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Abstract. Over their life, space equipment needs to withstand strong high-
frequency shocks, which could cause mission and safety critical damages. In
order to verify the compliance with safety standards, pyroshock tests are em-
ployed. Based on launch vehicle characteristics, the requirements for the quali-
fication of space equipment are usually established following the NASA-STD-
7003A international standards in terms of a Shock Response Spectrum (SRS)
representing the damage potential of the shock. Laboratory tests should then
match the actual stress conditions reached during a real launch. Historically,
this was obtained by means of explosive charges (hence the name “py-
roshock™). Nevertheless, to foster repeatability and safety in laboratories, ham-
mers or bullets are commonly used in nowadays shock testing machines.

In this work, a resonant fixture test bench is considered. In this very common
layout, a resonant metallic plate is interposed between the impact location and
the test component so as to better simulate the shocks. The response of the res-
onant plate - which determines the required shock response spectrum - is cur-
rently empirically tuned by adding masses, damping, stiffness, or by varying the
nature of the impact. This study aimed at developing a numerical model able to
completely simulate a pyroshock test. Such a model can be used both for de-
signing and for tuning the test bench so as to easily match different SRS re-
quirements for different components under test. This leads to great economical
advantages as can cut the calibration times leading to more efficient and effec-
tive testing.

Keywords: Numerical Modeling, Pyroshock Test, Plate Dynamics, Inverse
Problem, Aerospace.

1 Introduction

In the aerospace and defense fields, pyrotechnic devices (i.e., which exploit high-
energy or explosive materials) allow performing essential mechanical functions and,
consequently, initiating flight sequences during missions. In fact, they allow to release
the different spacecraft stages, the boosters, the cargo satellites, separate other struc-
tural subsystems and to deploy attachments of various kinds. However, the activation
of explosive charges or - in general - of pyrotechnic devices causes transient mechan-



ical response of the structural elements adjacent to the energy release zone. This phe-
nomenon is known as pyrotechnic shock or - more commonly - pyroshock and is
characterized by its impulsive nature, as well as by the high-frequency response con-
tent. These characteristics ensure that pyroshocks frequently cause damages to elec-
tronic components but rarely structural failures. In fact, crystalline and ceramic mate-
rials - which typically make up optical and electronic systems - are highly sensitive to
excitations in the 2-4 kHz frequencies band [1], and their damage can lead to the fail-
ure of the space mission.

The experimental simulations of the pyroshocks are, therefore, fundamental for
characterizing and verifying the components. In this regard, several technical stand-
ards provide guidelines for determining test requirements. Method 517 in MIL-STD-
810F [2] and the IEST RP Pyroshock Testing Technique [3] are mentioned among the
best known and used standards, but in the following reference will be made to the
7003 standards defined by NASA [4]. NASA-STD-7003 divides pyroshocks in three
categories according to the distance between the source and the point of interest and -
consequently - basing on the measured spectral content. In particular, these three cat-
egories are defined as follows:

o Near-field: characterized by a significant spectral content mainly at frequencies
above 10 kHz with peak accelerations above 10° g. Theoretically, no sensitive
hardware should be located in areas close to shock at the design stage. For this
reason, the requirements for simulation tests focus primarily on the following
two categories.

o Mid-field: the frequency band affected by the mid-field pulses is between 3-10
kHz with accelerations of the magnitude order of 10* g, mainly caused by wave
propagation and structural resonances.

o Far-field: structural resonances generate accelerations with peak values lower
than 10 g and frequencies below 3 kHz.

In general, following the aforementioned guiding principles, the simulations are
carried out so as to obtain a simple three-point Shock Response Spectrum (SRS) with
the related tolerance limits. These three points are usually defined by the three most
relevant frequencies: the minimum and maximum (respectively equal to 100 Hz and
10 kHz) and the knee frequency (between 500-1500 Hz). As shown in Figure 1, test
specifications usually have amplitudes with positive slope at low frequencies, fol-
lowed by a constant level at high frequencies. The amplitude values are in the order of
10%-102 g and depend on the spacecraft construction characteristics, the type of explo-
sions and the equipment position. The literature also defines guidelines for the choice
of tolerances. In this case, reference is often made to the ESA ECSS experimental
standard [5], which constrains the SRS within a tolerance of +6 dB and -3 dB with
respect to the nominal spectrum. Although alternative methods have been proposed
for the shock qualification of components [6], the SRS is commonly used to charac-
terize and compare the frequency contents of pyroshock tests [7]. When no further
information referring to the SRS is specified, reference is usually made to the maxi-
max SRS, i.e., the maximum absolute response recorded with respect to a large num-
ber of systems with a Single Degree Of Freedom (SDOF), each of which has different
natural frequencies and damping coefficient {srs = 0.05.



Typical pyroshock requirements
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Figure 1. Typical pyroshock requirements defined following the standard guidelines and con-
sidering the spacecraft construction characteristics.

A few studies concerning both the numerical and experimental simulation of py-
roshock exist in the literature. Depending on the shock type to be simulated, the test
requirements and other factors, different methods and various excitation structures
can be used. Resonant plates hit by a typically metallic object (e.g., pendulum, ham-
mer, dropping mass, projectile, or piston) are the most widely used and the best per-
forming pyroshock simulation method, compared to the more limiting electrodynamic
shakers and the very same pyrotechnic devices. The resonant plates allow the object
under test to be exposed to mid and far-field shocks, thus generating effects similar to
the stresses caused by a pyroshock. So far, various experimental configurations of
vibrating plates have been studied and used. They differ, for instance, in the dimen-
sions, material, orientation and constraint conditions of the slab. In general, in addi-
tion to the same test bench structure and the well-known resonant plate, the other
main elements constituting the experimental setup are the anvil plate, the impacting
body and the object under test. In addition to presenting the design of a pyroshock test
bench, in [8] the effects that the different design variables (e.g., the mass, material and
geometry of the impacting body, the anvil plate material, the impact velocity and
positioning, the plate constraint conditions) involve in terms of SRS are analyzed .

Until recently, many pyroshock simulation techniques required a large amount of
trial-and-error to obtain the correct test conditions as well as the desired SRS profile
[9,10]. In addition to the purely technical difficulties related to the plate tuning, it
must further be considered that the test requirements may vary according to the char-
acteristics of the pyroshock to simulate. The combination of these factors means that a
considerable effort is necessary for the tuning and preparation of the experimental
setup, leading consequently to increases in terms of downtime and costs. For these
reasons, the proposed study aims at presenting a first parametric model to numerically
simulate the behavior of the plate and the object under test. Therefore, this model
allows both simply designing the plate - optimizing the numerous variables and meet-
ing the SRS requirements - and quickly and accurately tuning and calibrating the en-
tire test bench for the execution of the tests. Some studies present pyroshock test sim-
ulation models in the literature. For example, a numerical model based on NASTRAN



and DYTRAN is proposed in [11]. However, the computational effort and the running
time required to process the simulation are significant, thus not allowing the iterative
use for the configuration and fine-tuning of each test.

In addition to describing the proposed method, the article shows the obtained nu-
merical results and - for this purpose - the plate designed by Sandia National Lab and
described in [12] was considered. Then, a comparison with the experimental data is
shown to demonstrate the method validation.

This paper is structured as follows. Section 2 describes the model with its different
parameters, while Section 3 reports the results concerning both the comparison with
the experimental data and the definition of the test bench configuration. Finally, Sec-
tion 4 draws the conclusions.

2 Methodology

The proposed model was developed to simulate the transverse dynamic behavior of
rectangular plates with variable geometry through a Multi Degree Of Freedom
(MDOF) model. Since it is a two-dimensional (2D) model, the geometric parameters
which could vary are the base and the height of the plate. On the other hand, the
thickness solely affects the plate mass. In addition to these geometric parameters, the
model allows establishing the plate material (e.g., aluminum alloys, iron alloys), set-
ting the appropriate density and assuming a damping coefficient { constant in fre-
quency (in the analysis case, { = 0.05). Being an MDOF model, it is possible to estab-
lish the number of degrees of freedom by setting the number of nodes (NDy and NDy,)
for each plate side. Furthermore, the proposed model allows defining the position (in
terms of nodes) of impulse generation, the SRS measurement, and integrating the
object under test with configurable dimensions, mass and positioning.

Since it is not possible to make assumptions and approximations on the stiffness
value, a Finite Element Analysis (FEA) was initially carried out using specific soft-
ware (e.g., Inventor, SolidWorks) in order to determine the resonance frequencies of
the relevant modes of interest, the MDOF model has been tuned accordingly with
these frequencies.

It is assumed that the plate is divided into ND,xNDy sub-plates with constant

thickness and mass equal to 1/(NDpxNDy) of the total one. Generating a model in
which each sub-plate interacts with the adjacent ones by means of a spring-damper
system (with stiffness k and damping ¢ so as to set { = 0.05 constant in frequency), it
was possible to reconstruct the matrices of stiffness K, damping C and mass M. The
latter matrix takes into account both the total mass of the plate and that of the addi-
tional component under test, which has established specifications in terms of dimen-
sions and mass. By way of example, Figure 2 highlights the nodes in which the object
under test contributes as a massive element.
With the aforementioned matrices and free boundary conditions on the four edges, it
was possible to carry out a modal analysis and to calculate the receptance ajx with the
first n modes, where j indicates the node where the impulse is generated and k the one
where it is measured.
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Figure 2. Plate (white) and mass under test (blue) geometry and relative positioning.

It was possible to calculate the SRS of the plate with the reported conditions, con-
sidering a frequency response for the unit impulse (by exploiting the transmissibility
T of a mass-spring-damper system with (sgs = 0.05 and a natural frequency Q. tuned
for having a frequency resolution of 1/24 octave). Figure 3 shows a first simplified
model of the impact-plate-SRS mass system, where m, is the impacting mass, m rep-
resents the whole plate, and all the different msgs stand for the SDOF systems tuned at
each frequency Q.. This simplified model was not used for the numerical simulation,
but rather the MDOF model of the plate was developed as shown in more detail in
Figure 4. In [13] an analogous one-dimension MDOF model is developed.
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Figure 3. Model of the impact-plate-SRS mass system.

The analysis performed was carried out entirely in the frequency domain: the In-
verse Fast Fourier Transform (IFFT) was used exclusively to calculate the SRS, as per
its definition. Eq. (1) summarizes the mathematical passages that allow - starting from
the plate receptance - obtaining the SRS requirements, as well as the necessary related
momentum p.



ND,

Kk —— k

My

= Mlisos Mipesr |0

——]

: Cc+$k

c+$k cr#?k

| k k X
_— NDh A ST il ﬂ My |- _—
©

m
c+$k cr#ik cr#?k

k

o | Miaps

k
—] 1My = Mgy [+ 0
Cc C

ajk

Figure 4. Scheme representing the MDOF model used to study the plate behavior, considering

a force Fj in j-th node and the related displacement x in k-th node. The mass mi represents the i-
th sub-plate linked by a spring-damper system with the adjacent ones.
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F(9) is the spectrum of the used pulse which is assumed as rectangular, F1(2) is
the spectrum of a rectangular pulse with unitary momentum (the force value depends
on the duration t of the pulse), x(€2) is the displacement of the plate, xsrs(£2) is the
displacement of the SRS mass, ¥;55(£)%.,.. its acceleration (in g), p is the momentum
demanded to reach the level of the SRS requirements, T(£2) is the transmissibility of
each SRS system, and Q is the system excitation frequency. Considering a collision
accompanied by deformation and using the Hertzian contact theory, it is possible to
derive the collision time t as proposed in [14]:

1
2f m%: \%
= 1 —p2ys [ P 2
T=329-(1—v )S(Rgzup) (2)

where v and E are respectively the Poisson’s ratio and the Young’s modulus of the
material, mp, R and vp are respectively the mass, the radius and the velocity of the
impacting object. It should be noted that momentum p = mp - vp.



3 Results

It is possible to entirely simulate a pyroshock test thanks to the proposed numerical
method. In particular, its use is twofold: it can be exploited both for the design and
dimensioning of the resonant plate and the test bench, and for the tuning and calibra-
tion of each test, obtaining the measurement and impact positions, the mass and speed
of the impacting body. Before proposing some possible solutions to these problems,
the validation of the proposed method is demonstrated by comparison with the exper-
imental results obtained by Sandia National Lab in [12]. Table 1 summarizes the plate
characteristics and the configuration parameters of the model. Figure 5 shows how the
MDOF model, properly tuned to the FEM plate, is able to faithfully reproduce the
experimental results. The value of the momentum p was obtained so as to minimize
the Root Mean Square Error (RMSE) between the experimental and simulated curves.
Furthermore, Figure 6 shows the obtained modal shapes of the first 13 modes of the
plate (the first mode has not been reported as it would concern the plate rigid transla-
tion, having imposed free boundary conditions). It is thus possible to observe that
only some modes give an effective contribution as the position of the object under test
may vary.

Numerical-experimental SRS comparison

Numerical SRS p=3.2 kg m/s
Experimental Sandia SRS
4l
10
2 ) i
3L 7 4
10 /
=
ﬁ ~
(5}
: 5%
Z e
102 L / 4
-
1 01 1
102 10° 104

Frequency (Hz)

Figure 5. Comparison between the simulated plate SRS (with M=51x51=2601 DOF and as-
suming momentum equal to p = 3.2 kg m/s) and the experimental results obtained with the
Sandia reference plate.
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Table 1. Plate characteristics and model configuration parameters.

Quantity Value Notes

Base 500 mm divided in 51 nodes
Height 500 mm divided in 51 nodes
Width 38.1 mm

Material aluminum p = 2700 kg/m?; { = 0.05
Plate mass 25.72 kg

Pulse position central

Measuring position central

Mass under test 0 kg

With the tuned model verified, it is possible to obtain the results of the inverse
problem. Therefore, assuming the aforementioned plate, it is possible to calculate the
momentum necessary to reach the SRS requirements. Table 2 shows a possible con-
figuration of the test bench (in the case of using a projectile as impacting mass).

Table 2. Impact mass configuration in a projectile case with momentum p = 3.2 kg m/s.

Projectile-like assumptions
Mass 0.53 kg
Velocity 6 m/s




Finally, to further show the usefulness of the proposed model, an example of in-
verse problem is reported. After fixing the plate dimensions, it is possible to simulate
the system behavior during a component qualification test. By setting the mass and
dimensions of the object under test, it is possible to obtain its optimal positioning and
the new specifications of the impact to generate. Figure 7 shows the results obtained
by adding a 7.5 kg object (divided into 13x13 nodes) positioned in the center of the
plate.

Plate with added mass SRS simulation
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Figure 7. SRS numerical simulation of the resonant plate with the additional mass of the com-
ponent under test. The momentum required to satisfy the requirements is p = 9.2 kg m/s.

4 Conclusions

This work has proposed a parametric MDOF model, which allows to numerically
simulate a pyroshock test with good approximation. This model permits both to facili-
tate the test bench design and make the calibration quicker and more precise, as con-
ditions and requirements vary. The SRS profile obtained from the simulation showed
a trend similar to the experimental one, consequently validating the goodness of the
proposed model. Furthermore, the proposed model does not require a high computa-
tional effort, thus making the algorithm processing faster. This permits a simple use of
the model to calibrate the resonant plate per each test, according to the requirements
and experimental conditions.

Finally, this work foresees future developments to further improve the model accu-
racy, considering a larger number of factors. In addition, the integration of an opti-
mizer based on Genetic Algorithms (GA) is also envisaged to automatically obtain the
best solutions to both problems (direct and inverse).
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