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ABSTRACT 

Historically, holographic analysis of cylindrical stmctureb 
has been particularly challenging. The limited field of view 
avaiIable with current holographic inspection systems has 
restricted the extent to which a full assessment of the 
stmcture may be made; in general, only spot views of the 
region of concern are available. 

This paper describes a new approach to modal holographic 
interferometry that incorporates a Panoramic Annular Lens 
(PAL). The PAL produces a flat annular image of the entire 
360 degree region surrounding the optical axis of the lens. 
Thus, when the lens is inserted into a cylindrical structu~?, 
a relatively large area of the interior wall may be 
illuminated anfflor observed. These atuibutes are 
demonstrated when two PALS and the method of time- 
average holography are used to obtain the modal response 
of an acoustically excited Aluminum ring. 

NOMENCLATURE 

axial offset 
unit vector 
displacement vector 
sensitivity vector 
radial offset 
polar coordinates in object space 
polar coordinates in image plane 
cartesian coordinates in object space 
cartesian coordinates in image plane 
scaler displacement component 
intensity 
roots of the zero order Bessel function 
zero order Bessel function 
repeated roots 
source point 
observation point 
model point 
panoramic annular lens 
wavelength 
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1. INTRODUCTION 

At NASA’s Marshall Space Flight Center modal testing is 
primarily used as B tool for tuning finite element models. 
In recent years, modal characL?rization requirements have 
broadened, stimulating the development of new advanced 
modal parameter acquisition techniques. Holographic 
intetfemmetry is one area in which NASA, in conjunction 
with The University of Alabama in Huntsville. has been 
developing new technology. 

Holography is a technique for recording the 
three-dimensional information of an object on a two- 
dimensional photosensitive recording medium. When the 
hologram is reconstructed, the three-dimensional 
infomntion is played back. 

Two highly coherent wavefronts, usually referred to as the 
object and reference beams, are required to produce a 
hologram. These beams are obtained by splitting the light 
from a single laser. The object beam is expanded to 
illuminate the test article and light is diffused from the 
object’s surface to the holographic recording medium. The 
reference beam is expanded to directly illuminate the 
holographic recording medium. The complex diffraction 
grating created by the mutual interference between the 
object and the reference beams is recorded as the hologram. 

Unlike ordinary photography where only the amplitude of 
the light intensity is recorded, the holographic process 
records both the phase and amplitude of the light scattered 
from an object. Phase information is important, since 
comparisons can be made between holograms recorded as 
a test surface moves. This process, called holo- 
intwfemmeuy,14 produces a set of interference fringes 
which permits the detection and measurement of surface 
displacement. 

For example, the time-average holographic recording 
technique. developed by Stetson and Poweli? can be used 
to reveal contours of constant amplitude on the surface of 
a vibrating object. In this technique, a holo-interferogram 
is produced by generating a hologram and exposing the 
recording medium for a period of time during which the 
test object executes many cycles of steady vibration. In this 
case, dx intensity of the reconstructed image is 
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and &. 

The illomination and observation directions for a PAL may 
be described with respect to a circular ring defmed by the 
loci of the points of intersection of rays corresponding to 
the upper and lower field angles. The lens shown in Figure 
2, for example, has an upper field angle of 25 degrees and 
a lower field angle of -20 degrees. The ring is called the 
offset and is defined relative to the front of the lens: the 
axial offset is the distance measured from the circle to the 
front of the lens while the radial offset is measured 
perpendicular to the optical axis and equals the radius of 
the circle. The axial offset, ;b. is defined as positive when 
the offset lies behind the front surface of the PAL: whereas, 
the radial offset, r.. is positive when each point forming the 
circle lies on the opposite side of the optical axis from the 
surface being viewed “I illuminated.8 For the lens show” 
in Figure 2. a. = 0.4 cm (0.157”) and r, = 0.05 cm (0.019”). 
The offset defmes the sowe points when the PAL is used 
to illuminate a cavity; it defines the observation points 
when the cavity is imaged by a PAL. 

Figure 2. The dimensions and field of view for a 38 
mm diameter PAL imaging system. Figure provided 
courtesy of Gptechnology, Inc., Huntsville, AL. 

standard time-average holographic method and utilizes two 
PALS; one to ilhnninate and the other to view the inner 
wall of a cavity. The PAL produces an annnlar image; the 
Cartesian (x’.y’) and polar (I’,@) coordinate systems used 
to analyze this image are shown superimposed on Figure 
lb. Figure 3, on the other hand, defines the cartesian 
(x,y,z) and cylindrical (r$,z) coordinate systems used to 
describe object space. 

Referring to Figure 3, it is assumed that two opposing 
collinear PALS are aligned with their optical axes along the 
z-direction. Coherent light is projected by one PAL from 
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Figure 3. Cartesian (x,y,z) and cylindrical (r.0.z) 
coordinate systems used to describe object space. 

the source point S to a point P located on the wall of a 
cavity. The image of P is observed by the second PAL at 
point 0. For analysis purposes, unit vectors C, and 8, are 
show” in the direction of illumination and in the direction 
of observation, respectively. The sensitivity vector 
described in Equation (I) lies along the angle bisector of?, 

4. EXF’EIUMENTAL. 

A data base &fining the modal parameters of an Aluminum 
ring measuring 10.16 cm (4.00”) diameter, 2.13 cm (0.84”) 
length and 1.27 mm (0.05”) wall thickness was acquired to 
evaluate holographic test results. This was accomplished 
with impact hammer modal testing techniques employing an 
HP 5423A Structural Dynamics Analyzer. In these tests, 
the ring was supponed by three elastic cords producing a 
free-free boundary condition. A small Piezotronics. Inc. 
model GK291B80 calibrated hammer, conligwed as a 
pendulum, was nsed to excite tie ring. By the theory of 
reciprocity. the impact hammer was roved from point to 
point while response measurements were acquired with a 
Piezotronics, Inc. model 309A accelerometer oriented 
radially and bonded to the ring with super-glue. The 
additional mass of the accelerometer effected the modal 
content of the ring, however. the accelerometer was 
attached at the same location during every test. This 
produced a constant perturbation that did not effect test 
technique comparisons. 

During the holographic tests, the Aluminum ring was 
supported radially at each end by 8 elastic bands spaced at 
45 degree intervals around the circumference. This 
configuration provided excellent stabilhy while maintaining 
the free-free boundary condition employed during the 
impact hammer tests. 

Figure 4 shows the panoramic holo-interferometry test setup 
used to obtain mode shape information from the Aluminum 
ring. Two 38 mm (1.5”) diameter PALS, with optical 
characteristics analogous to those contained in the imaging 
system shown in Figure 2, were spaced at a distance of 
3.175 mm (0.125”) apart and positioned with their optical 
axes aligned with the z-axis of the coordinate system shown 
in Figure 3. The origin of the coordinate system was 
located in the offset plane of the PAL subsequently used for 
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5. RESULTS 

Eighteen panoramic holo-interferograms of inplane flexural 
modes due to twisting and/or bending were acquired. 
Tables 1 and 2 list the corresponding resonant frequencies 
along with those obtained from the standard impact hammer 
modal tests. 

TABLE 1: Inplane flexural modes due to bending 
(semi-prismatic shape) 

Mode # PAL Hologranhv (Hz) Imnact Hammer (Hz) 

:w 
354.1 357.8 
369.8 373.1 
1005.6 1014.1 
1033.9 1045.3 

Figure 4. Experimental setup for recording real-time 
holograms. A digitizing camera is used to acquire 
images. 

imaging. The ring was positioned around the PALS with its 
IongiNdinal axis along z. ‘Ilie inner surface of tie ring was 
painted white, and coherent light 0. = 514 nm) was 
projected onto the inner wall using the expanded object 
beam passed through one of the PALS. An image of the 
ring was captured using a second PAL. A transfer lens was 
used to convey the virtual image, formed within the PAL 
itself. to a digitizing camera and computer system. As 
shown in Figure 4, a hologram of the wavefronts emerging 
from the second PAL was recorded using a thermoplastic 
holwamera positioned behind the transfer lens.’ 

An HP 3562A Dynamic Signal Analyzeer was used to 
perform sine sweep measurenwm on the ring once it was 
installed in the holographic setup. Response measurements 
were obtained with the aforementioned Piezotronics, Inc. 
accelerometer. Several attempts were made to utilize 
shaker excitation to drive the ring but the mass loading 
effects induced by the annat~~e mass produced dynamic 
information that significantly differed from that obtained 
during impact hammer modal testing. Acoustic excitation, 
on the other hand, produced results that compared favorably 
with impact hammer modal testing and time average 
holograms were recorded with the ring resonating at the 
predetermined natural frequencies. 

Standard modal holographic techniques were also employed 
to obtain holo-interferogmms on one half of the outer 
surface of the ring. The boundary conditions and excitation 
methods used during thew tests were identical to those 
employed when using panoramic holo-intetferometty. 

’ The holocamera can also be positioned between the 
transfer lens and the PAL, or in the image plane. However, 
the latter condition causes excessive noise during 
reconstruction, since anomalies such as dirt and pits in the 
thermoplastic are recorded along with the image of the 
cavity. 

3’ 1914.3 1931.2 
3-1 , 1988.7 2009.8 

&R) 3107.4 3198.9 3137.5 3232.0 
GRR) 4664.9 4584.7 4712.5 4635.0 

6297.8 6350.1 
6377.8 6450.6 

7 8359.4 8450.0 

TABLE 2: Inplane flexural modes due to bending and 
twisting (non-prismatic shape) 

Mode # PAL Hologranhv (Hz) Immct Hammer (Hz) 
1 814.5 823.2 

I 
2311.6 2333.2 
2460.9 2479.7 

3 4019.1 4048.4 
4 5775.3 5826.6 

The resonant frequencies obtained holographically are 
typically 1% lower than those acquired during the impact 
hammer modal tests. This frequency shift was attributed to 
a mass loading effect caused by painting the ring after 
impact modal tests were completed. 

Figures 5 through 7 correspond to three separate mode 
shapes: an inplane flexural mode at 814.5 Hz due to 
bending &twisting, and two inplane flexural repeated roots 
at 3107.4 Hz and 3198.9 Hz due to bending. Each figure 
shows mode shapes that were acquired using (a) panoramic 
holo-interferomeuy, (h) standard holo-interferomey and (c) 
standard impact hammer modal testing. 

6. DISCUSSION 

Since the standard impact hammer tests produce 
information obtained from an accelerometer location 
relative to an excitation location, spatial definition is 
determined by the number of acquired points. The 
holographic patterns, on the other hand, maximize spatial 
definition by obtaining information over a given surface 
area. 

421 



As mentioned earlier in the paper, the extremely bright 
areas on the holograms correspond to nodes and the fringe 
patterns describe a topographical map of the displacement 
measured along the sensitivity vector. 

The standard holographic recordings were taken on the 
outside of the ring with a single illumination and 
observation point. The sensitivity vector was predominately 
along the line of sight and nearly constant across the field 
of view. The curyatu~e of the surface, however, caused the 
sensitivity vector to vary significantly with respect to the 
surface normal. Since the displacement of the ring was 
predominately radial and along the surface normal, 
displacement is recorded with different sc”st”v~“es “cross 
the f=Id of view. For example, along the horizontal 
diameter of the ring, the sensitivity vceto~ is nearly aligned 
with the surface normal and displacement sensitivity is 
maximum. As the surface normal deviates from the line of 
sight, displacement is measured at reduced sensitivity. 
These variations make it difficult to quantitatively analyze 
the holo-interfcrograms. 

The sensitivity veemr for the panoramic holo- 
intcrferogmms, on the other hand, is nearly radial uxoss the 
entire field of view.” DtsplaEement is measured with nearly 
constant sensitivity over the entire image and quantitative 
analysis is much less complex. In addition. the 
intctiemgranu are recorded on tbe inner surface of the tig 
and over the entire area of i”tcrcsL 

Any time one or mm axes of symmetry exist in the 
mechanical system, repeated roots will exist9 
TheorcticalIy. the mode shapes show” in Figures 6 and 7 
should have occuned at the sane frequency; the nodes of 
one pattern should lie at the antinodes of the other. 
However, when the accclcm~ter’s mass was collocated 
with an antinode, the repeated mot’s frequency dropped. 
No frequency shift ocnured when the accelerometer was 
collocated with node. ‘fks the accelerometer’s mass 
separated respective repeated mot.% Tldi phenomenon 
occurred for all of the repeated roots observed during the 
investigation 

Figure 6 shows slight pxtwbatioas in the fringe pattans of 
the inplane flexural modes due to bending. These scmi- 
prismatic mode shapes occurred bzawe the accelerometer 
was located at the edge of the ring. 

7. CONCLUSIONS 

This paper expands on prior research performed in the area 
of panoramic holo-interferometry by developing a” 
approach to qualitatively analyze time-average panoramic 
holo-intcrferometric fringes recorded within cylindrically 
shaped cavities. The approach has a” advantage over 
modal hammer impact testing in that spatial definition is 
optimized. In contrast to standard time-average holo- 
intaferometry, panoramic halo-interfcromeuy allows a 
cylindrical region of the inner walls of a cavity to be 
viewed simultaneously, and radial displacements to be 

Figure S(“). Panoramic holo-interfemgram. 

Figu~ SW. Standard holo-i”te!fexugram. 

Figure S(c). Standard impact hammer animated display. 

Figure 5. Resuks for an inplane ffexural mode recorded at 
814.5 Hz due to bending & twisting. 
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Figure 6(a). Panoramic holo-interfemgram 

Figure 6(b). Standard holo-interfemgram 

Figure 6(c). Standard impact hammer animated display. 

Figure 6. Results for an inplane tlexural repeated root at 
3107.4 Hz due to bending. 

Figure 7(a). Panoramic holo-interferogram. 

Figure 7(b). Standard holo-interferogram 

Figure 7(c). Standard impact hammer animated display. 
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recorded with nearly c”n.stant sensitivity “ver the entire 
lirld of view. 

The research is expected to provide a new inspectionlmodal 
testing capability for the NASA’s Space Shuttle Main 
Engine program, since many racket engine canponents are 
cylindrically shaped. Future plans call for applying the 
technique to study beating cages, high pressure turbo pump 
housings and turbine inlet bellows 
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