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ABSTRACT

This final report summarizes the achievements of project #4 of the NASA/UCF
Cooperative Agreement from January 1990 to December 1992. The objectives of this project are
to review NASA's NDE program at Kennedy Space Center (KSC) and recommend means for
enhancing the present testing capabilities through the use of improved or new technologies.
During the period of the project, extensive development of a reliable nondestructive, non-contact
vibration technique to determine and quantify the bond condition of the thermal protection system
(TPS) tiles of the Space Shuttle Orbiter was undertaken.

Experimental modal analysis (EMA) is used as a non-destructive technique for the
evaluation of Space Shuttle thermal protection system (TPS) tile bond integrity. Finite element
(FE) models for tile systems were developed and were used to generate their vibration
characteristics (i.e. natural frequencies and mode shapes). Various TPS tile assembly
configurations as well as different bond conditions were analyzed. Results of finite element
analyses demonstrated a drop in natural frequencies and a change in mode shapes which correlate
with both size and location of disbond. Results of experimental testing of tile panels correlated
with FE results and demonstrated the feasibility of EMA as a viable technique for tile bond
verification. Finally, testing performed on the Space Shuttle Columbia using a laser doppler
velocimeter demonstrated the application of EMA, when combined with FE modeling, as a
non-contact, non-destructive bond evaluation technique.



NOMENCLATURE

In order to reference the finite element results contained within this report efficiently, the
following nomenclature is adopted:

{Tile Assembly Label} {Tile Label} {Bond Condition Label} {Model Label}

. {Analysis Label} {File Type Label}

Tile Assembly Label: ST = Single-Tile Assembly
MT = 10-Tile Assembly

Tile Label: 3=2.4"Tile
A =191025-299 (OV-102)

Bond Condition Label: 00 =100% Bond 80 = 80% Bond
60 = 60% Bond

Model Label: N = Clamped Structure Without Filler Bar
F = Clamped Structure With Filler Bar
P = Extended Structure Panel With Filler Bar
Q = Extended Structure Panel Without Filler Bar

Analysis Label: EI = Eigenvalue Analysis
FR = Frequency Response Analysis

Type Label: I =Input
D = Output Data
Examples:
STAS8OF.EID Single-Tile Assembly, #191015-299, 80% Bond,
With Filler Bar, Eigenvalue Output Data
MT300N.EID 10-Tile Assembly, 2" Tile, 100% Bond,

Eigenvalue Output Data
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1 INTRODUCTION

A current need of the National Aeronautics & Space Administration (NASA) is the
development of a non-destructive evaluation (NDE) technique to survey the bond condition of
the thermal protection system (TPS) tiles on Orbital Vehicles (OV), or Space Shuttles. Each
Orbital Vehicle possesses over 24,000 tiles, some of which may lose bond integrity during
repeated flights. Thus, it is required to test many suspect tiles after each flight.

Currently, NASA performs this task via a pull test; a suction device is attached to the
tile to be tested, and a test load is applied. If the tile withstands the prescribed load, the bond
is deemed as nominal. If the tile is torn from the Space Shuttle skin, then, obviously, the bond
is not nominal and the tile requires re-installation. Although this method may be simple, it is
not efficient as it poses harm to the tile assembly itself. Application of the test load may
disturb or damage the bond between the Space Shuttle and the tile. Therefore, this method
may be regarded as a destructive method of evaluating bond integrity.

The non-destructive method NASA seeks will accomplish the task of bond integrity
evaluation while posing no threat to bond integrity itself. As well, the sheer number of tiles to
be tested demands that this method also be time efficient. The objective of this final report is
to find and test a practical non-destructive, non-contact technique for the evaluation of Space
Shuttle tile bond integrity.

An understanding of the complexity of the bonded tile assembly must first be reached.
A Space Shuttle TPS tile assembly is comprised of several components of varying material
and geometric properties, all of which must be known so that a feasible NDE technique can
be decided upon.

When appraising the merit of a non-destructive evaluation technique, consideration
must be given to the practicality of the method as applied to the problem as well as the
accuracy of the method. That is, if a certain method is assured to produce 100% reliable
results but requires the TPS tile to be submerged in water, it cannot be considered a practical
solution to NASA's need. The most feasible NDE technique was decided upon by first
considering the possibility of all methods, thus narrowing the field of techniques. Next, the
practicality and theoretical promise were considered in order to arrive at a final choice.
Eventual consideration has resulted in adopting a variation of the conventional experimental
modal analysis (EMA) technique.

Justification of the modal analysis technique as a bond evaluation method is based on
the fundamental theory of free vibration which states that the vibration characteristics (1.e.
natural frequencies and mode shapes) of an object depend only on the mass and stiffness of
the object. It is noted that the mass of a tile assembly with a nominal bond remains
unchanged with a change in bond condition.

Conversely, the stiffness of a tile assembly will change with a change in bond condition.
Thus, the modal characteristics of the tile assembly will change due to a loss of bond.

In order to verify the modal analysis method, various analytical models were analyzed
using the finite element method. Different bond conditions were modeled, and the results
were compared. Many other variables were also investigated to determine the most accurate
analytical model.



Experimental testing of Space Shuttle Columbia tiles verified some finite element
results. However, this testing served mostly to demonstrate the feasibility of experimental
modal analysis as a non-destructive measurement tool for this problem.

2 TILE MATERIAL AND ASSEMBLY DESCRIPTION

Most of the surface of an Orbital Vehicle is covered with ceramic reusable surface
insulation (RSI) to protect it from re-entry heat. The materials which comprise RSI are
reinforced carbon/carbon (RCC), nylon felt (FRSI), and ceramic tile'. 1In areas of higher
temperatures (between 1200 and 2300F), high temperature reusable surface insulation (HRSI)
isused. HRSI consists of RSI coated with a black borosilicate, reaction-cured-glass coating’.

There are three different ceramic RSI tiles, each having a different set of material
properties. They are LI-900, LI-2200, and FRCI-12. FRCI-12 has a volumetric density of 12
pounds per cubic foot while LI-900 and LI-2200 have densities of 9 and 22 pounds per cubic
foot, respectively>*. Further material properties may be found in Table 1°, however, it is
important to note here that the material properties of these tiles are orthotropic (transversely
isotropic in the X-Y plane). The designation of the tile axes as Roll and Cross-Roll given in
Table 1 is established during the material manufacturing process of the strain isolation pad
(see Tile-Structure Attachment Materials). In addition to the material properties, tile
geometric properties vary as well. Therefore, it is possible for adjacent tiles to have
dramatically different vibration characteristics.

2.1 Tile-Structure Attachment Materials

The RSI tiles are attached to the Orbital Vehicle via a strain isolation pad (SIP) and
two layers of RTV glue as shown in Figure 1. RTV has an installed thickness of 0.01 inches.
There are two different thicknesses of SIP used on the Orbital Vehicle, 0.09 and 0.16 inches,
each having different material properties. Also, filler bar, which is made of material identical
to that of the SIP, is placed below the gap of adjacent tiles. It is important to note that the
filler bar is bonded only to the structure, not to the tile; the contact at this interface is caused
only because the filler bar is in slight compression when installed. Material properties of the
RTYV and SIP are also given in Table 1.

Space Shuttle TPS tiles are installed in arrays or groups of tiles. Installation of a tile
array begins with the RSI tiles. A layer of RTV is applied to the RSI tiles and SIP is affixed.
Filler bar is affixed to the skin of the Orbital Vehicle using RTV. After both have cured, a
layer of RTV is applied to the skin of the Orbital Vehicle, and the RSI/SIP array is affixed to
the skin. The filler bar is thick enough to require constant pressure on the RSI/SIP array
while the RTV cures. This produces a residual compressive load on the filler bar and a
residual tensile load on the SIP and RTV after installation. This assures two significant
results: (1) The filler bar will remain in contact with the tile under nominal conditions and (2)
any disbond will result in the SIP rising off the structure, thus creating a void which can be
detected by NDE techniques.



Table 1: TPS Materials Properties (Average Values)

Tile Tile Tile
(LI-900) (FRCI-12) (LI-2200)

25,000 50,000 80,000

25,000 50,000 80,000

7,000 10,000 27,000
0.18 0.18 0.18

0.16 0.16 0.16

(Ib*s¥/in*)

Legend
z ¥ Rol)
" Based on vyx=0.5‘ Estimate; Actual Value Not Available ‘

X (CRoll)




A loss of bond of the tile assembly can be caused by a variety of reasons. Deterioration of the
RTV over time is one possible cause. Another is poor installation of the tile assembly, where
possibly there is physical interference between the SIP and the filler bar (see Figure 2).
Whatever the cause of disbond, NASA has found that the highest occurring and most likely
location of disbond is along any of the edges of the SIP between the SIP and the Space
Shuttle skin. Thus, for analyses in this report, disbond is assumed to occur at this location.

2.20rbital Vehicle Skin Structure

The skin structure of an Orbital Vehicle is made of aluminum and varies at different
sections of the vehicle. For instance, at the mid-fuselage, an integrated skin-stringer structure
is used, while in the aft-fuselage, a very dense machined grid structure is utilized. Obviously,
the choice of structure is independent of the tiles, but rather is based upon loading conditions
exerted on the Orbital Vehicle. Thus, the structure below a tile is different at different
sections of the Orbital Vehicle. An illustration of the skin structure at the mid-fuselage is
given in Figures 3 and 4.

FILLER BAR

<————>l 4,:! ‘-(— ALUMINUM SKIN
lim . 0.125in .
SIP RTV

(0.16 OR 0.09 in.) (0.01 in))

Figure 1: Single-Tile Assembly



TILE TILE TILE

ORBITER SKIN FILLER BAR AREA OF DISBOND

Figure 2: Disbond due to Physical Interference between SIP and Filler Bar
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3 NDE TECHNIQUE SELECTION

This section describes the theory and practicality of each NDE technique considered
for tile bond verification such that each may be either qualified or dismissed.

3.1 Ultrasonic Testing

Ultrasonic testing involves exciting an object with either a pulsed or a swept frequency
ultrasonic wave. The wave travels through the object, reflecting off boundaries and is
recorded using an attached transducer. Transducer signals are processed by different
instruments depending on the method of excitation. If there is a void within the material, an
ultrasonic echo occurs which can be distinguished from the normal transducer signal.
However, the amount of echo cannot be used as an interpretation of the magnitude of the
discontinuity, for the amplitude of the ultrasonic echo is influenced by several factors of
which discontinuity size is only one’. This disadvantage is coupled with the physical dilemma
of having to attach a bulky transducer (about 2 inches in diameter) to the tile in order to detect
any measurable signal. The outer borosilicate coating of an HRSI tile is very fragile, thus
making any contact with it undesirable. These considerations diminish confidence in the
feasibility of applying ultrasonic testing to the Space Shuttle.

3.2 Radiography

Radiographic testing, or x-ray testing, involves the passing of x-rays through an object
such that they strike a radiographic film plate or a fluoroscopic screen. The use of a
fluoroscopic screen allows real-time observation of images, although the image is very dark.
In either case, any discontinuity in the object is immediately visible®. Thus, the size and
location of discontinuity can be immediately inferred. However, x-ray examination requires
an x-ray tube to be placed on one side of the object and the film plate on the other, an
unacceptably complicated and time-consuming procedure for TPS tile inspection. Also, the
use of x-rays around the Space Shuttle while other operations are proceeding concurrently
poses an unwarranted hazard to workers.

3.3 Infrared Radiation

All bodies above a temperature of absolute zero generate electromagnetic radiation.
However, the emissivity depends on the source of this radiation of the object. A high
emissivity (close to 1) results from radiation emanating from the surface of the object,
whereas a low emissivity (close to 0) results from radiation issuing forth from within the
object. An infrared sensor is utilized to detect this radiation from which isothermal graphs
may be inferred. These isothermal graphs clearly depict voids of thermal radiation’.



A TPS tile, by design, has a very high emissivity (~.9), thus any infrared detection
made will be of surface radiation. This, obviously, will not aid in the evaluation of bond
condition on the underside of a tile.

3.4 Electronic Shearography

Electronic shearography utilizes a laser which illuminates the object of interest as an
image shearing camera records the true image of the object superimposed with a sheared
image of the object vibrating under acoustic energy. This produces contours of slope of
out-of-plane displacements (see Figure 5). The advantages of this non-contact technique are:
real-time inspection, high inspection rate, full field video presentation, and user friendliness.
However, fringe resolution and clarity are limited and the interpretation of fringes can be
ambiguous (fringes do not represent mode shape). Also, shearography favors testing TPS
tiles at lower frequencies (below 500 Hz).

3.5 Experimental Modal Analysis

Experimental Modal Analysis (EMA) involves the excitation and response
measurement of a discretized domain. Transfer functions between discrete nodes provide the
information from which modal parameters (i.e. natural frequencies and mode shapes) may be
inferred. The natural frequencies and mode shapes of an object are governed by its mass and
stiffness. Thus, a change in either the mass or stiffness of an object precipitates a change in
the modal parameters. The extent of change in modal parameters depends on both the
severity and location of mass/stiffness fluctuation. Also, specific mass/stiffness changes will
affect each vibration mode differently. For instance, in the RSI tile case, loss of bond may
affect an out-of-plane vibration mode vastly more than an in-plane vibration mode. The
dependence of modal parameter changes on the character of mass/stiffness variation is the
basis for identification of damage.

The idea of using vibration characteristics to detect and locate damage in structures has
been widely explored (e.g. Stubbs and Osegueda'®, Springer ez al."!, Hearn and Testa', Chen
and Garba®®, Rizos et al.**, Moslehy ef al.'®). However, the research reported herein is based
on Moslehy et al.** who introduced the first successful modal testing and analytical modeling
to the specific task of TPS tile bond evaluation.

The analytical model describing the eigenvalue problem for undamped systems can be
stated in terms of the system stiffness and mass matrices [K] and [M], the ith eigenvalue o2
and the corresponding eigenvector {¢}, as follows:

(1) [[K]-o?[M] ]{o}, = {0}

Small changes in stiffness [K] or mass [M] produce small changes in ® and {¢},. For the
perturbed system, equation (1) becomes

@  [KI+IAKT - (0 +A0? ) [[M] + [AMI}{ {0}, + {Ad},} = {0}

9



SEPARATED SKIN

[ [ ]

FRINGES
REPRESENTING
1 MAXIMUM SLOPE

It

|
| HONEYCOMB STRUCTURE |
l
|

FRINGES
REPRESENTING l

l
|
ZERO SLOPE v——} |
|
|

SCHEMATIC OF FRINGE CONTOURS REPRESENTING
CONSTANT SLOPE OF OUT—OF-PLANE DISPLACEMENTS

CONSTANT SLOPE
(NO FRINGES— UNIFORM BRIGHTNESS)

SCHEMATIC SHOWING ROCKING MOTION OF TILE

Figure 5: Shearography
10



If it is assumed that the damage of the structure in question will affect only the
stiffness, not the mass, then [M] can be neglected. Also neglecting second-order terms,
equation (2) gives"

G) A2 (03 [AKI(4},
{0} M0,

which is the change of the ith natural frequency due to a change in the global structural
stiffness [K]. This theoretical relationship between stiffness change and natural frequency
change has been demonstrated experimentally in many instances. Hearn and Testa"
performed two experiments to this end. In the first, a four-member welded steel frame was
subjected to cyclic loading, and modal parameters were observed as progressive damage
resulted from fatigue cracking. At every 10,000 load cycles, the frame was inspected for
cracks by modal analysis and verified using dye-penetrant testing. A total of 20 response
measurements were made at each interval; a history of the first six natural frequencies was
developed. Results reveal a drop in each frequency whenever a new crack was discovered,
which correlated to the change in frequency predicted by the analytical model. In their second
experiment, they measured the effects on modal parameters of wire ropes in tension which
were damaged by transverse sawcuts. Again, results agreed with predictions of the analytical
model.

Similar work on beams was performed by Springer ef al.'! & Stubbs and Osegueda'®.
Natural frequencies were used not only to predict the amount of damage suffered, but also the
location of the damage. The analytical models they employed yielded errors of less than 10%
for a variety of beams.

3.6 Application to TPS Tiles

The well known technique of EMA utilizes an impact hammer or mechanical shaker to
excite the structure. This is not practical, since such methods can damage the TPS tile, even
under laboratory conditions. Hence, an alternate method of excitation must be used. The
simplest choice is the use of acoustical energy'®. Although simple, there are considerations to
be made, most notably the type of signal to be used. Modal analysis in this research was
performed with random noise, but a better signal type may be a chirp function.

The second variation to the conventional EMA technique involves a substitute for an
accelerometer to make vibration measurements. Although in the laboratory an accelerometer
poses no threat to a TPS tile, continuous attachment of an accelerometer to the fragile
emissivity coating of TPS tiles in the field can cause damage to the tiles. There exists a
non-contact technique which may fulfill this particular dilemma. The method investigated in
this research is laser doppler velocimetry (LDV), which is explained in Section 5.

11



It is concluded that the modal analysis technique holds the most promise for the task of
non-destructively evaluating Space Shuttle TPS tile bond integrity. Thus, modal analysis is
pursued in finite element simulation as well as experimental testing.

4 FINITE ELEMENT MODELING

The NISA finite element computer code'” was used on a 50 Mhz 486 PC to analyze the
FE models developed for different TPS tile assemblies. In the analysis, the actual material
properties of TPS components were used. All tile assembly components were modeled using

8-node brick elements. When employed, the skin structure was comprised of 4-node plate
elements.

A typical FE mesh of a single-tile assembly on clamped structure is illustrated in
Figure 6. The mesh is mostly defined by physical properties of the tile assembly. For
example, the edge between the 6 x 6 inch tile and the 5 x 5 inch upper RTV layer requires that
a line of nodes be modeled on the tile. Also, in the case where multiple tiles are modeled in a
staggered formation, the edge of one tile must meet a line of nodes on adjacent staggered tiles.
The edge of the tile on which a finer mesh is used is the edge on which disbond is modeled; a
line of nodes is required at each possible edge of disbond (see Figure 7). The high aspect
ratio of some elements of the mesh has been tested separately and was found to produce
acceptable results with the finite element code used.

Some model variables have already been mentioned. Not only are there several
physical variables which must be simulated, but also the application of finite element analysis
itself sometimes demands approximations to be made and prompts the consideration of
different modeling avenues.

Unless otherwise noted, the tile modeled in finite element analyses is tile# 191025-299
on OV-102 (Columbia) as this is the tile which was analyzed most in hands-on tests
performed on the shuttle at Rockwell International in Palmdale, California (see Section 5).

4.1 Constraints

Constraints are one of the first considerations which need to be addressed when using
the finite element method. Any model analyzed using the finite element method must be
properly "anchored" such that infinite accelerations or singularities are not produced.

In modeling a tile assembly, there are no direct constraints, thus it must be determined
how to "anchor" the tile assembly. In the most conservative scenario, one would model an
entire Orbital Vehicle and constrain the landing gear (this is even an approximation). On the
other side of the spectrum, the best assumption to make in order to reduce model size and
computation time is that the skin to which the tile assembly is mounted can be assumed rigid.
If this is so, all the nodes on the bottom surface of the tile assembly may be constrained (for
100% bond), and no modeling of additional structure is required. It is obvious that there is a
direct trade-off between modeling accurate constraints and model size and computation time.

The most efficient method to determine if clamped structure is a realistic assumption is
to create two models, one in which the tile is attached to clamped structure and the other in
which the tile is mounted on a reasonable section of the OV. Orbital Vehicle.

12
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The manner in which a "reasonable section" is chosen is to consider all structure
radiating from the tile assembly until a significant rise in stiffness is encountered. Structure to
this point is modeled and constraints are imposed at the "cut" where the stiffening structure
normally exists.

4.2 Structure Modeling

The skin structure type chosen for modeling was that of the mid-fuselage as this is one
of the least stiff sections of skin structure on the Orbital Vehicle. Examining a tile assembly
mounted on this structure, it was found that the closest large rise in stiffness occurs at the
fuselage main frames (see Figure 3). Thus, the model of the tile assembly plus structure, also
referred to as extended structure model, includes the tile assembly mounted on the 57 inch
length of structure between main frames. At either end of this structure, the nodes were
constrained.

Examination of the mid-fuselage structure provides constraint information which
resolves the structure in the longitudinal direction, however there are no criteria which
prescribe the width of the structure which should be modeled. Thus, another variable was
introduced and had to be modeled. Noting that the stringers run longitudinally, a sensitivity
analysis was required to determine the
number of stringers which should be modeled to provide an accurate stiffness at the tile
assembly location. Consequently, analyses of structure alone consisting of 2, 4, 8,12, 16, and
20 stringers were performed (results in Section 5).

4.3Bond Condition Modeling

The most important variable to be modeled is the amount of disbond associated with a
tile. For the finite element analyses performed, bond conditions of 100%, 80%, and 60%
were modeled. Disbond was modeled along an edge parallel to the Roll axis of the tile
assembly in all models unless noted otherwise.

Disbond is considered to occur along any edge of a tile at the SIP-structure interface.
The edge used to model any disbond can be discovered by noting which edge has a finer mesh
(refer to Figures 6 and 7). Along this edge, each line of nodes extending from each edge of
the RTV represents the edge where bond might end and disbond begins. The method in
which disbond was modeled depended on whether or not structure was included in the model.

In the case where no structure was included in the model, the bottom layer of nodes
were constrained. Thus, to simulate disbond, these rigid constraints were removed at the
proper nodes for the amount of disbond prescribed. The "proper nodes" can be visualized by
referring to the disbond edge of Figure 6. Removing the constraints from the 6 nodes along
the bottom edge of the lower RTV would produce a simulated disbond of 5%. Removal of
additional lines of constraints results in simulated disbonds of 10%, 20%, and 40%,
respectively.

15



When the structure is included in the model of the tile assembly, there are no
constraints to lift at the nodes in the area of disbond. Rather, these nodes belong to elements
of both the lower layer of RTV and the skin structure immediately below. Thus, to simulate
disbond, double nodes were created at the proper nodes. That is, two nodes were created to
coexist at the exact same location, each belonging to a different element (see Figure 8). This
produced a situation where the nodes of interest of neighboring elements perfectly overlapped
when undisplaced, however, since there was no longer any stiffness between the nodes, they
could vibrate freely with respect to each other. This could result in a physically impossible
situation - one element can vibrate into another element without resistance (i.e. penetration).
However, in the actual physical system, the slight residual tension the SIP experiences after
installation causes a slight separation between the SIP and structure in an area of disbond.
Thus, these neighboring elements should be able to vibrate free of one another. In the finite
element analysis, this translates into the tile being allowed to penetrate the structure. It is
worth noting that eigenvalue results do not provide amplitudes of vibration, only mode shape
vectors. Thus, in any case, the FEA results do not depict the actual tile displacement.

The location of the disbond edge with respect to the tile axis system is another
variable, affected by the orthotropic properties of the tile assembly components. Vibration
characteristics of the tile assembly might be expected to be axis independent until the
realization is made that the material properties are different in each axis direction. Thus, it 1s
anticipated that not only will the vibration characteristics vary between axes, but also that the
changes in vibration characteristics due to disbond will vary. Consequently, a disbond along
each axis was modeled. The axes are described mathematically as X and Y, corresponding to
the Cross-Roll and Roll axes, respectively.

4.4 Filler Bar Modeling

The filler bar poses an interesting dilemma, partially due to a limitation of the NISA
finite element code. Recalling the description of filler bar installation from Section 2, the
filler bar is in contact with the RSI tile only by virtue of the compression precipitated by the
installation process. This delineates a possibly non-linear condition - the filler bar resists
downward motion of the RSI tile, but may not influence any upward motion if contact is lost.
Unfortunately, the NISA finite element code utilizes linear mathematical models in vibration
analysis calculations. Thus, we are left with two options: (1) model the filler bar fixed to the
RSI tile by virtue of common nodes, in which case RSI tile motion in all directions is resisted
and (2) do not model filler bar at all, in which case it is assumed that the filler bar provides
negligible stiffness to the RSI tile in all directions. As this is a quandary due to the analytical
model, an experimental analysis was required to determine the true affect of the filler bar and
to interpret finite element results (see Section 5).

A further consideration of the filler bar is its role in tile interaction. That is, if it 1s
found that filler bar must be modeled to produce the proper stiffness of a tile assembly, it must
be determined if there is interaction in the physical case between tiles through the filler bar as
would be the case in the finite element analysis of a 10-tile model. This again required finite
element models of both cases as well as experimental testing to serve as an interpreter. It is

16
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noted that a finite element model of a 10-tile assembly with no filler bar is equivalent to a
single-tile assembly if a clamped structure is assumed.

4.510-Tile Modeling

As stated in the above section, the requirement of multiple tiles to be modeled is
largely dependent on the properties of the filler bar. In a model including multiple tiles, the
additional "dummy" tiles were modeled similarly to the tile of interest with the mesh
depending on geometric demands (see Figure 9 for 10-tile/clamped structure model mesh).

There are instances where multiple tiles do not need to be modeled completely,
however any model including extended structure might require the mass of all the tiles on the
structure to be modeled. All tiles which are not required to be specifically modeled
geometrically may need to be modeled as point masses such that the vibration of the structure
is affected accurately. Thus, a model with point masses was analyzed, and results were
compared to models without added point masses.

4.6 Types of Analyses

Initial analyses of all models were linear eigenvalue analyses which provided free
vibration modal information. Comparison of natural frequencies and mode shapes were used
to determine the affects of variables, most notably, bond condition. Ensuing analyses of
models of interest involved frequency response calculations to simulate the response of
models of interest to acoustic energy applied as pressure to the top surface of the tile of
interest (see Figure 10). A pressure loading equivalent to 100 dB of sound was used (0.00029
psi) at frequencies swept from 100 to 3500 Hz. Displacement, velocity, and acceleration
results were extracted for nodes at the corner and center of the tiles of interest.

5 EXPERIMENTAL ANALYSES

Experimental analyses were used as a verification of finite element results as well as a
hands-on trial of different experimental techniques for effectiveness in non-destructively
measuring natural frequencies and mode shapes. This section outlines the experimental
methods employed. Results are presented in Section 7.

5.1 Experimental Modal Analysis

A slight variation of the conventional EMA was performed on select test panels at the
experimental mechanics laboratory at UCF. The tiles at the UCF laboratory were of varying
sizes and unknown physical properties and bond conditions. A speaker was used to generate
narrow band (1000 Hz) random noise between 200 and 1200 Hz; an accelerometer, a SMS
structural dynamics system, a Hewlett Packard spectrum analyzer, and a Hewlett Packard
microcomputer were used to perform modal analysis of the tile of interest. The EMA set-up is
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illustrated in Figure 11. Natural frequency results were recorded. It is noted that EMA testing
at UCF only serves to justify modal analysis as a measurement technique using acoustic
energy. Also, because the accelerometer was placed on the top surface of the tile, only modes
producing vertical acceleration were recorded.

The effect of filler bar was also determined through the same EMA procedure. A 6 x
6 x 2.4 inch tile at the UCF laboratory was tested with and without filler bar, with natural
frequency results being recorded.

5.2 Frequency Response

Frequency response testing was performed on tiles at UCF as well using a speaker,
accelerometer, digital oscilloscope, and Hewlett Packard spectrum analyzer. The
experimental set-up was similar to that of the EMA set-up in Figure 11 with the exception of
no modal analysis computers. The accelerometer was placed at both the center and corner
points of the tile, and the acoustic frequency was swept over a range of 10 to 2000 Hz.
Accelerometer output was monitored, and resonant frequencies were recorded. As with the
EMA testing, it is noted that because the accelerometer was placed on the top surface of the
tile, only modes producing vertical acceleration were recorded.

5.3 Holographic Interferometry

Holographic testing was performed at UCF to assess its feasibility as a non-contact
measurement technique to determine natural frequencies and mode shapes. Holographic
interferometry 1s capable of measuring very small displacements (~.3 m) of an object. Proper
application of this technique produces a fringe pattern depicting mode shapes at
corresponding natural frequencies. A disadvantage of holography in the application to the
TPS tile evaluation task, however, is the long set-up time required and the requirement for
vibration isolation. In the test conducted at UCF, a 60 mW Helium-Neon laser, a holographic
camera, various optics, and a speaker were used to perform both real-time and time-average
holographic interferometry on a TPS tile assembly.

5.4 Rockwell-Palmdale Testing

The purpose of the testing performed at the Rockwell International facility in
Palmdale, California was to assess the feasibility and practicality of employing different
non-contact techniques to ascertain the bond condition of shuttle TPS tiles'®. Tested tiles
were on the aft underside portion of the left wing of OV-102 (Columbia). An illustration of
tiles tested is shown in Figure 12 and physical properties of tiles tested are given in Table 2.
Subsequent to experimental testing, the tiles of interest were removed using a hot wire and a
nonmetallic scraper for expert inspection to determine actual bond condition.

5.5 Shearography

Shearography testing was performed on the Space Shuttle Columbia at Rockwell
International in Palmdale, California with a Laser Technology Incorporated (LTI) system at
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frequencies which were swept from 50 to 500 Hz in 5 seconds at 110 dB". A videotape of
results was recorded during testing.

5.6 Ometron VPI Testing

The Ometron Vibration Pattern Imager (VPI) system is a laser doppler velocimeter
which is capable of making rapid velocity profile measurements over a user-defined area (see
Figure 13). Coupling with a speaker and signal analyzer allow modal testing to be performed.
The test performed involved a rapid single-point frequency response survey of 13 tiles and a
36 point modal analysis of tile# 191025-299.  Frequency response plots and mode shapes
were recorded (see Section 7).

Table 2: Physical Properties of Tiles Tested at Rockwell International-Palmdale

Tile IML Area Thickness (in.)
Tile Number Material (footprint) SIP

191025-299 | L1900 35.66 sq. in. 0.16
191025-300 LI-900 35.64 sq. in. 0.16
191026-030 LI-900 35.73 sq. in. 0.16
191026-059 LI-900 35.66 sq. in. 0.16
191026-061 LI-900 35.63 sq. in. 0.16
191026-064 LI-900 35.66 sq. in. 0.16
191026-067 LI-500 35.70 sq. in. 0.16
191026-071 LI-900 35.71 sq. in. . 0.16
191026-075 LI-900 35.66 sq. in. . 0.16
191026-076 LI-900 35.70 sq. in. 0.16
191026-077 LI-900 35.66 sq. in. 0.16
191026-135 LI-900 23.73 sq. in. 0.16
191026-161 LI-2200 35.66 sq. in. 0.16
191026-237 FRCI-12 35.69 sq. in. 0.16
191026-239 FRCI-12 35.68 sq. in. 0.16
191026-243 FRCI-12 35.65 sq. in. 0.16
191026-256 FRCI-12 35.64 sq. in. 0.16
191026-257 FRCI-12 29.65 sq. in. . 0.16
192131-057" LI-2200 35.65 sq. in. 0.16
192158-079" LI-900 35.67 sq. in. 0.16

Legend

* Instrumented Tiles
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6 FINITE ELEMENT RESULTS

The first finite element analyses were performed to demonstrate the affect of disbond
on natural frequencies. The FE model used was of tile# 191025-299 from OV-102 with filler
bar mounted on a clamped structure. Figure 14 illustrates the mesh of this model. The 100%
bond case model has 2640 degrees of freedom (DOF) and 528 elements and used 7 minutes
of CPU time. Referring to Table 3 and Figure 15, it is noted that natural frequencies for all
modes drop with an increase of disbond. Knowledge beforehand of these numbers would
enable a test engineer to accurately quantify the amount of bond for this particular tile from
modal test data. In addition, the location of disbond could be determined upon observation of
the tile mode shapes as illustrated in Figures 16, 17, and 18. The tile mode shape which is
most affected by the change in stiffness is the rocking mode about the axis parallel to that of
the disbond. In this case, mode# 5 for the 80% and 60% bond cases demonstrates the most
dramatic change. Note that the rocking motion in the 100% case is symmetric about the
center of the tile. In the 80% and 60% bond cases, the axis of rotation is shifted away from
the area of disbond such that the tile above the area of disbond undergoes increased motion.
The line of zero motion (the rotation axis) is a clear indicator of the location of disbond. This
particular model is of a single-tile assembly with filler bar and a clamped structure
assumption, however the decrease in natural frequencies and shifts in mode shapes exist for
all tile assembly FE models. 4

The next variable examined was the axis along which the disbond occurs. Tile#
191025-299 was modeled with filler bar for this case as well, and new results are listed with
results from Table 3 for comparison. Model size and run time remained unchanged between
models of dissimilar disbond location. As anticipated, a slightly different change in natural
frequency is encountered due to the orthotropic properties of the tile assembly (see Table 4).
The mode shape distortion due to disbond along either edge was the same, with the exception
of axis of rotation. Mode shapes remained consistent with Figures 16, 17, and 18.

Questions concerning model constraints were next addressed. To this end, a comparison of
FEA of a single-tile assumed to be rigidly supported and a single-tile mounted on the
extended structure described earlier was performed. First, however, a sensitivity analysis was
performed to determine the size of structure required in order to have accurate dynamic
qualities.

FEA of the structure only was performed with the structure varying in width from 2 to
20 stringers. Model size varied, obviously, with the number of stringers modeled (5256 DOF
& 360 elements for 8-stringer model). However, CPU time required was no more than 10
minutes. Results of the first natural frequency (out-of-plane flexing) are presented in Figure
19. A typical mode shape (for an 8-stringer model) is shown in Figure 20. These results
determined thenumber of stringers to be used for tile/extended structure models. Upon
analysis of the results, it was noted that the first natural frequency did not significantly vary
with more than 8 stringers, hence 8 stringers were used in extended structure modeling.

Next, tile# 191025-299 with filler bar on extended structure was modeled (see Figure
21 for mesh). The 100% bond case model possesses 18330 DOF and 3135 elements, and

26






Table 3: FEA Results of Tile# 191025-299 at Percentage Bond

Natural Frequencies (Hz)
Mode Shape

100% Bond 80% Bond 60% Bond Description
480 449 409
487 450 416
525 505 495
1016 850 728

1020 (P) 969 905
1025 (RX) 1013 1001
1489 1439 1423
1898 1865 1847
2031 2009 1981
2371 2350 2341

[—y

-2
3
4
5
6
7
8
9

fa—y
o

Legend
TX: Rigid Body Translation of Tile in X-Axis Direction

TY: Rigid Body Translation of Tile in Y-Axis Direction

ROT: Rigid Body Rotation of Tile about Z-Axis

RX: Rigid Body Rocking of Tile about X-Axis

RY: Rigid Body Rocking of Tile about Y-Axis

P: Rigid Body Translation of Tile in Z-Axis Direction (Piston Mode)
F: Flexing of Tile
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Table 4: FEA Results of Tile# 191025-299 with Disbond Along X and Y Axes

Natural Frequencies (Hz)

100% Bond 80% Bond (Y-Axis) 80% Bond (X-Axis)
480 449 455
487 450 469
525 505 510

1016®9 850®M 873®0

1020® 969X 966®Y

1025®0 1013® 1020®
1489 1439 1439
1898 1865 1860
2031 2009 2007
2371 2350 ' 2185

—

2
3
4
5
6

3
»

O oo

Pt
(e}

Legend
® Rigid Body Rocking of Tile about Y-Axis

®) Rigid Body Rocking of Tile about X-Axis
* Modes 7 and Higher are Flexing Modes

31



ce

450

HeY
o
o

W
9
o

W
o
o

Frequency of First Mode (Hz)

N
0
o

200

e —

8 10 12 16 20
Number of Stringers

Figure 19: Mid-Fuselage Stringer Sensitivity




€e

DISPL. CONTOURS
Y - DISPLACEMENT
UTEW |
RANGE!

Figure 20: Typical Extended Structure Mode Shape for Sensitivity Analysis (8 Stringers)

@.00E+00
9.26E+00.

9.26l
8.232
7.203
6.174
5.145
4.116
3.087
2.038
1.829

8.0



took 12.9 hours of CPU time to complete. FEA results are given in Table 5. Figures 22 and
23 illustrate the rocking mode shape of the tile for the extended structure model for the 100%
and 80% bond cases, respectively. It was expected that natural frequencies of this model
would be lower than those of the single-tile/clamped structure model as a decrease in stiffness
of the tile assembly would result due to the introduction of an elastic structure. However, for
each out of plane mode of the rigid strucure case, two exist for the flexible strucure, one lower
and one higher than the frequency of the rigid case. Due to the structural motion, the lower
frequency coresponding to where the structure is in phase with the tile and the higher
frequency coresonds to where the structure is 180° out of phase with the tile. ~ Another
unexpected result is encountered in the mode shapes of this model. Whereas it has been
demonstrated in a clamped structure model that the axis of rotation for the mode of tile
rocking about an axis parallel to that of the disbond shifts away from the disbonded area, the
axis of rotation shifts towards the disbonded area in this model. This perplexity demonstrates
the need for further development of finite element models involving an extended structure, if
it is deemed that structure is necessary for the correct dynamic response of a tile.

The next model consideration is the filler bar. As described before, there is a modeling
dilemma regarding filler bar because of the non-linear contact between the filler bar and RSI
tile. Thus, models of different configurations were analyzed with and without filler bar.
Adding or subtracting filler bar to a model changed the overall model size and CPU run time
minimally. The single-tile/clamped structure model of Table 3 was modeled without filler bar
(see Figure 24 for mesh) with results appearing in Table 6. Mode shape plots for 100%, 80%,
and 60% bond cases are shown in Figures 25, 26, and 27, respectively.

The single-tile/extended structure model of Table 5 was modeled without filler bar
(see Figure 28 for mesh) with results appearing in Table 7. Mode shape plots for 100% and
80% bond cases are shown in Figures 29 and 30, respectively.

One last physical variable to be addressed was whether or not a multiple-tile model 1s
required to properly simulate the vibration characteristics of a single tile. The determination
for the need of multiple tiles to be modeled rests heavily on whether or not the filler bar is
determined to transmit vibration, given the complexity of the filler bar-to-tile contact. If,
indeed, the filler bar is concluded to play a significant role in the vibration of the tile
assembly, then a multiple-tile model is required. If, however, the filler bar is deemed as an
insignificant vibration transmitter, then it must be determined whether or not the mass of
theadditional tiles is critical for correct vibration characteristics. Consequently, a model was
developed which consisted of the typical single-tile on extended structure model with point
masses added to represent additional tiles. The mesh of this model is identical to that of
Figure 21. Model size and run time varied minimally from the typical single-tile on extended
structure model. Results of FEA of this model are given in Table 8.
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Table 5: FEA Results of Tile# 191025-299 With Extended Structure
100% Bond 80% Bond 60% Bond

Frequency Frequency Frequency
Mode# (Hz) Mode# (Hz) (Hz)
22 391 22 384 371

23 444 23 406 360
24 480 25 458 448
45 802 42 735 : 670 -

56 894 52 853 806
65 1029 61 940 813

189-366 189-366 189-355
480-774 24 457 366-366
803-893 487-717 435
896-1021 738-850 487-652
858-920 717-802

TX: Rigid Body Translation of Tile in X-Axis Direction
TY: Rigid Body Translation of Tile in Y-Axis Direction
ROT: Rigid Body Rotation of Tile about Z-Axis
: Rigid Body Translation of Tile in Z-Axis Direction (Piston Mode)
RX: Rigid Body Rocking of Tile about X-Axis
RY: Rigid Body Rocking of Tile about Y-Axis
ST: Mid-Fuselage Structural Modes

Table 6: FEA Results of Tile# 191025-299 Without Filler Bar at Percentage Bond

Natural Frequencies (Hz) Mode Shape
Mode # 100% Bond 80% Bond 60% Bond Description
1 352 284 214 ROT
2 379 319 235 X
3 380 359 338 TY
4 737 552 407 RY
5 740 660 572 RX
6 847 808 783 P
7 1264 1208 1191 F
8 1760 1726 1706 F
9 1924 1901 870 F
2248 2228 2218 F

TX: Rigid Body Translation of Tile in X-Axis Direction

TY: Rigid Body Translation of Tile in Y-Axis Direction

ROT: Rigid Body Rotation of Tile about Z-Axis

RX: Rigid Body Rocking of Tile about X-Axis

RY: Rigid Body Rocking of Tile about Y-Axis

P: Rigid Body Translation of Tile in Z-Axis Direction (Piston Mode)
F: Flexing of Tile
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Table 7: FEA Results of Tile# 191025-299/Extended Structure Without Filler Bar

100% Bond 80% Bond

Frequency Frequency
Mode# (Hz) Mode# (Hz)

19 351 8 283
24 368 19 348
25 441 25 427
41 688 40 611
42 713 41 611
45 756 44 728

189-350 1-7 187-256
354-366 295-342
485-649 350-366
717-740 479-597
760-1090 656-716
739-1014

Mode Shape

Rigid Body Translation of Tile in X-Axis Direction

: Rigid Body Translation of Tile in Y-Axis Direction

ROT: Rigid Body Rotation of Tile about Z-Axis

P: Rigid Body Translation of Tile in Z-Axis Direction (Piston Mode)
RX: Rigid Body Rocking of Tile about X-Axis

RY: Rigid Body Rocking of Tile about Y-Axis

ST Mid-Fuselage Structural Modes

Table 8 FEA Results of Tile# 191025-299/Extended Structure with Point Masses

100% Bond

Frequency
(Hz)
391

444
480
801
896
1029

189-366

480-773

803-894
905-1021

Legend
TX: Rigid Body Translation of Tile in X-Axis Direction

TY: Rigid Body Translation of Tile in Y-Axis Direction
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ROT: Rigid Body Rotation of Tile about Z-Axis
: Rigid Body Translation of Tile in Z-Axis Direction (Piston Mode)
RX: Rigid Body Rocking of Tile about X-Axis
RY: Rigid Body Rocking of Tile about Y-Axis
ST: Mid-Fuselage Structural Modes

A 10-tile model with filler bar was analyzed with a clamped structure assumption to
validate its feasibility as an analytically correct model. The 100% bond case model has 20580
DOF and 4368 elements (see Figure 9 for mesh), requiring 13.9 hrs. of CPU time. FEA
results for the 100% bond case are given in Table 9. Tables 10 and 11 give the results for the
80% and 60% bond cases, respectively. It is noted that closely spaced modes in these tables
demonstrate the fact that the 10 tiles of the model are alike. A clearer understanding of
vibration behavior is achieved through investigation of mode shapes. Figures 31 and 32 are
representative examples. The rocking mode about the axis of disbond is illustrated for 80%
and 60% bond cases, respectively, in these figures.

The final finite element consideration was the simulation of the acoustical energy to be
applied during experimental testing. Thus, a forced response analysis of a single-tile was
performed with a dynamic pressure corresponding to 100 dB applied to the top surface of the
tile of interest. The equivalent pressure was calculated to be 290 x 107 psi. Resonant
frequencies calculated through a forcedresponse analysis are listed in Table 12 for a single tile
on clamped structure and a single tile on extended structure. A typical response spectrum
graph for various nodes on the top surface (see Figure 33) of a multi-tile/clamped structure
model is illustrated in Figure 34. In this particular figure, it is noted that the center point of
each tile except the tile of interest has a single out-of-plane mode corresponding to the piston
mode of the tile.

However, the tile of interest has a disbond of 40% in this case. Consequently, the axis of
rotation for the corresponding rocking mode is shifted, and the center point is no longer on
this axis of zero motion. This is demonstrated in the second, earlier mode of the center point
of the tile of interest corresponding to the rocking mode of the tile about an axis parallel to the
disbond. The presence of two peaks on a frequency response plot (out-of-plane motion) is a
clear indicator of a tile which has disbond. Also, from these frequency response spectrum
graphs, the amplitude of displacement of any particular point on the tile can be found. For the
100 dB signal, the computed maximum displacement of the center point on a tile on clamped
structure is 23 x 10 in. for 100% bond. This is important to realize, as the displacement the
tile experiences must be at least as great as the sensitivity of any instrument intended to
measure its displacement. This particular displacement is acceptable for all measurement
techniques discussed. However, the tile of interest has a disbond of 40% in this case.
Consequently, the axis of rotation for the corresponding rocking mode is shifted, and the
center point is no longer on this axis of zero motion.
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