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Abstract 

Understanding wave transformation and its interaction with coastal structures is critical for shoreline protection and design. While 
physical modeling has traditionally supported such studies, its high cost has led to increased reliance on numerical modeling. This study 
uses FLOW-3D to simulate wave propagation in a scaled 2D coastal wave channel and compares the performance of three turbulence 
models: Laminar, Renormalized Group (RNG) k-ε, and Large Eddy Simulation (LES). Simulations are based on a 3-meter wave height, 12-
second period, and 7-meter water depth, with wave elevation recorded at six probes along the domain. Results show that the LES model 
achieved the most accurate prediction, with a significant wave height of 3.01 meters at the structure location—an error of only 0.33%—
outperforming RNG and laminar models. These findings highlight the superior turbulence resolution of LES in capturing energy dissipation 
and wave evolution. The study provides practical guidance for coastal engineers in selecting turbulence models based on accuracy and 
computational trade-offs. Future research should include model validation with experimental or field data and extend to irregular wave 
conditions to enhance real-world applicability. 
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1. Introduction  

Over the past few decades, research in the field of 
Coastal Engineering in coastal areas has been growing and 
garnering significant interest. The coastal area is a highly 
dynamic environment characterized by continuously 
changing coastlines and interconnected ecosystems, with 
key areas of focus including wave dynamics, shoreline 
protection, beach erosion, port and breakwater design, 
reclamation and dredging technology, estuary dynamics, 
and offshore structure design (Reno Arief Rachman et al., 
2023). Hydraulic physical modeling and laboratory 
experiments are commonly utilized for planning and 
investigating the physical phenomena that occur in 
prototypes. To simplify and reduce costs, a physical 
modeling approach with a model scale smaller than the 
prototype is often used, especially in the field of hydraulics 
and ship design, to proportionally represent the forces in 
the model (Hugues, 1996). But, along with the high cost of 
physical modeling, researchers have increasingly turned to 
using numerical modeling. Numerical modeling has 
significantly increased with the rapid development of 
computer capabilities, providing continuous algorithms to 
obtain accurate solutions. Nonetheless, validating and 
calibrating numerical results with experimental and 
prototype data remain essential for ensuring accuracy and 
reliability. 

Computational Fluid Dynamics (CFD) method is a 
branch of numerical modeling that can be used to solve and 
predict fluid flow, heat and mass transfer, chemical 
reactions, and transport phenomena. The CFD method has 
been widely used in hydraulic engineering research topics, 
especially open channels starting in the 1980s. Various 

studies have been conducted, including research on 
circulation in lakes (Georgoulas et al., 2010; Simons, 1974), 
flow in rivers (Baranya and Jozsa, 2006), sediment 
deposition and transport (Huggins et al., 2004), laminar 
flow (Sahu et al., 2009), all of which are integral to 
environmental and hazard assessments in dynamic coastal 
zones (Ondara et al., 2020). 

The CFD modeling approach, particularly using FLOW-
3D, has been applied to model spillway buildings, solving 
the Reynolds-averaged Navier Stokes (RANS) equation (Ho 
et al., 2003; Kim et al., 2010; Savage and Johnson, 2001). For 
regulating flow in numerical simulations, the Navier-Stokes 
equations and turbulence models are solved using 
numerical methods (Parsaie et al., 2015b, 2015a; Parsaie 
and Haghiabi, 2017; Versteeg and Malalasekera, 2007). 
Generally, CFD predicts turbulent flow through three 
approaches: Direct Numerical Simulation (DNS), Large 
Eddy Simulation (LES), and Reynolds-averaged Navier 
Stokes (RANS). RANS is considered accurate, requiring 
relatively low computational effort. Various options in 
RANS include k-ε, k-ω, and k-ω SST turbulent models, each 
with its advantages and disadvantages. 

However, despite the extensive use of CFD in wave 
modeling, limited studies have compared the performance 
of different turbulence models under field-scale wave 
propagation scenarios. Most previous research either 
focused on idealized or small-scale laboratory setups or 
evaluated model performance only for steady flow 
conditions (Dogan et al., 2017; Kumari et al., 2025; Lee and 
Wahab, 2019). This leaves a gap in understanding how well 
different turbulence models capture dynamic wave 
behavior in coastal-scale environments. 
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This study addresses this gap by comparing three 
turbulence models—Laminar, RNG, and LES—under 
realistic wave conditions (3 m wave height, 12 s wave 
period, 7 m depth). The focus on these three models allows 
us to contrast the lower-complexity laminar approach, the 
commonly used RANS-based RNG model, and the more 
computationally demanding but potentially more accurate 
LES approach. The exclusion of other RANS models (e.g., k-
ε, k-ω) was deliberate, as RNG offers a balanced trade-off 
between stability and realism for free surface flows (Roy-
Biswas and Sen, 2022), and previous studies have shown 
RNG performing comparably or better than other RANS 
models in certain wave and vortex conditions (Dogan et al., 
2017; Lee and Wahab, 2019). 

Therefore, the objective of this study is to assess the 
relative accuracy of these turbulence models in simulating 
wave height transformation and propagation using FLOW-
3D, with particular attention to performance at the 
structure location where precision is critical for design 
applications. 

2. Theoretical Background 

Fluid flow can be categorized as either laminar or 
turbulent, based on the regularity of particle motion. In 
laminar flow, fluid particles move in parallel layers with 
relatively uniform velocities. In contrast, turbulent flow 
exhibits chaotic motion, fluctuating velocity fields, and eddy 
formations. The distinction between these regimes is 
governed by the Reynolds number (Re), defined by 
equation (1) below. 

𝑅𝑒 =
𝑢. 𝐿

𝜗
 (1) 

𝜗 =
𝜇

𝜌
 (2) 

Where ϑ is the kinematic viscosity of the fluid (m2/s), L 
is the characteristic length (in open channels, which is 
considered the hydraulic radius) (m), u is the average 
velocity (m/s), ρ is the density of the fluid (kg/m3), and μ is 
the dynamic viscosity (Pa.s). 

In general, Re < 2000 corresponds to laminar flow, and 
Re > 4000 indicates turbulence. For this study's wave 
conditions (wave height = 3 m, wave period = 12 s, depth = 
7 m), the velocity is estimated as 1.57 m/s. Using a hydraulic 
radius L = 7 m and ν ≈ 1.0 × 10⁻⁶ m²/s, we compute: 

Re ≈ (1.57 × 7) / (1.0 × 10⁻⁶) = 1.1 × 10⁷ 

This confirms the fully turbulent nature of the flow. 
Turbulence modeling is therefore necessary. 

In hydraulic engineering, physical modeling remains a 
dependable method to analyze flow over structures, yet it is 
costly and scale-dependent (Ettema Robert et al., 2000; 
Hager and Pfister, 2010; Suprapto, 2013). As computing 
power has advanced, numerical modeling using 
Computational Fluid Dynamics (CFD) has become a 
powerful alternative. CFD software like FLOW-3D solves 
the Navier-Stokes equations (FLOW-3D, 2019), which 
describe fluid motion based on conservation of mass, 
momentum, and energy, that can be expressed in equation 
(3) to equation (6). 

𝜕𝜌
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+
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𝜕𝑧
= 0 (3) 

The components of Momentum in the x-direction, y-
direction, and z-direction are expressed in equations (4), 
(5), and (6), respectively. 
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Where u, v, and w are the velocity components in the x, 

y, and z directions, respectively, vt is the turbulent 
kinematic viscosity, t is time, and P is pressure. 

Turbulent flow, characterized by its chaotic and 
multiscale nature, presents significant challenges in 
simulation, making the selection of the most appropriate 
turbulence model a complex task that depends on factors 
such as flow characteristics, desired accuracy, and available 
computational resources (Gildeh, 2013). Since direct 
modeling of turbulence is often infeasible in practical 
simulations, turbulence models are used to approximate 
the effects of unresolved, smaller eddies. FLOW-3D offers 
six turbulence modeling options, with the Laminar, RNG, 
and LES models chosen for this study to represent varying 
levels of modeling complexity. The laminar model, 
assuming no turbulence, is typically applied in low-
Reynolds number or highly viscous flows and, although not 
suitable for high-energy wave propagation, serves as a 
baseline for comparison. 

The Renormalized Group (RNG) k-ε model is an 
extension of the standard RANS (Reynolds-Averaged 
Navier-Stokes) turbulence model. It solves two transport 
equations for turbulent kinetic energy (k) and its 
dissipation rate (ε). Derived from renormalization group 
theory, this model includes additional terms to improve its 
accuracy in predicting rapidly strained, curved, and 
swirling flows (Yakhot and Orszag, 1986); (Setiawan and 
Darmawan dan Harto Tanujaya, 2022). It has also shown 
reliable performance in dam-break simulations and surge 
wave propagation, capturing general flow characteristics 
effectively (Roy-Biswas and Sen, 2022) and providing 
reasonable accuracy in simulating hydraulic jumps and 
impinging flows (Guo et al., 2020). 

In contrast, the Large Eddy Simulation (LES) model 
offers a higher-fidelity alternative that resolves large-scale 
turbulent structures while using subgrid-scale models for 
the smallest eddies. LES model directly computes turbulent 
flow structures resolved by the computational grid while 
approximating smaller features. This makes LES results 
more comprehensive and informative, especially in cases 
with complex flow phenomena (FLOW-3D, 2019). LES 
excels in capturing time-dependent flow phenomena, such 
as wave breaking and vortex shedding, which are critical in 
coastal applications. It has been found to outperform RANS-
based models in simulating flow around hydraulic 
structures, accurately predicting vortex interactions and 
unsteady behaviors (Dogan et al., 2017). LES also 
demonstrated superior performance in simulating dam-
break waves over mobile beds (Heydari and KhoshKonesh, 
2016), free-surface profiles in stepped spillways (Yalcin et 
al., 2023), and turbulent wake flows around submerged 
structures (Kumari et al., 2025). In a CFD-physical modeling 
comparison for a hydro power spillway, LES effectively 
captured dominant frequencies and fluctuating pressure 
patterns not resolved by RNG models (Duró et al., 2012). 

In summary, the selection of these three turbulence 
models—Laminar, RNG, and LES—allows for a 
comprehensive evaluation of their relative accuracy and 
computational efficiency in modeling field-scale wave 
propagation in coastal environments. This tiered 
comparison is essential for understanding the trade-offs 
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between simplicity and realism in numerical wave 
modeling. 

3. Methodology 

3.1 Stage of Study 

This study uses a quantitative numerical modeling 
approach in FLOW-3D to compare fluid flow behavior 
under laminar and turbulent wave conditions. The 
simulation process consists of three core components: Pre-
Processor, Solver Manager, and Postprocessor. 

 
Fig. 1. Flowchart of stage activities. 

In the Pre-Processor stage, the geometry of the domain 
is created, the mesh is generated, and the boundary and 
initial conditions are defined. This includes specifying the 
fluid’s physical properties—such as density (ρ = 1000 
kg/m³), dynamic viscosity (μ = 1.0 × 10⁻³ Pa·s), and 
temperature (assumed constant at 25°C). The meshing 
process uses a Cartesian grid with a uniform cell structure, 
a base mesh size of 0.25 m was used, resulting in 
approximately 2.49 million computational cells for the full 
domain. A mesh sensitivity analysis was conducted by 
comparing simulation results at multiple resolutions. 

Simulations were run using FLOW-3D v12.0 with the 
Solver Manager performs time-stepping iterations based on 
the selected turbulence model, solving the Navier-Stokes 

equations with volume of fluid (VoF) methods for surface 
tracking. The Postprocessor visualizes the output in terms 
of wave height, velocity field, and pressure distribution. 
Results were analyzed through probe data, surface plots, 
and time-series graphs. A flowchart outlining the full 
simulation workflow is shown in Fig. 1. 

3.2 Model 

The simulation is based on a scaled physical model of 
the 2D wave channel at the Port Infrastructure Engineering 
and Coastal Dynamics Laboratory in Yogyakarta. A 1:30 
geometric scale is applied to field dimensions, with the 
domain set to 1080 m (length) × 60 m (width) × 48 m 
(height) in prototype scale. In the FLOW-3D model, the 
effective domain height is adjusted to the water depth (7 m), 
and the width is reduced to minimize computational 
demand without compromising physical accuracy. 

The wave input is a regular Stokes second-order wave 
with a wave height of 3 m and period of 12 s, propagated 
through the X-min boundary using FLOW-3D's built-in 
wave generation functions. The wave length (L) is 
calculated to be 122.9 m, and six wave probes (P0–P5) are 
placed at locations corresponding to 0L, 1L, 2L, 4L, 6L, and 
7L from the wave source. The final probe (P5) is located at 
7L, where a structure is planned for later analysis. 

The domain boundaries were defined as follows: X-min 
was set as a wave-generating inlet using Stokes second-
order formulation; X-max used an outflow condition with a 
damping zone to absorb waves. Y-min and Y-max were 
treated as symmetry planes to simplify lateral flow. Z-min 
was assigned as a no-slip wall representing the channel bed, 
and Z-max was defined as a pressure boundary to capture 
free-surface motion using the Volume of Fluid (VOF) 
method. These boundary conditions are summarized in 
Error! Reference source not found., and the probe 
configuration is illustrated in Fig. 2. 

Table 1. Boundary Condition in Model. 

Boundaries Boundary Condition 
Xmin Wave*; H=3 m, T=12 s, d=7 m 
Xmax Outflow** 
Ymin Symmetry 
Ymax Symmetry 
Zmin Wall 
Zmax Specified pressure 

* Stokes and Cnoidal wave 
** with absorbing layer 1L 

 

Fig. 2. Model Domain and Probes Assignment in FLOW-3D. 
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Fig. 3. Water Level Elevation Contours Result From FLOW-3D. 

4. Results and Discussion 

4.1 Water Level Elevation 

The FLOW-3D simulation results provide time-series 
data for water level elevation at six wave probes (P0 to P5), 
corresponding to positions from the wave generation zone 
to the structure location. These simulations used a target 
input wave height of 3 meters and a wave period of 12 
seconds. Sample water surface contour outputs are shown 
in Fig. 6, and time-series water elevation graphs for each 
model (laminar, RNG, and LES) are presented in Error! 
Reference source not found. to Error! Reference source 
not found.. 

 

Fig. 4. Time Series Water Level Elevation at P0 – P5 for Laminar 
Model. 

 

Fig. 5. Time Series Water Level Elevation at P0 – P5 for RNG 
Model. 

 

Fig. 6. Time Series Water Level Elevation at P0 – P5 for LES Model. 

Each turbulence model captures the wave progression 
and decay as it propagates through the domain. As 
expected, a gradual reduction in wave height is observed 
moving from P0 to P5 due to energy dissipation. These wave 

elevation results form the basis for further comparison 
using derived significant wave heights. 

4.2 Significant Wave Height 

Significant wave heights were extracted using a zero up-
crossing analysis from the time-series data at each probe. 
These results are summarized in Table 2 and visualized in 
Fig. 7. The analysis focuses particularly on probe P5, located 
at 7L from the inlet, where the structure is planned. 

Table 2. Summary of Significant Wave Height and Period. 

Probe 
Laminar RNG LES 

Hs 
(m) 

Ts 
(s) 

Hs 
(m) 

Ts 
(s) 

Hs 
(m) 

Ts 
(s) 

P0 3.13 11.75 3.12 11.75 3.16 11.74 
P1 3.07 11.74 3.08 11.75 3.14 11.74 
P2 3.03 11.73 3.08 11.74 3.12 11.74 
P3 2.94 11.73 3.03 11.70 3.08 11.71 
P4 2.92 11.68 2.98 11.67 3.02 11.67 
P5 2.90 11.70 2.95 11.68 3.01 11.70 

 

Fig. 7. Comparison of Significant Wave Height at P0 – P5 for 
Laminar, RNG, and LES Model. 

To evaluate model accuracy, Root Mean Square Error 
(RMSE) and Mean Absolute Error (MAE) were computed by 
comparing the simulated significant wave heights at P5 
with the design value of 3.00 m, as shown in Table 3 below. 

Table 3. Error at P5, RMSE, and MAE of significant wave heights 

predicted by each turbulence model. 

Model 
Hs at P5 

(m) 
Error at P5 

(%) 
RMSE 

(m) 
MAE 
(m) 

Laminar 2.90 3.33% 0.084 0.078 
RNG 2.95 1.67% 0.072 0.063 
LES 3.01 0.33% 0.105 0.088 

 
The RMSE and MAE values calculated across probes P0 

to P5 show that the RNG model yields the lowest overall 
error, with an RMSE of 0.072 m and an MAE of 0.063 m, 
compared to 0.105 m and 0.088 m for LES, and 0.084 m and 
0.078 m for the laminar model. This suggests that RNG 
offers a more uniform prediction across the entire domain. 
However, a closer inspection at the structure location (P5) 
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reveals that the LES model produces the most accurate 
result, predicting a wave height of 3.01 m—only 0.33% 
above the input value of 3.00 m. This contrast can be 
explained by the underlying characteristics of the 
turbulence models. While RNG, as a RANS-based model, 
smooths out turbulent fluctuations and thus provides stable 
average performance over distance, it may underperform in 
zones where localized, unsteady flow structures 
dominate—such as near coastal structures. LES, by 
resolving large-scale eddies and capturing energy 
dissipation more precisely, excels in such dynamic regions, 
which is why it performs best at the structure location 
where precision is critical. In contrast, the laminar model 
consistently underpredicts wave height due to its neglect of 
turbulence altogether. These findings underscore the 
importance of selecting a turbulence model based not only 
on overall statistical performance, but also on the location 
and sensitivity of the design objectives within the modeled 
domain. 

5. Discussions 

The simulation results demonstrate that the Large Eddy 
Simulation (LES) model outperforms both the RNG and 
laminar models in predicting wave propagation, 
particularly at the structure location (P5). This superior 
performance is due to LES’s ability to directly resolve large-
scale turbulent eddies that dominate energy transport in 
breaking waves and near-structure flows. By computing 
unsteady, grid-resolved turbulence, LES accurately 
captures energy dissipation and the evolution of wave 
forms. Previous studies confirm that LES provides higher 
fidelity in modeling wave–structure interactions and free-
surface turbulence, particularly in areas like the lee of 
submerged breakwaters where RANS fails to conserve 
turbulent kinetic energy (Chang et al., 2020). 

RNG and other RANS-based models, while 
computationally more efficient, rely on time-averaged 
approximations that smooth out transient features critical 
to coastal wave modeling. These models often underpredict 
turbulence intensity and miss eddy-induced mixing and 
surface deformation. Similar trends are reported in wave-
driven flow studies near breakwaters, where LES captured 
stronger vortices and more realistic sediment dispersion 
compared to RANS (Protsenko, 2024), and in unsteady 
sloshing simulations (Liu et al., 2016). Likewise, (Giannissi 
et al., 2021; Tominaga and Stathopoulos, 2011) emphasized 
that LES better reproduces unsteady turbulence structures 
in environmental flows. 

Despite its accuracy, LES demands significantly greater 
computational resources, including finer grids and smaller 
time steps. This trade-off is well documented, with hybrid 
RANS/LES models developed to reduce cost while retaining 
key LES benefits in turbulent zones (Boehler et al., 2020). In 
contrast, the laminar model, which entirely neglects 
turbulence, leads to unacceptable underestimations in 
wave height—up to 3.3% at the structure location in this 
study—posing a risk in design applications. 

The practical impact of selecting an inappropriate 
model can be substantial. Underestimating wave height 
may lead to under-designed structures, increasing the risk 
of overtopping, failure, or inaccurate assessments of scour 
and sediment transport. For high-stakes design scenarios 
such as seawalls, revetments, or port structures, LES 
provides a higher confidence level in predicting wave-
induced forces and flow behaviors. RNG may offer a 
reasonable balance for broader planning or early-stage 
design where resource limitations exist. 

In conclusion, LES proves to be the most accurate and 
physically representative model for wave transformation 
and coastal turbulence in this study. However, RNG remains 
a practical middle ground for less sensitive applications. 
The findings emphasize the importance of matching the 
turbulence model to the precision and scale of the 
engineering task. 

6. Conclusion 

This study used FLOW-3D to simulate wave 
propagation in a scaled 2D wave channel, based on input 
parameters of 3-meter wave height, 12-second wave 
period, and 7-meter water depth. The comparative analysis 
of three turbulence models—Laminar, RNG, and Large Eddy 
Simulation (LES)—revealed that the LES model produced 
the most accurate results, achieving a significant wave 
height of 3.01 meters at the structure location, with only a 
0.33% deviation from the target input height. 

These results suggest that LES should be prioritized in 
simulations requiring high precision, especially for 
modeling wave transformation near critical infrastructure, 
where accurate prediction of wave energy and flow 
behavior is essential for design reliability. In contrast, RNG 
may offer a suitable alternative in early design stages or 
when computational resources are limited, while the 
laminar model is not recommended for high-Reynolds 
number coastal flow scenarios due to its inability to capture 
turbulence and energy dissipation. 

This study provides valuable guidance for coastal 
engineers and CFD practitioners in selecting appropriate 
turbulence models based on the trade-off between accuracy 
and computational cost. To ensure broader applicability, 
future work should include validation using physical model 
data or field measurements to verify numerical accuracy. 
Additional research should also explore random wave 
inputs using realistic spectra such as JONSWAP, Pierson-
Moskowitz, or Bretschneider, and incorporate wave–
structure interaction modeling to simulate more complex 
coastal engineering scenarios or long-period wave 
phenomena, which have been shown to affect coastal sea 
level and hydrodynamic patterns (Khoirunnisa et al., 2020). 
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