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This paper presents the results of a set of experiments aimed at discovering the main features of impactinduced vibrations on all-aluminum honeycomb sandwich panels, representative of the GOCE satellite's top floor, which is exposed to the orbital debris environment. The activity focused on the characterization of the vibrations induced in the vicinity of internal payloads by hypervelocity impacts occurring on the vehicle's external shell. More than 30 tests were realized by launching 0.8 to 2.3 mm aluminum projectiles in the velocity range 4 to 5.5 km/s on targets with tri-axial accelerometer assemblies mounted on both the front and rear face of the panel, at a nominal distance of 150 mm from the impact point. It was found that a hypervelocity impact produces in both the front and rear side of the sandwich panel a vibration environment which can be described through the Shock Response Spectrum (SRS) of three different types of waves that can be distinguished on the basis of the acceleration direction: out-of-plane, in-plane longitudinal and in-plane shear. The influence of projectile mass and velocity on SRS appeared to vary with frequency, with the most significant difference in the range between ~10 3 and ~10 4 Hz. The results of whole experimental set were used to derive an interpolation law through standard techniques of nonlinear fit. The empirical equation obtained makes it possible to predict the near field vibration environment produced by hypervelocity impacts with debris having given size and velocity, reproducing all the test data with an average uncertainty of ±6 dB.
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Introduction

Hypervelocity impacts (HVI) with Micrometeoroids and Orbital Debris (M/OD) are well known sources of damage for space vehicles and impact consequences are extensively studied with respect to the penetration of external walls. However, only limited investigation is carried out regarding secondary effects, such as deterioration of internal components due to debris clouds, plasma emissions and
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vibrations produced around sensitive equipment. In particular, referring to the latter point, it was recognized that disturbances induced by HVI could be close to that generated by pyroshock devices [START_REF] Cnes | Activity Report[END_REF][START_REF] Pavarin | Preliminary design of a test bed to evaluate the requirements of an accelerometric instrumentation to study the effects of hypervelocity impacts on space shields[END_REF], being therefore a real threat for internal components. Moreover, for those satellites including equipment very sensitive to small accelerations, it appears reasonable to define the impact damage as a range of local perturbations in the vicinity of instruments.

To address such an issue, a study was performed in the framework of the ESA contract "Spacecraft Disturbances from HVI", whose main purpose was to get a collection of impact test data addressing the Shock Response Spectrum (SRS) inside spacecrafts resulting from M/OD impacts on the external walls of the body. To do this, the selected reference case was the GOCE (Gravity Field and Steady-State Ocean Circulation Explorer) satellite, whose mission objective is to provide global and regional models of the Earth's gravity field with high spatial resolution and accuracy, making use of a very accurate gradiometer payload. GOCE's high sensitivity to very small accelerations made its choice very attractive for studying the perturbations produced by HVI close to internal equipment [START_REF] Faraud | Meteoroids and Debris Environment Analysis for Disturbance Assessment on the GOCE Gradiometer[END_REF].

The GOCE spacecraft consists of an octagon prismatic shell, about 5 m long and with a transversal cross section of about 1.1 m². All electronics units are placed on seven internal floors. The octagonal shell is a sandwich structure with CFRP face-sheets 2 mm thick and aluminum honeycomb core 11 mm high. Five floors are both with face-sheets and aluminum honeycomb, while two floors are with CFRP face-sheets and aluminum honeycomb. The GOCE orbit is sun-synchronous (96.5 degrees of inclination), circular, at altitude between 240 and 250 km. Figure 1 
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This paper presents the major results of a set of impact experiments on all-aluminum honeycomb sandwich panels representative of the GOCE satellite's top floor 7, which is one of the structural parts exposed to the M/OD environment. The aim of the tests was to characterize the vibration environment close to the impact point (near-field), through the specification of SRS computed from transient acceleration measurements. The analysis of the near-field environment makes it possible to gain knowledge on the disturbance input given by HVI and provides information useful to numerically propagate the perturbation along complex load paths.

The remainder of the paper is organized as follows. In Section 2, the targets used for the activity and the experimental set-up are described. Section 3 presents some of the test results in terms of SRS levels obtained by acceleration records during HVI experiments. In particular, the main features of the vibration environment (wave constituents, intensity and frequency content) are reported versus impact conditions. Section 4 introduces an engineering relation obtained from experiments to make an assessment of the shock response spectrum induced on honeycomb sandwich panels in the near-field environment. Finally, conclusions are given in Section 5.

Experimental Methods

The experimental configuration for the activity is shown in Fig. 2: honeycomb sandwich panels representative of GOCE floor 7 are connected to the impact chamber through spacers (S, T1) and springs (M2) and accelerometers are mounted on tri-axial assemblies, fixed at 150 mm from the impact point, see Fig. 
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Panels were Al2024-T81 1mm 3.1 3/16 5056 10P, and the overall panel height was 52.8 mm. The basic lateral size of each panel was 400x400 mm, but even other dimensions were considered to highlight possible effects related to wave reflections at the edges. One sensor assembly was used for each panel face: assemblies are made by a parallelepiped mounting block and three shock accelerometers (two Endevco 7270-200k with bandwidth up to 200 kHz for out-plane and in-plane longitudinal waves; one PCB M350B02 mechanically limited to 10 kHz for in-plane shear waves). Thirty-four impact experiments were carried out at the CISAS Hypervelocity Impact Facility using a two-stage light-gas gun [START_REF] Angrilli | Impact facility based upon high frequency two stage light-gas gun[END_REF][START_REF] Pavarin | Improvement of the CISAS high-shot-frequency light-gas gun[END_REF] that is capable of accelerating projectiles up to 150 mg at a maximum velocity of 5.8 km/s. Aluminum spheres from 0.8 to 2.3 mm were launched at velocities between 4 and 5.5 km/s. Impact test conditions were selected to launch projectiles having sufficient mass to induce significant disturbances or damages to the spacecraft. Hence, the experimental range was set across the targets' non-penetration/penetration threshold, with the consequent opportunity of investigating perturbations in the two distinct impact regimes.

Results

For each impact experiment, six acceleration signals were recorded, three of them on the front (impact) side of the sandwich panel, the other three on the rear side. They refer to the accelerations produced by HVI along three orthogonal directions (in-plane longitudinal, in-plane shear and out-plane) on both sides of the targets. On one hand, in-plane disturbances refer to vibrations in which particles move in the plane of the target's face-sheets: in-plane-longitudinal waves (IP-L) are parallel to the line joining the impact point and the sensor location and in-plane-shear waves (IP-S) are orthogonal to IP-L. On the other hand, out-plane perturbations (OP) refer to vibrations in which particles move in a direction orthogonal to the plane of the target's face-sheets.

Test results are presented through the SRS of recorded signals, making distinction between the
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wave properties resulting from impacts below and above the ballistic limit. Moreover, the wave dependence from projectiles mass and impact speed is evidenced.

To correctly interpret and compare the measured acceleration signals, the uncertainty on SRS was assessed (reported on the following plots as dash-dot lines) through dedicated experiments. Such tests were carried out to evaluate both the overall impact facility background noise and the experimental scattering; the two terms were then combined according to international standards [START_REF]Guide to the expression of uncertainty in measurement[END_REF], making possible to obtain a frequency-dependent relative-uncertainty expression to be applied to each computed SRS.

Type of waves

The types of transient waves originating in the near-field as a consequence of HVI are hereafter discussed referring to two different reference experiments, selected to represent impact conditions below and above the ballistic limit. In the first case, the projectile diameter and impact speed were 1.0 mm and 5.0 km/s; in the second case the projectile diameter and impact speed were 1.9 mm and 5.1 km/s, respectively.

For each of the two classes of experiments, OP, IP-L and IP-S waves are compared. Further comparisons are shown between the same type of waves recorded on the impact and rear side, to highlight possible differences and attenuations relevant to the transmission through the panel overall thickness.

Considering impact conditions below the ballistic limit, a first comparison can be done looking at Fig. 4 and Fig. 5, which refer to the three wave types on the front and rear target side, respectively. Figures 6 through 8 compare the SRS of the same type of wave (OP, IP-L and IP-S), between front and rear side. It may be observed that no significant difference results for each wave type through the target thickness. Nevertheless, even though it is inside the uncertainty band, a trend may be recognized for the IP-S: above 10 3 Hz, the SRS on rear side are systematically larger than their front-side counterpart, suggesting a possible amplification of this wave constituent through the target thickness, probably related to the lateral propagation of the damage inside the honeycomb core.

The same considerations just reported can be repeated for impact conditions above the ballistic limit of the target. Comparisons highlight recurring features similar to those emerging from tests below the ballistic limit, with the only difference of larger magnitudes of SRS values. More precisely, it was observed that SRS in this second case can be one order on magnitude higher than those recorded below the ballistic limit. This happens above 10 3 Hz, that is the frequency range of perturbations directly triggered by the HVI and by the consequent penetration phenomenon. 
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Influence of projectile mass and momentum

The evaluation of the influence of projectile mass (momentum) on wave properties was done by launching 0.8, 1.0, 1.5, 1.9 and 2.3 mm projectiles at around 4 and 5 km/s. The mass of selected projectiles is reported in Table 1. It is clear that each increasing step for dp roughly corresponds to a mass doubling (except for the step 1.0 mm ⇒ 1.5 mm). This means that, at given impact speed, each increasing step for dp roughly corresponds to a momentum doubling. Therefore, if we make the hypothesis that a linear momentum scaling exists for SRS, the curves should be equally spaced in the logarithmic plot. From the following figures, it appears that this is not true. Hence, a linear momentum scaling does not hold for SRS. Rather, the SRS dependence from
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projectile's momentum appears to vary with frequency: in the low-frequency range of the spectrum (below ~2•10 3 Hz) SRS are almost unchanged while at frequency greater than ~2•10 3 Hz, SRS increase steeply from below to above the ballistic limit (which is around 1.5 mm at 5 km/s).

Since the features of SRS are qualitatively similar for both impacts at 5 and 4 km/s and for both sides of the targets, only the plots for the front side and the maximum impact speed are reported in the following Fig. 9, Fig. 10 and Fig. 11. In general, it appears that the SRS of all types of wave increase with increasing d p . Nevertheless, some differences may be observed between OP, IP-L and IP-S. Referring to OP waves, it can be noticed that SRS for tests above ballistic limit are systematically higher than those for tests below ballistic limit in the whole frequency range and the difference between SRS from penetrating and non-penetrating experiments becomes significant above ~10 3 Hz, where SRS rise up to ~10 5 ms -2 for 2.3 mm projectiles. Differently, SRS from IP waves are all compatible up to ~10 3 Hz while for higher frequency they show a behavior similar to that of OP perturbations, rising up to ~3•10 4 ms -2 for 2.3 mm projectiles.

Finally, referring to IP-S waves, it appears that SRS for tests above ballistic limit are systematically higher than those for tests below ballistic limit and the difference between SRS from penetrating and non-penetrating experiments becomes significant above ~10 3 Hz, where SRS rise up to ~3•10 4 ms -2 for 2.3 mm projectiles. Previous observations can be put in terms of momentum by normalizing the curves by the product mp*vp. Results are presented in Fig. 12 and Fig. 13, which refer to IP-L and OP (impact side, 5 km/s). 
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Utilization of Experimental Data

The results of the whole set of experiments were finally used to find out a single empirical relation (interpolation law) useful to predict the Shock Response Spectrum in honeycomb sandwich panel targets such as those used in the study, at 150 mm from the impact location, i.e. in the near-field environment. The interpolation law was derived by using standard nonlinear fitting methods. It is reported on Eqn. [START_REF] Cnes | Activity Report[END_REF].

(

)

f b v d f b SRS b P b P b log 1 log 5 1 4 3 2 + =
in which f is the frequency, d p is the projectile diameter, v p is the projectile velocity. The fit coefficients are given in the table below, for both OP and IP-L waves. 2 demonstrated its ability of reconstructing the experimental SRS with a frequency-averaged accuracy better than ±6 dB. However, errors may occasionally exceed 6 dB, especially at the lowest frequencies (see for instance the comparison between measured and empirically-reconstructed SRS on sample test no.7563, see Fig. 14 and Fig. 15). It should be remarked that errors could rise well above 6 dB, when predicting SRS curves for impact conditions outside the experimental range.

Conclusions

This paper presented the results of a set of impact experiments carried out on all-aluminum honeycomb sandwich panels representative of the GOCE's satellite top floor, with the objective of studying the vibration environment produced by HVI in the near-field environment, therefore assessing the risk for nearby sensitive instrumentation. Targets were instrumented with six shock accelerometers placed at 150 mm from the impact point, three of them on the front face-sheet and the other three on the rear one, to discover the characteristics of perturbation waves on each face and along three orthogonal directions.

It was found that a HVI produces in both the impact and rear side of the panel a transient disturbance field which can be described through the Shock Response Spectra of Out-Plane, In-Plane-Longitudinal and In-Plane-Transversal waves. Such perturbations revealed a frequency content well (1)
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above 100 kHz, with SRS rising up to ~10 5 ms -2 for impact conditions just above the ballistic limit. This suggests that vibrations produced by HVI could be as dangerous as those of pyrotechnic actuators and should therefore be treated with similar care, although the number of occurrences of the two phenomena is different.

The SRS intensity appeared to vary with the projectile's mass and velocity, with an additional dependence from the frequency content of the disturbance. In particular, it was found that SRS significantly increase going from test below the ballistic limit to experiments above it. Moreover a rough linear scaling of SRS with the impacting particle's momentum was identified, but this holds only for those frequencies that are directly excited by the impact and consequent perforation phenomenon, i.e. above ~10 3 Hz. The observations above remain valid for both impact and rear side of the panel, showing that there is no significant vibrations attenuation through the target thickness, even for impact conditions well below the ballistic limit. Finally, an empirical correlation was derived making use of all the 34 impact experiments, with the aim of providing a single simple equation which makes it possible to estimate the near field environment produced by HVI with debris having given size and velocity. Such an engineering equation describes the SRS of Out-Plane and In-Plane-Longitudinal waves as functions of frequency, projectile's mass and speed, with a frequency-averaged uncertainty of ±6 dB for the experimental range explored. 
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 1 Fig. 1. GOCE satellite. The exploded view shows a possible load path from the top floor 7 to floors 6 and 5, through the upper and intermediate panels -z
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 2 Fig. 2. Experimental set-up for impact testing

Fig. 3 .

 3 Fig. 3. Accelerometers disposition on targets (not to scale).
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 45 Fig. 4. Type of waves for dp=1mm impacting at 5 km/s (below Ballistic Limit). Impact side
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  Fig. 6. Out-plane waves for dp=1mm impacting at 5 km/s (below Ballistic Limit). Comparison between impact side and rear side

Fig. 9 .

 9 Fig. 9. Effects of projectile mass at 5 km/s. Impact side, out-plane
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  Fig. 10. Effects of projectile mass at 5 km/s. Impact side, in-plane-longitudinal

Fig. 14 .

 14 Fig. 14. Test no. 7563. dp=1.0 mm, vp=5.0 km/s. Comparison between experimental and empiricallyreconstructed SRS for OP waves

  Fig. 15. Test no. 7563. dp=1.0 mm, vp=5.0 km/s. Comparison between experimental and empirically-reconstructed SRS for IP-L waves

Table 1 .

 1 Projectiles mass and mass ratio (referred to dp=1mm). dp and mp are the projectiles' diameter and mass respectively

	dp	mp	Mass
	(mm)	(mg)	(momentum) ratio
	0.8	0.7	0.5
	1	1.4	1.0
	1.5	4.8	3.4
	1.9	9.7	6.9
	2.3	17.2	12.2

Table 2 .

 2 Fit coefficients for the interpolation law

		Out-plane	In-plane
			longitudinal
	Fit frequency	100-30000	100-30000
	range (Hz)		
	b1	1.83e-1	3.89e-1
	b2	4.66e-1	3.45e-1
	b3	3.13e-1	2.75e-1
	b4	1.83e-1	1.18e-1
	b5	-1.97e-1	-1.75e-1
	Equation (1) with the fitting coefficients of Table	
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