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Abstract: The exposed platform is the main component of precision instruments such as pyrotechnic
separation devices and load adapters, and its dynamic response characteristics are a key factor affecting
the stability of aircraft. When the pyrotechnic separation device explodes, the exposed platform will
be subjected to high-frequency, transient and high-order pyrotechnic impacts. High order pyrotechnic
impacts can easily cause damage to sensitive components in onboard equipment, resulting in
incalculable losses. Filling the honeycomb core cavity inside the exposed platform with a flexible
boundary particle damper can effectively attenuate the pyrotechnic impact load after experiencing a
large number of discontinuous structures. A numerical model of a flexible boundary particle damper
and an exposed platform honeycomb panel was established through the coupling of discrete element
and multi body dynamics. The effects of particle material, particle size, filling rate and flexible
boundary film thickness on the impact reduction performance of the flexible boundary particle damper
were analyzed, and the optimal characteristic parameters of the flexible boundary particle damper were
obtained. The impact test was conducted on the honeycomb panel of the exposed platform using a light
gas gun impact experiment, verifying the impact reduction effect of the flexible boundary particle
damper and the accuracy of the numerical model. Finally, a pyrotechnic impact experiment was
conducted on the exposed platform honeycomb panel with the optimal parameter flexible boundary
particle damper. The experimental results showed that the impact reduction effect of the flexible
boundary particle damper with this parameter reached 55.52%.



6304

Keywords: discrete element multibody dynamics coupling; particle damping; impact reduction

1. Introduction

The exposed platform is an important structure used on spacecraft to carry precision instruments
such as pyrotechnic separation devices, connectors, four-way valves and liquid floats. When the
pyrotechnic separation device on the platform explodes, it can generate high-frequency and high-order
pyrotechnic impacts [1] to complete actions such as star rocket separation [2—-3] and valve opening and
closing [4]. The exposed platform adopts a honeycomb core structure internally to reduce the overall
weight of the platform, while ensuring the stability of the explosion unlocking action and having
certain impact energy absorption characteristics.

When the pyrotechnical separation device explodes, it will generate pyrotechnical shock response
with high frequency, transient and high-order characteristics on the spacecraft, accompanied by the
release of structural preload strain energy [5—7] and the impact between components. This impact has
little impact on the main structure of the spacecraft, but often causes damage to sensitive components
in the on-board equipment [8]. When the load compartment exposes the platform to a pyrotechnic
impact, the precision instruments on the platform will withstand a larger impact load. If the impact
load is too large, it will generate high-strength stress inside the structure [9—11], causing brittle parts
to break and causing serious consequences [12,13]. Therefore, controlling the impact load generated
by the pyrotechnic separation device and reducing the pyrotechnic impact load borne by the precision
instruments on the platform has significant theoretical significance and practical value.

Adding shock isolation devices to the shock transmission path is an effective means of controlling
the impact load of pyrotechnics, and many scholars have conducted in-depth research on the isolation
devices of pyrotechnics. The Argentine National Committee on Space Activities [14] has designed an
impact isolation device composed of glass fiber, stainless steel and magnesium alloy layers. The device
forms an isolation layer between the main structure and the pyrotechnic separation device to reduce
the impact of pyrotechnic explosions. Later, the SAC-B satellite was used for pyrotechnic impact
experiments to achieve good impact reduction effects. Irvine [15] combines metal mesh materials and
silicone rubber pads to form a pyrotechnic shock load absorption device for shock isolation of key
instruments. The results show that the device can effectively absorb pyrotechnic loads and slowly
release them. Garcia et al. [16] adjusts the stiffness of the impact load transfer interface through a
combination of metal gaskets and silicone rubber to achieve rapid attenuation of pyrotechnic loads.
Ariane-5 rocket experiments have shown that the device has a good impact reduction effect. From the
above research, it can be seen that most of the current methods to reduce the impact load of
pyrotechnics are to add isolation layers on the transmission path. Although this approach can
effectively reduce the amplitude of pyrotechnic response, it will have a significant impact on the
connection stiffness.

In response to the problem of excessive impact load caused by pyrotechnics, we propose for the
first time the application of flexible boundary particle dampers in the study of impact reduction on
exposed platforms. The interior of the exposed platform of the load compartment is composed of a
large number of honeycomb holes. A large number of flexible boundary particle dampers are filled in
the honeycomb holes of the exposed platform, increasing the number of discontinuous nodes that the
thermal shock stress wave passes through during the transmission process, which can effectively
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reduce the impact response amplitude of the target area. Furthermore, the flexible constraint layer of
the flexible boundary particle damper can effectively absorb the energy generated by the inelastic
collision between particles, and effectively reduce the vibration and impact transmitted from the
traditional rigid constrained damping structure back to the main system. Especially in space
microgravity, the flexible constraint layer outside the particles in the flexible boundary particle damping
technology can effectively increase the collision efficiency between particles. Therefore, flexible
boundary particle damping technology has good applicability in pyrotechnic impact environments.

In response to the research demand for reducing impact on the exposed platform of the load
compartment, a discrete element multi body dynamic coupling analysis was conducted on the
characteristic model of the honeycomb panel of the exposed platform to obtain the optimal parameters
of the flexible boundary particle damper. Impact experiments were conducted on the exposed platform,
and the results showed that the flexible boundary particle damper effectively reduced the pyrotechnic
impact on the honeycomb panel of the exposed platform, providing important technical support for the
field of pyrotechnic impact protection.

2. Theoretical model
2.1. Discrete element analysis

We design a honeycomb panel impact reduction system based on flexible boundary particle
damping technology for the exposed platform honeycomb panel of the load compartment as the
research object. The main research content of the flexible boundary particle damping system is to
establish the particle system in the flexible boundary particle damping system through the discrete
element software EDEM, and to establish the dynamic model of the flexible boundary film and
exposed platform honeycomb plate based on the finite element flexible body method. The influence
of particle parameters such as particle size, particle filling rate, particle material, etc. on the impact
reduction effect is analyzed, and the optimal parameters of the flexible boundary particle damping
system are determined, Finally, the impact reduction effect of the flexible boundary particle damping
system based on the exposed platform was verified through experiments.

This article adopts a soft ball model, and after introducing the elastic and damping coefficients,
the contact force between particles can be calculated through the overlap [17] between elements. Then,
the motion form of the dispersed body can be obtained through central difference iteration [18]. The
motion equations of any particle in the particle system at a certain moment when the honeycomb panel
of the exposed platform is impacted:

(1)

In the equation, m; is the particle mass; I; is the particle moment of inertia; p;, ¢; is the
displacement and angular displacement vector of the particle, respectively; Fy;;, Fg;j is the normal

and tangential contact force between particle i and unit j; T;; is the torque generated by the tangential
contact force; u; represents the number of units that come into contact with unit i at a certain moment.
Based on Hertz contact theory, the contact force model of the honeycomb core damping system is
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shown in Figure 1.
Contact force between particles:
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In the equation, &,, &, represents the displacement and velocity of particle i relative to unit j
respectively; u is the friction coefficient between particles; &, is the tangential velocity of particle i
relative to unit j; k, is the normal elastic coefficient in the contact model.

Figure 1. Contact model.

We fill a flexible boundary particle damper with particles of a single material and particle size.
According to Hertz contact theory, the elastic coefficient k, and kg can be determined as:
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In the formula, £ and v are the elastic modulus and Poisson’s ratio of the contact element,
respectively; R is the particle radius.

In the critical damping state, the mechanical energy decay rate is the fastest, at which point the
critical normal damping coefficient C,, and tangential damping coefficient Cg are:

C, = 2,/MkK,
C, = 2,/ MK,

In the equation, m is the equivalent mass of the contact unit.

(6)

2.2. Multi body dynamics analysis

There are various contact models in multi body dynamics [19], such as flexible line to flexible
surface contact, flexible surface to ball contact, flexible line to flexible line contact and flexible surface
to flexible surface contact. We use flexible surfaces in contact with flexible surfaces. The contact model
between the flexible membrane and the honeycomb wall is shown in Figure 2.
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Figure 2. Flexible body contact model.

Contact force between flexible boundary film and particles:

fu =k, 0™ +,0™8

)
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Contact force between flexible boundary film and honeycomb wall:

f,=k o™ +c, 6™

)

(ms-1)

(F-D) (8)
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Among them, § is the longitudinal tangential displacement of two contact elements, ks and b

are the contact stiffness, “ and % are the damping coefficient, m, is the stiffness index, m, is
the gap index, my is the damping index.
The formula for calculating friction force is:

fo :ﬂ(V)|fn1| (P-F) 9)

fro = u(W)|fy,| (F-D) (10)

Among them, friction coefficient p related to relative velocity and depends on the values of static
threshold velocity, dynamic threshold velocity and static friction coefficient. When the relative velocity
is less than the static threshold velocity, the value of the friction coefficient is obtained through velocity
interpolation. When the relative velocity is between the static threshold velocity and the dynamic threshold
velocity, the friction coefficient is between the static friction coefficient and the dynamic friction
coefficient. When the relative velocity is greater than the dynamic threshold velocity, the value is the
dynamic friction coefficient. In the above equation, P-P represents particles and particles, P-F represents
particles and flexible membranes and F-D represents flexible membranes and honeycomb walls.

In flexible body modeling, the model elements are divided, the relative displacement of flexible
boundary membrane nodes is defined as a variable, and the motion equation of the model is established.
The principle of solving multi body dynamics is shown in Figure 3, the relative rotation and relative
displacement at the flexible node are used to express the motion of the flexible body, while the flexible
body uses the absolute coordinate method to obtain the node coordinates by obtaining the slope and
displacement at the node. The shape function is used to express the elastic deformation of the flexible
body, so that the dynamic response results of the flexible body can be obtained without multiple
operations of the structural matrix during the solving process.

The position changes of nodes on the boundary membrane can be expressed by the following formula:

r=ry+A(s, +u,)

(11

I' is the position vector of the node of the boundary film in the absolute coordinate system
X=Y-Z, o is the position vector of the origin of the relative coordinate system in the absolute
coordinate system X —Y —Z _ “P g the position vector of the node in the relative coordinate system

when the boundary film is not deformed, P is the relative deformation vector and 4 is the Direction
cosine matrix of the boundary film node when the spatial coordinate transformation operation occurs.
The relative velocity and virtual displacement of any node on the boundary membrane can be

expressed as:
{W} [AW}
Y= ||= T

(13)
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A is the direction transformation matrix from the relative coordinate system to the absolute
coordinate system of the boundary film.
The relative deformation of boundary membrane nodes ! and -1 can be expressed as:

ri = r(i_l) + A(i—l) (S(’i—l)io + u(,i_l)i) (14)

The relative angular velocity of boundary membrane nodes can be expressed as:

N ' T T :
& =A o+ A iaiH Gy (15)

By taking the derivative of the equation, the acceleration of the boundary membrane node can be
obtained. Through the above calculation, the dynamic parameters of the nodes on the boundary
membrane can be accurately obtained. The multi body dynamic flexible body modeling method can
accurately analyze the dynamic response of flexible bodies by repeatedly calculating the structural

matrix [20] and analyzing the contact and collision between flexible bodies.

[<—clement |

Figure 3. Principle of solving multi body dynamics.
3. The influence of characteristic parameters on impact reduction characteristics
3.1. Explosive shock load and boundary condition loading
The pyrotechnic shock load has the characteristics of high frequency, transient, broadband and

high structural driving impedance. For the simulation of pyrotechnic load in coupling analysis, it
cannot be simulated with a half sine wave with insufficient high-frequency components. By setting a
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small ball in the multi body dynamics software to simulate the pyrotechnic environment by high-speed
impact on the excitation point of the model, the acceleration time domain curve of the excitation point
is shown in Figure 4, which conforms to the provisions of the national military standard GIB150A for
pyrotechnic impact load.
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Figure 4. Impact load acceleration time history.
The exposed platform honeycomb panel is made of aluminum material, and the flexible boundary
membrane material model is LVF200G278V. The simulation model is loaded through material

properties [21], and the specific material parameters are shown in Table 1.

Table 1. Material parameters of honeycomb aluminum and flexible boundary film.

Young’s modulus Density Poisson’s ratio
Aluminum honeycomb 70000MPa 2.71g/ mm? 0.33
Flexible film 2.35 MPa 1.13g/ mm’ 0.475

The contact type adopts Flexsurface to Flexsurface, and the contact type algorithm is based on
the penalty function. The collision action is decomposed into multiple incremental steps, and the
dynamic parameters such as penetration and contact force are calculated by retrieving the collision
behavior between each incremental step [22]. Among them, the time step parameter is 8 x 107 s, the
specific contact parameters are shown in Table 2.

Table 2. Contact parameters of honeycomb wall and flexible boundary film.

Contact Dynamic Bounda
stiffness Damping coefficient y . Maximum penetration depth Y

) friction factor buffer scale
coefficient
10 1 x10* 0.49 0.1 mm 0.5 mm
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After setting the contact parameters, set the response point in the output module. The response
point is located in the upper right corner of the honeycomb board, which corresponds to the precise
instrument point of the exposed platform honeycomb board. The schematic diagram of the model is
shown in Figure 5. Figure 5 (left) shows the modeling of honeycomb panels in a multi body dynamic
system, and Figure 5 (right) shows the experimental diagram of honeycomb panels. Among them, (O
represents the area where the pyrotechnic separation device is located, and @) represents the damping
filling area.

Flexible boundary
2 A Response
particle damper filling 3
point
area

PAVAVATaTAaTa AT\l
SRR

NG
o igg’ N
Gy N
A

<

B e G
O - % A
£ s

SIS NN

Installation area
excitation for pyrotechnic
point devices

Figure 5. Model area division and response point location.
3.2. Particle material optimization

Particle material is a key factor affecting the impact reduction performance of flexible boundary
particle damping systems. Different particle materials have different densities, shear moduli, Poisson’s
ratios and elastic recovery coefficients, and these intrinsic parameters of the materials play a crucial
role in the impact reduction performance of flexible boundary particle damping systems. The different
densities of particle materials can affect the forces generated during particle collisions within the
flexible boundary particle damping system. Particle materials with different Poisson’s ratios and shear
moduli can affect the particle collision posture within the flexible boundary particle damping system.
Particle materials with different recovery factors can affect the collision frequency of particles within
the flexible boundary particle damping system. The intrinsic parameters of the particle material
mentioned above have a significant impact on the impact reduction performance of the flexible
boundary particle damper. Fill the flexible boundary particle damper with particles made of iron based
alloy, ceramic based material, tungsten based alloy material and lead based alloy material for
simulation analysis. The particle size is 2 mm, the filling rate is 90% and the flexible boundary film
thickness is 2 mm. The particle material parameters [23] are shown in Table 3. Apply impact loads to
the exposed platform honeycomb panels loaded with flexible boundary particle dampers of different
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materials for numerical simulation calculations. The honeycomb panels with flexible boundary particle
dampers of different particle materials are shown in Figure 6.

Table 3. Particle material parameters.

: . i 1
iron base alloys Ceramic base tungsten-base cad based

alloy alloy
density (g/cm?) 7.87 2.22 19.3 10.22
shear modulus (G/Pa) 77.5 8.8 456 4.9
Poisson’s ratio 0.291 0.25 0.28 0.42
Elastic coefficient of restitution 0.3 0.3 0.28 0.08

Ceramic
based
particles

Iron
based
alloy
particles

Tungsten
based alloy
| particles

Lead based
" lalloy particles

| —

Figure 6. Flexible boundary particle dampers with different particle materials.

We perform numerical analysis on honeycomb panels adapted to flexible boundary particle
dampers of different materials, loading contact parameters and impact loads. By conducting dynamic
response calculations on the honeycomb panel, the acceleration time curve was obtained at the target
point. The data of the acceleration time curve was imported into the impact response spectrum
conversion program in MATLAB, and the acceleration time curve was converted into an impact
response spectrum. The impact response spectrum is shown in Figure 7. Through the analysis of the
impact response spectrum, it can be seen that the maximum peak value of the impact response spectrum
of the exposed platform honeycomb panel without the addition of a flexible boundary particle damper
is 4947.15 g under load. When the particle material of the flexible boundary particle damper is iron
based alloy, the maximum peak value of the impact response spectrum of the exposed platform
honeycomb panel is 2181.2 g, with a decrease of 55.91%. When the particles of the flexible boundary
particle damper are made of ceramic substrate, the maximum peak value of the impact response
spectrum of the exposed platform honeycomb panel is 3591.63 g, with a reduction of 27.4%. When
the particle material of the flexible boundary particle damper is tungsten based alloy, the maximum
peak value of the impact response spectrum of the exposed platform honeycomb panel is 2478.03 g,
with a decrease of 49.91%. When the particle material of the flexible boundary particle damper is lead
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based alloy, the maximum peak value of the impact response spectrum of the exposed platform
honeycomb panel is 3916.66 g, with a reduction of 20.83%.

Not added

Iron based alloy particles

Tungsten based alloy particles

Ceramic based particles

Lead based alloy particles

1000
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100 -y —— Ty ——
10 100 000 10000
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Figure 7. Impact response spectra of flexible boundary particle dampers with different
particle materials installed.

According to the simulation results, among the flexible boundary particle dampers made of
various materials, iron based alloys have the best impact effect, followed by tungsten based alloys and
ceramic particles and lead based alloy particles have poor impact effects. Furthermore, compared to
tungsten based alloys, which rank second in terms of impact reduction effect, iron based materials have
lower density and better impact reduction cost-effectiveness. Therefore, in the selection of particle
media for flexible boundary particle damping systems, iron based alloys are prioritized.

3.3. Particle size optimization

Particle size is an important characteristic parameter that affects the impact reduction performance
of a flexible boundary particle damping system. Different particle sizes affect the number of collisions
and the force between colliding particles in the entire particle system. The existence of particle systems
lies between solid and liquid states. When the particle size is large, it exhibits physical properties
similar to that of solid states, and the force generated by collisions during the excitation process of the
particle system will increase; When the particle size is small, the particle system will exhibit liquid
like physical properties, exhibiting fluid fluidity. In this state, the number of collisions generated by
the particle system due to excitation will increase. Therefore, the selection of particle size is by no
means as large as possible or as small as possible, and its optimal value must be determined through
numerical calculations.

By filling the flexible boundary particle damper with particles of different particle sizes (as shown
in Figure 8) and applying impact loads, the particle size values are 1, 1.5, 2, 2.5, 3 and 3.5 mm, respectively.
The particle material selection is the iron based alloy with the best effect in the previous coupling
simulation. The filling rate of the flexible boundary particle damper is set to 90%, and the flexible
boundary film thickness is 0.2 mm. Through discrete element multi body dynamics coupling simulation,
the impact response spectrum results of honeycomb panels with flexible boundary particle dampers with
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different particle sizes were obtained. The impact response spectrum results are shown in Figure 9.

Figure 8. Flexible boundary particle damper filled with different particle sizes.
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Figure 9. Impact response spectrum of installing flexible boundary particle dampers with

different particle sizes.
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Through the analysis of the impact response spectrum, it can be seen that the maximum peak
value of the impact response spectrum of the exposed platform honeycomb panel without the
addition of a flexible boundary particle damper is 4947.15 g under load. When the particle size of
the flexible boundary particle damper is 1mm, the maximum peak value of the impact response
spectrum of the exposed platform honeycomb panel is 3023.2 g, with a decrease of 38.89%. When
the particle size of the flexible boundary particle damper is 1.5 mm, the maximum peak value of the
impact response spectrum of the exposed platform honeycomb panel is 2690.75 g, with a reduction
of 45.61%. When the particle size of the flexible boundary particle damper is 2 mm, the maximum

Electronic Research Archive
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peak value of the impact response spectrum of the exposed platform honeycomb panel is 2181.2 g,
with a reduction of 55.91%. When the particle size of the flexible boundary particle damper is 2.5 mm,
the maximum peak value of the impact response spectrum of the exposed platform honeycomb panel
is 2807.01 g, with a reduction of 43.26%. When the particle size of the flexible boundary particle
damper is 3 mm, the maximum peak value of the impact response spectrum of the exposed platform
honeycomb panel is 3368.02 g, with a reduction of 31.92%. When the particle size of the flexible
boundary particle damper is 3.5 mm, the maximum peak value of the impact response spectrum of the
exposed platform honeycomb panel is 4022.53 g, with a reduction of 18.69%. Therefore, when the
particle size is 2 mm, the flexible boundary particle damper has the best impact reduction effect.

3.4. Optimization of particle filling rate

The particle filling rate is an important characteristic parameter of a flexible boundary particle
damping system. The filling rate affects the flow state of the particle system in the flexible boundary
particle damper chamber, thereby affecting the final impact reduction performance. During the process
of changing particle filling rate from low to high, the equivalent viscosity coefficient inside the particle
system will increase from small to large, leading to the flow state of particles changing from inertial
flow in a low viscosity state to elastic flow in a high viscosity state. When the particle filling rate inside
the flexible boundary particle damping system is low, the motion flow state of the particle system
under external excitation is inertial flow. Due to the small viscous force between particles, the overall
damping effect of the particle system is mainly manifested in collision. When the particle filling rate
inside the flexible boundary particle damping system is high, the motion flow state of the particle
system under external excitation is elastic flow. Due to the large viscous force between particles, the
overall damping effect of the particle system is mainly composed of a force chain composed of viscous
forces between particles, which mainly manifests as deformation and recombination of the force chain,
accompanied by shear and friction work b.

Apply impact loads to honeycomb panels with flexible boundary particle dampers adapted to
different filling rates, with filling rates of 60, 70, 80, 85, 90, 95 and 98%, respectively. Among them,
the selection of particle material and particle size is the 2 mm iron based alloy particle with the best
impact reduction performance mentioned earlier, and the flexible boundary film thickness is 0.2 mm.
Simulate and analyze the exposed platform honeycomb panel to obtain the impact response spectrum
results. The simulation cloud map and impact response spectrum results are shown in Figures 10 and 11.
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Figure 10. Flexible boundary particle dampers with different filling rates.
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Figure 11. Impact response spectrum of flexible boundary particle dampers with different
filling rates installed.

Through the analysis of the impact response spectrum, it can be seen that when the filling rate
of the flexible boundary particle damper is 60%, the maximum peak of the impact response spectrum
of the exposed platform honeycomb panel is 3529.3 g, with a decrease of 28.66%. When the filling
rate of the flexible boundary particle damper is 70%, the maximum peak value of the impact response
spectrum of the exposed platform honeycomb panel is 3328.44 g, with a reduction of 32.72%. When
the filling rate of the flexible boundary particle damper is 80%, the maximum peak value of the impact
response spectrum of the exposed platform honeycomb panel is 2990.06 g, with a reduction of 39.56%.
When the filling rate of the flexible boundary particle damper is 85%, the maximum peak value of
the impact response spectrum of the exposed platform honeycomb panel is 2539.37 g, with a reduction
of 48.67%. When the filling rate of the flexible boundary particle damper is 90%, the maximum peak
value of the impact response spectrum of the exposed platform honeycomb panel is 2181.2 g, with a
reduction of 55.91%. When the filling rate of the flexible boundary particle damper is 95%, the maximum
peak value of the impact response spectrum of the exposed platform honeycomb panel is 1891.79 g,
with a reduction of 61.76%. When the filling rate of the flexible boundary particle damper is 98%,
the maximum peak value of the impact response spectrum of the exposed platform honeycomb panel
is 2358.8 g, with a reduction of 52.32%. Therefore, when the particle filling rate is 95%, the flexible
boundary particle damper has the best impact reduction effect.

3.4. Optimization of flexible boundary film thickness

The essential difference between flexible boundary particle damper technology and particle
damping technology is that it has a flexible boundary film that wraps particles. Through the flexible
boundary film, the particle system inside it is flexibly constrained, allowing particles to efficiently
collide and friction when impacted. When the flexible boundary particle damper is subjected to impact
excitation, its flexible constraint layer can effectively absorb the energy generated by the inelastic
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collision between particles, and effectively reduce the impact energy transmitted back to the main
system. At the same time, considering the impact of microgravity in space, the collision and friction
efficiency of particles in the traditional particle damping technology will be greatly reduced, but the
flexible boundary film in the flexible boundary particle damping technology can effectively increase
the collision efficiency between particles.

Adapt flexible boundary particle dampers with different thicknesses of boundary membranes (as
shown in Figure 12) and apply impact loads, with boundary membrane thicknesses of 0.1, 0.2, 0.3, 0.4
and 0.5 mm, respectively. Among them, the particle material is selected as the iron based alloy with
the best effect in the coupling simulation mentioned earlier. The filling rate of the flexible boundary
particle damper is set to 95%, and the particle size is selected as 2 mm. Conduct coupling simulation
analysis on the honeycomb panel of the exposed platform, and obtain the impact response spectrum
results as shown in Figure 13.

Through the analysis of the impact response spectrum, it can be seen that when the film thickness
of the flexible boundary particle damper is 0.1 mm, the maximum peak value of the impact response
spectrum of the exposed platform honeycomb panel is 2244.52 g, with a reduction of 54.63%. When
the film thickness of the flexible boundary particle damper is 0.2mm, the maximum peak value of the
impact response spectrum of the exposed platform honeycomb panel is 1891.79 g, with a reduction
of 61.76%. When the film thickness of the flexible boundary particle damper is 0.3 mm, the maximum
peak value of the impact response spectrum of the exposed platform honeycomb panel is 2121.34 g,
with a reduction of 57.12%. When the film thickness of the flexible boundary particle damper is 0.4
mm, the maximum peak value of the impact response spectrum of the exposed platform honeycomb
panel is 2415.69 g, with a reduction of 51.17%. When the film thickness of the flexible boundary
particle damper is 0.5 mm, the maximum peak value of the impact response spectrum of the exposed
platform honeycomb panel is 2633.37 g, with a reduction of 46.77%. Therefore, when the film
thickness is 0.2 mm, the flexible boundary particle damper has the best impact reduction effect.

Figure 12. Flexible boundary particle dampers with different film thicknesses.
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Figure 13. Impact response spectrum of flexible boundary particle dampers with different
film thicknesses installed.

4. Exposed platform impact test

In order to verify the impact reduction effect of the flexible boundary particle damping system,
an exposed platform impact test bench based on a light gas gun was designed to test its impact response.
The impact testing system mainly includes light gas guns, INV signal acquisition system from Beijing
Dongfang Institute, acceleration sensors, DASP signal analysis software, etc. The schematic diagram
of the impact reduction test is shown in Figure 14.

Ny A/
N //

A\ 1/
Experimental
Signal acquisition system| / bench
Honeycomb board
Computer /—Measure
ol point

7\ L)

| | Damper filling area Point of impact

Figure 14. Schematic diagram of the test bench.
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In the experiment, the exposed platform is suspended on the suspension frame with flexible ropes,
so that the exposed platform is in an environment similar to space microgravity. The experiment first
subjected the exposed platform without the installation of a flexible boundary particle damper to
impact loading, and measured the impact response spectrum of the exposed platform without the
installation of a flexible boundary particle damper. Subsequently, impact experiments were conducted
on an exposed platform filled with flexible boundary particle dampers to obtain the impact response
spectrum of the exposed platform after installing the flexible boundary particle damper. The
installation method of flexible boundary particle dampers is to install around the impact excitation
point, with a width of 30 mm. The number of filled flexible boundary particle dampers is 375 and the
total weight is about 1400 g. The light gas gun is shown in Figure 15(a), the exposed platform is shown
in Figure 15(b) and the internal view of the exposed platform without the installation of flexible
boundary particle dampers is shown in Figure 15(c). The internal diagram of the exposed platform
with flexible boundary particle dampers installed is shown in Figure 15(d).

Target
testing
points

Flexible boundary
particle damper

Impact load
loading
point
location

Figure 15. Exposed platform impact experiment.
4.1. Verification of particle materials

In this section, we investigate the influence of different particle materials on the impact reduction
effect of flexible boundary particle dampers. By filling a 30 mm wide flexible boundary particle
damper in an exposed platform honeycomb panel and applying an impact load, dynamic response
results are obtained at the target point where the precision instrument is located. Five working
conditions were designed for the experiment, and exposure platforms without flexible boundary
particle dampers and with flexible boundary particle dampers filled with different particle materials
were tested. The particle types are iron based particles, tungsten based particles, ceramic based
particles and lead based alloy particles. Through impact experiments on the exposed platform, the
influence of different particle materials on the impact reduction effect of flexible boundary particle
dampers is explored. Among them, the other parameters of the flexible boundary particle damper are
the same, with a particle size of 2 mm, a particle filling rate of 95% and a flexible boundary film
thickness of 0.2 mm.
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Through impact load excitation, the maximum peak of the impact response spectrum at the target
point of the exposed platform without the installation of a flexible boundary particle damper was
measured to occur in the frequency range of 3000—4000 Hz, with a maximum peak of4211.91 g. When
the particle material of the installed flexible boundary particle damper is lead based alloy, the
maximum peak value of the impact response spectrum of the exposed platform under impact load
excitation is 3443.24 g, which is 18.25% lower than the maximum peak value of the impact response
spectrum without the flexible boundary particle damper installed. When the particle material of the
installed flexible boundary particle damper is ceramic based, the maximum peak value of the impact
response spectrum of the exposed platform under impact load excitation is 3144.61 g, which is 25.34%
lower than the maximum peak value of the impact response spectrum without the flexible boundary
particle damper installed. When the particle material of the installed flexible boundary particle damper
is tungsten based alloy, the maximum peak value of the impact response spectrum of the exposed
platform under impact load excitation is 2288.33 g. Compared with the maximum peak value of the
impact response spectrum without the flexible boundary particle damper installed, the impact reduction
effect reaches 45.67%. When the particle material of the flexible boundary particle damper installed is
iron based alloy, the maximum peak value of the impact response spectrum of the exposed platform
under impact load excitation is 1763.53 g. Compared with the maximum peak value of the impact
response spectrum without the flexible boundary particle damper installed, the impact reduction effect
reaches 58.13% and the impact response spectrum is shown in Figure 16.

From the perspective of particle material, the impact reduction effect of iron based flexible
boundary particle dampers is superior to other materials’ flexible boundary particle dampers, and the
effect is very obvious. Comparing the experimental results with the simulation results, as shown in
Figure 17, it has been proven that the iron based particle flexible boundary particle damper has the
optimal impact reduction effect.

Not added

Iron based alloy particles
Tungsten based alloy particles
Ceramic based particles

1000 q - -Lead based alloy particles

a/g

100 A

1
100 1000 10000
f/Hz

Figure 16. Impact response spectra of flexible boundary particle dampers with different
materials installed.
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Figure 17. Comparison between experiment and simulation.
4.2. Verification of particle size

In this section, we investigate the influence of different particle sizes on the impact reduction
effect of flexible boundary particle dampers. By filling a 30 mm wide flexible boundary particle
damper inside the exposed platform and applying an impact load, dynamic response results are
obtained at the target point where the precision instrument is located.

Three working conditions were designed for the experiment, and flexible boundary particle
dampers with particle sizes of 1, 2 and 3mm were installed in the exposed platform. Impact
experiments were conducted on the exposed platform to explore the influence of different particle sizes
on the impact reduction effect of the flexible boundary particle damper. Among them, the other
parameters of the flexible boundary particle damper are the same, the particle material is iron based
alloy, the particle filling rate is selected as 95% and the thickness of the flexible boundary film is
selected as 0.2 mm.
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Figure 18. Impact response spectra of flexible boundary particle dampers with different
particle sizes installed.
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Through impact load excitation, it was measured that the maximum peak of the impact response
spectrum of the exposed platform installed with a flexible boundary particle damper with a particle
size of 1 mm appeared in the frequency range of 3000—4000Hz under impact excitation, with a
maximum peak of 2546.52 g. Compared with the maximum peak of the impact response spectrum
without a flexible boundary particle damper, the impact reduction effect reached 39.54%. The
maximum peak value of the impact response spectrum of the exposed platform with a 2 mm particle
size flexible boundary particle damper under impact excitation is 1763.53 g, which is 58.13% lower
than the maximum peak value of the impact response spectrum without a flexible boundary particle
damper installed. The maximum peak value of the impact response spectrum of the exposed
platform with a flexible boundary particle damper with a particle size of 3mm under impact load
excitation is 2977.4 g. Compared with the maximum peak value of the impact response spectrum
without a flexible boundary particle damper, the impact reduction effect reaches 29.31%. The impact
response spectrum is shown in Figure 18.

From the particle size perspective, the impact reduction effect of the iron based flexible boundary
particle damper with a particle size of 2 mm is superior to that of other flexible boundary particle
dampers, and the impact reduction effect is very obvious. Comparing the experimental results with the
simulation results, as shown in Figure 19, it has been proven that the 2 mm iron based particle flexible
boundary particle damper has the optimal impact reduction effect.

mmm Simulation - Experiment
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50
40
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Reduce impact efficiency/%
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1mm 1.5mm 2Zmm 2.5mm 3mm 3.5mm

Figure 19. Comparison between experiment and simulation.
4.2. Pyrotechnic verification

Both pyrotechnic impact tests and light gas gun impacts can provide high-frequency, transient and
high-order impact loads. However, pyrotechnic impact tests can simulate the most realistic spacecraft
load environment. Therefore, pyrotechnic impact tests are used to ultimately verify the effectiveness of
flexible boundary particle damping technology. The optimal characteristic parameters obtained from
the impact experiment of the light gas gun, the flexible boundary damper, are applied to the exposed
platform honeycomb panel for real pyrotechnic explosion experiments, and this is used as the final
means to verify the impact reduction performance of the flexible boundary particle damping technology.

The exposed platform honeycomb panel is suspended in this pyrotechnics experiment, and a foam
pad is placed at the bottom for support. The suspension frame and foam pad are shown in Figure 20(a).
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The constraint method of the exposure platform for pyrotechnic experiments is shown in Figure 20(b).
First, the exposed platform honeycomb panels without flexible boundary particle dampers were
subjected to pyrotechnic explosion impact, and then the exposed platform honeycomb panels filled
with flexible boundary particle dampers were subjected to pyrotechnic impact experiments to obtain
the impact response spectra of both. The installation method of flexible boundary particle dampers is
to install a 30 mm width around the ignition point, with 375 flexible boundary particle dampers filled
and a total weight of approximately 1400 g. The particle material of the flexible boundary particle
damper is iron based alloy, with a particle size of 2 mm and a filling rate of 95%. The flexible boundary
film thickness is 0.2 mm. The packaging diagram of the flexible boundary particle damper is shown
in Figure 20(c).

XY

Figure 20. Construction and damper encapsulation of exposed honeycomb panel
pyrotechnic experimental platform.

After completing the packaging of the flexible boundary particle damper and the assembly of the
pyrotechnic separation device, measurement points were arranged at the exposed platform honeycomb
board equipped with precision instruments. The overall experimental effect is shown in Figure 21(a),
and the measurement points are shown in Figure 21(b).

separation
device

Figure 21. Installation and measurement points of honeycomb panels on exposed platforms.

In this chapter, we analyze the thermal shock response of exposed platform honeycomb panels
without the installation of flexible boundary particle dampers and the exposed platform honeycomb
panels with the optimal characteristic parameters of flexible boundary particle dampers. The final
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shock response spectrum obtained from the experiment is shown in Figure 22.

According to the experimental results, it can be seen that the maximum peak value of the impact
response spectrum is 6116.54 g when the honeycomb panel of the exposed platform is not equipped
with a flexible boundary particle damper; When a flexible boundary particle damper with the optimal
characteristic parameters is added to the honeycomb panel of the exposed platform, the maximum peak
value of the impact response spectrum is 2720.25 g, and the impact reduction effect reaches 55.52%.
The pyrotechnic experiment shows that the impact reduction effect of the flexible boundary particle
damper with the optimal parameters is extremely significant.

] No flexible boundary particle damper added
1 | ——— Optimal Parameter Flexible Boundary Particle
Damper

1000

alg

100

10 100 1000 10000
f/Hz

Figure 22. Impact response spectrum results of pyrotechnic experiment.
5. Conclusions

Using the exposed platform structure of the load compartment as the research subject, a flexible
boundary particle damping system was designed to improve the dynamic characteristics of the
exposed platform. After simulation calculation and experimental verification, the following
conclusions can be drawn:

1) The simulation calculation results show that the use of iron based alloy particles in the flexible
boundary particle damping system has a good impact reduction effect. The optimal particle size is 2 mm,
the optimal filling rate is 95% and the optimal flexible boundary film thickness is 0.2 mm.

2) The results of the exposed platform impact test show that when the particle material is iron
based alloy, the particle size is 2 mm, the filling rate is 95% and the boundary particle film thickness
is 0.2 mm, the flexible boundary particle damper has the best impact reduction effect. The simulation
calculation results are consistent with the trend of the impact reduction effect obtained from the
impact test.

3) The results of the pyrotechnic impact test show that installing the flexible boundary particle
damper with the optimal parameters on the exposed platform can achieve good impact reduction effect,
effectively improving the impact response characteristics of the exposed platform and its impact
reduction effect can reach 55.52%.
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