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ABSTRACT

Investigation of the Semi-Empirical Method for Force Limited Vibration Testing
Vijayamohan Rao Dharanipathi

Conventional vibration testing of aerospace hardware is normally performed by
controlling the acceleration input to the base of a test item to the specifications, namely
the envelope of the acceleration peaks of the flight environment. This conventional
approach to testing has been known for over forty years to greatly overtest the test item at
its own natural frequencies. In the nineties, NASA JPL led the development and
implementation of an improved method called Force Limited Vibration (FLV) testing. In
addition to controlling the input acceleration, the FLV testing measures and limits the
reaction forces between the test item and the shaker. This force limiting technique results
in acceleration notching at predominant natural frequencies of the test item. Because of
its numerous advantages, the semi-empirical method is presently the approach most
widely applied to derive the force limits. Due to its partly empirical nature, the crucial
coefficient, C?, still requires some judgment for its selection. Although the semi-
empirical method is very powerful and has been implemented successfully on several
space missions, there is still some work required to realize it and make it acceptable to
everyone.

The objective of this study is to present a comprehensive and complete analytical and
experimental investigation on the semi-empirical method. Design optimization of test
item, mounting structure and fixture using finite element method, conducting in-depth
analytical and experimental sensitivity studies to investigate the semi-empirical method

and affecting parameters and documenting a comprehensive benchmark problems are



among the most important contributions of this thesis. More specifically, the present
work investigates the range of value C? which might be expected for space hardware and
the parameters on which it depends. Based on an evaluation of more than 70 different
cases, the analytical sensitivity study shows that most of the C? values falls within the
range of 2 to 5 found in the literature; however, there are several cases for which C? was
higher than 5, with 5 of them being between 10 to 17. The experimental sensitivity study

validates the procedures and the results obtained in the analytical sensitivity study.
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CHAPTER 1
INTRODUCTION

1.1. Problem Statement and Motivation

The primary goal of vibration testing of aerospace hardware is to identify problems,
which if not remedied, would result in flight failures due to the extreme conditions of the
launch environments. Thorough testing is essential to ensure that the system performance
meets design requirements and that adequate margins are demonstrated to reduce the
probability of flight/mission failures. Generally any aerospace hardware is vibration
tested to 1: Determine if designs meet performance requirements, 2: Verify that the built
system will function and survive the launch as it is designed, and 3: Verify design

margins and system robustness.

In conventional vibration testing of aerospace hardware, the acceleration input to the base
of a test item is controlled to the specifications, namely the envelope of the acceleration
peaks of the flight environment. This conventional approach to testing has been known
for over forty years to greatly overtest the test item at its own natural frequencies. This
mainly occurs due to the impedance differences of the mounting structure between the
flight and the testing environments. The penalty of overtesting with conventional
vibration test appears in design and performance compromises, as well as in the high
costs and schedule slippage associated with recovery from artificial test failures that

would have not occurred in a flight environment.



The purpose of Force Limited Vibration (FLV) testing is to reduce the overtesting
occurring during conventional vibration testing. In addition to controlling the input
acceleration, the FLV testing measures and limits the reaction force between the test item
and the shaker. This force limiting technique results in acceleration notching at
predominant natural frequencies of the test item. The approach has been developed at
NASA Jet Propulsion Laboratory (JPL) and has been used successfully during the last
decade in several space missions (including complete Cassini spacecraft [1]). The FLV
approach has also been validated with system level acoustic testing and with limited
flight data. Other NASA centers and some U.S. companies (e.g. Orbital Sciences) have
implemented FLV testing on numerous flight missions. Recently, FLV testing has been

used in Canada within three space programs, i.e. SciSat-1 [2], MOST and CloudSat.

The semi-empirical method is presently the approach most widely applied to derive the
force limits between the test item and the shaker. The advantages of the semi-empirical
method over previously-developed more analytical techniques (the so called simple and
complex two-degree-of-freedom system (TDFS) methods) are significant and have
greatly contributed to the widespread acceptance of FLV technology presently taking
place in the aerospace community. The two main advantages of the semi-empirical
method are: (1) the simplicity of the technique as compared to the TDFS methods, and

(2) there is no need of impedance information for the mounting structure.

Although the semi-empirical method seems to be very powerful and promising, there is

still some work to make it acceptable to everyone. Due to its partly empirical nature, the



crucial coefficient, C*, which sets the force limits throughout the frequency bandwidth of
excitation is based either on the extrapolation of interface forces for similar mounting
structures and test items, or on comparison with results of techniques such as the TDFS
methods or the limit load factors. Based on limited number of flight data, it has been
observed that, in normal conditions, C? value as low as 2 might be chosen for complete
spacecraft or strut-mounted heavier equipment, C? value as high as 5 might be considered
for directly mounted lightweight test items. However there is not enough experimental

investigation to define the range of o3

The objective of the present thesis is to present a comprehensive and complete analytical
and experimental investigation on the semi-empirical method. The present study provides
a platform to acquire a better understanding of the semi-empirical method so that it can

be used in aerospace community more comfortably.

1.2. State of the Art

As early as 1950 many pioneers of the aerospace mechanics recognized that the low
mechanical impedance of lightweight mounting structures would lead to overtesting of
aerospace equipment. Not much could be done efficiently until 90's to overcome the
overtesting, as proper tools were not available to simulate mechanical impedance in
vibration tests. It is very important to have more realistic vibration test procedures in
today's faster, better and cheaper environment. For the past five decades various
procedures have been proposed and implemented to overcome the vibration overtesting

problem, which is summarized below.



To overcome the overtesting of mechanical equipment at the significant frequencies,
which occurs due to the general procedure of overlapping the acceleration peaks, Blake
[3] proposed a complex conceptual solution, where the impedance characteristics of the
mounting structure are simultaneously measured by small shaker and emulated by the test

shaker.

Simulating the impedance of mounting structure by employing force transducers between
the test item and shaker was proposed by Morrow [4]. However exact impedance
simulation of mounting structure, phase included was not, and still is not, possible at the

test item level.

To overcome the overtesting two methods were proposed by Slater [5], 1) response
limiting at multiple points to reduce the impact of fixture at resonances, and 2) force
limiting to account for the vibration absorber effect at the test item resonances. He also
proposed the maximum force limit/force limit for force limited test would be 1.5 times
the product of mass and peak acceleration or input acceleration for vibration testing. This
procedure later gave impetus for new method in force limited vibration test called semi
empirical method. An equalizer was designed and tested for shaker by Ratz [6], which

uses force feedback to simulate the mechanical impedance of the equipment mounting

structure.



An experimental investigation of sinusoidal vibration test conducted on aircraft
components by Painter [7] using dual control of force and acceleration. The envelopes of
interface force and acceleration between the simulated equipment and aircraft fuselage
control the input to the shaker. It is found that the overtesting of the equipment is reduced
to a greater extent by employing the above procedure of controlling force and

acceleration.

A vibration test procedure is developed by Murfin [8], which employs the dual control
procedure, in which the product of input acceleration and the smoothed apparent mass
obtain the force specification. This procedure is similar to the semi empirical method of
force limited vibration testing, where the impedance of the mounting structure is ignored.
In dual control, the force and acceleration control signals are analyzed in narrow bands,
and in each band the shaker drive signal is adjusted until one or the other of the
specifications is attained. This typically results in acceleration control off resonances and

force control, and acceleration notches, at the resonances.

Special methods were developed by Witte and Rodman [9] and later by Hunter and Otts
[10], to use simple parametric models to study the dynamic absorber effect and to smooth

the apparent mass of the test item to implement the Murfin's dual control method.

A technique for obtaining an equivalent single-degree-of-freedom system (SDFS) for
each eigen-vector when the dynamic characteristics of the structure are available in the

form of a finite element model (FEM) or as test data was developed by Wada, Bamford,



and Garba [11]. The masses of these SDFS’s are called the “effective mass” which may
be defined as the mass terms in a modal expansion of the drive point apparent mass of a
kinematically supported system. The effective masses are independent of the modal
normalization, and the sum of the effective masses of all modes is equal to the total mass.
A complementary term is the residual mass, which is defined as the difference between
the total mass and the effective masses of all the modes with natural frequencies lower
than the frequency of interest. The effective mass and residual mass are used to
characterize the mechanical impedance of both the mounting structure and the test item

for the TDFS methods for computing the force limits.

Scharton [12] describes application of force limited vibration testing to nine JPL flight
hardware projects, one of which is the complete TOPEX spacecraft tested at NASA
Goddard Space Flight Center. Two of the cases include validation data that show that the
force limited vibration test of the components are still conservative compared with the

input data obtained from vibration tests and acoustic tests at higher levels of assembly.

A method to calculate the force limits by evaluating the test item dynamic mass at the
coupled system resonance frequencies by considering a Two-Degree of Freedom-System
(TDFS) was developed by Scharton [13]. Application of this method to a simple (S-
TDFS) and to a complex (C-TDFS) coupled oscillator system yields non-dimensional
analytical results which may be used to calculate limits for future force limited vibration
tests. The analysis for the simple system provides an exact, closed form result for the

peak force of the coupled system and for the notch depth in the vibration test. The



analysis for the complex system provides parametric results that contain both the
effective modal and residual masses of the test item and mounting structure and is

therefore well suited for use with FEM models.

The Monograph for the force limited vibration testing, which discusses the history, theory
and applications of FLV testing was written by Scharton [1]. The monograph also
discusses the implementation of FLV on CASSINI spacecraft, for which the force limits
for various parts of the spacecraft are obtained by the semi-empirical method of FLV
testing, which requires only the interface accelerations/input acceleration and data from
low level pre-test to obtain the apparent mass of the test item. The force limits obtained

by semi empirical method are compared with the TDFS methods and the acoustic tests.

Comparison of the flight data obtained using Spacecraft Launch Acceleration
Measurement (SLAM) system during the launch and the force and acceleration
specifications used for testing of Cosmic Ray Isotope Spectrometer (CRIS) of Advanced
Composition Explorer (ACE) spacecraft during ground level testing done by Scharton
[15] confirm that the acceleration input at the ground level testing were approximately 20
dB higher than the flight data measured, and the flight force measurements agree with the
force limits specified during the test level (obtained from semi empirical and simple

TDFS methods).

Validation of force limiting vibration testing is done by Worth and Kaufman [16]. A

simple structure was flown on a Black-Brant sounding rocket and instrumented with



force sensors and accelerometers. The results during the flight tests were compared to the
predicted results, which were performed prior to the flight tests. The acceleration and
force specifications for the first mode during the random tests were conservative with

respect to the measured data from the flight test.

Scharton [17] compared the force limits measured on a space shuttle flight to the force
specifications used during the ground level random vibration test. The flight data was in
agreement with the force limits obtained using semi empirical method. The vibration
loads obtained from the flight data was one and a half times less than those specified in

the shuttle payload design guide.

Chang [18] derived for a simplified formula for a SDFS for predicting the structural test
loads. By properly choosing the semi empirical force specification factor C? along the
predominant resonant frequency, the force limited vibration will result in test loads

comparable with the design limit loads derived from Mass Acceleration Curve.

Handbook for FLV testing written by Scharton [19] discusses the instrumentation
involved in the vibration testing, methods of deriving the force limits and the

implementation of FLV testing.

Second validation of FLV testing of the series of validation tests performed by Kaufman
and Worth [20] in which they compared the force limits obtained by various methods

with the flight data. The results indicate that the semi-empirical method (using a



surprising low C? value of 1) is least conservative than the rest of the methods, and 2)

CTDEFS was found to provide the most conservative force limits.

Amato, Pankow and Thomsen [21] implemented FLV testing on HESSI imager; the FLV
reduced unnecessary overtesting and reduced the acceleration specifications at the imager
resonances. The loads applied to the most of the sensitive imager components are reduced

by a factor of 2 or better as compared to the acceleration controlled testing without FLV.

Vibration qualification testing of Deep Space-1 spacecraft is done by FLV testing by
Chang [22]. The force limits for the test are calculated by semi empirical force limit

procedure.

Soucy et al. [2] implemented FLV testing on Fourier Transform Spectrometer (FTS)
instrument of the SCISAT-1, which happened to be the first vibration test implementing
FLV by the Canadian space program. The values of C? used to test the structure in all the
directions are 10, 8 and 4 in Z, Y and X directions respectively. The C? value in two of
the three directions was above the nominal range of 2 to 5 as mentioned in most part of
the literature, confirming the need for the current study of investigation of semi empirical

method of FLV testing.

1.3. The Vibration Overtesting Problem

As specified earlier random vibration testing of a space structure is performed to ensure

that the structure will survive the launch environment. The structure would ideally be



subjected to acceleration and forces similar to the ones encountered in the flight during
the launch and sometimes with an acceptable margin. However, because of the high
complexity associated with such attempts partly due to the statistical nature of the launch
environment, and to controller limitation (especially for older versions), this ideal
situation is not really practical and has been replaced by testing procedures which often
generates high vibrations at certain critical frequencies of the test item. The conventional
practice for specifying the input excitation for vibration testing is to envelop the launch
interface acceleration spectra obtained normally from analytical methods such as couple

load analysis [1].

The main cause of overtesting is the difference in boundary conditions between test and
flight configurations. During a vibration test, the test article is usually attached to a very
rigid fixture and is excited or driven along a single linear direction, with the structure
being completely restrained along the other five degrees-of-freedom (d.o.f.). In the flight
configuration, the test article is attached to a mounting structure, which normally exhibits

some flexibility in all six d.o.f. in the frequency range of interest.

The flexibility difference in the direction of excitation is the main contributor to the over-
testing phenomenon. In the flight configuration, the acceleration at the interface between
the mounting structure and the test item drops at certain frequencies, resulting in valleys
in the acceleration spectra. These frequencies correspond to the resonance frequencies of
the test item when attached to a rigid support (as on a shaker). This phenomenon is

known as the vibration absorber effect. On the other hand, during a vibration test, the

10



structure is excited with a specified input acceleration, which is the envelope of the flight
interface acceleration, despite the amplitude drop in the flight configuration. This results
in exaggerated amplification of input forces, and internal stresses, at the resonance

frequencies of the test item, i.e. overtesting.

1.3.1. Vibration Absorber Effect and its Relation to the Overtesting Problem

Consider the simple vibratory system of Figure 1-1 consisting of two oscillators
connected in series (2 DOF system). The main oscillator (Source) is vibrated through the
motion of its rigid base; the secondary oscillator (Load) is excited because of its
attachment to the main one. The vibration absorber effect refers to the fact that (if the
secondary oscillator is undamped) the motion of the source is zero at the resonance
frequency of the load, i.e., the resonance frequency of the load when attached to the rigid
base. It is important to note that this phenomenon occurs even if 1) the mass of the load is
much smaller than the source, or 2) if the resonance frequencies of the two oscillators are
different. It should also be noted that the vibration absorber effect also occurs in the case
of the source being excited directly through a force acting on it, instead through vibration
from its base. If the load has some damping instead of being undamped, the mass of the
source will have some small motion at the resonance frequency of the load, instead of

being at rest. In fact, the amount of motion is proportional to the damping of the load [1,

23].

The relationship of the vibration absorber effect with the vibration overtesting problem is

studied by assuming that the oscillatory system of Figure 1-1 represents a vibration mode
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of a flight mounting structure (source) coupled with a vibration mode of the test article
(load). For example, the mounting structure could be a spacecraft and the test article
could be an antenna of the spacecraft, or the mounting structure could be an antenna and

the test article one of the components of the antenna.
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Simple Two-Degree-of-freedom Coupled System
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Figure 1-1. Simple 2 DOF coupled system and load in vibration test configuration.

As a numerical example, assume that the natural frequencies of the two uncoupled
oscillators are the same, the masses m; and m; are unity, the base acceleration is unity
and the dynamic amplification factor Q (Q =1/2E where & is the damping ratio) of both
the oscillators is 50 i.e., the damping ratio of 1%. For simplicity the excitation is

considered to be sinusoidal.

12



The amplitude of the coupled system interface acceleration is shown in Figure 1-2. One
may notice the two peak accelerations at the system resonance frequencies are located at
0.62w, and 1.62w, (where w,is the load resonance frequency). The notch in the interface
acceleration at m, is clearly visible and it has a value of Q! with respect to the input
acceleration. This illustrates the general dynamic absorber result, for example the

frequency spectrum of acceleration at the interface between the spacecraft and instrument

will have notches at the fixed-base resonance frequencies of the instrument.

interface Acceleration

System Interface Acceleration

H i H i { HE |
10" 10°
Frequency Ratio, w/o o

Figure 1-2. System interface acceleration.

One important characteristic of the load is the apparent mass which is the frequency
response function (FRF) defined as the ratio of reaction force at its base divided by the
acceleration at the same location. Independently of the structure underneath the load, the
reaction force of the load is always equal to the product of its apparent mass and its base

acceleration. For the numerical example considered above the apparent mass is shown in
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the Figure 1-3. The abscissa is the frequency normalized by the load resonance frequency

o,. The apparent mass approaches the physical mass value as the frequency tends to

zero, and has its peak value of Q at o, .

The interface force of the coupled system (or the flight configuration) is obtained by
multiplying the interface acceleration by the load apparent mass. The interface force
shown in the Figure 1-4 also peaks at two resonance frequencies of the coupled system,

with a maximum value of 80 occurring at 0.62®, .

The Figures 1-2,1-3 and 1-4 also illustrate the vibration-overtesting problem from
enveloping the interface acceleration and how the force limiting alleviates the
overtesting. In the coupled system, the interface force peak of 80 at the lower resonance
frequency of 0.62w, results from multiplication of the interface acceleration peak of 50 by
the load apparent mass value of 1.6. In a conventional vibration test without force
limiting, the corresponding shaker force would be of 2500, which is the interface
acceleration envelope of 50 times the load apparent mass peak of 50 at the load resonance

frequency ,. With force limiting, the input acceleration would be notched at the load
resonance frequency o, to reduce the shaker force by a factor of 2500/80 or 31.25 to a

value of 80, which is the maximum force produced at the coupled system level.
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Figure 1-3. Load apparent mass.
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Figure 1-4. System interface force.
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1.3.2. Procedures to Overcome the Vibration Overtesting Problem

There are some structures, which are still "built like brick", to survive vibration
overtesting and even iterative test failure, rework and retesting scenario. This may be the
cheapest way to go in some cases but the frequency in such cases is certainly much less
than it should be. The two historical methods of alleviating overtesting are impedance
simulation and response limiting and the recent method is the force limited vibration

testing [1,19].

Impedance Simulation

In the 1960’s, the personnel at NASA’s Marshall Space Flight Center (MSFC) developed
a mechanical impedance simulation technique called the “N plus one structure” concept,
which involved incorporating a portion of the mounting structure into the vibration test.
A common example would be the vibration test of an electronic board, mounted in a
black box. In addition acoustic tests were conducted very often with the test items
attached to the flight-like mounting structure. In all these approaches where a portion of
the mounting structure or simulated mounting structure, is used as the vibration test
fixture, it is preferred that the acceleration input be specified and monitored internally at
the interface between the mounting structure and the test item. If instead, the acceleration
is specified externally at the interface between the shaker and mounting fixture, the
impedance simulation benefit is greatly decreased. When the input is defined internally,

the “ N plus one structure” approach is similar to the response limiting approach [1].
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Mechanical impedance simulation approaches are seldom employed because they require
additional hardware and therefore added expense. Two exceptions which may find
acceptance in this low cost environment are: 1) deferring component testing until higher
levels of assembly, e.g. the system test, when more of the mounting structure is
automatically present, and 2) replacement of equipment random vibration tests with

acoustic tests of the equipment mounted on a flight like plate, e.g. honeycomb [1].

Response Limiting

In order to alleviate the vibration overtesting problem many institutions have resorted for
some form of response limiting for the past decades. Response limiting is analytically
predicting the in-flight response at one or more critical locations on the item to be tested,
and then to measure that response in the vibration test and to reduce, or notch, the
acceleration input to the test item at particular frequencies. With this procedure the

measured response is kept low or below the predicted limit [1,23].

The coupled load analysis for response limiting prediction is based on the Finite Element
Models (FEM) of both the test article and the mounting structure. This model is typically
used to design and analyze the loads in the test item. In this case the role of the test as an
independent verification of the design and analysis is severely compromised. In addition,
the model has to be very detailed in order to predict the in-flight response at critical
locations. Thus the accuracy of the predictions is usually suspicious, particularly in the

higher frequency bandwidth of the random spectrum.
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In addition, it is often complicated or impossible to measure the responses at critical
locations on the vibration test item. Sometimes the critical locations are not accessible, as
in the case of optical and cold components. In the case of large test items, there may be
many response locations of interest; hundreds of response locations may be measured in a
typical spacecraft test. Since the uncertainty in the predictions of the resonance
frequencies of the test on the shaker is typically 10% to 20%, any notches based on the
pre-test analysis must be very wide, and may result in undertesting at frequencies other

than at resonance.

There is one form of response limiting which almost represents the real conditions that
exist in the launch environment, i.e. limiting the acceleration of the center-of-gravity
(CG) or mass centroid of the test item [1]. By Newton’s second law, the acceleration of
the CG is equal to the external force applied to the body, divided by the total mass. It is
indeed much easier to predict the in-flight responses of the test item CG, than the
responses at other locations. The CG response is typically predicted with FEM using only
a lumped mass to represent the test item, any method used to predict the in-flight

interface force obviously predicts the CG acceleration as well.

However there are some problems associated with CG response limiting. First it is
difficult or impossible to measure the acceleration of the CG with accelerometers in the
vibration test. Some times the CG is inaccessible, or there is no physical structure at the
CG location on which to mount an accelerometer. Furthermore attempts to measure the

CG response overestimate the CG response at resonance, so limiting based on these
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measurements will result in undertesting of test item. However, the CG acceleration is
uniquely determined by dividing an interface force measurement by the total mass of the

test item.

Force Limited Vibration Testing

The primary cause of the vibration overtesting is associated with the traditional practice
of enveloping acceleration spectra to generate a vibration test specification. In the past
overtesting, or conservatism, was typically attributed to the amount of margin that was
used to envelope the spectral data or predictions. Now it is understood that the major
component of the overtesting is inherent in the enveloping process itself. As mentioned
earlier in the section 1.3.1, the traditional enveloping procedure completely ignores the
valleys of the interface acceleration spectrum that correspond at the resonance
frequencies of the test structure (vibration absorber effect) and thus it leads to the

overtesting of the test structure at its own natural frequencies.

Conventional vibration tests are conducted by controlling only the acceleration input to
the test item. In theory, if the frequency spectrum of the acceleration input in the test,
including the peaks and valleys, were identical to that of the interface acceleration in the
flight configuration, and if the boundary conditions for other degrees of freedom
(rotations, etc) were the same as in the flight configuration, then the interface forces and
all the responses would be the same in the test as in the flight. However, this is seldom
the case, primarily due to the necessity of using a smoothed or an enveloped

representation of the flight interface acceleration as the test input, and secondarily
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because of frequency shifts associated with the unrealistic restraint of other degrees of
freedom by the shaker mounting. It has been found that the dual control of the
acceleration and the force input (force limited vibration testing) from the shaker alleviates
the overtesting problem associated with the conventional vibration tests using only

acceleration control.

Compared with the a point-by-point basis approach in the response limiting method, the

force limiting vibration approach has the following advantages [23]:

1- The interface force prediction depends less or not at all on the FEM of the test
item and the mounting structure. First, since the interface forces are global
parameters, thus “averaged” characteristics of the structure, they can be predicted
analytically with more confidence than the single point responses. Consequently,
good prediction may be obtained with less detailed and smaller size finite element
model. Second, since the parameters of the test and the mounting structure
required for predicting force limits may be obtained experimentally, if the
hardware of the mounting structure is timely available, the force limits could be
predicted without the need of any finite element model. Third, at the limit, the
estimation of force limits using the semi-empirical method could be done without

any FEM of the test item.
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2- Force sensors are incorporated at the interface attachments between the test article
and the shaker (or fixture). These are physical locations, which are normally

easily accessible.

3- Force limiting typically only requires one to six instrumentation channels (three
forces and three moments at the interface between the test article and the shaker).

Often, only the reaction force in the direction of excitation is required.

4- Force Limited Vibration provides a theoretically sound basis for input limiting
which, once understood, should be acceptable to all parties and thus should reduce

the effort of coming to an agreement on this sometimes serious issue.

1.4. Mechanical Impedance Characteristics

Estimation of force limits using coupled source-load system (Complex or Simple Two
Degree of Freedom System methods) and Semi-empirical method depends on impedance
information of both the load and the source, which can be obtained by finite element
analysis or from the low level testing of test articles. It is to be noted that for the semi-
empirical method, the only required impedance information is the impedence of the test

item.

Impedance characteristics are related to input and response at single points on a structure.

Strictly speaking, mechanical impedance refers to the ratio of input force divided by
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response velocity. However, in the literature, the name mechanical impedance is also

given to the ratios force/ displacement and force/acceleration (apparent mass).

1.4.1. Apparent Mass

Mechanical impedance as concerned to the force limited vibration is defined as the
frequency response function (FRF) consisting of the ratio of response force to the input
acceleration, which is also known as apparent mass or dynamic mass of the structure. The
force and acceleration of the apparent mass refers to the same degree of freedom,
implying that it is a drive point FRF. The apparent mass is generally a complex quantity,
with magnitude and phase, but herein the term apparent mass will often be used in
referring to only the magnitude. The apparent mass can vary greatly with frequency and
peaks at the resonance frequencies of the structure, as seen in Figure 1-3. Therefore the

apparent mass reflects the dynamic characteristics of the structure [1].

1.4.2 Effective Mass

The effective mass concept, introduced in the early seventies, is of prime importance for
the dynamics related to the base excitation and modal reaction force. A physical
interpretation of the effective mass has been given [1,23] by a set of parallel single degree
of freedom oscillators attached to a rigid mass-less base as shown in the Figure 1-5. Each
mode of vibration of the distributed structure is represented by an oscillator. The mass of
each oscillator is defined by the effective mass of the mode. For each mode, the effective
mass is such that the reaction force of the mode of the structure to the driven base

acceleration a, is equal to the reaction force of the corresponding accelerator. It may be
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shown [28] that, for each excitation axis, the sum of the effective mass of all the modes is

equal to the total mass (or the moment of inertia) of the distributed structure.
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Figure 1-5. Physical interpretation of effective and residual mass concepts [21].

1.4.3 Residual Mass

Another mass quantity closely related to effective mass is the “residual mass”, which is
defined as the total mass of the structure minus the effective mass of the modes which
have natural frequencies below the excitation frequency. In other words, the residual

mass is the sum of effective mass for all modes above the excitation frequency.

Practically it is not possible to capture all normal modes (let say /) of the structure.
Assuming that in the frequency range of excitation, m normal modes exist we can define

the residual mass matrix of the m™ mode as

M, = iMfﬁ” =Mo—foﬁ" 1-1)

i=m+1 i=l
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where M, , M# and M are the rigid body mass matrix, effective mass matrix of the i

mode and the residual mass matrix of the m" mode respectively.

Considering Eq. (1-1), the residual mass of the m™ mode in the direction j due to an

res

excitation in the direction k, M7, can be written as:

e =M, - > MZ 1-2)
=1

where M, is the (j, k) term of the rigid body mass matrix, M;’Z is the effective mass

of the i mode in the direction j due to an excitation in the direction k and M, is the

residual mass of the m™ mode in the direction j due to an excitation in the direction k

Assuming the natural frequencies of the excluded modes are significantly higher than the
excitation frequency, the residual mass may be interpreted as the fraction of the total
structural mass, which moves with the input acceleration without any amplification
factor. This is illustrated in Figure 1-5 by mass M, directly attached to the rigid base. It
is evident from the definitions of effective mass and the residual mass that the residual

mass tends towards zero as the excitation frequency increases.

The effective mass and the residual mass of the structure are generally obtained from the
analytical models, however they can also be estimated from the experimental values of

the apparent mass [28].
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1.4.4. Relation between the Interface force and the Interface Acceleration

Consider the based excited load system shown in the Figure 1-1. The frequency response

function, H(w), and the gain function, |H(w)| , of this system where the input is the base

acceleration and the output is acceleration of the load, m, can be found as [25]:

H(o) = k, +1202c0' (1-3)
(k, —m,0")+ic,®

‘H(u))| _ \/kz +(c, ) - 4)

\/(kz -m,n*)* +(c,0)’

Considering the Eq. (1-3), the relation between output (acceleration of the load, a;) and

input (base acceleration, a_) can be written as:

a, = H(w) a, a1-5)
On the other hand, in random vibration, it can be easily shown that [25]

Sy, (@ =[H)['S, (1- 6)

In words, the power spectral density of the response which is the acceleration of the load,

S,, » equals the spectral density of the base acceleration, S, , times the square of the gain

function.

25



In the current study we are concerned about the interface force spectral density and the
interface acceleration spectral density. It can also be observed in Figures 1-2, 1-3 and 1-4
that the interface force at any frequency is the product of apparent mass and the
corresponding interface acceleration. Hence the relation between interface force and

acceleration can be represented as

F=M¥ () a, 1-7)

where F is the interface force, M7 (w)is the load apparent mass and a is the interface

acceleration. If the above equation is expressed for a random excitation we can obtain:

S (@) =M% @)['S (@) 1-8)

The load apparent mass is a frequency response function which includes mass, damping,
and stiffness effects. The frequency dependence is shown explicitly in the above equation

to emphasize that the relation between force and acceleration applies at each frequency.

1.5. Force Limits

As mentioned previously, to overcome the problems encountered in Impedance
Simulation and Response Limiting, a new test method called the force limited vibration
testing is used which can reduce the cost and increase the safety to critical space

hardware. Force limiting is a new way of conducting vibration tests to achieve better

26



simulation of the flight environment, alleviating the overtesting and resultant failures

inherent in conventional vibration tests.

In conventional vibration tests, only the input vibratory motion is specified. The vibration
specification is derived by enveloping the peaks of the flight or higher hardware level test
vibration data and ignoring the valleys, or notches, in the data, which correspond to the
resonance frequencies of the test article when attached to the rigid support, which is
termed as vibration absorber effect. In force limited vibration tests, both the shaker
motion and reaction force are controlled to enveloped values predicted for flight.
Reaction forces are measured and limited real time in the vibration tests by employing
force gauges sandwiched between the test item and the shaker fixture. At test item
significant resonance frequencies, the reaction forces become large and control the test,
automatically putting the vibration notches back into the test. This eliminates or at least
significantly reduces the major cause of overtesting, i.e. the response (impedance)
mismatch between the massive rigid fixture and the relatively lightweight mounting
structure aerospace hardware. More realistic testing reduces the cost, schedule and
performance penalties of over-testing and over-design. In other words the Force limited
vibration testing can be said to be as for the traditional vibration test specification, which
is the envelope of the peak accelerations, but to notch the input at the resonance

frequencies on the shaker to emulate the valleys in the flight environment.
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Force Limits for the vibration tests can be obtained by one of the following two methods
[17:

1. Two-degree-of-freedom or other analytical models of the coupled source/load
system together with measured or FEM effective mass data for the mounting
structure and the test item,

2. A semi-empirical method based on system test data and heuristic arguments, and
Quasi-static design criteria, which may be based on coupled load analysis or a

simple mass acceleration curve.

The two methods are proportional to the conventional acceleration specification; any
conservatism or error in the acceleration specification is carried over to the force
specification. The procedure employed in the above methods is briefly described as

below.

1.5.1. Coupled Source/Load System
The basic approach to calculating force limits with the coupled system model involves
four steps [1]:
1. Development of a parametric model of the coupled source and the load system
which might be a FEM or a multi-degree-of-freedom modal model,
2. Identification of the model parameters using measured apparent mass or FEM
modal frequency and effective mass information,
3. Solution of the coupled system problem to obtain the ratio of the force frequency

envelope to the acceleration envelope at the source/load interface, and
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4. Multiplication of the ratio of envelopes by the acceleration specification to obtain

an analogous force specification.

The method of calculating force limits using a coupled source/load model is implemented
for two specific cases where the coupled system is considered as a simple and a complex

two-degree-of-freedom system (TDEFS).

As mentioned earlier for both the flight configuration with a coupled source and load and
the vibration test configuration with an isolated load, the interface force spectral density

Sgr is related to the interface acceleration spectral density Sas according to Eq. (1-8).

Both the simple and the complex TDFS methods are derived by multiplying the
conventional acceleration specification, which is assumed to properly envelope the
acceleration spectral peaks, by the load apparent mass, evaluated at the coupled system
resonance frequencies. A central point of this approach is that the load apparent mass
must be evaluated at the coupled system, or shifted, resonance frequencies. The values of
the load apparent mass at the coupled system resonance frequencies is considerably less

than the peak value at the load uncoupled resonance frequency. [23]

1.5.2 Semi-Empirical Method
The basic idea behind the semi-empirical method is to properly envelop the input force
spectrum at the fundamental frequency of the test item. Considering Eq. (1-10), the semi-

empirical method can be expressed by the following two relations [1]
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S (f)=C*M?2S,,. () f<f (1-9)

C*MIS i (f)

o (1-10)
1L /=1

SFF(f)=

where, M, is the physical mass of the test item, f, is the fundamental frequency (or most

significant mode in Hz), C is a constant, and » is a roll-off ratio introduced to account for

the falling off of the apparent or dynamic mass above the fundamental frequency.

In Egs. (1-11) and (1-12), the mass M, is known, Sa, is defined (usually from coupled
load analysis), the values of f, and n may be obtained from finite element analysis and

finalized from a low level sine or random run performed just prior the full level vibration

testing.

Constant C* is a key parameter of the semi-empirical method, which sets the force limits
throughout the complete frequency bandwidth of excitation. Some judgment should be
done to choose the value of C2 Based on limited number of flight data, it has been
observed that, in normal conditions, C? value as low as 2 might be chosen for complete
spacecraft or strut-mounted heavier equipment, C? value as high as 5 might be considered

for directly mounted lightweight test items [1,18].

1.6. Present Study

The present thesis constitutes a comprehensive study in the area of force limited vibration
testing using semi-empirical method. Design optimization of the test item, the mounting

structure and the fixture using finite element method, conducting in-depth analytical and
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experimental sensitivity studies to investigate semi-empirical method and affecting
parameters and documenting a comprehensive benchmark problems are among the most

important contributions of this thesis.

Relatively fewer investigations have been reported in the literature on force limited
vibration testing using semi-empirical method, to study the behavior of semi empirical

force limiting factor C? and the parameters on which it depends.
g p p

Here, the test item, mounting structure and fixture has been deigned so flexibly that
desired natural frequencies can be obtained at the test item and assembled structure
levels. Investigation of the force limited vibration testing using semi-empirical method to
this extent is unique and due to its extensive analytical and experimental studies, it can be
extremely useful for the researchers and engineers in the aerospace community to better

understand the semi empirical method of force limited vibration.

Current study can also be used in the future implementation of FLV testing in Canadian
space programs or by the aerospace industry in general in deciding the C? parameter for
testing any aerospace equipment depending on the number of interface points, direction
and the mass ratio of the test item and the mounting structure. It also gives confidence in
selection of C* parameter higher than 5 while implementing FLV testing using semi-

empirical method.
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In the following sections, same terminology as found in Force Limited Vibration
literature is used. More specifically, the test item refers to the structure being subjected to
FLV vibration testing, the mounting structure refers to the immediate structure to which
the test item is being attached, the assembled structure is a combination of both the test
item and the mounting structure. For example, in the case when the test item is an
instrument, the mounting structure would be the rest of the spacecraft (without the
instrument on it) and the assembled structure would be the complete spacecraft. The
generic term test article (TA) or test structure refers to either the test item or the mounting

structure.

1.7. Thesis Organization

The present thesis contains five chapters. Chapter 1 introduces the problem under
investigation and the motivation. A historical perspective to the field of vibration testing
to prevent overtesting is presented with the most important and relevant contributions to
the field to date and with an in-depth review on overtesting problems and relative
methods to alleviate it. The chapter concludes by identifying the most important and

relevant contributions of the present study and the layout of the monogram.

Chapter 2 presents in detail the design requirements set for the test item, the mounting
structure and the fixtures specifying the reasons to have a particular requirement. It then
explains in detail 1) The analysis and design of test structures, 2) The flexibility of each
structure indicating the frequency range the structures cover, 3) The variation in mass

ratio of test item to mounting structure, 4) The stiffness variation of test item in X, Y and
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Z directions, and 5) Lumped mass locations on the structures, and how the flexibility of

the test item can be varied by replacing the stiffening member or by adding lumped mass.

Chapter 3 presents the analytical sensitivity study performed on the test structures (test
item and mounting structure). The chapter explains in detail the guidelines set to select
the cases to perform the analytical study, the probable parameters on which the semi
empirical force limiting factor C? depends, naming of test cases for sensitivity study, and
naming of test item on the basis of number and location of attachment points, stiffening
member used, and the lumped mass and its location on the test item and/or mounting
structure, procedure of evaluating the C? and notch values. It then concludes with 1) The
results of the cases tabulated indicating the impedance characteristics, details at the
interface of the test item and the mounting structure and C* value, and the notch value for
each configuration of the test item and mounting structure at system level, and 2)
explains in detail the variation of C? and notch value and the parameters on which they

depend.

Chapter 4 explains the experimental sensitivity study performed on the manufactured
structures, to validate the procedures and the values of C? obtained from analytical study.
It indicates the guidelines set to pick the cases for the study from the cases in chapter 3.
All the structures designed in Chapter 2 are validated and proper reasons are mentioned
to defend the variation in frequency from analytical to experimental values. Towards the

end of the chapter, the results with respect to C> parameter have been obtained from the
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experimental study and compared with the analytical study in both lateral and vertical

directions.

Finally, Chapter 5 concludes with a synthesis of the most important findings and

contributions of the present investigation and various recommendations are put forward

for future work.
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CHAPTER 2
DESIGN AND ANALYSIS OF STRUCTURES

As specified earlier the main objective of the project is to investigate the range of c?
values, which might be expected for a range of representative combination of structures.
This objective is to be achieved through analytical and experimental sensitivity study of
C? with respect to structures (test item and mounting structure) having a certain range of

structural and dynamic properties, and different interfaces (Attachment Points).

2.1. Design Requirements

Some design requirements for the Test Articles (TA’s) were defined in order to respect
the vibration facilities at the Canadian Space Agency (CSA) and to meet the following
objectives:

e Provide large enough flexibility in the key characteristics of the test articles, to
allow the performance of meaningful analytical and experimental sensitivity
studies of the semi-empirical method.

e Provide required limitations in order to allow performance of the experimental
sensitivity study with the vibration test facilities of the CSA Space Technologies
in St-Hubert, QC.

e Define the characteristics of the TA’s deemed required in order to demonstrate
proper relevance to typical space hardware. These characteristics are based on

discussions with government and industrial partners.



A requirement containing the verb ‘shall’ refers to a condition, which must be met.

However, a requirement containing the verb ‘should’ refers to a condition, which ideally

would be met, but is not necessary if the implication or cost is too significant [26].

2.1.1. Test Article Requirements

Attachment Points

L.

The design of both the test item and the mounting structure shall have sufficient
attachment points to allow different combination of these points to be used in the
various attachment configurations. The maximum number of attachment points

used in the configuration shall be limited to twelve.

The maximum of twelve attachment points is related to the fact that there are

presently a total of twelve triaxial force sensors available with in the CSA.

The design of the test item shall have provision for the variation in stiffness, and
to a certain extent in damping, of the attachment points between the mounting

structure and the test item.

The dynamic characteristics of a test ittm maybe significantly affected by the

conditions at the boundary or the interface.

The means of attachment between the test articles, as well as between each of the

test articles and the fixture shall be through bolts.
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This requirement is based on the fact that bolts are the standard means of
attachment between the various parts of the spacecraft. Also the use of bolts, as
opposed to other means of attachment such as clamps, ensures a better control and
repeatability of the interface characteristics. These are very suitable characteristics
in the present sensitivity study, since it eliminates undesirable uncertainties in the
factors affecting the interface force seen by the test item during the vibration test

of the assembled structure.

Bolt size should normally be M6 or M8 (or its English unit equivalent), based on
stress analysis of the worst-case scenarios. However bolt size shall not exceed

Ms.

The maximum bolt size of M8 is defined by the diameter of the triaxial force

sensors, through which the bolt must pass.

For the test item, attachment points shall include holes through which the bolts

will pass to attach the test item to the mounting structure or to the fixture.

For the mounting structure, attachment points of the test item include threaded
holes for the attachment of the test item. The attachment points to the fixture shall
include holes, through which the bolts will pass to attach the mounting structure

to the fixture.
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Dynamic Characteristics of the Test Articles

7. The fundamental frequency of the test item should be higher than 100 Hz and the

frequency of its first three modes shall be no more than 600 Hz.

This frequency range of 100-600 Hz is fairly representative of where one might
expect the first three or four modes of an instrument be located. These are
normally the modes which will be affected with FLV notching. Also by having
the fundamental frequency above 100 Hz, one ensures that the apparent or
dynamic mass FRF reaches an asymptotic horizontal line below the lowest
frequency. This simplifies the calibration of the force sensors for the experimental

sensitivity study.

8. In order to simulate real life situations, at least the lower three natural frequencies
of the mounting structure shall be below the fundamental frequency of the test

item.

Independently of the hierarchy level (e.g. component, instrument or the sub-
system or spacecraft) of the test article, the mounting structure normally exhibits
more flexibility and lower fundamental frequencies than the test item. For
example the fundamental frequency of the spacecraft would normally be above 25

Hz, while the fundamental frequency of an instrument could be above 100 Hz.
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9. In order to simulate real-life situations, some of the design configurations shall
contain several closely spaced modes for both the test item and the mounting

structure and these modes shall be coupled together.

Space hardware at any hierarchy level is normally very complex and is likely to
exhibit modes, which are not well-separated and even closely spaced modes.
Consequently, this requirement is imposed to ensure relevance to space hardware

dynamic characteristics.

10. It should be possible to modify the flexibility of both the test articles, in order to
simulate a wide range of different frequency and amplitude of the most significant

effective masses.

This requirement leads to a larger scope of the sensitivity study and thus brings

added value to the current project.

Residual Masses of Both Test Articles

11. The design of both the test item and the mounting structure shall allow the

attachment of various number of rigid masses at different locations. These rigid

masses are to represent additional residual masses of the test articles.
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The addition of rigid masses to both the test articles represents an easy way of
increasing the residual masses. This increase of residual mass is on top of the ones

associated with the modes having a frequency above the excitation frequency.

12. The ratio of added rigid masses of test item/ added rigid masses of mounting

structure should cover a wide range sufficient enough to make sensitivity analysis

with respect to the ratio of residual masses.

13. The added rigid masses should be fixed to either the test item or the mounting

structure through bolts.

Physical Properties

14. The test articles should be easy to manufacture.

This requirement ensures that no undue delays occur in the manufacturing of the

hardware required for the experimental sensitivity study.

15. The test articles and their various parts should be easy to assemble and

disassemble.
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16.

17.

18.

This requirement is related to the fact that the experimental sensitivity study will
involve several tests in various configurations and with different designs of the

test articles.

The total mass of the test item and the fixture shall not exceed 100 1b.

The total mass of the test item, the mounting structure and the fixture shall not

exceed 150 1b.

The above requirements (16 & 17) are based on the following assumptions. (1)
The nominal force rating of the shaker at the CSA vibration test facility in St-
Hubert, (2) A safety factor of 2 to account for the fact that the nominal rating of
the 2000 1bf could be significantly reduced depending on the input profile, (3) an
input profile having a value of 10g rms for the test item and 7g rms for the
assembly. The values are representative of the level, which might be imposed on a

spacecraft sub-system and spacecraft respectively.

The mass of the test articles should be as large as possible respecting the above

requirements (16, 17).

Test articles having larger mass are likely to be more representative, at least from

a mass point of view, of typical space hardware up to instrument or subsystem

level.
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19.

2.1.2.

20.

21.

22.

23.

Both the test articles should be made of materials representative of those typical

of space hardware, such as aluminum.

Fixture Requirements

A single fixture shall be designed and used for all testing, both at the test article

and assembled structure levels.

The fixture shall be designed to be rigid for all test configurations (including

assembled structures), in the frequency range of interest (i.e., up to 2000 Hz).

The overall dimensions of the fixture should be such that none of its parts are

hanging beyond the edge of the shaker plate or the slip table.

The purpose of this requirement is to prevent any reduction of the natural

frequencies of the fixture and its rigidity, due to some of its sections not being

properly fixed to the shaker plate of the slip table.

In order to increase the mass of the test articles, the design of the fixture may

involve extrusion of material, at the expense of higher manufacturing costs.
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Up to certain point, additional cost for manufacturing the fixture is considered

acceptable if it results in a significant increase in the mass of the test articles.

24. The fixture shall have three sets of holes: (1) Holes with counter bore on the
upper face, for the attachment of the fixture to the shaker plate or the slip table.
(2) Threaded holes for the attachment of test item and (3) Threaded holes for the

attachment of mounting structure.

2.2. Design of Test Structures

This section presents the nominal design of the test item, the mounting structure and the
fixtures. Several iterations were performed respecting the specified design requirements
and the discussions held with the engineers at CSA and JPL to arrive at the final design

of structures, which are as explained in the later part of the section.

2.2.1. Test Items

The test item is considered as a hollow block, two sides of which are being removed to
have easy access to all sides of the block to add additional lumped mass to achieve the
requirement 11 of changing/representing additional residual mass of the test item. To
have a closely space modes to simulate the real space hardware, a plate is added in the
middle of the block connecting the two sidewalls. This plate also helps in adding
additional lumped mass to represent the electronic components of spacecraft having

higher fundamental frequency than the spacecraft by itself. To account for the large range
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of values for the physical properties (Physical mass of the structure and stiffness) and
dynamic properties (natural frequencies) of the test item, the test item is considered to
have the maximum size depending on the dimensions of the shaker and the slip table. The
variation in physical mass of the test item can be obtained by adding additional lumped
mass and the stiffness can be varied by choosing the proper stiffness parameters
explained in the later part of the section. Both the properties are changed respecting the
dynamic and physical requirements. Frequency is a factor, which depends on both the
physical properties mentioned earlier hence the range of frequency depends on the
possible values for both the physical properties. The dimensions of the test item are
arrived respecting the requirements of the test item (explained in the earlier section) and
manufacturing cost and time involved. The mass and the frequency of the obtained

structure vary by three fold the details of which are explained as below.

The test item is designed as a hollow cube of 11”x11” x11” with a wall thickness of 0.25”
on each side. The dimensions of the test item are selected to meet the requirements and
on the basis of the dimensions of the shaker and the slip table. The thickness of the walls
is derived from static and dynamic analysis of the structure to meet the specified
requirements in terms of flexibility, mass and the fundamental frequency (Req. 7 and 9).
All the walls and the medium plate are considered of the same/uniform thickness to

reduce the manufacturing cost and time. Such a test item could represent dynamically a
small instrument of a spacecraft. As shown in the figure below two sides of the test item

have been removed for easy access to the interior plate and to add additional lumped
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mass so as to increase the flexibility in terms of frequency and effective mass for the

fundamental frequency (Req. 10 and 11). Figure 2-1 presents a drawing of the structure.

Lumped mass attachim ent
points

Provision for m ovement of
~ middle plate and for lum ped
n asses

Removable
stiffening m ember

Intetface poirts

Figure 2-1. Test item with provision for lumped masses

The test item is designed as a hollow cube so that it is symmetrical and its mass is evenly
distributed on all the attachment points, which vary in number from 3 to 12 as per the
requirements (Req. 1). Unsymmetrical mass distribution can easily be achieved from

uneven attachment of the lumped masses and the interface points.

As specified earlier, in order to meet requirements (Req. 8 to Req. 10), a middle plate of
0.25" thick and 5.5" wide is attached over the length of the test item to make a provision
to add additional masses and also have its own dynamics (to improve the design
flexibility), which also increases the number of cases for the sensitivity study. This plate
is attached so that it can be moved along the height of the test item to further increase the

design flexibility of the test item.
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The fundamental frequency of the initial design of test item with four attachment points
(along the side plates) and without any lumped mass was below the required 100 Hz
(Req. 7). This frequency was later increased by adding quarter inch thick and an inch
wide stiffening members connecting the top right corner to the bottom left corner, on
either side on the block. By adopting these stiffening members, the fundamental
frequency of the structure improved to 190 Hz with the same four attachment points and
200 Hz with 12 attachment points. The total mass of the test item without any lumped
mass is 15.7 1b, which can be increased to a maximum of 50 Ib based on the level of

testing to be performed (Req. 17 and Req. 18).

The fundamental frequency with four attachment points and the maximum lumped mass
of 24.2 1b (11 kg) entirely attached on the top plate was found to be 90 Hz, which is again
below the requirement. Consequently in the final design, instead of a single stiffening
member going on either side of the test item, an X - shaped plate is connected on either
side as shown in the Figure 2-1; this improved the frequency to 105 Hz (with the
attachment points on the left and right side of the stiffening members). In fact, either the
single stiffening members or the X members may be used depending on the required

flexibility of the test item.

However the fundamental frequency of the test item was below 100 Hz when the

orientation of the attachment points is changed from the adjacent sides of the stiffening

members to the same side with the same number of interface points (four attachment
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points on the same side of the stiffening members). In order to increase the frequency of
the structure the stiffening members mentioned above were replaced by brackets of 3/16
inch thick (4 in number attached on all corners) connecting the base and the walls of the
test item as shown in the Figure 2-4, which improved the frequency to 104 Hz with all the

lumped mass (worst case).

In order to simplify the manufacturing and to enhance the sensitivity study in terms of
adding or removing parts to improve/reduce the stiffness and fundamental frequency, the
test item is manufactured by joining different plates and bars using bolts and rivets. The
lumped masses to be added are so manufactured that they can be easily assembled and
disassembled. All the stiffening members/ brackets are attached to the test item by bolts
so that they can be easily added or removed to the basic structure to increase or decrease
the flexibility of the structure. The fundamental frequency of the structure decreases

provided the stiffening member is not changed with increase in lumped mass.

The finite element tools used to arrive at the dimensions of the structures are Nastran and
Patran. The model is generated in Patran. To obtain the resonance frequencies of the
structure, SOL-101 is run through Nastran specifying MEFFMASS card in the case
control statement to obtain the effective mass and the direction corresponding to each
frequency. To perform random analysis, advanced tools of Nastran and Structural
Analysis Toolkit (SATOOLS) of Maya Heat Transfer are used. Same tools are used to
perform the analytical sensitivity study explained in chapter 3. To perform random test at

the design level, a white noise is applied across a bandwidth of 20 Hz and 2000 Hz. The
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results obtained from the Nastran are processed by the SATOOLS to obtain the stresses,

forces and accelerations at the critical locations.

A static and random analysis of the system is performed to verify the stresses at 10 g rms
(Req. 16) and it has been found that the structure had a Margin of Safety (M.S) of 1.5 at

the attachment points, considering a safety factor of 1.25.

The margin of safety of the structure is defined as

MS = [—"——] -1 @2-1)

O,pn XS.F
where M.S is the margin of safety, S.F is the safety factor, o, is the maximum allowable
yield stress for the material, and &, is the maximum Von-Mises stress obtained from

the results at the critical locations of the test item. The margin of safety should be more
than 1 for the structure to restrain the stresses obtained during the vibration testing. The
larger the value of M.S the tougher the structure is. The maximum Von-Mises is
multiplied by the safety factor to account for the errors in the FEM model and the errors
that occur while calculating the stresses and to obtain the maximum stresses. The value of

the S.F purely depends on the application of the instrument.

In order to improve the M.S and to maintain the integrity of the test item after testing at
10g rms by itself or at the system level, the thickness of the attachment points is
increased from 0.25 inch to 0.5 inch. This increase in the thickness of the attachment

points improved the M.S by 3 fold.
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The natural frequencies of the system with minimum 4 attachment points and maximum
lumped mass (worst case for Req. 7) and with maximum 12 attachment points and no
lumped mass (best case) are presented in Table 2-1. The numbers inside parenthesis
indicate the percentage of effective mass and the direction of the predominant motion.
The results shown in the Table 2-1 confirms the flexibility of the proposed design. It is
noted that the requirement of having at least 3 major modes below 600 Hz is satisfied in
all the cases.

Table 2-1. Natural frequencies and effective masses of the test item with and without
lumped mass

Mode| Frequency (Hz) (%Eff. Mass) Frequency (Hz) (& %Eff. Mass)
No. with max lumped mass and without lumped mass and 12
4 attachment points attachment points

1 97 (83 -X) 272 (18-Y)

2 118 (33-2) 324 (63 - X)

3 119 (52-Y) 327(19-27)

4 155 21-2) 355 (28-Y)

5 167 (4 - X) 450 (15-2)

6 187 (17-Y) 460 (6-Y)

7 221 (5-Y) 621 (10-2)

8 263(5-2) 815(9-2)

9 279 (71-2) 1170 31 -2)

10 394 (3-Y) -

The variations of the structure from the simple case or most flexible structure
(fundamental frequency being 97 Hz) to a robust case or rigid structure interms of
stiffness and the frequency (fundamental frequency being 270 Hz) are shown in the
Figures 2-2 to 2-5. The simplest test item (with least stiffening members, fundamental

frequency and mass) possible for vibration testing in X direction with all the dimensions
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and the stiffness members mentioned above would be similar to Figure 2-2, but the X
member would be replaced by the simple cross member connecting top right and bottom
left corners on either side of the structure. This structure is used only when the test item is
fixed at atleast 2 attachment points on the side of the side plates. The naming of
attachment points is mentioned in Section 3.2. The robust structure, which has three times
higher frequency than the one mentioned above when the test item is attached at the same
configuration mentioned earlier, is shown in Figure 2-3. The axes for the structure are

similar to the one shown in the Figure 2-1.

Figure 2-2. Simplest possible test item for vibration testing in X direction (but the X
shaped stiffening member is replaced with cross member).
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Figure 2-3. Robust possible structure (test item) for vibration testing in X direction.

Similarly when the structure is attached at the attachment points on the side of the
stiffening members for vibration testing in Y direction, the simplest structure possible
would include flanges as the stiffening members as shown in the Figure 2-4. The robust
structure in the same configuration is shown in the Figure 2-5. there will not be much
change in the frequency for both the structures but it increases by 2 fold when the test
item in the figure 2-5 is attached by side stiffening members on the sides extruding

outwards similar to test item in figure 2-3.

51



ible structure for vibration testing in Y direction.

i
:

lest poss

Figure 2-4. Simp

tion.

1réC

inYd

testing

Figure 2-5. Robust possible structure for vibration
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2.2.2. Mounting Structures

The mounting structure was initially considered to be a plate-like structure with varying
thickness respecting the specified requirements in terms of fundamental frequency and
the provision for the attachment of lumped mass to increase the residual and effective
mass in the concerned bandwidth. However more investigation reveals that plate-like
structures have dynamics in only one direction (normal to the plane of the plate) and may
not exhibit enough dynamics at the lateral directions in the frequency range of interest.
Thus they cannot be implemented for testing in the lateral directions. Furthermore, and as
important if not more, plate-like structures would not easily exhibit several modes in the

frequency bandwidth of interest.

After numerous simulations, the mounting structure was designed as a structure similar to
the test item. However, it is much more flexible than the test item in order to increase the

complexity of its own dynamics.

Taking into account of the dimensions of slip table and the test item, the mounting
structure is considered to have a plate of 16"x18" mounted on walls of 5" high and 18"
length plates. The thickness of the plates is selected after performing the dynamic and
static analysis of the structure to satisfy the requirements in terms of fundamental
frequency. To further respect the requirement of having at least three natural frequencies
below the natural frequency of the test item (Req. 8), and to improve the sensitivity study,
a plate of 16” x 16” is attached across the length about 2.5” from the top plate as shown

in Figure 2-6. The thickness of the top plate vary from 1/8" (3.175mm) at the center
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(covering the cross-section 10"x10") to 3/8" (9.525 mm) at the attachment points of the
test item to the mounting structure in order to further improve the flexibility of the
structure in the vertical direction (normal to the plane of plate). The details of the

thickness of the top plate are as follows:

e Center area of 6” x 6” has a thickness of 0.25 in or 6.35 mm.

e An area of 10” x 10” minus the above area has a thickness of 0.125 in or 3.18
mm.

e Area under the attachment points of the test item 13” x 13” minus 10” x 10” has a
thickness of 0.375 in or 9.53 mm.

e Rest of the plate has a thickness of 0.188 in or 4.76 mm.

X
3/16" (4.7625 mum)
Thick
X
38" (9525 mm)
Thick
‘33 - 14" (635 num)
Thick
18" 3075 mm)
" Thick
A A
i A

|« 16" >

Figure 2-6. Top plate of the Mounting structure, indicating the variation in thickness of
the plate.
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The thickness of the sidewalls connecting the top plate to the legs also varies across the
height, to reduce the frequency in the lateral and vertical directions. The details of
thickness of the sidewalls and the medium plate (achieved after multiple iterations
checking the frequencies, the stresses for the assumed test level and the mass of the
structure) are as follows: The thickness of the plate (sidewall) at the point of attachment
to the top plate is 3/16" (4.763 mm) up to a depth of 1” (25.4 mm). This feature will
increase the strain energy at the attachment points of two plates, which in turn reduces the
frequency in the vertical direction for the top plate (as most of the strain energy for the
frequency involving the top plate in the vertical direction will be located at the
attachment point of top and side plates, reducing the thickness reduces the stiffness and
increases the strain energy). The rest of the sidewall plate has a thickness of 0.25” (6.25
mm) to account for the stresses and frequencies in the lateral direction. The thickness of
the medium plate is 3/16" (4.7625 mm) in order to have the maximum flexibility, to
allow for the additional frequencies and to take the maximum lumped mass at the
maximum possible test level (10 g rms). However with this thickness considered for the
medium plate, the frequency of the mounting structure involving the middle plate was
found to be above the fundamental frequency of the test item, thus violating the
requirement of having multiple modes below the fundamental frequency of the test item.
In order to reduce the stiffness or increase strain energy of the plate, the attachment
points between the side and the medium plates or the area connecting the two plates is
reduced by removing the material of 4” x 8” on either side of the medium plate

connecting the sidewalls, again taking care of the stresses at the attachment points

55



(elements connecting the middle plate to side plate) which will increase due to reduced

contact area. Figure 2-7 shows the final dimensions of the middle plate achieved.

Edges connecting
to the side plates

16"

L2
T

)

Figure 2-7. Medium plate of the mounting structure, the edges were cut to increase the
flexibility.

The legs for the structure stretch across the length with a thickness of 0.5" (12.7 mm). In
the first part of the analysis it was considered the legs to be extended away from the
sidewalls in the outward direction to a distance of 1”. But when the structure with the
maximum lumped mass and the test item sitting on it was tested at 7 g RMS the margin
of safety was below 1. In order to account for higher stress levels and to improve the M.S
of the entire structure, the legs were considered to extend on both sides of the sidewalls to

a distance of 1”.

56



Almost the entire mounting structure (except medium plate) is manufactured using 7075
grade aluminum while regular 6061 grade is used for manufacturing the test item and the
medium plate of the mounting structure. Because of the higher yield strength of the 7075
material compared to the 6061, the M.S of the structure is improved without increasing

the mass of the structure, as the density of both the materials is same.

Although the proposed mounting structure with all the above mentioned dimensions has
the required frequencies below the fundamental frequency of the test item and respects
almost all the dynamic and static/physical requirements, the weight of the mounting
structure is below the weight of the test item. In order to increase the weight of the
structure, a brass plate of 3 kg and 6"x6"x0.7" in dimension is attached at the center of
the top plate (facing the medium plate so as to have a flat top surface for easy attachment
of test item). This also helps in further reduction of fundamental frequency and generates
multiple modes below the natural frequency of the test item. Considering the brass plate
the mounting structure weighs 22.8 1b (10.34 kg) and with adding 27 - 32 1b (12.25-
14.52 kg) in terms of lumped mass, it can go up to a maximum of 50 - 55 1b (22.7 - 25
kg), thus respecting the Req. 17. The structure has a provision of adding additional mass

on all the plates.

As there is no requirement on the number of attachment points for the mounting
structure, 16 attachment points are considered, which can be altered depending on the
testing acceleration and related stresses of the coupled system. The mounting structure

with the achieved dimensions is shown in the Figure 2-8.
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Figure 2-8. Mounting Structure indicating the attachment points for the test item.

The natural frequencies of the mounting structure with lumped masses (split evenly
between the top and middle plates and attached at the center) and without lumped masses
for 8 and 16 attachment points are indicated in the Tables 2-2 and 2-3, respectively. It is

evident that the first three frequencies of the mounting structure are well below the

fundamental frequency of the test item (Req. 8).
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Table 2-2. Natural frequencies of mounting structure with and without lumped mass
and attached at 8 attachment points

Mode Frequency (Hz) Frequency (Hz)
No. Without lumped mass and With lumped mass and
8 attachment points 8 attachment points
1 54 (80 -X) 35(85-X)
2 83 (48-7) 45 (29-7)
3 116 (14 -7) 61 (43-7)
4 262 (3-72) 2154 -X)
5 332 (3-X) 248 (13-Y)
6 387 (14-Y) 290 (10-Y)
7 560 (42-Y) 337 (4 -X)
8 626 (2 -X) 366 (50 -Y)
9 704 3-2) 405(7-Y)
10 739 (2-7) 509 4-2)

Table 2-3. Natural frequencies of mounting structure with and without lumped mass and
attached at 16 attachment points

Mode Frequency (Hz) Frequency (Hz)
No. Without lumped mass and| With lumped mass and
16 attachment points 16 attachment points
1 83(47-7) 45 (29-7)
2 105 (76 - X) 62 (42-72)
3 116 (13 -7) 70 (718 - X)
4 263(2-2) 219 (5 -X)
5 339 (4 -X) 249 9-Y)
6 398(5-Y) 293 (4-Y)
7 707 2-2Z) 380 (6 — X)
8 741 (1-2) 399(1-Y)
9 790 30-Y) 401 (2 -X)
10 812 (7-X) 454 (44 -Y)
2.2.3 Test Fixtures

According to the design requirements, both test articles should have the same fixture.
Knowing that the shaker has a 14 in diameter, the fixture is considered to have a base of

14 in diameter, the maximum possible so as to provide the maximum rigidity to the base.

59



Meanwhile considering the required dimensions for the test item and the mounting
structure as explained in Sections 2.2.1 an 2.2.2 and dimension of the slip table (20” x
207), the top face of the fixture has a dimension of 20” x 20” in order to accommodate

the mounting structure which has a base dimension of 18” x 18”.

Once the dimensions of the top and the bottom plates (thickness not included) of the
fixture are finalized. The height and location of the flanges between these two plates
should be obtained taking into account the length of the bolts to be used to fix the fixture
to the shaker and the slip table. The thickness and number of flanges, the thickness of the
top and the bottom plate should provide sufficient rigidity to the fixture that the
fundamental frequency will always be above 2000 Hz (at least 1500 Hz) even when both
the test structures are sitting on it. In order to have sufficient space between the top and
the bottom plate of the fixture to screw the bolts, the height of the flanges was considered

as 3.125" (79.375mm).

To perform the initial analysis and to obtain the fundamental frequencies of the structure,
the bottom plate, top plate and the flanges are considered to be 3/4" (19.05 mm), 1/4"
(6.35 mm) and 1/4" (6.35 mm) respectively. 8 flanges considered for the initial analysis,
which are 45 deg apart from each other. The flanges have different dimensions in terms
of length as, the rectangular plate has maximum length (14.14") at the diagonal (at 45
deg) and the minimum length (10") at O deg. The angles for the fixing the flanges are
decided with respect to the top plate. If you draw two line bisecting the width and length

of the top plate making it in to 4 equal squares, if one of the line is considered as 0 deg
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then the rest will be at 90, 180 and 270 in the anti-clockwise direction from the initial
point. The base plate is fixed at the maximum number of attachment points possible (20
attachment points) as provided by the shaker and the slip table to find the fundamental
frequency of the fixture in all the three directions (X, Y and Z). The fundamental
frequency of the fixture with the mentioned dimensions was found to be just above 500

Hz in all the three directions.

In order to increase the frequency it is considered to increase the number and thickness of
the flanges. The number of flanges is doubled and they are attached at every 22.5 dég as
shown in Figure 2-9, and the thickness of the flanges is increased to 0.5 in (12.7 mm).
Although with this provision the frequency has increased, the fixture is found to be not
sufficiently rigid to have a fundamental frequency above 1000 Hz. The mode shape of the
fundamental frequency of the fixture was moving up and down in the vertical direction at
the largest flange (which is at an angle of 45 deg or the diagonal of the plate) since major
part of the flange was hanging without much support from the base plate. The reasons for
this mode shape are 1) The flange is considered as a tapered beam extending from the
base plate to the edge of the top plate reducing along the height maintaining the
thickness, 2) To provide a provision for the bolts to fix the base plate to the shaker plate
or the slip table a slot is made on the flanges at 0 and 45 deg apart from thereon. Thus,
the flanges at these locations have less stiffness or the maximum strain energy, which
affect the frequency of the fixture. To further increase the stiffness of the fixture and to
increase the frequency (or to reduce the strain energy at the critical points), the flanges at

the 0 and 45 deg are considered to have variable thickness across the length.
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After an extensive analysis the final dimensions obtained for the plates forming the
fixture are as follows:

» The flanges located at the 0, 90, 180 and 270 deg are considered as 1.257 (31.75
mm) thick till the edge of the base plate and 0.875” (22.225 mm) from the end of
the base plate till the end of the top plate.

» The thickness of the flanges at 22.5 and 45 deg apart from there after (8 in
number) are uniform throughout the length, each of them have a thickness of
0.875” (22.25 mm).

» The flanges at 45 deg and 90 deg apart till 315 deg (4 in number) are 1.25” (31.75
mm) thick to a length of 4.5” (114.3 mm) from the end near to the center of the
bottom plate and 0.75” (19.05 mm) thick there after till the end of the flange.

» Both the base plate and the top plate should have a thickness of 1” (25.4 mm) in

order to obtain the frequencies in the desired range of above 1500 Hz.
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Figure 2-9. Location and thickness details of the flanges.
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The frequency of the fixture with the above dimensions was found to be 1035 Hz and
1185 Hz in the lateral and the vertical directions respectively. But the effective mass
associated with the above frequencies was below 10% of the total mass of the structure
indicating the importance (or lack of it) of the mode. It is also observed that the sum of
effective masses of the frequencies below 3000 Hz was below 50% of the total mass in
the vertical direction and was 90% in both the lateral directions, which indicates the

fixture is less rigid in the lateral direction compared to the vertical direction.

When the modal analysis of the fixture is repeated with the addition of lumped mass
(representing the mass of the test item and the mounting structure) at the point of
attachment of test item and the mounting structure, it was found that the frequency in the

lateral directions was 530 Hz and 950 Hz in the vertical direction.

Once the dimensions of the fixture were finalized (satisfying the requirement of having
frequencies above 1500 Hz), it was decide to reduce the mass of the fixture so that the
test item and the mounting structure can include maximum possible lumped mass to
account for the sensitivity analysis and also provide a large range of mass ratio for both
structures. In order to achieve that, pockets were made on both the base plate and the top
plate. A 3.5 in diameter circular pocket was extruded from the base plate and a 4.5 in
square pocket was extruded from the top plate. Since the mounting structure has the
attachment points only in one direction and the fixture is used only for vertical direction,
there is no point of having a rectangular shape for the top plate; hence the material excess

to the attachment points of the test item was removed from both the top plate and from
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the corresponding flanges (located at 0 deg and 22.5 deg) beneath the top plate, it can be
observed in Figure 2-9 that two of the flanges are smaller in size than the rest of them.
However the material of the flanges extruding towards the center of the bottom plate is
not removed as it provides the stiffness/rigidity to the flange in reducing the displacement
of the top plate, which inturn increases the strain energy and frequency corresponding to
the motion of the top plate. The total mass of the structure after removal of the excess
material is found to be 52 Ib. There was not much change in the frequency of the fixture
in the desired direction of excitation, i.e. in the vertical direction. Figure 2-10 presents the

entire assembly of the flanges, top plate and the base plate.

As mentioned above, the fixture presented in the earlier paragraph is not rigid enough in
the lateral directions due to the drop in the frequency of the fixture in the lateral
directions upon adding test item and mounting structure to it. Therefore it was decided to
have separate fixtures for vertical and lateral directions. The fixture described above is
used in the vertical direction due to its rigidity in that direction. The fixture for the lateral
direction consists of a simple plate having the same dimensions as the top plate of the
earlier fixture i.e., 20” x 20” in cross-section and 1” in thickness for the initial analysis.
The frequency of the plate was found to be above 2000 Hz in both the lateral directions.
Since the weight of slip table and bullnose (connecting the shaker to the slip table) add to
the weight of the structures while testing the test item by itself and at system level in the
lateral direction, it was decided to have the least possible weight for the fixture in the
lateral direction. The thickness of the fixture is decided on the basis of the bolt (3/16” dia

alloy steel) used to fix the fixture to the slip table with the counter bore hole, and the
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minimum thickness required to hold the M6 bolt connecting the test item and the
mounting structure to it. The thickness of the plate (lateral fixture) was chosen to be
0.625 in (15.875 mm). The frequency of the fixture shown in Figure 2-11 with the above-
mentioned dimensions in the vertical direction was 1250 Hz and the frequency of the
structure in the lateral direction was well above 2000 Hz. The weight of the structure with

the dimensions mentioned is 24.4 1b (11.06 Kg).

Although the requirement 20 is not met in terms of having same fixture for all tests, both
at the test article and the assembled structures level, the rest of the fixture requirements
were all met providing the least possible mass for the fixtures (both lateral and vertical).

The resonance frequencies of both fixtures are indicated in the Table 2-4.

Table 2-4. Natural frequencies of the test fixtures and their corresponding effective mass
and the direction in which it is obtained.

Mode | Frequency of fixture for vibration | Frequency of fixture for vibration
No. testing in vertical direction. testing in lateral direction.

1033 (13 - X) 1254 (15-2)
1035 (21 - X) 2412 (15 -Z)
1082 (12-Y) 2486 (29 — Z)
1086 (6-X,3-Y) -
1093 (3-Y, 0.6 - 2Z) _
1185 (12 - Z) -
1322 (14 - Z) -
1758 (6-X,5-Y) -
1806 (11 - X) N
1861 (26— Y) ;

[a—

O| 0] 3| O\ | K~ W N

J—
o
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Figure 2-10. Fixture for vibration testing of test item and mounting structure in vertical
direction (Z).

Figure 2-11. Fixture for testing of test item and mounting structure in the lateral
directions (X & Y).
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CHAPTER 3
ANALYTICAL SENSITIVITY STUDY FOR

ESTIMATION OF C> PARAMETERS

As it was noticed in Chapter 2, the design of the test item and mounting structure are
flexible enough to have a large variety of cases for the analytical sensitivity study. This
section describes in detail 1) the guidelines and/or justifications for the selected cases in
order to perform the analytical sensitivity study, 2) procedures of evaluating C? value, 3)
sensitivity study results and finally 4) summary and concluding remarks. In the present
study, some of the cases that may not be employed in real life situations are also
considered in order to verify and get a broader idea on the behavior of C? and the

parameters on which it depends.

The details of the finite element tools used to perform the coupled load analysis of the
test structures are Nastran/Patran and SATOOLS of Maya Heat Transfer the details of

which are mentioned in the chapter 2.

3.1. Description of Analytical Cases

Proper guidelines have been devised to select the cases for the analytical sensitivity study
without duplicating the test structures (test items or mounting structures) and the
assembled structures. These guidelines are related to:

1) Number of attachment / interface points for each structure,

2) Position of attachment points,

3) Fundamental frequency of the test structures,



4) Stiffness of the test structures,
5) Damping of the test structures,
6) Direction of the excitation, and

7) The mass-ratio of test items and mounting structure.

As mentioned earlier in the requirements and the design of test item in Chapter 2, the
numbers of attachment points may vary from 3 to 12 (maximum number of force sensors
available in the CSA). However any test hardware (similar to the considered test item) in
real life are hardly fixed at 3 attachment points, which might occur only during the launch
environment when one of the attachment points fails during the launch. Once the
numbers of attachment points are finalized, the positions of the attachment points are
considered. The test item can be fixed either on the same side as the side plates in which
the attachment points have more stiffness or on the side of the stiffening member, which
would provide the flexible attachment points and the most flexible structure. However it
can be improved by adding the flanges that can ameliorate the test item in terms of
stiffness as shown in the Figures 2-4 and 2-5. A proper name has been devised for the
future case studies according to the attachment points and their position. The attachment
points on the side of the side plates are named as Real attachment points (they are named
Real attachment points since in the real life, structures similar to the test items would be
attached at these points to conduct testing or for launch due to the stress considerations).
The attachment points on the side perpendicular to the side plates are called Ortho

attachment points (they are name Ortho since they are orthogonal to the real attachment
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points). These attachment points are clearly illustrated in the test item shown in the

Figure 3-1.

*——  Attachment points
<+ on Ortho side

Attachment.points
on Real side

Figure 3-1. Attachment points of the test item

Next factor considered to identify the different cases is frequency, which is a major factor
in describing the flexibility of the structure, which further depends on the number of
attachment points and their position, the stiffness of the test item, i.e., the stiffness
members used, and the number of lumped masses. The frequency factor is considered in
identifying the case by taking into account the difference in fundamental frequencies of
the test structures. Stiffness is one of the major factors that affect the flexibility of the test
item, hence depending on the amount of lumped mass added to the structure and the
fundamental frequency of the test item required, the stiffness members are changed
accordingly. For the current analytical sensitivity study, only two values of viscous

damping are assumed & =0.01and & = 0.025 (Q=50 and Q=20, respectively).
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3.1.1. Naming of Cases at System Level

As explained before, due to the extensive benchmark case studies in the present research,
proper naming of the cases is essential. A proper naming at the system level has been
devised according to the factors affecting the flexibility of the structure (as mentioned in
Section 3.1) or the possible parameters affecting the value of constant C?. An example of

the possible case is shown in Figure 3-2.

opt 4r2o0 two mwo

' N\

Number of Attachment Lumped Mass on Mounting
puints (6) Structure.
(Without any lumped mass.)

Orientation of Attachment points.
(4in Real direction and 2 in Ortho Lumped mass on Test Item.
direction) (Without any lumped mass.)

Figure 3-2. Description of test name at the system level

As illustrated in Figure 3-2, the first parameter specifies the number of the attachment
points. The position of the attachment points can be identified by the second parameter,
and the third and the fourth parameters indicate the lumped mass on the test item and the
mounting structure, respectively. The details in the bracket shown in the Figure 3-2
indicate the values in the considered example i.e., the test item is connected to the
mounting structure through 6 interface points, their position is 4 in the Real direction and
2 in Ortho direction and both the test item and the mounting structure are the basic
structures without any lumped masses. The possible position of the attachment points is

either on Real side or the Ortho side. However for the test item attached at 4 interface
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points, one point on each side, the case is named as 4pt_oes_two_mwo and so on, where
" oes " is read as “one attachment point on each side”. The possible values for the 3 and
4™ parameters in the test name are two, twl and mwo, mwl respectively, where two and
mwo indicates test item and mounting structure without any lumped mass, and twl and

mwl indicates the test item and the mounting structure with lumped mass.

3.1.2. Naming of Cases at the Test Item Level

Naming of test cases at the test item level indicates the attachment points and the lumped
mass on the test item. However this is not enough in recognition of test item that is used
for testing at the test item level. Hence the proper naming of the test item is also devised
to indicate the stiffness member/members used to control the fundamental frequency of
the test item, which also controls the mass of the structure but to a little extent. The figure
shown in the Figure 3-3 is an example of test item’s naming, which can be one of the
possible cases studied at the test item level. The example considered is the same test item

considered at the system level explained in section 3.1.1.

6pt 4r2o cpl_wo

Number of Attachment Lumped Mass on the Test Item
points 6) (Without any lumped mass)

Orientation of Attachment points Stiffness Member an the Test Item
(4 in Real direction and 2 in Ortho (Cross Plate)
direction)

Figure 3-3. Description of test name at the test item level.
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As it is clear from Figure 3-3, the first parameter indicates the number of attachment
points, the second parameter specifies the position of attachment points, the third
parameter points to the stiffness member used, and the fourth parameter represents the
lumped mass on the test item and in some cases also represents the location of the lumped

masscs.

The possible cases for the third parameter, i.e. the stiffness member used, are indicated in
the Table 3-1. It is noted that the possible cases for the stiffening members is the member
specified in the Table 3-1 or a combination of two or more members. If the test item has
all the possible stiffening members, for instance, the X-plate, Side stiff and the Medium
Stiff plates, the parameter would be ASTF indicating all stiffness members have been

used. There are couples of cases where this situation has been studied.

It also exist the possible cases for the fourth parameter, which indicates the lumped mass
and its location. The possible location of the lumped mass would be on the top plate or
middle plate or on the sides of the test item. When the lumped mass is added only on the
top plate the value for the fourth parameter would be TPL, similarly for middle plate it
will be MPL. In the present study there are no cases when the test item is loaded with the
lumped mass only on the side plates. However the value of WL indicates that the test
item is loaded on all the possible locations, i.e., top, medium and the side plates. The test
name remains the same for testing of test item in lateral and vertical directions. A
parameter is added at the end of the name to indicate the direction of excitation as

6pt_4r20_cpl_wo_z, where the test item is excited in the Z direction.
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Table 3-1. The possible cases for stiffening members.

Stiffness Member Name

Stiffness Member Picture

Cross Plate, attached on either side of the test
item. The short form would be CPL. Most of the
cases without lumped mass are with CPL as
stiffening member.

X — Plate, attached on either side of the test item.
The short form would be XPL. Most of the cases
with lumped mass will include XPL as stiffening
member.

Medium Stiff plate, this will be connected to the
middle plate and the side plate to stiffen the
middle plate. The short form would be MSTF.
Whenever connected 2 plates will be connected.

Side Stiffening member, 4 of such members will
be connected to the side plates on all the edges.
The short form of the member would be SSTF.

Y - Stiff member. Most of the time this member
is used to test the test item in Y direction as the
structure is weak when connected in ortho
direction only. They improve the stiffness and the
fundamental frequency. Each time 4 of these
members are attached connecting the bottom and
the side plates.
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3.2. Procedures for Estimation of C>

Constant C? is a key parameter of the semi-empirical method, which sets the force limits
throughout the complete frequency bandwidth of excitation. Some judgment should be
used to choose the value of C> Based on limited number of flight data, it has been
observed that, in normal conditions, C? value as low as 2 might be chosen for complete
spacecraft or strut-mounted heavier equipment, C* value as high as 5 might be considered
for directly mounted lightweight test items. For the past decade many flight hardware
have been tested with the semi-empirical method of force limited vibration technique,
and there were cases when C” value above 5 was used to test the equipment. (Research in
force limited vibration testing using semi-empirical method to understand the behavior of
C? value and its relative parameters has not been reported yet. One objective of the
current study is to perform in-depth study on the behavior of C%, and the parameters on

which it depends.

Selection of the value of C may be based on any, or a combination, of the following
criteria [2]:

1) Extrapolation of interface force data for similar mounting structures and test
items. The similarity of the test structures (test item and the mounting structure)
is based on the individual mass or the mass ratio of test structures, resonance
frequency or the bandwidth of the resonance frequency of both the test structures.

2) Comparison with force limits at the fundamental frequency derived from the
simple and/or complex TDFS methods, when such predictions are available.

Normally, this comparison is not readily available when the test item is the
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3)

4)

5)

6)

complete spacecraft. It is noted that the estimation of C? value using Simple or
Complex TDFS techniques requires the impedance characteristics of the test item
and the mounting structure in the frequency bandwidth of the fundamental
frequency of the test item [1].

Comparison with design limit load. The selection of C? should ensure that the
limit load is not exceeded. [18]

Selection of a value for C* should result in a level of notching at the fundamental
frequency equivalent to or below the notching level provided by the mechanical
impedance correction technique [27].

Observation of low-level force spectral density. This data may be used as a
guideline for a range of acceptable C? values.

Comparison with interface force between the test item and the mounting structure
for the launch configuration or for the next higher hardware level, normally
obtained from coupled load analysis. The force limits should obviously not be
lower than the interface force to avoid any undertesting. This is the method
employed in the current study for the evaluation of C? parameter. Coupled load
analysis of the finite element models of the test structures is performed to obtain
the interface acceleration and force PSD's. Once the PSD's are obtained the semi
empirical formula is used to find the corresponding C? value, which would be
rounded to the next higher integer to be conservative. The detailed procedure
adopted for the calculation or evaluation of c? parameter using the above method

is explained in the following paragraphs.
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As it may be seen from the previous paragraphs, several options are available for the
selection of the C? constant. In fact, the level of conservatism of the force limits depends

on the selected value for C2.

As it was mentioned earlier, the current investigation is based on the coupled load
analysis of the test structures for estimation of C* value. Over 70 cases are studied, which
are identified/selected on the basis of the factors mentioned in Section 3.1. The extracted
results are tabulated with respect to the values of C* and the resulted amount of input

notching at the fundamental frequency of the test item for each individual case.

The procedure of estimation of C? value is now described in an example case study,
where the test item is fixed at 4 attachment points oriented in the real direction with
cross-plate as the stiffening member and without any lumped mass on the test item and
the mounting structure and excited in the Z direction (Vertical axis). Hence the names of
the tests at the system and the test item level are 4pt_4r_two_mwo and 4pt_4r_cpl_wo_z

respectively.

To obtain the fundamental frequency and the apparent mass of the test item in the
specified configuration and direction of excitation, a random white noise acceleration
with PSD of 1 g”Hz over a frequency range of 20 Hz to 2000 Hz (equivalent to
42 g rms) has been applied to the base of the test item when it is sitting on a rigid base
(shaker). To simulate the rigid structure (fixture) beneath the test item, a node is created

below the test item (sufficient distance from the base plate) and is connected to the
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attachment points using the rigid-bar elements and the input is given to the node, which is
constrained in all the 6 DOF as shown in the Figure 3-4. The apparent mass of the test
item and its resonant frequency are shown in the Figure 3-5, which is obtained by taking
the reaction force at the base node connecting all the attachment points. There is always a
possibility that the obtained results may not represent the true structure, in the sense that
not enough significant modes are recovered. To verify the accuracy of the results
obtained, the asymptotic value of the apparent mass at the low frequencies is examined.
This value should be at least 90% of the mass of the test item, i.e., at least 90% of the
mass of the structure is retrieved at the base node (which is the case for most of the
structures in the frequency bandwidth of 20 H to 2000 Hz). For the current example
where the test item weighs 15.7 Ib (7.12 kg), the asymptotic value of the apparent mass is
found to be 14.7 Ib (6.7 kg), which is approximately 94% of the total mass of the test
item. Hence the obtained values represent the true structure in term of the amount of

effective mass recovered.
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Figure 3-4. Finite element model of test item used to find the apparent mass, and the
node simulating the fixture beneath the test item.

Apparent mass of the Test ltem for 4pt__r__cpl__wo__z.mass

T

A
— Apparaent Mass |

Apparent mass (Force PSD) (Ib

O S S SN S S | i P SRS T S S

10

Frequency (Hz) - >

Figure 3-5. Apparent mass of the test item for 4pt_4r_cpl_wo_z configuration.
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Once the test item natural frequencies and the impedance characteristics are obtained,
coupled load analysis of the system is performed. For the coupled load analysis the test
item is attached to the mounting structure at the same attachment points that are used in
the evaluation of apparent mass and the impedance characteristics of the test item using
bar element with the dimensions and properties of M6 alloy steel bolt. The bar element is
connected to the Multi Point Constraint elements of both the test item and the mounting
structure at the attachment points. It is noted that the MPC element is created at the
attachment points connecting the nodes along the diameter of the hole with the one at the
center of the attachment point, which forms one of the end point of the bar element. The
same procedure is also employed to simulate the fixture below the mounting structure as
done for test item to obtain the apparent mass. The nodes of attachment between the test
structures and the simulation of rigid fixture below the mounting structure is shown in the
Figure 3-6. The mass of test item and the mounting structure are 15.7 Ib (7.12 kg) and

22.91b (10.4 kg), respectively.
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Figure 3-6. Coupled System consisting Test Item and the Mounting Structure.

Using the NASTRAN finite element solver and its random vibration module, the coupled
system environment is imposed at the base of the mounting structure. The acceleration
input applied to the system is based on the data extracted from the NASA GEVS standard
[29] for the acceptance level vibration test performed on structures 50 1b (22.7 kg) or
below. This input spectrum has an RMS value of 10.0 g. For the analysis of the present
example, it is assume that the test structures have an amplification factor of 50 (Q=50)
i.e., a damping ratio of 0.01. The Acceleration PSD input to the coupled system is shown
in the Figure 3-8. Having applied the acceleration input, the interface acceleration
between the test item and the mounting structure has been computed at the

attachment/interface points. The acceleration computed at the attachment points are
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illustrated in the Figure 3-8. Since the test item is symmetrical and the mass is evenly
distributed on the attachment points, the accelerations at all the attachment points overlap
each other. One might observe that the level of acceleration in the Figure 3-8 is quite high
which is mainly due to the low damping assumed for both the test structures and the

conservative levels imposed by the GEVS.

Acceleration Input at the System Level

10

[ =—"acc_inp.in [|

Accelaration PSD (g?/Hz)

R S S R S

10° 10°
Frequency (Hz)

Figure 3-7. Acceleration input to the base of mounting structure at the coupled system
level.
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