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Gravity currents are buoyancy-driven flows governed by horizontal density gradients, originating from both
natural and anthropogenic sources. They play a critical role in a variety of environmental and geophysical
processes, and their interaction with human-made structures can be highly significant. These flows are often
studied numerically using advanced techniques such as Large Eddy Simulation (LES), which are capable of
capturing the complex physics involved. However, the high computational cost associated with LES makes the
study of realistic cases prohibitively expensive. To address this challenge, the present study investigates the
use of coarse-grid simulations, both with and without wall-model implementations, to evaluate the potential
for reducing computational costs while maintaining reasonable accuracy. Gravity currents were analyzed
using the lock-exchange configuration at a Reynolds number of 136,000, based on the bulk velocity and
the domain height. The analyses indicate that the coarse-grid cases are able to qualitatively reproduce the
main characteristics of the current. In one case, based on a wall modification of the eddy viscosity, the
front evolution, during the self-similar phase, exhibits an error of 0.25% relative to a wall-resolved reference
case. Generally, cases with an eddy viscosity wall models perform better during the self-similar phase and
in representing the head of the current, whereas cases without eddy viscosity modification perform better in
capturing the integral quantities of a gravity current. Overall, the use of coarser grids reduces computational
costs by approximately two order of magnitude while preserving the main characteristics of the gravity current.

1. Introduction

Gravity currents are buoyancy-driven flows governed by horizon-
tal density gradients. These gradients could be due to anthropogenic
or natural causes. The human activities that can frequently generate
gravity currents are for example heavy oil spills (where the change in
density is caused by the release of a heavier fluid into a basin of fresh
or salty water), increased salinity levels resulting from desalination
plants, intrusion of salty water in the coastal water reservoirs, or
the filling of hydraulic reservoirs within hydroelectric energy systems
(Fannelop and Waldman, 1972; Stancanelli et al., 2017; Chowdhury
and Testik, 2014; Hogg et al., 2015). Natural processes that could
generate horizontal density gradients include thermohaline and turbid-
ity currents. In thermohaline currents, density differences that drive
motion arise from temperature and salinity gradients (Kuhlbrodt et al.,
2007), whereas, in turbidity currents, the higher density of the fluid
is due to suspended sediments (Meiburg and Kneller, 2010). This
phenomenon occurs, for example, when sediments detach from the
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continental slope in marine environments, leading to underwater sedi-
ment movement (Normandeau et al., 2019), or during river flood waves
that transport large volumes of sediment into the sea (Sequeiros, 2012;
Heerema et al., 2022). The study of gravity currents is fundamental
due to their involvement in several critical processes. For instance, in
the case of natural processes, thermohaline currents play a significant
role in regulating the Earth’s global climate by transporting heat from
equatorial regions to the poles, thereby influencing both global and
local climates. Alterations in these currents can lead to substantial
climatic shifts. A deeper understanding of these phenomena is crucial
for advancing our knowledge of climate change mechanisms. Moreover,
thermohaline currents play a significant role in sediment distribution,
contributing to the formation of hydrocarbon reservoirs, similarly to
turbidity currents. High-velocity sediment transport processes, such as
those driven by turbidity currents, can also lead to substantial seabed
morphological changes. These changes pose potential risks to seafloor
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infrastructure, including submarine pipelines, oil and gas platforms,
and underwater cables (Rebesco et al., 2014; Gong et al., 2018).

Gravity currents are complex and multifaceted phenomena. Ideally,
focusing on certain key aspects, their dynamics are influenced by
several factors: the release volume (whether constant or variable), the
initial shape of the current, the inertial or viscous nature of the flow,
the properties of the ambient fluid (homogeneous or stratified), the
density difference between the two fluids, geometric constraints, which
in turn affect whether the flow behaves in a two-dimensional or three,
dimensional manner, and the characteristics of the bottom boundary
(such as slope and roughness). For a comprehensive overview, see for
example, Ungarish (2009). Referring to the canonical case of a two-
dimensional, inertial gravity current resulting from the release of a
finite volume over a horizontal surface, the initial stage is characterized
by an acceleration phase, during which potential energy is converted
into kinetic energy. Subsequently, the propagation of the gravity cur-
rent is typically divided into three distinct regimes. In the first regime,
known as the slumping phase, the front of the current advances at a
constant velocity, and the flow can be considered inviscid. This phase
ends when entrainment begins, and the lighter fluid starts mixing with
the heavier fluid. Such interaction alters the flow, causing a reduc-
tion in the front velocity (self-similar phase). Eventually, the current
slows down enough for viscosity to significantly affect the motion
(viscous phase), leading to a further decrease in velocity. This overall
behavior of the current is consistently treated in Rottman and Simpson
(1983), Simpson (1997) and Huppert and Simpson (1980). Usually, the
mechanisms involved in the evolution of gravity currents in time are
investigated using laboratory (Adduce et al., 2012; Maggi et al., 2022,
2023) and numerical experiments (Georgoulas et al., 2010; Tokyay
et al., 2011; Ottolenghi et al., 2016a, 2017; Inghilesi et al., 2018).

The laboratory approach is highly beneficial for directly observ-
ing the dynamics of gravity currents. In particular, the lock-exchange
experiment offers a controlled setup to simulate natural and anthro-
pogenic density flows, such as turbidity currents, enabling precise
observation of mixing and entrainment processes. It consists of a tank
filled with two fluids of different densities, separated by a movable
barrier. When the barrier is removed, the heavier fluid is released
and slides beneath the lighter fluid, generating horizontal pressure
gradients that regulate the motion. It is representative of a wide range
of phenomena involving the movement of a heavier fluid beneath a
lighter one, including the rapid discharge of dense gases into the at-
mosphere, the interaction between freshwater and saltwater during the
opening of a navigation gate, and the sediment mobilization triggered
by submarine landslides (Kneller and Buckee, 2000). This facilitates
the study of the phenomenon under various conditions, including dif-
ferent density gradients, slopes, domain sizes, and sediment particle
dimensions. Such experimental setups enable detailed analysis of en-
trainment and mixing processes that occur in natural environments.
Moreover, laboratory experiments are crucial for accurately calibrating
and validating numerical simulations.

Typically, laboratory experiments yield two-dimensional data, along
the horizontal and vertical directions, obtained through techniques
such as Particle Image Velocimetry (PIV) (Buchhave, 1992). High-
precision three-dimensional methods, such as volumetric PIV, are also
available. However, as highlighted in the review by Westerweel et al.
(2013), their application can be challenging in contexts such as grav-
ity or turbidity currents, due to factors including the possible low
transparency of the fluid, the presence of surface undulations, and
the occurrence of complex structures such as Kelvin—-Helmholtz billows
developing at the interface between fluids of different densities.

On the other hand, the numerical approach provides detailed in-
formation about the main flow parameters (e.g., velocity, density,
salinity) in all directions of motion and at every point in the domain.
Moreover, the extensive amount of data collected through numerical
simulations enables detailed statistical analysis, facilitating a deeper
understanding of the phenomena. Starting from the Navier-Stokes
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equations, various numerical approaches can be used to tackle the
problem. The direct numerical solution of the equations (DNS) is a
powerful tool for accurately understanding the physics of a problem,
since all scales of motion must be properly resolved in space and
time. On the other hand, the computational cost is estimated to scale
proportionally with Re?> (Piomelli, 2001). In environmental contexts,
Reynolds numbers are on the order of 10° to 10°, for example gravity
currents are characterized by Reynolds number of 105 000 (Miramontes
et al., 2020), which means that DNS can only be used for academic
cases and at low Reynolds numbers (Hartel et al., 2000). To overcome
the issue of computational cost and thus be able to simulate cases of
practical interest, one can resort to solving the Unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations (Georgoulas et al., 2010).
In this case, the approach requires the use of a turbulence model to
close the system of equations. The model requires significant calibra-
tion depending on the type of problem being analyzed, potentially
leading to less accurate solutions. A good compromise between the
two approaches discussed above is the use of Large Eddy Simulation
(LES). In this case, the filtered version of the Navier-Stokes equations is
solved. This approach has the advantage of a lower computational cost
compared to DNS and provides more accurate insights into the physics
of the problem than URANS. Here too, a turbulence model is required to
close the system of equations, but it is only used to represent the effects
of motion scales smaller than the computational grid size (Sub-Grid
Stress, SGS), while the larger scales, responsible for energy transport
and mixing, are directly resolved. The advantage of this model lies in its
tendency to be universal and independent of the specific problem being
analyzed. In fact, the small-scale motions that are not directly resolved
tend to exhibit isotropic behavior that is independent of the problem’s
geometry (Comte and Lesieur, 1996). Nevertheless, applying LES to
problems characterized by wall-bounded flow is challenging. Near-wall
eddies need to be directly resolved, as they are important for energy
transport, and they scale in terms of wall units, i.e., as the Reynolds
number increases, the size of the eddies decreases rapidly, leading to
a corresponding reduction in the required grid resolution. The proper
solution of this layer has a computational cost proportional to Re'® in
space and proportional to Re’¢ in time according to Chapman (1979).
In practice, LES has a cost similar to that of DNS near a wall. Therefore,
even in this case, its application at high Reynolds numbers is not
feasible. Some examples of Wall-Resolved Large Eddy Simulations (WR-
LES) can be found in Tokyay et al. (2011), Wu and Ouyang (2020),
Goodarzi et al. (2020) and Kyrousi et al. (2018).

A strategy to overcome the computational cost associated with
resolving the wall layer is to combine LES with Wall Functions (WF-
LES). For a review of the method, see Piomelli (2001). In this approach,
a coarse grid is used near the wall, which brings obvious computational
advantages. The wall structures are not resolved directly, but their
effect on the flow is represented, for example, by using approximate
boundary conditions or by enhancing the eddy viscosity, relying on the
universal law of the wall. The method originated in the context of RANS
and was later successfully applied to LES, despite LES being inherently
unsteady, whereas wall functions are only valid in a time-averaged
sense. Their applicability in the context of LES lies in the fact that, at
the first off-wall cell, a wide range of eddies are not resolved, therefore,
in this region, LES behaves more like a RANS model (Piomelli, 2008).

As described above, in the initial phase the gravity current behaves
as inviscid, and the effect of the wall is not initially significant; later,
in addition to an important mixing phase, the development of a bottom
boundary layer is expected. This layer evolves in both space and time
and requires a high computational cost to be accurately simulated.

The purpose of the present study is to assess whether the use of
coarse grids, particularly in the near-wall region, can yield results that
are qualitatively comparable to those obtained using a WR-LES. Wall
functions will also be employed in this evaluation. To address the prob-
lem, the focus is placed on the lock-exchange configuration over a flat
bottom. Initially, reference is made to the case analyzed by Ottolenghi
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et al. (2016a) in order to validate the numerical tool. The study is then
conducted on a case characterized by a high Reynolds number, which
is more representative of real phenomena. Several computational grids
are employed, including one sufficiently fine to meet the requirements
of a WR-LES, whose results serve as a reference. Obtaining qualitatively
acceptable results with coarse grids could facilitate the analysis of more
complex problems like, for example, geostrophic submarine gravity
currents or pyroclastic waves.

The study is organized into four main sections, in addition to the
Introduction. First, the numerical model used is explained, including
the key characteristics of the Wall Functions. This is followed by a
description of the case studies. Next, the results are presented in two
parts: the validation of the code, focusing on flow topology, wall
shear stresses, and near-wall physics, and an analysis of the High
Reynolds cases, comparing WR-LES and WF-LES results. Finally, the
study concludes with a summary of the findings.

2. Mathematical model

The cases are analyzed numerically, solving the filtered version of
the Navier-Stokes equations in the Boussinesq form (continuity and
momentum conservation) and a transport equation for a scalar, salinity
in this case:

o,

- =0 1
X

ou. Ou;u; oD ou. / ot;;

— 4 j':—L_p+i<v_’>_p_gij__” 2)
ot ox; po 0x;  0x; ox; P ox;
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5 ,_a( as) j 3)

o ox;  ox; \ Cox; 0x;

the over-bar ([]) represents filtered values, u; is the velocity component
in the x; direction, and direction 1, 2 and 3 correspond to x, y and z
in a cartesian frame of reference. p is the hydrodynamic pressure and
s is the salinity concentration, g is gravity, §;; is the Kronecker delta,
the kinematic viscosity and the molecular diffusivity of the scalar s are
v and kg, respectively. p’ is the variation of density with respect to the
reference value py, in isothermal conditions, the state equation is:

p = poll + B(s — s0)] ()]

where f is the salinity contraction coefficient, s is the salinity concen-

tration of the ambient fluid. 7y and A j in Eq. (2) and (3) are the SGS

momentum and salinity fluxes, obtained by the following relations:

T = _2"15_:‘/' 5)
a3
Aj = —K',a—xj (6)

where §); is the strain tensor of the solved stresses:

- 1 (o Ou
S. == — —
=3 <6xj o, @

the eddy viscosity, v,, and the eddy diffusivity, «,, are defined as:

v, = CA%|35| €)
K = CS42|S‘| 9)
where

|S] =1/25;S}; (10)

A is the length scale of the LES filter, associated with the grid cell
size. The constants C and C; of Egs. (8) and (9) are calculated using
the WALE (Wall-Adapting Local Eddy-Viscosity) SGS model approach
(waleSGS), described in Franck and Ducros (1999). It provides a wall-
adaptive representation of the subgrid-scale viscosity, taking into ac-
count the specific characteristics of the turbulence near the boundaries.
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The use of the WALE subgrid-scale model in the context of Wall-
Modeled Large Eddy Simulations has been extensively examined in the
literature (see, for example, Temmerman et al. (2003) and Mukha et al.
(2019)), as well as in more recent applications involving complex flows
(De Vanna et al., 2022; Fan et al., 2024).

The model is implemented in the OpenFOAM® environment, start-
ing from the buoyantBoussinesqPimpleFoam solver. A finite-volume im-
plementation of the governing equations is carried out implicitly, using
the PISO algorithm (Ferziger et al., 2020). The diffusive term is pro-
jected using the Euler-Implicit scheme to avoid the diffusive stability
limit. The Schmidt number (S¢ = v/k,) is equal to 600, a reference
value for salty water. At ¢t = 0, the flow field is at rest in all the domain.

2.1. Wall functions

Compared to Direct Numerical Simulation (DNS), the LES approach,
which directly solves only the energy-carrying scales, significantly
reduces mesh resolution while still delivering appreciable results (Pi-
omelli, 2008). However, in the near-wall region (3* < 11, with y* =
yu, /v, where u_ is the friction velocity, and y is the bottom normal co-
ordinate), the flow is characterized by small, energetic structures, that
require a high cell density to be appropriately resolved, making LES
in this region a quasi — DN S. This requirement leads to a prohibitive
computational cost at high Reynolds numbers.

The near-wall region’s main flow characteristics can be modeled
using wall functions to address this issue and reduce computational
costs. This methodology originated in the RANS framework and has
been successfully extended to LES. For a general review of the method,
see Piomelli (2001). There are several methods for the Wall Functions
implementation, in the present paper three of it will be taken in consid-
eration: two of them, the Spalding (1961) and the Blended (Spalding,
1961; Menter, 1994) wall function, are based on a constraint of the
eddy viscosity (v,) at the near wall region, the third (Jayatilleke wall
function) is based on the modeling of the eddy diffusivity (Jayatilleke,
1966).

In particular, the Spalding wall function is based on the relation:
yr=ut + %[exp(ku*’) —1—kut —0.5(ku*)? - é(ku+)3] an

where ut = u/u, is the dimensionless velocity near the wall, k is the von
Kérmén constant, equal to 0.41, and E is the wall roughness parameter,
set as 9.8 for smooth walls. Then, the total viscosity, the sum of the
molecular and the turbulent components, is calculated as a function of
y* as:

u v
Vior = A =vtv 12)

1 + 1 +
klnEy klnEy

assuming that the molecular viscosity is proportional to the eddy
viscosity:

ky*
V':‘/(lnEy*_l) 13)

The Blended wall function uses a different approach for the calcu-
lation of y*:

kyuan

ytIn Eyt — =0 (14)

where u,,,, is the velocity in the first off-wall cell. v, is expressed as a
function of u, in the following way:

u2
T
VI = max 0, m -V (15)
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Fig. 1. Lock-exchange configuration.

where ¢ is a parameter to avoid the floating number exception during
the solver run. u, is dependent on y*, as:

1
—_ n n ;
Ur = (uTvi: uTlog)
Uall
e = yr <30 16)
— . Ywan +
Uy, = k—ln Eyr ¥yt >30

where u,  is the friction velocity computed by the viscous sublayer
assumptions, Uz is the friction velocity computed by the inertial
sublayer assumptions, and » is a blending exponent.

Finally, the Jayatilleke wall function models the eddy diffusivity. It
is based on the calculation of the scalar flux near the wall:

Swall —5
Sfux = Phi( 7 “) y+>yf
a7

Swall—Sp)(pli
Sfiux = ;:g‘;E—;ﬁ(:};) yt< yz
where y7 is a threshold value, denoting the intercept between the linear
part of the scalar profile and the logarithmic part, dependent on the
turbulent Schmidt number(Se¢, = v,/k,). s, and s, are the salinity
concentrations respectively at the wall and out of it. P; is a parameter
of the Jayatilleke model, calculated using the following relation:

3
Sc\* -
P, =924 <S—2> — 1| [1 +0.28¢70007(Se/Sen)] (18)

By comparing the two s, equations, it is possible to estimate the
eddy diffusivity coefficient k,.

The three models exposed in this chapter will be implemented in
the study cases later exposed, to decrease the computational costs for
high Re simulations.

3. Study cases

The analysis to verify the potential advantage of using coarse grids
was conducted on the lock-exchange configuration, see Fig. 1. The
domain is a box of height H and length L, with a partition wall at
a distance x, from the left wall, which separates two fluids of different
densities.

When the partition is removed, due to the horizontal pressure
gradient, a flow is triggered, causing the denser fluid p, on the left side
of the wall to move along the bottom relative to the surrounding fluid
with ambient density p,. The possible configurations are characterized
in terms of aspect ratio R, reduced gravity g’ and the Reynolds number
Re, defined as follows:

R=H/x, (19)

pL—p
g =g - 2L (20)
Po

Table 1

Cases with relatives dimensions, mesh resolutions, and Re number.
Case Lx Hxd [m] Mesh resolution LES Model
Ottolenghi et al. 2016 4.096 x 0.2 x 0.2 2048 x 128 x 64 dynamicSGS
Ottolenghi-FR 4.096 x 0.2 x 0.2 2048 x 140 x 64 waleSGS

u, H
Re = — 21
v
where u,, is the buoyant velocity and is defined as:
u,=vgH (22)

This type of case study is commonly used to analyze the physics of
gravity currents through numerical simulations and experiments (see,
among others, Tokyay et al., 2011; Ottolenghi et al., 2016a, 2017;
Inghilesi et al., 2018). Therefore, it is a valuable tool for assessing
the performance of coarse grids with and without wall models in
reproducing the main physics of the problem.

First, a validation of the mathematical model was carried out with-
out wall models, i.e., by properly resolving the viscous sub-layer. The
comparison is performed against the results of Ottolenghi et al. (2016a),
where a Large Eddy Simulation methodology is employed to carry out
a series of numerical experiments, designed to replicate and extend
physical laboratory observations. This case, identified by Ottolenghi-
FR (with FR standing for ‘Fully Resolved’ case) label, uses the same
characteristics as RUN2 and EXP2 of the reference paper: R = 2, g’ =
0.29 m/s? (calculated in the present cases considering a p; = 1030 kg/m?>
and p, = 1000 kg/m?), and u, = 0.24 m/s, resulting in Re = 48522.
Further details are provided in Table 1. The grid spacing is 4x = 0.01H,
Az = 0.016 H, while Ay ranges from 0.01 H at the center of the domain
to 0.002H at the boundaries. From a posteriori analysis, using the
time dependent maximum wall shear stress during the evolution of the
gravity current, we obtain Ax™ = 50, Az* = 20, while 4y* = 1 at the
bottom, ensuring a correct solution of the viscous layer.

The application of wall functions requires a particularly coarse grid
in all directions in terms of wall units, as discussed in Piomelli (2001).
At the same time, an adequate number of points along the wall-normal
direction is necessary to properly resolve the boundary layer and the
mixing (Cabot and Moin, 2000).

Therefore, the case used for validation, characterized by a low
Reynolds number, does not allow the assessment of wall models. To
overcome these issues, a configuration with a domain height twice that
of the Ottolenghi et al. (2016a) case was considered. In this setup (HR
label), the higher Reynolds number results from the elevated potential
energy, which is later converted into kinetic energy after the lock
release. This adjustment brings the test case closer to the real scale
of the phenomenon (with Re on the order of 10°, Miramontes et al.
(2020)) and is more suitable for wall modeling. The decision to modify
the domain characteristics rather than the viscosity was made to allow
potential future comparisons with experimental setups.

To provide a reference case, a Fully Resolved simulation, HR-
FR, was performed at Re, = 136000. The study by Pelmard et al.
(2018) presents, in the context of large-eddy simulation, an analysis
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Table 2

Cases with relatives dimensions, mesh resolutions, and Re number.
Case LxHxd (m) Mesh resolution u, (m/s) Re,, W all approach
HR-FR 4.096 x 0.4 x 0.2 2560 x 200 x 92 0.34 136000 Fully resolved
HR-NR 4.096 x 0.4 x 0.2 1024 x 100 x 48 0.34 136000 Not resolved
HR-WM-J 4.096 x 0.4 x 0.2 1024 x 100 x 48 0.34 136 000 Jayatilleke Wall Model
HR-WM-S 4.096 x 0.4 x 0.2 1024 x 100 x 48 0.34 136 000 Spalding Wall Model
HR-WM-B 4.096 x 0.4 x 0.2 1024 x 100 x 48 0.34 136000 Blended Wall Model

of grid requirements for gravity currents generated by a lock-exchange
configuration over a flat bottom. In particular, the authors simulate a
case characterized by Re, j;/, = 60000, where in the definition of both
the Reynolds number and the bulk velocity, the characteristic length
scale is taken as H /2. The finest grid employed in the study consists
of 3150, 185, and 200 cells in the x, y, and z directions, respectively.
The case analyzed herein, rescaled using H /2, yields Re,, j; /, = 48166,
which is of the same order of magnitude as the previously cited case.
A computational grid with a resolution of 2560, 200, and 96 cells in
the x, y, and z directions, respectively, is employed. Considering the
computational domain adopted, this resolution is greater than, or at
least comparable to, that used in Pelmard et al. (2018).

Accordingly, wall-modeled cases (denoted as WM) were simulated
on a coarser grid, using the same configuration, as detailed in Sec-
tion 2.1. The details of the simulations are provided in Table 2. The
HR-NR case refers to a simulation performed without wall resolution
or wall functions, to highlight the role of the adopted models.

As shown in Table 2, the number of cells in the coarse grids
cases is reduced by approximately 90% compared to the fully resolved
simulations, with a significant reduction of the computational time
(from about 102 h (h) of the HR-FR case to 10° h of the HR-WM-S case,
with 320 processors implied for both cases).

To complete the study, additional cases, not reported in Table 2,
have been analyzed, varying the grid resolutions in the x, y and z
directions. Some findings are referenced only in Sections 4.2.2 and
4.2.4.

4. Results
4.1. Validation

This section addresses the validation phase, comparing the results
obtained from the model presented in Section 2 (Ottolenghi-FR) with
the reference results reported by Ottolenghi et al. (2016a) and Ot-
tolenghi et al. (2017).

4.1.1. Flow topology

The evolution of the front position over time allows for the analysis
of the gravity current across different regimes. The front, denoted as x ,,
is defined as the frontmost position of the current nose located 0.02H
above the bottom surface, as in Nogueira et al. (2013) and Ottolenghi
et al. (2016a). To define the interface between the current and the
ambient fluid, a characteristic isopycnal is defined by a threshold value
of (p*) = 0.02, as in Ottolenghi et al. (2016a), where ({)) represents
the averaging operator in the spanwise direction, while p* is the
dimensionless density field calculated as:

ot = p(X,y,2,1) = py
P1 = Po

(23)

Fig. 2 shows a comparison between the results of the Ottolenghi-
FR simulation and those of Ottolenghi et al. (2016a,b), both numerical
(RUN2) and experimental (EXP2), for the dimensionless front position
(x’; = (x; — xp)/x) over dimensionless time (T* = t - u,/xg), in
logarithmic scale. It can be seen that the results obtained with the
model presented in Section 2 agree with the reference numerical results
and are very similar to the experimental ones. Using the logarithmic
scale, the different phases of the gravity current can be easily ob-
served, as described in the introduction. During the slumping phase,

the current front velocity remains approximately constant. The curve
in this phase displays a linear trend with a unitary slope (dashed dot
line with slope = 1 in Fig. 2). This phase also marks the onset of
Kelvin-Helmholtz instabilities, as described by Boegman (2009), which
are evident in Fig. 3a, where the dimensionless density contour is
shown during the initial stage of the current, T* = 7.7. As the current
advances, it enters into the so-called self-similar phase; the front begins
to decelerate because of the entrainment of ambient fluid into its head
(see also Fig. 3c at T* = 31.3). This entrainment alters the slope of
the curve, with a progressive transition from T* to T*2/3 (light gray
dashed dot line slope = 2/3 in Fig. 2). As the current advances, the
front position curve stabilizes with a slope of 2/3. The density field (see
Fig. 3c) reveals a thinning of the current, resulting from the continued
decline in density concentration. For the analyzed case, due to the
adopted aspect ratio and reduced gravity, the domain is too short to
observe the viscous phase; in this phase, the front velocity slows down
further and the curve slope tends to 1/5 (Rottman and Simpson, 1983).

4.1.2. Wall-shear stresses
Wall stress is an important parameter in evaluating gravity currents,
as it provides an indication of the flow’s ability to erode the bottom and
potentially sustain the gravity current itself. It is defined as:
du)
T = gy b @9

where y is the dynamic viscosity. The friction velocity is related to the
wall stress through the following equation:

(25)

Fig. 4 shows a comparison with the reference data for the friction
velocity along the streamwise direction, averaged along the spanwise
direction, and non-dimensionalized using the buoyancy velocity u,.
The plots refer to two time instants, representative of the self-similar
phase described above. Fig. 4a corresponds to T* = 31.3, while Fig. 4b
corresponds to T* = 65.4.

The results agree well with the reference data. In both plots, higher
values are observed at the head of the gravity current, with peaks near
the front, followed by a decrease towards the tail of the current. The
higher values at the head are attributed to the structures forming in the
mixing layer at the interface between the denser fluid and the ambient
fluid, specifically the Kelvin—-Helmholtz billows.

It can also be observed that during the transition from the slumping
phase to the self-similar phase, the wall stress decreases, leading to a
corresponding reduction in the current sediment transport capability.

Additionally, in Fig. 5, the Hovmoller diagrams (which represent
the evolution in time of the dimensionless friction velocity trend along
the streamwise direction) of Ottolenghi-FR case confirms that in any
instance of time, the highest values of friction velocity are observed at
the head of the current.

4.2. High Reynolds cases and wall models

This section presents the results obtained using coarse grids for
the case at Re = 136,000 and compares them with a fully resolved
simulation.
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4.2.1. Boundary layer

The application of wall models relies on the assumption that a
well-defined boundary layer exists and that, in the near-wall region,
the flow exhibits a linear profile within the viscous sublayer, followed
by a logarithmic profile. In this section, the characteristics of the
boundary layer are assessed for the fully resolved case; the analysis
was conducted at the head of the current. Various approaches can be
employed to define its spatial extent (see, for example, Nogueira et al.
(2014)). In the present study, we adopted a definition based on density.
For each position i along the x-direction, the following quantity was
computed:

T (0 G DYAYG)
T Ay()
where j denotes the wall-normal direction, and j = nh corresponds

to the height of the gravity current, evaluated with respect to the
reference value (p*) = 0.02. A mean value was then computed along

(;) = (26)

the x-direction over the entire gravity current:

nl

W)= = 3 (00 @)
i=1

where i = nl represents the position of the front. The head is a
region characterized by high density values; the criterion adopted for
its definition was therefore to identify the first occurrence for which
<p;?(i)) < <pfj) holds. This criterion was applied starting from the head
and moving in the direction opposite to the current. Fig. 6 illustrates,
at t = 13 s, the height of the current, the variables described above,
and the start and end points of the head as identified by this method.

Within the head region, the velocity profile along the wall-normal
direction was computed by first averaging the data in the spanwise
direction and subsequently performing an ensemble average over the
profiles obtained along i — direction. Fig. 7 shows an example of
the resulting non-dimensional velocity profile. In addition, the corre-
sponding velocity gradient profile du/dy is presented, together with a
representative near-wall behavior consisting of a linear profile, valid in
the viscous sublayer (u™ = y*), and a logarithmic profile of the form
y* = Aln(y*) + B where A = 1/k = 1/041 = 2439 and B = 5.5. In
a ut —log(y*) plane, these two coefficients correspond, respectively, to
the slope and the intercept. From the figure, it can be observed that the
first computational point is located at y'f' = 1, and the first three points
lie approximately within the viscous sublayer (y* < 5); the inner layer
then extends to about 20 wall units. This is followed by a logarithmic
trend up to approximately 70 wall units. Compared to the canonical
logarithmic profile shown, the present case exhibits a steeper slope
and a lower intercept. Such behavior is consistent with wall-bounded
flows under stratification, as reported, for example, by Armenio and
Sarkar (2002), where, in the case of channel flow, increasing stable
stratification results in a corresponding increase in the slope A and
a reduction in the intercept B, although in their study the deviation
occurs downstream of the inner layer.

The regions described above can be analyzed in terms of the velocity
gradient dU/dy. In a canonical wall-bounded flow under neutrally
stratified conditions, the inner layer is characterized by strong vertical
velocity gradients, which then tend to attain a nearly constant value
within the logarithmic region. At the outer edge of the boundary
layer, the velocity gradients approach zero, indicating that the velocity
approaches the undisturbed free-stream value. A similar behavior is
observed in the present case, see Fig. 7 for the profile of du/dy,
although the profile is subsequently influenced by the mixing region
and the counterflow velocity of the ambient fluid. The criterion adopted
to define the thickness of the boundary layer was du/dy = 0.

In addition, the possible extent of the logarithmic profile was also
estimated through the quantity du/d(logy+).
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Fig. 8 presents the boundary layer height determined and the log-
arithmic extent at one-second intervals, expressed in non-dimensional
terms. The initial instants are not reported, as a strong variability of
the profiles is observed along the x-direction and the head is not yet
well defined. It is observed that during the initial slumping phase, a
boundary layer develops and progressively increases in vertical extent,
reaching a maximum at approximately six seconds. Subsequently, as
mixing processes with the ambient fluid are initiated, the boundary
layer thickness decreases towards an asymptotic value.

The logarithmic region initially occupies a limited fraction of the
boundary layer; during the self-similar phase, it progressively extends
over a larger portion, and in the final phase, it seems to stabilize at a
constant value.

4.2.2. Flow topology

The increase in available potential energy, from that corresponding
to H = 0.2 m to that corresponding to H = 0.4 m, results in an acceler-
ation of the flow, as it is possible to observe in Fig. 9. In the validation
case, the front position was determined based on a prescribed height,
for consistency with the reference study. In the present case, in order to
avoid potential ambiguities associated with the choice of a prescribed
height, the position of the nose was computed by averaging, along the
wall-normal direction, the values of (p*).

Fig. 10 compares the front position evolution over time between
the Wall-Resolved LES case (HR-FR) and the cases run on a coarser
grid. Overall, in the initial stage, the simulations provide similar results.
Subsequently, in comparison with the resolved case, it is observed that
the HR-WM-B case tends to exhibit a slower evolution of the front. For
the other cases, a similar behavior is observed: a slight deceleration
in the central phase, followed, in the HR-NR and HR-WM-J cases, by
a slight acceleration towards the end of the simulation. The different
phases of the motion are described in detail below.

During the slumping phase, both the Wall Function and not resolved
cases exhibit behavior comparable to the fully resolved case (HR-FR),
characterized initially by a nearly constant front velocity, followed by
a gradual decrease between 7 and 10 s. In the self-similar phase, the
HR-FR case continues to decelerate, primarily due to the dilution of
the saline water into the surrounding freshwater. This deceleration is
also observed in all the other cases, although in the HR-WM-B case it
is excessively pronounced.

In the final portion of the self-similar phase, the deceleration ob-
served in the resolved case persists and is accurately captured by the
HR-WM-S case. Conversely, the other case based on increased eddy
viscosity, HR-WM-B, maintains the excessive slowing previously noted.
The unresolved case and the one based on the modification of eddy
diffusivity, on the other hand, exhibit a slight acceleration of the
front compared to the resolved case. In these two cases, the use of
a coarse grid leads to an increase in velocity gradients near the wal,
compensating for the lower eddy viscosity values in the wall-stress
computation.

in Table 3, a quantitative analysis of the coarse grid cases perfor-
mance relative to the fully resolved case (HR-FR) is presented through
the computation of percentage errors. These errors were first evaluated
over the entire simulation time and then subdivided into three distinct
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temporal intervals to assess the model behavior across different flow
regimes. This error was computed as follow (Ottolenghi et al., 2016a):

Err = mean ( (28)

Xf(HR-FR) ~— Xf(WM) D
Xf(HR-FR)

From Table 3, It can be observed that, among the various cases,
although the difference with respect to HR-FR is minor (never ex-
ceeding 2.70%), all cases perform similarly during the slumping phase
(T* = 3.4-34). In contrast, in the self-similar phase, the HR-WM-B
configuration begins to deviate from the reference case and achieves
its peak error between T* = 34 and 102, subsequently decreasing in the
final 10 s. The HR-NR configuration, after the initial seconds, maintains
an almost constant error trend, oscillating between 0.67% and 0.52%
over the last 30 s of the simulation. The HR-WM-J case, namely, the
other case without eddy viscosity intensification, exhibits behavior sim-
ilar to that of HR-NR, except in the final phase, where the error tends
to increase slightly. The HR-WM-S case, after a divergence peak from
HR-FR between 7* = 34 and 102, exhibits only a minimal deviation in
the closing seconds (approximately 0.25%). Overall, albeit by a narrow
margin, the HR-WM-S configuration achieves the lowest total error
among all the cases considered. Moreover, as time progresses, the error
exhibits a decreasing trend.

The observed behavior can be interpreted in light of the underly-
ing dynamics of gravity currents. The phenomenon exhibits intrinsic

temporal and spatial unsteadiness, which is likewise reflected in the
evolution of the wall-bounded flow.

In the initial instants, the flow can be qualitatively approximated as
inviscid. A viscous layer develops at the wall; however, the influence
of friction has not yet propagated in the wall-normal direction, and the
velocity gradients along the vertical are negligible. In this situation, it
is to be expected that the use of coarse grids, both with and without
wall models, can accurately reproduce the behavior of the flow.

As the current evolves, the viscous effects in the vicinity of the
wall become increasingly pronounced, leading to the formation of a
boundary layer.

In this case, an accurate representation of the near-wall flow dynam-
ics becomes crucial. In the HR-WM-B case, for example, the excessive
wall eddy viscosity results in a deviation from the resolved case. For
the other cases, only in the final phase, regarding the evolution of the
front, there is a slight improvement observed when employing a wall
model.

The analysis also considered other coarse grid configurations (here
not shown). It was observed that a reduction in the number of cells
along the x-direction (from 1024 to 832) leads, for the various cases
analyzed, to an overall slowing of the front compared to the resolved
case. A reduction in resolution along the y-direction (to 60 and 80
cells) determines a different trend between the cases without eddy
viscosity intensification, HR-NR and HR-WM-J, and the cases HR-WM-
S and HR-WM-B. The former tend to accelerate with respect to the
resolved case, whereas the latter tend to decelerate. For the latter cases,
the model evidently yields an excessive eddy viscosity at the first off-
wall cell. In contrast, for the HR-NR and HR-WM-J cases, the absence of
eddy viscosity intensification results in an increased velocity gradient
in order to maintain force balance. Finally, an opposite trend is also
observed when modifying the resolution in the z-direction (32 and 64
cells), albeit to a lesser extent.

Fig. 11 shows, on an xy plane and at four time instants, a contour of
the dimensionless density averaged in the spanwise direction for cases
HR-FR, HR-NR and HR-WM-S.

As noted in the front-position analysis, the HR-WM-S and HR-WM-
NR configurations show slightly better performance than the other
cases in terms of front evolution.

Analyzing the shape of the current, it is observed that, in general,
the head size is qualitatively captured reasonably well, while the tail
appears thicker in the coarse grid cases compared to the reference
case. At time T* = 23.8, as shown in Fig. 11a, during the slumping
phase, Kelvin—-Helmbholtz instabilities are visible. Despite the reduced
grid resolution, the HR-NR seems to preserve the head shape of the
reference case better than HR-WM-S, maintaining it more compact and
dense.

At T* = 47.6, as the current progresses, the tail becomes more ex-
tended. Here, the HR-WM-S case shows slightly better results compared
with the reference case than HR-NR. Indeed, in the HR-NR case, the
structures appear sharper and exhibit reduced mixing, particularly near
the bottom and close to the front of the current, where the salinity
concentration remains higher compared to HR-FR.
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Table 3
Cases with percentage error, in comparison with HR-FR.
Case Err,,% Err% (T* =3.4-34) Err% (T* =34 -102) Err% (T* =102 - 136)
HR-NR 0.71 0.95 0.67 0.52
HR-WM-J 1.83 0.91 0.64 0.84
HR-WM-S 0.68 1.00 0.80 0.25
HR-WM-B 1.88 1.00 2.70 1.94
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At T* = 91.8, The HR-WM-S case exhibits improved performance
in terms of current-head extension and mixing. Unlike HR-NR, it main-
tains the elongated head shape characteristic of the reference case. This
behavior is likely due to the increased viscous contribution to the flow
during this simulation phase, which is effectively represented by the
Spalding model.

At T* = 119, as viscous effects become more relevant, the current
shape in the HR-WM-S case closely matches that of the HR-FR case,
whereas HR-NR continues to exhibit a more compact head with reduced
mixing with the ambient fluid.

In general, as the current evolves into the self-similar phase (T* =
47.6, 91.8, 119), the differences between the resolved case and the HR-
WM-S cases diminish, while the HR-NR case appears to maintain the
behavior observed in the slumping phase over time.

4.2.3. Wall-shear stresses

Similarly to what was analyzed during the validation phase, the
evolution of wall stress in space and time is evaluated, through the
friction velocity, see Eq. (25). This parameter is important because
it defines the model’s ability to accurately represent potential bed
erosion.

Fig. 12a, b, ¢ and d show the trend of the mean friction velocity
made non-dimensional with u,, along the streamwise direction at the
dimensionless time instants T* of 23.8, 47.6, 91.8 and 119 respectively,
corresponding to the slumping and the self-similar phase.

Unlike Fig. 4, a higher deviation is observed between the coarse grid
cases compared to the reference case. On the other hand, this behavior
is expected, considering the different numerical schemes adopted near
the wall and the grid resolution. Qualitatively, it can be observed that
the cases exhibit similar average values, in terms of magnitude, at the
head and tail of the gravity current.

During the slumping phase, the coarse-grid cases exhibit peaks
that are in phase with the wall resolved case, although lower peak
values are observed, particularly for the cases involving eddy viscosity
intensification (HR-WM-S and HR-WM-B).

This behavior can be explained by what was previously observed.
The slumping phase is strongly characterized by the formation of
Kelvin—-Helmbholtz structures, which are then reflected in the wall stress.
In the coarse grid case, these structures are not properly modeled
(see Fig. 11a with the density contour and the section on entrainment),
and this is reflected in the peaks observed in Fig. 12a. This is particu-
larly true for the HR-WM-S and HR-WM-B cases, where the assumption
of a wall-law (valid under steady conditions) also plays a role, whereas
the slumping phase is strongly unsteady.

As time progresses and the flow enters the self-similar phase, the
friction velocity values decrease. The values obtained with coarse grids
are more consistent with the resolved case, at least in the head region
of the gravity current, while they tend to deviate with higher values
in the tail, as shown in Fig. 12b, and c. This is consistent with the
thicker tail observed in the contours of Fig. 11b,c, and d. In particular,
a larger deviation is observed for the cases without eddy viscosity
intensification (HR-NR and HR-WM-J), whereas a clear slowing of
the current is evident in the HR-WM-B case. The observations are
confirmed in the final phase (12d); in particular, it is noted that the
HR-WMS-S case, excluding the tail, tends to be more consistent with the
resolved case. It should be recalled that in this phase, this case exhibits
the smallest error compared to HR-FR with regard to the evolution of
the front.

The general trend of friction velocity over time and space can also
be observed in Fig. 13, which presents the Hévmoller diagram for the
HR-FR and HR-WM-S cases. The behavior is similar, with the highest
values consistently appearing at the head or, during the slumping
phase, in correspondence with the Kelvin—-Helmholtz structures.
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4.2.4. Entrainment

The use of a coarse near-wall grid inevitably affects the spatial
discretization within the computational domain, particularly in the
interface region between the denser fluid and the ambient environment,
where most of the mixing occurs. Consequently, it is essential to eval-
uate the model’s capability to accurately capture both the entrainment
process and the characteristic density of the gravity current in space
and time.



A. Ammendola et al.

Advances in Water Resources 206 (2025) 105101

-« HR-FR
o HR-NR |
- HR-WM-J

HR-WALS
o HR-WM-B]

-« HRFR
o HR-NR ]
- HR-WM-J

HR-WN-S
o HR-WM-B |

-« THR-FR

o HR-NR |

- HR-WM-J
HR-WM-S

o HR-WM-B]

°°»¢

it

e

-+ HR-FR
o HR-NR |
- HR-WM-J

HR-WM-S
o HR-WM-B|

0.5 1

1.5 2
ﬂﬁ(m)

Fig. 12. Dimensionless friction velocity at different times, a confrontation between HR-FR and the HR-WM cases: (a) time T* = 23.8, (b) time 7T* = 47.6, (c)

time T* = 91.8, and (d) time T* = 119.

0.03

0.03
120+ 120
0.025 0.025
100 100 ¢
0.02 0.02
80 ¢ 80
£ 0.015 ¢ 0.015
60 & 60 -
0.01
40 40 0.01
20 | 10005 99 0.005
: 0 ‘ ‘ 0
0 10 20 30 40 20 40 60 80
2 #/0 b) z/y

Fig. 13. Hovmoller diagrams of the dimensionless friction velocity field (u.)/u, for HR-FR (a) and HR-WM-S (b) cases.

Fig. 14a shows the time evolution of the averaged density over the
complete gravity current at every instance of time (with the isopycnal
threshold value (p*) = 0.02).

During the slumping phase, the coarse-grid cases tend to diverge
from the reference case due to reduced mixing, resulting from the lower
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accuracy in representing Kelvin-Helmbholtz structures (see 11a) and the
current tail. In the transition from the slumping phase to the self-similar
phase, the results for the HR-NR and HR-WM-J cases are consistent with
those of the resolved case. In contrast, for the cases with increased near-
bottom eddy viscosity (HR-WM-S and HR-WM-B), a greater deviation is
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observed, with an integral density value significantly lower than in the
other cases; only in the final phase the profiles tend to realign with the
other solutions. This discrepancy can be attributed to the fact that the
wall models are applied to the entire current, including the tail region,
where they are likely not suitable.

As evidence of this, see Fig. 14b, where the integral density is
shown only in the head region, as identified in 4.2.1. It should be
noted that, for the figure, as well as for the subsequent figures referring
to the head of the current, the initial seconds are not shown, as
the head is not yet fully defined. The results show that, during the
slumping phase and the transition to the self-similar phase, all coarse
grid cases produce excessive mixing (and consequently a lower current
density). Subsequently, it is observed that, in the self-similar phase,
the cases employing viscosity-based wall models more accurately re-
produce the reference case. As mentioned in the flow topology analysis
(see Section 4.2.2), additional cases were run with even coarser grids
in the x-direction, which exhibit an overall slowing of the current.
In these cases, the reduction in current density during the slumping
and transition phases is even more pronounced. This suggests that the
coarse meshes are unable to adequately capture the mixing processes
between saline and freshwater during the slumping phase, not because
of the model itself, but due to insufficient spatial resolution. This leads
probably to an excessive decrease in horizontal pressure gradients,
and consequently, to a reduction in the front velocity, which is not
subsequently recovered.

The observations described above can also be related to the dimen-
sions of the gravity current. Fig. 15a and b show the area of the current
enclosed by the reference value (p*) = 0.02, for the entire current and
for the head only, respectively. Fig. 15a clearly shows that the HR-WM-
S and HR-WM-B cases deviate markedly from the reference case during
the transition from the slumping to the self-similar phase, exhibiting
a larger area and, consequently, a lower density; subsequently, they
maintain a slope similar to that observed for the resolved case. By
contrast, the HR-NR and HR-WM-J cases tend to deviate from the
resolved case only in the final part of the self-similar phase. Considering
only the head region (Fig. 15b), it can be noted that the HR-WM-S and
HR-WM-B cases generally display behavior closer to that of the resolved
case.

The behavior described in terms of current density and area can also
be effectively quantified in terms of entrainment as performed in the
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reference study (Ottolenghi et al., 2016b). At time ¢, = 0, we define
V, as the initial volume of the gravity current. At a successive time,
1; = ty + 4t, the volume of the current will increase by a quantity AV
with respect to V), due to entrainment. This increment can be defined
as:

AV, = (A; — Ag)d (29)

where d denotes the spanwise length of the channel, while A; is the
area below the isopycnal (p*) = 0.02 in a x-y plane. A, is the area of
the gravity current at 1, i.e. Ay = Hx,. Starting from AV, it is possible
to calculate the bulk entrainment discharge as:

- 4n 30
ei — Ati
and the bulk entrainment velocity for every time step as:
0.
W, = ?e‘ 31

1

where S; is the interface between the two fluids, and can be estimated
as S; = d - x;. Lastly, a dimensionless number for the entrainment can
be defined as:
E = L

2U;_pux

where the bulk entrainment velocity is made non-dimensional with the
velocity scale U;_,,;, = V; — V> (Ottolenghi et al., 2016b), with V; the
bulk velocity of the density current, calculated as (x, — x¢)/(t; — 1),
(where 7, denotes the time in which the gravity current has reached
the position x ;) and ¥, is the bulk velocity of the ambient fluid.

Fig. 16a shows the entrainment as a function of the front position
of the gravity current. Entrainment is highest during the initial phase,
particularly in the slumping phase, where Kelvin—-Helmholtz structures
promote intense mixing between the current and the ambient fluid. As
the flow evolves towards the self-similar phase, entrainment gradually
decreases, following an approximately exponential trend.

The trends previously identified for density and current area are
confirmed. During the transition from the slumping to the self-similar
phase, the HR-WM-S and HR-WM-B cases are characterized by substan-
tial entrainment. Subsequently, in the remaining part of the self-similar
phase, entrainment decreases and tends to align with that of the HR-FR
case, although it remains consistently higher. The HR-NR and HR-WM-J

(32)
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Fig. 16. Evolution in time of the total current Entrainment (a) and of the head (b).

cases remain in agreement with the reference case throughout the self-
similar phase. The overall behavior of the coarse-grid cases changes,
however, when considering only the head of the current (see Fig. 16b).
In this region, during the self-similar phase, the cases with increased
eddy viscosity tend to exhibit behavior more consistent with that of
the HR-FR case. As the current evolves, the HR-NR case is observed to
diverge increasingly from the reference case.

4.2.5. Near-wall region

The analysis of the near-wall region provides valuable insights into
the streamwise velocity fluctuations (¢’ = u — (1)) within this zone. Fig.
17 presents these fluctuations at the first computational cell above the
bottom wall, comparing the results of HR-FR (top), HR-WM-S (center),
and HR-NR (bottom) at four distinct time instances.

In the HR-FR case, near the head of the current, elongated tur-
bulent structures are clearly identifiable (Fig. 17). These streaks are
typical of wall-bounded flows (Pope, 2015) and are commonly observed
during the evolution of gravity currents as well (see Ooi et al., 2009;
Ottolenghi et al., 2017).

These coherent structures suggest that bed erosion is primarily
driven along their longitudinal axes, with their fluctuations indicating
regions of elevated shear stress. As the flow progresses downstream,
these structures progressively dissipate, eventually vanishing within
the tail of the current. This spatial decay pattern, corroborated by the
distribution of friction velocity (Fig. 12), implies that the maximum
erosive potential is concentrated at the leading edge of the current.

The presence of these specific structures provides insight into the
current’s ability to entrain bed particles along their paths, offering a
better understanding of the sediment redistribution caused by this type
of flow. Furthermore, the observed shortening of these structures over
time indicates a reduction in the erosive potential of the current, as
it evolves from the slumping phase (Fig. 17a) to the self-similar phase
(Fig. 17b,c,d). Regarding the comparison with the coarse grid cases,
Fig. 17a shows that during the slumping phase, the HR-NR struggles
to capture the majority of velocity fluctuations near the current head,
in contrast to the reference case. As a result, the simulation fails to
accurately reproduce the erosive potential of the current during this
phase. Conversely, the HR-WM-S case exhibits improved performance
in this region. Although HR-WM-S reproduces the characteristic elon-
gated structures, the near-wall region reveals structures that are larger
in the spanwise direction. This is a common effect of wall functions,
due to the resolution, artificially amplified turbulent structures develop
near the wall, exhibiting unphysical characteristics in the horizontal
directions (Piomelli, 2008; Cabot and Moin, 2000).

At later time instances, the HR-NR configuration exhibits enhanced
capability in reproducing velocity fluctuations, particularly in the vicin-
ity of the current head.

The behavior approaches that observed for the HR-WM-S case, with
both deviating from the resolved case in terms of the spanwise extent of
these structures. It is also evident that the coarse grid cases exhibit high
fluctuation levels even in the tail of the current, compared to the HR-FR
case. This aspect is consistent with the greater tail thickness observed
in Fig. 11 and with the friction velocity shown in Fig. 12.
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5. Conclusions

Gravity currents play an important role in the dynamics of environ-
mental flows. Their behavior is governed by complex physics, primarily
driven by turbulent mixing between fluids of different densities and
interactions with the bottom boundary. Accurately capturing their dy-
namics from a numerical perspective requires the use of high-resolution
approaches, such as Large Eddy Simulation. However, the substantial
computational cost of such methods, particularly near the wall, limits
their practical applicability to domains and dimensionless parameters
characteristic of environmental flows.

To address this limitation, the present study investigates the per-
formance of implementing coarse grid, with and without wall models,
in representing gravity currents. The analysis was carried out using a
lock-exchange configuration at a Reynolds number of 136,000. First,
a wall-resolved Large Eddy Simulation was performed to provide ref-
erence data. Subsequently, four cases were evaluated on a coarser
grid: two based on modifications of eddy viscosity, one based on
modification of eddy diffusivity, one skipping the viscous sub-layer
solution.

Overall, the results obtained are qualitatively similar to the refer-
ence case, except for the case run with the Blended wall model. The
temporal and spatial evolution of the gravity current’s head shape is
well captured. Although, in the cases without eddy viscosity intensifi-
cation, it appears more compact. Moreover, a thicker tail is observed
in all cases compared to the reference case.

Regarding the temporal evolution of the current front, the aver-
age relative error with respect to the reference case is on the range
0.25%-2.70%, with the lower error for the not resolved and the Spald-
ing case. All the cases analyzed exhibit similar behavior during the
slumping phase, with an error on the order of 1%, and then deviate
during the self-similar phase. In particular, it is observed that the case
employing Spalding’s wall model tends to reduce the error relative to
the reference case as time progresses. It is also noted that, towards the
end of the self-similar phase, the resolved case exhibits a logarithmic
region that appears well-defined and stable.

Due to the grid resolution in the wall-normal direction, the various
coarse grid cases are unable to capture the turbulent structures that
develop near the bottom, which are instead observed in the resolved
case; therefore, they may be deficient in accurately representing sedi-
ment resuspension. However, during the self-similar phase, the friction
velocity appears to be well reproduced, at least in the head region of the
gravity current. This observation is especially valid in the final phase
for the case run using Spalding’s wall model.

In the results presented above, no significant differences were ob-
served between the cases with and without a wall model (excluding
the Blended case). However, substantial differences are observed with
respect to entrainment, mean density, and the area of the gravity cur-
rent. The not resolved case and the case with modified eddy diffusivity
are much closer to the reference case, when considering the gravity
current in its entirety. The behavior changes when focusing solely on
the gravity current head: in this region, the cases with eddy viscosity
intensification exhibit the best results as time progresses. This behavior



A. Ammendola et al.

B

0
0 0.5 1 1. 3.5 4

Fig. 17. Dimensionless velocity fluctuation at the first cell above the bottom
wall, at different times, a confrontation between HR-FR case (top), HR-WM-S
case (center) and HR-NR case (down): (a) time T* = 23.8, (b) time T* = 47.6,
(c) time T* = 91.8, (¢) time 7* = 119.

can be attributed to the fact that, only in the head of the current
develops a velocity profile that aligns with the assumptions of the wall
models.

In conclusion, the analyzed cases with coarse grid seem to be
effective in capturing the dynamics of gravity currents, particularly
during the self-similar phase of the flow evolution. The most accurate
results were obtained using the Spalding model, likely due to its ability
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to fully characterize the near-wall velocity profile, including the viscous
sub-layer.

The computational advantage is also evident: the mesh resolution
employed is approximately one order of magnitude lower than that
needed for the fully resolved simulations. Furthermore, the reduced
spatial resolution allows for larger time steps while still satisfying the
numerical stability criteria, thereby decreasing the total number of
iterations and contributing to overall computational efficiency.

In principle, the methodology with wall model lends itself to being
extended to a variety of cases beyond the one analyzed, such as three-
dimensional gravity currents on inclined planes (Ross et al., 2002;
Zgheib et al., 2016; Dai and Huang, 2020), and to geometries different
from the circular one (Zgheib et al., 2015). The subgrid-scale model,
in fact, does not require the presence of homogeneous directions.
Furthermore, the wall model, based on a local modification of the
eddy viscosity, incorporates a wall profile that accounts for the viscous
sublayer, the buffer layer, and the logarithmic region, thus enabling
the simulation of flows characterized by varying spatial dynamics.
However, extending the approach to these types of configuration would
require an appropriate verification and calibration procedure. In the
specific case analyzed, future research activities could focus on improv-
ing the calibration of wall models through a more detailed analysis of
the near-wall behavior in the head region of the gravity current, while
differentiating the wall-function behavior in the tail. Subsequently,
the performance of even coarser grids, which currently do not yield
satisfactory results, could be re-evaluated.
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