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Abstract. This paper presents the development and assessment of a practical and efficient process for assessing and/or designing
shock isolation systems. This process combines practical methods for determining relative displacements and accelerations
(e.g. shock response spectrum analysis) with a new, efficient, easy to use, 6 degree of freedom (6DOF) simulation method
known as Shock Isolation Mount Predictions & Loading Estimates (SIMPLE). SIMPLE is also a tool that can easily account

for uncertainties in isolated systems and their environments. The implementation of 6DOF rigid body theory in SIMPLE is
validated by comparing simulation results with other analytical methods. This paper also summarizes assessments and designs
for 60 different mounting systems using SIMPLE. In addition, experimental results from shock tests are compared with pre-test
SIMPLE sensitivity simulations and with results of post-test model calibrations. These comparisons show the validity of: 1)
using 6DOF analysis; 2) using statically derived load-deflection data for simulations; and 3) assessing and designing isolated
systems using uncertainties in model parameters.

1. Introduction In general, the variety and frequency of applications
for shock mounts is increasing. An example is rapid
1.1. Motivation and scope infusion of commercial off the shelf (COTS) items and

newly developed technologies into shipboard environ-
ments. At this stage of product development, design
time for isolated systems is short. Inefficient and inad-
equate analysis methods do not permit sufficient time
to do trade studies. In practice, biased [2] or inef-

There is an increased [1] reliance on isolation tech-
nology to protect mission critical, fragile, and sensitive
components from the effects of shock and vibration. As

a result, many equipment integrators, having no prior gjient estimates of model parameters are often used
experience with shock-mounted systems, are in the po- pacause of the ease with which some of them can be
sition of having to make mount selections that willen-  gptained. An example is the use of statically derived
able a system to pass shock and vibration qualification |oad deflection curves when dynamic curves are not
tests. The desire is to obtain validation and assurance ayailable. In addition, uncertainties in the structural,
that shock and vibration mounts are properly selected inertial and mount properties of the system as well as
for the equipment racks, consoles, cabinets, and other use of incorrect shock inputs for analysis result in im-
structures being promoted. In many cases, equipment properly designed isolation systems. Time to perform
integrators rely on mount vendors and consultants for investigations [3—6] to reduce these uncertainties may
proposals and recommendations. not be available. Therefore, the need exists to provide
practical, efficient, and easy to use methods to rapidly
assess the performance of shock and vibration mounted
*Corresponding author. E-mail: m.a.talley@larc.nasa.gov. systems using available model parameters.
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1.2. Hypotheses 1.4. Research approach

The hypotheses tested in this paper are: 1) Six de-  First, a process for selecting and designing mounting
gree of freedom simulation methods can be made prac- systems was formulated to provide the context in which
tical, efficient, and easy to use by simplifying the spec- a simulation method like SIMPLE would be used. This
ification and implementation of the many parameters process is described in the next section. Next, a review
used in analyzing isolated systems and 2) reasonable of literature was done to address the extent in which
response predictions for isolated systems can be madethe questions have been answered. Based on the re-
even in the presence of uncertainties. People who will view and context of use for 6DOF methods support-
benefit are: mount vendors, equipment integrators, en- ing test planning, a theoretical basis for the SIMPLE
gineers, program managers, shock and vibration ana- simulation method was developed. Next, validation of
lysts, teachers, students, and the general public. SIMPLE predictions by benchmarking with other ana-

To test these hypotheses, a new efficient, easy to use lytical methods was accomplished. Then, application
6 degree of freedom (6DOF) simulation method called of SIMPLE to provide actual assessments and designs
Shock Isolation Mount Predictions & Loading Esti- for mounting systems was performed. These applica-
mates [8] (SIMPLE) was developed and its use evalu- tions provided rapid assessments and designs (includ-
ated. SIMPLE specifically addresses the need for prac- ing simulations) for over 60 different mounting sys-
ticality and efficiency by providing: 1) estimates of the tems for the Navy Smartship Integrated Ship Controls
excursion space needed for dynamic travel of mounted System for CG 47 Class ships. The applications in-
systems; 2) rapid prediction of responses such as accel-cluded: 1) an assessment of existing wire rope mount
eration, velocity, force, displacement, etc.; 3) a design systems for cabinets ontwo CG 47 Class Smartships; 2)
tool for the location, sizing, and orientation of mounts ~a mount performance trade study with different mount-
for equipment and structures; 4) calibration via opti- ing options for each of these cabinets; and 3) determi-
mization; 5) multivariate sensitivity analyses of system nation of excursion space and acceleration levels for
parameters; 6) a shock mount library of more than 250 €ach mounting system selected for testing. Finally,
mounts; 7) inputs from floating shock platforms, deck test results were analyzed to test the validity of: 1) in-
simulators; medium weight shock test machines, etc.; cluding 6DOF analyses in the assessment of coupled
and 8) immediate presentation of data after simulation. modes; 2) using statically derived load-deflection data
Whatis not covered by the SIMPLE method is the appli-  for simulations; and 3) assessing and designing isolated
cation of dynamic vibration (or shock) absorbers [15] ~Systems using uncertainties in model parameters. Also,

for multi-body systems. post-test model optimizations were performed on an
isolated cabinet to test the limitations of the calibration
1.3. Questions process and the rigid body template used in SIMPLE.

Several questions arise regarding the use of SIM- 15 Process used for selecting mounts

PLE as a simulation method for assessing shock and o o ) )
vibration problems: Specifying or estimating the shock environment is

necessary for the assessment and/or design of shock
1) What kind ofsimplifications can be made to make isolation Systems_ The 3 most [_’]_0] popu|ar methods
the simulation method efficient and easy to use?  of specification are: pulse shock, velocity shock, and
2) What advantage does SIMPLE have over other shock response spectrum. Of these, the shock response
analysis methods? spectrum (SRS) is the most representative of the real
3) How sensitive are response predictions to model world. For this reason, the SRS is selected to begin
parameters such as those that characterize the the process for assessing and/or designing the shock
mounts, their location, and the inertial properties  jsolation systems as shown in Fig. 1. The process is di-
of the rigid body? vided into two phases: 1) analysis using the classic [7]
4) What is the validity of SIMPLE response pre- SRS or other methods and 2) assessment, confirma-
dictions when simulating with multi-axis inputs  tjon, iteration or comparison of designs using the SIM-
from deck simulator fixtures (DSFs); floating PLE simulation method. The SRS is calculated and
shock platforms (FSPs), medium weight shock graphed using test input data measured at the equip-
machines (MWSMs) and others? ment foundation and estimates of the damping of the
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mount and system. Test input data may be acceleration SRS analysis and other existing methods with a new
time histories from floating shock platforms, deck sim-  practical and efficient 6DOF simulation method. This
ulator fixtures, drop tests, and other sources thatinclude new method takes complex and significant computa-
the effects of [13,16] dynamic foundation interaction tional problems and provides comprehensive solutions
or that may be approximated [11] as having infinite in a practical and efficient manner. It provides a tem-
impedance. Damping may originate from the mounts pjate for modeling isolated systems as 6DOF rigid bod-
as [16] well as the test fixture. Once the SRS is pro- jes. The template can be changed as necessary to as-
duced, system assessment or design follows. The sim- sess confirm, iterate, and compare designs (e.g. trade
ulation phase begins if the SRS analysis is considered stydies). This includes selection of mounts from a li-
to be insufficient. brary to save time when specifying mount properties.

_ For system assessment, the natural frequency of the |, 4qgition, variances can easily be assigned to model
isolated system in the direction of the input is deter- 5 ameters and sensitivity analyses run. Calibration

mined. The_SRS is then examined at that frequency of model parameters with measured data can also be
to get an estimate of the system response. A compari- performed

son is made of the e;nmateq response with the_ mount =y, special knowledge is required to use the new sim-
and systems properties. This involves comparing the . ! X
ulation method and no overcomplicated modeling as-

amount of stroke available in the mount to the relative . ; :
sumptions are necessary to obtain reasonable estimates

displacement required by the system. Also, a com- ~_.
parison may be made of the spectrum’s acceleration of isolated system responses. For example, most 6DOF
analysis tools such as finite element codes and spe-

level and velocity (at the mount system frequency) with << X X i . ;
cialized simulation tools require an extensive working

equipment fragility requirements and other input lim- ) . .
itations. Since SRS analyses are for simple one de- knowledge and expertise to build and simulate mod-

gree of freedom dynamic linear systems, the addition €IS for shock isolated systems. Calibrating and imple-
of relative displacements from equilibrium offsets and menting multivariate and univarite sensitivity analyses
estimated rotations is necessary. SRS from rotational With such tools would be even more complicated and
data may provide an estimate of the angular displace- time consuming.
ment, which could then be ultimately used to calculate ~ The validity of the new method was demonstrated by
the added relative displacement associated with rota- applyingitto provide rapid assessments and designs for
tion. However, this requires determination of rotational over 60 different mounting systems for the Integrated
frequencies, calculations of mass moments of inertia, Ship Controls (ISC). The applications included: 1) an
and access to the rotational data. A more practical and assessment of 14 existing wire rope mount systems for
reliable method of assessing the rotations and coupled cabinets on CG 47 Class Smartships; 2) a mount per-
responses from multiple inputs is to perform a 6DOF formance trade study with 4 different mounting options
simulation of the isolated system. for these cabinets; and 3) determination of excursion
For system design, the SRS is examined to select space and acceleration levels for each mounting system
acceptable natural frequencies for the isolation system. selected for testing. Using the mounting systems de-
Based on these frequencies, mounts and the orientationsigned by the new method contributed significantly to
of their principal axes on the cabinet are determined us- qualification of the tested cabinets, all of which were
ing the system weight and stiffness values derived from sy ccessfully shock qualified and installed aboard ship.
the mount force-deflection curves. Mounts are then  The new 6DOF simulation method enables practical
configured to apqommodate foundation a}nd cabinetin- gnq efficient analyses of coupled mode responses of
terfaces and minimize moments by keeping the system jso|ated systems. This is an improvement over other
at least sta_tu_:ally [10] balancedj An .SRS analysis may practical methods where uncoupled modes form the
not be sufficient when comparing different mounting basis of analysis. These include: hand calculations;

(r)]pf/lons an<rj trr11e|r c;)ri\flglu:;elt:‘ons. t'l'omm(ljnlr?lzne ”Skg‘[r)‘glz shock response spectra; mount sizing nomographs, ta-
ave assurance ot 1solation system designs, a bles, & charts; and other mount application tools that

simulation should be performed. leave out rotational effects. The new 6DOF simulation

1.6. Contribution of research method improves the efficiency in performing analyses
of rigid body systems without loss of accuracy. This
1.6.1. New or improved methodology is possible due to intricate mathematical modeling of

This research improved the methods for assessing the complex dynamics of what appears on the surface
and designing isolated systems. It combined the classic to be a simple system (e.g. a rigid cabinet supported
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Fig. 1. Mount selection process.

by a set of mounts). In reality this system is quite pared to experimental data. Comparisons showed that
complex. Two sample problems used to benchmark experimental results were within the 95% confidence
accuracy showed differences of less than 1% between bounds of the sensitivity results. This evidence shows
the new simulation method and results of other 6DOF the validity of: 1) using 6DOF analysis; 2) using stati-
computer model calculations. The first problem val- cally derived load-deflection data for simulations; and
idated the capability to predict the coupled modes of 3) assessing and designing isolated systems using un-
a rigid body and effects from damping. The second certainties in model parameters.
problem validated the capability to predict responses
from a coupled mode system having multiple inputs.
2. Literaturereview

1.6.2. New evidence

This research provides new evidence that reasonable 2.1. Smplificationto rigid body
response predictions for isolated systems can be made
even in the presence of many uncertainties. Results In addressing question 1, the most obvious simpli-
of multivariate 6DOF sensitivity simulations, where 30 fication is to consider the isolated cabinet or structure
model parameters were randomly varied, were com- to be a rigid body. According to Racca [9], rigid body
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analysis is applicable where the foundation and iso- equipment modes above the mounts. They may origi-
lated structure is at least 10 times stiffer than the mount. nate from deck simulator fixtures tuned between 8 Hz
This applies to many shock isolation systems, espe- to 30 Hz and transmit through (at a reduced level) to
cially those for [5,10] electronic equipment on ships the equipment via the mounting system. In this case,
and submarines. The 10:1 stiffness ratio assures that atthe structure to forcing frequency ratio of 2:1, as dis-
least 90% of the isolation is from the mounts and 10% cussed by Crede and Ruzicka [11], would require the
is from the structure. The resulting ratio of structure to . minimum natural frequencies of the chassis and com-
mount system natural frequenciesis 3.2:1.0. A theoret- ponents (not the mount system) to be greater than 16—
ical and experimental comparative study presented by 60 Hz respectively. These frequencies would sharply
Crede and Ruzicka [11] also suggests that rigid body reduce responses. According to Steinberg [10], natural
theory is useful for mount system frequencies that are frequencies of electronic equipment on ships and sub-
lower than the lowest natural frequency within the iso-  marines should be-=60 Hz. With increased use of
lated structure. Structure to mount system frequency cQTS cabinets and components, the likelihood is that
ratios of 2:1, 5:1, and 10:1 were compared. This study - equipment with considerably lower natural frequencies
showed that for a structure to mount system frequency gre peing introduced to the ship. One approach to deal
ratio of 5:1 or higher, rigid body theory produces accu-  yith these cases is to use lower frequency mounting
rate results as long as the structure to forcing frequency gystems. However, the available mount stroke and ex-
ratio is >= 2 : 1. For example, consider a cabinet ¢ ,rsjon space may become limiting factors. Another
approximated as a rigid body with a 7 Hz mount system approach is to stiffen low frequency components in
that is to_be tes_te_d ona l4 Hz d?Ck'. According to Crede system until they are at least one octave away from
and Ruzicka, rigid body analysis will produce accurate oo oy hected forcing frequency of the qualification test.
results when the natural frequencies of the mounted These components may be identified via exploratory
structure are>= 5 times the mount system frequency vibration tests. In some cases, application of dynamic

g;;: d?:)?;/ :;'Cciy[gcﬁmgﬁg':?gé trg(ce)lfntzeégtrrﬁgt%riuf?e absorbers [15] may provide solutions. However, this
guencies should be= 22.4 Hz. Although the com- mghg%iu're application of more complex analytical

parative study [11] did not examine the 3.2:1.0 ratio, To examine the case where riaid body theory mav not
a comparison between the 2:1 and 5:1 results suggests . . 9 y ymay
be applicable, an analysis by Scavuzzo and Lam [13]

he 3.2:1.0 ratio would provi roximation : .
the 3 0 ratio would provide a good approximatio was reviewed. In this study, normal mode theory was

to rigid body. . . ) : . .
Steinberg [10] suggests an “Octave Rule” in which appliedto investigate decoupling of a multi-mass vibra-
tion system. For this investigation, the first 10 seconds

a frequency ratio greater than 2:1 be used to sharply , . . :
reduce dynamic coupling. This will subsequently re- of an earthquake time history, having peak forcing fre-

duce the response of the structure. Figure 2 (taken from duencies between 8-10 Hz§ Hz), was applied to a
Steinberg [10]) depicts shock amplification versus fre- Primary single mass system having a natural frequency
quency ratio, R, and illustrates application of the Oc- ©f 5 Hz. The response spectrum of the primary sin-
tave rule. The two mass diagramin Fig. 2 shows a PCB 9l€ mass system was then used a baseline to compare
mounted to a box that is isolated by mounts with crit- '€Sponses when a series of interacting masses having
ical (Cr) damping of 0.10 and a transmissibility, Q, of fixed base frequencies of 2.5Hz, 5Hz, and 7.5 Hz were
5. The amplification for several values of PCB mount @dded. This investigation concluded that for the cases
damping are plotted. The Octave rule suggests the use Studied, a single mass system (or rigid body) could not
of isolators with frequencies that are= 1/2 the fre- be used to estimate the effects of a multi-mass sys-
quencies of the above mount items. This is shown by tem. This corroborates the investigation presented by
the hashed region of Fig. 2 and keeps the system out Crede and Ruzicka [11] where the structure to forcing
of the dangerous amplification area. Worth noting is  frequency ratio must be at least 2:1 and the suggested
the fact that higher damping values reduce the ampli- structure to mount system natural frequency ratio must
fication. However, higher damping tends to increase be at least 3.2:1.0. For example, the ratio of the fixed
excitation levels across a larger bandwidth. This may base frequencies of the added masses to peak earth-
inturn increase the response [14] of components during quake forcing frequencies result in values of 2.5/9, 5/9,
shock that would otherwise have a small response. and 7.5/9 respectively. All of these are significantly
During shock qualification testing [12], sustained [7] less than the 2/1 ratio necessary for applying rigid body
frequencies from complex transients are likely to excite theory. The corresponding structure to mount system
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Fig. 2. Octave rule illustrated for 2 mass system.

natural frequency ratios in this study are 2.5/5, 5/5, and
7.5/5 respectively. Again, these are all considerable
lower then the suggested 3.2/1.0 ratio.

2.2. Defeciencies of other methods

Existing [1,7,10,11,14-18] engineering methods
have some or all of the following deficiencies: 1) no
consideration for rotational effects; 2) lack of ability to
easily change parameters; 3) lack of ability to account
for variances; 4) they require considerable knowledge
to use; 5) they overcomplicate the modeling assump-

mount sizing nomographs, tables, & charts; and other
mount applicationtools [14,17]that leave outrotational

effects will be inadequate for estimating excursions in

3 dimensional (3D) space.

The best way to estimate and insure that fragility
levels and excursion constraints are not exceeded is
to calculate the acceleration levels and displacements
from a 3D or 6DOF model where rotational effects can
be estimated.

Many investigations have been performed to char-
acterize isolators with the least amount of variance
possible. Care must be taken to distinguish between

tions necessary to obtain acceptable estimates of accel-characterizations for shock applications and those for

eration levels & displacements, and 6) they are difficult
to calibrate.

According to Crede [11], “it is necessary to con-
sider freedom of movement in all directions, as dictated
by existing forces and motions and by the elastic con-
straints. Thus in the general problem, the equipment is
considered a rigid body supported by resilient support-
ing elements or isolators.” Calculation of accelerations
and displacements without accounting for simultane-
ous rotations or coupled [18] rigid body modes can lead

vibration isolation. For example, the vibration [3,9]
characterization of several kinds of rubber mounts has
revealed that for small vibration displacements, the
dynamic-to-static stiffness ratio increases when the rub-
ber durometer increases. Richards and Singh [3] sug-
gests that mount shape plays a role in determining this
ratio. For example, they [3] reported a dynamic stiff-
ening of 2 to 2.5 times the static stiffness for a “neo-
prene (30 durometer) bubble-type isolator with a hol-
low cavity” having a non-linear load deflection curve

to erroneous and sometimes detrimental results. For and damping between 6.9 and 7.6% Cr. This was based
example, rotation of a mounted system may generate on vibration tests where the root mean square force was
responses that exceed an allowed excursion space pos-on the order of one Newton. At this force level, the

sibly impacting nearby equipment, structures, or even
people. Fragility [17] levels may be exceeded during
rotation and are very likely to be exceeded during an
impact.

Hand calculations; shock response spectra;

resulting displacements, based on the static load test
data [3, p. 815] of that mount, is about 1 millimeter.
The resulting stiffness in that region (in the direction of
loading) is about 2.2 times stiffer than the model used
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in that study. If the actual stiffness of the mount were
used in lieu of the model stiffness, the ratio of dynamic
to static stiffness would most likely be about 1 to 1.1
which is similar to other mounts cited in the study and
would agree with results presented by Racca [9]. How-
ever, this effect may not be as significant when large
deformations [4] occur in the mounts. For shock ap-
plications, Hain and others [17] suggest the static stiff-
ness for natural rubber is approximately equal to the
dynamic stiffness, but for medium and highly damped
elastomers, this ratio would be 1.3 and 1.5 respectively.
Many wire rope and non-rubber elastomeric shock
mounts with all types of shapes and loading curves are
used in industry. It would be impractical to dynami-
cally characterize each of them for shock applications.
A more practical approach is to use available infor-
mation from vendors and handbooks [9] to estimate
their variances and calculate the effect on the equip-
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selection of mounts from a library to save time when
specifying mount properties. In addition, variances
can easily be assigned to model parameters and sensi-
tivity analyses run. Calibration of model parameters
with measured data can also be performed. No special
knowledge is required to use SIMPLE and no overcom-
plicated modeling assumptions are necessary to obtain
reasonable estimates of isolated system responses.

3. Theory base for simple ssimulation method

SIMPLE integrates concepts and theories from other
fields such as rigid body dynamics, shock and vibration
theory, rotational matrices, elastic beam theory, sys-
tems dynamics, and multivariate sensitivity analysis.
Each concept or theory and how they are implemented
are discussed briefly.

ment response. If the equipment response is acceptable

over the range of the variance, dynamic characteriza-
tion may not be needed. However, existing 3D mod-

els used for shock simulation are not efficient when it

comes to making changes or accounting for variances
in model parameters such as component weight & di-
mensions, mass moments of inertia, mount locations,
mount orientations, mount load-deflection characteris-
tics and damping, cabinet or component orientation to
shock, input & output data, and others.

Accounting for variances requires some knowledge
of the uncertainties and range of validity associated
with the parameters being estimated. Implementing
and assessing the impact of the variances will re-
quire multiple calculations from calibrated models us-
ing 6DOF analysis tools. This may be done manually
one simulation at a time or automatically with Monte-
Carlo simulations [15,19,20] to perform multivariate
and univariate sensitivity analyses. Most 6DOF anal-

3.1. Rigid body dynamics theory

SIMPLE incorporates motion of a rigid body in three
dimensions. Figure 3 shows a cabinet (or rigid body)
where the component forcds,, F,, F, of F at each
mount; components of angular velocfty and angular
momentumFIG are defined with respect to the rotating
reference fram& X'y’ Z’. In this system;’ repre-
sents the locations of mount force application points
on the rigid body with respect to the mass centgt.”
The goal here is to determine relative displacements

5 and accelerations’ at the mounts and other points
on the rigid body. To do this, the basic equations of
motion [21] are simultaneously solved and integrated

to find the velocities” at each point on the rigid body.
Subtracting these velocities from the input velocities
provides the relative velocities that are then integrated

ysis tools such as finite element codes and specialized t© obtaind. To obtain acceleration’ for each point,

simulation tools require an [14,16] extensive working
knowledge and expertise to build and simulate mod-
els for shock isolated systems. Calibrating and imple-
menting multivariate and univarite sensitivity analyses
with such tools would be even more complicated and
time consuming.

The SIMPLE simulation method developed for this
study addresses question 2 by providing comprehen-
sive solutions to the above issues in a practical and ef-
ficient manner. It provides a template for modeling the
isolated systems as 6DOF rigid bodies. The template

the velocme3r are simply differentiated. The basic
equations of motion employed in SIMPLE are:

E F=mr'g

ZMG = (Ha)oxyiz +Qx Hg

(1)

)

wherem is the rigid bodyLnass?G is the acceleration
at the mass centeiG", M¢ are the moments about

“@G” of applied forces; ano;lﬁg) ax'y'z is the rate of

can be changed as necessary to assess, confirm, iteratethange of angular momentuf; with respect to the
and compare designs (e.g. trade studies). This includes rotating frameGX'Y’Z’. The reIauor(HG)GX,y/Z/
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Fig. 3. Rigid body approximation of cabinet.

is determined by:

o d -
H AV /:—H
(Hg)exy'z el
Ix —Pxy—Pxz
= —Pyx Iy —Pyz
—Pzx —Pzy Iz

3)

where the matrix of Eq. (3) represents the inertia tensor
of the cabinet at its mass cente&r." Expressions for
My are found from the following relation:
Mg =1"x F (4)

where the vector”represents the distance from the
mass center “G” to the elastic center [18] of the shock
mount (e.gr’ plus the approximate height of the mount
for wire rope mounts). SIMPLE simultaneously solves
Egs (1)—(4) to determine the translational accelerations

7 and angular velocitieQ at the mass cente” of the
rigid body. These are then used to determine velocity
7 at each point from the following relation:

5
!/ —

r =

/ﬁcdtﬂzxﬁ )
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3.2. Shock and vibration theory

SIMPLE calculates both un-damped and damped
forces for each mount location. The un-damped forces
are calculated in SIMPLE for th&’, Y’, and Z’ di-
rections using mount force-deflection lookup tables of-
ten referred to as load-deflection (L-D) curves. The
damped forces are determined from coefficients or esti-
mates of critical damping. The input of a mount lookup
table is relative displacemeditand the output is force.
Relative displacemeiatis calculated in SIMPLE using
the following relation:

g:/(rl’?—;;)dt

where (" — 77) is the relative velocity between the
elastic center of the shock mount and the point where
the mount connects to the rigid body. Damping forces
F; for the ith mount are calculated from the

"ldamping

following relation:

(6)

. o (T T — or T
FMdampmg =cp (1" —1'5) = 2¢, Ky,

(7)

wherec;, is the damping coefficient, is the percent
critical damping, ands;, is the stiffness (e.g. slope of
L-D curve) of theith mount in the® direction.

In SIMPLE, L-D curves are specified for the prin-
cipal elastic axes of compression-tension (CT), shear,
and roll. Sometimes mount vendors will designate a
principal axis to be at a 45 degree angle depending on
the application of the mount. Torsional stiffness is typ-
ically neglected [18] when the size of the rigid body is
large compared to the mount. When rigid body dimen-
sions are small compared to the mounts (e.g. less than
2:1), SIMPLE allows torsional stiffness to be approxi-
mated by distributing the mount load to more than one
elastic center. Figure 4 shows the orientation of the
principal elastic axes on a wire rope mount. The num-
bers assigned to each principal axis corresponds to the
nomenclature SIMPLE uses to identify mount direction
forces with the appropriate L-D lookup. Mounts may
also be rotated at any angle with respect to the rigid
body coordinate system.

Figure 5 shows an example of damped and un-
damped L-D responses calculated in SIMPLE for the
CT cycles of a mount. Although L-D hysteresis loops
may be employed [1,4,5] to approximate damping, the
SIMPLE template is set up to use values for either
or &, to calculate damping forces in accordance with
Eq. 7.
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Fig. 5. Example of L-D response.
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Fig. 4. Principal elastic axes.

3.3. Rotational matrices

SIMPLE allows the rigid body to be rotated at any
angle with respect to the input reference frame as shown
in Fig. 6. For example, this may happen when comply-
ing with MIL-S-901D test requirements [12], where a
cabinet may be rotated an angletf = 90 degrees
about the Z axis on a heavy weight test and inclined by

an angle of,; or 6, = 30 degrees on a medium weight
test. Rotation directions for anglés, ¢,,, andd, are
positive in the counterclockwise direction. SIMPLE
uses the rotation matriA as shown in Eqg. 8 and its
inverseA ~! when transforming in and out of the rigid
body frame and reference frame. Matfxwas derived
from multiplying matrices of successive [22] rotation.
With this matrix, input velocitied” of the input refer-
ence frame are transformed into input velodit{of the
rigid body frame. In order to calculate the reference
input velocitiesV/, the coordinateg with respect to the
input reference frame must be determined.

SIMPLE does this by transforming the locations of
the mount elastic center® from the rigid body frame
over to the input reference frame and then adds the
reference frame distanc&; of the mass center “G”
using the following expressiofr) = A ~!|#) + 7g.
This is important when the reference frame is rotating,
since there will be a significant change in the input
velocities the farther is from the origin. For example,
velocities at sway mounts located high on a cabinet will
be higher than velocities at the base mounts when being
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6~4

Cabinet or

X

Rigid body

6,

Fig. 6. Rigid body orientation to input reference frame.

tested on floating shock platforms and deck simulators
where rotations occur.

The same rotation matrix and its inverse are used for
rotating the mounts at their point of attachment to the
rigid body. This allows mounts principle elastic axes to
be positioned at any angle before simulating. Isolated
systems undergo small dynamic rotations+edr-10
degrees with respect to the input reference frame when
subjected to shock. Based on this, no dynamic rota-
tional transformations are made in SIMPLE between
the elastic centers of the mounts and the points where
they attach to the cabinet when calculating relative ve-

locities (i — 7).
3.4. Application of elastic beam theory

Inputs used in SIMPLE can be arbitrary 6 degrees
of freedom or selected from a variety of inputs based
on models and test data. Both translation and rotation
terms for inpuﬁ7 are combined in an expression similar
to Eq. 5. Analyses of isolated system performance on
deck simulator fixtures (DSFs) and floating shock plat-
forms (FSPs) used in MIL-S-901D heavy weight test-
ing are frequently requested. A typical heavy weight
test configuration is shown in Fig. 7 where the direc-
tion of the shock input with respect to the reference
frame is depicted. Locations of cabinets on a DSF are
also depicted in this figure. SIMPLE is defaulted to
select inputs based on a 20’ horizontal charge standoff.
However, other standoffs between 20’ and 30’ can be
selected.

When DSF or FSP test data inputs are selected, SIM-
PLE automatically augments the data (e.g. recorded
vertical and athwartship time histories) with rotations.
DSF inputs, when selected, incorporate deck defor-
mations along the Y directions in the reference frame
as shown in Fig. 8 wheré\ is the max response at
the centerline of the DSF corresponding¥gs = 0.
This causes the inputs to vary depending on where the
equipment is located. An expression for the DSF de-
formation along Y is estimated by normalizing and su-
perimposing [23] equations for the elastic curve of a
beam subject to uniform loadingv/L” and point loads
“P” symmetrically placed at&” as shown in Fig. 8.
Equation 9 below [24] represents the normalized elas-
tic curve implemented in SIMPLE whergis the %
contribution associated with the shape generated by the
point loads. The value of and the placemen&” of
the point loads can be changed in SIMPLE to better
represent the configuration of loading on the DSF.

1 L\*
Elastic curve = (1 — ) (5—;;) { (Yref - 5)

o (Yref - 5)3 (©)
i)
(G am)
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Fig. 7. Typical heavy weight test configuration.

{3L (Yref - %) — 3 (Yiet vides the workbench for programming the causal rela-
,%)2 — g2 tions as well as the simulation and outputs necessary to
examine behavior.
ffzgyf@ _5)65 @ and (Yrer Using SIMPLE to build your own model from a tem-
2/ = plate allows users to quickly and easily build and simu-
(Yier — £) (%) {3La — 3a* late models customized to their needs. During simula-
_ (Yref _ %)2} tion setup in SIMPLE, general parameters such as rigid

for (YR . A) < g and body weigh_t, dimensions,_ mass moments of inertia,
N 2 mount locations, mount orientations, mount character-
(Yoer = 5) > (L~ a) istics, cabinet orientation to shock, input data, and oth-
SIMPLE implements Eq. 9 as an interpolation factor ers can be varied using a graphical interface. Load de-
between the DSF velocitidsd, psr at Yyer = 0 and the flection (L-D) curves characterizing shock mounts may
FSP velocitiesV,rsp at the pinned locations where  be entered into lookup tables manually, imported from

Yief = +or — L /2. This is shown below in Eg. 10. other applications, or selected from mount libraries.
. Elastic axes of the L-D curves, such as compression-
Vo = (Vepsr — Varsp)Elastic curve (10) tension, shear, and roll can be selected and orientated
+V.rsp forup to 22 mountlocations. Damping and mountscale

factors are also implemented for each mount in each
direction. This provides ability to account for vari-

ances such as dynamic stiffening. In the Vensim envi-
ronment [20], three types of integration techniques are

SIMPLE also uses Egs 9 and 10 to calculate the rota-
tional inputs induced by DSF deformation at the foun-
dations below the isolated systems. These rotations

increase the Y direction DSF velocitigs psr for available: Runge Kutta, Euler, and Difference. SIM-
points above the cabinet foundations (€.g. sway mount p|  is set to use the Runge Kutta 2nd order fixed time
locations) as you move the foundations farther fromthe  giepy integration method for simulations.

athwartship centerline of the DSF ¥it.s = 0.
3.6. Multivariate sensitivity analysis
3.5. Systems dynamics programming
The Vensim simulation environment provides SIM-

SIMPLE uses systems dynamics programming to PLE with a graphical interface to setup and run mul-
integrate causal relations into feedback loops so that tivariate sensitivity simulations using the Monte Carlo
system behaviors such as growth, decay, oscillations, simulation technique. Hundreds or even thousands of
etc. can be examined. Shock isolated systems are simulations can be performed while randomly sampling
characterized as 2nd order feedback loops in the SIM- the parameters over a range of values. The number of
PLE program. A systems dynamics simulation envi- simulations, parameters to vary and the type of distri-
ronment called Vensim by Ventana Systems, Inc pro- bution for the variance are all selected from a graphical
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Fig. 9. 2 planes of symmetry.

interface dialog box. Up to 12 types of distributions

such as Uniform, Normal, Poisson, Binomial, Beta,

Exponential, Gamma, etc. are selectable for defining
parameter variance.

4. Validation of simple predictions by
benchmarking

To answer question 4, two rigid body sample prob-
lems are used to benchmark the SIMPLE simulation
method. They are taken from Himelblau and Shel-
don’s [18] chapter on “Vibration of a Resiliently Sup-
ported Rigid Body,” found in the Shock and Vibration
Handbook, 3rd Ed. by Harris. The first problem ad-
dresses a rigid body having two planes of symmetry
with a translational shock to its foundation. The objec-

tive with this problem is to validate SIMPLE's capa-
bility to predict the coupled modes of a rigid body and
effects from damping. The second problem addresses
a rigid body with one plane of symmetry having rota-
tional velocity shock. The objective is to use the rota-
tional shock, which generates input along two axes, to
validate or corroborate SIMPLE'’s capability to predict
responses from a coupled mode system having multiple
inputs.

4.1. Two planes of symmetry with trandlational
velocity shock

For this benchmark, responses of a rigid body with
two planes of symmetry are compared at three points.
They are labeled points 1, 2, and 3 as shown in Fig. 9
(taken from Himelblau [Reference 18, page 3-19]).
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Table 1
Peak response comparisons
Response Himelblau SIMPLE % Diff
Y acceleration at CG 0.74g's 0.72g’s 2.8%
Z acceleration at CG 4.09g'’s 4114g's 0.5%

Angular Acceleration about X Axis  45.9ra8l/s 46.2rad/8  0.7%

Response Curves for Point 1

2 Planes of Symmetry
100.000

-
L
L 10.000 R
)
o]
o i/
c 1.000
<
E Himelblau’s calculations for
coupled mode frequencies

L ©0.100 P - = __|
0}
()]
c /A =Himeblau'sPredictionsfor Cr at 0.05
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Q
(O]
) ——Cr =20.10
14 0.001 Cr = 0.05

1 10 150 437 100

Frequency (Hz)

Fig. 10. Response curves for point 1.

The planes of symmetry are the XZ and XY planes and and 0.10. Maximum and minimum values presented
the inputis a 120 in/s velocity step in the X directionat by Himelblau [18] for the Cr= 0.05 case are plotted
the foundation. Parameter values such as the weight, in the figures for comparison. These results confirm
inertias, mount locations, and stiffness as showninthe the capability of SIMPLE to accurately predict rigid

figure were used in SIMPLE to calculate responses for body coupled modes and responses where damping is
the 3 points. These correspond to the same values usedpesent.

by Himelblau [18] to calculate responses from a digital

computer for several different values of damping.
Results from SIMPLE are shown in Figs 10, 11,

and 12 which depict the transmissibility plots for the 3

Acceleration and relative displacement time histo-
ries for Point 1 are compared to those at the top of
the mounts as shown in Figs 13 and 14 respectively.

) R . ) The accelerations (Fig. 13) at these two locations are
points. Transmissibility plots were obtained by taking . . o .
the ratios of the Fourier transforms of the responses initially out of phase and are responding in a different

and input in the X direction. The calculated uncoupled mode. They eyentually tak(_e on the same phase gnd
mode natural frequencies are 21.4 Hz in the X direc- Mode, but at different amplitudes. The relative dis-
tion, 30 Hz in the Z direction, and 41.4 Hz about the Placements in the X direction (Fig. 14) show a differ-
Y axis. Values for the coupled mode frequencies of €nce of~1.1in. between the mounts, which are at the
15 Hz and 43.7 Hz, as calculated by Himelblau, are base, and Point 1, near the top. An SRS analysis would
depicted on the abscissa and correspond to the modesnot reveal this difference. This confirms the need for
calculated by SIMPLE. Each figure also compares the performing a 6DOF analysis where coupled modes are
responses for mount damping values set t6=03.05 simulated.
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Response Curves for Point 2
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Fig. 11. Response curves for point 2.
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Fig. 12. Response curves for point 3.
4.2. One plane of symmetry with rotational velocity system was subjected to a rotational shock velocity of
shock 0.38 rad/s; a result of a drop where one end was raised

to a height of 36 inches. The overall weight, iner-
A second benchmark comparison with Himelblau’s tia, dimensions, and locations of mounts are shown in
rigid body calculations was made with a system hav- the figure. For this system, mounts apply forces only
ing one plane of symmetry as shown in Fig. 15. The along the longitudinal axes. The calculated natural fre-
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Fig. 13. Acceleration comparison between point 1 and just above the mount.
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Fig. 14. Relative displacement comparison between point 1 and just above the mount.

guency in the Z direction is 7.22 Hz and the coupled and Z direction accelerations which corroborates the
frequencies, as calculated by Himelblau, are 3.58 Hz, SIMPLE simulation method for rotational shock. Fig-
6.02 Hz, and 9.75 Hz. These values agree with SIM- ures 17 and 18 show the predicted time histories for
PLE simulations as shown in Figure 16. In this figure, the Z and Y directions respectively. Each also depict
the response of the system at the center of gravity is the responses for Ct 0.1 to illustrate the differences
plotted as a function of frequency for the Y and Z di- that occur in peak responses and phasing if damping is
rections. Comparisons between SIMPLE and Himel- ignored. For example, in the Z direction (Fig. 17), the
blau’s calculations for peak responses at the center of peak un-damped response~d.2 times greater than
gravity (CG) are shown in Table 1 for the case where the 10% damped response and occurs at a much later
Cr = 0. Differences are less than 1% for the angular time. A similar scenario holds for the Y direction. The
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Fig. 16. Responses from SIMPLE simulation showing coupled frequencies.

differences would be greater at points farther from the isolated equipment subject to MIL-S-901D [12] Type 2

center of gravity. heavyweight testing on 14 Hz & 30 Hz deck simulator
fixtures (DSFs). Of the 25 cabinets, 15 were designated

for actual testing with the remaining to be qualified by
5. Application of process extension. Itwas necessary to identify mounts for these
cabinets that would meet dynamic performance goals.

Twenty-five of the 90 cabinets associated with the It was also required that they interface well with the
Smartship Integrated Ship Controls were classified as existing shipboard arrangements as well as the individ-
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Fig. 17. Predicted time histories for Z acceleration at the center of gravity.
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Fig. 18. Predicted time histories for Y acceleration at the center of gravity.

ual cabinet structures. The mount performance goals some of the cabinets to keep these items secure during
were to achieve cabinet acceleration levels around 15 testing. Meeting these performance goals contributed
to 25g’s with excursion envelopes less than 4 inches. significantly to shock protection of these cabinets, all of
With the exception of one cabinet, these performance which were successfully shock qualified and installed
goals were met during shock tests conducted [26—28] aboard ship thus validating the mount selection process
from December 2001 to May 2002 at HI-TEST LAB-  described in this paper.

ORATORIES, INC. in Arvonia, Virginia. Achieving

the acceleration requirementduring shock testing was a 5.1. Application to assess

challenge since restraints on cabinet components such

as batteries, power supplies, internal chassis, and cabi- For two of the CG 47 Class Smartships, 14 cabi-
netdoors were inadequate. Modifications were madeto nets were already installed on wire rope mounts that
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were suspected of not having enough stroke available
to accommodate the high relative displacements ex-
pected during testing on the DSF. The lack of suffi-
cient stroke would cause bottoming and topping out of
the mounts during tests. This would result in high “g”
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N and the summation from + 1 to N is the area
under the force displacement curve corresponding to
the work.

The SRS of 13 Hz DSF data with 10% Cr, as shown
in Fig. 19, was used for the assessment. A damping

levels that may damage the structures and equipmentsvalue of 10% Cr was selected over that of the nominal

isolated by the mounts. In some cases, the mounts
might break, launching the equipment. This was ev-
idenced during the shock testing [29] of Z-frame, C-
frame, and A&J Rack configurations with similar wire
rope mounts in support of the Navy's Integrated Con-
dition Assessment System. A preliminary assessment
of the already installed mounting systems was done
to estimate the needed stroke and to compare it with
the available stroke. This was accomplished using two

15% Cr [9] for wire ropes in order to get a more conser-
vative estimate of the relative displacement. This fig-
ure shows that for a 7 Hz linear system, 3 inches of dy-
namic displacement would be needed to achieve a 159
response. Displacements at all other frequencies less
than the DSF frequency (e.g. 13 Hz) would be higher
than 3 inches.

Table 2 summarizes the evaluated isolation systems
and includes the unit name and drawing number, mount

methods: assessment using shock response spectra angart numbers, unit weight, approximate natural fre-

simulations using SIMPLE.

5.1.1. Assessment of already installed cabinets using
shock response spectra (SRS

First, the approximate vertical natural frequencies
for each of the isolated systems were calculated. Next,
the vertical SRS of DSF test data was calculated so that
the dynamic relative displacements at the previously
calculated natural frequencies could be read from the
graph. To come up with a number for the needed stroke
in the mount, estimates of additional displacements as-
sociated cabinet rotations and equilibrium offsets were
added to the dynamic relative displacements read from
the SRS. Comparisons of available stroke in the mounts
to the needed stroke for testing (based on SRS) were
then made.

The vertical natural frequencies of the isolated sys-
tems ranged from 6.6 Hz—8.7 Hz with 70% of them hav-
ing a natural frequency between 7 Hz—7.5 Hz. These
frequencies are calculated usiRg(g/w) > k where
g is acceleration of gravity (e.g. 386.4 iRjsW is the
weight of the system, anl K is the sum of stiffness
values of all the mounts in the vertical direction. Since
wire rope mounts are nonlinear, a single value of K
for each mount force-displacement curve must be de-
termined. This is accomplished using the relation be-
tween work and potential energy. For example, solv-
ing for K in the expressiorf Fd§ = K§%/2 using the
trapezoidal rule [30] to evaluate the integral leads to

9 N
K= > {6 = 6ia) * [F(6i1)
N =1
+F(6:)]/2}

whered y is the largest expected relative displacement
on the force displacement curve corresponding to point

(11)

guencies, available mount stroke, and needed mount
stroke. Equilibrium and rotational offsets were esti-
mated to be between 0.2 to 0.3 inches and are included
in the column for needed stroke. Comparison of the
available and needed stroke columns show that all of
the mounts will likely bottom during shock testing with
the DSF tuned to 13 Hz.

This analysis was also performed using an SRS plot
from 14 Hz DSF data with damping at 15% Cr as shown
in Fig. 20. In the bandwidth from 6—8 Hz, the dynamic
relative displacement ranges from 2.6—-3.0inches. With
the higher frequency deck and damping, the available
mount stroke is still inadequate even without consid-
ering the equilibrium and rotational offsets. Figure 20
also presents the SRS of 8 Hz DSF data depicting even
higher dynamic relative displacement for the 6-8 Hz
bandwidth. It can be generalized from the SRS analysis
that the existing mounting systems will bottom on any
DSF tuned between 8-16 Hz.

Based on results of the SRS and the allowance for
equilibrium offsets and rotations, it was determined that
the mounting systems should have an available stroke
>= 3.6 inches in compression for vertical natural fre-
guencies inthe range of 6-8 Hz. According to Hain and
others [17], a good rule to follow to prevent bottoming
is to allow a clearance space equal to 1.4 times the max-
imum dynamic relative displacement. For example,
the clearance space needed for a mount system having
a 2.6 to 3 inch dynamic displacement+3.7 to 4.2
inches. Application of the Hain rule and the approach
of adding allowances appear to give similar results in
this case. This rule may not be valid for systems where
significant sway may occur or when uncertainties in the
inertial and mount properties are high. In those cases,
additional sensitivity analysis may be necessary.
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SRS on 13Hz DSF with 10% Damping
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Fig. 20. SRS of 8 Hz and 14 Hz DSF.
5.1.2. Assessment of already installed cabinets using get a sense of the damage potential for the already in-
simple stalled mounting systems using SIMPLE. During sim-

After completing the SRS assessment, simulations ulation setup in SIMPLE, general parameters such as
were performed to confirm the lack of mount stroke and cabinet weight, dimensions, mass moments of inertia,
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Table 2
Summary of assessment using the SRS method

No.  Units Evans mounts Unit Wt., [Ib] Dir Nat'lfreq Avail Stroke  Needed Stroke
[Hz] [in] [in]
1 UPS ENCL Type 2 #90-506  BaseHMO08500-3 (4 ea) X 6.22
Sway= HM08500-4 (2 ea) 675 Y 6.99 2.25 ~ 3.6
z 8.69
2 Atm Unit 3 &5 Base= HM08375-4 (4 ea) X 571
#90-507-1 Sway= HM08375-5 (2 ea) 500 Y 6.37 2.00 ~35
z 7.36
3 DAU Type 2 Base= HM08375-4 (4 ea) X 5.76
#90-509-1 Sway= HM08375-5 (2 ea) 490 Y 6.43 2.00 ~35
z 7.43
4 BAT ENCL Type 1 Base= HM08375-5 (4 ea) X 5.73
#90-513 Sway= HM08375-6 (2 ea) 370 Y 6.32 2.25 ~ 35
z 7.36
5  SOSU Type 2 Base- HM08375-5 (4 ea) X 5.88
#90-503-2 Sway= HM08375-6 (2 ea) 350 Y 6.49 2.25 ~ 35
z 7.55
6 UPSENCLTypel Base: HM08250-5 (4 ea) X 6.37
#90-502-1 Sway= HM08250-6 (2 ea) 210 Y 6.74 1.50 ~3.2
z 7.13
7 RSOS Base- HM08250-6 (4 ea) X 6.11
#90-512-2&3 Sway= HM08250-7 (2 ea) 170 Y 6.51 1.63 ~ 3.2
z 7.01
8 DAU Base= HM08250-6 (4 ea) X 6.11
#90-508-X Sway= HM08250-7 (2 ea) 170 Y 6.51 1.63 ~ 3.2
z 7.01
9 DAU & Battery ENCL Base= HM08500-3 (8 ea) X 4.73
#90-511-1 Sway=HM08500-4 (4 ea) 2360 Y 5.32 2.25 ~33
#90-514 z 6.61
10 DAU Type 2 & 4 Base= HM08375-2 (8 ea) X 5.24
#90-511-1 Sway=HMO08375-3 (4 ea) 1810 Y 5.90 1.65 ~ 3.2
#90-509-2 z 7.16
11 Triple SOSU Base- HM06500-3 (8 ea) X 5.18
#90-505-1/2/3 Sway= HM06500-4 (4 ea) 1500 Y 5.82 2.25 ~ 3.2
Z 7.19
12 SOSU & ATM Base= HM08375-2 (6 ea) X 5.82
#90-503-1 Sway= HM08375-4 (3 ea) 1030 Y 6.47 1.65 ~ 3.6
#90-507-2 z 8.07
13 Double SOSU Base HM08375-2 (6 ea) X 5.91
#90-504-1/2 Sway= HM08375-4 (3 ea) 1000 Y 6.56 1.65 ~ 3.6
z 8.19
14  Battery ENCL Type 2 Base HM08500-3 (4 ea) X 4.96
#90-514 Sway= HM08375-4 (2 ea) 1040 Y 5.46 2.25 ~ 3.2
z 6.98

mount locations, mount orientations, mount charac- trapolate the vendor’s data into a stiffer region (e.g.
teristics, cabinet orientation to shock, input data, and 50 Hz) that simulates the forces and displacements that
others were selected to represent the cabinet installa- occur when impacting (bottoming) or severe yanking
tions on a 14 Hz DSF. Vendor mount characteristics (topping) on a structure. The resulting vertical force

were read directly from the mount library (e.g. force-

vs relative displacements at point L for both the ap-

displacement curves, damping, mount height, etc) and plied and un-damped forces are shown in Fig. 22 for

modified to approximate the constraints of mount bot-
toming and topping. A schematic of the 350 Ib SOSU
unit, shown in Fig. 21, depicts the orientation and lo-

cation of mounts as setup in SIMPLE.

Simulations using 15% Cr were run for several units
to confirm bottoming & topping using the modified

all mount loading cycles out to 2 seconds. Point L is
on the SOSU unit shown in Fig. 21 at the top center of
the front right base mount (looking into Y axis). Note:
The parentheses around the respective letters indicate
they are far in distance. The fact that the relative dis-
placement at point L extends3/4 inch past the point

force displacement curves. These modifications ex- at which the mount bottoms indicates that significant
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Z Force vs Relative Displacement at Point L
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Fig. 22. SOSU Force VS Displacement at Point L.
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Fig. 21. Schematic of 350 Ib SOSU unit.

comes as stiff as its supporting structure in tension at
—1.0inch and cannot extend beyond.2 inches from

its unloaded position without extensive damage to the
mount. The result of the bottoming and topping are
excessive accelerations as shown in Fig. 24. Repeat-
edly exceeding the mount capacity, will increase the
likelihood of cabinet and mount failure as damage [31]
accumulates linearly every time the system bottoms or
tops out.

5.2. Application for design

The purpose of this application was to provide a
mount performance trade study for the Smartship In-
tegrated Ship Controls to: 1) identify mount options
meeting dynamic performance goals and 2) compare
shipboard and individual cabinet interfaces associated
with each mount option. Designs based on 4 ven-

accelerations and permanent deformation of the cabinet y,, options were considered: DTI mounts, ShockTech

or even mount failure are likely to occur.

The relative displacement and acceleration time his-
tories for point L are shown in Figs 23 and 24 respec-
tively. The vertical or Z relative displacementin Fig. 23
shows the SOSU bottoming and topping about 17 times.
The only energy loss was estimated from 15% Cr. Af-
ter bottoming in compression, the system turns sharply
and begins topping out in tension when it reaches ap-
proximately—1.0 inch. This is because the mount be-

Arch’s, IDC wire ropes, and John Evans wire ropes.
Preliminary designs for each option were developed
for each of the 15 cabinets in the study for a total of
60 configurations. Then simulations were run on the
60 configurations using SIMPLE to confirm or iter-
ate the selection, location, and orientation of mounts.
Overall comparisons of the 4 options were then made.
Comparisons took into account performance as well as
shipboard and cabinet interfaces.
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Fig. 23. Relative displacement at Point L.

5.2.1. Preliminary designs
Following the process for system design in Fig. 1,

with helical wire rope mounts is to use as much of the
compression stroke as possible without risking bottom-

the SRS was examined to select acceptable natural fre-ing. Doing so reduces the amount of stroke in tension
guencies for the isolation systems where the relative and thus minimizes the system acceleration when in
displacement was: 3.6 inches. The previous assess- tension.

ment indicated the bandwidth between 6to 8 Hzwould  Using the nominal bandwidths described above,
result in acceleration levels meeting the performance mounts and the orientation of their principal axes on
goal of accelerationsc 25g’s. However, this band-  the cabinets were determined. This was done using
width applies to an unconstrained linear mount sys-  the system weight and stiffness values derived from the
tem whereas the mounts under consideration are stroke mount force-deflection curves using Eg. 11. Mounts

limited, non-linear, and non-symmetric. Considering \yere then configured to accommodate foundation and
these constraints, and the desire to achieve an equip- capinet interfaces and minimize moments. Figure 25

ment response 0£20g’s on the 14 Hz DSF, the nom-
inal bandwidths for each of these mounts were deter-
mined. They arex~6.3 to 6.7 Hz for wire ropesy5.3

to 6.3 Hz for Shocktech arches, and 7.3 to 7.7 Hz for
DTI mounts.

For wire rope mounts, a frequency lower that 6.3 Hz
resulted in high displacement and put at risk mounts
with an available compression stroket inches. If the
available mount stroke was on the order of 4.5 inches,
this frequency may go as low as 5.7 Hz. Wire rope
systems with frequenciess.7 Hz would resultin more
displacement on the much stiffer tension side of the
mount. This would cause the acceleration level to go
beyond the desired 20 g level. In addition, the available
stroke in tension is about half that in compression. For

shows a comparison of configurations for the UPS En-
closure Type 1. From left to right are configurations

with DTI mounts, Shocktech arches, IDC and Aeroflex

wire ropes, and John Evans Wire ropes. In a similar
manner, each of the 15 units were sized with four differ-
ent mount configurations for a total of 60 configurations
altogether.

5.2.2. 6DOF analysis using simple simulations and
results
Each configuration for the 15 units was modeled and
simulated in SIMPLE and predictions were made for
the corner points of each unit as shown in Fig. 26. In-
puts used for predictions were the vertical, athwartship,

these reasons, the best practice when designing systemsand rotational motions of a 13 Hz DSF during a test
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Fig. 25. Mount options for the UPS Enclosure Type 1.

with the charge at a horizontal standoff of 20 ft. For

during shock testing due to excessive motion of cabinet

each unit, three orientations were simulated: side-to- components such as batteries, power supplies, internal

side (Athwartship directed alongX), back-to-front
(Athwartship directed along-Y), and front-to-back
(Athwartship directed along-Y). This provided the

chassis’, and cabinet doors which had inadequate or
flexible restraints. For those cases, having a cabinet
system to mount system stiffness ratio at least 10:1 is

results of 180 simulations to perform an assessment of unlikely.

the 15 units in un-restricted orientations. For each of

A trade study was performed using the 60 config-

these orientations, the units were located on the blast urations and several other evaluation factors such as
side of the DSF as depicted in Fig. 6. This position schedule, cost, ease of back-fit, etc. DTI configura-
on the DSF corresponds to the location of the most se- tions were eventually selected for testing. Excursions
vere input. A summary of the acceleration responses predicted for the 15 units on DTI mounts included both
and impact of the mounts on the cabinet and ship in- the static and dynamic relative displacements at each
terfaces are presented in Table 3. These responses aref the corner points shown in Fig. 26. Maximum and
based on rigid body approximations for the cabinets. minimum values at each of the corner points for each
However, slightly higher accelerations were expected of the simulations were determined. Next, the worst
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Table 3
Summary of mount accelerations and interface issues
Item DTl mounts ShockTech IDC mounts John evans
arch mounts mounts
Natural frequency 7.3t07.7Hz.in 5.3t06.3Hzin 6.3t06.8 Hz in 6.3t06.8 Hz in
range for optimum compression or compression only  compression only compression only
response on 14 Hz tension
DSF
Response range ~18-219's ~15-20g's ~18-20g's ~18-21g’s (one case was
predicted with about 30g’s in tension)
SIMPLE Simulations
Impact on existing None Must re-design Must re-design Same as IDC mounts
cabinet interface for 2 units interface for ganged units

Sway brace brackets

need to be made flush

with units

Interference of wire

rope mounts with cable way

lateral displacements are 3.3 inches front-to-back and
] @ A : oM 3.0 inches side-to-side. Based on these values and the
) uncertainty of the shipboard environment, the recom-
mended excursion envelope for DTI mounted systems
on the ship should be at least 4 inches all around (e.g.
up, down, front-to-back, and side-to-side).

5.3. Assessment of effeciency

An average of 1 hour per mount system was ex-
pended to build and simulate models for each of the 60
configurations. This did not include time required for
gathering information and developing the preliminary
designs. However, it did include time requiredto iterate
the design to obtain acceptable responses. This short
time frame for modeling and simulating was possible
as a result of the following features in SIMPLE: 1) the
ability to obtain all of the necessary mount properties
by selecting the mounts from a library; 2) ability to
select shock test inputs directly from a menu; 3) ability

to orient the unit with respect to the input by setting

B (] ' @ a rotation angle; and 4) ability to easily make changes

G to all modeling parameters in the SIMPLE template by

clicking on them and entering new values for simula-
tion. Therefore, the case has been made that the hy-
pothesis is true and 6DOF simulation methods can be

case values were identified to determine the overall ex- . . .
: . made practical and efficient. Questions 3 and 4 regard-
cursion space needed for each unit. Table 4 shows the . L - ;
. . ing the sensitivity and validity of responses associated
summary values for all orientations. These values have

opposite signs (e.q. —2.3 inches for Z relative displace- with simplifying the specification of these parameters

ment is interpreted as the unit moved 2.3 inches in the are addressed in the next section.

positive Z direction during shock). This convention

was adopted to make comparisons with accelerations 6. Analysis of test results

that are 180 degrees out of phase with relative dis-

placement. The largest vertical displacements are 3.6  SIMPLE is also a tool that can easily account for un-
inches downward and 3.1 inches upward and the largest certainties in isolated systems and their environments.

Fig. 26. Prediction locations.



M.A. Talley and S Sarkani / A new simulation method providing shock mount selection assurance 255

Table 4
Worst case maximum and minimum responses for each direction in all orientations

Relative
Displacements

Worst case max & min responses
UPS Atm DAU BAT SOSU UPS UPS RSOS DAU DAU& DAU Triple SOSU Double Battery
ENCL Unit Type 2 ENCL Type 2 ENCL ENCL Battery Type SOSU & ATM SOSU ENCL

Type2 3&5 Type 1 Type 1 Type 1A ENCL 2&4 Type 2
[in] [in] [in] [in] [in] [in] [in] [in]  [in] [in] [in]  [in] [in] [in] [in]

Xdirecton Min-25 -25 -28 -22 -27 -21 -12 -16 -18 -15 -15 -14 -17 -19 -17
Max 2.7 2.5 2.3 2.1 25 2.0 1.0 1.5 1.8 1.6 1.3 1.3 15 1.8 3.0

Y directon  Min-26 -26 -27 -18 -26 -18 -07 -22 -20 -31 -26 —-26 -22 -32 -31
Max 1.5 1.7 3.3 2.5 2.3 2.5 1.3 3.0 2.7 1.4 3.2 2.5 2.6 1.6 1.4

Z direction Min—-24 -25 -25 -28 -23 -31 -11 -23 -30 -26 -24 -24 -26 -23 -26
Max 3.2 3.2 3.2 3.0 3.2 3.1 1.7 3.6 3.2 3.3 3.2 3.2 3.2 3.3 3.2

Inthis section, experimental results from shock tests are
compared with pre-test SIMPLE sensitivity simulations
and with results of post-test model calibrations. These
comparisons show the validity of: 1) using 6DOF anal-
ysis; 2) using statically derived load-deflection data for

Recall that the vertical natural frequencies used in
the design process for DTI mounted systems ranged
from 7.3 to 7.7 Hz and are based on stiffness values
calculated by Eq. 11, which uses the mount static load-
deflection curves. Finding these values in the SRS for

simulations; and 3) assessing and designing isolated each of the units may be difficult due to the coupled

systems using uncertainties in model parameters.

6.1. Using 6DOF analysisto assess coupled modes

The responses of some of the systems where SIM-
PLE was applied in the design are shown in Figs 27 and

modes. This is illustrated in Fig. 29, which shows the
ratios of the responses of the mounted systems listed in
Fig. 28 to the input measured at the center of the DSF.
Since the input of the DSF varies across the surface, the
ratios do not represent the true transmissibility of the
systems. As with the one plane of symmetry system,
the calculated natural frequencies appear to coincide

28. Figure 27 depicts the vertical acceleration Mea- ith the dips between the coupled modes. This dip
sured just above the shock mounts on each unit and phenomenon at the natural frequencies also occurs in

Fig. 28 shows the SRS of these responses compared togther simulated systems where coupling occurs. For

the input.

Figure 27 shows that all units except the Battery En-
closure, met the desired performance requirement of
~25¢g’s. The higher g's in tension for the Battery En-
closure may be a result of the loss of impedance from
internal components (e.g. batteries) when the cabinet
motion reverses. Although the acceleration goal was
not met for the Battery Enclosure, it remained opera-
tional during shock was subsequently shock qualified.

Figure 28, which comparesthe SRS of the DSF input
with those of the units, indicates that all of the units are
significantly responding between 6 to 8.5 Hz. These

uncoupled systems, the maximum response will occur
at the natural frequency of the system. However, for
isolated shipboard euipment with multiple input sce-
narios, coupled modes will predominate. To address
the coupled mode issues, practical 6DOF analyses such
as that provided by the SIMPLE simulation method are
needed.

6.2. Using statically derived |oad-deflection data

SIMPLE was used to confirm the design of a wire
rope system for a VMS console. The calculated natural

frequencies are likely responses of coupled modes. For frequency in the Z direction for the console was 6 Hz.

example, consider the response at the center of gravity This frequency also coincides with the dip between the
of the rigid body system with one plane of symmetry coupled modes as shown in Fig. 29. If the natural fre-
shown in Fig. 15. This system experienced input along quencies occur only in the dips of the coupled systems
two axes similar to the units tested here and had a cal- shown in Fig. 29, then the ratio of dynamic to static
culated vertical (in the Z direction) natural frequency stiffness for DTI and wire rope mounts would have to
of 7.22 Hz. However, due to coupled modes, the re- be close to unity for shock related events. This agrees
sulting frequencies that were observed were 6.02 Hz with Hain and others [17].

and 9.75 Hz as shown in Fig. 16. The actual natural  Static load-deflection curves show that many mounts
frequency of the system (e.g. 7.22 Hz) coincided with are stiffer at small displacements. As a result, the ex-
a dip between these two values. pectationis that vibration responses will occur at higher
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Fig. 28. SRS of vertical accelerations above mounts compared to DSF input.

frequencies than shock responses. Figure 30 shows arectional input during vibration testing resulted in sig-
comparison of shock [26] and vibration [32] responses nificantly less coupling than shock responses. As a re-
occurring on a unit know as the ATM Switch. Unidi-  sult, the maximum vibration responses coincided very
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Fig. 30. Comparison of shock and vibration responses of the ATM Switch.

near to the natural frequencies of the systems at small ~9 Hz during vibration testing. A review of vibration
displacements. Shock responses on the other hand re-results of all the DTI mounted systems show maximum
sulted from multiple inputs of considerable severity in  responses occurring at frequencies between 8.5-9.5 Hz
the vertical and lateral directions. The ATM Switch in the Z direction. This also suggests that little if any
has a calculated shock frequency of 7.7 Hz4&inch dynamic stiffening is occurring in the DTl mounts.
displacements in accordance with Eq. 11. However,

static load-deflection curves for DTI mounts at vibra-  6.3. Using uncertaintiesin model parameters

tion level displacements (e.qg. less that 0.4 inches) show

an increase in stiffness of 1.3 to 1.5 that of the shock  In order to answer question 3, comparison of pre-
stiffness. Therefore, as Fig. 30 shows, the natural fre- dicted and experimental data via sensitivity analysis is
guency of the ATM unit will change from 7.7 Hz to  presented in this section for the SOSU Type 2 unit.
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Fig. 32. SOSU measurement locations at the base.

Performing sensitivity analyses with the SIMPLE sim-
ulation template involves: 1) specifying distributions
that represent the uncertainties in the values of model
parameters; 2) selecting the number of simulations; and
3) deciding whether to vary one parameter at a time
of all of them together (multivariate). For the SOSU
sensitivity analysis, 200 simulations were run and 30
parameters were varied in multivariate mode. Of the
12 types of distributions to choose from in SIMPLE,
random uniform was selected for each parameter so
that sampling over the specified range of values would
be equally likely.

Each parameter varied for the SOSU analysis and the
minimum and maximum values for their distributions
(specified in parentheses) are listed below. The first
six parameters in the list vary the scale of the load
deflection curves by-or- 20% for the base [mount 1]
and sway mounts [mount 2] depicted in Fig. 31. This
allows effects such as dynamic stiffening and/or mount
degradation to be included in the analysis. Parameters
7-12 vary the percent critical damping between 5-10%
at each mount location. Parameters 13—15 account for
the uncertainty in the location of the cabinet’s center of
gravity and parameters 16—25 specify the uncertainty
for the inertial properties of the system such as the
inertia tensor and cabinet weight. The uncertainty of
where the unit is mounted with respect to the reference
frame is accounted for by parameters 26 and 27. And
finally the uncertainty in rotational and vertical input is
specified by parameters 28, 29, and 30.

1 CT Mount scale factor[Mount 3
RANDOM_UNIFORM(0.8,1.2)

CT Mount scale factor[Mount &
RANDOM_UNIFORM(0.8,1.2)

ROLL Mount scale factor[Mount
RANDOM_UNIFORM(0.8,1.2)

ROLL Mount scale factor[Mount 2}
RANDOM_UNIFORM(0.8,1.2)
SHEAR Mount scale factor[Mount
RANDOM_UNIFORM(0.8,1.2)
SHEAR Mount scale factor[Mount 2]
RANDOM_UNIFORM(0.8,1.2)

CT percent CrfMOUNT 1 percent Cr3]
RANDOM_UNIFORM(0.05,0.1)

CT percent Cr[MOUNT 2 percent Cr3]
RANDOM_UNIFORM(0.05,0.1)

2
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9 ROLL percent Cr[MOUNT 1 percent Crd]

RANDOM_UNIFORM(0.05,0.1)

ROLL percent Cr[MOUNT 2 percent Crt]

RANDOM_UNIFORM(0.05,0.1)

SHEAR percent Cr[MOUNT 1 percent Ce2]

RANDOM_UNIFORM(0.05,0.1)

SHEAR percent Cr[MOUNT 2 percent Ce2]

RANDOM_UNIFORM(0.05,0.1)

X' cg=RANDOM_UNIFORM(11,13)

Y’ cg=RANDOM _UNIFORM(16,18)

Z' c=RANDOM _UNIFORM(27.5,29.5)

Cabinet Ix if providee-

RANDOM_UNIFORM(290,390)

Cabinet ly if providee-

RANDOM_UNIFORM(250,350)

Cabinet Iz if provideg:

RANDOM_UNIFORM(80,180)

Pxy if provided=

RANDOM_UNIFORM(—50,50)

Pxz if provideé-

RANDOM_UNIFORM(—50,50)

Pyx if provided=

RANDOM_UNIFORM(—50,50)

Pyz if provided-

RANDOM_UNIFORM(—50,50)

Pzx if provideé-

RANDOM_UNIFORM(—50,50)

Pzy if provided-

RANDOM_UNIFORM(—50,50)

CABINET WEIGHT=

RANDOM_UNIFORM(350,380)

CG distance to reference frame[CG ref X coord]

=RANDOM_UNIFORM(-30,57)

27 CG distance to reference frame[CG ref Y coord]
=RANDOM_UNIFORM(30,50)

28 scale for DSF deformation rotatien
RANDOM_UNIFORM(0.5,1.5)

29 scale for Ref Angular Velocity aboutsY
RANDOM_UNIFORM(0.5,1.5)

30 Z Input Scale Facter
RANDOM_UNIFORM(0.8,1)

Results of the sensitivity simulations were com-
pared with SOSU test data for the locations shown in

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

26
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uncertainties. This provides designers the ability to
identify parameter constraints and assess their effect
on the responses of the system. For example, con-
sider the weight, mass moments of inertia, and center
of gravity of a cabinet, which may vary considerably
during cabinet design and development while the spa-
tial constraints for mounting interfaces (e.g. shipboard
arrangements and foundations) remain constant. Using
the sensitivity feature in SIMPLE allows the designer
to identify acceptable constraints for these parameters
that do not adversely affect dynamic responses.

6.4. Calibration using test data

Post-test calibration of models is useful when base-
line cabinet configurations are needed to more accu-
rately assess: 1) cabinetresponses at differentlocations
and 2) changes that may occur during the life cycle
of the cabinet. These changes may include addition
of heavier or lighter sub-components during equipment
upgrades; placement of an identical or modified cabinet
in a different shock environment; relocation of mounts;
etc.

After calibration of models, sensitivity analyses can
be performed on the calibrated configurations. This
sensitivity assessment is different from what was pre-
viously discussed in that the isolated system responses
are constrained to acceptable values while searching
over the model parameters to find variances that are ac-
ceptable. This is done to determine how much each in-
dividual parameter may be changed within the response
constraints. The values over which each parameter may
assume and still achieve valid responses represents the
range of validity of each parameter.

A modified Powell optimization search technique [20]
is used for calibration. At each time step in the simu-
lation, the difference between the data and the model
variable is multiplied by the specified weight and this
productis then squared. This numberis then subtracted
from the payoff so that the payoff is always negative.
Optimization occurs when the payoffis as close to zero
as possible. A fractional tolerance may also be spec-
ified to determine when to terminate the optimization.

Figs 31,32 and 33. Accelerometers are located at Points Sensitivity assessments, using the calibrated or opti-
F and V and displacement gages are located at Points mized model, may then be done to determine confi-

E and U.

dence intervals for the parameters. When the weights

Figures 34,35,36,37,38 show the SOSU sensitivity on each of the variables in the payoff are set to be pro-
results where 95% confidence bounds for the response portional to the reciprocal of the standard deviation of
at each point is compared to test data. These results the prediction error, the 95% confidence intervals may
confirm the hypothesis that reasonable predictions for be obtained. This results when a change of 4 in the
isolated systems can be made even in the presence ofvalue of the payoff occurs. An example of the calibra-
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Fig. 33. SOSU measurement locations at sway locations.

SOSU Sensitivity Results

Test Data
95%

Z AccelerationgVZt]
15.80

6.853

-2.100

-11.05

-20.00 0.5 0.8725 1.245 1.617 1.990

Time (SECONDS)

Fig. 34. Z acceleration at Point V.

tion method used in SIMPLE is presented for the SOSU agreement overall and answer question 4 by showing
Type 2 unit shown in Figs 31, 32, and 33. The same the validity of SIMPLE predictions when simulating
30 parameters used in the sensitivity analysis are used with multi-axis inputs from DSFs.

in the modified Powell search. Actual measurements  The initial experimental acceleration responses
at the SOSU unit foundations were used for the X and shown in Fig. 39 and 40 are slightly higher than the
Z inputs and the above mount responses were used in predicted responses even after calibration. On the other
the calibration payoff definition. The inputs were also hand, the predicted relative displacements in both the
augmented with rotations about the X axis in accor- X and Z directions appear to be very close to the ex-
dance with Egqs 9 and 10. Comparisons of the exper- perimental values. This may be due to excitation in
imental data with the predicted calibration results are the above mount structure and components, which may
shown in Figs 39 to 43. These comparisons show good amplify the acceleration responses ofthe cabinet. Rigid
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SOSU Sensitivity Results

Test Data

95%

Z AccelerationgFZt]
17.79

6.565

-4.665

-15.89

-27.12
0.5 0.8725 1.245 1.617 1.990

Time (SECONDS)

Fig. 35. Z acceleration at Point F.

SOSU Sensitivity Results

Test Data

95%

Z Dynamic Relative Displacement[UZt]
4

05 0.8725 1.245 1.617 1.990
Time (SECONDS)

Fig. 36. Z relative displacement at Point U.

body theory does not account for relative motion of of the DSF and according to the Octave rule [10], they
these items. Therefore, flexible or inadequate fasten- will most likely amplify the responses.

ers that hold down cabinet doors, battery trays, circuit

card chassis’ and other items such as un-interruptible

power supplies may produce responses higher than 7. Conclusionsand recommendations

rigid body theory will predict. For example, during ex-

ploratory and variable frequency vibration testing [25] 7.1. Conclusions

of the SOSU unit, excessive responses were observed

at 14 Hz on a circuit card chassis inside the SOSU cabi-  The conclusion of this research is that 6DOF simula-
net. These frequencies are near the sustained frequencytion methods can be made practical, efficient, and easy
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SOSU Sensitivity Results
Test Data
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95%

X Accelerations[FXt]
26.56

12.69

-1.166

-15.03

-28.89

0.5 0.8725

1.245

1.617 1.990

Time (SECONDS)

Fig. 37. X acceleration at Point F.

SOSU Sensitivity Results
Test Data

95%

X Dynamic Relative Displacement[EXt]
1.632

0.8120

-0.0086

-0.8293

-1.650

0.5 0.8725

1.245

1.617 1.990

Time (SECONDS)

Fig. 38. X relative displacement at Point E.

to use by simplifying the specification and implementa-
tion of the many parameters used in analyzing isolated
systems. Developing, validating, and applying a new,
efficient, easy to use 6DOF simulation method known
as Shock Isolation Mount Predictions & Loading Esti-
mates (SIMPLE) led to this conclusion. The SIMPLE
method was applied in the context of a process for as-

the classic [7] SRS or other methods and 2) assessment,
confirmation, iteration or comparison of designs using
the SIMPLE simulation method.

The process was applied to provide rapid assess-
ments and designs (including simulations) for over 60
different mounting systems supporting the Smartship
Integrated Ship Controls for CG 47 Class ships. An

sessing and/or designing shock isolation systems. The average of 1 hour per mount system was expended to

process is divided into two phases: 1) analysis using

build and simulate models for each of the 60 configura-
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Fig. 39. Calibration results for Z acceleration at Point F.

Z Acceleration at Point V
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Fig. 40. Calibration results for Z acceleration at Point V.

tions. This included time required to iterate the designs tion levels for each mounting system selected for test-
to obtain acceptable responses. It did not include time ing. The SIMPLE predictions for vertical responses
required in the initial phase of the process for gathering on the blast side of the DSF were 18-21 g's for accel-
information and developing the preliminary designs. eration and 3.2-3.6 inches for relative displacements.
The applications included: 1) an assessment of ex- The mount performance goals were to achieve cabinet
isting wire rope mount systems for cabinets ontwo CG acceleration levels around 15 to 25g’s with excursion
47 Class Smartships; 2) a mount performance trade envelops less than 4 inches. With the exception of one
study with different mounting options for each cabinet; Battery Enclosure mounting system, these performance
and 3) determination of excursion space and accelera- goals were met during shock tests conducted [26—28]
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X Relative Displacement at Point E
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Fig. 41. Calibration results for X relative displacement at Point E.

Z Relative Displacement at Point U
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Fig. 42. Calibration results for Z relative displacement at Point U.

from December 2001 to May 2002 at HI-TEST LAB- SIMPLE was developed specifically to address the
ORATORIES, INC. in Arvonia, Virginia. Therange of  need for practicality and efficiency in analyzing iso-
measured accelerations were 15-26g’s and dependedlated systems. It provides: 1) estimates of the excur-
on the unit location on the DSF and relative motion of  sion space needed for dynamic travel of mounted sys-
cabinet components such as batteries, power supplies,tems; 2) rapid prediction of responses such as accel-
internal chassis’, and cabinet doors which had inade- eration, velocity, force, displacement, etc.; 3) a design
guate or flexible restraints. Meeting these performance tool for the location, sizing, and orientation of mounts
goals contributed significantly to shock qualification of ~ for equipment and structures; 4) calibration via opti-
these cabinets, all of which were successfully installed mization; 5) multivariate sensitivity analyses of system
aboard ship, and validated the use of SIMPLE as a parameters; 6) a shock mount library of more than 250
design tool for isolated systems. mounts; 7) inputs from floating shock platforms, deck



M.A. Talley and S Sarkani / A new simulation method providing shock mount selection assurance

simulators; medium weight shock test machines, etc.;
and 8) immediate presentation of data after simulation.

Several questions regarding the use of SIMPLE as
a simulation method for assessing shock and vibration
were addressed. These are: 1) What kind of simplifica-
tions can be made to make the simulation method effi-
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pling of 3 translational and 3 rotational degrees of free-
dom was accomplished through the calculation of point
velocities (e.g. Eq. 5). The coupling resultedina 6DOF
model that was validated by comparing SIMPLE sim-
ulation results with other analytical methods that in-
cluded multi-axis inputs. Additional validation was

cientand easy to use? 2) Whatadvantage does SIMPLE performed using multi-axis inputs from a DSF.

have over other analysis methods? 3) How sensitive

are response predictions to model parameters such as

those that characterize the mounts, their location, and
the inertial properties of the rigid body? 4) What is the
validity of SIMPLE response predictions when simu-
lating with multi-axis inputs from deck simulator fix-
tures (DSFs); floating shock platforms (FSPs), medium
weight shock machines (MWSMs) and others?

In addressing question 1, it was determined that the
most significant simplification is to consider the iso-
lated cabinet or structure to be a rigid body. According
to Racca [9], rigid body analysis is applicable where
the foundation and isolated structure is at least 10 times
stiffer than the mount. This applies to many shock
isolation systems, especially those for [5,10] electronic
equipment on ships and submarines. The 10:1 stiffness
ratio assures that at least 90% of the isolation is from
the mounts and 10% is from the structure. The resulting
ratio of structure to mount system natural frequencies
is ~3.2:1.0.

In addressing question 2, deficiencies of existing
engineering methods were examined. These include:
1) no consideration for rotational effects; 2) lack of
ability to easily change parameters; 3) lack of ability
to account for variances; 4) they require considerable
knowledge to use; 5) they overcomplicate the model-

ing assumptions necessary to obtain acceptable esti-

mates of acceleration levels & displacements, and 6)
they are difficult to calibrate. It was determined that
the main advantage of the SIMPLE method is that it
provides comprehensive solutions to the above issues
in a practical, efficient, easy to use manner.

In addressing questions 1 and 3, it was shown that
SIMPLE can easily account for uncertainties in iso-
lated systems and their environments. For example,
experimental results from shock tests were compared
with pre-test SIMPLE sensitivity simulations and with
results of post-test model calibrations. These compar-
isons showed the validity of: 1) using 6DOF analy-
sis; 2) using statically derived load-deflection data for
simulations; and 3) assessing and designing isolated
systems using uncertainties in model parameters.

In addressing question 4, the theory base of the SIM-
PLE simulation method was presented where the cou-

7.2. Recommendationsfor future research

To better address questions 3 and 4, development
and validation of a multi-body model that accounts
for relative motion of cabinet components is recom-
mended. Cabinets having batteries, power supplies,
internal chassis, and cabinet doors with inadequate or
flexible restraints are rapidly being infused into ship-
board environments. For these cases, cabinet to mount
system stiffness ratios of 10:1 are unlikely and rigid
body approximations are less accurate. The primary
use of a multi-body model would be for post-test anal-
ysis after calibration. It is unlikely that parameters
of a multi-body model will be sufficiently known to
perform pre-test predictions. The calibrated post-test
models are useful when baseline cabinet configura-
tions are needed to more accurately assess changes that
may occur during the life cycle of the cabinet. These
changes may include addition of heavier or lighter sub-
components during equipment upgrades; placement of
an identical or modified cabinet in a different shock
environment; relocation of mounts; etc. SIMPLE and
other 6DOF analysis tools may be modified to include
two or more rigid bodies connected by elastic con-
straints where their stiffness values, weights, and inputs
may be varied. Performing post-test calibrations with
these variances will help determine the weight configu-
rations and stiffness values that best fit the experimen-
tal results. Proposed changes to cabinet configurations
may then be evaluated with the calibrated model.

To further investigate question 1, additional research
is recommended to determine confidence intervals for
uncertain model parameters such as mass moments of
inertia and mount load-deflection curves for commonly
used mounts. These intervals will provide design con-
straints for achieving acceptable responses using six de-
gree of freedom (6DOF) analysis tools. They will also
improve the efficiency in defining uncertainties used in
sensitivity analyses.



266
Acknowledgement [10]
The first author wishes to acknowledge and thank 1]

Glen Sturtevant, the Navy’s Smartship Program Man-
ager; George Botto, Smartship Test Director; and Barry
Gartman, Shock Test and Analysis Program Manager [12]
at Anteon Corporation, Systems Integration Group
for supporting this study. The author also wishes to
thank Kurt Hartsough, Naval Sea Systems Command
(NAVSEA), Carderock, for his technical guidance re-
lated to analysis supporting the shock qualification pro- [14]
cess and Rudolph Scavuzzo, Ph.D., for his instruction

in practical shock analysis and identification of relevant [15]
literature on this topic area. Shock response spectrum
graphsused in this study are from UERDTOOLS, a col-
lection of shock data processing and analysis routines [16]
with graphing tools developed by Paul A. Mantz of
NAVSEA, Carderock. The material in this manuscript
was abstracted from a dissertation developed by the
first author for The George Washington University in
partial fulfillment of the requirements for the Doctor of

(23]

(17]

Science degree. [18]
References [19]
[1] M. Kikuchi and I. Aiken, An Analytical Hysteresis Model
for Elastomeric Seismic Isolation Bearingsarthquake En- [20]
gineering and Structural Dynamics 26(2) (February 1997).
[2] Estimation Theory, inProbability and Satistics, M. Spiegel,
McGraw-Hill Book Company, New York, 1975, pp. 194-210.  [21]
[3] C.M.RichardsandR. Singh, Characterization of Rubber Isola-
tor Nonlinearities in the Context of Single- and Multi-Degree
of Freedom Experimental Systendsurnal of Sound and M-
bration 247 (2001), 807—834. [22]
[4] M. Talley, T. Sides and G. Camplnderwater Explosion Test-
ing of a Shock-Acoustic Mount and a Tension-Compression
Liquid Spring Isolator, Carderock Division, Naval Surface  [23]

Warfare Center, Bethesda, MD, Survivability, Structures
and Materials Directorate Research and Development Report
SSM-66-96-5, 1996.

[5] M. Talley, D. Ingler, M. Riley and G. MessindJnderwater
Explosion Testing of COTS Equipment Items Installed on a
Shock Isolated Raft, Carderock Division, Naval Surface War-
fare Center, Bethesda, MD, Survivability, Structures and Ma-
terials Directorate Research and Development Report SSM-
66-97-5, 1997.

[6] T.L. Carter, Characterize the Shock Environment of the
Medium-Weight Shock Machine, in 61st Shock and Vibration
Symposium Proceedings, October 1990, 60F.

[7] 1. Vigness, Elementary Considerations of Shock Spedine,
Shock and Vibration Bulletin (34) (December 1964), Part 3.

[8] M. Talley, Six Degree of Freedom Simulation Software for
Shock Isolation Mount Predictions and Loading Estimates,
73rd Shock & Vibration Symposium (2002), U-35.

[9] R.H. Racca, Types and Characteristics of Vibration Isola-
tors, in: Shock and Mibration Handbook, 3rd C. Harris, ed.,
McGraw-Hill Book Company, New York, 1988, pp. 32—1 to
32-28.

[25]

[26]

[27]

(28]

M.A. Talley and S Sarkani / A new simulation method providing shock mount selection assurance

D.S. Steinberg\ibration Analysis for Electronic Equipment,

2nd ed., John Wiley & Sons, Inc., New York, 1988, pp. 15 and
276.

C.E.Crede and J.E. Ruzicka, Theory of Vibration Isolation, in:
Shock and Vibration Handbook, 3rd ed., C. Harris, McGraw-
Hill Book Company, New York, 1988, pp. 30-1 to 30-57.
Department of the Navy, Requirements for Shock Tests, H.
I. (High Impact) Shipboard Machinery, Equipment, and Sys-
tems, Military Specification MIL-S-901D, (17 March 1989).
R.J. Scavuzzo and P. Lam, Decoupling of Undamped Vibration
SystemsJournal of Pressure Vessel technology 99 (November
1977).

R.E. Newton, Theory of Shock Isolation, irghock and M-
bration Handbook, 3rd ed., C. Harris, McGraw-Hill Book
Company, New York, 1988, pp. 31-1 to 31-57.

B.G. Korenev and L.M. Reznikov, Dynamic Vibration Ab-
sorbers Theory and Technical Applications, John Wiley &
Sons, Inc., New York, 1993.

R.J. Scavuzzo, Shock Qualification by Design Analysis in
Practical Shock Analysis and Design, Vol. 1, Vibration Insti-
tute, Portsmouth, VA, 1991, pp. 11-1 to 32.

H.L. Hain, J.J. Heintzel and C.J. Leingaug, Application of
Isolators, in: Shock and Mbration Handbook, 3rd, C. Harris,
ed., McGraw-Hill Book Company, New York, 1988, pp. 32—-1
to 32-28.

H. Himelblau and R. Sheldon, Vibration of a Resiliently Sup-
ported Rigid Body, in:Shock and Vibration Handbook, 3rd, C.
Harris, ed., McGraw-Hill Book Company, New York, 1988,
pp. 3—1 to 3—42.

F.C. Schweppe, Performance of Estimators, in Uncertain Dy-
namic Systems, Prentice-Hall, Inc., New Jersey, 1973, pp. 382
to 383.

Ventana Systems, Inc., Vensim Standard and Professional DSS
Reference Manual Version 3.0, Ventana Systems, Inc., Har-
vard MA, 1988.

Kinetics of Rigid Bodies in Three Dimensions, ir\ector
Mechanics for Engineers, Satics and Dynamics, 3rd ed., F.
Beer and E. Johnston, Jr., eds, McGraw-Hill Book Company,
New York, 1997, pp. 828-874.

Orthogonal Matrices, in:Mathematical Methods for Physi-
cists, 3rd ed., G. Arfken, Academic Press, Inc., San Diego,
CA, 1985, pp. 191-205.

Deflection of Beams by Integration, ifvlechanics of Mate-
rials, F. Beer and E. Johnston, Jr., eds, McGraw-Hill Book
Company, New York, 1981, pp. 400-426.

Beam Diagrams and Formulas, iktanual of Steel Construc-

tion, 8th ed., American Institute of Steel Construction, Inc.,
Chicago, IL, 1980, pp. 2-111 to 2-116.

S.J. O'Meara, Type | Environmental Vibration Testing of In-
tegrated Ship Controls (ISC) Red Equipment, Date Tested:
12/20/01 to 01/06/02, Hi-Test laboratories, Inc. Report No.
1024, April 2002.

S.J. O’'Meara, Heavyweight High Impact Shock Testing of
Integrated Ship Controls (ISC) Equipment on the White Barge,
Date Tested: 12/21/01 to 01/14/02, Hi-Test laboratories, Inc.
Report No. 1022, April, 2002.

S.J. O’'Meara, Heavyweight High Impact Shock Testing of
Integrated Ship Controls (ISC) Equipment on the Blue Barge,
Date Tested: 01/26/02 to 01/29/02, Hi-Test laboratories, Inc.
Report No. 1028, April, 2002.

S.J. O’'Meara, Heavyweight High Impact Shock Testing of
Integrated Ship Controls (ISC) Equipment on the Silver Barge,
Date Tested: 05/01/02 to 05/03/02, Hi-Test laboratories, Inc.
Report No. 1050, August, 2002.



[29]

(30]

M.A. Talley and S Sarkani / A new simulation method providing shock mount selection assurance 267

Dynamic Testing Inc., June 2001, High Impact (H.l.) Heavy-
weight Shock Test Report for Shock Qualification of the In-
tegrated Condition Assessment System (ICAS) Units, DTI
Report No. 474.

E.W. Swokowski, Numerical Integration, inCalculus Wth
Analytic Geometry, Prendle, Weber & Schmidt, Boston, MA,
1979, pp. 260.

(31]

[32]

G. Burgess, Extension of Fatigue Model for Product Shock
Fragility Used in Package Desigdpurnal of Testing and
Evaluation, JETVA 28(2) (March 2000), 116 to 120.

S.J. O'Meara, Type | Environmental Vibration Testing of In-
tegrated Ship Controls (ISC) White Equipment, Date Tested:
12/10/01 to 12/13/01, Hi-Test laboratories, Inc. Report No.
1023, April, 2002.



- i

/> . =
= &

Advances in

Civil Engineering

Journal of

Robatics

Advances in
OptoElectronics

International Journal of

Chemical Engineering

The Scientific
WQrId Journal

International Journal of

Rotating
Machinery

Journal of

Sensors

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Y :-
.

VLSI Design

‘.
.

Internatio Urna
Antennas and
Propagation

Modelling &
Simulation
in Engineering

International Journal of
Navigation and
Observation

e

Active and Passive
Electronic Components

Shock and Vibration

International Journal of

Distributed
Sensor Networks

Journal of
Control Science
and Engineering

Journal of
Electrical and Computer
Engineering

International Journal of

Aerospace
Engineering



