
PANORAMIC MODAL TESTING OF THE SPACE SHUTTLE 
MAIN ENGINE ALTERNATIVE TURBOPUMP INLET 
BELLOWS LINER 

he time-average holographic recording technique, 
developed by Stetson and Powell,' can be used to 
reveal contours of constant amplitude on the sur- T face of a vibrating object. In this technique, a holo- 

interferogram is produced by generating a hologram and ex- 
posing the recording medium for a period of time during 
which the test object executes many cycles of steady vibra- 
tion. In this case, the intensity of the reconstructed image is 

where A is the wavelength of the coherent light used to rec- 
ord and reconstruct the hologram, d is the displacement vec- 
tor of the surface point under consideration, and J ,  is the 
zero order Bessel function. The sensitivity vector g is defined 
by ( 6 ,  - b,) where b1 and bz are unit vectors in the directions 
of illumination and observation, respectively. 

Most attempts to record ho- 
lograms over extended areas 
in confined spaces have met 
with limited success, mainly 
because current holographic 
systems provide only spot 
views within the region of in- 
terest. This paper describes 
the first practical application 
of a unique approach to mo- 
dal analysis in which time- 
average holograms are re- 
corded through a panoramic 
system. When inserted into a 
cylindrical structure. the sys- 

the PAL is a single element imaging block comprised of three 
spherical optical surfaces, and one flat optical surface. Two 
of the spherical surfaces are mirrored while the third spher- 
ical surface and the flat surface are not. Rays are refracted 
when they contact the first spherical surface, and they are 
reflected off the rear mirrored spherical surface. They travel 
forward in the lens and strike the front mirrored spherical 
surface. Reflected back, the rays are refracted at  the rear 
flat optical surface and diverge as they exit the lens. The 
divergent rays leaving the flat optical surface at  the back of 
the PAL can be "back traced" to form a virtual image. The 
virtual image is captured by a transfer lens to form a flat 
annular image. Thus, the continuous field of view surround- 
ing the PAL is mapped via a constant aspect ratio polar map- 
ping.3 The resolution of the PAL varies from the forward 
viewing edge to the back viewing edge with an average an- 
gular resolution of 5 millirads. Objects appear to be in focus 
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tkm allows a relatively large Fig. I : Ray diagram and coordinate systems for the image 
portion of the surroundings plane 
to be illuminated and ob- 
served. The approach is applied to study the modal response 
of a turbopump liner designed for use in NASA's Space Shut- 
tle Main Engine. 

TIME-AVERAGE PANORAMIC 
HOLO-INTERFEROMETRY 
Time average panoramic holo-interferometry' relies on the 
standard time-average holographic method but utilizes two 
Panoramic Annular Lenses (PALS); one to illuminate and the 
other to view the inner wall of a cavity. As shown in Fig. 1, 
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from the -lens surface to in- 
finity even though the PAL is 
not strictly afocal. 

The Cartesian (x', y') and po- 
lar ( r ' ,  8 ' )  coordinate sys- 
tems used to define the an- 
nular image are shown 
superimposed on Fig 1. Fig- 
ure 2, on the other hand, de- 
fines the Cartesian ( x ,  y, z )  
and cylindrical ( r ,  8, z )  coor- 
dinate systems used to de- 
scribe object space. Referring 
to Fig. 2, it is assumed that 
two opposing collinear PALS 
are aligned with their optical 
axes along the t-direction. 
Coherent light is projected 

* by one PAL from the source point S to a point P located on 
the wall of a cavity, depicted in the figure as a ring. The 

, image of P is observed by the second PAL at point 0. For 
, analysis purposes, unit vectors and gZ are shown in the 
. direction of illumination and in the direction of observation, 
* respectively. The sensitivity vector, g, described in Eq. (l), 
' lies along the angle bisector of b1 and b,. 

: In the center of the illuminated band, g is perpendicular to 
, the optical axis of the system and only radial displacements 
. are measured. Toward the edges of the band, however, g be- 
$ comes inclined. Assuming that the displacement is purely 
* radial, an error is introduced which depends on the spacing 
' between the lenses and the width of the band. For a more 
' complex situation, the displacement component parallel to : the optical axis influences the holographic fringe pattern in 
, areas where the sensitivity vector is inclined; whereas, the 
. circumferential displacement component does not effect the 
. fringe pattern. 
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Fig. 2: Cartesian and cylindrical coordinate systems used to 
describe object space 

EXPERIMENTAL TESTING 
The method of time-average panoramic holo-interferometry 
was used to study the modal response of a turbopump liner 
designed for use in NASA's Space Shuttle Main Engine. The 
8.9 cm long Incoloy 909 liner was fabricated with a flange at 
one end on its outer surface; the inner surface was cylindri- 
cal with a diameter of 28 cm. During the tests, the liner was 
supported by four foam blocks and twenty-seven elastic 
cords to provide a free-free boundary condition. 

Acoustic excitation was used to sinusoidally excite the test 
article throughout a 0 to 5000 Hz frequency range. The mode 
frequencies were roughly identified by running a series of 
acoustically driven 200 Hz band width sine sweep measure- 
ments using a signal analyzer (Hewlett Packard Model 
3562). The frequency response was monitored by a small 1 
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. Fig. 3: Experimental setup; I. laser, 2, mirror, 3. beam 

. splitter, 4. spatial filter, 5. collimating lens, 6. illuminating 
' PAL, 7. inlet liner, 8. imaging PAL, 9. transfer lens, 
* 

10. polarizer, I I. mask, 12. thermoplastic holocamera, 
. 13. CCD camera. 

. 
' hance image quality. 

: RESULTS AND DISCUSSION 
. Figure 4 shows one of the 36 panoramic holo-interferometric 
. images acquired during this test. The first quadrant of the 
. image is linearized to remove radial and circumferential dis- 
' tortions. The entire inner surface of the liner is captured in 
' the annular image. The innermost portion of the annulus, 
' 

and the top of the linearized image, correspond to the stiff 
, (flange) end of the inlet while the outermost portion of the 
. annulus, and the bottom of the linearized image, correspond 
. to the soft end. The fringes represent peak-to-peak radial 
. displacement. The intensity is a maximum in regions that 
* do not move (nodes). The progressively dimmer fringes cor- 
* respond to regions of increasing displacement. In Fig. 4, for 
. example, the stiff end of the bellows remains at  rest while 
' the soft end moves; a condition referred to as "soft end mo- 
' tion." Although the magnitude of the displacement can be : discretely calculated by applying Eq. (11, the overall mode 
. shapes and corresponding frequencies are paramount for 
. quantifying dynamic performance. 

trast adjustments provided by the software were used to en- 

. The mode shapes are listed in Table 1 in the order of in- 

. creasing frequency. The frequencies in italicized type were 

. previously acquired using a standard impact hammer modal 

gram accelerometer (Piezotronics, Inc. Model 309A) radially 
oriented and bonded to the outer surface of the test article. 
High resolution 20 Hz zoom band measurements were sub- 
sequently made to discretely resolve the mode frequencies. 

. 
' 

' 

: 
The holographic setup shown in Fig. 3 was used to acquire 
the mode shape for each frequency identified during the sine 
sweep tests. A cylindrical stop was positioned between the 
panoramic lenses to block stray light from entering the ob- 
servation lens. Image quality was enhanced by mounting an 
annular shaped mask on a glass plate located in the image 
plane of the transfer lens (see component 11 on Fig. 3). The 
object and reference beams were both vertically polarized to 
maximize interference at the thermoplastic plate. Data 
Translation video capture software was employed to record 
the holographic information. The filter operations and con- 

' Fig. 4 A time-average panoramic holo-interferogram 
. recorded at 959. I Hz is shown to the left; a linearized image 
. of the first quadrant is shown to the right. 
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Table I -Mode Shape Versus Frequency* 

NO. FREQ. (Hr) MODE SHAPE DESCRIPTION GROUP 

I 100.5, 99.3 

2 

3 204.5, 198.3 

4 239.6. 238.3 

5 388.9. 387. I 

6 552.0. 552.2 

7 609.3, 607.2 

8 739.0, 739.2 

9 744.5. 744.8 

Soft end motion, rn = 0, n = 4, pfw = I 

Soft end motion, rn = 0. n = 4, pfw = I ;  repeated root 

Stiff end motion, rn = I, n = 4, plw = I 

Soft end motion, rn = I, n = 6, plw = I 

Soft end motion, rn = I, n = 8. pfw = I 

Soft end motion, rn = I. n = 10, pfw = I 

Stiff end motion, rn = I, n = 6, pfw = 2 

Soft end motion, rn = I, n = 12, plw = I 

Soft end motion, rn = I, n = 12, pfw = I ; repeated root 

Soft end motion, rn = I .  n = 14. pfw = I 

Stiff end motion, rn = I, n = 8, pfw = 2 

Soft end motion, rn = 0. n = 16. pfw = I 

A 

A 

B 

A 

A 

A 

B 

A 

A 

A 

B 

A 

109.5 

10 959. I 

I I  I 164.5 

12 I2 10.5 

13 1492.3 Soft end motion, rn = I. n = 18. pfw = I A 

14 1803.9 Soft end motion, rn = 0. n = 20, plw = I A 

15 1822.5 Stiff end motion, rn = I. n = 10, pfw = 2 B 

17 2478.4 Stiff end motion, rn = I. n = 12. pfw = 2 B 

18 25 16.9 

19 2524.5 

16 2 147.9 Soft end motion, rn = I, n = 22, plw = I 

Soft end motion, rn = I .  n = 24, pfw = I 

Soft end motion, rn = I, n = 24, plw = I ;  repeated root 

A 

A 

A 

20 29 13.4 Complex - 

21 29 13.6 Complex - 

22 3049.6 rn = 2, n = 16, plw = 2 C 

23 3268.3 rn = 2, n = 20, plw = 2 C 

25 3479.3 m = 2, n = 22, pfw = 2 C 

26 4050.3 rn = 2, n = 12. plw = 3 D 

27 4086.5 rn = 2, n = 12, pfw = 3; repeated root D 

28 4103.3 Complex - 

29 4171.4 rn = 2, n = 10, plw = 3 D 

30 4268.8 Soft end motion, rn = I. n = 32, plw = I A 

31 435 I .6 rn = 2, n = 14, pfw = 3 D 

32 442 I .9 rn = 2, n = 8, plw = 3 D 

33 4505.5 rn = 2, n = 28, pfw = 2 C 

34 4689.0 rn = 2, n = 6. pfw = 3 D 

35 4772.8 Soft end motion, rn = I. n = 34, pfw = I A 

36 4990.5 rn = 2, n = 4, pfw = 3 D 

24 3342. I Soft end motion, rn = I. n = 28, pfw = I A 

* Italicized frequencies correspond to data acquired f rom “standard” modal test SSME-DEV-ED94-0093. 

test. Slight differences in frequency are attributed in part to The repeated roots, where the nodes of one pattern lie at the 
a mass loading effect caused by painting the inner surface antinodes of the other, arise because of symmetry. Theoret- 
of the ring prior to recording the interferograms. The foam . ically, the roots should occur at the same frequency, but the 
blocks used to steady the test article during the holographic . accelerometer’s mass influences the results. When this mass 
recordings may also have had some influence. Overall, how- . is collocated with an antinode, the repeated root’s frequency 
ever, the results compare very well with the largest variation . shifts slightly. This does not occur when the mass is collo- 
being 3.1%. . cated with a node. 

’ 

March /April  1998 EXPERIMENTAL TECHNIQUES I7 



5000 

4500 
4000 

3500 

3000 

2500 

2000 
1500 
1000 

I Group C - 3049.6 Hz Group D - 4086.5 Hz 

Fig. 5: Linearized quadrants typical different mode groups 

No. of Circumferential Nodes 

In the Mode Shape Description column of Table 1, “m” de- . 
fines the number of nodes found along the length ofthe be]- ‘ frequency in Groups A, B and C. Group D, however, shows an 
lows while “n” corresponds to the number of nodes found : unexpected trend, 
along the circumference. The ‘‘plw” (peaks lengthwise) term . 
refers to the number of peaks of displacement (antinodes) 

Fig. 6: The complexity of the mode shape increases with 

found the length’ For the image shown in Fig’ 4, for : group as the number ofcircumferential nodes increases, This 
‘ data is plotted in Fig. 6. example, m = 1, n = 14 andplw = 1. 

The modes are ‘lassified into four groups in ’‘ The ’ In Groups A, B, and C, the number of nodes and antinodes images in Groups A and B have m 5 1 and correspond to * 
increased with frequency as expected. This trend did not oc- soft and stiff end motion, respectively. Images in Groups C . 
cur, however, for the mode shapes in Group D. Intuitively, and D have m = 2 and correspond to two and three peaks ’ 

. the latter seemed odd, so a NASTRAN model was created to 
along the length, respectively. The linearized quadrants . evaluate frequency versus shape for this group. Initially, 
shown in Fig. 5 were extracted from four panoramic holo- . when only the radial direction degree of freedom was al- 
interferograms which fall into these groups. Table 2, on the . lowed, the model did not predict the observed trend. How- other hand, lists the modes and frequencies within each . ever, when the constraints imposed on axial and circumfer- 

Table 2-Grouped Mode Shapes 

GROUP A GROUP B GROUP C GROUP D 

CIR. NODES FREQ. (Hz) ClR. NODES FREQ. (Hz) CIR. NODES FREQ. (Hz) CIR. NODES FREQ. (HI) 

4 100.5 4 204.5 16 3049.6 4 4890.5 

6 239.6 6 609.3 20 3268.3 6 4689.0 

8 388.9 8 I 164.5 22 3479.3 8 442 I .9 

10 552.0 10 1822.5 28 4505.5 10 4171.4 

12 739.0 12 3478.4 12 4050.3 

14 959. I 14 435 I .6 

16 1210.5 

18 1492.3 

20 1803.9 

22 2 147.9 

24 25 16.9 

28 3342. I 

32 4268.8 

34 4772.8 
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ential displacements were eased, a direct correlation was ob- ‘ interest and support of the research. Panoramic annular 
tained. : lenses were obtained from Optechnology, Inc., Gurley, Ala- 

. bama. 
CONCLUSION 
This paper demonstrates a powerful new inspection tool cur- . 
rently being used by NASA to visualize mode shapes within . References 
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