producing counter-rotating streamwise pairs of
Gortler vortices inside the scour hole. These vor-
tices played a significant role in the continuous
development of scour as they generated high tur-
bulent stresses and increased considerably the to-
tal sediment flux. Albayrak et al. (2008) per-
formed statistical analyses of flow variables on
flat and concave walls, and observed experimen-
tally for the second case the dynamic manifesta-
tion of streamwise Gortler vortices with a 3D
acoustic profiler (ADVP).

Gortler vortices emerge by the instability of the
turbulent boundary layer and the bed curvature
inside the scour hole (Saric, 1994). This pheno-
menon arises as a consequence of the bed curva-
ture and a velocity profile that decreases its mag-
nitude with radius of curvature. Several flows in
these conditions have been thoroughly studied,
such as Blasius velocity profiles or wall-jet pro-
files (Floryan, 1986). In the work of Hopfinger et
al. (2004) it can be seen that this instability mod-
ifies the turbulent structure of the flow and sub-
stantially alters the sediment transport rate. Hop-
finger et al. (2004) even reported the remarkable
formation of sediment streaks due to the stresses
generated by Gortler vortices.

The main objective of this research is to study
the dynamics of Gortler vortices by carrying out
DES simulations based on the experimental setup
of Hopfinger et al. (2004) and Albayrak et al.
(2008), for the turbulent flow in a scour-hole
downstream of a sluice gate. The description of
the flow and the experiences of Albayrak et al.
(2008) are discussed in section 2. In section 3 we
show the governing equations of the flow and de-
scribe the numerical model. Section 4 and 5 con-
tain the principal results obtained from 3D simula-
tions, comparing the results with the observations
of Hopfinger et al. (2004) and Albayrak et al.
(2008). The conclusions in section 6 summarize
the results and outline future research.
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2 FLOW DOWNSTREAM OF A SLUICE
GATE

Hopfinger et al. (2004) and Albayrak et al. (2008)
performed laboratory experiences of the flow
downstream of a sluice gate. They studied the
flowfield and the sediment erosion produced by
Gortler vortices formed inside the scour hole. The
experiments were conducted in a glass-side hori-
zontal flume 17 m long, 0.5 m wide and 0.8 m
deep (Albayrak et al., 2008). The hydraulic flume
used in these experimental investigations is shown
schematically in figure 1. A sluice gate was in-
stalled at the middle of channel, and at a short dis-
tance from the beginning of the sand bed (L,= 0.1
m). The mobile bed was filled with uniformly
graded sand of mean grain diameter dso = 2 mm,
which constitutes a hydraulically rough surface.
The downstream water depth was kept constant at
hy = 0.22 m by adjusting a gate at the downstream
end of the flume and the upstream water depth /7,
was kept constant during the experiments by an
overflow gate to produce a constant water dis-
charge . The characteristic jet velocity,
U=+/2gAh, where Ah=h,—h,, with h; = 0.247
m. Using the downstream water depth as length-
scale of the flow, the Reynolds number is equal to
Re = 156,200. It is important to note that the
drowned hydraulic jump produced downstream
the sluice gate not alter the conditions of the free
surface yielding a low Froude number in the
scoured region.

Initially, the mobile bed was covered with a
thin plate about 1 m long and the water levels
were adjusted to the desired values. At time ¢ = 0,
this plate was suddenly withdrawn. After this
reached in time ¢ = fs, a quasi-steady-state maxi-
mum scour depth /s = A, In this investigation we
perform the simulations at this state of advanced
quasi-steady erosion, for which the scour hole has
a significant curvature and Gortler vortices ap-
pear. The characteristic quasi-steady-state maxi-
mum scour depth is hy = 0.064 m (Albayrak et al.,
2008). These conditions produce a complicated
situation to be modeled, due to the locally accele-
rated flow and the large scour-hole produced
downstream of the gate as shown in figure 1. It is
important to note that our simulations were con-
ducted assuming that the bed is fixed, as sediment
transport processes will be addressed in future re-
search.
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Figure 1. Schematic representation of the advanced scour
conditions in the experiments carried out by Albayrak et al.
(2008). Flow downstream of a sluice gate with an opening
of b= 0.05 m, an apron of longitude L, =0.1 m and a veloci-
ty scale equal to Uy =0.71 ms™.

3 NUMERICAL METHODS

To simulate the flow downstream of the sluice
gate (Hopfinger et al., 2004; Albayrak et al.,
2008), we solve the three-dimensional unsteady
Reynolds-averaged  Navier-Stokes  equations
(URANS) with a dual-time stepping artificial
compressibility (AC) scheme (Paik et al., 2007).
The system of governing equations is expressed as
follows, 2y
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where x; are the Cartesian coordinates, u; are the
velocity components, p is the pressure plus the
diagonal component of the Reynolds stress tensor,
u;' are the velocity fluctuations, and Re is the Rey-
nolds number. The last term in the momentum eq-
uation represents the Reynolds stresses.

Since conventional URANS models to close
Eq. (1) fail to capture the unsteadiness of coherent
structures such as Gortler vortices, and full wall
resolving LES might need large computational
resources for practical Reynolds numbers, we em-
ploy the DES approach, which is a hybrid
URANS/LES turbulence model (Spalart et al.,
1997; Spalart, 2009). This model is based on tur-
bulence proposed by Spalart and Allmaras (1994),
which can be expressed as follows,
ov 0
_— + RN
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where the working variable ¥ has a direct relation
with the turbulent eddy-viscosity vy, I is the pro-
duction term, ® is the destruction term, and ¥ is
the turbulent diffusion. In the hybrid DES ap-
proach developed by Spalart et al. (1997) the S-A
turbulence model in Eq. (2) functions as the sub-
grid scale (SGS) model of LES in regions away
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from the wall, where the grid density can resolve
the scales of fluid motion near the size of the grid
spacing. For the rough-wall simulations per-
formed in this investigation we also use the mod-
ification of the turbulence model proposed by Au-
poix and Spalart (2003).

The system of equations is integrated in pseu-
do-time using a pressure-based implicit precondi-
tioner enhanced with local time stepping and V-
cycle multigrid acceleration in spanwise direction
(Paik et al., 2007; Escauriaza and Sotiropoulos,
2010). The AC form of the governing equations is
discretized using a second-order-accurate finite-
volume method on a non-staggered computational
grid. The domain is discretized using a boundary-
fitted structured mesh to cluster efficiently the
nodes in regions of interest, and adapt to the com-
plex as shown in figure 2.

No-slip boundary conditions are applied to sol-
id walls, and a rigid-lid assumption was employed
at the free surface due to the low Froude numbers
of the original experiments carried out by Albay-
rak et al. (2008).

Figure 2. Three-dimensional layout of the scoured bed ob-
tained from the experimental results of Albayrak et al.
(2008). The computational domain has a total of 9.7 million
grid nodes, with 209, 521 and 89 nodes in 7, j and &-
directions respectively. More than 50% of nodes are con-
centrated in the first 10% of water depth.

4 TURBULENT FLOW STRUCTURE IN THE
SCOUR HOLE

The DES simulations are carried out in the scour
hole region, assuming no-slip boundary conditions
at solid walls. At the inlet we prescribe a con-
verged URANS solution, previously computed in
a separate calculation, which considers the entire
length of the upstream rectangular channel and the
geometry of the sluice gate. All the results pre-
sented in this investigation are obtained by using a
non-dimensional physical time-step of t = 0.005.
In this section we first show qualitatively the in-



stantaneous resolved flow in the scour hole and
then we compute instantaneous variables to repro-
duce the experimental observations reported by
Albayrak et al. (2008).

The results of our simulations demonstrate that
our model can capture the coherent structures of
flow, and in particular the Gortler vortices, as
shown in figure 3. In this image we visualize the
vortices by using the g-criterion (Hunt et al.,
1988), which is calculated as follows,

1
q=5(QijQij -5,8;) A3)
where Qj; represents the asymmetric part of the
rate strain tensor and contain vorticity terms. Sj;
represents the symmetric part of the rate strain
tensor.

Theoretical and experimental studies identify
the Gortler vortices as pairs of counter-rotating
streamwise near-wall structures, which are shown
in figure 3, where intense black and white colors
represents negative and positive vorticity in
streamwise direction. Figure 3 shows clearly that
these vortices emerge downstream of the maxi-
mum depth inside the scour hole, coinciding with
the qualitative observations of Hopfinger et al.
(2004). As mentioned earlier these streamwise
vortices are developed by the effects of the con-
cave bed on the flow structure, triggering the
boundary layer instability (Floryan, 1986). It is
important to mention, these vortices appear with-
out imposing an unsteady pseudo-turbulent inflow
condition. The centrifugal instability is naturally
excited by the resolved flowfield inside the
scoured region.

Animations of the coherent structures visua-
lized with g-isosurfaces show that inside the
scoured region the flow is dominated by the shear-
layer that emanates from the flat-bed channel and
the wall-jet coming from the sluice gate. These
vortices exhibit smaller time-scales compared to
the Gortler vortices, which appear intermittently
above the bed and seem to be dominated by low-
er-frequencies.

The emergence of counter-rotating vortices can
also be studied by plotting countours of stream-
wise vorticity (Q2x). In figure 4 (a) we can observe
the Gortler vortices in the plane Y-Z at x/b = 0.7,
inside the scour hole. The instantaneous stream-
lines and vorticity contours plotted in the zoomed
area in figure 4(b), show that the flowfield is dras-
tically altered in the concave region of the bed.
After the boundary layer reattaches in the scour
hole, highly unsteady vortices emerged and form
mushroom-like structures with converging lateral
flow, and strong vertical flow away from the wall,
a feature of Gortler vortices that has commonly
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been observed as reported in the literature (Saric,
1994; Tandiono et al., 2008)

Figure 3. Instantaneous 3D vortical structures on the con-
cave bed visualized with g-isosurfaces. In dark and bright
colors are vortices with negative and positive vorticity in
streamwise direction.

Figure 4. (a) Countours of vorticity in x-direction. (a) Non-
dimensional streamwise vorticity contours in the entire
plane. (b) Zoomed area inside the rectangle with instantane-
ous streamlines shows clearly the counter-rotating vorticity
and the mushroom structure generated by the vortex pair.

Albayrak et al. (2008) reported the vertical
magnitude of the Gortler vortices at the Y-Z plane
for x/b = 0.7. They observed that the coherent
streamwise structures had an approximate height
of 3 cm. Vorticity contours in figure 5 depict an
instantaneous image of the Gortler vortices at the
same plane, showing that the vertical scale of the
structures coincide with the experimental mea-
surements.
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Figure 5. Contours of V0rt1c1ty in x-direction at x/b = 0.7,
according to the reference system defined in figure 1. In
dark gray color is showed positive vorticity and in gray col-
or negative vorticity. Magnitude of Gortler vortices that
appear at center of the channel exhibit the same scales of the
experiments.

5 SHEAR STRESS AND STATISTICAL FLOW
RESULTS

Our simulations show the turbulent Gortler vortic-
es that are formed in the downstream section of
the concave bed. These vortices are dominated by
low-frequency unsteadiness, and they are directly
responsible for the increments on the instantane-
ous stresses on the bed. Figure 6 shows the instan-
taneous non-dimensional shear velocity (i) at the
bed. We can observe an increase in the intensity
of u, in the zone where Gortler vortices are devel-
oped. Figure 7 shows the spatial variation of in-
stantaneous non-dimensional shear velocity at the
plane x/b = 0.7, along the spanwise direction
across the Gortler vortices. When these vortices
are present, the shear-stress has a seemingly peri-
odic variation across the channel. This effect was
reported by Hopfinger et al. (2004), as they ob-
served considerable increments of sediment trans-
port rates in this area of the bed.

High values of u, in figure 7 correspond to the
positions of the streamwise vortices, while lower
values are located in between them. This plot also
has a remarkable similarity with the skin friction
profiles reported in the recent experiments of
Tandiono et al. (2009), who measured the effects
of Gortler vortices in the turbulent flow inside a
curved rectangular duct.
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Figure 6. Instantaneous non-dimensional shear velocity at
the bed. This is a significant increase on the shear-velocity
magnitude where Gortler vortices are developed.

The spatial variation of shear-stress generated
by the Gortler vortices is also responsible for the
emergence of bed forms, identified as sediment
streaks by Hopfinger et al. (2004). Their experi-
mental visualizations showed the appearance of
streamwise oriented streaks on the mobile bed,
which were identified as evident signs of the pres-
ence of Gortler vortices and their effects on bed-
load transport and scouring processes.
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Figure 7. Visualization of instantaneous non-dimensional
shear velocity (u,) at the bed. Variations of the shear-stress
at plane x/b = 7 (system reference used by Albayrak et al.
(2008), see figure 1) in the spanwise direction of the chan-
nel are associated with Gortler vortices.

In the streamwise direction we observe that the
shear-velocity presents higher magnitudes in the
section comprised by 7 < x/b <9, at the center of
the channel. This feature, attributed to the Gortler
vortices and shown in figure 8, was also described
in the experimental investigation of Albayrak et



al. (2008). With respect to this area of high stress,
they make the following comment:

“This higher dimensionless friction velocity on
the concave wall, when x/b > 7, can be attributed
to the development of Gortler vortices. When x/b
> 9, the friction velocity on the concave wall
starts to decrease, because after that point the
boundary slope changes and the Gértler vortices
disappear.”
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Figure 8. Visualization of instantaneous non-dimensional
shear-velocity at the bed and at the center of channel. Varia-
tions of shear velocity in streamwise direction show an in-
crease at the concave surface where Gortler vortices are
developed.

From our simulations we can reproduce addi-
tional quantitative results that were also obtained
by Albayrak et al. (2008). Employing instantane-
ous measurements of the velocity field in a vertic-
al profile, they compute the product of horizontal
and vertical velocity fluctuations in time, captur-
ing upwash and downwash flow events near the
bed.

These events are characterized by positive and
negative values of the instantaneous components
of the Reynolds stress tensor. Along a vertical line
in the center of the channel, at a position x/b =
0.7, the flowfield is plotted in time. The vertical
distance is non-dimensionalized by using the
length scale z’y,, defined as the height at which
the velocity magnitude is equal to half of the max-
imum streamwise velocity.

Remarkably, the simulations presented in this
research can capture the same dynamics described
by Albayrak et al. (2008). In figure 9 (a) we plot
the velocity components and contours of u’w’ in
time, using the resolved flowfield from the DES
calculation. This figure shows the predominant
contribution of upwash events on the Reynolds
stresses. In the outer layer, the downwash and
upwash flow events are dominant at several loca-
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tions, see for example z/z"1, =1 and z/z"1, =0.5
att=8.9 s and t=9.2 s.
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Figure 9. Two-dimensional resolved velocity vector plots
along a vertical profile at plane x/b=0.7, at the center of the
channel. The total time interval is At=1.6 s. The length scale
is 71, = 5.8 cm on the selected profile. (a) Streamwise (x,
z’)-plane, velocity vectors u’, w’; (b) Spanwise (y, z’)-plane,
velocity vectors v’, w’.

The same statistical observations were made by
Albayrak et al. (2008) (see p. 41), who linked
these dynamic processes to the unsteadiness of the
near-wall coherent vortices. Convergent flow ob-
served in plots of v’-w’ velocity vectors which
were reported by Albayrak et al. (2008), are also
reproduced in our simulations as shown in figure
9 (b).

Another quantitative result that has a direct re-
lation with the influence of Gortler vortices on
sediment transport rates in the scoured region is
the Reynolds stress obtained from the resolved
velocity fluctuations. Figure 10 shows the <uw>
Reynolds stress computed by Albayrak et al.
(2008) at plane x/b=0.6 and the results obtained
with our simulations. In this figure is clear that



DES represent with a good accuracy the experi-
mental results measured by Albayrak et al. (2008).
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Figure 10. Normal Reynolds stress computed in experiments
made by Albayrak et al. (2008) and the DES model. The
values of Reynolds stress are scaled by U,,, which corres-
pond to the maximum streamwise average velocity.
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6 CONCLUSIONS

In this investigation we perform numerical simu-
lations of the flow downstream a submerged
sluice gate over a rough concave bed at
Re=156,200. We reproduce the configuration of
the scour experiments carried out by Albayrak et
al. (2008).

The flow is characterized by a wide range of
time and length scales, dominated by unsteady
coherent structures induced by the complex geo-
metry of the domain and the wall-jet coming from
the sluice gate. The resolved flowfield computed
from DES simulations shows that our model suc-
cessfully captures the dynamic features of the co-
herent structures within the scour hole, and the
formation of Gortler vortices near the bed. Pairs
of highly unsteady counter-rotating streamwise
vortices appear inside the scoured region, forming
mushroom-like structures that have been reported
in multiple studies of turbulent boundary layer
flows over concave surfaces.

We also reproduce quantitative experimental
results reported by Hopfinger et al. (2004) and
Albayrak et al. (2008). Plots of instantaneous
shear velocity at the bed show that Gortler vortic-
es are directly responsible for the increase of bed
stresses, and consequently for the larger sediment
transport rates that were observed by Hopfinger et
al. (2004). The simulations capture statistically the
same upwash and downwash flow events reported
by Albayrak et al. (2008) with similar time-scales,
including the increments of instantaneous Rey-
nolds stresses obtained from resolved velocity
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fluctuations. The model captured in detail the dy-
namics of the Gortler vortices in this complex
flow. This information is critical to employ new
methods to determine bed-load transport and
scour induced by turbulent coherent structures.
This work will be carried out in future research.
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