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Satellites are subjected to pyrotechnic shocks caused by actuating the pyrotechnic separation devices during various missions such as
separation from the launch vehicle and deployment of the solar panel. Pyroshock rarely damages structural members, but it may
cause damage to mounted electronic equipment, which can lead to mission failures. In order to protect electronic equipment from
pyroshock, shock propagation characteristics need to be identified. +is paper proposes a compact pyroshock simulator that can be
used to identify the pyroshock propagation characteristics at various locations of a structure. A small resonant fixture and high air
pressure are used to make the simulator compact in size. A diaphragm breech design is also introduced to achieve high-bursting
pressure and increase the repeatability of the simulator. +e developed simulator can produce the pyroshock environment with
repeatability in the shock propagation path, and also the pyroshock environment can be changed by using different resonant fixtures.
+e developed simulator can be used for the experimental characterization of the pyroshock propagation over various structures.

1. Introduction

Pyrotechnic separation devices have been widely used for the
separation events of space systems because of their advantages
in high energy per unit volume and high reliability, among
others. +e actuation of the pyrotechnic devices generates
a localized, large pyroshock on the surrounding structures.
Pyroshock rarely damages structures, but the high-frequency
components of the shock motions propagating to the
structure can cause malfunction or failure of mounted
electronic equipment such as relay chatter, circuit shortage
due to the breakage of lead wires, and dislodging of con-
taminants [1, 2]. In order to prevent those problems, a shock
isolator is often used for each electronic equipment [3]. Al-
though the isolators are effective for shock attenuation, the
isolators need to be designed with trade-offs between the low-
frequency vibration amplification and the pyroshock atten-
uation; the shock attenuation design of the structures is
needed to reduce the pyroshock from the shock source to the
electronic devices. +erefore, the pyroshock propagation test
over various structures (the effects of structural interfaces,
shock reduction for a certain type of structure) needs to be
conducted. +e requirement related to the pyroshock test
facility is to simulate a propagation of a stress wave and to
replicate the shock propagation path repeatedly.

Most pyroshock testing of qualifying sensitive equip-
ment involves shock testing using pyrotechnic or non-
pyrotechnic devices. Testing using pyrotechnic devices can
simulate the near-field environment, but they have safety
problems and require trial and error for repeatability [4–11].
Dilhan et al. [12] developed a pyroshock generator using an
explosive device, and the purpose of the device is to cover
a large range of equipment requirements. +is device was
designed in a relatively compact form using gunpowder, but
there was an associated safety problem. As an alternative, the
pyroshock simulators without pyrotechnic devices have
been studied. To simulate the pyroshock, an electronic
shaker and a pyroshock simulator that uses mechanical
impact have been often used. Use of an electronic shaker
guarantees a high repeatability, but there is a limitation in
reaching the pyroshock level. +e electronic shaker cannot
simulate the pyroshock that is higher than 3,000Hz, and the
maximum acceleration of the shaker is normally limited to
about 300G [13]. For the mechanical impact, a resonant
fixture is generally used to simulate the specific shock en-
vironment for the electronic equipment [14–20]. +e res-
onant fixture is excited into resonance by a mechanical
impact from a projectile, an impact hammer, or other im-
pact devices (Figure 1). Davie and Bateman [14] studied
pyroshock simulation using a tunable resonant fixture.
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+e equipment attached at the end of the resonant bar is
excited into longitudinal resonance (Figure 1(a)). Newell and
James [16] developed a pneumatic actuated pyroshock simulator
whose resonant plate is excited into resonance (Figure 1(b)).
Jonsson [20] developed a pyroshock test facility for qualifica-
tion of equipment. +e resonant plate is excited into res-
onance with pendulum hammer (Figure 1(c)). Although

these facilities can provide a required pyroshock environ-
ment by adjusting a test parameter, it is not affordable for
pyroshock propagation test. Bateman and Brown [21] de-
veloped a pyroshock simulator that could simulate a prop-
agation of a stress wave on the payload by actuating the
V-band joint. However, due to the shape and size of the
resonant fixture, only a circular impact environment could
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Figure 1: (a) Tunable resonant bar setup and SRS [14], (b) mechanical impulse pyroshock simulator (using resonant plate) and SRS [16], and
(c) resonant plate with clamps and SRS [20].
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be simulated and the shape and size of the test object
structures were limited. Jeong et al. [22] developed a pyro-
shock simulation system to study the source isolation ap-
proach.+is system could simulate a point shock source and
the propagation of the stress wave by connecting the beam
resonant fixture to the excitation location. +e system was
difficult to apply to various positions due to the shape and
volume of the resonant fixture. Also, the repeatability for the
shock propagation path has not been evaluated.

To study the characteristics of shock propagation over
space structures, the simulator must be used at various
positions of the structure and must have repeatability at
a shock path to a measurement location from a shock source.
In order to design a compact simulator without using py-
rotechnic devices, a high-pressure air release device and
a cylindrical resonant fixture are used. For the high-pressure
air release device, a new method is applied by improving the
double diaphragm breech method [23]. +e shape of the
resonant fixture is designed to generate a point source on
a mounting structure. A bursting shape and a bursting
pressure of a diaphragm are the most important factors of
repeatability for the simulator. +e bursting shape of the
diaphragm is analyzed using ANSYS AUTODYN. As a re-
sult, the circular diaphragm with a Y-shape indentation on
the center of the diaphragm is applied to the developed
simulator. +e repeatability of the simulator is evaluated
based on the test tolerance introduced in the NASA stan-
dards [6].+e influence of the resonant fixture with different
natural frequencies is also identified.

2. Design Procedure of the Simulator

2.1. Conceptual Design. +e high-frequency excitation in
a short duration, which is typical characteristics of a pyro-
shock, can be simulated by the sudden release of energy,
such as a projectile’s impact on the structure [13]. In this
paper, a high-pressure release device is used to accelerate the
light projectile rapidly.

+e wrap-around breech method [24] and the double
diaphragm breech method [23] are widely used as air release
mechanisms.+e breech mechanism is designed to block the
air pressure and to release the air instantaneously at the
desired pressure. However, the wrap-around method has
limitations on the mass of a projectile and the volume of
a barrel. +is is because it requires sufficient strength of the
projectile and the barrel. On the other hand, the double
diaphragm method is not limited to the design of the barrel
and the projectile, although the diaphragm is disposable and
requires the use of multiple valves. To use the lightweight
projectile, the double diaphragm method is more appro-
priate because there are no restrictions on a projectile and
a barrel. To avoid the inconvenience of using multiple valves
and a double diaphragm, one diaphragm and a solenoid
valve are used to control the moment of the diaphragm
bursting. +e design concept of the device is shown in
Figure 2. When the solenoid valve is operated, compressed
air is released to burst the diaphragm instantaneously due to
the pressure difference. +e projectile behind the dia-
phragm is also accelerated. Figure 3 shows cross section and

dimensions of the simulator which is the assembly of the
chamber adapter, the chamber, the barrel, and the target.
+e solenoid valve is shown in Figure 4 and its specification
is listed in Table 1. +e projectile is made in a cylindrical
shape with 8mm of diameter and 5mm of height, and it is
made of stainless steel 630.

2.2. Release Device

2.2.1. Velocity Prediction of a Projectile. When the di-
aphragm bursts, the compressed air acting on the back of the
diaphragm accelerates the projectile.+e impact speed of the
projectile is predicted by using a simple gas gun model, as
shown in Figure 5 [25].

+e motion equation of the projectile accelerated by the
pressure of the chamber can be expressed as follows:

F � m
d2x

dt2
� mv

dv

dt
� AP(x)−APatm −f, (1)

where m is the projectile mass, x and v are the distance of the
projectile and velocity of the projectile, respectively, A and f

are the area of the top of the projectile and friction force
between the barrel and the projectile, P is the pressure of the
chamber, and Patm is the atmospheric pressure. Assuming
that the expansion of the compressed air is a quasistatic
isothermal process, as in the following equation:

P(x) V0 + Ax(  � P0V0, (2)

where V is the volume of the chamber and the subscript
0 means the initial value. +e velocity of the projectile to the
end of the barrel vend is given by

vend �

��������������������������������
2
m

P0V0 ln 1 +
AL

V0
 −ALPatm − Lf 



, (3)

where L is the length of the barrel. +e design variables are
determined by iterative calculations. As a result of designing
with the compressor specifications, a 3 g projectile can be
launched at a speed of 82m/s at a pressure of 50 bar. In order
to adjust the bursting pressure, we controlled the thickness
of the diaphragm.

2.2.2. Bursting Analysis of a Diaphragm. +e major factor
affecting the repeatability of the simulator is the bursting
shape and bursting pressure of the diaphragm. +e pressure
applied to the projectile depends on the bursting shape of the
diaphragm. +e ANSYS software is used to expect the
bursting pressure and the bursting shape of the diaphragm.
+e diaphragm is analyzed until it is burst by increasing
pressure.

First, the geometry adjacent to the diaphragm is modeled
to minimize the analysis time.+e shape of the diaphragm is
a circular plate with a diameter of 26mm and thickness of
0.1mm. As shown in Figure 6, a portion of the barrel is
modeled at the bottom of the diaphragm and a portion of the
chamber is modeled at the top.

After that, mesh modeling of the three parts is con-
ducted. For accurate results and fast computational time,
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mesh modeling is important in ANSYS explicit because the
time interval is determined by the Courant–Friedrichs–Lewy
(CFL) condition [26]. Tetrahedral elements with a uniform
size of 0.5mm are used in the chamber and the barrel, and
hexahedron elements with a uniform size of 0.1mm are used

in the diaphragm. �e number of elements is 39,974 hex-
ahedral elements and 28,500 tetrahedral elements.

�e material of the diaphragm is modeled as stainless
steel 304. �e material properties de�ne the density and
linear state equations and failure theory to predict the
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Figure 2: �e conceptual design of the pyroshock simulator.
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Figure 3: Cross section and dimensions of the simulator.

Figure 4: �e solenoid valve STH32C-15-4-T-H.

Table 1: Speci�cation of the solenoid valve.

Descriptions Speci�cation
Fluid Air, water, oil, and steam
Operating Normal closed
Port size Rc(PT) 1/2 inch
Ori�ce size 14.5mm
Response cycle Max 80ms

Chamber

Projectile

L

AV0 m Barrel

AP m APatm Af

Figure 5: Schematic drawing of a simple one-stage gas gun.
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Figure 6: Geometric model and the meshing result of the di-
aphragm, the barrel, and the chamber.

Table 2: Material properties of stainless steel 304.
Stainless steel 304

Property Value Unit
Density 7,900 kg/m3

Linear EOS
Bulk modulus 166.7 GPa
Reference temperature 295 K

Bilinear strength
Shear modulus 86 GPa
Yield stress 2.15 MPa
Tangent modulus 1.0 GPa

Failure model
Plastic strain 0.7
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bursting of the diaphragm. Plastic strain failure and bi-
linear strength model are used to simulate plastic and
failure behavior. �e plastic strain is de�ned as 0.7. �e
material properties of stainless steel 304 are summarized in
Table 2.

A �xed boundary condition is applied to the bottom of
the barrel, and a constant pressing load of 500N is applied
perpendicular to the upper part of the chamber to �x the

diaphragm. �e pressure boundary condition is de�ned as
a ramp pressure of 200 bar during 10ms at the upper surface
of the diaphragm as shown in Figure 7.

An asymmetric bursting shape may result in a non-
uniform pressure distribution to the projectile, and then, the
simulator performance may be low. In order to prevent this
phenomenon, a Y-shape indentation on the center of the
diaphragm is considered so that the diaphragm bursts in the
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Figure 8: Bursting shape of the indented diaphragm.
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Figure 7: Boundary conditions on the analysis model.
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center. �e depth of the indentation is modeled as 0.03mm.
�e analysis results reveal that the indented diaphragm
bursts from the center, not from the edge of the diaphragm
(Figure 8).

2.2.3. Resonant Fixture. �e frequency at which the slope
changes the shock response spectrum is called the knee
frequency, which corresponds to the dominant frequency of
the pyroshock environment [13]. �e resonant �xture is
designed so that the �rst mode natural frequency of the
resonant �xture coincides with the knee frequency, and the
dominant frequency is simulated by mechanical resonance.
�e resonant �xture is bolted between the target block and
the test object structure.

To make the size of the simulator compact and generate
a point-source shock on the test object structure, the shape
of the resonant �xture is designed as a cylindrical shape
with various numbers of design variables, as shown in
Figure 9.

To understand the response of the resonant �xture, the
device with a resonant �xture can be modeled as a three-
degree-of-freedom (DOF) system, as shown in Figure 10.
�is model assumed that the assembly of the barrel and the
chamber is rigid compared to the resonant �xture.

In Figure 10, M1 is the e¤ective mass of the barrel and
the chamber, M2 is the e¤ective mass of the resonant �xture,
and M3 is the e¤ective mass of the bottom of the resonant
�xture. k is the sti¤ness of the resonant �xture.

�e main variables of the resonant �xture are the di-
ameter (D) and thickness (t1 and t2) of the circular plate. To
compare the e¤ect of the resonator, two resonators are
designed. �e dimensions of two resonators and their
natural frequencies are listed in Table 3. Figure 11 shows
mode shapes of two resonators, which are obtained using
ANSYS modal analysis.

In order to assume the barrel and the chamber as one
lumped mass, it should have a natural frequency su¥ciently
higher than that of the resonator. Using ANSYSmodal analysis,
the axial natural frequency of the chamber-barrel assembly is
found to be 21900Hz (Figure 12); it is reasonable that the barrel
and chamber are assumed to be one lumped mass.

3. Experiment

3.1. Experimental Setup. In order to evaluate the charac-
teristic of the device, a pretest is performed. �e test con-
�guration is shown in Figure 13. �e dimension of the test
object structure is a 1000mm× 500mm× 5mm plate made
of aluminum alloy 6061, and the plate is clamped by
a stainless steel �xture (Figure 14). �e plate has four holes:
one hole is for the simulator mounting and three threaded
holes are for the shock accelerometer mounted to measure
the shock signal. �e shock is generated by the shock
simulator. �e material of the diaphragm is stainless steel
304, and the thickness is 0.1mm.

�e pyroshock is measured with an acceleration
signal. �e accelerometer can be saturated beyond the

measurement range of the accelerometer sensor, and it
may be damaged due to the accelerometer resonance
when the accelerometer is located near the shock source.
�erefore, an accelerometer with a built-in mechanical
�lter should be selected so that the sensor inside the
accelerometer is not damaged [5, 6, 8, 25]. In order to
obtain a valid signal without aliasing, a 1MHz sampling
rate is selected [27]. �e speci�cation of the acceleration
and signal conditioner is listed in Table 4. �e acceler-
ation signal is measured at 30 mm, 150mm, and 350mm
away from the shock source. �e 10th-order Butterworth
digital �lter is applied to the measured acceleration
signal in the range of 100 Hz to 10,000 Hz to eliminate
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Figure 9: Shape and design parameters of the resonant �xture.
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Figure 10: 3-DOF model for the assembly of the chamber, the
barrel, and the resonator.

Table 3: Dimensions of the resonators.

Resonator type Type 1 Type 2
Natural frequency (Hz) 6600 1100
L (mm) 40 40
D (mm) 73 110
d (mm) 20 20
t1 (mm) 6.5 9.75
t2 (mm) 3 8.8
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high-frequency noise, aliasing, and low-frequency drift of
the measured signal.

In the preliminary experiment, the projectile and the
barrel made of aluminum alloy and stainless steel 304 are
plastically deformed. +e deformation of the barrel and
projectile affects the impact duration so that the re-
peatability of the test results can be worse. +erefore,

(a) (b)

Figure 11: Mode shape of the resonators in the axial direction: (a) type 1 and (b) type 2.

Figure 12: Mode shape of the chamber-barrel assembly in the axial
direction (21900Hz).

Figure 13: Configuration of the experiment setup.

Figure 14: +e clamped simple plate for pyroshock propagation
experiment.

Table 4: Specifications of the accelerometer and signal conditioner.
Accelerometer (PCB 350B03)

Sensitivity 0.5mV/G
Measurement range ±10,000G peak
Frequency range (±1 dB) 0.4 to 10,000Hz
Frequency range (−3 dB) 0.2 to 25,000Hz
Mechanical filter resonant frequency 23,000Hz
Resonant frequency More than 100,000Hz
Nonlinearity (per 10 kg) Less than 2%
Transverse sensitivity Less than 7%

Signal conditioner (NI PXI3-6366)
Sample rate (single channel maximum) 2.00MS/s
Number of channels 8, differential
ADC resolution 16 bits
Input coupling DC
Input range ±10V
Maximum working voltage for all
analog inputs ±11V

Bandwidth 1MHz
Slew rate 20V/μs

Table 5: Material properties of stainless steel 630 used in the
projectile and the barrel.

Stainless steel 630

Condition Density
(kg/m3)

Tensile
strength
(MPa)

Yield strength 0.2%
proof (MPa)

H900
(projectile) 7750 1310 1170

H1150 (barrel) 7750 930 725
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stainless steel 630, which has a higher yield strength than
aluminum alloy and stainless steel 304, is selected. �e
material properties of stainless steel 630 are summarized in
Table 5.

3.2. Repeatability Test. �e experiments are carried out
under the same conditions to evaluate the repeatability of the
simulator in the pyroshock propagation path. �e experi-
ment is performed three times under the same conditions.
�e thickness of the diaphragm is 0.1mm, and the resonant
�xture is not used. �e similarities of the measured accel-
eration time histories and calculated shock response spec-
trum (SRS) from the acceleration time histories are
compared. �e SRS is the most commonly used method to
quantify pyroshock. �e SRS means the maximum value of
response for each natural frequency by applying shock
excitation to the base of a system consisting of a single
degree-of-freedom (SDOF) system with independent nat-
ural frequencies [28]. Although there is no standard for
comparing SRS, themost commonly used criterion is the test
tolerance provided by the NASA standards [6] or MIL
standards [7]. In this study, the repeatability is evaluated
using the test tolerance guided by the NASA standards. �e
tolerance most commonly used in practice is speci�ed for
the maximax SRS. �e tolerance is ± 6 dB when the natural

frequency is below 3,000Hz and +9/−6 dB when the natural
frequency is over 3,000Hz.

If the test results are inside this criterion, they can be
regarded as the same shock environment. In this study, the
results are evaluated in the frequency range between 100Hz
and 10,000Hz.

In the results of the experiment, the bursting pressure of
the diaphragm is almost similar to the three experiments, as
shown in Figure 15. �e shape of the bursting diaphragm is
similar as being torn into three branches (Y-shape) due to
the indentation on the center of the diaphragm as well
(Figure 16).

�e acceleration time histories during 20ms and ac-
celeration SRS at 30mm, 150mm, and 350mm points are
shown in Figures 17 and 18, respectively. �e comparison of
the acceleration time histories shows a very similar initial
response. According to the results of the SRSs of three
experiments, when the distance increases, the di¤erence of
the results increases. �ey are within the tolerance criterion
(the gray dotted line) at three positions. �e results show
that the simulator has a repeatability and can be properly
used for the shock propagation test.

3.3. �e E�ect of the Resonant Fixture. �e e¤ect of the
resonant �xture, which is designed to obtain the di¤erent

Initial Exp. 1 Exp. 2 Exp. 3

Figure 16: Bursting shape of the diaphragm. (a) Initial, (b) Exp. 1, (c) Exp. 2, (d) Exp. 3.
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Figure 17: Acceleration time history (a) at 30mm, (b) at 150mm, and (c) at 350mm from shock source.
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shock environment, is evaluated. �e �rst natural fre-
quencies of two resonant �xtures are designed as 6,600 Hz
(resonator type 1) and 1,100 Hz (resonator type 2), re-
spectively. Two resonant �xtures are made of stainless
steel 304. �e shock simulation experiment is performed
three times for each resonant �xture. Figure 19 shows the
measured acceleration SRS at 30 mm, 150mm, and
350mm from the shock source. In case of resonator type
1, the resonance response occurs at 3,800 Hz. �e reso-
nance response of resonator type 2 occurs at 900 Hz. �e
knee frequency is lower than the designed frequency,
which is mainly due to the in¨uence of the test structure.
Note that we can adjust the knee frequency of the shock
simulator by using resonant �xtures with di¤erent nat-
ural frequencies.

4. Conclusion

�is paper proposes a compact point-source pyroshock
simulator without explosive devices for the pyroshock
propagation test. �e developed simulator is much more
compact than other pyroshock simulators and has re-
peatability on a shock path from the shock source. For the
pyroshock test, the pyroshock measurement instruments
were prepared and repeated tests were performed to
evaluate the feasibility of the pyroshock propagation test.
In order to design the pyroshock simulator in a compact
size and applicable on various positions of real structures,
the high-pressure air release mechanism consisting of the
air tank, the solenoid valve, and the indented diaphragm
was built. To increase the repeatability of the simulator, the

105

104

103

102

102 103 104

101

100

Pe
ak

 ac
ce

le
ra

tio
n 

G

±6dB ≤ 3kHz, +9/–6dB > 3 kHz
Test tolerance (NASA-STD-7003A)

Natural frequency (Hz)

Exp. 1
Exp. 2
Exp. 3

(a)

105

104

103

102

102 103 104

101

100

Pe
ak

 ac
ce

le
ra

tio
n 

G

Natural frequency (Hz)

Exp. 1
Exp. 2
Exp. 3

(b)

105

104

103

102

101

100

Pe
ak

 ac
ce

le
ra

tio
n 

G

102 103 104

Natural frequency (Hz)

Exp. 1
Exp. 2
Exp. 3

(c)

Figure 18: Acceleration SRS (a) at 30mm, (b) at 150mm, and (c) at 350mm from shock source.
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diaphragm was designed to burst in the same shape at
a certain pressure by indenting a Y-shape on the center.
+e effect of the indentation on the diaphragm was ana-
lyzed using explicit analysis. To simulate various pyro-
shock environments, the knee frequency should be
adjustable. +e knee frequency of the generated pyroshock
can be easily changed by using the resonator with different
natural frequencies.
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