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I. Introduction

Converging shock waves are involved in several fields of high-energy physics, such as astrophysics and inertial confinement fusion. These shock waves interact with material interfaces, and generate deleterious hydrodynamic instabilities known as the Richmyer-Meshkov (RM) instabilities [START_REF] Richtmyer | Taylor instability in shock acceleration of compressible fluids[END_REF][START_REF] Meshkov | Interface of two gases accelerated by a shock wave Fluid Dyn[END_REF]. In order to identify and quantify the different processes at play in these instabilities (geometry, deceleration, compressibility, and nonlinearity), models are needed. The accuracy of these models must be estimated by comparison with experiments or numerical simulations. In this study, we have undertaken an experimental and numerical cross-checking on the two configurations of the RM instability: when the incident shock wave goes from the heavy fluid to the light fluid, and the opposite case. This cross-checking confirms the accuracy of our numerical simulations. Second, simulations have been run to provide reliable reference test cases for the theoretical models. The discrepancies between the reference results and the model predictions are used to discriminate between the different effects which drive the cylindrical RM instability.

II. Experimental set-up

The experiments are carried out using a conventional shock tube with a square inner cross section of 80 mm by 80 mm. At the shock tube end, a three-fluid three-zone convergent system has been added to study the cylindrical RM instability. The half apex angle of the test cell is equal to θ 0 = 15 • . For the heavy-to-light configuration, the three fluids are air/SF 6 /air. The first interface (air/SF 6 ) transforms the planar incident shock wave into a cylindrical one [START_REF] Vandenboomgaerde | Analytical theory for planar shock focusing through perfect gas lens and shock tube experiment designs[END_REF]. The second interface (SF 6 /air) is the interface where the RM instability is studied. A single mode perturbation is imposed at this interface, and its polar shape reads as: r(θ) = 0.1 -0.0015(1cos(2πθ/θ 0 )). For the light-to-heavy case, the three fluids are He/air/SF 6 . The first interface (He/air) generates the cylindrical shock wave. The perturbation shape at the interface of interest (air/SF 6 ) reads as: r(θ) = 0.07 -0.0015(1cos(2πθ/θ 0 )). In both configurations, the Mach number of the incident planar shock wave is equal to 1.15. The reference of time, t = 0, is the time when the shock wave hits this first interface. Figure 1-a displays the schematics of the two cases. The materialization of the interfaces is obtained using double layers of 0.5 µm thick nitrocellulose membranes combined with stereo-lithographied support grids. As shown in Fig. 1-b, the geometry of the grids is two-dimensional (2D). However, the crossbars of the grids lead to three-dimensional (3D) features.

To visualize the flow patterns, a Z-type Schlieren system is used.

III. Shape of the perturbation i. Comparisons between experimental data and numerical simulations

In Ref. [START_REF] Vandenboomgaerde | Nonlinear growth of the converging Richtmyer-Meshkov instability in a conventional shock tube[END_REF], we have shown that the grid must be taken into account in the 2D numerical simulations in order to understand the experimental shape of the studied interface. To compute the overall flow with the grid effects, the multimaterial hydrocode Hesione [START_REF] Bonneau | Numerical simulations for description of UV laser interaction with the gold nanoparticles embedded in silica[END_REF] is used. The hydrodynamic package is a Lagrangian remap using a cartesian grid, and a BBC scheme with a spatially staggered method. The grids are considered as stationary areas. Let us note that our simulations do not take the membrane into account. The Fig. 2 presents a superimposition of the experimental images, and the numerical interfaces at t = 0.74 ms and t = 0.475 ms, for the heavy-to-light and the light-to-heavy configurations, respectively. The experimental perturbed interfaces which are sharp at t = 0 due to the membrane, appear blurry after the shock passage. Different causes can be proposed to explain this widening of the interfaces: the nitrocellulose remnants generated by the rupture of the membrane, and 3D effects due to the grid. In the first configuration (Fig. 2-a), the interface which is obtained with ii. The effects of the grid crossbars

In order to assess the effects of the grid crossbars on the interface dynamics, the 3D RM instability development has been computed by the Hesione code for a single 3D pattern of the grid. As seen in Fig. 3, the crossbar leaves a 3D imprint on the 2D interface. In the heavy-to-light configuration (Fig. 3-a-c, left side), the amplitude of the perturbation reverses. The 3D imprint reverses faster than the 2D perturbation. It quickly overruns the main perturbation which remains 2D. In the other configuration (Fig. 3-d-f, left side), there is no reversal of the perturbation. The 3D imprint trails behind the mainly 2D interface. In order to estimate the discrepancies between the effects of a 2D and a 3D grid, we compare the extent of density gradients which are obtained by the corresponding simulations. In the heavy-to-light configuration, the interface which is obtained by 2D simulations rapidly superimposes with the left side of the 3D interface (Fig. 3-a-c, right side). This is due to the quick reversal of the 3D imprint. This superposition also indicates that the 3D effects have little influence on the overall 2D dynamics of the interface. For the other configuration, the interface which is obtained by 2D simulations superimposes with the right edge of the 3D interface (Fig . 3-d-f, right side). This is consistent with the direct growth of the perturbation. The negligible effect of the 3D imprint on the 2D dynamics is confirmed.

In the light of these conclusions, Fig. 2 can be understood as follows. In the heavy-to-light case, the 2D numerical interface matches with the left side of the blurry area: the 3D imprint, and membrane remnants overrun the mainly 2D interface. In the light-to-heavy case, the 2D numerical interface is within the blurry area: the 3D imprint trails behind the interface, but the membrane remnants overrun it.

iii. Growth of the perturbation As we have hereabove shown that 3D effects do not affect the overall development of the instability, we now only consider 2D numerical simulations. Figure 4 presents the time evolution of the half peak-to-valley amplitude of the perturbations, a(t). For the heavy-to-light configuration, the growth of the left edge of the experimental interface is roughly linear with time (Fig. 4-a). The growth which is obtained from the numerical simulation correctly fits the experimental data. For the light-to-heavy configuration, the growth of the perturbation saturates, and after t = 0.5 ms, the amplitude even decreases (Fig. 4-b). This behavior is also found by the Hesione code. Let us note that the growth which is obtained by the code fits between the growths of the perturbed left and As the Hesione code does not take into account the membrane, the good agreement between the experiments and the numerical simulations strengthens the assertion that the membrane remnants do not affect the global dynamics of the instability [START_REF] Vandenboomgaerde | Nonlinear growth of the converging Richtmyer-Meshkov instability in a conventional shock tube[END_REF][START_REF] Vandenboomgaerde | An experimental and numerical investigation of the dependency on the initial conditions of the Richtmyer-Meshkov instability[END_REF] when the Mach number of the incident shock wave is high enough. For the heavy-to-light and the light-to-heavy configurations, the Mach numbers of the converging shock waves when they interact with the perturbed interface are 1.27 and 1.32, respectively.

IV. Theoretical study of the instability growth i. Method and models

Most theoretical models which are derived to study the Bell-Plesset (BP) effects in cylindrical geometry deal with a canonical single-mode perturbation at a sharp interface. Furthermore, grids are not considered in these models. The accuracy of the Hesione code has been checked through the comparisons with the experimental data in the previous section. Therefore, results of the 2D Hesione simulations on the canonical test case will be used as references in the following. The initial conditions for the interfaces and flows are those defined in Sec. II. Our method to assess the BP effects goes through several steps:

• The linear growth of the planar RM instability is estimated for incompressible fluids.

• This growth rate is used as initial condition for the linear growth of the Rayleigh-Taylor (RT) instability [START_REF] Rayleigh | Investigation of the character of the equilibrium of an incompressible heavy fluid of variable density[END_REF][START_REF] Taylor | The instability of liquid surfaces when accelerated in a direction perpendicular to their planes[END_REF] in cylindrical geometry for incompressible fluids. In this case, the amplitude of the perturbation follows Eq.( 1) which has been derived in Ref. [START_REF] Mikaelian | Rayleigh-Taylor and Richtmyer-Meshkov instabilities and mixing in stratified cylindrical shells[END_REF]:

d 2 a dτ 2 + 2 Ṙ R da dτ -(n A -1) R R a = 0 ( 1 
)
where n = 2π/θ 0 , R is the radius of the unperturbed interface, A the Atwood number, and τ the time. For the RT instability, the Atwood number is defined as A = (ρ SF 6ρ air )/(ρ SF 6 + ρ air ) in the heavy-to-light configuration. The reference time for τ, i.e. τ = 0, is when the interface starts moving. • The role of compressibility is estimated in the linear phase using a dedicated model [START_REF] Vandenboomgaerde | Nonlinear growth of the converging Richtmyer-Meshkov instability in a conventional shock tube[END_REF]. The amplitude of the perturbation now follows Eq.( 2):

d 2 a dτ 2 + C 1 (τ) Ṙ R da dτ -n A(τ) R R a + C 2 (τ) Ṙ2 R 2 a = 0 (2)
where C 1 and C 2 are functions depending on densities and velocity profiles at the interface. • The range of validity of the previous linear theories is (n a/R) < 1. In order to get the trend of the nonlinear growth, a P 0 2 Padé approximant is build using the linear growth for compressible flows, and a weakly nonlinear theory [START_REF] Wang | Weakly nonlinear incompressible Rayleigh-Taylor instability growth at cylindrically convergent interfaces[END_REF] for the RT instability in cylindrical geometry. The Pade approximant reads as:

a NL (τ) = a L (τ) 1 + 1 R(0) 2 [n 2 (3A 2 + 1) -A n -9] a 2 L (τ) (3) 
where a NL and a L stand for the nonlinear and the linear amplitudes, respectively. ii. The heavy-to-light case

Figure 5-a presents the trajectory of the unperturbed interface. A slight deceleration occurs for τ > 0.2 ms. Figure 5-b presents the growth of the perturbation which is obtained by the different models, and the simulation. The Hesione code predicts a linear growth with time. This kind of growth is typical of the linear phase of the planar RM instability, where no convergence or deceleration effects occur. However, the linear incompressible theory in cylindrical geometry predicts an increase of the magnitude of the perturbation amplitude due to the BP effects (red curve). This can be explained by geometrical effects, and by the fact that SF 6 (heavy fluid) is slowed by air (light fluid). As seen in Fig. 5-b, the compressibility leads to a slight stabilization of the perturbation (blue curve). When the nonlinear cylindrical model is used, the linear growth with time is recovered (dotted curve), and is in good agreeement with the Hesione results. Let us note that the nonlinear model would fail to keep this linear growth much further. This failure is embeded in the P 0 2 expression which can only go to zero when the linear amplitude goes to infinity. In conclusion, the peculiar linear growth which is found in this heavy-to-light configuration is explained by the nonlinear saturation of the growth increase due to the BP effects.

iii. The light-to-heavy case Figure 6-a presents the trajectory of the unperturbed interface. A strong deceleration occurs for τ > 0.2 ms. Figure 6-b presents the growth of the perturbation obtained by the different models, and the simulation. The Hesione code predicts a saturated growth of the perturbation, which is followed by a decrease of the amplitude of the perturbation. This can be explained by the strong stabilization of the convergent effects due to the fact that air (light fluid) is slowed by SF 6 (heavy fluid). The linear models predict such a trend (solid curves). In this light-to-heavy configuration, compressibility slightly increases the growth. These linear models strongly overestimate the maximum amplitude that the instability can reach. This is consistent with the fact that the nonlinear regime occurs early in time. Indeed, there is no phase reversal of the perturbation, and the amplitude directly grows once the interface moves. The nonlinear model (dotted curve) recovers the correct maximum amplitude, but fails to correctly describe the perturbation dynamics for τ >0.35 ms. This failure is embeded in the P 0 2 expression which can only go to zero when the linear amplitude is null. In conclusion, the saturated then decreasing growth of the perturbation in this light-to-heavy case is explained not only by the nonlinear regime of the instability, but also by a strong stabilization at the interface.

V. Conclusion

A study of the Bell-Plesset effects on the RM instability in cylindrical geometry has been undertaken. The heavy-to-light and the light-to-heavy configurations have been compared in the nonlinear regime. In the first case, the saturation due to nonlinearity counteracts the increasing growth of the perturbation which is fueled by the RT instability. This leads to a perturbation growth which is linear with time. In this case, theoretical model also shows that compressibility tends to stabilize the perturbation. In the second case, the perturbation amplitude quickly stops growing, and even decreases. The saturation due to nonlinearity is supported by RT stabilization at the interface. In this case, theoretical model also shows that the compressibility tends to destabilize the perturbation. In both cases, the precise knowledge of the background flow is paramount in order to correctly estimate the deceleration of the interface which determines the RT part of the growth. The compressibility is also at play but, in our experimental configurations, its role is only marginal. For higher Mach numbers or higher convergence ratios, compressibility effects could be more important. Finally, this study shows that nonlinearity occurs ealier than the condition n a/R = 1. The present work underlines the need for new nonlinear models which are not derived from expansion series and Padé approximants, since their late time behavior is questionable.
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 1 Figure 1: (a) Schemes of the heavy-to-light configuration (top), and the light-to-heavy configuration (bottom). (b) Photograph of the stereolithographied support grids and membranes
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 2 Figure 2: Superimposition of experimental images and numerical interfaces. (a) Heavy-to-light configuration at t = 0.74 ms. (b) Light-to-heavy configuration at t = 0.475 ms
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 34 Figure 3: (a-c) Heavy-to-light configuration. (d-f) Light-to-heavy configuration. Left side: 3D pattern of the grid and interface. Right side: Comparison between the interface from the 2D simulations, and the area of the density gradients in the 3D simulations
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 5 Figure 5: Heavy-to-light case. (a)Trajectory of the unperturbed interface from the Hesione simulation without any grid. (b) Growth of the amplitude. Continuous curves are obtained by the linear theories. The dotted curve is obtained by the nonlinear model. The dot-dashed curve gives the range of validity of the linear theories. Symbols represent the results which are obtained by the Hesione code
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 6 Figure 6: Light-to-heavy case. (a)Trajectory of the unperturbed interface from the Hesione simulation without any grid. (b) Growth of the amplitude. Continuous curves are obtained by the linear theories. The dotted curve is obtained by the nonlinear model. The dot-dashed curve gives the range of validity of the linear theories. Symbols represent the results which are obtained by the Hesione code
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