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Abstract: Loss-of-primary-coolant accidents in pressurized water nuclear reactors involve the
propagation of a rarefaction wave through an extended flow domain containing numerous geometric
singularities (diaphragms, perforated plates, etc.). The efficient numerical simulation of such
configurations relies on the simplified description of these singularities using an added mass source
term in the governing equations. The present work focuses on the Finite Volume discretization of
the modified hyperbolic system, namely the barotropic Euler equations with an added-mass term.
Two approximate Riemann solvers (Rusanov and HLL) are developed for the modified system
and assessed on a range of test cases, from a 1D shock tube to the reproduction of experiments
carried out on the MADMAX platform. Comparisons with a 1D Finite Element discretization
of the modified system, a 2D axisymmetric FV simulation with a discretization of the geometric
singularities and experimental results allow to establish the Rusanov scheme is unable to provide
physically accurate results as soon as the added-mass term varies in space. Meanwhile, the Finite
Volume HLL scheme yields consistent results and provides a conservative alternative to the existing
Finite Element approach.

Keywords: 1D Finite volume, Added mass, Loss-of-Coolant Accident, Unsteady pressure loss.

1. Context and motivation

The propagation of pressure waves through confined environments scattered with obstacles occurs across
various engineering fields. Examples include investigating the impact of ventilation arrangements during
an accidental hydrogen fuel cell explosion inside a ship [1], or mitigating micro-pressure waves generated
when a high-speed train enters a tunnel equipped with retaining block structures [2]. The present work
focuses on a loss-of-coolant accident (LOCA) scenario, where a rarefaction wave propagates through the
pressure vessel of a pressurized water reactor (PWR) [3] (see Fig.1a). While the studies in [1] and [2]
can rely on fully discretized meshes that resolve all geometric details of the domain, the sheer complexity
and spatial scale of a PWR’s entire primary loop during a LOCA renders such a strategy computationally
unfeasible. To overcome this limitation, the methodology developed in [3], [4], and [5] relies on a coupled
1D/3D representation. In this approach perforated plates near the reactor core or diaphragms inside piping
systems, are modeled in 1D using carefully calibrated local impedance relations [6, 7]. This approach is
based on the assumption that the head loss created by these obstacles can be represented by two terms:
one representing the steady head loss of the singularity, as given in [8] and another one representing the
unsteady head loss—that is the effect of the singularity on the fluid’s acceleration—and described by
an inertial term. The MADMAX experimental setup, shown in Figs.1b and 1c, provides the empirical
measurements required for this calibration process, as well as reference data for code validation.

Within the computationally efficient yet accurate simplified 1D approach, the impedance relations are
currently implemented in the Finite Element (FE) framework of the EuroPlexus software [9] as an added
mass term. The objective of the present study is to develop an equivalent simplified 1D approach within
the Finite Volume (FV) solver of EuroPlexus. The expected benefit is to combine the conservation
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property of the FV method, which is desirable for this type of wave propagation problem, with the
efficiency of an added mass formulation. To this end, Section 2 reviews the formulation of the added
mass approach in the FV context, while Section 3 presents numerical results for a series of test cases,
including a direct comparison with experimental data.
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Figure 1: (a) Schematic view of the complex geometry through which the transient rarefaction wave
propagates in a LOCA configuration [4]. (b) MADMAX experimental facility at DYN (CEA Saclay,
France) designed to perform pressure measurements for a rarefaction wave propagating through a geome-
try representative of the core and by-pass regions found in the full LOCA configuration [4]. (c) Schematic
diagram of the MADMAX facility [4].
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2. Methodology

The added mass term used to model localized geometric details is introduced for the case of the 1D
compressible Euler equations closed with a barotropic Equation of State (EoS). Then, a Finite Volume
(FV) method is proposed for the resolution of the corresponding system. To this end, two approximate
Riemann solvers, namely the Rusanov and the HLL schemes, are adapted to the modified Euler system
including an added mass term.

2.1 Barotropic Euler equations

The 1D compressible barotropic Euler equations can be expressed as:

{ 3 (p) + Ox(pu) =0

3 (pu) + dg(pu® +p) =0 M

where p is the fluid density, u the flow velocity, and p the pressure. Density and pressure are assumed to
satisfy the following linear barotropic EoS:

p=po=(p=po)c? 2
where pg and po represent respectively the reference density and pressure while c is the speed of sound
assumed to be constant here.

To account for localized geometric restrictions, an added mass term m,qq is introduced into the Euler
system so as to generate an inertial effect in the flow. We define p as the added density, constant in time
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and computed as m,qq divided by the volume where the added mass is applied. This added density p is
then introduced into (1) as an inertial source term in the momentum conservation equation:

o (p) =0
0:(p) + 0x(pu) =0 3)
0 (pu) + 0x(pu* + p) = —0,(pu)

Rewriting system (3) in conservative form yields:

0 0
hU+0,F=0 withU= Ie and F=| pu ()]
(P + p)u pu +p
The eigenvalues A of the Jacobian matrix of the physical flux F are then computed:
1 — 2 4pc2 ]
/l_:—u(1+_p )— u2(1—_p )+_p
2 p+p p+p p+p
={10=0 )
3 - -
1 4pc?
A*z—u(1+_p )+\/u2(1—_p )+_pc
2 p+p p+p p+p

It can be observed that these eigenvalues are real and distinct for any physically admissible state, which
implies that the modified system (3) remains strictly hyperbolic, mirroring the behavior of the classical
system (1). Furthermore, in the limit where p = 0, the eigenvalues correctly reduce to the classical
acoustic wave speeds A* = u + ¢. Conversely, as p — oo, the eigenvalues tend to A* = % (u = |ul).
Finally, it is straightforward to establish that the modified wave speeds are bounded by the standard
acoustic speeds and satisfy u — ¢ < 1~ < 1° < A* < u + c. Furthermore, the eigenvectors of the system
are expressed as follows:

0 1 0
w = 1 , wi=[o] ., wr=| 1 (6)
A —u 0 A —u
pc? pc2

It can be shown that the waves associated with A* and w* are genuinely nonlinear, whereas the one
associated with A° and w” is linearly degenerate. The final step in this mathematical development
involves calculating the Riemann invariants Z for this problem. They are determined using the following
relation:

Vv(I).w=0 with Vy = [d508p,8,] (7)

For w’, we find that u and p (thus p as well because of the barotropic equation of state) are Riemann
invariants, therefore these quantities do not vary during the passage of the wave associated with w°. For
W=, p is invariant, implying that the added mass remains unchanged by the passage of waves associated
with w*.

2.2 Numerical flux computations

The conservative formulation of the Finite Volume method requires the evaluation of a numerical flux at
the interface between two adjacent control volumes. This numerical flux is typically computed by means
of an approximate Riemann solver, which handles the local Riemann problem arising at the cell interfaces.
The modifications introduced by the added mass term into the governing equations directly alter the wave
propagation speeds, thereby affecting the structure of these Riemann solvers. Consequently, this section
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details the corresponding adaptations required for the numerical flux functions. In this work, attention is
focused on two widely used approximate Riemann solvers: the Rusanov scheme and the HLL scheme.

2.2.1 Rusanov scheme

Using the mathematical analysis presented above, a Rusanov scheme [10] is built to calculate the numerical
flux at the interface between two adjacent control volumes, denoted respectively by the index ", " and "g".
Considering the Riemann problem associated with system (4), the Rusanov numerical flux # is given by:

1
¥ = E(FL"'FR_FHMX (Ug-1U,)) ®)

where rm.x = max (rr, rg) represents the maximum spectral radius computed from the left and right
states. Incorporating the modified eigenvalues, the local spectral radius rx (for K € {L, R}) is given by:

2 2
1 4p..c
rK=§|uK|(1+_p—’<)+\/u§<(1— Pk )+ Pk )

Pk + Pk Pk * Pg Pk *+ Pk

2.2.2 HLL scheme for barotropic equation of state
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Figure 2: Representation of the Riemann problem in the x-f plane for the HLL solver. The discontinuities
represented are either shock waves or rarefaction waves.

The HLL solver [11] provides a better approximation of the numerical flux compared to the Rusanov
scheme. Here, its implementation for the modified barotropic system (4) is presented within the Riemann
problem framework illustrated in Fig.2. We observe that since the added mass is constant in time, p
remains unchanged across the S, and S, waves. A third vertical discontinuity appears, represented by
the red dotted line, across which only p varies.

The HLL scheme assumes that the solution is constant between the left and right discontinuities of the
problem, this region of the solution is denoted with the exponent "«". As previously shown, the left and
right discontinuities are genuinely nonlinear within the framework of this system (4), so that one can
apply the averaged Rankine-Hugoniot relation (with S, and S, respectively the propagation speeds of
the left and right discontinuities):

{F*—FL =5, (U'-U,) 10

F'—Fp =S, (U - Ug)
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By combining these two relations, we can isolate an expression for the state U* between the discontinuities:

@SL(U*—UL)+FL=SR (U*—UR)+FR (11D
S, Up,—-8,U, +F. - F
o U* = RYR LYL L R (12)
SR_SL

Substituting this expression back into (10) yields two expressions for F*, which allow us to obtain p*,
(pu)* and u*. Finally, by once again making use of one of the relations in (10), we derive the numerical
flux:

P SpPrUur =S PrURTSRSL (PR=PL)
F=|"1]= Sr=SL ) _ - . (13)
Fz* SpPL=S; PR+Sgp U] =S, Priup+SpS (Pritg =P, ) +S.S Pr(ug=u")~pp (uy,—u")
-S R~ L S,-S
R™°L R™°L

It remains to estimate the values of S, and S,. A typical choice for HLL is to write:

S, =min (17, 3) (14)
S = max (15, 1%) (15)

Since A depends on p, a correct estimation of the wave velocities is achieved with the following expres-
sions:

S, =min (A7 (p,). Az (PL)) (16)
Sk = max (4 (Pg). A% (Pr)) 17
It is worth noting that when p; = pgr = 0, the scheme degenerates into a classical HLL solution of

the barotropic Euler equations. This behaviour is expected and confirms that the added mass has been
properly taken into account in this approximate Riemann solver.

3. Numerical results

This section presents several test cases designed to validate the integration of the added mass term within
the 1D Finite Volume framework. The numerical results are compared with validated 1D Finite Element
solutions [5], 2D axisymmetric simulations, and available experimental data, ensuring a comprehensive
assessment of the proposed methodology.

3.1 Shock tube
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< ............................................................................................................ >
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——— y R
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Figure 3: Schematic diagram of the 1D shock tube test case configuration.

The first numerical test case consists of a 10-meter-long shock tube, as schematically illustrated in
Fig. 3. The left half is filled with a fluid of density p, = 1000 kg.m™> and pressure p . = 200 bar.
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The right half, meanwhile, is filled with a fluid of density p, = 996 kg.m™3 and pressure p r = 100
bar. On both sides, the speed of sound is set to ¢ = 1500 m/s. At the initial instant, the fluid is at rest,
u, =up =0m.s

To mimic an infinitely long pipe and prevent wave reflections, absorbing (non-reflecting) boundary
conditions are prescribed at both ends of the computational domain. For this test case, the total added

mass m,qq is distributed uniformly across the entire domain volume, considering two values 0 kg and
1000 kg.
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Figure 4. Numerical solutions for the 1D shock tube test case comparing added masses of 0 kg and
1000 kg using Rusanov and HLL Riemann solvers: (a) density, (b) pressure, and (c) velocity profiles.
Simulations are performed with a CFL number of 0.9 and 1000 grid elements.

The numerical solutions displayed in Fig. 4 show the modified Rusanov and HLL formulations yield
very consistent profiles, demonstrating the robustness of the added mass implementation across different
Riemann solvers. Furthermore, the numerical results are in full agreement with the analysis conducted in
Section 2. Specifically, the condition u — ¢ < 1~ < A* < u + ¢ is visually verified by the behavior of the
transient fronts, as the introduction of the added mass significantly reduces the acoustic wave propagation
speeds. Consequently, a marked reduction in the intermediate fluid velocity between the wave fronts is
also observed, as illustrated in Fig. 4c.

To verify the accuracy of the numerical solutions, the results are compared against a simplified analytical
validation based on a Joukowsky-type equation [12]:

Ap = palAu (18)
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where Ap represents the pressure difference across the shock tube at the initial time, @ is the wave
propagation speed, and Au is the velocity difference of the fluid on either side of one of the waves.
Within the framework of the modified governing equations featuring an added mass term, the Joukowsky
equation (18) can be extended as:

Ap = (p + p)aAi (19)
Since adding mass to the system alters the wave propagation speed and the fluid velocity, the "~" notation
is used in equation (19) to distinguish these values from those of the system without added mass in
equation (18). Combining equations (18) and (19) gives:
+p A
PP og=20 20)
) aAi
where J is introduced as a characteristic dimensionless number. J can be estimated numerically using
the right-hand side of (20). The left-hand side serves as an analytical solution. Varying the value of the
added mass from 0 kg to 1000 kg, Fig.5 can be obtained.

—®&— Rusanov
52_ i —&— HLL
-=¢-- Theory

0 200 400 600 800 1000
Added mass (kg)

Figure 5: Comparison between the analytical and numerical values of J as a function of the added mass,
ranging from 0 kg to 1000 kg.

As evidenced by the plots, the numerical results show excellent agreement with the analytical solution
across the two implemented Riemann solvers. We therefore conclude that, for the shock tube test case,
the numerical treatment of the added mass yields consistent results.

3.2 Shock tube with spatially varying added mass
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Figure 6: Schematic diagram of the 1D shock tube with spatially varying added mass test case.
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The analytical expressions for the eigenvalues of the barotropic system (5) indicate that, in the case
where the added mass is infinitely positive (o — o), we find A* = % (u £ |u]). Physically, a domain
characterized by an infinite added mass is expected to behave as a wall on the flow.

To assess this behavior numerically, a benchmark test is designed using the same shock tube configuration
as the previous case, but with the added mass strictly restricted to the right half of the tube (x > 5 m). To
approximate the infinite mass limit, a large value of m,qq = 107 kg is prescribed numerically.
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Figure 7: Pressure profiles of the shock tube with spatially varying added mass test case. The results
were obtained using two different Riemann solvers: Rusanov and HLL. Simulations are performed with
a CFL number of 0.9 and 1000 grid elements.

As shown in Fig.7 the HLL solver yields the expected solution: the right-hand side of the shock tube
acts as a wall, preventing the fluid on the left-hand side—despite being subjected to a pressure twice
greater—from propagating. At longer time steps, we nevertheless observe a diffusion of the discontinuity
due to the fact that the added mass is not numerically infinite.

The Rusanov solver, on the other hand, does not yield the expected solution. Indeed, in addition to a
pressure peak (300 bar) at the element forming the interface between the two domains of the shock tube,
a wave is generated at the discontinuity and propagates into the left-hand side of the tube. The problem
arises from the estimation of the spectral radius as Rusanov scheme assumes a certain symmetry in the
problem, in the sense that r, is of the same order of magnitude as r . However, at a jump in added mass,
the difference between r; and r is such that Rusanov scheme does not provide a satisfactory solution.

3.3 Passage of a rarefaction wave at an interface of added mass
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Figure 8: Schematic diagram of the passage of a rarefaction wave at an interface of added mass test case.

In this test case, we are approaching the targeted application scenario, as we are simulating the passage
of a rarefaction wave through an added mass discontinuity. In the left half of the pipe, the added mass is
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null, while in the right half it is set to m,gqq = 100 kg. The density, velocity and pressure of the fluid are
constant in the pipe at the initial time, see Fig.8. The rarefaction wave is generated by the left boundary
condition, which imposes an instantaneous pressure drop from 200 to 100 bar.
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Figure 9: Pressure evolution for the passage of a rarefaction wave at an interface of added mass test case:
(a) left sensor and (b) right sensor locations. The results were obtained using two different Riemann
solvers (Rusanov and HLL) and a Finite Element solver. Simulations are performed with a CFL number
of 0.9 and 1000 grid elements.
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Figure 10: Pressure distribution for the passage of a rarefaction wave at an interface of added mass test
case. The results were obtained using two different Riemann solvers: Rusanov and HLL. Simulations are
performed with a CFL number of 0.9 and 1000 grid elements.

Fig.9 compares the results obtained using the finite volume method with the two developed Riemann
solvers, Rusanov and HLL. The FV results are compared with those obtained using the finite element
method, which, as mentioned above, has been validated by experimental comparisons. It can be seen in
Fig.9a that all three simulations predict the same amplitude for the reflection of the incident wave. In
Fig.9b, in addition to the previous observation, it can also be noted that the wave velocity in the medium
with added mass is likewise the same, since the wave passes the sensor at the same time. Nevertheless, as
shown in Fig.10, just as in the previous test case, the Rusanov scheme introduces a non-physical pressure
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peak at the added mass discontinuity.

3.4 Passage of a rarefaction wave in a diaphragm

200 bar Absorbing
J boundary
100 bar condition

Figure 11: Schematic diagram of the passage of a rarefaction wave in a diaphragm test case.

Here we will discuss the simplified test case that most closely resembles the target application: the
passage of a rarefaction wave through a diaphragm with an internal diameter of 3 cm and a thickness of
5 cm (Fig.11). As mentioned earlier, to represent this diaphragm in 1D, the model is decomposed into
two parts. The unsteady part of the head loss is taken into account using an added mass which depends
on the geometric characteristics of the diaphragm. The steady part, the so-called stationary head loss
of the diaphragm, is calculated using a head loss coefficient £ and is applied to the same element as the
unsteady head loss, using a splitting method in the finite volume framework. To better appreciate the
effects of the added mass in this test case, we will divide the analysis into two parts. First, a simulation
in which only the added mass is taken into account will be discussed, followed by the complete model of
the diaphragm.

3.4.1 Unsteady effect of the diaphragm

The value of the added mass required to model a diaphragm is given by [7] and [5] and reads:

-
Madd = (2 + a’)Sp/OOCTa/2 (2D
with:
1 u, Sp Leg Tq r
=—k— = ——— L.=2]08-—=+(0.15— + 22
R T Sd 20 eq rp rlz) rd e ( )

where S, and S, denote the cross-sectional areas of the pipe and the diaphragm respectively; similarly
r, and r, denote the radius of the pipe and the diaphragm, e the thickness of the diaphragm, ¢ the speed
of sound in the fluid, p the density of the fluid, k the head loss coefficient of the diaphragm and u, the
fluid velocity at the initial instant. In this case, (21) gives magg = 104 kg.

In this first part, we therefore simulate the propagation of a shock wave through a 10-meter-long pipe, in
the middle of which an additional mass of 104 kg is placed on one element (at x = 5 m).



Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)

Milan, Italy, July 06-10, 2026 11
Pressure at the left captor (x = 2.5 m) Pressure at the right captor (x = 7.5 m)
200 200
—®— Rusanov
175 HLL 175
—e— FE
150 150
o o
© ©
M 125 M 125
g g
2100 2100
9] 9]
2] 2]
Ej 75 Ej 75
[2¥} [2¥}
50 50 —™— Rusanov
HLL
25 25 —e— FE
0 0
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time (ms) Time (ms)
(@ (b)

Figure 12: Pressure evolution of the passage of a rarefaction wave at an element with an added mass
test case: (a) left (upstream) sensor and (b) right (downstream) sensor locations. The results were
obtained using two different Riemann solvers (Rusanov, HLL) and a Finite Element solver. Simulations
are performed with a CFL number of 0.9 and 1000 grid elements.

Fig.12 illustrates the effect of the added mass when used to model a diaphragm. Downstream of the
added mass region (a single cell) (Fig.12b), it can be seen that the wave has been diffused. Upstream
(Fig.12a), we observe that part of the wave is reflected by the diaphragm, after which the pressures on
either side of the added mass equalize. The HLL finite volume result is close to the Finite Element results,
slightly differing only in the prediction of the pressure minimum reached at 5 ms (see Fig.12a). This
difference is due to the numerical diffusion in the finite volume scheme; a finer mesh allows to recover
superimposed pressure evolutions for the Finite Element approach and the Finite Volume HLL scheme.
Note that the Rusanov scheme does not allow to recover the targeted effects of the added mass. Upstream
of the diaphragm, the reflection is minimal, while downstream the wave is barely diffused. As explained
above, this is due to the Rusanov scheme’s inability to process variations in added mass.

3.4.2 Steady and unsteady effect of the diaphragm

The steady head loss is calculated using the head loss coefficient £ of the singularity, in this case the
diaphragm. Here, we will use the formula given by [8]:

1 N N S \?
—+ty 1 -2 (1-E)+(1-2L A
2 S, S, S, 2r,

with 7 a parameter dependent on the ratio of e over 2r , (for this diaphragm, # = 0.0617) and A a parameter
dependent on the Reynolds number of the flow, in this case, as viscosity is neglected, A = 0. We therefore
find, for a diaphragm with an external diameter of 20.27 cm, an internal diameter of 3 cm and a thickness
of 5 cm, a head loss coefficient kK = 3137. By applying this steady head loss and the added mass of 104
kg, we obtain the results displayed in Fig.13, where the two Finite Volume schemes (Rusanov and HLL)
are compared with a Finite Element result and a 2D axisymmetric Finite Volume computation.

S 2
k = —") (23)
5
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Figure 13: Pressure evolution of the passage of a rarefaction wave at an interface of added mass test case:
(a) left sensor and (b) right sensor locations. 1D simulation are performed with a CFL number of 0.9
(expect for the Rusanov scheme which is at 0.7) and 1000 grid elements. Axisymmetric 2D simulation
are performed with a CFL number of 0.4 and 244097 grid elements.

We first observe that all the methods, with the exception of the Rusanov scheme, provide the expected
results. Upstream of the diaphragm (Fig.13a), we see the effect of the added mass discussed in section
3.4.1, but the pressure does no longer equalises with the downstream side of the diaphragm (Fig.13b). The
steady head loss does indeed impose a pressure difference on both sides of the diaphragm. Furthermore
the wave is also well diffused downstream of the added mass location.

For the Finite Volume Rusanov scheme, we observe once again that the effect of the added mass is not
properly captured. The minimum pressure at 5 ms shown in Fig.13a is correctly predicted using the Finite
Volume HLL scheme but a bit more diffuse with respect to the reference computations (2D axisymmetric
and Finite Element with added mass). The 2D axisymmetric solution does not yield the same final
pressure on either side of the diaphragm; it appears that this difference is linked to the 1D model and
not specifically to the 1D finite volume method, since a similar problem is observed with the 1D finite
elements.
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3.5 MADMAX benchmark
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Figure 14: (a) Schematic diagram of the simplified MADMAX configuration without by-pass pipe [5].
(b) Corresponding 1D simplified representation utilized in the numerical simulations.

As mentioned above, the MADMAX platform enables to experimentally validate the implementation of
the diaphragm model. The configuration used here (see Fig.14a) consists of a main pipe with a diameter
of 20.27 cm, in the middle of which is installed a diaphragm 5 cm thick and with an internal diameter
of 3 cm. Two accumulators are placed at the top of the pipe, and at the bottom a graphite rupture disc
ensures the creation of a rarefaction wave by breaking when the fluid pressure reaches approximately 70
bar. This experimental model is therefore represented in 1D by the diagram in Fig.14b, with each abrupt
change in cross-section and bifurcation modelled by a head loss coefficient. The diaphragm, meanwhile,
is modelled by an added mass (m,9q = 104 kg) in addition to the head loss coefficient (k = 3137).
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Figure 15: Pressure evolution for the simplified MADMAX configuration evaluated at locations (a)
upstream and (b) downstream of the diaphragm. The plots present a comparison between experimental

measurements and the numerical results.
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In order to assess more clearly the impact of the added mass, Fig.15 shows a HLL 1D finite volume
simulation with and without the added mass, which is compared with the experimental values and a 1D
finite element simulation. Upstream of the diaphragm (Fig.15a), the addition of mass allows the results
to align much more closely with those of the finite element simulation and to approach the experimental
values. The impact of the added mass becomes particularly apparent downstream of the diaphragm (see
Fig.15b): it diffuses the wave passing through the diaphragm, thereby smoothing out the pressure changes.
More generally, we observe that the Finite Volume model closely follows the experimental values and
provides results similar to those given by the Finite Element approach, which was the main objective of
this study.

4. Conclusion

In this paper, we have proposed a finite-volume methodology for solving the one-dimensional Euler
barotropic equations including an added mass term to model localized geometric details in the flow
domain. The modified hyperbolic system is solved using novel versions of the Rusanov and HLL
numerical schemes, which reduce to their usual formulation for the baseline Euler system when the added
mass term goes to zero. In the present work, the added mass is specifically used to model the effect
of a geometric singularity, namely a diaphragm, on the flowfield properties during the propagation of a
rarefaction wave. We have demonstrated, through numerical experiments, that the Rusanov scheme no
longer provides an accurate solution when the distribution of the added mass varies in space. Using the
proposed HLL scheme on a range of the increasingly complex test cases presented allowed us to confirm
the validity of the FV methodology by successive comparisons with i) finite element results, for which
the implementation of added mass is straightforward, ii) reference 2D axisymmetric simulations, and iii)
experimental results provided by the MADMAX platform.

The assessment of the added mass formulation applied to the 1D Euler equations with total energy
conservation is under way. It would be also valuable to expand in future work the library of approximate
Riemann solvers extended to the modified 1D Euler equations with added mass. One open question
remains regarding the possibility of extending the integration of added mass to cover multidimensional
Euler equations as it could also be of interest.
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