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Abstract: River surfing has evolved from natural rivers to artificial standing waves, like the
Fuchslochwelle in Nuremberg, where optimizing wave quality and safety remains a chal-
lenge. Key issues include recirculation zones that pose risks, particularly at higher inflows.
This study addresses safety and performance improvements by introducing geometric
modifications to reduce recirculation zones. Using STAR-CCM+ simulations, 16 configu-
rations of baffles and inlays were analyzed. A 3D-CAD model of the Fuchslochwelle was
developed to test symmetrical and asymmetrical configurations, focusing on reducing
vorticity. Results showed that baffles placed 2 m from the inlay reduced recirculation
zones by over 50%. Asymmetrical setups, combining wall and inlay baffles, also proved
effective. Following simulations, a baffle was installed at 3 m, enhancing safety and quality.
Previously, inflows above 7.5 m>/s caused dangerous backflow, requiring surfers to swim
or dive to escape turbulence. With the baffle, safe operation increased to 9 m3/s, a 20% im-
provement, making the system suitable for surfers of all skill levels. These finding provide
a novel approach to enhancing flow dynamics, applicable to a wide range of artificial
standing waves. The valuable insights gained enable operators to optimize the dynamics
and accessibility through geometric modifications while ensuring safety for users.

Keywords: surfing; river waves; computational fluid dynamics; flow improvement

1. Introduction

River surfing, characterized by standing waves remaining stationary over time, has
grown in popularity since its inception in 1972 by the Pauli brothers in Munich, Germany.
Initially, natural river features created these waves, but modifications to riverbeds and
the development of artificial systems have allowed the sport to spread globally. Notable
examples include the Eisbachwelle in Munich and waves in the Snake River in Wyoming,
USA. The recent trend of creating artificial standing waves in existing rivers, e.g., as seen in
Hanover and Nuremberg (Germany), aims to provide surfing opportunities without direct
ocean access [1,2]. However, since building these artificial waves is still in its inception
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and each wave geometry is different, optimal inflow and outflow conditions have not
been achieved yet. Laminar inflow conditions facilitate a glassy and desired wave surface.
Outflow conditions behind the wave should exhibit a constant downstream flow carrying
the surfer away from the wave. Recirculation areas (Figure 1) and back flow should be
minimized or avoided since these may drag the surfer back into the wave, endangering
them.

Inflow

Figure 1. Exemplary surf wave illustration showing four distinct flow regions, inflow, surf wave,
recirculation zone, and outflow, from (A) side view and (B) top view, with light blue arrows indicating
flow direction, a dark blue vortex representing wave stabilization, and a red vortex depicting the
undesired tumbling effect [3].

Reducing the water flow rate (m3/s) is one way to reduce such potential endangering
characteristics; however, this leads to reduced wave quality. Hence, in this study, we focus
on improving outflow conditions by changing the bottom topology behind the wave by
simultaneously improving the wave quality, i.e., enabling more water flow. This study
simulates the surfing conditions at the Fuchslochwelle in Nuremberg whereby the concept
can be transferred to any other standing waves. Despite the growing popularity of river
surfing, research in this area remains limited compared to studies on ocean waves. Early
investigations by Hornung and Killen [4] focused on artificially generated waves to study
the forces acting on surfboards. Subsequent research has expanded this notion to include
numerical simulations [5-7] and experimental studies [8] on surfboard geometries and
fin configurations [9,10]. Although numerical research on surfboard and fin dynamics is
well documented, studies on surf waves themselves, particularly standing river waves, are
sparse. Historical research on waves dates back hundreds of years, focusing primarily on
ocean waves and artificial reefs designed for coastal protection and tourism enhancement.
Scarfe et al. [11] provided an overview of surfing science, emphasizing the influence of
coastal profiles on wave formation. Numerous studies [12-15] have explored the design
and optimization of artificial reefs, combining experimental and numerical approaches to
improve wave quality and shoreline protection. For standing river waves, the literature is
less extensive. According to Fuchs [3], artificial river waves can be generated through vari-
ous methods: sheet-flow on wave-like bathymetry (mapping of underwater topography),
spatial wave tubes, hydraulic jumps at bottom drops, and hydraulic jumps with adjustable
installations. The Fuchslochwelle utilizes the latter method, relying on hydraulic jumps—a
phenomenon widely studied for energy dissipation and cavitation prevention [16-21]. Opti-
mal river surf waves aim to create waves with a wide or long surfable face, allowing surfers
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to generate speed and maintain control, while minimizing air mixture (i.e., glassy surface).
This is often achieved through abrupt channel bed drops but should avoid being overly
steep to ensure better maneuverability for the surfer. Froude numbers between 2.5 and 3
typically result in surfable waves [20], though adjustable deflectors can produce waves at
lower Froude numbers. Fuchs [3] also highlighted that the length of the recirculation zone
behind the wave is critical for surfer safety, with shorter zones reducing the risk of injuries
from tumbles. Oertel et al. [22] focused on small-scale surf waves to validate numerical
solutions compared to experimental data, while Borman et al. [23] used a three-dimensional
transient two-phase RANS CFD-VoF model to predict the position of waves and hydraulic
jumps in a complex hydraulic environment, validated against full-scale experiments. They
showed that two-phase CFD can predict hydraulic flow features in medium/large-scale
open channel flows. Asiaban et al. [24] introduced a flat-bed technology for creating river
surf waves without drops using a numerical model. Their study focused on wave sensitiv-
ity to ramp slope, tailwater depth, and kicker configurations. They found that the ramp
slope has a minimal impact on the wave behavior, while kicker geometry and position,
and tailwater depth can significantly reinforce and accelerate the wave. This study seeks
to bridge the gap in the literature by presenting an adaptive and innovative approach to
minimizing recirculation zones in artificial river surf waves, with a particular focus on
configurations similar to the Fuchslochwelle. By conducting CFD simulations, this research
aims to (1) gain insights into the flow field, (2) understand the factors contributing to
recirculation zones, (3) propose geometric modifications that minimize these recirculation
zones, and aim to (4) enhance surfer safety. This work involves 3D-CAD modeling of the
Fuchslochwelle, a comprehensive high-performance-computation (HPC) simulation setup,
and it also involves an analysis of different geometric configurations to identify the most
effective design improvements regarding outflow conditions.

2. Materials and Methods
2.1. Geometry

The Fuchslochwelle comprises various components, as depicted in Figure 2. These
include the inflow basin, a concrete canal where the wave module is installed, inlays,
a baffle, and the outlet basin. The basins represent the natural riverbeds, which were
measured prior to the study to ensure accurate representation, especially of the outflow
topology. The wave module itself consists of several subcomponents, including a static
base, a plate, and a so-called kicker, as illustrated in Figure 2D.

The CAD model was designed using PTC Creo Parametric v10.0 (PTC Inc., Boston, MA,
USA). Each component was designed as a .prt file and assembled into a comprehensive
.asm file. This approach allowed for the generation and simulation of various wave
configurations. Figure 2D highlights the different parameters that can be changed to achieve
different wave setups. Various parameters, including mass flow rate (Q), the difference
between upper and lower water level (Ahy), the distance between the plate and upper
(ds) and lower (dp) water levels, the kicker angle (fx), and the inlay angle (6;), were kept
constant throughout all conducted simulations, as shown in Table 1.
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Figure 2. The figure shows a (A) satellite picture of the Fuchslochwelle with the inflow basin, the con-
crete canal and outflow basin; (B) the wave module and inlay within the concrete canal; and
(C) CAD model of the Fuchslochwelle: (1) inflow basin, (2) concrete canal, (3) outflow basin,
(4) wave module, (5) inlay, and (6) potential baffle. (D) Schematic CAD view of the primary variables
for various geometry variants, featuring different configurations of the wave module (gray), inlays
(beige), and baffle (dark green). The blue plane represents the water level at the inlet, while the green
plane indicates the water level at the outlet. The flow direction of the water is illustrated by the
light blue arrow. The physical values for the simulations are further detailed in Table 1. Subfigure
(E) shows the geometry of the installed baffle with its dimensions shown in meters.

Table 1. The constant parameters used in all simulations, including the mass flow rate (Q), the water
level difference (Ahyy), the distances between the plate and the upper (ds) and lower (dp) water levels,
and the kicker angle (fx) and the inlay angle (6;).

Environment Wave Module Inlay
Q/m3/s Ahw/m ds/m dp/m 91(/0 hl/m ll/m 91/0
9.3 1.14 0.717 0.91 6 0.5 3 24.65

This study focuses on installing and modifying baffles on the inlay, considering its
asymmetries, angles, and position on the inlays. The geometry of the used baffle is shown
in Figure 2E. Table 2 summarizes all the simulations conducted for the symmetric and
asymmetric configurations of the inlay and baffle setups. A total of 15 wave/inlay/baffle
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simulations were performed to simulate the flow conditions. A final 16th simulation was
performed using the actual implemented baffle geometry. A visual representation of the
configurations is shown in Figure 3(A1-A8), which depicts the symmetric configuration
with baffles at the bottom (SCB); Figure 3(B1-B4), which depicts the symmetric configura-
tion with the baffles at the bottom and wall (SCBW); and Figure 3(C1-C3), which depicts
the asymmetric configuration with baffles at the bottom (ACB).

Symmetric — baffle bottom only (SCB)

Symmetric — baffle bottom and side walls (SCBW)

Bl Sw Sw

B2 B3

S‘ZNm B4 S3m

Asymmetric — baffle bottom only (ACB)
Cl Sa

C2 Sy || C3 Svu

Figure 3. The figure shows different variants of (A1-A8) symmetric with baffles at the bottom (SCB);
(B1-B4) symmetric with baffles at the bottom and side walls (SCBW); and (C1-C3) asymmetric baffle
at the bottom (ACB) inlay (beige) and baffle (green) positions. In (B1-B4), side wall baffles are
depicted on one side for illustration purposes; however, in the simulations, they were implemented
on both sides.
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Table 2. The simulation names, along with the inlay and baffle setups are presented for the (A)
symmetric configuration (SCB) and (B) asymmetric configuration with baffles at the bottom (ACB)
and a symmetric configuration group with baffles on both the bottom and side walls (SCBW). Inlay
setup defines which inlay is installed, with each entry referring to one inlay. For example, 0-1-0 means
that only the inlay in the middle over the entire length of the concrete canal is placed. Similarly, the
setup in the baffle column defines which baffle is installed, with each entry referring to one baffle.
For example, 0-1-0 means that only the middle baffle is placed on the middle inlay. Symbols > and <
denote baffles at the side walls, while \ and / denote diagonal baffles on the inlay. All geometric
variants are shown in Figure 3.

Baffle Baffle
(A) Name Inlay Figure3 (B) Name Inlay Figure 3
Setup  Setup Ic/m Setup  Setup lc/m
Sp 1-1-1 000 - Al Sa 1-1-1 323 C1
S 0-1-0  0-0-0 - A5 ACB Sy 1-1-1 \-1-/  \-2-/ C2
Sim 0-1-0  0-1-0 1 A6 Svh /1N /-2-\ C3
SCB s 0-1-0  0-1-0 2 A7 Sw >0-0-0< - Bl
Sm 0-1-0  0-1-0 3 A8 sigf >1-1-1< 1 B2
sém 1-1-1 111 1 A2 SCBW  g2m 1-1-1 >1-1-1< 2 B3
sam 111 1411 2 A3 3m
S 111 1 3 A4 Sw P 3 B

2.2. Boundary Conditions and Setup

For the simulation, for the sake of computational effort and feasibility, we decided
to exclude the inflow basin to decrease the simulation area. The inflow is defined as
rectangular plane. Hence, the impact of the inflow basin on the wave characteristics and
potentially on the recirculation zones has not been considered. Figure 4 illustrates the
boundary conditions used in this study. For both the inlet and outlet boundaries (shown in
red), a velocity inlet condition is applied.

M Velocity Inlet
Pressure Outlet
W No-Slip Wall

Figure 4. Boundary conditions for the simulation volume: Red indicates the velocity inlet and outlet,
gray represents the no-slip wall, and orange denotes the pressure boundary.

By default, the direction of this condition is the inner normal direction. Specifically,
for the outflow, the direction is adjusted to point outward (i.e., in the outer normal direction).
This approach is based on the principle that the volume of water entering the domain is
equal to the volume leaving it, maintaining constant water levels at both the inlet and
outlet. The inlet water level is maintained at a constant height of 1.85 m, while the outlet
water level is determined by the inlet level and the differential height Ahyy. The inflow and
outflow velocities of the water are calculated based on the mass flow rate Q = 9.3 m3/s
(see Table 1) of the simulation setup, divided by the cross-sectional area of the water inlet
and outlet. For the air phase, the inflow and outflow velocities are set to 1 m/s to simulate
the interaction with the atmospheric boundary conditions effectively. The air boundary
(depicted in orange) was set to a pressure outlet condition of 0 Pa, related to the reference
pressure of 101,325 Pa. For the wall boundaries (indicated in gray: bottom and side walls),
a no-slip wall condition was employed. For the simulation, two distinct setups were
employed. The first setup was utilized for simulating the initial 100 physical seconds,
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during which the system was in a transient state. To ensure numerical stability, a first-order
time discretization with a time step of At = 0.01 seconds and a sharpening factor of 0
was selected. For the next 100 physical seconds, a second-order time discretization with a
At = 0.003 seconds and a sharpening factor of 0.6 was used. Gravity was set to 9.81 m/s? in
the negative y direction. The water was assumed to have a constant density of 997.5 kg/m?
and a constant dynamic viscosity of 8.89 x 10~* Pa s. For air, the ideal gas law was applied.
Additionally, the air was modeled with a constant dynamic viscosity of 1.855 Pa s.

2.3. Numerical Methods

To simulate the free boundary two-phase flow, the volume of fluid (VoF) method is
used [25]. The flow is computed using the incompressible Navier-Stokes equations through
a cell-centered finite volume method (FVM) with the CFD software STAR-CCM+ 2020.2
(Siemens PLM Software, Plano, TX, USA). The modeling of the turbulent flow is based
on the Reynolds-Averaged Navier-Stokes (RANS) equations in combination with an SST
(Menter’s Shear Stress Transport) k — w turbulence model [26,27]. As previously described,
two different time discretization setups are used. The first-order discretization is applied
for the initial 100 physical seconds, followed by second-order time discretization for the
subsequent 70 physical seconds, resulting in a total physical simulation time of 170 physical
seconds. It is important to note that during the grid independence study, a total simulation
time of 200 physical seconds was initially considered. However, it was observed that after
70 s of second-order time discretization, the results reached a sufficient level of convergence,
with minimal changes occurring beyond this point considering the wave height and the
average velocity magnitude at the probes. Therefore, for the final simulation, a total of 170 s
was deemed adequate. The simulations were performed on the Meggie cluster at the RRZE
of the University of Erlangen-Nuremberg. The 32 used nodes resulted in 64 Intel Xeon
E5-2630v4 “Broadwell” chips (Intel Corp., Santa Clara, CA, USA) with 10 cores per chip.

2.4. Mesh Generation and Grid Independence Study

For the simulations, we employed a structured grid generation approach, utilizing the
Trimmed Cell Mesher to create a hexahedral dominant mesh. This mesher is particularly
adept at handling complex geometries (e.g., the ground and the interface between the
two phases), ensuring that the mesh conforms well to the intricate details of the surf wave
structure. The grid generation process involved several steps to refine the mesh and ensure
accurate simulation results. Initially, a coarse grid was generated to outline the primary
features of the simulation domain. Subsequent refinement steps were applied, particularly
around critical regions such as the interface between the two phases of water and air.
Boundary layer meshing techniques were employed to ensure that near-wall regions
were adequately resolved, allowing for precise modeling of the boundary layer effects.
Table 3 shows the different prism layer setups to achieve y+ values between 5 and 220.
An exemplary mesh and corresponding y+ values can be found in the Supplementary
Materials Section (Supplementary Figures S1 and S2).

Please note that we conducted the grid independence study using a simplified channel
geometry. The difference lies in replacing the outlet basin with an extension of the concrete
channel. This modification allows us to reduce computation time without neglecting the
complex structures of the wave module. The decision to conduct the study with this
simplified geometry is based on the assumption that the essential flow characteristics
and turbulence structures relevant to grid independence are similar in both geometries.
Therefore, the results of this study can be applied to the actual simulation volume, as the
main flow features and grid resolution requirements determined in the simplified geometry
are also applicable to the more complex geometry. The simplified geometry for the grid
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independence study can also be found in the Supplementary Materials Section (Supplemen-
tary Figure S3). Table 4 shows tested grids and run times for the grid independence study.
To validate the reliability of the simulation results, a comprehensive grid independence
study was conducted. Multiple grids with varying levels of refinement were tested to
ensure that the results were not unduly influenced by the grid size.

Table 3. Different prism layer setups employed to achieve y+ values > 30. Since velocity magnitudes
vary across different locations in the simulation, various prism layer configurations are necessary to
ensure the proper application of wall functions.

Setting Name Thickness #Cells Stretch Factor
1 Inflow 70 mm 8
2 Wave module 40 mm 12
3 Edge 60 mm 6 1.1
4 Refinement 50 mm 16
5 Global 50 mm 12

Table 4. Grids and runtimes used for the grid independence study. Setup 2 results in numerical
instabilities on the coarsest grid. Results of the grid independence study: the average wave height
over the last 1, 5, and 10 s, and the average velocities at different probe locations (see Figure 5) over
the last second. For further simulations, Grid 3 is used as a compromise between accuracy and
computation time. Also, the grid resolution is sufficient to resolve geometric features such as baffles.

Average Wave Average over the Last Second, of
. Base Runtime/h Runtime/h Height over the Velocity Magnitude
Grid  #Nodes Size #Cells Setup 1 per 100 s Setup 2 per100s _ Last X Seconds/m at Probes/m/s
1s 2s 3s Probel Probe2 Probe3 Probe4

1 32 2.3 0.7x10° 06:13 - - - - - - - -
2 32 1.1 1.1x10° 06:20 16:50 096 094 0.95 2.88 5.03 529 5.42
3 32 0.6 2.2 x10° 10:16 19:46 092 092 0.93 2.68 5.00 5.28 5.35
4 32 0.5 3.2x10° 12:39 22:03 098 098 0.98 2.96 5.01 4.96 527
5 64 0.4 5x10° 16:38 28:24 090 090 0.92 2.96 5.02 4.98 5.37

To determine the most suitable grid for this study, the velocity magnitude of the wave
at four locations along the wave module and the wave height at a specific position are
evaluated as criteria. Figure 5 illustrates the positions of the four probes (indicated by
numbers 1-4) and the wave height measurement at Position 5. Table 4 presents the results
for the average wave height over time periods of the last 1, 5, and 10 s, along with the
average velocity magnitudes at the probe positions. Based on these evaluations, Grid 3
is selected for further simulations as it offers a balanced compromise between accuracy
and computational efficiency. The resolution of Grid 3 is sufficient to accurately capture

geometric features such as the baffles.

Figure 5. Visualization of probe locations for velocity measurements (14, red dots) and the wave
height measurement (5, black line), which were selected to facilitate validation. The light blue arrow
indicates the flow direction.
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2.5. Evaluation

To evaluate which baffle configuration most effectively reduces the resulting recircu-
lation zones, the vorticity within a control volume is calculated. This control volume is
highlighted in green in Figure 6A and encompasses dimensions of 10 m in the x direction
(the maximum length of the recirculation zone generated in the default configuration) and
8 m in the z direction (width of the concrete canal). The calculation of vorticity ¥, which is
visually shown in Figure 6B, is defined as follows:

Y. =Vxv 1)

The vorticity indicates the local angular velocity of the fluid at a specific point in the
field (in one cell), which is defined as the cross product of the velocity vector (v) and the
nabla operator (V). To gain a comprehensive understanding of the effects of geometric
changes on the tumble, the following procedure is applied: First, the absolute value of each
individual vector component is calculated. Then, three different sums are formed—Y¥,, ¥y,
and ¥,—which represent the sum of all respective X, y, and z components of each vorticity
vector within the volume V},,;;. These sums are then normalized by dividing by the actual
volume of V};,;;;. The resulting scalar values allow for the quantification of the remaining
tumbles in three spatial dimensions and the identification of any new tumbles arising from
the geometric modifications. For athletes, this implies that a high ¥, value corresponds to
circulating motion in the fluid field, contributing to the undesired tumbling effect that pulls
surfers back into the wave. Reducing this effect may enhance athlete safety. To prevent
the introduction of circulating motions in other spatial directions that could create new
undesired flow dynamics, vorticity is also monitored in the y and z directions.

(A)

Figure 6. (A) Vorticity calculation volume V},,;; (green), measuring 10 m in length and 8 m in width,
encompassing all cells below the water surface. (B) The image illustrates the rotational components
of vorticity ¥y (blue), ¥y (red), and ¥ (green) in their respective planes within the three-dimensional
space. The rotating arrows indicate the direction and sense of rotation of the components in the x,
y, and z directions, corresponding to the orientation of the coordinate system shown in the upper
left corner. Part (1) indicates the wave module, part (2) represents the concrete canal, and part (3)
represents the inlay.
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3. Results and Discussion

For the investigation of the flow field, three different sections are considered. They
are located at 25%, 50%, and 75% of the depth (z direction) of the concrete canal for the
simulation volume and represent the land, the middle, and the island sections, respectively.
The sections used are visualized in Figure 7 for the simulation volume. Particular care
was taken to ensure that the figures accurately represent the flow behavior over time,
especially concerning the expansion of the tumble, recurring vortices, and jet behavior,
even though the resulting plots represent just one time step. The average simulation time
for all simulations was 11:28 h for Setup 1 and 19:00 h for Setup 2.

Figure 7. Visualization of the localization of the sections for a further velocity flow field presentation.
The sections are positioned at 25% (land), 50% (middle), and 75% (island) of the depth of the
concrete canal.

3.1. Flow Behavior

A comparison of the different variants is conducted using the measured wave height,
averaged over the last 5 s, and the value for vorticity for the last iteration. The values for
all simulations are summarized in Table 5. The ¥, value is particularly important as it
indicates the vorticity of the recirculation zone and resulting tumble in the x and y planes
(see Figure 7).

Table 5. Evaluation of all geometry variants with vorticity ¥ values of all three space dimensions x, y,
z and the wave height. For the configurations, see Figure 3.

Sim. Name Wave Height (m) Y, (1/s - m3 x 10°) ¥, (1/s - m® x 10°) ¥, (1/s - m3 x 10%)
Sp 0.64 1.27 1.05 4.28
S 0.75 1.53 1.01 3.37
Sim 0.78 142 1.15 3.68
2
SCB sém 0.76 1.31 1.12 3.21
Sm 0.74 1.43 0.91 2.63
sém 0.62 1.20 0.97 3.86
sgm 0.65 1.21 0.73 2.07
s 0.71 1.55 0.75 2.16
Sa 0.64 1.32 0.73 2.04
ACB  Syr 0.68 1.30 1.05 2.53
Svi 0.65 1.48 1.01 2.81
Sw 0.70 1.25 0.87 3.78
Slm 0.69 1.14 0.86 3.66
SCBW sgﬂ 0.76 1.21 0.79 248
Sy 0.71 1.44 0.70 1.96

Within the symmetric simulations, we see that different simulation setups do not yield
identical ¥, values and wave heights across different simulation volumes. This variability
is expected due to the non-identical and highly time-dependent flow fields. Geometric
changes using a baffle significantly decrease the ¥ value. Simulations 52" and S¥" reduce
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the ¥, value by half compared to the default Sp simulation, showing the greatest reduction
at a baffle positioned at 2 m. Additionally, ¥, decreases for all variants except S} and S3",
while ¥ increases for all variants except S and S2". Most symmetric variants cause the
wave height to be greater compared to the default configuration, with the exception of the
Slc’” simulation. The 0-1-0 inlay setup (S}m, S%m, S“;’m) effectively reduces the ¥, value but
also increases ¥, and ;. Conversely, the 1-1-1 inlay setup with baffles (Slc’”, S%m, S?ém)
significantly decreases the ¥, value with minimal impact on ¥,. Although the wave height
increases, it is not as pronounced as in the 0-1-0 inlay setup. Within the ACB and SCBW
groups, most variations perform worse than the SZ" setup from the symmetric group.
Asymmetric baffle configurations (Syr and Sy p) on the inlay do not lead to improvements.
The best performance is observed in the S3" simulation, where a combination of baffles
at the wall and on the inlay achieves the lowest ¥, value with a slight increase in ¥,.
The symmetric baffle configuration (S ,4) setup also performs well in terms of ¥, but falls
short regarding wave height. The most effective variants are S%m, S?_f”, S4,and S?X,”, with the
S setup showing the best results in terms of reducing the recirculation zone, significantly
increasing wave height while achieving the lowest ¥ value and only a minor drawback
in ¥y. Some general flow features occur independently of the wave module settings,
geometric variants or the visualized section. The as-is state, which shows the flow pattern
without the usage of a baffle, is visualized in Figure 8(A1-A3). The water accelerates on the
wave module and forms a jet, which is directed into the lower water level. After the wave
crest (i.e., highest point of the wave), the jet re-enters the water, lowering to the ground
and losing velocity. The jet flows along the inlay downstream and spreads out over the
entire height of the water. Under the wave crest, a large vortex arises, stabilizing the wave
height. The recirculation zone is localized from the point where the water jet re-enters the
water until the jet is fully spread out [Figure 8(A1-A3)].

The re-entering process also introduces air into the system. The air bubbles are
carried by the current and rise to the water surface, resulting in an upward movement
(y direction) in the recirculation zone. Additionally, the re-entering process generates
vortices that follow the current along the border of the reflux and the jet on the ground,
mostly dissolving at the water surface. In the default simulation Sp, we observed that
the velocity within the recirculation zone decreases progressively from the land section
[Figure 8(A1)] over the center section [Figure 8(A2)] to the island section [Figure 8(A3)].
In comparison, Figure 8(B1-B3) illustrates the influence of a baffle on the flow behavior
and the recirculation zone, placed at a distance of 2 m on the inlay. The SZC’” simulation
demonstrates that the recirculation zone is significantly affected by the presence of the
baffle. The jet is deflected upwards (y direction), reducing the formation of the recirculation
zone in all sections. As a result, the recirculation area is shortened to approximately
2 to 3 m. Temporally, in the island section [Figure 8(B3)], the vortices tend to dissolve
[Figure 8(B1)], whereas in the land section, the vortices often rise from the ground and
remain in their current position. Despite fluctuations, meaning that the smaller recirculation
areas detach regularly, the overall wave stability in the 52" simulation is maintained.
The wave height is comparable across different sections. From the S simulation, as shown
in Figure 8(C1-C3), it is evident that the size of the recirculation zone is directly dependent
on the position of the baffle. In simulations SZ" and S¥", the baffle is installed after the
impact point of the re-entering water jet on the inlay, redirecting the flow and minimizing
the recirculation zone. The closer the baffle is to the impact point, the earlier the jet spreads
into the water, further reducing the recirculation zone. The temporal behavior differs
significantly between simulations S2" and S¥". Simulation SZ" exhibits vortices forming
behind the baffles, which grow, detach, and dissolve in the current. In contrast, simulation
S%’” shows different characteristics across different sections. The land section [Figure 8(C1)]
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forms a large and stable vortex behind the baffle, resulting in a unique water surface shape
due to jet redirection. The center section [Figure 8(C2)] behaves similarly to simulation 2",
while the island section [Figure 8(C3)] sporadically shows vortices, with cross-sectional
currents dominating and preventing vortex formation. Overall, the flow field in simulation
S¥" is more stable over time, whereas the flow field in S¥" fluctuates constantly. Wave
stability is maintained in both simulations, but the wave height increases significantly from

0.65 m in simulation S%m to 0.71 m in simulation S%m.

Sp: Default simulation

0 2 4 6 8 10 12 14
Distance in x direction / m

Velocity / m/s

[ DR '
00 10 20 30 40 50 60

Figure 8. The figure shows the velocity flow field comparison for (A1-A3) for the default configuration
(Sp); (B1-B3) for the configuration with baffles positioned at 2 m (S%m); and (C1-C3) the configuration
with baffles at 3 m (S‘E‘:m). Sections (1, 2, 3) represent land, middle, and island, respectively, as shown
in Figure 7.

In comparison to the symmetric simulations (SCB), Figure 9 shows the resulting flow
fields for a selected asymmetric simulation with baffles at the bottom and symmetric simu-
lation with baffles at the bottom and walls. The simulated configuration for S4, as shown in
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Figure 9(B1-B3) combines elements from previous simulations (asymmetric positioning of
baffle on the inlay at 2 m and 3 m), leading to a mostly time-stable flow. The center section,
however, shows continuous vortex detachments similar to S¥". The vortex in the land
section is significantly expanded compared to S¥", resulting in a different water surface
profile. Other features, such as recirculation zones, vortex behavior, and wave dynamics,
align with previous results for their respective sections. In comparison, the simulation setup
for S combines baffles on the inlay at 3 m and the walls. The land and island sections are
asymmetric with distinct behaviors. In the land section [Figure 9(C1)], a vertical flow arises
from the water surface to the ground, creating an additional vortex behind the baffle. This
vertical current redirects the jet back to the inlay. The vortex alternates with the vertical
stream, leading to instability. The center and island sections show sporadic vortices that
dissolve quickly, similar to previous results. The recirculation zone in the land section is
shallow due to early jet spread, while the center and island sections maintain comparable
recirculation zones to earlier simulations. Flow behaviors in simulations with diagonal
baffles resemble previous results and are not detailed separately.

Sp: Default simulation

~ —_~ ~
2] N —
-’ -’ N’

Sa: Asymmetric baffle positions

(BD)

(B2)

(B3)

I

S3m: Baffle at 3 m and at side walls

0 2 4 6 8 10 12 14
Distance in x direction / m

Velocity / m/s

[ |
00 10 20 30 40 50 60

Figure 9. The figure shows the velocity flow field comparison for (A1-A3) for the default configu-
ration (Sp); (B1-B3) for the configuration with asymmetric baffle positions (S 4); and (C1-C3) the
configuration with baffles at 3 m and at the side walls (S%\',"). Sections (1, 2, 3) represent land, middle,
and island, respectively, as shown in Figure 7.
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3.2. Real-World Implementation of the Baffle

Based on the presented results, the Niirnberger Dauerwelle e.V. decided to implement
a baffle into the actual Fuchslochwelle, which is shown in Figure 10A,B. The used geometry
of the real baffle [Figure 10C] was slightly modified in comparison to the baffle geometry
used for the simulation [Figure 10D] to facilitate easier manufacturing. The top edge of
the baffle was cut off to reduce the risk of injuries for falling surfers. Due to installation
constraints, the baffle’s position was fixed at a distance of I, =3 m to ensure safe installation

and prevent the baffle from being torn out due to water pressure.

Figure 10. The actual (A,B) Fuchslochwelle is shown in a drained condition in which the baffle is
implemented. Subfigures (C,D) show the geometry of the installed baffle with its dimensions.

To accurately simulate the dimensions of the modified and built-in baffle [Figure 10C],
the cell width was limited to a maximum of 3 cm. This refinement around the baffle
increased the number of cells in the simulation from approximately 3.5 x 10° to 6.2 x 10°.
The results are presented in Figure 11.

The land section [Figure 11(C1)] shows notable differences to the previous simulations.
In Sy, instead of the large and stable vortex observed in S%m, an unstable behavior
emerges. The jet is redirected by the baffle but does not reach the water surface. Instead,
it is redirected again by a current flowing from the surface to the ground, with the result
that the jet ends up in the middle of the water with a tendency toward the ground before
spreading upward. The jet remains attached to the vortex behind the baffle, whose center
moves over time but never detaches. In the center section of simulation S [Figure 11(C2)],
the behavior is mostly comparable to the land section of simulation S¥". A vortex forms
behind the baffle, redirecting the jet and creating a distinct water surface shape. This
behavior is unstable over time, with the vortex constantly moving. The island section
behaves similarly in both simulations, with vortices arising sporadically. The wave height
is comparable between both simulations. However, an evaluation of the ¥ values is not
feasible due to the mesh refinement, which leads to an increase in these values as more
vorticity vectors are calculated within the same area, resulting in incomparability. Following
a two-month test phase with inflows ranging from 5.5 to 10.5 m3/s, the wave operator
and surfers provided very positive feedback regarding the system’s performance with the
installed baffle. Previously, inflows exceeding 8.5 m3/s created a strong backflow on the
water surface behind the wave, leading to challenging and, at times, dangerous situations
for less-experienced surfers. Surfers had to either swim vigorously against the backwash or
dive beneath it to reach deeper currents and escape the turbulent zone behind the wave.
Hence, inflow was limited to 7.5 m3/s water for safety reasons. The introduction of the
baffle has substantially mitigated these issues. The modification now allows for the wave to
be operated at higher inflows, even above 8.5 m3 /s, without the risk of recirculation pulling
surfers back into the wave. This adjustment has broadened access of higher inflows to the
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wave system, making it suitable not only for experienced surfers but also for beginners
and first-time surfers, thereby enhancing their safety and overall experience. Hence, inflow
up to 9 m3/s can be achieved without any safety concerns, i.e., increase in inflow of 20%
considering the previous possible inflow of 7.5 m3/s. To comprehensively assess the impact
of the baffle, feedback was collected from a diverse group of surfers, varying in body size,
weight, and skill level. This broad range of input was critical for understanding how the
modification affected different types of users. Experienced surfers who had previously
felt uncomfortable in higher inflows and beginners had no problems exiting the flow area
behind the wave with ease. This feedback was pivotal in confirming that the baffle made
the wave system safer and more accessible across all skill levels.

Sp: Default simulation

0 2 4 6 8 10 12 14
Distance in x direction / m

Velocity / m/s

L '
00 10 20 30 40 50 60

Figure 11. The figure shows the velocity flow field comparison for (A1-A3) for the default config-
uration (Sp); (B1-B3) for the configuration with baffles positioned at 2 m (S%’”); and (C1-C3) for
the configuration with baffles at 3 m (Spsr). Sections (1, 2, 3) represent land, middle, and island,
respectively, as shown in Figure 7.
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Tailwater Dynamics and Areas for Optimization

Here, we refer to the conditions that arise immediately downstream of the wave
(the tailwater region) and the ways in which these conditions may be refined to enhance
performance and safety. Overall feedback was positive, yet some surfers have mentioned
that the tailwater region behind the wave can feel somewhat chaotic due to higher turbu-
lence and increased air entrainment. Under certain conditions, parts of the surface flow
may become stagnant, requiring surfers to actively swim out of this zone. Although this
situation is considered safe—i.e., there is no risk of being pulled back into the wave—it
still represents an opportunity for further optimization. From an ergonomic standpoint,
the baffle introduces a slight elevation on the riverbed. However, strong currents near the
bottom effectively lift surfers over this obstruction, minimizing the potential for contact.
As aresult, any risk posed by the baffle is negligible. A secondary issue arises when a surfer
reaches the bottom area between the wave and the baffle, where hold-down times can
increase slightly. Although there is no significant hold-down or pull-back, and surfers are
ultimately carried downstream, this slower flow contrasts with the previous setup, which
provided a constant, robust outflow. Adapting to this new dynamic may require some
adjustments to be made by surfers and highlights another avenue for refinement. Despite
these minor concerns, installing the baffle has markedly improved wave performance and
safety, allowing for higher inflows without risking recirculation. This improvement makes
the system accessible to surfers of varied skill levels, with overall feedback from those
familiar with both configurations being overwhelmingly positive.

3.3. Limitations

The simulation results have not yet been validated through in situ measurements
on the actual Fuchslochwelle. Specifically, we have not measured the wave height or the
velocities on the wave module, which are used as convergence criteria and for the grid
independence study. As a result, we cannot confidently assert that the simulation accurately
reflects real-world conditions. Relying on subjective judgment or visual estimation would
not provide a sufficient basis for validation. The geometry used in the simulations is a
simplified version of the real-world setup. Although this simplification was necessary
for computational feasibility, it may not fully capture all the intricacies of the actual en-
vironment. For example, the outflow basin, which changes its topology over time, was
modeled using a basic measuring method that cannot accurately represent the exact terrain.
However, the rocks in the outflow basin move slightly over time due to the constant flow
forces. Moreover, the inflow basin was not explicitly modeled; instead, a constant velocity
was applied to a simplified rectangular inlet, potentially leading to deviations between
simulated and observed flow characteristics. Similarly, the wave module was not precisely
modeled but rather approximated in its shape. Furthermore, the area beneath the wave
module was closed off in the simulation; however, in reality, this area is open. This could
have an effect on the tumble forming the wave and influencing the wave height. These
simplifications may introduce uncertainties that could affect the accuracy and applicabil-
ity of the simulation results. It is important to address this in future simulations for not
neglecting potential influences on the overall flow behavior and wave characteristics.

4. Conclusions

In this study, we investigated the impact of geometric modifications to the bottom
topology downstream of the wave on the outflow behavior and wave stability of the
Fuchslochwelle, an artificial standing wave used for river surfing. A computational fluid
dynamics (CFD) simulation in STAR-CCM+ was set up to model various configurations of
baffles and inlays to minimize recirculation zones and enhance surfer safety.
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¢ Arealistic 3D-CAD model of the Fuchslochwelle was created. A total of 16 configura-
tions were simulated, including both symmetrical and asymmetrical baffle and inlay
configurations. The default configuration, intended to represent the current state of
the Fuchslochwelle, exhibited similar recirculation patterns to those reported by surfers.

¢ In the symmetrical group, the reduction in these recirculation zones was most effec-
tively achieved by placing baffles on the inlay at 2 m. In contrast, in the ACB and
SCBW groups, recirculation was best minimized by a combination of baffles at the
wall and baffles on the inlay at 3 m.

*  We simulated a baffle geometry that was subsequently constructed and installed in the
Fuchslochwelle. Although this baffle was installed at 3 m rather than the 2 m suggested
by the simulations as the optimal placement, it still resulted in a significant reduction
in the undesired recirculation zone. This reduction in recirculation was also reported
by experienced surfers.

*  The results of this study demonstrate that baffles placed on the inlay at 2 m and on
the sidewalls can reduce recirculation zones by more than half in terms of vorticity.
This approach can be adopted by other wave operators to improve flow conditions in
their installations.

e For future work, priority should be given to validation through in situ measurements
to further enhance confidence in the presented simulations. Additionally, the impact of
geometric simplifications, such as the neglected inflow basin, should be investigated.
Lastly, improvements to the numerical setup should be considered to enhance stability,
realism, and accuracy.
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