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A B S T R A C T

The performance of a recently developed ‘‘stabilized’’ turbulence (𝑘 − 𝜔) closure model, which avoids un-
physical over-production of turbulence prior to wave breaking, is investigated in the computational fluid
dynamics (CFD) simulation of cross-shore sediment transport and breaker bar morphology. Comparisons
are made with experiments as well as results from simulations employing (otherwise identical) ‘‘standard’’
turbulence closure. The stabilized turbulence model is demonstrated to result in major (qualitative and
quantitative) improvements of the predicted breaker bar position and height. Conversely, the established
over-production of turbulence in the standard closure, coupled with associated inaccurate undertow structure
in the outer surf zone, contribute to erroneous offshore migration of the breaker bar. By correcting these
shortcomings, the stabilized turbulence closure model rightly predicts initial onshore morphological migration
of the breaker bar without any calibration. This work thus establishes proper turbulence modeling as a
prerequisite for accurate CFD prediction of cross-shore sediment transport and profile morphology.
1. Introduction

Coastal sediment transport is often divided into long-shore and
cross-shore directions, and the sediment transport processes in the
cross-shore direction have proven to be notoriously difficult to model.
Process-based profile models such as CROSMOR (van Rijn et al., 2007)
and UniBest (Reniers et al., 1995; Ruessink et al., 2007), or models
based on the non-linear shallow water (NLSW) equations such as
MIKE21 (DHI), Delft3D (Lesser et al., 2004) or XBeach (Roelvink et al.,
2009), have been able to simulate both on- and offshore migration of
breaker bars, but typically require case specific calibration (see e.g.
Ruessink et al., 2007; Fernandez-Mora et al., 2015), limiting their real
predictive value. Without such calibration, they often fail to perform
accurately, particularly for accretive conditions (van Rijn et al., 2011).

The need for case-specific calibration likely stems from inaccurate
description of the underlying physical processes. Many of these pro-
cesses can, in principal, be resolved by refined computational fluid dy-
namics (CFD) models, coupled with a two equation Reynolds-averaged
Navier Stokes (RANS) models, and e.g. a volume of fluid (VOF) method
for handling the free-surface. In a comprehensive study (Jacobsen
et al., 2014) developed a RANS/VOF sediment transport morpholog-
ical numerical model and used it in Jacobsen and Fredsøe (2014b,a)
to simulate breaker bar development and redistribution of nourished
sand, thereby demonstrating the potential of such models. The same
model was used by Fernandez-Mora et al. (2016) to study flow and
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sediment transport around a bar and in Li et al. (2019) to simulate
the morphological development of a swash event. This sediMorph
model (Jacobsen et al., 2014) divided the sediment transport into bed
load and suspended load. Another approach was taken by Kim et al.
(2018, 2019) who used a two-phase flow approach and successfully
simulated sediment transport in the shoaling region and surf zone using
a RANS/VOF model.

The above studies demonstrate the potential of RANS/VOF models
in simulating sediment transport and morphology, but these models
still rely on their ability to simulate free-surface waves and the flow
and turbulence beneath them. Over the past two decades there has
been a tendency to severely overestimate turbulence beneath free-
surface waves using two-equation RANS turbulence models (Lin and
Liu, 1998; Bradford, 2000; Brown et al., 2016). This problem was orig-
inally diagnosed by Mayer and Madsen (2000) with a simple solution
recently offered by Larsen and Fuhrman (2018), hereafter referred to
as LF18. They showed analytically that most widely-used two-equation
RANS turbulence closure models (several 𝑘 − 𝜔 and 𝑘 − 𝜀 variants) are
indeed unconditionally unstable, leading to exponential growth of the
turbulent kinetic energy and eddy viscosity in nearly potential flow
regions beneath free-surface waves (see also Chapter 7 of Sumer and
Fuhrman, 2020). Note also that the realizable 𝑘−𝜀 model of Shih et al.
(1995) has since been proved conditionally unstable by Fuhrman and Li
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(2020). LF18 likewise demonstrated how such models can be formally
stabilized via simple re-formulation of the eddy viscosity, elegantly
solving this long-standing problem. This approach yielded significantly
improved predictions of turbulence and undertow velocity profiles in
the pre-breaking region and outer surf zone, based on comparison
with the small-scale spilling breaker experiment of Ting and Kirby
(1994). Larsen et al. (2020) found similar improvements in the simula-
tion of the full-scale experiments involving bichromatic waves plunging
over a fixed bar presented in van der Zanden et al. (2019). Recently Li
et al. (2022) demonstrated that the stress-𝜔 model from Wilcox (2006)
gives similar improvements in the pre-breaking region and outer surf
zone and further improves the accuracy in the inner surf zone. Variants
of stabilized two-equation turbulence models have subsequently been
used to simulate e.g. wave interaction with sea-dikes (Gruwez et al.,
2020a,b), wave propagation and wave structure interaction (Di Paolo
et al., 2020, 2021), wave–current interaction (Hsiao et al., 2020) and
wave over-topping (Chen et al., 2020).

Understanding that hydrodynamics and turbulence are the primary
drivers of sediment transport, the present study aims to investigate
the potential improvements in sediment transport and morphological
simulations offered by a stabilized turbulence closure model (LF18),
relative to an (otherwise identical) standard closure (Wilcox, 2006).
Moreover, we will discuss the potential implications of the present
findings on future modeling of sediment transport and morphology,
both with computationally expensive RANS/VOF models, as well as
with simpler and faster models.

2. Methods

2.1. Numerical model

The flow in the present work will be simulated by solving the incom-
pressible RANS equations and the local continuity equation, coupled
with the generalized two-equation 𝑘 − 𝜔 turbulence closure model of
LF18 (here 𝑘 is the turbulent kinetic energy density and 𝜔 the specific
dissipation rate). LF18 formally stabilized this model by re-formulating
the eddy viscosity according to

𝜈𝑡 =
𝑘
𝜔̃
, 𝜔̃ = max

[

𝜔, 𝜆1

√

𝑝0 − 𝑝𝑏
𝛽∗

, 𝜆2
𝛽

𝛽∗𝛼
𝑝0
𝑝𝛺

𝜔
]

(1)

Here 𝛽 = 0.0708, 𝛽∗ = 0.09 and 𝛼 = 0.52 are fixed model closure
coefficients, 𝑝0 = 2𝑆𝑖𝑗𝑆𝑖𝑗 , 𝑝𝛺 = 2𝛺𝑖𝑗𝛺𝑖𝑗 , and 𝑆𝑖𝑗 and 𝛺𝑖𝑗 are respec-
tively the strain- and rotation-rate tensors. In the above the argument
proportional to 𝜆1 is essentially the stress-limiter in the basic (Wilcox,
2006) model (slightly modified such that buoyancy production 𝑝𝑏 is
also included), whereas the argument proportional to 𝜆2 was newly
added by LF18 to stabilize the model in potential flow regions having
finite strain. Two (otherwise identical) versions of the LF18 model
will be considered: The first corresponds to a model with their eddy
viscosity limiter coefficient set to 𝜆2 = 0.1, thus stabilizing the model
where 𝑝𝛺∕𝑝0 ≤ 𝜆2 (see the analysis of LF18). The second corresponds to
their model with 𝜆2 = 0, such that it essentially reduces to the (Wilcox,
2006) model. Both models utilize standard closure coefficients, with the
stress limiter coefficient set to 𝜆1 = 0.2, as suggested by LF18.

The free-surface is handled by a VOF approach (see Berberovic
et al., 2009, for more details). At the bottom bed boundary the rough
turbulent wall is assumed for both the velocity as well as 𝑘 and 𝜔.
The sediment transport and morphological model corresponds to the
sediMorph model developed by Jacobsen et al. (2014). For the bed
load transport the model of Roulund et al. (2005) is used, which
extended the model of Engelund and Fredsøe (1976) to include three-
dimensional effects as well as bed slope modifications to the Shields
parameter. The suspended load is calculated by solving the advection-
diffusion equation for the concentration (Fredsøe and Deigaard, 1992).
As a boundary condition for the suspended sediment transport a refer-
ence concentration approach is utilized. At a reference level (𝑏 = 2𝑑,
2

where 𝑑 is the median grain diameter), the reference concentration
(𝑐𝑏) from Engelund and Fredsøe (1976) is calculated, which is based
entirely on the instantaneous Shields parameter. The morphological
updating routine is based on the sediment continuity (Exner) equation,
as described by Jacobsen et al. (2014). As in Jacobsen and Fredsøe
(2014b), the morphology is averaged over a wave period, and to speed
up the computations a morphological acceleration factor 𝑓𝑚 = 3 is
tilized. To ensure that the bed slopes do not exceed the angle of
epose, the sand-slide model described in detail by Roulund et al.
2005) is used.

The equations described above are solved numerically using the
pen-source CFD toolbox OpenFOAM, version 1.6-ext. For further de-
ails on the model and implementation, see Jacobsen et al. (2014) and
F18 (for the turbulence closure model).

.2. Experimental and model setup

The model outlined above has been used to simulate the large-scale
xperiments of van der Zanden et al. (2016). From the wave paddle (at
= 0 m) and until 𝑥 = 35 the flume had a horizontal concrete bottom

nd a water depth of ℎ = 2.55 m. From 𝑥 = 35 m the bed consisted of
edium-grained sand with 𝑑 = 0.24 mm. The initial bed had an offshore

lope 𝑆 ≈ 1:10, before it reached a plateau at 𝑥 ≈ 50 m with a water
epth ℎ𝑝𝑙𝑎𝑡𝑒𝑎𝑢 = 1.35 m. Finally, at 𝑥 = 68 m a fixed 1:7.5 beach was
resent. (see Fig. 1, also depicting simulated turbulence fields, to get
n overview of the layout of the flume). The waves had a period 𝑇 = 4
and a measured wave height in the flat part of the flume of 𝐻 ≈ 0.77
(yielding steepness 𝑘𝑤𝐻 = 0.27 and 𝑘𝑤ℎ = 0.88, where 𝑘𝑤 is the

wave number), except for the first 10 min, where the wave height was
𝐻 = 0.6 m.

The simulations are performed in two dimensions. The initial bot-
tom in the simulations follows the measured initial profile of the
experiment. The computational grid is composed of 750 × 145 cells
(𝑥 and 𝑧 direction), yielding a total of 108,750 cells, with the majority
of the cells having 𝛥𝑥 = 0.12 m and 𝛥𝑧 = 0.04 m. Near the bed the cells
are gradually refined with near-bed cells having 𝛥𝑧 = 𝑑 = 0.24 mm, thus
ensuring high vertical resolution of the wave bottom boundary layer.
The waves are generated using the toolbox waves2FOAM (Jacobsen
et al., 2012), with a relaxation zone of 20 m near the inlet. The waves
are stream function waves with no net volume flux using the same wave
heights and period as the experiments. The simulations were performed
with a fixed time step 𝛥𝑡 = 5 × 10−4 s. This was chosen over a variable
time step defined by the Courant number 𝐶𝑜 due to the morphology
being averaged over a wave period. The resulting maximum 𝐶𝑜 using
this time step was typically 𝐶𝑜 = 0.03–0.05 during the simulations.
Such a low 𝐶𝑜 number has been shown to increase the accuracy of
such simulations using interFOAM (Roenby et al., 2017; Larsen et al.,
2019).

3. Results

To illustrate the effects of stabilization of the turbulence model
Fig. 1 shows a snapshot of the turbulent kinetic energy density 𝑘,
modeled using both the stabilized (Fig. 1a) and standard (Fig. 1b)
turbulence models. The waves are on the verge of plunging to clearly
illustrate the shoaling and surf zone regions. The stabilized model re-
sults in high 𝑘 levels only in the surf-zone and wave boundary layer, as
should be expected on physical grounds. The standard (non-stabilized)
model, on the other hand, produces very high 𝑘 levels prior to breaking,
which is in sharp contrast to the experiments (van der Zanden et al.,
2016). This is due to the inherent instability of the standard model in
nearly potential flow regions having finite strain, as described in detail
by LF18. As previously eluded to, this turbulence over-production has
adverse effects on the undertow velocity profiles, and hence likely on
sediment transport and morphology, which will be described in detail
in what follows.
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Fig. 1. Instantaneous snapshot of the spatial distribution of 𝑘 upon wave breaking at 𝑡 = 117 min using a (a) stabilized and (b) standard two-equation turbulence model. In both
cases buoyancy production is included, which creates a sink near the surface (the free surface is indicated by the solid blue line).
Fig. 2 shows the experimental as well as simulated breaker bar
development using both the standard and the stabilized turbulence
models. The results span the entire simulated duration, corresponding
to 205 min of morphological time. Each simulation required approx-
imately 4 months to simulate on 12 processors on the computational
cluster at the Technical University of Denmark. In the experiments
a breaker bar emerges over the small bump seen around 𝑥 ≈ 54 m
(Fig. 2a–d, red dotted lines). The bar grows in size and starts to migrate
in the onshore direction from 𝑡 = 115 min (2g–n). With the standard
turbulence model (left sub-plots in Fig. 2) a breaker bar likewise
emerges around the small bump, but this breaker bar starts to migrate
slowly in the offshore direction. The final simulated profile using the
standard turbulence model (Fig. 2m) has the breaker bar positioned
too far offshore and likewise underestimates the size of the breaker
bar significantly. There is also significantly more sediment deposited
offshore of the breaker bar than in the experiments.

With the stabilized turbulence model (right sub-plots in Fig. 2), the
breaker bar also emerges around the small bump at 𝑥 ≈ 54 m. Unlike
with the standard model, it then migrates in the onshore direction,
similar to the experiments. Initially, the onshore migration is slightly
slower in the model than in the experiments, but the final horizontal
position and height of the breaker bar are quite well captured (Fig. 2n).
The stabilized model does not capture the erosion onshore of the bar at
𝑥 ≈ 56–61 m, and instead predicts erosion further onshore in the inner
surf zone at 𝑥 ≈ 64–68 m. Nevertheless, given the notorious difficulty in
accurately predicting cross-shore sediment transport and morphology,
we regard the quantitative accuracy achieved in this case, notably with
no calibration of the model, most satisfactory (better results could
definitely be achieved by calibrating the model, but such calibration
would be case specific, and therefore of little value). Note that, offshore
of the bar both models show small undulations in the bed, which is not
directly visible in the experimental results. The experimental profiles
are averaged over several trials, however, and bed scans from a single
trial reveal similar undulations in the experiments as well.

The discrepancies in the morphology between the experiments and
both the standard and stabilized model can be largely explained by the
predicted undertow (period-averaged velocities), suspended sediment
and resulting total sediment transport rates shown in Figs. 3 and 4a,
where 𝜁 is the vertical distance from the local bed. Only the stabilized
model is able to predict the qualitative evolution of the undertow
structure throughout the surf zone, characterized by largest offshore-
directed velocities near the bed in the inner surf zone (Fig. 3d, e),
3

and largest offshore velocities far from the bed in the outer surf zone
(Fig. 3b, c). The standard model, on the other hand, yields an undertow
structure that is essentially similar throughout the entire surf zone. This
is again a consequence of the unphysical over-production of turbulence
with this model in the shoaling region (see Fig. 3k), which also carries
over into the outer surf zone (Fig. 3l, m). The results of both undertow
(Fig. 3a–e) and turbulence (Fig. 3k–o) are very similar to previous
comparisons using stabilized and standard turbulence closures with
fixed-bed experiments, see LF18, Larsen et al. (2020) and Fuhrman and
Li (2020).

The erroneous undertow profile associated with the standard tur-
bulence model can be expected to cause the sediment transport to be
directed offshore in both the outer surf zone and the shoaling regions.
This is indeed the case, as can be seen in Fig. 4a (green dashed line).
This means that sediment from the inner surf zone will not settle on the
bar, but will instead be carried further offshore. Because the stabilized
model better captures the evolution in the undertow structure (Fig. 3a–
e), it results in a transition from mainly onshore directed sediment
transport in the shoaling region and parts of the outer surf zone, to
offshore directed sediment transport rate in the rest of the surf zone
(Fig. 4a). It should be noted, that in the most offshore position (Fig. 3a)
the stabilized model predicts an undertow profile shape similar to that
in the outer surf zone, whereas the experiments barely show any shear.
This trend is correctly predicted by the standard model. Except for
the shoaling region (Fig. 3a), both models generally underpredict the
sediment going into suspension (Fig. 3g–j) and this is most pronounced
in the outer surf zone (Fig. 3g, h). As can be seen from Fig. 3l, m the
underestimation of sediment in suspension in the outer surf zone is
not caused by an underestimation of the turbulence, as the stabilized
model predicts the correct turbulence level in this region, whereas it is
over-predicted by the standard model. Rather, the underestimation of
sediment in suspension is probably related to the reference concentra-
tion approach of the sediment transport model, which is entirely based
on the instantaneous bed shear stress. This means that the model is not
able to capture the effect of breaking induced turbulence entering the
boundary layer and putting more sediment into suspension.

The result of the underestimation of sediment going into suspension
in the outer surf zone is that the transport rate in this region is also
underestimated (Fig. 4), and therefore the erosion on the lee side
of the bar is not properly captured. In this region the total load is
underestimated by approximately a factor two to three, whereas the
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uspended sediment is almost an order of magnitude lower (see Fig. 3h,
). In Fig. 4b the total sediment transport rate from the stabilized
odel (𝑞𝑇 𝑜𝑡) is divided into bed load (𝑞𝐵) and suspended load (𝑞𝑆 ).
ere it can be seen that the modeled bed and suspended load are
f the same size in this region, whereas the experiments had the
uspended load dominating here (van der Zanden et al., 2017). The
efinition of suspended load and bed load in the experiments and model
re different, however, and therefore these results cannot be directly
ompared, but Fig. 4b explains why the total load is ‘‘only’’ a factor
wo to three off in this region despite the more severe underestimation
f the suspended sediment.

Despite both models not capturing the amount of sediment going
nto suspension, the stabilized model captures the qualitative trend
cross the profile and predicts highest amount of sediment going in
uspension in the outer surf zone (Fig. 3g, h) similar to the experiments.
4

he achieved accuracy is notable in cross-shore sediment transport and
orphology simulations, where even getting the sign (direction) of
et transport correct is non-trivial (as illustrated here by the standard
urbulence model results). Indeed, this trend is not at all captured by
he standard model, where the largest suspended sediment is found
n the shoaling region (Fig. 3f). The end result is that the standard
urbulence model predicts offshore directed sediment fluxes across
he entire profile whereas the stabilized model correctly captures the
ransition in transport rate as can be seen in Fig. 4a. The undulations in
he sediment transport rates using the two models is related to the small
ndulations in the morphology (Fig. 2. A very large peak in sediment
ransport in the onshore direction is found using the stabilized model
t 𝑥 = 54.1 m. This corresponds to the position of the steep slope

just offshore of the bar crest and is believed to be related to strong
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Fig. 3. Comparison between experimental and simulated mean velocity profiles (a)–(e), mean concentration profiles (f)–(j) and turbulent kinetic energy density (k)–(o) at several
cross-shore positions at 𝑡 ≈ 115 min.
onverging/diverging effects (see e.g. Sumer et al., 1993; Fuhrman
t al., 2009a,b).

. Discussion

The present work on the fully-coupled (hydrodynamic and morpho-
ynamic) CFD simulation of cross-shore sediment transport and breaker
ar morphology builds on the previous milestones set by Jacobsen et al.
2014) and Jacobsen and Fredsøe (2014b). They also recognized the
roblem of over-production of turbulence in the nearly potential flow
egions. To combat this issue they utilized the mean rotation rate tensor
𝛺𝑖𝑗), rather than mean strain rate tensor (𝑆𝑖𝑗), in their turbulence

production term, following Mayer and Madsen (2000). While this was
seemingly the best (and only known) solution available at the time,
it has several fundamental drawbacks. These were noted previously
by LF18, but are worth briefly re-stating and discussing here. First,
this modification still results in a formally unstable turbulence closure
model in nearly potential flow regions, though the instability is notably
much weaker than with the standard approach (see again the analysis
of LF18). Second, this modification gives rise to theoretical inconsis-
tency in the turbulence modeling, as it leaves the Reynolds stress tensor
5

doubly-defined (defined one way in the turbulence production term,
and another in the RANS equations). Finally, Jacobsen et al. (2014)
and Jacobsen and Fredsøe (2014b) modified one of the turbulence
model closure coefficients (from 𝛼 = 0.52 to 0.4), in order to obtain rea-
sonable undertow velocity profiles (see also Jacobsen et al., 2012). This
will adversely affect the model’s performance in canonical situations for
which the closure coefficients were calibrated e.g. the logarithmic layer
within steady uniform turbulent boundary layer flows. The simulations
of Jacobsen and Fredsøe (2014b) demonstrated a propensity to flush
breaker bars offshore, seemingly qualitatively similar to results with the
standard turbulence closure results presented above. By employing the
novel stabilized two-equation turbulence closure developed by LF18,
the present work avoids all of the fundamental issues raised above.

Other important studies on sediment transport and morphology
using standard non-stabilized models (Kim et al., 2018, 2019; Li et al.,
2019), have all had very short simulation times. Therefore these have
probably not experienced significant problems with over-production of
turbulence, as the instability typically takes O(10+) periods to build
up to appreciable levels required to significantly alter the flow. For
long term morphology, however, the present study demonstrates that
a formally stable turbulence model is seemingly needed, however.
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Fig. 4. Comparison at 𝑡 ≈ 115 min of (a) experimental and simulated total transport rates across the profile, (b) total, suspended and bed load transport rates of the stabilized
model and (c) experimental and simulated bed profiles.
The potential improvements in cross-shore sediment transport and
morphology with the stabilized turbulence closure were, in fact, hy-
pothesized by LF18 and Larsen et al. (2020) based purely on their
hydrodynamic results, but the present work is the first to demonstrate
these directly with fully-coupled CFD and morphological simulations.
Notably and quite importantly, these improvements stem entirely from
improvements in the underlying kinematics (flow and turbulence), and
have not involved any tuning of the sediment transport formulae, ad-
justment of any model closure coefficients, or case-specific calibration
of any kind. Indeed, apart from activating the 𝜆2 parameter (introduced
by LF18 for stabilization of the turbulence model, as described therein),
the two simulations presented herein have utilized identical set up,
mesh, schemes and parameter settings.

Despite the major improvements, there are still discrepancies in the
morphology between the experiments and results using the stabilized
model. These discrepancies can likewise seemingly be traced back to
the underlying processes in the inner surf zone, however. In this region
the stabilized model (by design) performs as a standard model, and
the models still have a tendency to over-predict turbulence and also
over-predict the strength of the undertow. There is therefore seemingly
potential for further improving morphological prediction in this region
if the underlying processes can be improved. It is therefore plausible
that the stress-𝜔 model from Wilcox (2006) could further improve
simulations of sediment transport and morphology as this model has
been demonstrated to improve undertow predictions in the inner surf
zone (Li et al., 2022).

Other underlying physical processes which could be important are
particle–turbulence interactions and breaking induced turbulence caus-
ing more sediment to go into suspension. This first can easily be
implemented in a RANS model as a turbulence suppression term (see
e.g. Conley et al., 2008; Ruessink et al., 2009; Fuhrman et al., 2014)
6

and could reduce near bed velocities in situations with high concen-
tration (Conley et al., 2008). This could potentially improve velocity
comparisons in the inner surf zone, but would not fully solve the issue
as the stabilized models also overpredicts the strength of the undertow
in rigid bed simulations (LF18; Larsen et al., 2020). The latter might
be implemented following the ideas of Hsu and Liu (2004) by adding
a fraction of the near-bed turbulent kinetic energy to the square of the
friction velocity when calculating the Shields parameter. However, such
an approach will be problematic when utilizing wall functions, as the
near bed turbulence is determined based on the friction velocity.

Finally, we would like to add that other models using a two-
equation RANS approach (e.g. Delft-3D flow Lesser et al., 2004,
NHWAVE Ma et al., 2012, SWASH Zijlema et al., 2011 or MIKE3 Kaer-
gaard et al., 2019) can benefit from the stabilization as has already been
demonstrated in the depth and wave resolving non-hydrostatic versions
of MIKE3 and SWASH (Kaergaard et al., 2019; Cömert, 2019). Such
models are computationally less expensive than the RANS/VOF models
and can potentially be a viable faster alternative to RANS/VOF models
which could be used to simulate sediment transport and morphology
on longer time scales. Due to the surface treatment such models cannot
handle the overturning of the wave and therefore can have additional
problems in the surf zone, however.

5. Conclusion

The performance of a novel (recently developed) ‘‘stabilized’’ two-
equation (𝑘 − 𝜔) RANS turbulence model (Larsen and Fuhrman, 2018,
referred to as LF18 herein) has been investigated in the CFD simu-
lation of near shore breaker bar formation and morphology. Results
have been compared with large-scale experiments (van der Zanden
et al., 2016) and also those utilizing an otherwise-identical ‘‘standard’’
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turbulence closure model (Wilcox, 2006). Consistent with previous
work (LF18, Larsen et al., 2020), it has been shown that the standard
model overestimates turbulence levels prior to breaking, leading to
erroneous undertow structure in the outer surf zone. This gives rise
to erroneous uniformly offshore-directed sediment transport across the
entirety of the profile, which flushes the breaker bar offshore relative
to experimental observations. The stabilized turbulence closure model,
on the other hand, corrects the over-production of turbulence prior
to breaking and hence likewise the undertow velocity structure of
the outer surf zone. Without calibration of any other parameters, this
likewise corrects the sign of net sediment transport to be onshore on
the weather side of the breaker bar. As a result the stabilized turbulence
model is able to predict the initial development and onshore migration
of the breaker bar, in agreement with the experiments. The present
study thus highlights the importance of proper turbulence modeling
of the surf zone (not provided by standard ‘‘off the shelf’’ turbulence
models) as a prerequisite for accurate nearshore cross-shore sediment
transport and morphological simulations with refined computational
fluid dynamics models.
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