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Abstract

In this paper we propose an efficient second order accurate well balanced finite volume method for modeling complex
free surface flows at the aid of a simple diffuse interface method. The employed physical model is a two-phase model
directly derived from the Baer-Nunziato system for compressible multi-phase flows. In particular, as proposed for the
first time in [1]], the number of equations is reduced from seven to three by assuming that the relative pressure of the
gas with respect to the atmospheric reference pressure is zero, and that the gas momentum is negligible compared to
the one of the liquid. The two-phase model does not make any of the classical assumptions of shallow water type
systems, hence it does not neglect vertical accelerations and the free surface is not constraint to be a single-valued
function, so even complex shapes as those of breaking waves can be properly captured.

The resulting PDE system is solved by a novel well balanced second order accurate path-conservative finite
volume method on structured Cartesian grids, which is able to preserve exactly the equilibrium states even in the
presence of obstacles. It furthermore automatically computes the location of the water-air interfaces, and assures low
numerical dissipation at the free surface thanks to a novel Osher-Romberg-type approximate Riemann solver. Finally,
high computational performance is guaranteed by an efficient parallel implementation on a GPU-based platform that
reaches the efficiency of twenty million of volumes processed per seconds and makes it possible to employ even very
fine meshes. The validation of our new well balanced scheme is carried out by comparing the obtained numerical
results against existing analytical, numerical and experimental reference solutions for a large number of test cases,
among which oscillating elliptical drops, dambreak problems, breaking waves, over topping weir flows, and wave
impact problems.

Key words: diffuse interface method, reduced Baer-Nunziato model of compressible multi-phase flows, well
balanced path-conservative method, Osher-Romberg flux, parallel GPU implementation based on NVIDIA CUDA,
complex free surface flow.

1. Introduction

Many important applications in environmental engineering and geophysics, such as the design of hydraulic struc-
tures for flood management (dams, harbors and levees) and even in mechanical, industrial and aerospace engineering,
such as high speed water jet or high pressure fuel injection processes, are strictly related to the study of complex free
surface hydrodynamics, often involving non-hydrostatic free surface flows, as well as flows where the free surface
cannot be described by a single-valued function. The most commonly used physical models, in particular in the case
of quasi incompressible flows, are depth-averaged hydrostatic shallow water type models. They are derived from the
incompressible Navier-Stokes equations by supposing that the horizontal length scale is much larger than the vertical
one, hence any vertical acceleration can be neglected and a depth-averaging procedure is performed to reduce the
number of involved space-dimensions by one. Thus, the computational cost is reduced by one order of magnitude
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with respect to the corresponding two- and three-dimensional models, which is one of its principal advantages to-
gether with the explicit knowledge of the free surface position. Their accurate and efficient numerical solution is a
very active front of research in applied mathematics; it is out of the scope to mention here all the relevant contributions
to the field, we just mention a few of them like [2 3,4, (5,16} 7] and [8} 9} [10OL (114 [12} [13} [14} [15 [16].

Moreover, we would like to underline that a very important topic in this context is the capability of the scheme in
maintaining a certain class of equilibrium solutions of the system exactly up to machine precision. In the framework
of Godunov-type schemes, this is not trivial and requires a special treatment even in the case of the simple steady state
associated with water at rest. It is made possible by the introduction of the so-called well balanced schemes that have
been adapted to many different situations: multiple space dimensions, high order of accuracy, Cartesian, cylindrical
and spherical geometries, and even to the Lagragian framework, see for example [[17, (18,1920} 211 122|231 24} 25| 26]]
and the reference therein for a more complete bibliography.

However, although the shallow water equations are properly applicable in many cases, their assumptions fail when
unsteady phenomena with important vertical accelerations, such as dambreak problems and wave impact against solid
structures have to be simulated. The problems become even more severe when interested in breaking waves or very
general free surface shapes, which cannot be described with single-valued functions any more, and finally when a
compressible flow description has to be taken into account for higher Mach numbers.

For these reasons, in the present paper we have chosen a weakly compressible approach that can be directly derived
from the more complete Baer-Nunziato model of compressible multiphase flows. In this model, the free surface is
automatically captured by the volume fraction function of the liquid, which is evolved in time by a scalar advection
equation and distinguishes the volume occupied by the liquid phase from the one occupied by the gas phase. This
model was first introduced in two space dimensions in [1] and then extended to the three dimensional case in [27].
The model we are considering here is fully two-dimensional and it even allows to capture multivariate free surface
profiles. This makes its numerical simulation much more expensive with respect to the one-dimensional shallow
water equations. To partially mitigate this problem and to keep computational times still acceptable, we propose an
efficient CUDA implementation of our numerical method. The use of a volume fraction function makes the approach
similar to the well-known volume of fluid (VOF) method, see [28] 29] [30], but in a compressible setting. In both
cases the reliability of the proposed physical model has been shown by comparing the obtained numerical results
against available analytical, numerical and experimental reference solutions. The improved quality of a more complete
model with respect to the simpler shallow water equations has been emphasized, in particular for the simulation
of nonhydrostatic effects occurring immediately after a dambreak, within breaking and overtopping waves and in
recirculation phenomena. In the above references, the two-phase flow model has been solved with a third order
ADER-WENO finite volume scheme based on the unstructured WENO reconstruction operator detailed in [31]; the
obtained results were in good agreement with the reference solutions, but the proposed numerical method was not
exactly well balanced.

Thus, the aim of the present work is the design of new path-conservative algorithm that is exactly well balanced
for the two phase flow model introduced in [1, 27], in such a way that the final scheme can be very accurate and
complete in the case of complex free surface flows and at the meantime can preserve steady equilibrium solutions up
to machine precision. To preserve the equilibria in a system of equations with source terms, following [32] 33 34],
we will rewrite it in terms of non-conservative products obtaining a system of the form

a(2 _ 2 1

E+V-F(Q)+B(Q)-VQ_S(Q), xeQcR. (1)
In this system x is the spatial position vector, ¢ represents the time, Q is the considered computational domain, Q =
(41,92, - - ., qy) is the vector of the conserved variables defined in the space of the admissible states Qg c R”, F(Q) =
(f(Q), g(Q)) is the non linear flux tensor, B(Q) = (B(Q),B»(Q) ) is a matrix collecting the non-conservative terms,
and S(Q) represents a non linear algebraic source term. The system (I)) can also be written in the following quasi-linear
form

0Q

5 A(Q)-VQ =S(Q), x¢€ Q) cR? )

with the system matrix A(Q) = JF/0Q + B(Q). The system is hyperbolic if for any normal direction n # 0 the
matrix A(Q) - n has v real eigenvalues and a full set of v linearly independent eigenvectors for all Q € Qq. The main

difficulty of systems written in this form, both from the theoretical and the numerical points of view, comes from
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the presence of non-conservative products that do not make sense in the standard framework of distributions when
the solution Q develops discontinuities. From the theoretical point of view, in this paper we assume the definition of
non-conservative products as Borel measures given in [35]. This definition, which depends on the choice of a family
of paths in the phase space Qq, allows one to give a rigorous definition of weak solutions of @) We consider here
the discretization of system (I)) by means of numerical schemes which are path-conservative in the sense introduced
in [32]. The concept of a path-conservative method, which is also based on a prescribed family of paths, provides
a generalization of conservative schemes introduced by Lax for systems of conservation laws. Then we will apply
the recently introduced Osher-Romberg numerical flux [25}|36] which is a general and very accurate well balanced
technique. Provided the full set of eigenvalues and eigenvectors of A are known, it can be easily adapted to very
different systems of equations and families of equilibrium solutions.

As already mentioned above, in order to increase the computational efficiency of our numerical method, we have
decided to use a massively parallel implementation, choosing in particular a GPU-based platform. We employ the
NVIDIA CUDA (Compute Unified Device Architecture) framework, which is a hardware and software platform that
allows to easily exploit the capacities of NVIDIA GPUs for numerical algorithms. We refer to the recent book [37]]
for a complete introduction to CUDA for Scientific Computing.

The rest of the paper is organized as follows. In Section [2] we first introduce our mathematical model given by
a special case of the more general Baer-Nunziato system for compressible multi-phase flows and the appropriate
simplifications that allow us to reduce the number of equations from seven to three. Then in Section |3| and 4] we
present our second order accurate well balanced path-conservative Osher-Romberg scheme in the particular case of
a Cartesian mesh and of a parallel implementation in CUDA. Finally, in Section [5] we show equilibrium test cases
together with a large variety of typical free surface flow problems and we exhibit the high efficiency of our code. The
article is closed by some conclusive remarks and an outlook to future research.

2. Physical model for complex free surface flow

The simple and efficient two-phase interface-capturing algorithm proposed in this article is given by a special case
of the more general Baer-Nunziato model for compressible multi-phase flows introduced for the first time by Baer and
Nunziato in [38]]. In this section, we present the physical model starting from the original Baer-Nunziato system and
by introducing some appropriate simplifications that allow us to reduce the number of equations from seven to three,
as was done for the first time in [1]]. Then, we rewrite the sources via non-conservative products so that all the terms
connected with the equilibrium could be treated together.

The original Baer-Nunziato system with gravity effects reads

0 (a1p1) + V- (a1p1u1) = 0

0 (aiprup) + V- (a1 (pruy ®uy + p1l) = p;Va; + a1p18

0 (1p E1) + V- (1w (01 E1 + p1)) = —pid,a;

0 (a202) + V - (a2p2m2) = 0 3)
01 (@2p2w2) + V - (a2 (p2ua ® Uy + pol) = p;Va, + azpag

01 (2p2Er) + V - (a2 (02E2 + p2)) = —pi0iz

0,a; +uy - Vay =0,

where «; is the volume fraction of phase number j with a; + @, = 1, p; is the fluid mass density, u; = (u;,v;) the
velocity vector, p; the pressure and p;E; the total energy per mass unit of phase number j, respectively. Moreover,
g = (0, —g) is the vector of gravity acceleration, g = 9.81. The model must be closed by the equations of state (EOS)
for each phase that link the pressure p; to the density and the internal energy, and furthermore the model requires a
proper choice of the interface velocity u; and the interface pressure p;. Baer and Nunziato proposed the following
choice

pr=p2, and u; = uy, 4

which we also use here.
As explained in detail in [[L], the three-equation model we will study is based on the following simplifications. The
first assumption is that all pressures are relative pressures with respect to the atmospheric reference pressure pg, hence
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we can define pg = 0. Second, the gas surrounding the liquid is supposed to remain always at atmospheric reference
conditions, i.e. the gas pressure is
p2 = po =0 = const, (5)

which is a standard assumption for free surface flows in fluid mechanics, see for example [39]]. It is based on the
fact that for low Mach number flows the pressure fluctuations p are approximately proportional to pu® according to
Bernoulli’s law and since the liquid density is several orders of magnitude larger than the density of the gas (o > p»)
the pressure fluctuations of the gas phase are much smaller than the pressure fluctuations in the liquid phase (p}, < p}).
We therefore can neglect all evolution equations related to the gas phase j = 2. Furthermore, according to (@) and (5)
the interface pressure automatically results p; = p» = pg = 0. This is consistent with the usual standard assumption
for free surface flows, where, at the free surface of the liquid, atmospheric reference pressure boundary conditions
are imposed. Also the choice of the interface velocity u; = u; according to (@) is consistent, since the interface will
obviously propagate with the speed of the liquid phase. Third, the pressure of the liquid is computed by the Tait
equation of state [40]: the key idea is that according to the first assumption it yields a relative pressure with respect to
the atmospheric reference pressure (pg = 0). We therefore have

Y
sl )

where ko is a constant that governs the compressibility of the fluid and hence the speed of sound, p; is the liquid
density, py is the liquid reference density at atmospheric standard conditions and vy is a parameter that is used to fit
the EOS with experimental data. Since the EOS (6) does not depend explicitly on the internal energy, also the liquid
energy equation can be dropped.

So, we obtain the following reduced three-equation model

0;(ap) +V - (apu) =0
0, (apu) +V - (@ (pu®u + pl)) = apg @)
da+u-Va=0,

where indices have been dropped to simplify the notation. We work in a two-dimensional framework x = (x, y) where
y indicates the gravity direction. We underline that the free surface is captured automatically by the volume fraction
function @ which is evolved in time by the last equation (advection equation) and allows us to distinguish between the
portion of the domain occupied by the liquid Q,, with @ ~ 1, and the one occupied by the gas Q,, with & ~ 0.

2.1. Equilibria and non-conservative formulation

An important family of equilibria of (7)) consists in the water at rest solution given by
u=0, a= const, ®)

and density and pressure obtained through the momentum equation in y—direction as follows

9 d »
2_2 o((p—y )— 1) =-p(»g ®
dy Oy Po
which for the particular case ¥y = 1 and p(0) = py gives the simple solution
py) =poexp(—%(y—yo>), (10)
and hence the pressure distribution
p<y>=ko(exp(—gk—p0°<y—yo))—1), (1n)



where yy is the free surface position. Note that, since the constant kg is supposed to be very large and hence the
argument of the exponential function is small, from the Taylor series expansion of p

2 3
8Po 1 (gpo 1 (gpo
=kol1 =222 (v - (0 — B -1 U | 12
p(y) ko( (ko (r yo))+2(k0 (v yo)) 6(k0 6] yo)) + ) (12)
we can deduce that in the limit ky — oo
() =po, PO — —pog (y —yo), (13)

i.e. the pressure distribution tends to the hydrostatic one.

To be able to preserve the equilibrium (), that involves both terms in the flux and in the source, we need to rewrite
all the involved terms in such a way that they could be treated together. For this purpose, the gravitational source term
apg is converted into a differential term by rewriting it as the gradient of a gravitational potential Y(y) = y, i.e.

apg = apg Vy, (14)

and introducing it into the advective operator on the left hand side of the system. Note that now the system can be
still written in terms of conserved variables through the introduction of y as a new quantity, using the following trivial
equation

0y =0, 15)

which is the typical strategy adopted also in [411 42| 43| |33]]. Indeed, once the steady state solution has been described
through the balancing of fluxes and non-conservative terms, the problem of its exact preservation is transfered to the
choice of the correct path for writing the path-conservative method, and then one can apply some of the solutions
available in the literature devoted to this topic. Furthermore, we remark that the necessity of a path-conservative
approach was however conveyed by the presence of the non-conservative advection equation for the volume fraction
function «a; and finally, that the choice of considering the gravitational potential Y (instead of, for example, the other
space variable x) is guided by the aim of obtaining a balancing between forces acting in the gravity direction.
Our final non-conservative system therefore reads as follows

0:(ap) + V- (apu) =0
0, (apu) + 0, (apu2 + ap) + 0y (epuv) =0

0; (apv) + 0, (apuv) + 9, (a/pvz) + 0y (ap) + apgdyy =0 (16)
dia+u-Va=0,
afy = 03

which can be cast in the general form (I)) with

ap apu apv 0 0
apu apu’ + ap apuy 0 ; 0 5
Q= apv |, f= apuv , g=| apv* |, B;-VQ=| 0 | B, -VQ= aLera’Pga—i , S=0. an
a 0 0 ude v
ox dy
b4 0 0 0 0

3. Well balanced path-conservative scheme

We solve the two-phase model (T6) with a second order well balanced path-conservative scheme based on the
Osher-Romberg numerical flux introduced for the first time for the shallow water equations in cylindrical coordinates
in [25]] and for the Euler equations with gravity in [36].

In these two works the scheme was presented in the case of complex unstructured nonconforming moving meshes;
here instead, to increase the overall efficiency of the algorithm, we will work with fixed Cartesian grids.
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For the sake of completeness, and since it has never been done explicitly before, we will also briefly describe the
Osher-Romberg scheme for standard system of conservation laws in Section 3.1}

To discretize the computational domain, we consider a rectangular grid with N elements in the x—direction and
M elements in the y—direction, i.e. a total number of N X M quadrilateral elements T;; = [x;_ L 11X [y; 1>V 1]
i=1,...N, j=1...M. We denote |T;;| the area of an element 7;;, Ax the length of a horizontal edge Ay the length
ofa vertical edge and At the size of the current time step.

The evolution of the conserved variables Q inside each element T;; from time " to time ! = 1" + At is obtained,
after having integrated (L6) over 7;;, by a path-conservative scheme that reads

At
n+1 n = + - _ =/ + - + -
Qij QU_ (D"zf( “21’q > ) +D, 2]((] > ’q )) Ay (Di*j‘% (qi’j‘%’qi»f‘%)-i_ﬂi’ﬁ% (q ],q’ﬂ"))
At (18)
T B(ql]) Vq;; dxdt
ij

where q;’j(x, 1) is the approximation of the conserved variables inside cell 7;; at time #*, computed via a well balanced
reconstruction operator from the conserved variables Q.1 j+1 in the neighborhood of T;;, while q;?il i qi(x;, 1Y, 1)
+7. -

and q?j L= (XY 1 t) denote the evaluation of q’?j(x, 1) at the mid point of each edge of Tj;.
L,jx3 - l
According to [32] and [44]] Z)fi Y and D?ﬂl can be defined as follows:
7, Lits

1 ) ] _
o5 (a0 ,) = E[f(q;;,j)—f(q%j)+BH;J(Q;;J— a,) = Vs (a0, q&;’j)}, (19)

il 20)

D,iﬁ% (q;ﬁ%,q:ﬁ%) [g(q 1) g(q )+B ( ,ﬁ q;ﬁ%)i(vi,ﬁ% (qrﬁ% _q»_-i) >
where f and g are the physical fluxes, 8;, 1 iy and B, ; 1 are the discretization of the non-conservative terms and
V. i1 ;and V,; 1 are the viscosity terms respectlvely in x- and y-directions. We would like to underline that the
1ntr0duct10n of a path-conservative scheme for the discretization of (T6)) is motivated by two different reasons, i.e. the
non-conservative advective equation for the evolution of «, and the non-conservative terms that have been deliberately
introduced to deal with equilibria (8], (T0) and (IT). The presence of the gravity source term will lead to two different
numerical fluxes in x- and y- direction, respectively. Indeed, in x-direction the only non-conservative term is

by = uda; 20

which is trivially zero at the equilibrium, so that we can use the standard path-conservative Osher scheme described
in [435]] (well balanced only for trivial equilibria). Instead in y-direction, in addition to the simple term

b, :=vya, (22)
we have the crucial non-conservative part
bg = 0y(ap) + apg Oyy, (23)

for which, to ensure that equilibria are preserved up to machine precision, we need to use a well balanced treatment,
as the one offered by the Osher-Romberg scheme presented in [36].

In both the cases, B and V are defined in terms of a family of paths ®(s,q~,q"), s € [0, 1]. In general, according
to the theory of [35]], the family of paths should be a Lipschitz continuous family of functions ®(s,q~,q*), s € [0, 1]
satisfying some regularity and compatibility conditions, in particular,

®0,q7.q)=q, @I:q.q")=q", (s.q.9)=q. (24)
Moreover, according to [32], D* should satisfy the following properties:

D*(q,q) =0 VqeQq, (25)
6



being Q, the set of admissible states for the problem, and, for every q, qt e Qq,

1
o _ _ oo _
D (q.q9")+D"(q.q") = fAk (®(s:q7.947) (5307, 4")ds, (26)
0
where Aj, k=1,21is
0 1 0 0 0 0 0 1 0 0
of A-—u> 2u 0 p—pc* 0O P -uv v u 0 0
Al_(9_+Bl_ —uy Voou 0 0], and Azza—g+B2: A=v2 0 2v p-pct apgl. 27
1 0 0 0 u 0 0 0 0 v 0
0 0 0 0 0 0 0 0 0 0
with the speed of sound ¢ defined as
y-1
c2=‘9—”=7—"°(£) . 28)
dp  po \po

The interested reader is referred to [35] and [32]] for a rigorous and complete presentation of this theory. The right
eigenvectors and the eigenvalues of the matrices A; and A, of the augmented system including the gravity potential
read

1 0 p*-p O 1
u—c 0 ulc>-p) 0 u+c
R, = v 1 0 0 % s Ay =diag(u —c,u,u,0,u+c), (29)
0o o c? 0 o
0o o 0 1 0
and
1 0 pl-p apg
u 1 0 uapg u
Ry=| v-c 0 wpc*-p) 0 v+c |, Ay =diag(v —c,v,v,0,v+c). 30)
0 0 c? 0 0
0 o0 0 V- 0
The inverse matrices of R; and R, are given by
2 2—p «,
b g 0 -4 o b0 4 e gm
w01 v 0 —u 1 wr o
Ri'=| o0 0o 0o L 0], ad R=[ 0 0 0 L o | @b
0 0 0 0 1 0 0 0 =
RS L I T

The full eigenstructure of the PDE system and will be needed later for the construction of the numerical scheme.
The rest of this section is organized as follows. First, we recall the Osher scheme and we subsequently introduce
the Osher-Romberg scheme for conservative systems. Then, we give the details on the first order path-conservative
scheme used in the x-direction (the standard Osher scheme) and in the y-direction (the well-balanced Osher-Romberg
scheme). Next, we propose a second order scheme constructed using the previous first order schemes in combination
with a second order well balanced reconstruction operator. We close the section by explaining how also an equilibrium
solution that may not be known a priori can be preserved, by automatically deducing it from the cell averages at the
beginning of each time step.

3.1. Osher and Osher-Romberg schemes for conservative systems

Let us consider a system of conservation law given by (I)) with B = S = 0, for which the numerical flux at the cell
interface can be written as

1 1
f(q.q") = 3 (f(q") +£(q)) - §(V(<1+ -q). (32)
7



It contains two standard parts: the first one given by the arithmetic average of the fluxes computed at the left and right
of each interface, and a second one V(q* — q"), called numerical viscosity, that stabilizes the method and that depends
on the eigenstructure of the Jacobian matrix and on the jump of the conserved variables at the interface. Depending
on the way in which the term V(q* — q7) is computed one obtains different numerical schemes.

The Osher—Solomon flux goes back to [46] and has been recently extended to general conservative and non—
conservative systems within the framework of path—conservative schemes [47, 45| 48]. Its numerical viscosity reads

1
VYQ'-q)= f |A (D(s)) - n|d;P(s)ds, 0 <5<, (33)
0

where A = [A}, A,] is the Jacobian of the system and n the outward pointing normal at the interface between two
states q* and . The absolute value of A is evaluated as usual as

/Al = RIAR™, |Al = diag (|41, |2, ... 14]) , (34)

where R and R™! denote, respectively, the right eigenvector matrix of A - n and its inverse.
Finally, in order to compute the integral in (33)) whose primitive is in general not available, it has been proposed
in [48]] to connect q* and q~ using a simple straight-line segment path

Y(s)=q +s(q"-q), 0<s<I. (35)

By choosing a quadrature formula with nodes s; and weights w; one obtains

{
V(@ -q) =) alA@s0)) nl(g" -q). (36)
k=1

Next, with the scope of modifying (36) in such a way that it does not depend on the jump between the conserved
variables (q* — q), one notices that (33]) can be written as

1
VYVt -q) = f sign (A (®(s)) - n) A (O(s)) - nd;O(s)ds, (37)
0

with sign(A) = Rsign(A)R™! and sign(A) the diagonal matrix containing the signs of all eigenvalues of A -n. Now, by
exploiting the fact that A(Q) = 0F/dQ and by using a quadrature formula we can approximate the previous expression
with

F(D(s + 1)) — F(P(sy — Sk))) 38)

[
V@' -q)= ; wisign (A(D(sy) - n)( e

where, in particular, the use of the Romberg method with [ = 3 and
sp=1/4,50=3/4,53=1/2, w1 =2/3, w2 =2/3, w3=-1/3, & =1/4, e =1/4, & =1/2, (39)

reduces the computational effort allowing to re-use values of F already computed in the first part of the flux.

The obtained result (38) has been named Osher-Romberg scheme in [23] and [36], because it employs the Romberg
method as quadrature formula and it has been derived by slightly modifying the Osher—type scheme of [45,47]. Since
also the Osher-Romberg method makes use of the full eigenstructure of the PDE system, it is a complete Riemann
solver that is little dissipative. We emphasize that the principal feature of this Riemann solver is that it does not
explicitly depend on the jump of the conserved variables at the interface any more, which has been substituted by
the difference of the fluxes. This fact will play a fundamental role when also non-conservative terms are present and
greatly simplifies the derivation of a well balanced scheme.



3.2. First order scheme in x-direction

Let us first remark that the scheme (T8)) across a vertical edge reduces to

n+l _ nyn + = + +
Q= (07, (07,0 )+ 25 90 ) o

<

where Z)— 1s given by (19), if q;;(x, 1) is constant within each cell for every time ¢ € [, #**!] and coincides with the

cell average Q’.‘.. Thus, the resulting scheme is first order accurate in space and time. Moreover, q.. ;=9 = = Qjj

and q = qis1,j = Qiy1j-
For what concerns the discretization of the non-conservative terms Bé% J (q;l 0T qQ, j), there is only one non zero
2 2
component that can be easily written as
X _
(ba.), = A, 1)

where Aa = @;41,; — a;j, and we propose to use the Roe average velocity to compute u

_ Uij \/[T/ + Uit1,j \/,Oi+l,j (42)

Pij + \Pi+1,j

<|

The above expression is so simple because of the equilibrium constraint (8) that ensures b} = 0 when q; and q7,, y lie
on the same stationary solution.
Then, for what concerns the viscosity term, adapting (33) to the context, we can write

1
Vil (q;'%,j - q;%,j) = fo A (D(s))|0,D(s)ds, 0<s<]1. 43)

In particular, to approximate the integral term in (43) we use a Gauss-Legendre quadrature rule with k = 3 quadrature

15

points s = (% o 2, 1y ) in the unit interval [0, 1] and associated weights wy = (1 8)

o

3
(VH%J (q:;%j - q;%J) = (Z wi |A1 (D(sp))l
k=1

As pointed out in [32]], a sufficient condition for a first order path-conservative scheme to be well balanced is that
Z)H J (ql G q;, ]) 0, if q and ¢ Y ~lie on the same stationary solution. Therefore in the x-direction the condition

2
is trivially fulﬁlled because at the equilibrium u = 0, see (8), (I0) and (1)), so the term (1) vanishes, and q}; = q7., ;.
hence also (@4) is null.
3.3. First order scheme in y-direction
Across a horizontal edge a first order path-conservative scheme reads as follows
n+l _ yn At + - + — - +
Q= ( i (qlkj-% : qt,f%) D (qzxﬂ%’ qw‘%))’ “3)
where in particular Diﬁ% is given by (20) and q;j+ q;; = Q;j and q =qije1 = Qijer-
The discretization of the non-conservative term b}, can be given agam in an easy way by choosing
(b; 1), = VA (46)
Lis )4 ’
where Ae = @; j+1 — @;;j and
_ Vij\Pij T Vi jr1 \Pij+1
V= , (47)

Pij t \Pi,j+1
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which is zero when q; and qQ lie on the same stationary solution, thanks to the equilibrium constraint (8). We
remark that this expression results from choosing a segment path

D554, i jr1) = Qij + S(Qijs1 — qij)s (48)

to connect the left states v;; and «;; to the right ones v; j,1 and @; j1.

If the same choice had been made for density and pressure in order to discretize b§ the final scheme would not
have been well balanced (as it happened in [1]). So, in this work, we propose the following family of paths so
that stationary solutions given by (8)), (T0) and (TT) are preserved. Let ®(s, ij, ij .1) be a reparametrization of a

stationary solution given by (8)), (I0) and (TI)) that connects the state Qf] with ij .1» Where Qf] is the cell average
of the given stationary solution in the cell 7;;. Note that in the case of first and second order schemes Qg could be
approximated by the evaluation of the stationary solution at the center of the cell. Then we define ®(s, q;j, q;, j+1) as
follows

O(s, qij, @i 1) = OF(5, QF, QF ) + @ (s, ¢l af ), (49)
where qu =q;; — Qf and qf.fj” = q;j+1 — Qf;,, and
©/(5,q],.q/,.,) = af; + 5, —a)))- (50)

That is, ®/ is a segment path on the fluctuations with respect to a given stationary solution. (Note that trivially the
segment path used to obtain (#6)) can be cast in form @9) simply by choosing DE(s, v; il@ij,vije1/aijs1) = 0). For the
sake of simplicity, in the following we will use the notation ®(s) instead of ®(s; q;, q; j+1) When there is no confusion.

With this choice, it is clear that if q;; and q; ;4 lie on the same stationary solution satisfying (8), (I0) and (IT),

then qlf] = q{ = 0 and @ reduces to ®F. In such situations we have that g(q; j+1) = g(q;) = 0 and
1 P 6(DE
By~ ) = [ Ba@F ()95 =0, (51)
Therefore
g(dijr1) — i) + B; j 1 (qijr1 — qij) = 0. (52)

Let us now define (bi, ! )3 in the general case, where ; ;1 and q;; do not lie on a stationary solution. In this case

we have that

(biju) = fo 1 % G(I;ps(s) + @a(s)q>p(s)gaq2's(s) ds, (53)
where @y(s) = O, (8;yij, Vi j+1) = Yij + S@i j+1 = Vij)s Pap,p(s) = (Df’p’p(s) + (Df;p,,,(s) respectively. Taking into account
that

fo 1 m(i () Mfs(s) + OE(5)DE(s)g 6(12’;” ds=0 (54)
(bi’ ol ); can be rewritten as follows
f‘(é@f(s) 8®£(S)+ 04 (5) 8(135(s)+ 04 (5) 6®£(s)] ds+fl(<DE(s)<Df(s) + DL()DE(s) + (Df(s)CDf(s))gMds,
0 ds Os Os Js Os Os g\ r aTe weee Os

(55)
In general, the integral term could be difficult to compute, therefore we propose to use a numerical quadrature formula.
Here the mid-point rule is used. In this case, we define (b,-’ # ); as follows

AEAP + Aa/ApE+ Aa/Ap'+ [aEp/+ af pE + afpf)gAy, (56)
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where

E.f_ E.f Ef_ E.f Ef _
Ap /= pl ]+l plj ’ Aa J= al J+1 atj ’ Ay_ Yi,j+1 7 Yijs
Ef , Ef Ef . Ef (57)
- + I S+
7 w and  pET = w

It is clear from the definition that (b, b )) = 0if q and 7., lie on the same stationary solution because all the

fluctuation terms are zero.

i,j+1

Well balanced Osher-Romberg viscosity.
Finally, for the viscosity term V, . (ql el ql‘ﬁ ) we use the well balanced Osher-Romberg scheme described in

detail in [36]], which guarantees automatlcally a well balanced viscosity term V whenever 8 is discretized in a well
balanced way (even in the case of complex equilibria).
We re-propose here the derivation of the Osher-Romberg scheme starting from the standard Osher scheme

Vi (400~ a0 ) = f A2 (@(5))] 4,D(s)ds, 05 < 1. (58)

in the case B # 0, i.e. when the presence of non-conservative terms requires the use of a well balanced path-
conservative scheme. First we notice that the previous expression can be written as

1
Vit @ijrr = qij) = f sign (A, (D(s))) Az (D(s)) O,D(s)ds. (59)
0

Then, we approximate the previous expression by a quadrature formula as follows

!
Vit @ijr1=qij) = Z wisign (Ao (D(si)) Az (D)) D(s). (60)
=1

Now, we approximate A,(®(s))0,D(sy) by the following expression

A
A(D(s5))0,D(sy) ~ 2“” — O(si — &) 61)

J

where Ag, = Ao(D(si — &r), D(si + &x)) is a Roe-matrix associated to the system (see [32] for details), i.e. is a matrix
satisfying

Ao, (D(sx + &) — D(si — &1)) = 8(D(s1 + &x)) — &(D(sk — &1)) + B, (P + &) — D(sg — 1)), (62)

where Bg, (D(sk + &) — P(sx — &)) is defined as in (6], (56) using the states O(s; — &) and D(sy, + &). Therefore, the
viscosity term reads as follows

Vi @i — Gij) = Z wsign (Az(cb(sk)) 63)
k=1
where
Ri = g(D(sy + &1) — g(D(sx — &x)) + Boy, (P(sx + &) — Pk — &x)). (64)

Note that if ¢, and q i1 lie on the same stationary solution we have ®(s) = ®f(s)and R, = 0,k = 1,...,land V
vanishes. Therefore, the numerical scheme @3) with 20), where B is defined with {6)), (56) and V being deﬁned by
is exactly well balanced for stationary solutions given by (8), (I0) and (TT).
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Then, following [36], we use the Romberg method with / = 3 (see (39)). With this choice, the viscosity term of
the Osher-Romberg method reads as follows:

4 1 1 1
Vije1 @ijor = 4ij) = 3sign (Az(q)(—))) (g(cb(z)) —g(a) + B (@(5) - qi,-)) +

4
2 A (D ) o ! B ) ! 65
351gn( 2 (Z»)(g(qi,ﬁl)—g( G+ By (qi,ﬁl— <5>)) (65)

—%sign (Az(cb(%))) (g (qi,j+l> -8 (qij) + 5B 41 (qi,j+l - Qij)>-

3.4. 2nd order well balanced reconstruction

According to [32] and [21], scheme (I8) is well balanced if both, the underlying first order scheme and the
reconstruction operator are well balanced, and all the integrals that appear in (I8) are computed exactly. Therefore, in
order to define a second order scheme, a second order well balanced reconstruction operator should be defined.

The most popular way to define a second order reconstruction operator is based on the MUSCL method introduced
by van Leer in [49] that we use joint with the Barth & Jespersen limiter [SO]]. It is clear that the standard MUSCL
method is only well balanced for linear stationary solutions, which is not the case here. In this paper we therefore
follow the strategy proposed in [22], where the reconstruction operator is defined as a combination of a smooth
stationary solution together with a standard reconstruction operator to reconstruct the fluctuations with respect to the
given stationary solution, that is

qx.0) = Qix. ) + PLI(x. 1), (x,0) € T] x [, 1], (66)

where, Pifj?"(x, t) is the standard MUSCL method applied in order to reconstruct the fluctuations with respect to the

. : ) . N " " .
given stationary solution computed for the neighbors 7 L Tl.’j w0 T el of T7: as

fin _ n En
Qi:tl,jj:l = Nl j+l Qi:l,j:l' (67)
Then, the expression of the reconstruction operator for the fluctuations is

PLIx 1) = QL+, VQL (x — X)) + 0,Q}(t — 1), (68)

where x;; is the barycenter of cell Tl’;

To compute VQ{’” we use the standard MUSCL method (see [49]) together with the Barth and Jespersen limiter
to recover ¥;; (see [50]). We would like to remark that the employed methods are standard, the novelty is in the fact
that both are applied only to the fluctuations in order to obtain an exactly well-balanced scheme.

Next, the term H,Qlf‘j. indicates the time derivative of Q and it can be computed using a discrete version of the
governing equation

0,Q}; = (Jr + Byl 0:Q(x;y) + (J + B2) Iy, 8,Q(xi)), (69)

evaluated at the barycenter x;; of T;;. In particular the gradient of the conserved variables must be expressed as the
gradient of the equilibrium plus the previously computed gradient of the fluctuation, i.e.

vQ = VQ}; + ¥,;vQ/", (70)

in order to preserve the well balancing.
Finally, we have to compute the integral term of (T8)) that can be expanded as follows

n n _ dap a Ja
f B(‘L‘j) . tij daxdt = fT (0, 0, (9_y + apga—y, ua + v@,o dxdt. (71)

ij ij
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For the fourth component one can simply use the mid point quadrature rule without affecting the well balancing
(because u = 0 at the equilibrium). Instead for the third component a more careful approach should be employed.
Formally, one has to write q?j(x, 1) as ij(x) + PS"(X, t) and using the fact that

f B(Q}) - VQf dxdt = 0, (72)

T

the only remaining terms will depend only on fluctuations and so can be approximated using any quadrature formula,
in particular we use the the mid point rule which is second order accurate and we obtain

IT;j1 (Aa/EApf + Aa’ ApF + Ao’ Ap! + (fpl. + alpf + alpl) gAy), (73)

where the symbol Ag” refers to the exact gradient in the y-direction of the equilibrium profile and the symbol Ag’
refers to the reconstructed gradient always in the y-direction of the fluctuations.

To conclude, we point out that in dambreak problems in order to avoid wasting computational time we do not use
the second order version of the code when approximating cells with vanishing liquid volume fraction (cells occupied
by the surrounding zero pressure gas). To be more specific, when simulating water-air problems we always choose
the initial conditions for the volume fraction « as

1- if Q
a/(x,O):{ & M XeEs (74)

&, if xeQ,

where € > 0 is a small parameter. Then, we use the second order scheme only wherever & > 10¢, otherwise we switch
to the first order method.

3.5. Automatic detection of the equilibrium profile

In the previous section we have presented a novel well balanced algorithm that is able to preserve up to machine
precision equilibrium profiles of the form (8), (I0) and (TI), where ko and py are a priori known constants that char-
acterize the problem, and y, indicates the free-surface position. If also yy is fixed at the beginning of the simulation,
then the application of the scheme is straightforward.

However, in general yjy is locally constant for water at rest solutions, but its value is not known a priori. Moreover,
it can even be a function of x, i.e. yo(x), for example in the presence of obstacles that divide water at rest at different
levels from each other. In these cases, we need a procedure able to recover an approximate value of yy(x) for any
element Ti"j; in particular, for a vertical strip i of elements 7., i fixed and j = 1,..., M covering a domain [x;, xg] X
[y, y&r], we want to fix an unique value yo(x;;). So at the beginning of each time step we define

YR M
yo(xi, ") = f a(x,y) dy =y, + Z a?j, for any i fixedin 1,...,N, (75)
yL j=1

and the equilibrium profile in each vertical strip Qf‘;, i fixed and j = 1,..., M will be defined accordingly. This
procedure returns the exact value of the free surface in the case of the water at rest test case (even in presence of
obstacles), and approximates its value in the other situations, allowing the application of our method also far from the
equilibrium. We underline that the values of y, obtained through are always the same in adjacent cells of type
T{'j\TZ‘j 1> Which is necessary for the definition of the first order scheme in the y-direction, but can be different in two
cells of type Tl.”j\T;’H’j; however this fact does not affect the scheme in the x-direction which does not depend on the
equilibrium profile.

This automatic detection of the free surface is particularly useful in the case of small perturbations around an
equilibrium profile but also for dambreaks problem. In this last situation, in particular, the possibility of computing
dynamically the free surface position allows first to maintain perfectly the two initial states of a dambreak problem
until they are not reached by the dam waves and then to restore the equilibrium when the water level comes back to a
stable configuration at rest.
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Figure 1: GPU device: coprocessor for the host system.

4. CUDA-based parallel implementation on GPU

The simplified two-phase flow model discretized through our new second order well balanced method is par-
ticularly well suited to simulate breaking waves and dambreak problems: in particular, the free surface is perfectly
described both in equilibrium situations as well as in the case where the free surface is a multi-valued function, e.g.
in the case of splashing, breaking waves and overtopping flows. However, to capture all the details of a complex free
surface flow we need also a very fine mesh. Thus, in order to increase the computational efficiency of our method, we
have decided for a parallel implementation, choosing in particular a GPU-based platform.

The NVIDIA CUDA (Compute Unified Device Architecture) framework is a hardware and software platform that
allows to easily exploit the NVIDIA GPUs and parallelize many costly algorithms. We refer to the recent book [37]]
for a complete introduction to CUDA for Scientific Computing. The images of this section are indeed courtesy of its
authors. Here we limit ourselves to a small introduction and to some notes on our specific implementation.

According to the CUDA framework, a GPU is viewed as part of a computing device, with their own Dynamic
Random Access (DRAM) memory, which works as a coprocessor for a host which includes the CPU and its (DRAM)
memory, see Figure [I] It is possible to copy data from the host DRAM memory (linked to CPU) to the DRAM
memory of the device (linked to GPU) and viceversa.

The CUDA framework assumes a unified architectural view of the GPU where a GPU is formed by many multipro-
cessors, each one having multiple cores (see Figure 2). At any clock cycle, each core of the multiprocessor executes
the same instruction, but operates on different data (SIMD paradigm, i.e. single instruction, multiple data). The data
which are processed in each multiprocessor can be stored in the global memory, that can be shared by all execution
units but is slower than the other type of memory i.e. registers and shared memory which belong respectively to each
core and each multiprocessor.

The multiprocessors of a GPU are specialized in the parallel execution of a huge number of CUDA threads. A
CUDA thread represents a sequential computational task which executes an instance of a function and is executed
logically in parallel with respect to other CUDA threads (associated to the same function but operating on different
data) on the cores of a GPU multiprocessor (see Figure[3). To specify the function to be executed by each thread on
the GPU, the programmer must define a special C function, called CUDA kernel. A CUDA kernel is called from the
CPU and is executed on the GPU by each CUDA thread. When a kernel is launched, every thread executes the same
function but the processed data depend on the value of several built-in variables which identify the position of each
particular thread, from which one can deduce for example the element or the edge on which the thread is operating.
According to the data structure the threads are organized in a 1D, 2D or 3D grids, see Figure 4] In this way data
referring to neighbor cells in the physical problem will be grouped together even during the computation contributing
in accelerating the algorithm, since the interactions between neighbors are frequent and the proximity of the data
reduces the memory accesses.

4.1. Notes on our implementation

Our algorithm is composed by three main kernel functions. The first one is used to reconstruct the polynomial
representing the conserved variables inside each cell. Data are organized in a 2D grid and each thread works on one
14
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Figure 4: Structure of a CUDA Program. A kernel is a function to be executed by each thread (represented by the curved arrow). According to the
data structure the threads are organized in a 1D, 2D or 3D grid.

element of the mesh.

The second one is used to solve the Riemann problem at each interface, i.e. each edge of the mesh. We compute
the numerical flux between two elements across an edge: the obtained quantity should be added (with different
signs) to each of the two elements. As in any parallel implementation, it is important to guarantee that there are
no superpositions, i.e. that we do not modify at the same time the same element. So we cannot simply launch the
kernel function indiscriminately on all the edges at the same time, because each element has 4 edges and so many
possibilities of superpositions. To overcome this problem the idea consists simply in subdividing the edges in four
groups. Since the mesh is Cartesian we can distinguish the edges between vertical and horizontal ones and we can
number each group incrementally form left to right and from the bottom up. The four groups are then obtained by
considering: the vertical edges with odd numbering, the vertical edges with even numbering, the horizontal edges
with odd numbering, the horizontal edges with even numbering. So the computation of the flux at the interfaces is
subdivided into four kernel functions each one operating on a non intersecting set of data.

The third kernel function is organized as the first one and is used to update the solution in each cell from time #"
to time #**! summing up all the flux contributions.

5. Numerical Results

The numerical results presented in this section show that our second order well balanced method preserves the
equilibrium solutions up to machine precision and at the same time can also solve complex free surface flows, both
with and without gravity, always with an efficiency of ten/twenty millions of volumes treated per seconds. In particular
we will take into account three groups of test cases.

1. First, in Section we will show the ability of our second order well balanced scheme in maintaining the
equilibrium profiles of water at rest.

2. Then, we will analyze problems far away from the equilibrium, with a velocity different from zero and a free
surface position that cannot be described by a single-valued function already at time # = 0. This kind of test cases,
presented in Sections 5.4] are studied without gravity, i.e. by taking g = 0 and hence with a zero source term.
It is clear that in these cases the use of a well balanced scheme would not be required, but however this does not
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prevent the proposed well balanced scheme from working with robustness and efficiency. Moreover, it is useful
to emphasize one main property of this kind of schemes: indeed, the fact of preserving equilibria up to machine
precision and of being more accurate than standard schemes close to steady states does not worsen its efficiency
and accuracy with respect to standard schemes of the same order, when being far away from the equilibria.

3. Last, in Sections we will concentrate on dambreak type problems. In this group of test the gravity is
switched on with value g = 9.81 and the initial density and pressure profiles are taken in equilibrium at time
t = 0 inside the liquid domain by using (80); in the gas phase instead we employ the constant values p = 0 and
p = po. Thanks to our well balanced scheme a liquid cell remains stationary until the effects of the dam removal
propagate up to that cell.

The great variety of the presented tests is intended to show both the wide range of applicability of the proposed
well balanced scheme and the completeness of the studied two-phase model. In particular, we emphasize the capability
of this model in capturing complex free surface flows that cannot be described by a single-valued function (see for
example @] and , flows where vertical accelerations are rather important, as in the first stages after a dambreak,
and recirculation phenomena that can be noticed for example in Figure Moreover, we would like to underline
that these applications are of real interest and have been longly studied analytically, numerically and carrying out
numerous experiments. For this reason we can compare the obtained numerical results against analytical or numerical
solutions of the shallow water system, reference solutions obtained with the smooth particle hydrodynamics (SPH)
scheme or through experiments, and the numerical results obtained in [1] for the same two-phase system studied with
a third order accurate but not well-balanced ADER-WENO finite volume scheme.

In all the case our numerical results are in perfect agreement with the experiments and the SPH results. Moreover,
it is worthy to notice that our second order well balanced scheme shows an excellent correspondence with the results
obtained in [[1] with a third order method. Finally, for long time simulations we recover also the shallow water free
surface profile, which instead it is rather different at early times, as expected .

The majority of the proposed tests have been taken from [[1] and in particular for the choice of the constant ko we
refer to it. The other parameters of the model are chosen as & = 1073, po = 1000, y = 1 and the initial condition inside
the air domain €, is always set tou = 0, p = py. If not otherwise specified, the reflective wall boundary conditions
are implemented by assigning a state at the wall boundary which solves the inverse Riemann problem at the element
interface such that the normal velocity u-n = 0.

5.1. Equilibria

In this section, we show the ability of our second order well balanced scheme in maintaining the water at rest
equilibrium profile up to machine precision for very long times, both with a flat bottom topography and in the presence
of obstacles. We consider an equilibrium profile characterized by @]) @]) and @, with ko = 2.78 - 10°, po = 1000,
a = landy = 1 on a domain Q = [-0.5,0.5] X [0, 1]. In the first test case we consider a flat bottom topography
so Q; = Q. In the second case instead we model the presence of an obstacle by removing a portion of the domain,
ie. Q = Q, = ([-0.5,0.5] x [0, 1]\([-0.25,0.25] x [0, 0.33]) whose boundary are treated with reflective boundary
conditions.

The considered equilibrium profiles are shown in Figure 5] Our scheme preserves the equilibria up to machine
precision: in Table E]we report the maximum error between our numerical results, and the exact solution for rho, u, v,
and P in the two studied cases. We remark that the values of density and pressure depend on ky which is of the order
of 10° and in double precision the machine precision referred to 10° is of the order of 107!,

5.2. Elliptical drop

Here, we validate our well balanced Osher-Romberg scheme for the 2D diffuse interface model in the case of
g = 0 and a liquid domain completely surrounded by the gas, where the free-surface cannot be described with a
single-valued function. As computational domain we take a square Q = [-3,3] X [-3,3]; the liquid domain €,
consists of a drop which at time ¢ = 0 has a circular shape of radius r = 1 centered at the origin. Inside the liquid
domain we choose p = py, @ = 1 — & with &£ = 1072 and a velocity field u = (—100x, 100y); the sound speed is chosen
to be close to the real sound speed of water (c = 1500) by taking ky = 2.25 - 10°. We solve the problem with our
second order well balanced scheme by discretizing Q) with a Cartesian mesh of 400 x 400 elements. We would like to
underline that in this test the initial condition is not in equilibrium and also that a well balanced scheme is not strictly
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Figure 5: Contour colors of the quantity ap at the equilibrium with (left) and without (right) obstacle.

Table 1: Maximum error between the numerical and the exact solution for p, u, v and P with (left) and without (right) obstacle. The numerical
results have been obtained with our second order well balanced Osher-Romberg on a mesh of 100 x 100 elements. Equilibria are maintained up to
machine precision for very long times.

time E, E, E, Ep time E, E, E, Ep
1 4.55E-13 1.00E-13 8.99E-13 291E-10 1 538E-12 0 5.71E-13 3.61E-10
10 | 5.57E-12 143E-12 2.55E-12 3.63E-09 10 | 5.50E-12 0 6.83E-13 3.62E-10
50 | 7.04E-12 4.46E-12 4.84E-12 5.50E-09 50 | 5.80E-12 0 7.42E-13 3.70E-10
100 | 8.41E-11 5.38E-12 5.80E-12  7.74E-09 100 | 6.41E-12 0 1.93E-13 4.12E-10

Figure 6: Elliptical drop test case at time ¢ = 0.0008 (left), # = 0.0038 (middle) and ¢ = 0.0076 (right). The density contour represents the quantity
ap and the dashed line represents the exact analytical solution.
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Figure 7: Spinning square test case. In the figure we depict the density contour of ap at times ¢ = 0,0.5/w, 1/w, 1.5/w,2/w,2.5/w,3/w, 3.5/w with
w = 2r. The black straight lines represent the theoretical trajectories expected for the evolution of the square corners.

necessary since with g = 0 there are no source terms; however the scheme works and shows an excellent agreement
with the exact analytical solutions, as shown in Figure[6] The exact solution of this problem is given in [51]], where the
test was proposed for the first time to validate the smooth particle hydrodinamics (SPH) scheme. The exact solution
consists in an elliptical drop with constant area ab = 1, with a and b respectively the minor and the major half-axis.
In particular, according to [51] b = 1.083 at time ¢ = 0.0008, b = 1.44 at time r = 0.0038 and b = 1.95 at time
t = 0.0076.

To reach the final time # = 0.0076 the scheme requires 4110 time steps, so the total number of processed volumes
is nVol = 400 x 400 x 4110 = 6.576 - 10%; by employing an Nvidia GeForce Titan Black GPU, the algorithm is
executed in 45 seconds, with an average of 1.5 - 107 volumes processed per second.

5.3. Spinning square

Another test with characteristics similar to the previous one is the spinning square. We consider a computational
domain Q = [-5,5] X [-5, 5] covered with a Cartesian mesh of 850 x 850 elements. The liquid domain Q, at time
t = 0 is confined into the square [—1, 1] X [—1, 1], where we impose a density p = pg, @ = 1 — & with ¢ = 1073 and
a velocity field u = (2my, —27x) corresponding to a rigid-body rotation at angular frequency w = 2r; then we choose
ko = 8.78 - 103 to obtain a Mach number of M = 0.3 based on the maximum velocity in the corners of the square.
In Figure [7| we report the obtained results at successive instances until # = 3.5/w. The rather complex free-surface
given by our two phase model is in agreement with the theoretical trajectories describing the evolution of the corner
position (depicted with black straight lines) and does not show any problem due to tensile instabilities which instead
is a common issue with traditional SPH schemes. One can refer to [52] and [53] for a complete presentation of this
test and to [54] for a possible cure of instabilities in the SPH context.

To reach the final time ¢ = 3.5/w the scheme requires 9813 time steps, so the total number of processed volumes
is nVol = 850 x 850 x 9813 = 7.09 - 10°; on an Nvidia GeForce Titan Black GPU the algorithm is executed in 447
seconds, with an average of 1.6 - 107 volumes processed per second.

5.4. A water jet impinging obliquely on a plate
In this section we present another test problem without gravity, i.e. with g = 0, that consists of a water jet

impinging on a flat plane with an angle of 8 = 60°. The computational domain is Q = [-6, 8] X [0, 10] and is covered
with a Cartesian mesh of 500 x 350 elements. At time # = 0 we suppose that the liquid domain €, has just impacted
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the flat plane and occupies the strip {x € Q|y — V3x < 0 A y — V3x > -2}, hence the jet has a thickness of H = 1.
Inside the liquid domain we impose p = pg, @ = 1 — & with £ = 1073 and a velocity field u = 5 (- cos(6), — sin(6)) and
we use ko = 2.78 - 10° in order to obtain a Mach number of M = 0.3. We use reflective boundary conditions on any
side of the domain except for {10/ V3<x< 12/ V3 A y = 10} where we assume an inflow boundary condition. The
jet impinges on the wall and gets reflected asymmetrically due to the incident angle 0; after = 6.5 a steady state is
reached for the free surface and the pressure on the plate. According to [55]], the exact solution for the free surface is
given by the following two parts

x= %((9 — m)sin (0) + log (tan (%,8)) +cos (0) (log (% sin (,8)) —log (sin (% €] +ﬁ)> sin ((9 -B) %)))),

76
y= %(%n(l + cos (6)) + sin (6) (log (sin (§ (0 + B))) - log (sin (3 (6 - ,8))))) 0°<pB <6, 7o

x= L{05in(© +log (tan (46)) + cos (0) (1og (4 sin () ~ log (sin (£ 0 + &) sin (16 - 0) 1))}
y= }r(%n(l ~ cos (6)) + sin (&) (log (sin (£ 0 + B))) — log (sin (4 (8 - 9))))), 0 < B < 90°.

In Figure [§] the results obtained with our two phase model at time ¢ = 6.5 are compared with the above analytical
solution and an excellent agreement can be noticed. Moreover, in [56] the pressure along the plate is given according
to the Bernoulli’s law by the relations

(77

{x = % ((1 +cosBlog(l +¢q)— (1 —cosB)log(l—gq))+ }T sin@sin~'q + const, 78
p=3polul —s?
with

go UzaesO NIZgsing g oy (79)

q—cosf
In Figure 0] the pressure obtained with our method along the plate at time r = 6.5 is compared against the exact
solution.
Finally, to reach the final time r = 6.5 the scheme requires 27722 time steps, so the total number of processed
volumes is nVol = 500 x 350 x 27722 = 4.85-10°; by employing the same GPU as in the previous tests, the algorithm
is executed in 424 seconds, with an average of 1.1 - 107 volumes processed per second.

5.5. Flow over a sharp-crested weir

In this section we study the flow over a sharped-crested weir with a setting similar to the one proposed in [57].
In particular from now gravity is switched on using g = 9.81. We take a rectangular computational domain Q =
[-7.5,7.5] x [0,2.1] and we model the sharp-crested weir through a strip situated at x = 0, of height 2 = 0.7 and a
thickness of one cell, whose boundary is treated as reflective slip wall boundary condition. At time ¢ = 0 the liquid
domain is Q,; = [-7.5,0] X [0, 1.5] and inside p is chosen in order to be in equilibrium

p(x.y) = po exp (—% =0 (x))), (80)

where yo(x) is the initial vertical position of the free surface as a function of x, and the initial velocity is u = 0
everywhere. Based on the reference velocity 0|y = 2 VgH = 2+/1.5g = 7.67, to obtain a Mach number of M = 0.3
the constant kg is chosen to be kg = 6.54 - 10°.

We have covered the computational domain with a Cartesian mesh of 800x250 elements and to reach the final time
t = 1.0 the scheme requires 16306 time steps, so the total number of processed volumes is nVol = 800x250x 16306 =
3.26 - 10%; on the GPU the algorithm is executed in 233 seconds, with an average of 1.4 - 107 volumes processed per
second.

The final time ¢ = 1 has been chosen because a rather stationary over topping profile is obtained that can be
compared with the experimental reference solution of the lower streamline of the profile found in [58]] and reported in
[157]] as

1.85
Y(x) = Y — 0.47h (’C E’“’") , (81)
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Figure 8: Water jet impinging obliquely on a plate. We depict the density contour of the quantity ap obtained at time ¢ = 6.5 and the exact analytical
solution for steady state (76) and (77) (black line).
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Figure 9: Water jet impinging impinging obliquely on a plate. We depict the pressure profile along the flat plate at time ¢ = 6.5 (squares) compared
against the exact solution
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Figure 10: Flow over a sharp-crested weir at time ¢ = 1. We report the density profile of @p and the experimental reference solution for the over
topping profile (8T)) (black line).

Figure 11: Zoom into the weir flow at time ¢ = 1. Density contour of @p and experimental reference solution (black line).

where x,, and y,, is the location of the maximum of the curve and Eo is the vertical distance between the crest of the
weir and the free surface at the location of the weir. The obtained numerical results are depicted in Figure [[0]and a
zoom on the over topping profile compared against the reference solution (&T) is reported in Figure[T1] In particular
we observe x,, = 0.18, y,, = 0.78 and hy = 0.46 and we note a good agreement between the numerical results obtained
with our second order well balanced two-phase model and the experiments.

5.6. Dambreak

A very typical application for shallow water-type models is the so-called dambreak. It consists of the sudden
collapse/removal of a vertical wall that separates two different piecewise constant states of water from each other.
Since in the initial stages of dambreak flows, the classical shallow water assumption of small vertical velocities and
accelerations does not hold, it is of interest to apply our more complete model to this well-studied phenomenon.

In this section, we will compare our second order well balanced scheme for the three-equation two-phase model
with the third order PyP, finite volume scheme presented in [I]] for the same system of equations. Moreover we
will analyze the differences between our scheme and exact or numerical solutions of the shallow water equations. In
particular, we will discuss the different behavior at small times (shortly after the dambreak) confirmed also by the
results obtained with the new SPH method of Ferrari proposed in [60] and whose results for the following four
tests are shown in [[I]] obtained using 224,282 SPH particles with a characteristic particle distance of h = 0.03. In all
the four test problems shown below, we can note an excellent agreement between the new two-phase flow model and
the 2D SPH simulations, whereas there are significant discrepancies between the full 2D models and the 1D shallow
water model at short times. At large times, however, both weakly compressible 2D models agree very well with
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Figure 12: Dambreak with dry bed at time ¢ = 0.5 (left) and # = 5.0 (right). Top row: we compare our numerical results (density contours) with the
interface water-air taken from [1] (white dashed line), and the solution obtained using the shallow water model (black dashed line). Bottom row:
we report the results obtained with the SPH method of [59] (blue circles) and the shallow water model (red dashed line).

the shallow water theory. Finally, our well balanced second order scheme on Cartesian meshes shows an excellent
agreement with the results obtained in [[1] through a third order method on unstructured meshes using more or less the
same characteristic mesh spacing.

5.6.1. Dry bed

First, we consider the classical dambreak over a dry bed. We take a computational domain Q = [-50, 50] X [0, 4]
covered with a Cartesian mesh of 4000 x 400 elements. At the initial time # = O the liquid is contained in Q, =
[-50,0] x [0, 1.4618]. The constants that characterize the problem are chosen to be k) = 6.37 - 10°, po = 1000 and
v = 1 (in this way the Mach number is M = 0.3 with a maximum expected velocity |u| = 7.57). The initial velocity
is u = 0 everywhere, and the initial density distributions in Q; is given by (80). In the air, as in all the other tests, we
impose p(x,0) = 0, and p(x,0) = pg = 1000. The boundary conditions are reflective wall on the left, bottom and right
border of the computational domain and transmissive boundaries on the top.

The results presented in Figure [T2]clearly show the superiority of the two-phase model, which is more complete
with respect to the classical shallow water assumptions in particular for modeling the first instances after the dambreak.
Moreover the results obtained with our second order well balanced scheme are in perfect agreement with the reference
solutions taken from [1]] and [59]. After longer times all the presented methods and models perform equally well.
These results show the reliability of our scheme both for short and long times after the dambreak.

To reach the final simulation time ¢ = 5 the scheme requires 84016 time steps, hence the total number of processed
volumes is nVol = 4000 x 400 x 84016 = 1.34 - 10'!; by employing the NVIDIA GeForce Titan Black GPU and
rectangular blocks of 32 x 2 threads, the algorithm is executed in 7808 seconds, with an average of 1.7 - 107 volumes
processed per second.

5.6.2. Wet bed

We now consider the dambreak into a wet bed. We take a computational domain Q = [-50, 50] X [0, 4] covered
with a Cartesian mesh of 4000 x 400 elements. At the initial time ¢ = O the liquid is contained in Q, = [-50, 0] x
[0,1.5] U [0,50] x [0,0.75]. As in the previous case we choose a Mach number of M = 0.3 based on the maximum
expected velocity of |u|] = 7.67, leading to kg = 6.54 - 10°, po = 1000 and y = 1. All the other conditions are taken
as in the previous test.

Experimental observations [61] show that breaking of waves can occur in the wet bed case. However, the wave

breaking is the smaller the higher the water level on the right side of the dam. For the present test case, the level of
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Figure 13: Dambreak with wet bed at time ¢ = 1.0 (left) and r = 10.0 (right). Top row: we compare our numerical results (density contours) with
the interface water-air taken from [1]] (white dashed line), and the solution obtained using the shallow water model (black dashed line). Bottom
row: we report the results obtained with the SPH method of [59] (blue circles) and the shallow water model (red dashed line).

the right water layer is rather high so that only very limited wave breakings occur during the simulation, as already
observed in [1]. For both the short time # = 1 and the final time # = 10 we do not observe any wave breaking
phenomena in Figure [T3]but only the formation of small-scale free surface waves is visible in the flat region between
the bore and the rarefaction wave. For comparison, we also plot the exact solution of the shallow water equations,
which is in very good agreement with the results of the two-phase model for large times, in particular the water depth
behind the bore (post-shock value). The disagreement for short times (# = 1.0) is due to the fact that the shallow water
model neglects the vertical accelerations that are very important in the early stages of the dambreak flow.

5.6.3. Dry bed with step

The next test problem is initialized as the one of Section [5.6.1} with the introduction of a step of height & = 0.2
between x = 0 and x = 50 modeled through reflective boundary conditions. Hence the computational domain becomes
Q = ([-50,50] x [0,4] \ ([0,50] x [0,0.2]) covered by a Cartesian mesh of (4000 x 400) \ (2000 x 20), and the liquid
occupies Q; = [-50, 0] x [0,0.4618].

The computational results obtained at the early time ¢ = 0.5 and at the later time ¢ = 5 are depicted in Figure[T4]
where they are compared with a numerical solution computed with a third order path-conservative WENO finite
volume scheme [62]][63]][45] applied to the 1D shallow water equations with variable bottom. As in the previous case,
there are significant discrepancies between the shallow water model and the two-phase model at early times, but for
large times the agreement is excellent, despite the initial deviation between the two models. Moreover our results are
in perfect agreement with the ones obtained in [1]] with a third order scheme and with the SPH method of [39].

5.6.4. Wet bed with step

For the last dambreak problem we consider the computational domain Q = [-50, 50] x [0, 4] — [0, 50] x [0,0.2]
where the step of height & = 0.2 is modeled through reflective boundary conditions, and we cover it with a Cartesian
mesh of (4000 x 400) \ (2000 x 20) elements. The liquid is initially contained in Q, = [-50, 0] x [0, 0.4618]U[0, 50] x
[0.2,0.50873] and the other conditions are the same of Section[5.6.2} The results obtained with our second order well
balanced scheme are depicted in Figure[T3]at the early time 7 = 1 and at the later time 7 = 10 and in both the cases we
can observe the breaking waves phenomenon which, with respect to the previous test case with wet bed, appears due
to the lower water level on the right of the dam. See also Figure [I6]for a zoom at 7 = 10. This considerable breaking
of waves at the moving bore front is in agreement with the simulation obtained both in [[1] and with the SPH method,
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Figure 14: Dambreak with step and dry bed at time ¢ = 0.5 (left) and ¢ = 5.0 (right). Top row: we compare our numerical results (density contours)
with the interface water-air taken from [1]] (white dashed line), and the numerical solution obtained using the shallow water model (black dashed
line). Bottom row: we report the results obtained with the SPH method of (blue circles) and the shallow water model (red dashed line).
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Figure 15: Dambreak with step and wet bed at time ¢ = 1.0 (left) and # = 10.0 (right). Top row: we compare our numerical results (density
contours) with the interface water-air taken from (white dashed line), and the solution obtained using the shallow water model (black dashed
line). Bottom row: we report the results obtained with the SPH method of (blue circles) and the shallow water model (red dashed line).
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Figure 17: Dambreak with step and wet bed at time + = 10, zoom into the recirculation zone in the vicinity of the bottom step. We depict our
numerical results (density contour) and the exact solution of the shallow water equations with bottom step according to [64].

while instead the shallow water model approximates this propagating wave front as a sharp moving discontinuity.
Moreover, these results are corroborated by experimental observations [61]][63] which clearly show that the dambreak
into a wet region with rather low water level very quickly leads to breaking waves.

Whereas the shallow water model predicts only one rather small discontinuity in the free surface directly over
the bottom step, the two-phase model predicts a much larger decrease of the free surface profile and then, at about
x = 4 (see Figure[T7) there is again an increase in the free surface level to match the post-shock value. The physical
explanation of this phenomenon can be found when tracing the streamlines in the vicinity of the bottom step where
we observe a recirculation zone, which, for the rest of the flow, increases the apparent bottom step at x = 0.

5.6.5. Comparison depth average velocity profiles

In this section we compare the depth-averaged velocity profiles computed with our second order well balanced
scheme and with the third order scheme proposed in [1]] for the two-phase model against the results obtained with
classical 1D shallow water theory. In particular in 2D the depth-averaged velocity profile is calculated as

) utx.yate,ydy

The results are compared in Figure [I8 and our two-phase model, in agreement with laboratory experiments show a
steep but not infinite gradient, in contrast to the shallow water model. We also observe that the second order well-
balanced method presented in this paper appears to be less dissipative than the third order non-wellbalanced WENO
scheme used in [1]].

u(x) = (82)

5.7. Dambreak and impact against a vertical wall

The last test problem we want to show consists of a dambreak flow with successive impact against a vertical wall,
which leads to the reflection of the incident wave and successive wave breaking. The setup of this test case is taken
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Figure 18: Comparison between the depth-averaged velocity profiles at the final times ¢ = 5 of the dambreak with dry bed without (left) with (right)
bottom step.

from [59] and [52]. The computational domain is 2 = [0, 3.2]% [0, 1.8] with reflective boundaries on all the sides apart
from the top where we impose transmissive boundary conditions. At ¢ = 0 the liquid occupies Q, = [0, 1.2] x [0.6],
and the density distribution is given once again by (80). We set ko = 2.62 - 10° and we cover the domain with a
Cartesian mesh of 1000 x 500 elements. The numerical results obtained with our well balanced second order method
are depicted in Figure [I9)and can be compared with the previous cited references or with the results obtained in [1]].
This test shows the capability of our scheme to capture complex free surface flows as those produced by breaking
waves. In particular, since the location of the free surface is implicitly given by the volume fraction a, it is not
constrained to be necessarily a a single-valued function, as it is in the standard shallow water context.

Efficiency. In order to prove the efficiency of our implementation we have run this last test up to the final time #; = 1
on finer and finer meshes using the GeForce Titan Black with the double precision performance option enabled. The
number of volumes processed per second with respect to the total number of processed space-time control volumes is
reported in Figure 20} on sufficiently fine meshes, the new well-balanced scheme implemented in CUDA can update
about ten million control volumes per second.

6. Conclusions

In this work we have developed a new second order accurate well balanced path-conservative finite volume scheme
for the simulation of complex non-hydrostatic free-surface flows. In particular, this is the first time that a well balanced
scheme has been applied to the reduced two-phase flow model proposed in [[L]. The mathematical model is derived
from the Baer-Nunziato model of compressible multi-phase flows and allows to simulate even complex free-surface
flows thanks to the use of the volume fraction function a. The model does not make any of the classical assumptions
of shallow water-type systems, in particular the flow can be fully nonhydrostatic and the free surface is not constrained
to be a single-valued function.

Moreover, the studied system presents some non-conservative terms already in its original form, due to the advec-
tion equation for @, which requires the use of a path-conservartive scheme. Thus, we have decided to rewrite also the
gravity source term via a non-conservative product and to apply an Osher-Romberg Riemann solver at the element
interfaces: indeed this kind of scheme allows to treat the non-conservative terms in a well balanced way, so that equi-
librium situations can be preserved up to machine precision even for very long computational times. Furthermore, the
use of an Osher-type scheme reduces the numerical dissipation at the free surface.
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Figure 19: Dambreak and impact against a vertical wall. In the figure we depict the results obtained with our second order well balanced scheme

for the quantity ap at the times ¢ = 0.6,1.2,1.5,1.7.
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Figure 20: Impact against a vertical wall: efficiency. In the figure we show the number of volumes processed per seconds when employing finer
and finer meshes to solve the dambreak problem of Secti0n|5;7|up to a final time ¢y = 1. (Note that with nVol on the x-axis we refer to the number

of elements of the mesh multiplied by the number of time steps.)
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The obtained results show an excellent agreement with analytical and experimental reference solutions both close
and far away from steady states, thanks also to the automatic detection of the water level of equilibrium, which extends
the well balanced properties of the scheme also to situations where the equilibria are not exactly known a priori.

Further research will concern the extension to more than second order of accuracy and to the three-dimensional
case. In particular, this last enhancement will require the design of an appropriate parallel data and code structure in
CUDA in order to maintain the high computational efficiency of the parallel implementation.

Acknowledgments

The research presented in this paper has been partially financed by the European Research Council (ERC) under
the European Union’s Seventh Framework Programme (FP7/2007-2013) with the research project STiMulUs, ERC
Grant agreement no. 278267. This research has been also supported by the Spanish Government and FEDER through
the research project MTM2015-70490-C2-1-R and the Andalusian Government research projects P11-FQM-8179 and
P11-RNM-7069. Moreover this project has received funding from the European Union’s Horizon 2020 research and
innovation Programme under the Marie Sklodowska-Curie grant agreement no. 642768.

The authors also acknowledge funding from the Italian Ministry of Education, University and Research (MIUR)
in the frame of the Departments of Excellence Initiative 2018-2022 attributed to DICAM of the University of Trento.
MD has also received support from the University of Trento in the frame of the Strategic Initiative Modeling and
Simulation (SIMaS).

References

[1] M. Dumbser, A simple two-phase method for the simulation of complex free surface flows, Computer Methods in Applied Mechanics and
Engineering 200 (9) (2011) 1204-1219.
[2] A. Bermudez, M. Vazquez-Cenddn, Upwind methods for hyperbolic conservation laws with source terms, Computers and Fluids 23 (1994)
1049-1071.
[3] P. Garcia-Navarro, M. Vizquez-Cendén, On numerical treatment of the source terms in the shallow water equations, Computers & Fluids 29
(2000) 951-979.
[4] P. Brufau, M. Vazquez-Cendon, P. Garcia-Navarro, A numerical model for the flooding and drying of irregular domains, International Journal
for Numerical Methods in Fluids 39 (2002) 247-275.
[5] E. Toro, Shock-Capturing Methods for Free-Surface Shallow Flows, John Wiley & Sons, 2001.
[6] Y. Xing, C. W. Shu, High order well-balanced finite volume WENO schemes and discontinuous galerkin methods for a class of hyperbolic
systems with source terms, Journal of Computational Physics 214 (2006) 567-598.
[7]1 S.Rhebergen, O. Bokhove, J. van der Vegt, Discontinuous Galerkin finite element methods for hyperbolic nonconservative partial differential
equations, Journal of Computational Physics 227 (2008) 1887-1922.
[8] V. Casulli, Semi-implicit finite difference methods for the two-dimensional shallow water equations, Journal of Computational Physics 86
(1990) 56-74.
[9] V. Casulli, R. Cheng, Semi-implicit finite difference methods for three-dimensional shallow water flow, International Journal of Numerical
Methods in Fluids 15 (1992) 629-648.
[10] V. Casulli, A semi-implicit finite difference method for non-hydrostatic free-surface flows, International Journal for Numerical Methods in
Fluids 30 (1999) 425-440.
[11] V. Casulli, R. A. Walters, An unstructured grid, three—dimensional model based on the shallow water equations, International Journal for
Numerical Methods in Fluids 32 (2000) 331-348.
[12] V. Casulli, A high-resolution wetting and drying algorithm for free-surface hydrodynamics, International Journal for Numerical Methods in
Fluids 60 (2009) 391-408.
[13] V. Casulli, G. S. Stelling, Semi-implicit subgrid modelling of three-dimensional free-surface flows, International Journal for Numerical
Methods in Fluids 67 (2011) 441-449.
[14] F. X. Giraldo, J. S. Hesthaven, T. Warburton, High-order discontinuous Galerkin methods for the spherical shallow water equations, Journal
of Computational Physics 181 (2002) 499-525.
[15] G. Tumolo, L. Bonaventura, M. Restelli, A semi-implicit, semi-Lagrangian, p-adaptive discontinuous Galerkin method for the shallow water
equations , Journal of Computational Physics 232 (2013) 46-67.
[16] F. X. Giraldo, M. Restelli, High-order semi-implicit time-integrators for a triangular discontinuous Galerkin oceanic shallow water model,
International Journal for Numerical Methods in Fluids 63 (2010) 1077-1102.
[17] R.]J.LeVeque, Balancing source terms and flux gradients in high-resolution godunov methods: The quasi-steady wavepropagation algorithm,
Journal of Computational Physics 146 (1998) 346-365.
[18] E. Audusse, F. Bouchut, M.-O. Bristeau, R. Klein, B. Perthame, A fast and stable well-balanced scheme with hydrostatic reconstruction for
shallow water flows, SIAM Journal on Scientific Computing 25 (6) (2004) 2050-2065.
[19] S. Noelle, N. Pankratz, G. Puppo, J. Natvig, Well-balanced finite volume schemes of arbitrary order of accuracy for shallow water flows,
Journal of Computational Physics 213 (2006) 474-499.

29



(20]
(21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]

(29]
[30]

[31]
(32]
(33]
[34]

[35]
(36]

(371
(38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]
[47]

(48]
[49]
(50]
[51]
(52]
[53]
[54]

[55]
[56]

C. Parés, Numerical methods for nonconservative hyperbolic systems: a theoretical framework., SIAM Journal on Numerical Analysis 44 (1)
(2006) 300-321.

M. Castro, J. Gallardo, C. Parés, High-order finite volume schemes based on reconstruction of states for solving hyperbolic systems with
nonconservative products. Applications to shallow-water systems, Mathematics of Computation 75 (2006) 1103-1134.

M. Castro, J. Gallardo, J. Lépez, C. Parés, Well-balanced high order extensions of godunov’s method for semilinear balance laws, SIAM
Journal of Numerical Analysis 46 (2008) 1012-1039.

A. Canestrelli, A. Siviglia, M. Dumbser, E. Toro, A well-balanced high order centered scheme for nonconservative systems: Application to
shallow water flows with fix and mobile bed, Advances in Water Resources 32 (2009) 834-844.

A. Canestrelli, M. Dumbser, A. Siviglia, E. Toro, Well-balanced high-order centered schemes on unstructured meshes for shallow water
equations with fixed and mobile bed, Advances in Water Resources 33 (2010) 291-303.

E. Gaburro, M. Dumbser, M. J. Castro, Direct arbitrary-lagrangian-eulerian finite volume schemes on moving nonconforming unstructured
meshes, Computers and Fluids 159 (2017) 254-275.

M. J. Castro, S. Ortega, C. Parés, Well-balanced methods for the shallow water equations in spherical coordinates, Computers & Fluids 157
(2017) 196-207.

M. Dumbser, A diffuse interface method for complex three-dimensional free surface flows, Computer Methods in Applied Mechanics and
Engineering 257 (2013) 47-64.

C. W. Hirt, B. D. Nichols, Volume of fluid (VOF) method for dynamics of free boundaries, Journal of Computational Physics 39 (1981)
201-225.

M. Rieber, A. Frohn, A numerical study on the mechanism of splashing, International Journal of Heat and Fluid Flow 20 (1999) 455-461.
K. Kleefsman, G. Fekken, A. Veldman, B. Iwanowski, B. Buchner, A volume-of-fluid based simulation method for wave impact problems,
Journal of Computational Physics 206 (2005) 363-393.

M. Dumbser, M. Kiser, V. Titarev, E. Toro, Quadrature-free non-oscillatory finite volume schemes on unstructured meshes for nonlinear
hyperbolic systems, Journal of Computational Physics 226 (2007) 204—243.

C. Parés, Numerical methods for nonconservative hyperbolic systems: a theoretical framework, SIAM Journal on Numerical Analysis 44
(2006) 300-321.

M. Castro, A. Pardo, C. Parés, Well-balanced numerical schemes based on a generalized hydrostatic reconstruction technique, Mathematical
Models and Methods in Applied Sciences 17 (12) (2007) 2055-2113.

L. Miiller, C. Parés, E. Toro, Well-balanced high-order numerical schemes for one-dimensional blood flow in vessels with varying mechanical
properties, Journal of Computational Physics 242 (2013) 53-85.

G. Dal Maso, P. LeFloch, F. Murat, Definition and weak stability of nonconservative products, J. Math. Pures Appl. 74 (1995) 483-548.

E. Gaburro, M. J. Castro, M. Dumbser, Well-balanced arbitrary-lagrangian-eulerian finite volume schemes on moving nonconforming meshes
for the euler equations of gas dynamics with gravity, Monthly Notices of the Royal Astronomical Society 477 (2) (2018) 2251-2275.

J. M. Mantas, M. De la Asuncién, M. J. Castro, An introduction to gpu computing for numerical simulation, in: Numerical Simulation in
Physics and Engineering, Springer, 2016, pp. 219-251.

M. Baer, J. Nunziato, A two-phase mixture theory for the deflagration-to-detonation transition (ddt) in reactive granular materials, Interna-
tional journal of multiphase flow 12 (6) (1986) 861-889.

E. F. Truckenbrodt, Bd. 1: Grundlagen und elementare Stromungsvorgéange dichtebestindiger Fluide, Springer, 1980.

G. Batchelor, An introduction to fluid mechanics, 615 pp, Cambridge University Press, New York.

J. Greenberg, A. Leroux, R. Baraille, A. Noussair, Analysis and approximation of conservation laws with source terms, SIAM Journal on
Numerical Analysis 34 (5) (1997) 1980-2007.

L. Gosse, A well-balanced flux-vector splitting scheme designed for hyperbolic systems of conservation laws with source terms, Computers
& Mathematics with Applications 39 (9) (2000) 135-159.

L. Gosse, A well-balanced scheme using non-conservative products designed for hyperbolic systems of conservation laws with source terms,
Mathematical Models and Methods in Applied Sciences 11 (02) (2001) 339-365.

M. J. Castro Diaz, E. D. Ferndndez-Nieto, A class of computationally fast first order finite volume solvers: Pvm methods., SIAM J. Scientific
Computing 34 (4).

M. Dumbser, E. F. Toro, A simple extension of the Osher Riemann solver to non-conservative hyperbolic systems, Journal of Scientific
Computing 48 (2011) 70-88.

S. Osher, F. Solomon, Upwind difference schemes for hyperbolic conservation laws, Math. Comput. 38 (1982) 339-374.

M. Dumbser, E. F. Toro, On universal Osher—type schemes for general nonlinear hyperbolic conservation laws, Communications in Compu-
tational Physics 10 (2011) 635-671.

M. Castro, J. Gallardo, A. Marquina, Approximate Osher—Solomon schemes for hyperbolic systems, Applied Mathematics and Computation
272 (2016) 347-368.

B. van Leer, Towards the ultimate conservative difference scheme V: A second order sequel to Godunov’s method, Journal of Computational
Physics 32 (1979) 101-136.

T. Barth, D. Jespersen, The design and application of upwind schemes on unstructured meshes, AIAA Paper 89-0366 (1989) 1-12.

J. Monaghan, Simulating free surface flows with SPH, Journal of Computational Physics 110 (1994) 399—406.

A. Colagrossi, A meshless Lagrangian method for free-surface and interface flows with fragmentation, Ph.D. thesis, Universita di Roma La
Sapienza (2005).

G. Oger, M. Doring, B. Alessandrini, P. Ferrant, An improved SPH method: Towards higher order convergence, Journal of Computational
Physics 225 (2007) 1472-1492.

R. Gingold, J. Monaghan, Smooth particle hydrodynamics: theory and application to non-spherical stars, Monthly Notices of the Royal
Astronomical Society 181 (1977) 375-389.

L. Milne-Thomson, Theoretical Hydrodynamics, The Mac-Millan Press Ltd., 1968.

G. Taylor, Oblique impact of a jet on a plane surface, Philosophical Transactions of the Royal Society of London. Series A: Mathematical

30



and Physical Sciences 260 (1110) (1966) 96—100.

[57] A. Ferrari, Sph simulation of free surface flow over a sharp-crested weir, Advances in Water Resources 33 (3) (2010) 270-276.

[58] E. Scimemi, Sulla forma delle vene tracimanti — The form of the flow over weirs, L’Energia Elettrica, Milano 7 (1930) 293-305.

[59] A. Ferrari, M. Dumbser, E. Toro, A. Armanini, A new 3D parallel SPH scheme for free surface flows, Computers & Fluids 38 (2009)
1203-1217.

[60] A. Ferrari, A new smooth particle hydrodynamics scheme for 3D free surface flows, VDI Verlag, Diisseldorf, 2009, iSBN: 978-3-18-349407-
1.

[61] I. Janosi, D. Jan, K. Szabo, T. Tel, Turbulent drag reduction in dam-break flows, Experiments in Fluids 37 (2004) 219-229.

[62] M. Dumbser, M. Castro, C. Parés, E. Toro, ADER schemes on unstructured meshes for non-conservative hyperbolic systems: Applications
to geophysical flows, Computers and Fluids 38 (2009) 1731-1748.

[63] M. Dumbser, A. Hidalgo, M. Castro, C. Parés, E. Toro, FORCE schemes on unstructured meshes II: Non—conservative hyperbolic systems,
Computer Methods in Applied Mechanics and Engineering 199 (2010) 625-647.

[64] R. Bernetti, V. Titarev, E. Toro, Exact solution of the Riemann problem for the shallow water equations with discontinuous bottom geometry,
Journal of Computational Physics 227 (2008) 3212-3243.

[65] P. K. Stansby, A. Chegini, T. Barnes, The initial stages of dam-break flow, Journal of Fluid Mechanics 374 (1998) 407-424.

31



	1 Introduction
	2 Physical model for complex free surface flow
	2.1 Equilibria and non-conservative formulation

	3 Well balanced path-conservative scheme
	3.1 Osher and Osher-Romberg schemes for conservative systems
	3.2 First order scheme in x-direction
	3.3 First order scheme in y-direction
	3.4 2nd order well balanced reconstruction
	3.5 Automatic detection of the equilibrium profile

	4 CUDA-based parallel implementation on GPU
	4.1 Notes on our implementation

	5 Numerical Results
	5.1 Equilibria
	5.2 Elliptical drop
	5.3 Spinning square
	5.4 A water jet impinging obliquely on a plate
	5.5 Flow over a sharp-crested weir
	5.6 Dambreak
	5.6.1 Dry bed
	5.6.2 Wet bed
	5.6.3 Dry bed with step
	5.6.4 Wet bed with step
	5.6.5 Comparison depth average velocity profiles

	5.7 Dambreak and impact against a vertical wall

	6 Conclusions

