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The dynamic performance of a 250 Hz resonant plate shock system which simulates
pyrotechnic shock environments on micro-electrical components is evaluated. A series of
experiments recording strain rate histories and acceleration time histories at several plate
locations were conducted. This empirical data is used to compare the analytical results
obtained from a finite element based numerical simulation. The comparison revealed a good
correlation between experimental and analytical results.

INTRODUCTION

Resonant plate shock testing plays an important role in environmental testing of electrical and
mechanical components by simulating pyrotechnic shock events detected in aerospace structures.
This testing ensures that components purchased or manufactured by industry can remain
operational and retain their structural integrity throughout their anticipated lives. Resonant plate
shock testing has evolved from early work of Bai and Thatcher [1]. Bai and Thatcher developed a
metal-to-metal impact machine. This machine produced a simulated pyrotechnic shock event by
allowing a steel hammer to impact an aluminum beam. The event produced a very high g-shock
that excited the dominant frequency of the test fixture. This frequency matched the fundamental
frequency of the aluminum beam. Further work from Davie [2] controlled the response of the
resonating beam by clamping mass to it. Davie concluded that the beam response can be
controlled with additional mass clamped at node points. Bell and Zimmerman [3] studied
pyrotechnic shock simulation by evaluating the test component attachment effects. Bell and
Zimmerman concluded that dynamic interaction of the test assembly and a 1500 Hz plate is
minimal. Bell and Pott [4] then studied the effects of damping systems on a 1300 Hz plate. Bell
and Pott concluded that additional mass at appropriate locations on the plate edge provide the
required damping characteristics without dramatically changing the frequency content of the plate.
Bell and Pott also determined that the use of C-Clamps to attach the bars to the plate adds
mechanical damping to a 1300 Hz plate but changes the plate frequency.

This paper is an in-depth study of a low frequency (250 Hz) resonate plate test assembly which
simulates pyrotechnic shock events. The test assembly consists of a swing arm, test fixture, C-
Clamps and a plate. The dynamic interaction of the plate using finite element analysis will also be
examined. Collected empirical data verifies the finite element model.
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THEORY OF FLAT PLATES

The plate examined for this study falls in the category of a thin plate thickness with small strains
and large deflections. The plate notation is consistent with the foundation work of Timoshenko
[5]. The x and y axes are at the undeformed middle surface of the plate with thickness of /# and the
incremental dimensions of dx and dy. This middle surface is called the neutral axis. When a load ¢
acting over an area dxdy is applied, the plate deforms. The deformed middle surface of the plate
element is expressed with the changes of the slope (Fig 1). The origin is placed at the middle of
the element and displacement in the z-direction is w. When small strains are considered, summing
forces in the z-direction yield equations developed by Leissa [6]. The equation is greatly reduced
by expanding the terms with products, removing third-ordered differential terms and dividing
through by the area. If in-plane inertia forces within the plate are neglected and transverse
shearing stresses are small relative to the in-plane stresses, the equation can be reduced to the
following form:
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Figure 1. Deformed middle of the plate after a load is applied.
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Qx = the transverse shearing force on the x surface. p = the mass density per unit area

direction

Qy = the transverse shearing force on the y surface.

q = the external load acting over the plate area dxdy

Ny = the in-plane normal force on the cross sectional face of the element on the x axis per
unit length of the y coordinate line.

Ny = the in-plane normal force on the cross sectional face of the element on the y axis per
unit length of the x coordinate line.

Nxy = the shearing force on the x axis cross section in the y axis direction.




TEST APPARATUS

The airgun consists of an electrical pneumatic control system and a six foot long guide-tube that
fires the projectile (Fig. 2). The projectile upon impact produces a high level pyrotechnic shock
event which simulates structural responses found in aerospace systems. This type of shock pulse is
characterized by an oscillatory acceleration-time history reaching several thousand g's and lasting
from 5 -15 milliseconds. Pyrotechnic shock events have both positive and negative acceleration
peaks with little or no velocity change. The exhaust slots in the guide-tube prevent the projectile
from re-impacting the plate. The plate is held to the support frame in a pendulum fashion by a
clevis. The rotational motion of the plate after impact is stopped by an electrical brake system. A
projectile is loaded into the muzzle and fired at the plate. The air gun fires a 3-inch diameter forty
pound projectile into a 26 x 26 x 0.75 inch 6061-T6 aluminum tooling plate. The plate responds
at its predetermined natural frequency and produces oscillatory acceleration-time wave forms. The
plate response is transmitted to the test fixture and the electrical component assembly.

Eight EA-06-500UV-120 type gages are installed on the plate at a radius of 9 inches from the
center using M-Bond 610 adhesive (Fig.3). Strain gage measurements are taken in the x and y
axis and in the xy plane. The strain gages are calibrated using quarter bridge completion circuits
with a 10 volt excitation and shunt calibrated for 400 microinch full scale response. Four Endevco
Model 2255B-025 accelerometers are bonded to the plate. The accelerometers measured
acceleration time histories at three plate locations and one fixture location. The test objective is to
determine what affect the swing arm assembly, C-clamps, and fixture have on the plate mode
shapes. The relationship between each component are studied and its effect on the plate’s dynamic
response are determined. The input parameters in the finite element model are changed to
correlate with the testing results.

Figure 2. Test apparatus. Figure 3. Strain gage orientation.




EXPERIMENTAL PROCEDURE AND ANALYSIS

The experimental procedure is divided into a series of tests. Each test records the strain rate
history and acceleration time history for each test configuration. The test matrix is divided into
four distinct test configurations. The configurations are: 1) the whole assembly (fixture and C-
Clamps); 2) the whole assembly without the C-Clamps; 3) without the fixture but with the C-
Clamps; and 4) the free plate. Each data set is reviewed for accuracy and prominent tests are
identified.

Each strain gage response is compared to the same gage from a different test in the matrix. Both
strain gage intensity and time response are evaluated for errors. After this review, the peak strain
response and variation are recorded. The variation in strain ranged from 30-60 microstrain. In
terms of stress, this equates to 300-600 pounds per square inch applied to the plate from the
projectile. The Fourier transform is used to evaluate the frequency content of each key strain gage
response. Each acceleration time history data set is compared to the other acceleration time
histories from the test matrix. Both acceleration amplitude and time responses are evaluated for
errors. After this review, the key acceleration time histories are plotted. The chosen method to
measure shock severity is the shock response spectrum (SRS). The SRS algorithms used to
evaluate the acceleration data are taken from the work of Smallwood [8].

ANALYTICAL PROCEDURE

The analytical procedure is divided into a series of modeling steps. The first step creates a
geometric model of the plate with the correct dimensions. This task is completed in I-DEAS™
geometry modeling. After geometric modeling is complete a mesh is created of the plate. The
mesh size for this model is 0.25 inches. The element type assigned for the plate mesh is a thin shell
linear quadrilateral element.

The second step in the analytical procedure is characterize the plate dynamics. This is completed
by executing the model using only the initial boundary conditions. The eigenvalues and mode
shapes are extracted. The boundary conditions are changed and the model is again executed. The
new eigenvalues and mode shapes are compared to the previous run. This iteration process
determines how the eigenvalues and mode shapes are affected. The changes in boundary
conditions also document if rigid body motion of the plate exists and helps determine the response
that produces a 250 Hz resonance. The boundary conditions employed on the finite element
model simulate the full contact force of the clevis acting on the plate. The first three eigenvalues
and mode shapes are extracted. Rigid body motion of the plate occurs at a frequency of 35 Hz.
Asymmetrical bending of the plate occurs at 65 Hz and 166 Hz.

The third step in the analytical procedure adds the swing arm assembly to the plate. Linear brick
solid elements are used to model the steel clevis, steel swing arm, and steel mounting block (Fig.
4). The three mechanical components are attached to the plate at the appropriate nodes. This
brick element has the desired properties for the impact dynamics and reduces the chance of an
instability occurring during program execution. The final swing arm assembly and plate are




connected to the brake shaft. The brake shaft is modeled as a node-to-node rotational spring. The
brake pressure is translated -to rotational stiffness. This stiffness value is added to the shaft
formulation. The spring property is a nonlinear spring. This formulation creates a continuous load
on the shaft which simulates a constant brake pressure.

The fourth step in the analytical procedure is to reduce the computational effort and the
programmer materials to the plate. This task is accomplished by converting the full plate model to
a half plate model. For this transition to be successful, the half plate model should closely display
the same mode shapes and resonant frequencies as the previous full plate model. The full model is
reduced by the axis of symmetry. Rigid body motion of the plate occurs at 31 Hz. After the
reduction is successful, the Delrin-felt programmer materials are attached to the plate (Fig. 5).
Isoparametric brick elements are used to model the two programmer materials. The Delrin
material is modeled with the Delrin diameter while the felt is modeled with the projectile diameter.
The projectile is modeled as a one layer continuous element which simulates the entire length of
the projectile. Stiffness and density are adjusted to correlate the energy input into the plate and the
restitution response of the projectile. A thin layer of interface elements is also added to the model.
These elements are placed between the projectile and the Delrin-felt interface. The characteristic
of this element is a four node preface element connected to an eight node Delrin-felt brick
element. The interface element attaches to the front face of the Delrin-felt elements. A space is
allowed between the projectile and Delrin-felt elements. This space creates an integration point
between the two element types. Finite element strain responses are recorded into output files and
correlated to the experimental data.
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Figure 4. Full plate model. Figure 5. Half plate finite element model.




The final step in the analytical procedure is to model the 5-inch C-Clamp and the fixture; then
attach them to the plate. The C-Clamp is modeled and eigenvalues and mode shapes are extracted.
To verify the analytical results an accelerometer is bonded to a C-Clamp. Acceleration time
history data is collected and analyzed for several projectile impacts. A high speed camera is used
to capture the motion of the C-Clamps attached to the plate. The camera recorded the dynamic
interaction between the plate and the C-Clamps. This dynamic motion is compared to the
experimental and analytical results. The fixture is modeled with solid linear brick elements. This
element is chosen because the integration network for strain output is located on the nodes.
Computer runs attaching the C-Clamp and fixture to the free plate are conducted. To attach the
C-Clamp to the plate two additional inputs are required. The first addition is the equation
statement. The equation statement allows an equation to be written representing nodes in the
model. Constraints are applied to the nodes where the C-Clamp attaches to the plate. The
degrees of freedom are tied together. The displacement in the x direction of the first node minus
the displacement in the x direction of the second node must equal zero. If the equation statement
is used solely the node can rotate around itself. To eliminate this condition, the Multi-Point
Constraint statement is used. Multi-Point Constraint allows constraints to be imposed between
either different degrees of freedom on different nodes or the same constraints between the same
degrees of freedom on different nodes. To accurately define the model, both sides of the C-Clamp
must respond like the two plate nodes.

RESULTS

The initial experiments utilized accelerometers attached at four locations to characterize the plate
dynamics. These responses developed a better understanding of the C-Clamp to plate interaction.
Figure 6 reveals the response differences of the full assembly with C-Clamp removal. Higher
accelerations occur with C-Clamp removal. The biggest change in the accelerometer response is
the measured frequency. Higher frequencies exist throughout the acceleration time history with C-
Clamp removal. The predominate frequencies from Fourier analysis are 205, 550, 750, and 1500
Hz . The higher frequencies are higher modes shapes of the plate. The removal of the C-Clamps
causes a the maximum shock response to shift and occur at a higher peak value.

The strain experiments characterized the dynamic response of the plate. These responses helped
develop the correct boundary conditions for the finite element model. The removal of the C-
Clamps from the full assembly causes the plate to respond longer (fig. 7 and fig 8.). The
predominate frequencies are 90, 154, and 204 Hz. The removal of the C-Clamps does not cause
the strain values to increase but shifts the response frequency. The plate ringing is dominate in the
lower gages. After the first half cycle impending wave fronts develop. This phenomenon occurs
from the reoccurring shock waves rebounding from the edge of the plate. As the distance from the
clevis increases, higher frequencies develop in the plate. The removal of the C-Clamps does cause
the strain values to decrease in the second half cycle in the lower plate. The decrease in strain is
from the inertia properties of the C-Clamps.

For the free plate condition without the C-Clamps attached gage 3 shows that the peak response
from the analytical data is greater than the peak response from the experimental data (fig. 9).
The peak responses from the analytical and experimental data are similar for gage 3. For the full




assembly plate condition without the C-Clamps, gage 3 shows the peak response from the
experimental data is greater than the peak response from the analytical data (fig. 10). With the
C-Clamps attached to the full assembly however, the peak response from the experimental data
is greater than the analytical data for gage 3.

The results of the finite element test runs are correlated between the strain gage and
accelerometer responses. The effect of changing boundary conditions on the plate response are
extracted from the models and compared to the experimental results. Strain rate histories are
calculated and stored for each test case. The results from the experimental strain gage analysis and
acceleration analysis revealed the dynamic characteristics of the plate. The finite element analysis
calculated the normal mode dynamics of the free plate and calculated the strain rate histories at
the experimental strain locations.
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Figure 6. The acceleration time history, Fourier transform and shock response spectrum for the
accelerometer located on the fixture. The second column is the response from C-Clamp
removal.
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Figure 7. Strain gage #3 response and its Fourier transform for the full plate configuration.
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Figure 8. Strain gage #3 response and its Fourier transform with C-Clamp removal.
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Figure 9. Full assembly configuration. Figure 10. Free plate configuration
CONCLUSIONS

The C-Clamps dampen the high frequency modes in the plate. The resonant frequency of the C-
Clamps dissipates some of the energy from the plate. This energy dissipation is caused by the C-
Clamps slipping on the plate surface. The C-Clamps also reduce the frequency at the plate
resonance and cause the plate to respond to lower out-of-plane frequencies. Higher mode shapes
are dominate near the lower plate locations. The C-Clamps add local dampening and inertia loads
at the lower plate and cause the plate to respond with larger strain amplitudes.

The distance between the clevis and the accelerometer determines the frequency content. Higher
frequencies are predominate at locations away from the clevis. Acceleration values are higher at
the center of the plate. The mass at the center of the plate creates more plate deflection and adds
lower mode shapes to the plate response. Higher accelerations and smaller damping effects on the
plate occur with C-Clamp removal. Larger shock responses at peak values occur with C-clamps
removal. The removals of the C-Clamps also cause the maximum shock response to shift.

The calculated peak strain response for gage 3 without the C-Clamps is larger than the peak strain
response with the C-Clamps for the free plate condition. The frequency content for the calculated
strain are similar. The experimental peak strain gage response did not display this characteristic.
The calculated peak strain response for gage 3 without the C-Clamps is similar to the peak strain
response with the C-Clamps attached to the full plate assembly. The experimental peak strain

gage response displays the same results as the calculated values. Higher frequencies (above 1000
Hz) are reduced when the C-Clamps is attached to the plate.
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