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Abstract. Gravity currents can occur in the ocean due to underwater landslides and play a critical role in sediment
transport. The focus of this study is to characterize the influence of bed slope on the propagation of axisymmetric grav-
ity currents. The research focuses on analyzing the front velocity, turbulent structures, and the potential formation of
hydraulic jumps. The findings highlight the influence of bed slope on the spreading dynamics, the size and intensity of
turbulent structures, and the conditions leading to hydraulic jumps. The results are based on numerical simulations,
which are made possible by the resources provided by PUCRS High Performance Laboratory. This research is funded by
Petrobras.
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1. INTRODUCTION

Density currents are gravity-driven flows caused by differences between the current and the surrounding environment.
The higher density of the fluid currents can be attributed to salinity, temperature, or suspended particles. In the ocean,
density currents are often triggered by underwater landslides on the continental shelf or at a river mouth. These currents are
responsible for transporting sediment across vast distances, sometimes reaching abyssal depths (Mulder and Alexander,
2001), where sedimentary deposits are formed.

Mathematical models have been developed to describe the mechanisms of sediment transport and deposition in density
currents. These models are based on turbulent structures and on the density current propagation velocity measured in the
field in various locations around the globe (Kuenen and Menard, 1952; Sylvester et al., 2011; Azpiroz-Zabala et al., 2017;
Dorrell et al., 2015). However, much remains unknown about the nature and properties of natural density currents due to
the difficulty in measuring sediment concentration on a real scale (Talling et al., 2015).

The experiments developed in the laboratory represent the dynamics of the phenomenon on a smaller scale. A canoni-
cal example, with a fixed initial volume (Simpson, 1999; Bonnecaze et al., 1995; Ross et al., 2002), consists of the release
of a dense fluid into a less dense ambient fluid in steady state, submerged in a closed reservoir.

In this sense, highly resolved three-dimensional numerical modeling (Härtel et al., 2000; Cantero et al., 2007; Espath
et al., 2015; Schuch et al., 2018; Frantz et al., 2021; Farenzena, 2021) reproduces the physical quantities provided by
experiments, thus adding information that is not possible to record with measuring instruments, such as turbulent structures
present at the interface between the current and the ambient fluid (Kneller et al., 1999; Dubief and Delcayre, 2000; Cantero
et al., 2008; Francisco et al., 2017; Dai and Huang, 2022; Vianna et al., 2022).

The axisymmetric configuration, characterized by the height and radius of the initial volume in unconfined propaga-
tion, characterizes situations such as landslides or dredging on a sloping boundary, where it is interesting to know the bed
slope influence in the mixing process.

Zgheib et al. (2016) detected a converging flow towards the center of the current due to the finite volume of the release
on a uniform slope. This phenomenon induces a second acceleration phase in the front velocity of the current. Based
on these findings, the present work aims to characterize the turbulent structures generated by the dynamics of the gravity
currents propagating down a bed slope.
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2. METHODOLOGY

2.1 Mathematical equations

In order to simulate the conservative density current, the continuity equation, the Navier-Stokes equation and the
scalar concentration transport equation are applied in the axisymmetric lock-release configuration, with a bed slope. In
this configuration, for the initial time instant, the fluid with the highest density (ρ1) is confined in the cylinder of height
L2 and radius r0, separated from the ambient fluid with the lowest density (ρ0) (Figure 1).

Figure 1. Initial configuration

The dimensionless mathematical equations that describe the problem, in the Boussinesq approximation for a conser-
vative current, have the following form:
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where ui, P and φ correspond to the unknowns variables of the problem, being the velocity vector, pressure and scalar
concentration, respectively. Eqs. 1, 2, 3 were dimensionless with the scale velocity Ub =

√
Hg(ρ1 − ρ0)/ρ0, with g

being the gravitational acceleration and the scale length H = L2 . The quantities Re and Sc refer to the dimensionless
Reynolds number Re = UbH/ν and the Schmitd number Sc = ν/κ, with ν being the kinematic viscosity and κ the mass
diffusivity of the fluid ρ1. êg = (sin θ,− cos θ, 0) represent the direction of the gravitational acceleration, considering the
bed slope angle θ. The slope of the domain occurs through the rotation of the axis-coordinates.

2.2 Numerical methodology

For the purpose to numerically solve the Equations 1, 2 and 3, the Xcompact3D code was used, based on the sixth-
order compact finite difference scheme in spatial differentiation and temporal integration using the third-order Adams-
Bashforth scheme. The pressure term is solved with Poisson’s equation in spectral space using the fast Fourier transform.

The boundary conditions established in the problem for the velocity field on the x1 and x3 axis is free slip, in the case
of the x2 axis it is non-slip at x2 = 0 and free slip at x2 = 1. For the concentration field, the boundary conditions for x1,
x2 and x3 axes are zero flow.

The numerical simulation carried out in this work considers the dimensionless calculation domain L1 × L2 × L3 =
(18×1×15), which is discretized into a Cartesian computational mesh with 721×121×601 points, along the three main
directions. The initial concentration is confined in the dimensionless cylindrical volume of radius r0 = 0.6 and height
H = 1, centered at the point (x1, x3) = (4, 7.5). The bed slopes angles θ = [0◦, 5◦, 10◦, 15◦, 20◦] are considered.
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A time step equal to ∆t = 5×10−4 is adopted, resulting in a final simulation time equal to 40 dimensionless units. The
dimensionless numbers considered fit the simulations presented in Zgheib et al. (2016), which considered the Reynolds
number Re = 5000 and the Schmidt number Sc = 1.

3. RESULTS

3.1 Front position and velocity

The gravity current propagation can be characterized by the front position of the current xf , which is defined as the
furthest point in the flow direction for each time step. The criteria adopted to track this position is φ = 1× 10−2.

Figure 2 shows the influence of the bed slope. Initially (t < 1.2), the propagation is axisymmetric regardless of the
bed slope. This suggests that the spreading in the early stages is similar to an expanding circle. After that, the spreading
dynamics change depending on the bed slope.

In the plane case (zero bed slope), the front position of the gravity current shows monotonic spreading, contrasting
with the sloping cases, which reveal an increase in spreading velocity.

At the final simulation times, the run-out of the gravity currents reaches the streamwise position x1 = 5.5 and x1 = 13,
for θ = 0◦ and θ = 20◦, respectively. This suggests that the gravity current on the 20◦ slope travels ∼ 2.4 times the
distance compared to the plane slope case.

Figure 2. Temporal evolution of the front position, for all bed slope propagations.

To better understand the propagation dynamic of the gravity current is considered the front velocity vf , which is
obtained by differentiating with respect to time of the front position xf , using a 4th order accurate centered scheme,

vf =
dxf

dt
. (4)

Figure 3 shows the front velocity of the gravity currents, considering all slope cases, in comparison to the results
obtained by Zgheib et al. (2016).
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Figure 3. Temporal evolution of the front velocity, for all bed slope propagations.

In this figure, an initial acceleration regime is observed at early times for all slope cases. This is related to the
formation of the gravity current. After this initial time instant (t ≈ 5), the gravity current in the plane case reaches a
constant velocity regime. This behavior is not observed in the cases with a bed slope. Instead, a second acceleration
regime appear. This second acceleration regime was also reported by Zgheib et al. (2016), who showed that the second
local maximum velocity increases with increasing slope and is even greater than the first local maximum for the steepest
case. Later, around the time t ≈ 8, the front velocities of the gravity currents decrease, transitioning to another regime.
The deceleration rate is approximately the same for all cases of sloped bottoms. Therefore, at the end of the simulation,
the current exhibits the highest velocity on the steepest slope.

3.2 Front Froude number

The bed slope has a strong influence on the current height, h, which can be defined as:

h(x1, x3, t) =

∫ L2

0

φ(xi, t)dx2. (5)

Fig. 4(a) shows the variation of the maximum current height over time as a function of the bottom slope. The figure
reveals a relationship between periods of increased current height and second acceleration regime, once the gravity current
is established. These heightened periods manifest as pulses whose duration increase with increasing bed slope. Notably,
the current height for bed slopes of θ = 15◦ and θ = 20◦ exhibits distinct behavior compared to those at θ = 5◦ and
θ = 10◦. In the plane slope case, the current height decrease after the acceleration regime, exhibiting a local maximum
that could be related with the regime transitions described by the front velocity curve (Fig. 3).

From the front velocity, vf (Eq. 4), and the maximum current height, hmx (maximum value of the Eq. 5), it is possible
to obtain the front Froude number, a dimensionless quantity that compares the inertial forces to gravitational forces in a
fluid. It is defined as:

Fr =
vf

(hmx)1/2
. (6)

The Froude number can characterize the entrainment of ambient fluid into the gravity current. This entrainment affects
both the density and velocity propagation of the current.

Figure 4 (b) shows the Froude number over time, for all bed slope cases.
For the bed slope cases, the figure reveals a stability time of t ≈ 8, occurring after the second acceleration regime.

This finding is consistent with the observations of Zgheib et al. (2016).
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(a) (b)

Figure 4. Temporal evolution of the maximum value of current height (a) and the Froude number (b).

From the definition of the Froude number, it can be inferred that Fr = 1 represents a balance between inertial and
gravitational forces. This value often corresponds to a transition point in the flow behavior.

Simulations reveal a distinct shift in the dominant forces governing gravity currents with increasing bed slope. For
steeper slopes (θ = 15◦ and θ = 20◦), the Froude number, Fr, exceeds unity (Fr > 1), indicating supercritical flow
driven by inertial forces. This dominance of inertial forces is likely due to the significant contribution of the slope to
gravity current acceleration, stemming from the high initial potential energy in these cases. Conversely, for shallower
slopes (θ = 0◦, θ = 5◦, and θ = 10◦), Fr < 1 (subcritical flow), signifying that gravitational forces exert primary
control. This suggests that the current’s hydrodynamic behavior in these cases more closely resembles that of a flat
bottom.

3.3 Turbulent structures

At the beginning of the simulations, the gravity current is released from an initial volume, spreading radially. By time
t = 2, the effect of the bed slopes becomes apparent, as evident in the x3-component vorticity figure (Fig. 5), which
reveals the breaking of the azimuthal symmetry. The plane case shows a symmetrical radial spreading, indicating that the
current is uniform in all directions, while the sloping cases reveal a preferential spreading direction (+x1). The height
of the reverse current (the portion of the current attempting to propagate uphill in the −x1 direction) decreases as the
bed slope increases. Eventually, the reverse current stagnate and begins to propagate in the same preferential direction,
mixing with the main current tail by the end of the simulation and contributing to the length of the current. This stagnation
time depends on the bed slope, being longer for shallower slopes due to gravitational resistance and likely some viscous
dissipation.

The head of the gravity current forms a rolled-up vortex tube that develops at early times (t = 2, t = 3 and t = 4)
due to mixing at the interface between the gravity current and the surrounding fluid. During this process, the current
height increases until the time t = 5, when the Kelvin-Helmholtz vortices collapse. The size of these large-scale vortex
increases with increasing bed slope. The vortices collapse induces flow separation at the bottom of the domain due to an
adverse pressure gradient. In the plane case and the lower bed slope (θ = 5◦ and θ = 10◦) cases, the separate current
propagate back towards the initial release position, at least temporarily (in the lower bed slope). However, in the steeper
cases (θ = 15◦ and θ = 20◦) the separated current continues to propagate in the preferential down-slope direction and
mix with the main current. This process could justify the increase of the Froude number at time t = 8, causing the steepest
cases into supercritical currents.

Figure 6 shows the Q-criterion methodology (Hunt et al., 1988), that represents the positive part of the second invariant
of the velocity gradient tensor. This definition allows the visualization of the three-dimensional structures typical of
vortices. The figure shows that turbulence increases with increasing bed slope. At t = 5, for the steeper slope cases,
vortex pairing is observed, with vortex tubes interconnecting. The steeper slopes, which lead to faster flow, may promote
vortex pairing and contribute to the overall increase in turbulence intensity.

In the plane case, at t = 8, hairpin vortices develop, potentially contributing to the formation of lobes and clefts that
become clearly visible by t = 10.

For the steeper cases, the front of the current assumes an elongated shape, particularly at times associated with the
deceleration regime, after t > 8.

In Fig. 6, due to the appearance of the turbulent structures of the density current, the formation of a hydraulic jump
(characterizing the transition from a supercritical to a subcritical regime) can be observed for slopes greater than θ = 5◦.
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Figure 5. z-component vorticity, for t = [2, 3, 4, 5, 8]

On slopes less than 10º, the hydraulic jump formed presents a more radial behavior, while on greater slopes it tends to
present a greater intensity and influence in the streamwise direction.

Evidently, the Froude number based on the velocity of the current front and its maximum height cannot be applied
to characterize the hydrodynamics of the hydraulic jump formed, nor its probable conjugate heights, since the Froude
number presented in Fig. 4(b) only presents values greater than 1 for slopes greater than θ = 15◦. On the other hand, it is
observed that current front Froude numbers greater than 1 are associated with those hydraulic jumps of greater intensity,
turbulent and more concentrated in the streamwise direction, demonstrating a greater similarity with the jumps observed
in classical cases of free surface flows. These results also demonstrate the importance of a more in-depth study on this
subject, representing a gap to be filled by future work.

4. CONCLUSIONS

Numerical simulations were performed to evaluate the gravity current spreading of cylindrical lock release, under the
influence of the bed slope. The Reynolds number Re = 5000 and the bed slope of variations θ = [0◦, 5◦, 10◦, 15◦, 20◦]
were considered, in concordance with Zgheib et al. (2016), except for the plane slope case.

The front velocities found in this work agree with the reference, as was shown in the Fig. 3. The bed slope influences
the propagation dynamics of the density current, adding a second acceleration regime after the current formation. This
regime could be related to the height current increases, whose duration depends on the bed slope.

The study also reveals that bed slope significantly influences the evolution, and turbulence, of gravity currents. While
a plane surface allows for symmetrical radial spreading, the presence of a slope introduces a preferential downslope
propagation, inhibiting the uphill flow of the reverse current. This reverse current eventually stagnates and merges with
the main current, with the stagnation time being longer for shallower slopes due to increased gravitational resistance.

The formation and evolution of vortex structures are also notably impacted by the bed slope. For all cases, a rolled-up
vortex tube develops at the head of the current, with its size increasing with steeper slopes. The collapse of these vortices
induces flow separation, which exhibits distinct behavior depending on the slope. In shallower slopes, the separated
current tends to reverse direction, while in steeper cases, it continues downslope, potentially contributing to an increase
in the Froude number and the development of supercritical flow.

Furthermore, steeper slopes are linked to increased turbulence intensity, characterized by vortex pairing and the for-
mation of interconnected vortex tubes. Hairpin vortices emerge, potentially leading to the development of lobes and clefts
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Figure 6. Q-criterion isocontour of Q = 1, at the times t = 5 and t = 10.

in the current. These findings underscore the crucial role of bed slope in shaping the complex interplay of forces, mixing
processes, and energy cascades within gravity currents.

The analysis of turbulent structures in Fig. 6 reveals a complex relationship between hydraulic jump formation and bed
slope in density currents. While visual evidence suggests hydraulic jumps occur at slopes greater than θ = 5◦, the Froude
number, calculated using front velocity and maximum height, only indicates supercritical flow (characteristic of intense
jumps) for slopes exceeding θ = 15◦. This discrepancy highlights the limitations of applying traditional Froude number
analysis to density currents on slopes. This research emphasizes the need for a more nuanced understanding of hydraulic
jumps in density currents, moving beyond traditional methods to accurately characterize and predict their behavior across
varying slopes.
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