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2D numerical simulations of tidal bores were obtained using the OpenFOAM CFD software 
to solve the Navier–Stokes equations by means of the Finite Volume Method by applying 
a LES turbulence model. The trajectories of non-cohesive sediment particles beneath tidal 
bores were estimated using a tracker method. Using the fourth order Runge–Kutta scheme, 
the tracker method solves the Maxey and Riley equations, which requires the knowledge 
of the velocity field at time t. From 2D numerical simulations of tidal bores, we proposed 
a classification of tidal bores with respect to the Froude number F r (or r the ratio of water 
depths). For a Froude number 1 < F r < 1.43 (1 < r < 1.57), the tidal bore is undular. For 
a Froude number 1.43 < F r < 1.57 (1.57 < r < 1.75), the tidal bore is partially breaking, 
which is similar to the transitional tidal bore defined by Furgerot (2014). And for a Froude 
number F r > 1.57 (r > 1.75), the tidal bore is totally breaking. The numerical results 
of trajectories of non-cohesive sediment particles are similar to the type of trajectories 
given by the analytical model proposed by Chen et al. (2012) with some modifications 
to take into account the effects of gravity, elevation, and attenuation. The parameters of 
modified Chen’s model, β1, β2 and β3, are linearly proportional to the Froude number F r. 
This is because the level of turbulence for undular tidal bores is low. The flow induced 
by an undular tidal bore is not complex. This physical phenomenon is quasi linear. 
The parameter β1, related to the front celerity of the undular tidal bore, decreases when 
the Froude number F r increases. The parameter β2, related to the elevation, increases 
when the Froude number F r increases. And the parameter β3, related to the attenuation of 
the secondary waves, increases when the Froude number F r increases.

© 2018 Published by Elsevier Masson SAS on behalf of Académie des sciences. This is an 
open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The tidal bore is unique phenomenon in the estuaries having a convergent river mouth with a uterine section shape 
(Fig. 1 (a) and (b)). This phenomenon has an influence on the transport of sediment particles in the estuaries as studied 
by Donnelly and Chanson (2005) in [1]. They observed that the high bed shear stresses induce erosion beneath a tidal 
bore. There is a lot of studies in the scientific literature that discussed this phenomenon. In field studies, the tidal bore 
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Fig. 1. (a) Bono on the Kampar River, Indonesia (photograph by Lawrence in [16]) and (b) map of the Kampar River in Sumatera, Indonesia, where the tidal 
bore bono appears (https://maps .google .com/).

phenomenon has been studied recently by Chanson (2011), Furgerot et al. (2016) and Bonneton et al. (2016) [2–4]. In these 
studies, they have characterized the tidal bore with respect to the Froude number F r from the field data. Analytically, the 
tidal bore phenomenon has been studied by Lemoine (1948), Andersen (1978), and Berry (2018) [5–7]. An analytical study 
of conjugate depth ratio r = h2/h1, wavelength Lw , and wave amplitude aw has been presented in these three studies. In 
the laboratories, the tidal bore phenomenon has been studied by Favre (1935), Treske (1994), Hornung et al. (1995), Koch 
and Chanson (2008), and Rousseaux et al. (2016) [8–12]. In these studies, two types of tidal bores, undular and breaking, 
have been generated. The analysis of free surface, velocity and pressure of tidal bores has been performed. And numerically, 
the tidal bore phenomenon has been studied by Khezri (2013), Simon (2013) and Berchet et al. (2018) [13–15]. They 
have generated numerical simulations of tidal bores using the CFD software Thétis developed in the I2M laboratory of the 
University of Bordeaux, France. This Thétis software has been developed by applying the LES turbulence model to solve the 
Navier–Stokes equations [13–15]. The flow pattern of velocity beneath a tidal bore classified into 4 types (A, B , C and D) 
has been performed in the study by Berchet et al. (2018).

There is a similitude between a hydraulic jump and a tidal bore. These two phenomena can be characterized by the 
Froude number F r, a dimensionless number representing the ratio between the flow inertia to the external field as gravity 
(see in detail the part 2.1.4). A hydraulic jump is a transition from a supercritical flow with a Froude number F r < 1 to 
a subcritical flow with a Froude number F r > 1. The tidal bore is also called (improperly) a moving hydraulic jump or a 
hydraulic bore [2,17]. The tidal bore is similar to a hydraulic jump because it is generated by the opposite flow of the tide 
with respect to the river flow. The criteria to generate the tidal bore in nature are well known: a large tidal range, a shallow 
and convergent channel, and a low freshwater discharge [18,4].

To study the impact of tidal bores on the hydrodynamics of river flows, we have referred to some studies of the scientific 
literature that are correlated with our study. The latter were realized to define the transition between no tidal bore and the 
undular tidal bore, and the transition between the undular and breaking tidal bores. In their studies, Khezri (2013) and 
Simon (2013) in [13,14] generated experimentally and numerically two types of tidal bores, undular and breaking. They 
used the CFD software Thétis to generate the 2D numerical simulations of tidal bores by applying the LES turbulence model. 
They have also estimated the wave amplitude aw and the wavelength Lw from the form of free surface. From their numerical 
results, the wavelength Lw decreases when the Froude number F r increases. The wave amplitude aw increases when the 
Froude number F r increases in the regime of undular tidal bore. Otherwise, the wave amplitude aw decreases when the 
Froude number F r increases in the regime of breaking tidal bore. In our study, the numerical study of two tidal bores 
types, undular and breaking, was done using OpenFOAM (Open Source Field Operation And Manipulation) CFD software 
by applying a LES turbulence model to complete the studies by Khezri (2013) and Simon (2013). Seventeen 2D numerical 
simulations were generated to identify the transition from undular tidal bores to breaking tidal bores. A study has been 
done by Furgerot (2014) in [17] that classified the tidal bores with the Froude number F r only (not based on r). She has 
performed a classification of tidal bores based on the field data where a small wave appears on the tidal bore with a 
Froude number F r < 1.25. She has also observed that the undular and breaking tidal bores appear with a Froude number 
1.25 < F r < 1.50 and F r > 1.50, respectively. The low Froude number (F r < 1.52) brings up a low turbulence in the river 
flow. Then it generates an undular tidal bore in the river channel. For a Froude number F r > 1.50, the high turbulence 
induces a breaking tidal bore. This classification by Furgerot (2014) in [17] is confirmed and refined in this work using the 
2D numerical simulations obtained with OpenFOAM.

To study the impact of tidal bores on the transport of non-cohesive sediment particles, the studies by Chen et al. (2012) 
and Berchet (2014) have been referred to in our study [19,20]. Chen et al. (2012) in [19] have studied analytically the 
trajectory of non-cohesive particles in a two-dimensional wave-current field using the fully Lagrangian framework. They 
have derived analytical solutions that can be used to describe the trajectory of non-cohesive sediment particles beneath an 
undular tidal bore. Berchet (2014) in [20] has developed a tracker model based on the Maxey–Riley equations to estimate 
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Fig. 2. Sketch of computational domain used for the 2D numerical simulations of tidal bores.

the trajectory of non-cohesive sediment particles under an undular tidal bore. From 2D numerical simulations of undular 
tidal bores using the CFD software Thétis, he has obtained that the numerical trajectories are similar to those given by 
the analytical model proposed by Chen et al. (2012) in [19]. In our study, we complete the studies by Chen et al. (2012) 
and Berchet (2014) taking into account the effects of gravity, elevation, and attenuation on the trajectory of non-cohesive 
sediment particles. Three parameters of the modified Chen’s model, β1, β2, and β3, are identified as functions of the Froude 
number F r.

In order to reach the two objectives of our study, the study of the impact of tidal bores on the hydrodynamics of river 
flows and the transport of non-cohesive sediment particles, a methodology based on different tools is proposed in the 
section 2. For the analysis of tidal bore flows, we perform a comparison between the numerical simulations obtained with 
OpenFOAM [21] and the theory proposed by Lemoine (1948), Andersen (1978), and Berry (2018) [5–7] for various values 
of the Froude number F r, and the ratio of water depths r for Berry only. For the analysis of trajectories of non-cohesive 
sediment particles, we performed a comparison between the numerical results obtained with a tracker model based on the 
modified Maxey and Riley equations [22] and the modified Chen’s model [20]. The results of these two comparisons are 
given in section 3. A validation of 2D numerical simulations obtained with OpenFOAM and a classification of tidal bores are 
presented in this section. The relationships between the three parameters β1, β2, and β3 of the modified Chen’s model and 
the Froude number F r are given in section 3.

2. Methodology

In our study, 2D numerical simulations of tidal bores were generated using OpenFOAM (Open Source Field Operation 
And Manipulation) CFD software. OpenFOAM is an open source CFD software released and developed primarily by OpenCFD 
Ltd since 2004 [23]. This software uses the Finite Volume discretization and free surface capturing technique based on 
the Volume of Fluid (VoF) method to solve the Navier–Stokes equations [21]. We have used the LES turbulence model of 
OpenFOAM, as it has been done by Khezri (2013) and Simon (2013), to generate seventeen 2D numerical simulations of tidal 
bore. These numerical simulations cover two types of tidal bore, undular and breaking tidal bores. In the LES model, we 
have used the Smagorinsky model as the turbulence model with a turbulent kinetic energy k = 0.0001 m2/s2. The viscosity 
of air and water is set to μair = 1.85 × 10−5 kg/ms and μwater = 10−3 kg/ms, respectively. The densities of air and water 
are set to ρair = 1.1768 kg/m3 and ρwater = 1000 kg/m3, respectively, under a gravity acceleration equal to g = 9.80 m/s2. 
The numerical results have been compared with experimental and numerical ones by Simon (2013) [14] for undular tidal 
bores and Khezri (2013) for breaking tidal bores [13].

The 2D computational domain of tidal bores is derived from the experimental setup in an open channel given in Fig. 2. 
The transition between the undular and breaking tidal bores is studied by using the configurations performed by Khezri 
(2013) [13]. To obtain seventeen 2D numerical simulations of tidal bore that vary in the value of the Froude number F r, we 
have set the different gate heights hg for each simulation, between 0 and 0.135 m. The initial flow velocity V 0 and the initial 
water depth h1 were fixed to 0.74 m/s and 0.14 m, respectively. In these configurations, the size of the 2D computational 
domain is fixed to 10 m for the length and 0.5 m for the height. The mesh grid of the computational domain is generated 
by the mesh generation utility, “blockMesh” of OpenFOAM. The geometry of computational domain given in Fig. 2 was built 
from a dictionary file, named “blockMeshDict”, located in the “system” directory of OpenFOAM. In the blockMeshDict file, 
we could set the cell number of computational domain Cn. In Fig. 2, we divided the computational domain into two blocks. 
The block 1 is the water zone and the block 2 is the air zone. The cell number of computational domain could be increased 
in block 1 (water zone) and reduced in block 2 (air zone). The cell number in block 1 is smoother than in block 2 because, in 
block 1, the parameters of velocity, pressure, and free surface of the tidal bore will be calculated. The time step of numerical 
simulations δt was set in a dictionary file, named “controlDict”, located in the “system” directory of OpenFOAM. These two 
numerical parameters, cell number of the computational domain Cn and time step of the numerical simulations δt , will be 
fixed by a parameter study in subsection 3.1.
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2.1. Flow model

2.1.1. Navier–Stokes equations
The flow model of tidal bores is governed by the Navier–Stokes (NS) equations expressed in a velocity-pressure formula-

tion as given in Eqs. (1) and (2):

∇ · (ρu) = 0, (1)
∂ρu

∂t
+ ∇ · (ρuφ) − ∇ · (μeff∇(ρu)) = −∇ + ρg + Fs (2)

where u, P , ρ , φ, and g are the flow velocity (m/s), the pressure (Pa), the fluid density (kg/m3), the flux field of fluid, 
and the gravity acceleration (m/s2) respectively. μeff = μ + μt is the effective dynamic viscosity (kg/m·s), where μ is the 
kinematic viscosity and μt is the turbulent viscosity. Fs (N/m) is the source of momentum that corresponds to the surface 
tension σ , which will be described in the following section. The density ρ in Eq. (2) is the density of water and air. The 
dynamic viscosity and density of fluids, μ and ρ , can be defined as:

μ = αμwater + (1 − α)μair, (3)

ρ = αρwater + (1 − α)ρair (4)

where α is the volume fraction of fluid. The transport of α was formulated by Weller (2002) in [24] by introducing an extra 
term in the phase fraction function. It is called the artificial compression term:

∂α

∂t
+ ∇ · (αū) + ∇ · [u	 α (1 − α)]︸ ︷︷ ︸

artificial compression term

= 0 (5)

where u	 is the vector of the relative velocity between water and air, also called the compression velocity. ū is the mean 
velocity calculated by a weighted average of water and air velocities (uw and ua):

ū = α uw + (1 − α)ua (6)

The Finite Volume method is used to discretize the Navier–Stokes equations [21]. The pressure P is estimated at the 
cells vertices. The components of the flow velocity u are obtained on the sides of the cells. The Navier–Stokes equations are 
integrated on each control volume and discretized in terms of physical fluxes through the control volume faces.

In OpenFOAM, the Volume Of Fluid (VOF) method by Hirt and Nichols (1981) is applied [25]. It uses the volume frac-
tion α as an indicator function (in OpenFOAM called alpha) to define the portion of the cell occupied by water. It is defined 
as: ⎧⎨

⎩
α(x, y, z, t) = 1 for a position (x, y, z) occupied by water at a time t,

0 < α(x, y, z, t) < 1 for a position (x, y, z) in the interface at a time t,
α(x, y, z, t) = 0 for a position (x, y, z) occupied by air at a time t

(7)

2.1.2. Surface tension force
The numerical simulation of tidal bores is a multiphase problem where a surface tension appears between air and water. 

This surface tension is taken into account in the NS equations by means of a surface tension force per unit volume Fs (see 
Eq. (2)). Using a volumetric formulation, the volumetric surface tension force is given by [26]:

Fs = σκ∇α (8)

where σ and κ are the surface tension (N/m) and the curvature, respectively.
The difficulty in estimating the surface tension force Fs lies in estimating the curvature κ . In the literature, two fam-

ilies of methods are distinguished to estimate κ , direct derivation from the implicit representation of the interface and 
discrete differential geometry operators applied to an explicit description of the location of interface [26]. In the first family, 
the Levelset (LS) methods allow for an accurate estimation of the curvature κ . However, the LS methods are found to be 
non-conservative [27] [28]. Still in this first family, the VOF methods tend to provide an inaccurate estimation of the cur-
vature. But they are conservative [29]. Heyns et al. have implemented in OpenFOAM a method mixed between LS and VOF 
methods [30]:

κ = −∇n = −∇ ·
( ∇α

|∇α|
)

(9)

This mixed method is similar to the CSFVOF method of Sussman and Pucket [31].
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Taking into account the volumetric form of surface tension force (Eq. (8)), the final form of NS equations in Eqs. (1)
and (2) can be written as:

∇ · (ρu) = 0, (10)

∂ρu

∂t
+ ∇ · (ρuφ) − ∇ · (μeff(∇ρu)) = −∇p∗ + σκ∇α (11)

The NS equations could be solved together with the constitutive relations for the dynamic viscosity (Eq. (3)) and the density 
of fluid (Eq. (4)) by using the Finite Volume Method [32].

2.1.3. LES turbulence model
Based on previous works in the scientific literature [33–36], we have taken the LES model to simulate the turbulent 

flows of two tidal bore types, undular and breaking. The first 2D numerical simulations of tidal bores, using the Large Eddy 
Simulation (LES) model, have been realized by Furuyama and Chanson (2008 and 2010) [33,34]. The lack of mesh grid 
resolution did not allow us to simulate the complete flow dynamic of tidal bores. In 2010, Lubin et al. showed that, in the 
2D numerical simulations, the turbulent LES model is able to simulate correctly the main features of breaking tidal bores in 
accordance with the experimental results, as the time evolution of the free surface [35,36]. However, the agreement between 
the numerical and experimental results of the velocity profile is only shown in a selective range of vertical elevation beneath 
the free surface [13,14]. In 2018, Leng et al. have performed 3D numerical simulations where the numerical boundary layer 
presents a thickness close to that of experimental results [37].

Instead of time-averaging, the LES model resolves the large-scale motions of flows by solving the spatial-filtered NS 
equations. In this model, the smaller universal scales, the sub-grid scales (SGS), are modeled. The spatial filtered velocity u
of LES model is given by:

u(x) =
∫
�

u(x′, t) G(x, x′,�)ds′ (12)

where G(x, x′, �) is the spatial filter with � as the filter size, and � is the entire space. In LES, the spatial filtering controls 
the large eddies to be resolved and removes the small eddies to be modeled. To achieve this, spatial filters should be able 
to smooth away the small eddies [38] [32].

The three filter types are defined in OpenFOAM, i.e. tophat G1, Gaussian G2 and sharp Fourier cut-off G3. They are ex-
pressed as:

G1 =
{

1/ �3 if
∣∣x − x′∣∣ ≤� /2,

0 otherwise,
(13)

G2 =
(

6

π �2

)3/2

exp

(−6||x − x′||2
�2

)
, (14)

G3 =
3∏

i=1

sin
( π

� ||x − x′||)
π||x − x′|| (15)

where �= (�1�2�3)
1/3 with �i being the filter width in the i-th spatial coordinate [38] [32]. The tophat G1 filter (Eq. (13)) 

was used in this work. This is because the tophat G1 filter is applicable for the finite volume implementation of LES [32], 
while for the filters of Gaussian G2 (Eq. (14)) and sharp Fourier cut-off G3 (Eq. (15)) are implemented for the finite difference 
implementation of LES. Thus, the spatial filtering defines a new term, the SGS stress tensor τ S

i j . Then, the fluctuation velocity 
could be expressed as:

uiu j = uiu j + u′
iu

′
j = uiu j − τ S

i j (16)

Furthermore, the spatially-filtered NS equations is written as:

∂ui

∂t
+ u j

∂ui

∂x j
= − 1

ρ

∂ p

∂xi
+ 1

ρ

∂τ i j

∂x j
− ∂τ S

i j

∂x j
(17)

2.1.4. Froude number
The strength and free-surface shape of tidal bores are linked to the Froude number F r [39]. Originally, for a channel with 

an irregular cross-sectional shape and a river-flow condition, the Froude number F r is usually defined as [39]:

F r = v0√ (18)

g(A/B)
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Fig. 3. Definition of variables Y1, Y2, X1, X2, and Ymin used in Eq. (25) to estimate the wave amplitude aw and the wavelength Lw.

where v0 is a river flow velocity (m/s), A is the cross-sectional area (m2), and B is the free-surface width (m). For open 
channel flows, the ratio A/B in Eq. (18) is relevant with the water depth of river h1 [39]. So, for a rectangular channel, the 
Froude number F r is defined as:

F r = v0√
g h1

(19)

For the tidal bores where the flow velocities of river and tidal bore have opposite directions, the definition of Froude 
number F r in Eq. (19) is written as:

F r = v0 + Ub√
g h1

(20)

with Ub is the front velocity of tidal bore (m/s).

2.1.5. Lemoine’s, Andersen’s, and Berry’s theories
In our study, the analysis of tidal bore flows is assessed with theories developed by Lemoine (1948), Andersen (1978), 

and Berry (2018) [5–7]. These theories are based on approximations of linear wave theory. Lemoine (1948), Andersen (1978), 
and Berry (2018) proposed formulas giving the wavelength Lw (m) and the wave amplitude aw (m) for an undular tidal 
bore, which are expressed in Eqs. (21), (22), and (23), respectively:

Lw

h1
= π√

3
(F r − 1)−1/2 and

aw

h1
= 8

3
√

3
(F r − 1) (Lemoine’s theory), (21)

Lw

h1
= 1.79

(1 − F r)0.614
and

aw

h1
= 0.741(F r − 1)1.028 (Andersen’s theory), (22)

Lw

h1
= 0.3426

(r + 2)3/2

√
(r − 1)

and
aw

h1
= 0.2331(r − 1) (Berry’s theory) (23)

where r = h2/h1 is the ratio of water depth of river h1 (m) to water depth of tidal bore h2 (m). The ratio r can be written 
as a function of the Froude number F r given as [7]:

r = 1

2
(
√

1 + 8F r2 − 1) (24)

Because of this equation, the classification in terms of the Froude number is equivalent to the classification in term of r
on the assumption of Bélanger’s hypotheses (hydrostaticity, no friction and rectangular geometry). If the friction is included 
for example, then r will possibly be a function of the Reynolds number Re in addition to the Froude number F r.

The numerical results of the wave amplitude aw and wavelength Lw obtained with OpenFOAM are given by the following 
equations:

Lw = X1 − X2 and aw = Y1 − Ymin

2
(25)

where Ymin (m) is the lowest height between the front and the first stubble (secondary wave), Y1 (m) and X1 (m) are 
associated with the front elevation, Y2 (m) and X2 (m) are associated with the first stubble elevation. All these quantities 
are shown in Fig. 3.

2.2. Transport model

2.2.1. Modified Maxey–Riley equations
A transport model was used to simulate the trajectory of non-cohesive sediment particles. The trajectory of each particle 

can be described by the fundamental dynamics principle proposed by Maxey and Riley (1983) [22] given in Eqs. (26)
and (27):
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dxi

dt
= vi(t), (26)

mi
dvi

dt
= V i

(
ρp − ρf

)
g + mf

D�ui

Dt
− 1

2
mf

d

dt

(
vi − ui − 1

10
r2

i ∇2ui

)

− 6πriμ

(
vi − ui − 1

6
r2

i ∇2ui

)

− 6πr2
i μ

t∫
t0

d

dτ

(
vi(τ ) − ui(τ ) − 1

6
r2

i ∇2ui

)
dτ√

πν(t − τ )
(27)

where xi , vi , mi , V i , ρi , and ri are the position (m), the velocity (m/s), the mass (kg), the volume (m3), the density (kg/m3) 
and the radius of each particle i respectively at time t (s) to indicate the initial time t0 (s). Next, mf , ui , ρf , μ, and ν are 
the mass (kg), the flow velocity (m/s), the density (kg/m3), the dynamic (kg/m·s) and kinematic (m2/s) viscosity of fluid, 
respectively. The time discretization of the previous system of equations uses the fourth-order Runge–Kutta scheme. To 
obtain the trajectory of non-cohesive sediment particles, it is necessary to have the velocity field during the passage of tidal 
bores. The flow velocity field is estimated with OpenFOAM.

2.2.2. Modified Chen’s model
Chen et al. (2012) [19] have computed the particle trajectories in wave-current interaction for a two-dimensional field. 

In our work, we have proposed three modifications of Chen’s model to obtain an analytical solution allowing one to analyze
the trajectory of non-cohesive sediment particles under undular tidal bores [20,15].

1. Gravity: considering a constant settling velocity ws (m/s), the contribution of gravity in the sediment particle trajectories 
is given by:

y(t) = −ws(t − t0) (28)

2. Elevation: during the passage of an undular tidal bore, an elevation of the free surface appears simultaneously with 
a slowing down of the river current. Their effects on the sediment particle trajectories can be collected in the same 
equation with changing the water height from h1 (m) to h2 (m) and the current velocity from V 1 to V 2:

x(t) = 1

2β1
((U1 − U2) log(cosh(−β1)tB) − log(cosh(β1(t − tB)))) + β1(U1 + U2)t, (29)

y(t) = h2 − h1

2
tanh(β2(t − tB)) (30)

where tB is the time taken by the sediment particles to go through the jump front (s), β1 is the parameter controlling 
the flow velocity during the slowing down between the two states before and after the front, and β2 is the parameter 
controlling the velocity of elevation between the two states.

3. Attenuation: the secondary waves (stubbles) amplitude decreases with the distance from the front (see Berry, 2018 [7]). 
It is probably that the attenuation is a combination of dispersive and dissipative effects to be elucidated. This effect on 
the sediment particle trajectories can be described by:

x(t) = xchen(t)exp(−β3(t)), (31)

y(t) = ychen(t)exp(−β3(t)) (32)

where β3 is the attenuation parameter of the related wave-current interaction problem, where each stubble is consid-
ered as a water wave on its own. xchen and ychen are the coordinates given by the Chen’s model [19].

3. Numerical results

3.1. Convergence study

In this convergence study, the undular tidal bore simulation with Froude number F r = 1.10 has been chosen by using 
the LES turbulence model. The initial velocity and water depth of undular tidal bore were chosen as V 0 = 0.189 m/s and 
d0 = 0.2 m, respectively, while for the breaking tidal bore simulation, the initial velocity and water depth are such that 
V 0 = 0.74 m/s and d0 = 0.14 m, respectively, with Froude number F r = 1.48.
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Fig. 4. Horizontal component V x of flow velocity beneath an undular tidal bore with F r = 1.10 at X = (5 m, 0.1 m) using the LES model of OpenFOAM for 
various values of cell number Cn.

Fig. 5. Horizontal component V x of flow velocity beneath an undular tidal bore with F r = 1.10 at X = (5 m, 0.1 m) using the LES model of OpenFOAM for 
various values of time step δt .

3.1.1. Cells number Cn
The analysis of cells number Cn of the computational domain has been done to generate the tidal bore simulations. The 

objective is to determine the cells number Cn that provides the best accuracy of numerical simulations. The cells number 
Cn = nx ×ny has been fixed to 200 × 10, 600 × 30, 1000 × 50, 1400 × 70 and 2000 × 100 with nx and ny the discretizations 
in the two spatial directions. We have observed the time evolution of the horizontal component V x of the flow velocity 
at observation point X = (5 m, 0.1 m) to confirm the convergence of the numerical simulations with the cell number Cn
in Fig. 4. The LES model gives a good convergence for Cn equal to 600 × 30, 1000 × 50, 1400 × 70, and 2000 × 100. The 
convergence is reached for Cn = 600 × 30.

3.1.2. Time step δt
The convergence study of numerical simulations with the time step δt = 0.1, 0.01, 0.001 and 0.0001 s has been studied 

in this section. We have drawn the time evolution of horizontal component V x of flow velocity at observation point X =
(5 m, 0.1 m) in Fig. 5. To achieve temporal accuracy and numerical stability, the time step δt must be constrained by the 
Courant–Friedrichs–Lewy (CFL) condition given by [40]:

δtCFL = min

(
δx

U
,
δx2

νw

)
(33)

where U is the magnitude of flow velocity and δx is the cell size in the direction x. As the water viscosity νw is very small, 
the first criterion on the advection time imposes the limit of the time step δtCFL to ensure the stability of the numerical 
simulations. In our test case, the flow velocity of the river v0 being equal to 0.189 m/s, the limit of time step δtCFL is equal 
to 0.05 s. For the rest of numerical simulations, the time step δt will be fixed at 0.001 s.

3.2. Validation study

To validate our numerical simulations, we have generated two types of tidal bores, undular and breaking. For the case 
of undular tidal bores in Figs. 6 and 7, the validation of numerical results obtained with OpenFOAM was achieved with the 
analytical, numerical, and experimental results obtained in [14,41] with the Froude number F r = 1.10 compared with the 
results proposed by Simon (2013) [14]. For the case of a partially breaking tidal bore, the dimensionless time evolution of 
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Fig. 6. Dimensionless time evolution of the free surface of an undular tidal bore with a Froude number F r = 1.10 at an abscissa x = 5.15 m compared with 
the results proposed by Simon (2013) [14].

Fig. 7. Dimensionless time evolution of the horizontal and vertical components vx/v0 (a) and v y/v0 (b) of flow velocity for an undular tidal bore with a 
Froude number F r = 1.10 at a position X = (7.15 m, 0.036 m) compared with the results obtained by Simon (2013) [14].

Fig. 8. Dimensionless time evolution of the free surface of a partially breaking tidal bore with a Froude number F r = 1.48 at an abscissa x = 5 m using 
OpenFOAM compared with the results reported by Khezri (2013) [13].

the free surface, the horizontal and vertical components vx/v0 and v y/v0 of the flow velocity have been drawn in Figs. 8
and 9, respectively, with Froude number F r = 1.48 and compared with the results obtained by Khezri (2013) [13].

3.2.1. Undular tidal bore case
We analyzed the numerical results of the free surface shape for an undular tidal bore at an abscissa x = 5.15 m given in 

Fig. 6. At this abscissa, we obtained that the free surface shape has a trend identical to the results of the scientific literature 
[14,41]. The wave train generated using OpenFOAM has a trend similar to the numerical results of the free surface using 
the Thétis code. The free-surface shape in Fig. 6 shows a pattern similar to that of the undular tidal bore of type A given by 
Berchet et al. (2018) [15], where the free-surface shape is dominated by undulations without global flow reversal, but with 
local flow reversals.

In Fig. 7, we also plotted the dimensionless time evolution of horizontal and vertical components, vx/v0 and v y/v0, 
of flow velocity at a position X = (7.15 m, 0.036 m) for a Froude number F r = 1.10. In this figure, we can observe that 
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Fig. 9. Dimensionless time evolution of the horizontal and vertical components vx/v0 and v y/v0 of flow velocity for a partially breaking tidal bore with a 
Froude number F r = 1.48 at a position X = (5 m, 0.04 m) compared with the results reported by Khezri (2013) [13].

the dimensionless time evolution of the horizontal and vertical components, vx/v0 and v y/v0, of flow velocity obtained 
with OpenFOAM shows trends similar to the results of the scientific literature [14,41]. According to our numerical results 
in Fig. 7, we can observe that the horizontal component vx/v0 of flow velocity beneath the crest and trough has positive 
and negative values, respectively. The greatest velocity value occurs beneath the first crest. After that, the velocity value 
decreases and reaches the lowest velocity value beneath the first trough. The velocity value re-increases beneath the second 
crest. However, it is smaller than the velocity value beneath the first crest. These numerical results are validated by the 
numerical and experimental results in the scientific literature [14,41].

3.2.2. Partially breaking tidal bore case
For the case of the breaking tidal bores in Figs. 8 and 9, the validation of the numerical results obtained with OpenFOAM 

was achieved with numerical and experimental results obtained in [13]. The numerical results of the free-surface shape 
for a breaking tidal bore have been observed to follow the results obtained by Khezri (2013) at an abscissa x = 5 m given 
in Fig. 8. At this abscissa, we obtained that the free surface shape given by OpenFOAM are closer with the results of the 
scientific literature [13].

Physically, for a partially breaking tidal bore, the wave amplitude of the front wave is smaller than in the case of an 
undular tidal bore [13]. Based on the experimental photograph by Khezri (2013) in [13], the free-surface shape of the front 
wave for a partially breaking tidal bore is broken and not smooth, but still features secondary waves. The free-surface shape 
does not have a wave train as in an undular tidal bore. We have also observed that the free-surface shape of a partially 
breaking tidal bore obtained with the OpenFOAM is similar to the numerical results obtained by Lubin et al. (2010) in [36].

For a partially breaking tidal bore, the dimensionless horizontal and vertical components, vx/v0 and v y/v0, of flow 
velocity were plotted in Fig. 9 at a position X = (5 m, 0.04 m) (in the water column) by following the work by Khezri 
(2013) [13] with a Froude number F r = 1.48 using OpenFOAM. According to Fig. 9, we can observe that the results obtained 
with OpenFOAM are close to the experimental and numerical given by Khezri (2013). As with experimental and numerical 
given by Khezri, OpenFOAM produces negative–positive velocity values beneath a partially breaking tidal bore. OpenFOAM 
gives a numerical simulation similar to the type C of Berchet’s paper (2018) where the flow velocity is positive v > 0
beneath the crest and negative v < 0 beneath the trough.

3.3. Classification

Fig. 10 shows the dimensionless values of the conjugate water depth r = h2/h1 as a function of the Froude number F r. In 
this figure, some reference data are taken from the various papers [8,42,9,43,44,14]. Equation (24) as a momentum principle 
was plotted in this figure. The numerical results of OpenFOAM are in good agreement with the momentum principle and 
some reference data in the scientific literature. From Fig. 10, we confirm that the conjugate depth ratio r = h2/h1 increases 
when the Froude number F r increases.

The dimensionless wavelength Lw/h1 was plotted as a function of the Froude number F r given in Fig. 11 (a). The 
numerical results of OpenFOAM were compared with the theoretical results given by Lemoine (1948), Andersen (1978), and 
Berry (2018) in Eqs. (21), (22), and (23), respectively [5–7]. We also compared the numerical results of OpenFOAM with 
the experimental results given by Favre (1935), Treske (1994), and Tissier [8,9,45]. In Fig. 11 (a), we can observe that the 
numerical results of OpenFOAM follow the trend described in the scientific literature. According to this figure, we obtain 
that the wavelength Lw decreases when the Froude number F r increases.

The dimensionless wave amplitude Aw/h1 was plotted as a function of the Froude number F r given in Fig. 11 (b). The 
numerical results of OpenFOAM were compared with the theoretical results given by Lemoine (1948), Andersen (1978) and 
Berry (2018) in Eqs. (21), (22), and (23) respectively [5–7]. We also compared the numerical results of OpenFOAM with 
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Fig. 10. Dimensionless variable h2/h1 as a function of the Froude number F r.

Fig. 11. Dimensionless wavelength Lw/h1 (a) and wave amplitude aw/h1 (b) as a function of the Froude number F r.

the experimental results given by Favre (1935), Benet and Cunge (1971), Treske (1994), Koch and Chanson (2009), Chanson 
(2010), Tissier (2011), and Docherty and Chanson (2012) [8,42,9,46,47,45,48]. The numerical results of OpenFOAM were also 
compared to the field results given by Simpson at al. (2004) at Dee river, UK [49]. The numerical results of OpenFOAM were 
compared to the numerical results given by Simon (2013) using the Thétis code [14]. According to these comparisons, we 
obtain that the numerical results of OpenFOAM follow the trend of the scientific literature. We observed that the ratio of 
wave amplitude aw/h1 is even greater when the tidal bore is undular. Then, when the tidal bore turns into a breaking one, 
the wave amplitude ratio aw/h1 of the tidal bore decreases. Fig. 11 (b) shows that the transition between a total undular 
tidal bore and a partial breaking tidal bore is a Froude number F r2 = 1.43, and the transition between a partial breaking 
tidal bore and a total breaking tidal bore is a Froude number F r3 = 1.57. For Froude number F r = 1, the wave amplitude aw
of the tidal bore is difficult to be observed as the free surface of the tidal bore has similarities with the surface of the river 
flow.

To confirm the values of F r1, F r2, and F r3 in Fig. 11 (b), the variation rate of the elevation of the free surface over time, 
dh/dt , is studied. In Fig. 12, the variation rate dh/dt was drawn for the four conditions of tidal bore: the small wave of tidal 
bore with the Froude number F r = 1 (Fig. 12 (a)), the total undular tidal bore with Froude number F r = 1.35 (Fig. 12 (b)), 
the partial breaking tidal bore with F r = 1.43 (Fig. 12 (c)), and the total breaking tidal bore with F r = 1.57 (Fig. 12 (d)). 
The variation rate dh/dt increases between the Froude number F r = 1 to 1.43 and when the Froude number F r = 1.57, the 
variation rate dh/dt decreases with the appearance of strong oscillations. To confirm this analysis, we referred to the work 
provided by Furgerot (2014) in [17] that defined the type of tidal bore based on the Froude number F r. She has observed 
that for F r < 1 there is no tidal bore, 1 < F r < 1.5 is the undular tidal bore, 1.5 < F r < 1.6 is the transition of the tidal 
bore, and F r > 1.6 is a breaking tidal bore. Based on the observation of the variation rate of the elevation of free surface 
dh/dt and Furgerot’s classification, we have proposed numerically that, for Froude numbers 1 < F r < 1.43, the tidal bore is 
undular, 1.43 < F r < 1.57, the tidal bore is partially breaking that is similar with the tidal bore transition, and F r > 1.57
the tidal bore is totally breaking.

3.4. Non-cohesive sediment transport

In the case of undular tidal bores, the trajectories of non-cohesive sediment particles were estimated to establish the 
relationship between the parameters of the modified Chen model, β1, β2, and β3, and the Froude number F r. Fig. 13 (a) 
shows the trajectory of a non-cohesive sediment particle with or without the effect of gravity. By subtracting the contribu-
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Fig. 12. Variation rate of the elevation of the free surface dh/dt as a function of time t for the small wave with Froude number F r = 1 (a), the total undular 
tidal bore with Froude number F r = 1.35 (b), the partial breaking tidal bore with F r = 1.43 (c), and the total breaking tidal bore with F r = 1.57 (d), 
respectively.

Fig. 13. Trajectories of a non-cohesive sediment particle induced by three effects: (a) gravity, (b) elevation, and (c) attenuation.

tion of the settling velocity ws to the complete trajectory, the new trajectory is not affected by gravity. Fig. 13 (b) shows the 
trajectory of a non-cohesive sediment particle obtained with the modified Chen model considering the effect of elevation. 
Fig. 13 (c) shows the trajectory of a non-cohesive sediment particle obtained with the modified Chen’s model considering 
all the mechanisms, gravity, elevation, and attenuation. According to Fig. 13, we observe that the three effects of gravity, 
elevation, and attenuation influence the trajectory of non-cohesive sediment particles beneath an undular tidal bore. From 
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Fig. 14. Parameters of the modified Chen model, β1 (a), β2 (b), and β3 (c), as functions of the Froude number F r in the case of undular tidal bores (the 
solid line is a fitting linear function).

Fig. 13 (a), we can observe that a trajectory of non-cohesive sediment particles influenced by gravity (blue curve) decreases 
with increasing the time t . While for the trajectory of non-cohesive sediment particles without gravity (red curve) has a 
constant value with increasing the time t .

Figs. 14 (a), (b) and (c) show the numerical values of the three parameters of the modified Chen model, β1 , β2 and β3, 
as functions of the Froude number F r. The standard method of least squares was used in order to obtain the best fitting of 
the curves of three parameters, β1, β2, and β3:

y = −0.41 x + 0.78 with R2 = 0.98 for β1, (34)

y = 17.44 x − 17.49 with R2 = 0.99 for β2, (35)

y = 2.74 x − 3.13 with R2 = 0.99 for β3 (36)

The least squares fits were plotted in Figs. 14 (a), (b) and (c). The relationships between the three parameters, β1, β2, 
and β3, and the Froude number F r are linear. It may be explained by the low level of turbulence beneath undular tidal 
bores. The flow induced by undular tidal bores is not complex. This physical phenomenon is quasi-linear. Thus the theory 
of wave-current interactions is applicable. Then, Chen’s model can be adapted to the study of undular tidal bores. The 
parameter β1 decreases when the Froude number F r increases (see Fig. 14 (a)). The decrease of β1 means a decrease of 
the velocity of the tidal bore front. The passage from undular tidal bores to breaking tidal bores induces a slowing down 
of the passage of tidal bores. The two other parameters, β2 and β3, increase with the Froude number F r (see Fig. 14 (b) 
and (c)). The parameter β2 simulates the free-surface elevation generated by the undular tidal bores passage. The increasing 
of Froude number F r induces an increase of this elevation. The flow of tidal bores, being more turbulent, has more energy 
for producing a more important elevation of the free surface. The parameter β3 simulates the attenuation of the wave train 
following the tidal bore front. The increase of the Froude number F r induces an increase of this attenuation. The wave train 
disappears progressively with the Froude number F r. The breaking tidal bores do not feature this wave train.

4. Conclusions

Using the 2D numerical simulations of tidal bores generated by OpenFOAM, we studied the hydrodynamics of two types 
of tidal bores: undular and breaking. The undular tidal bore type of this study is similar to the tidal bore of type A proposed 
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by Berchet et al. (2018) [15]. We defined three transitions of tidal bores based on the Froude number F r. For a Froude 
number 1 < F r < 1.43 (1 < r < 1.57), the tidal bore is undular. For a Froude number 1.43 < F r < 1.57 (1.57 < r < 1.75), the 
tidal bore is partially breaking, that is similar to the tidal bore transition defined by Furgerot (2014) [17]. And for a Froude 
number F r > 1.57 (r > 1.75), the tidal bore is totally breaking. By using the LES turbulence model of OpenFOAM, we have 
access to the velocity in the water column and the free surface to classify the tidal bore in relation to the free surface and 
parameterize the modified Chen model.

The impact of tidal bores on the transport of non-cohesive sediment particles was studied in our work. For the non-
cohesive sediment particles, we observed that the trajectory using the flow generated by OpenFOAM is similar to the typical 
trajectory proposed by Chen et al. (2010) [19]. The modifications of Chen’s model were done by including the effects of 
gravity, elevation, and attenuation to reproduce non-cohesive particle trajectories under an undular tidal bore. We obtained 
that the relationships between the parameters of the modified Chen model, β1, β2, and β3, and the Froude number F r are 
linear. This is because the level of turbulence for undular tidal bores is low. The flow induced by an undular tidal bore is 
not complex. This physical phenomenon is quasi linear. The parameter β1 related to the front celerity of tidal bores de-
creases when the Froude number F r increases. We can say that the passage from undular to breaking tidal bores induces a 
deceleration of tidal bores. The parameter β2 related to the elevation of tidal bores increases when the Froude number F r
increases. The tidal bore flow, being more turbulent, has more energy to produce a more important elevation of the free 
surface. The parameter β3, related to the tidal bores attenuation, increases when the Froude number F r increases. The wave 
train of undular tidal bores disappears progressively while the Froude number F r increases. The breaking tidal bores do not 
present this wave train. The energy associated with this wave train is dissipated by flow turbulence.

As a final remark, we have chosen to follow the literature to express our results as a function of the Froude number F r
only. For the sake of completeness, we add the range of the r values. Since both parameters are related by Bélanger’s 
Eq. (24), to choose r or Fr is just a matter of convenience. It seems to us that r is more logical when speaking of the 
transition to wave breaking instead of the Fr. Bélanger’s equation should be generalized in order to take into account the 
potential non-hydrostaticity as well as the structure of the boundary layer as it was done to integrate the effect of river 
geometry [39]. Hence, we guess that a future and broader classification of bores taking into account both the free surface 
(this work) and what happens beneath it (Berchet et al., 2018 [15]) should feature not only the Froude number F r, but 
other dimensionless numbers like r (encoding wave breaking), the Reynolds number Re (encoding friction), geometrical 
parameters like the slope of the banks (encoding curved bore front), etc. This will be our future line of investigation.
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