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s l it , and double-exposure holograms were generated. The resonant frequen-
cies of the flawed pla tes were recorded , and the mode shape deviations
were analyzed . A comparison was made of resonant frequencies and mode
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parts.
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systems for use aboard shi ps. These procedures are being used success-
fully i n the aerospace industry and automobile manufacturing .
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ABSTRACT

Double-exposure holograms were made of aluminum 2024-Th rectangular

p la tes. The double—exposure technique was applied to an aluminum plate

in a nonflawed and then a flawed condition . Results of these experiments,

comparing the effects at various resonant frequencies , were then compared

wi th resul ts pr~vious l y obtained in other studies to ascertain their

applicability to Nava l Eng inee ring.

The plate was then flawed with a 1 inch through-thickness vertica l

slit , and double—exposure holograms were generated . The resonant frequen-

cies of the flawed plates were recorded , and the mode shape devia t ions

were analyzed . A comparison was made of resonant frequenc es and mode

shapes of flawed and nonflawed plates to determine the applicability of

holographic procedures to nondestructive testing of vibrating mechanica l

parts.

Resul ts of the experiments ind i cate that holographic nondestructive

testing (HNDT) of vibrat ing objects in a shipboard env i ronment holds

promise for future applications. Furthe r research is requ i red to develop

systems for use aboard ships . These procedures are be i ng used success-

fu l ly  in the aerospace industry and automobile manufacturing.
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I . INTRODUCTION

A . BACKGROUND

W ith the advent of the Helium-Neon gas laser and holog raphic pro-

cedures , the field of vibrationa l analysis ~.as altered in 1 964 1)) .
This marked the beg inning of man ’s a b i l i ty to see , photograph , and

analyze exactly the contours of vibration amplitudes . Holog raphy

permits measurec,ient of surface disp lacemen ts at two length sca l es.

One l ength scale is in units of the wavelength of Hght. The other

ranges from tens of microns to mill imeters. Defects or flaws in

material objects suitably loaded usually wi l l  man i fest themselves as

abnormalities in surface di5placement. For~examp le , a smal l  crack ,

wh ich is a discontinuity in material properties , w i ll al ter the

Strain pattern of the test object.

Numerous advantages for the use of ho l ography in vibrationa l

analys is exist in our comp l ex technica l society. By vibrating an ob-

ject and genera ting its hologram , one is provided with a permanent

record of tha t objec t ’ s v ibration contours and amplitude. The use

for this technique in aircraft and ship machinery has considerable

potential.

Hologra ph i c techniques a lso  appear to have g rea t poten ti al in the

nondestructive testing i ndustry. By vibrating a specimen and analyz—

ing its subsequent hologram at its resonant freq uencies , one may be

able to determ i ne the nature of materiai flaws.

12
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B. THESIS OBJECTIVE

The primary objectives of this thesis were to apply the techni ques

of optica l holography to the vibrationa l analysis of aluminum plates

and compare experimental results with those theoretica l results ob-

tained by others in the fields of holography and vibrations. Coupled

wi th v i bra t ional ana l y s i s , the feasibility of applying holographic

techniques to nondestructive testing was studied. The objective for

using holographic procedures in Nava l Eng ineering is to improve the

accuracy of measuring def ic iencies in shipboard machinery and hull

structures .

13



1’ -

~

-

~

----— __________________

I I . EXPERIMENTA L METHODS

A. GENERAL

The standard photographic process records in i l luminated three-

dimens ional scene as a two-dimens ional image on a photographic emu l-

s ion . The hologram which can reproduce a three—dimens iona l picture

can be ca l led a photograph by wave front reconstruction. It does not

record an image but rather records ref lected li ght waves f rom an ob-

ject.  The resul t  i s a  photographic record that looks l i ke an arra y

of fuzzy l ines , b lobs , and s w i r l s . This hodgepodge record does not

resemb le the image but rathe r is an opt ica l code wh ich cannot be re-

corded by any ot her process.

The idea of holography was discovered by Professor Denis Gabor of

the Imperial Col le ge of Science and Tech nology , London , in 1948 [II.

At the t ime Dr. Gabor was investi gat ing ways to reduce spherica l

aberrat ion in h igh—magni f ica t ion electron microscopes (2). He con-

ducted his experime n ts w i t h  li ght from a mercury vapor lamp using a

very small aperture. The mercury vapor lamp was coherent but very

weak. Af ter  the invention of the laser , i t was used as a light

source in holography . U t i l i z a t i o n  of the laser at the l ight source

g ives a more intense and a more coherent monochromatic l ight than does

the mercury vapor lamp . Pro fessor Gabor gave the name “hologram” to

the picture he ob tained , and the name has remained. Stenining from

t he Greek root “ho l os”, wh i ch means whole , and the word “gram”, which

means measure , a ho logram is essen t i a l l y  a com plete record of a scene

or object. There fore , holography is the science of recording an

14
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ent ire opt ica l wavefron t on a su i tab le  mater ia l , usuall y a photo-

graphic p late , and of utilizing the information so recorded to analyze

physica l phenomena .

The concepts of re f rac t ion and d i f f r ac t i on  are of paramoun t impor-

tance in holog raphy. To understand this , one must consider the nature

of ho lography . Fundamental in holog raphy is a su itab le light source.

As is w e l l  known , li ght from a d is tant  source such as the sun can be

brought into focus by concentrat ing i t  through a lens to a small foca l

spot. This process which s ca l l ed  ref ract ion is  the bas is  of a l l

common imag ing systems such as eyeg lasses , cameras , binoculars , etc.

Li ght rays actually are bent by a transparent object during the process

of refrac tion. A part of the illum i nating laser beam is bent or de-

f lec ted to a bri ght foca l point , just as with the refracting lens.

Ano ther par t of the li ght i s deflec ted in such a wa y tha t i s sp read s

Out from the rear of the plate as if it had come from a focal spot in

front of the plate. Some of the ori gi nal beam just passes on as if

through a glass window.

Ano ther type of lens depends on diffraction only. Recall the star

(smear ) of light observed by looking at a distant li ght through a pin

hol e or narrow slit. While the diffraction of common wh i te light w i l l

resul t in a smear of l igh t, the diffraction of a laser beam is pre-

cisel y predictable and controlled . For example , one may have used a

photographic plate and exposed it to a laser beam , hav i ng first placed

in the beam and i n fron t of photogra phic pla te a smal l  round objec t

such as the head of a pin. Laser light striking the head of the pin—

head is sca ttered to the plate ; but as it arrives on the plate , it

15
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interfereswith that part of the beam which was undeflected by the pin-

head. Jus t as with interferometry, these two beams crea te a pattern

of al ternate bright and dark bands fixed on the plate.

As s imp le as this p rocess may seem , it is the basis of ho l ography.

Unl i ke conven t ional photogra phy, holog raphy does not requ ire a lens.

Instead both phase and ampl i tude information are recorded as a resu l t

of the interference pattern formed when li gh t waves are sp li t and then

rejoined after some portion has been reflected from the object. The

part of the beam reflected off of the object onto the plate is known

as the object beam. The remaining part of the beam , tha t is trans-

mitted directly to the photog raphic plate , is called the reference

beam. Once recorded , the ho l og ram i tself wi l l  bear no resemblance to

the recorded object. However , by illuminating the hologram in the

same manner as it was or igi nal ly  exposed , the object may be viewed as

if it were in its original position and wi l l  retain its three dim en—

s iona lity . This process is known as reconstruction.

In order to form high—contrast interference fringes on a holo-

graphic plate , three distinct requirements mus t be met. They are

(1) L i ght Sou rce Requirements , (2) Vibration Stability Requirements ,

(3) Photographic Plate Requiremen ts. These requirements are discussed

be l ow.

I. Light Source Requirements

The most con-m on and i mportant light source for holography to-

day is the gas laser (3) . The double-exposure holograms taken in this

work were accomp lished w ith a Helium—Neon laser with a 5 m i l l i m e t e r

beam . The most important properties of the li gh t source are the tem-

pora l and spatial coherence of the light.

16



a. Tempora l Coherence

Tempora l coherence is a measure of the degree of correla-

tion of a wave at one time with a wave at another time . By taking a

wave at some point in space , splitting in into two parts , delay ing

one portion and then recombining , the two portions form an interference

pa ttern by which the tempora l coherence of a wave can be measured.

For this reason the pulse nature of the Helium—Neon laser is i dea l

for holographic techni ques . The li gh t source used for ho l ographic

applications must exhibit long tempora l coherence cha racteristics and

must , therefor e, be essentially a monochromatic source. Tempora l

coherence , most common ly expressed in units of length , i s ac tuall y a

measure in t ime of the phase consistency of successive wavefronts. The

tempora l coherence length is determined by multiplying the tempora l

coherence time by the speed of light , thus the un i ts of l ength. Since

the tempora l coherence length of a light source is inversely propor-

tiona l to the frequency bandwidth of the source , it fol lows tha t the

long est l engths possible are achieved by monoch romatic or a sing le fre-

quency light source. The laser , gene rally considered to be mono-

chromatic , provides the best light source for ho l og raph ic purposes .

Basical l y , a gas laser cons i s ts of an a tom i c or molecular

gas at low pressure conta i ned in a long discharge tube. The axis of

the discharge tube defines the optica l axis of the system . Cen tered

on th i s axis , a t each end of the tube , are hi gh—reflec tivity mir rors ,

aligned so that light traveling along the axis reflects back and forth

numerous times th rough the med i um . A small percentage of this li ght

is transmitted by one or both mirrors on each pass. This transmission

represen ts a loss to the system , so for rela ti vel y l ow—ga i n lasers ,

17



such as the He-Ne , high quality , hi gh—reflec tivity mir rors are re-

quired . The gas is exc i ted by means of an electrical discharge at

radio fre quencies , di rec t cu rren t , or pu l sed. Under certain cond i-

tions a population i nvers i on within the gas may exist. Under these

cond it ions the gas d i scharge becomes a l i ght ampl i f ier  fo r the

transition for which there is an inversion . Spontaneous emission

causes stimulated emission , and the p rocess cascades as the l ig ht

travels along the tube. Because of this i nversion , amp l i f i cat i on of

spontaneous emission results as the light reflects back and forth be—

tween the mirrors . The random nature of the spontaneous emissions is

swamped by the in—phase , coherent nature of the stimulated emissions .

The tempora l coherence of the light output is quite high; but because

of the nature of the amp l if ying transition , most laser beams are not

single , but multi p le frequency .

Because of the low p ress ure of the gas in a gas lase r, the

transition line of interes t is always Doppler broadened. This line ,

w ich normall y would be an absor pt ion l i ne , become s the ga i n envelo pe

when an inversion exists. Thus the l aser is a resonant cavity with

ga in. The condit ion for resonance is tha t the round—tri p path between

the mirrors be an integra l number of wavelengths , shown in eqn. (1):

2d rn?~ (1)

where d is the distance between the laser mirrors (cavity length), \ is

the wavelength at Doppler line cen ter , and rn is an integer , the ax i al

mode number. Since d >> X , i t is possible that the separation between

adjacen t allowed resonances (axial modes) may be less than the Doppler

lin ewid th (gain envelope). If the gain is sufficiently high , more

18 
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than one mode may oscillate at once , y ielding a multifreq uency output.

The ax ia l  mode separat ion is determ i ned by ca l culating the variation

in wavelength that changes the axial mode number by unity. Thus

2
(2)

where E~A is the wavelength separation between cavity modes . Hence if

the laser is osc illating in a mode of wavelength A , the adjacent allow-

able modes are at A + ~A .  A typica l laser spectrum is shown in Fi gure

I . Note tha t for the situation Shown , onl y three modes wi l l  oscillate

si nce the allowable modes at A + 2~A fall be l ow thre 3hold . If the
— C

ga in we re to be in creased , subseq uen t addi ti onal modes wou ld come int o

oscilla tion . Because of the mode separation relation , (Eqn. 2), it is

possible to obtain single—mode operation by shortening the laser cavity.

For the He—Ne laser , A = 0.6328 and the Doppler width is of the order

of 1.8 x l0 6 
i-i. Hence the ax i al mode waveleng th se para ti on equals

the Doppler width for a cavity length of about 10 cm. The He—Ne system

possesses sufficient gain so that single—mode lasers of th i s length

can be made. However , the power output wi l l  be relatively small , and

s ingle—mode operation does not imp l y s ing l e—frequency operation , since

the single mode may wander about under the gain envelope. This wander-

ing may be caused , for examp le , by thermally induced changes in the

cav i ty length. In order to obtain more useful power levels , longer

lasers are genera l ly  emp loyed , resulting in a multimode output.

S i nce holography is basicall y a two—beam interference prob-

lem , cons ider the simple experiment shown schematically in Figure 2.

The lase r cavity i s forme d by m i rro rs M
1 

and M
2. The ligh t transmi tted

by M2 is split into two beams at the beam splitter S. One of the beams ,

19 

- -— —- --.~~~~~~ - ,~~~~~,



r ~~ . ~~~~~~~
.

beam 1 , travels to the po int P on the recording med i um , and the other ,

beam 2 , is reflected by the mirror R to the point P. The angle be-

tween the two beams is deno ted by ~~~. These two beams interfere at

the plate in the x-y plane , forming strai ght—li ne fringes l y ing in

the x—direction . However , expos u re of these fringes requires a f i n it e

exposure time and all optica l components must remain steady during

this time . In genera l , a time—dependent wavelength from the laser ,

a time-dependent optica l path difference D = SRP—SP , or a s table bu t

multimode laser wi l l  cause smearing of the fringes at P. For small

ang les , s i n q = p; therefore , the phase of beam 1 in the x d ir ec t ion

is

= kx~~ (3)

21Twhere k = — ~- . Suinla rly, fo r beam 2

5 2 (x) = -kx ~~~
. (4)

One of the waves (beams) wil l  have t raveled an extra dis-

tance D, and the phase difference along x wi l l  be

S(x) = k(D + x~ ) (5)

Now a br i gh t fringe will be produced at x when tS (x) is an integral

mul tiple of 2ii. This leads to the condit ion for a bright fringe

D + x c ~~~~mA (6)

Here m is the order of interference ; its average va l ue is D/X. Now

suppose a small change i~X is made in the wavelength. The fringes w i l l

20
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shift an amount ~x g i ven by

L
~
x = m
T

with m = 0/A , eqn. becomes

(8)

But ~ = A\
f 

rela tes the ang le be tween the beams , the wavelength , and

the spatial frequency of the fringes , ‘
~~~~

. Let L~Xf 
= l /\)

f for the

fring e spacing. Then eqn. (8) yields

= —~ D~xf (9)
A

as the d i s tance a fr in ge moves fo r a change in wavele ngth 2~~. Mos t

commercial lasers used for holog raphy are not stabilized completel y.

Consequently, smal l  thermal var iat i ons can ca use impor tan t changes i n

the cavity l ength d. For example a change in d of X/2 results in a

wavele ngt h sh i f t fo r each mode of £k = ~A . For a well-cons tructed
C

laser therma l d r i f t s  are not expected to be such that A -
~~ A + ~A for

C

times of the order of seconds or less. In some lasers the situation

i s mu ch worse , with the modes jump i ng about randomly and rap idly.

For a change in wavelengths of &~ = LiA , the laser output spectrum is

ident i ca l to tha t for ~A 0. As a result , wave l ength shifts greater

than ~A need no t be cons i dered. The effect of these shi fts on the
C

inter ference pattern can be analyzed as follows :

Suppose the path diffe rence 0 between the two beams is

expressed as a frac tion of the cavity length d:

21
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D = K d  (10)

The n , by eqn. (9) ,

~x = — .~~~Kd~~Xf (11 )
A

Equation (11 ) expresses the change in position of a fringe for a wave-

leng th sh i f t t
~
A
~ 

and a path difference Kd. But 
~~~ 

= A 2/2d. Hence

eqn. (11) yields

~x~~~~~K~~xf 
(12)

Thus it is seen that an expansion of the laser cavity by A/2 causes the

output spectrum to shift by ~A resulting in a fringe displacement 2~x.

For a path difference between the two beams equa l to the cavity length

D(K = I), the fringes shift by an amount 1~1xf
/2. If this happens

during one exposure time , the fringe pattern on the photograp h i c plate

w i l l  be essen t ia lly comp le te ly demodula ted , that is , no fr i nges w i ll

be recorded .

It is i mportant to note that the fringe shift expressed as

a frac t ion of the fr i nge spac i ng, name ly

4~X 1 (13

is i ndependent of the spatial frequency of the fringe pattern; hence

high—fre quency fringes (large ~p) are no more sensi t ive to wavelen gth

variation than low—frequency fri nges .

22
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Next , conside r the case in wh i ch the laser is operating at

a single wavelength that does not drift in time (single mode, stabilized),

and examine the effect on the interference fringes of a time-vary ing

optica l path difference. Recall from Figure 2 that the two beams of

light travel different paths to the photographic plate. A time—

dependen t difference in the paths tha t the beams travel may occur. For

examp le , such a difference can result from unequal temperatures in the

two arms wh i ch change in time from slight air drafts in the room, or

from v ibration of the mirror and beam splitte r supports. The effects

of this time—dependent difference in paths can be analyzed with the aid

of eqn. (6). Thus for a bright fringe ,

D + x ~~~~mA ( 14)

A small change in the time—dependent optica l path difference 0, denoted

by ~D, results in a change in fringe position by eqn. (14) eq ua l in

magnitude to

(15)

where the minus sign has been dropped . I t has been assumed tha t A and

m remain cons tan t w ith the rela ti ons ,

— “f
_ ;

~~
.

and i~x may be wr i t ten as

AX f~~DAx (1 7 )
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Hence , it is  seen tha t there is essen ti a l l y  comp le te demodu la t ion of

the fringes (i.e. Ax = .
~.Ax f ) ,  for AD = A/2. Also the frac ti onal

fr inge sh i f t , Ax/Ax f , is independent of the frequency of the fringes.

Here aga i n, the sensitivity of the modulation of the fringe system

to path variations is no greater for high—frequency f ri nges tha n fo r

l ow-frequency fringes .

To examine the modulation of the fringe pattern with a

mul tirnode laser , it is assumed that both mode position and path differ-

ence are stationary in time . A gas laser of sufficient gain oscillates

in more than one long i tud i nal (axial) mode if the sepa ration of these

modes is smaller than the width of the a tomic line of the transition

i nvolved . The wavelength separation of adjacent axial modes is given

by; see eqn. (2),

c AA

The modulation H of an interference pattern is defined as

I — I .
M max 

+ 

nun (18)
max mm

where I and I . are , respectively, the values of the irradia nce atmax nun
the maxima and minima of the fringe pattern. This modulation is re-

lated to the spectra l intens i ty distribution of the li ght source

through a Fourier transform . A discussion of this relationship may be

fàund in Born and Wolf [4], where it is shown that the modulation of

fringes of two interfering beams of equa l irrad ianc e can be written:
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2 2 1/2
M = 

(S + C ) 
(19)

s( D) = 2fj(x) sin(xD) dx (20)

c ( D) 21j(x) cos (xD) dx (21)

P E 2fj (x) dx (22)

Here 0 is the optica l path difference as before , j(x) is the spectral

intens i ty distribution of the light source , and

x = k - k
0 

(23)

whe re k = Zn/A and k = 2ii/A , A being an arbitrarily chosen wave-

length nea r the center of the Doppler line .

A good approx i mation to a multimode gas laser source is

that j(x) is a sum of Dirac delta functions 5(x), with each spike

separated from its neares t nei ghbor by

(24)

If it is assumed also that the spectral distribution is symmetrica l

about line center. Hence , S(D) = 0 and the fringe modulation can be

written

M = 
IC (O) L (25)

For the de l ta—function spectrum , we have , for a s ingle mode.

j 1 (x) 5 ( x )  (26)
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and for two modes

~~~~ 
= 6(x -~~~) + 6(x +~~~

) (27)

and for three modes

j
3

(x) = 6(x-A k) + 6(x) + d (x+~k) (28)

and so on. W ith these expressions for j n (x)
~ 

the fr inge modulation

M , whe re n denotes the number of nodes osc illating , is exp ressed by,

M 1 (D)

142(0) ~cos (
~~

)
~

— ~2 cos (AkD) +

Eva luating these for path di f ferences equa l to an integer

multiple of the cavity length yields

Mn (O) = I regardless of n

M (d) = 
~

M
n
(2d)= 1 regardless of n

Thus for ze ro path difference the fringe modulation is 100 percent no

matter how many modes are oscillating. For a path difference equa l

to one cavity length d , the fr inge modu la ti on depends on the number of

modes; for examp le ,if three modes are osc i l l a t ing , the modu la t ion is

1/3, assuming all have equa l strength. In any actua l laser , of course ,
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the modes may not be of equa l strength and must be wei ghed accord-

ingl y.

In summary, the problem of form i ng interference fringes

w ith gas laser light for three cases has been examined: (1) a time —

vary in g waveleng th in the laser output , (2) a t ime-varying optical

path di f ference between the two interfering beams , and (3) a mul t i -

F mode but stable laser output. All three of these perturbations can

cause a serious demodulation of the fringes with a resultant loss in

diffrac ted flux or possibly even a complete loss of the ho l ogram .

These ef fects can, of course , occ u r s i ng ly or in any comb i nation.

In a l l  cases , the degree of demodu la t ion is found to be independent

of the spatial frequency of the fringes . Problem (1) can be eliminated

by work i ng nea r zero path diffe rence ; problem (2), by s t ab i l i zat i on

of the supports and by blocking possible air draf ts ;  and problem (3),

by working hea r zero path dif fe rence or a pa th difference tha t i s

an even multiple of the cavity length.

A nonzero spec tral bandw i d th of the source used fo r

i l lum ina ti ng the holog ram ma i nl y affects the resultant image resolu-

t ion , as d isc ussed previo usly. Because of this , the gas lase r s ti ll

represents the optimum illum i nating source because of its high power

in a ~ia rrow bandwidth . Even though the effective bandwidth of a multi-

mode laser mus t be taken as the fu ll Doppler w i d th , this is usually

sti l l  narrowe r than most spectra l sources.

Since the ho l ogram is formed by the interference of two

ligh t waves converg i ng on the photographic plate , the temporal cohe rence

leng th is an extremely i mportant factor. For optimum high—contract

holog rams ,the path lengths of the object and reference beams must be

27
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as nearly equa l as poss ib le .  W ith an extended tempora l coherence

length , such as w i t h  the laser , these paths may vary as much as two

inches. With a standard li gh t sou rce , on the other hand , the beams

would have to be matched within microns.

b. Spat ia l Coherence

The spatial coherence of the ligh t used in holog raphy is

i mportant in two respects. In record i ng the ho l ogram , both reference

and object beams must have wel l -def ined wavefronts that are constant

in time . The object wave may, of cou rse , be h i ghl y complex in shape

but should nevertheless be constant. Also , in reconstructing the

objec t wave , the resolu tion in the fina l i mage depends on the size of

the source of the illuminating wave.

The spa t ial coherence of a li ght f i e l d  is a meas ure of the

degree of phase correlation at two different points of space at a

single time. This correlation Is primarily dependent on the size of

the source from wh i ch the light ori g inated ; to find phase correlation

it is necessary to know the precise spatial distribution of flux from

a gas laser.

The lowest-order (spatial) model from a gas laser has an

irradiance variation of the form

2
1 (p) I~ e2

~ 
/w (29 )

where p is the radial distance from the axis and w is called the spot

s i ze , that is , the value of p at wh i ch the i rradiance has fallen to

l/e
2 of i ts centra l va l ue. The wavefront is either spherica l or plane .

Suppose one wishes to foc us the laser l igh t w it h this dis t r ib uti on to

a small point with a lens . The spot size at focus is given by

28
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TN.A. 
(30)

where A is the wavelength of the light and N.A. is the numerica l aper-

ture of the lens used to focus the l ight , whic h in th is case is w/ f ,

w here f is the foca l length of the lens. The irradiance d is t r ibu t ion

at focus is thus g i ven by

1 (p) = I
~ 

e
2p2/w0

2 

= I
~ 

e
_ 2

~
2

P
2 ) 2

~~
2 

(31)

For A 0.6328 ~ (He—Ne laser) ,  the spot s i ze  as a function of the

N.A. of the focus i ng objective is

0.2 . 0.2fw = microns = microns (32)

assuming tha t the spot size w of the li ght enter i ng the le ns i s smal ler

than the lens diame ter. This spot siz e determines the resolution in

the reconstruction .

For the case in which more than a single transverse mode is

oscil lating , the situation worsens. Not only is there a smaller degree

of spatial èoherence , but also the beam cannot be focused to as small

a spot as in the sing l e—mode case. Thus , i n genera l , wheneve r a s in gle ,

hig her-order mode or severa l h i gher—order transverse modes are oscil-

lating, both the diffraction efficiency (because of a smaller fringe

contras t) of the hologram andthe resolution in the i mage wi l l  suffer.

Fortunately virtually all commercially available lasers are des i gned to

operate in a single low—order transverse mode.
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2. V ibra t ion  S t a b i l i t y  Requirements

Ho lography is essen t i a l l y  the recording of interferometr ic

fr i nges on a photog raphic p late.  In order to record accurate ly the

phase and amplitude of the des i red objects , i t is necessary to maintain

a h i gh degree of v ibrationa l stability. Otherwise , unwan ted in te r-

ference fr i nges might occuff to obscure the des i red image . The wave-

leng th na ture of l i gh t is extremely sensitive . Since a wavelength of

li ght is so small (2.48 x l0~~ i nches), the slightest movement wi l l

introduce undesired fringe patterns . Ever since the wave nature of

l ight became general ly accepted , interferometry has been the primary

method for mak in g measuremen ts w it h ex treme acc u racy [3]. The extreme

ly small wavelength of light , of the order of 5 x ~~~ cm, coup led

with the fact that interferometric means are available for detecting

changes of only a small fraction of this l ength indica te the degree of

accuracy tha t can be achieved . Widespread applications of interfer-

ometry attes t to its usefulness in eng ineering f ie lds.  For examp le,

it is used for the testing of optica l components , the optica l gag i ng

of machine tools , the st udy of ai r flow in wind tunnels , and the

standardization of the fundamental units of length. Given the wide

ra nge of possibilities , i t is clea r that fundamenta l improvements or

innovations in current techniques should find applications in the field

of Nava l Engineer ing .

The adven t of the science of holog ra phy has w ide ned the sco pe

of m nterferometry to such a degree that it is hard to imag ine that

holog ra phic i nterfero me t ry w i l l  not be one of the s tandard eng i neer in g

tools for years to come.

30 



- 
—

~~~~~~~~~—— --

~~ ~~~~~~~~~~~
- 

~~~~~~~~
-- — - -—--- - - - - -

Conventiona l interferometry can be used to make measuremen ts

on highly polished surfaces of relatively simple shapes . However,

ho l ographic interferome t ry extends the range by allowing measurements

to be made of three—dimensiona l surfaces. With holography, a roughly

machined part now can be measured to optical tolerance . Fur thermore,

comp lex objec ts ca n be exa m in ed in terfe rome tr i c a l ly  from many differ-

ent pers pec ti ves by usi ng the three-dimensiona l ho l ogram. A single

hologram is equivalent to many observations with conventiona l inter-

ferometry . Another i mpo rtant aspect of holog raphic incerferometry is

tha t an object can be examined at different times creating a useful

materia i history of the spec i men. One is now able to detect with

waveleng th acc u racy any changes undergone by an objec t ove r a per i od

of time . This aspect has signi fi cant potential in the field of ship-

board vib rationa l stud i es.

To understand the basic process of holographic interferometry,

consider the hologram of an object wave 0(x) as shown in Figure 3.

The object wave at the ho l og ram is denoted by 0(x) and can be written

i n the form:

i~ (x)
0(x) O

~
(x) e (33)

where 0 (x) is rea l amplitude distribution , and ~0(x) is pha se distri-

bution. The reference beam at the ho l ogram is expressed as

ik x s i n
R(x) = R e (34)

where R is the amplitude of the reference wave at the hologram , and

i s the off ax is angle [3] .
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The transmi tted holographic wave f i e ld  consists of many waves

traveling in several direct ions which are determined by the linear

v ibrations of x in the exponents. The irradiance distribution con—

sistsof a series of fri nges. Fringes are equally spaced stra i ght

lines perpend i cular to the plane of the figure. For a ho l ogram the

reference wave is also plane and incident on the record i ng med i um at

an ang le to the object wave resultin g in a series of fringes . The

hol ogram appears in the form of diffraction gratings because of this

ser ies of alternately clear and opaque fringe display.

The author ’s study is concerned with the single exposure holo-

g ram interferomete r of a diffusing or vibra ting square aluminum plate.

3. Photog raphic Plate Requi rements

Due to the fact tha t the two beams utilized to form the inter-

ference fr in ges ar ri ve from di f fere nt d i rec ti ons , forming the so—called

offse t angle , the fringe frequency recorded by the photographic emu l-

sion is extremely high. When record ing three di mens i onal scenes , addi-

tiona l increases in frequency occur . Pla tes or f i l ms w it h ex tremel y

h i gh resolu t ion are, therefore , required . In order to calculate the

p la te resol uti on which i s requ i red , the fr i nge frequency ‘~ can be deter-

m i ned from the relation (4)

v [2 s in (e/2)j/A (35)

where 8 is the offse t’ angle and A is the wavelength of the light source.

For example , using the above equa t ion, it can be determined tha t a holo-

gram taken with a Helium—Neon laser (632.8 nm wavelength) , with an off—

set angleof 45 degrees , requires a pla te resol ut ion i n excess of 1 200

lines per millimeter.
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B. TECHNIQUES OF I NTERFE ROMETRIC HOLOGRAPHY

S ince a ho logram of an object records the phase and ampli t ude in

the order of wavele ng ths , hologra phic tech ni ques are ex tremely  we l l

su ited to nondestructive testing . In terferometric ho l ography pe rmits

the detection and mea surement of minute changes in the surface shape

of an objec t by p rov i d i ng a v i able process for the comparison of each

po int on the surface wi th  i t se l f  before and after a change takes

p lace [5] . Because of extreme sens i t i v i t y  to surface defor ma t ions ,

the techn i que can be used to gain meaning ful information with regard

to structural characteristics of a component by observing the surface

movement produced when the object is subjected to a mild stressing

force . As such , it offers the potential for many inspection prob l ems

whe re in the defec t of in teres t can be made man i fes t as an anomaly in

an otherwise regular interferometric fringe pattern. The surface of

a componen t under test can be mildly stressed in many ways , wh i ch

incl ude acous ti c v ibra t ion , therma l exc i tation , pressurization , and

s imple mechanica l force. Methods presented in this study utilize the

acoustic vibration method of displacement. By combining holography with

vibrationa l excitation techniques from an electronic shaker it is

possible to record interferometrically the physica l properties of rela-

tively large surfaces as they are deformed by plate wave signatures at

va rious frequencies . As a result , many prob l ems heretofore not

amenable to visibl e inspection are now open for investigation. Repre-

sen tative examples would include thickness variations of th in walled

structures , the uni formity of bond strength , and the existence of dis —

bonds in compos i te material structures. There are three different types

of ho l ograms which are particularly well suited to this use.
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1. Rea l-Time Holography

The basic principles of real-time holography have been co-

vered in this chapter part A , Sectio n 2, pp. 18—2 1 . This me thod con-

s i s t s of taking a s ingle exposure of a s ta t i c  object. The hologram

is then develo ped in it s ori gi nal posi tion. Since i t  must remain

wi thin a fraction of a wavelength of its original position , develop ing

tanks which allow in—space processing commonly are used for this type

of hologra phy . When reconstructed with the ori g i nal reference and

objec t beams , the ho l ographic image wil l  be superimposed on the

ori ginal object. If the object is then displaced sli ght ly ,  inter-

ference fringes can be observed at the instant that they occur — hence

the name real—t ime holography. The outstand i ng advantage of t~ is type

of holog ram is that numerous different kinds of movements can be

stud i ed with a single ho l ographic exposure. Unfortuna tely, fringe

con trast and sensitivity generall y are reduced when us i ng this tech-

nique to study vibratory motion. The time saving and flexib ility which

are prov i ded by th i s method, however , generally outweigh these

disadvantages .

2. Ti me—Average Holography

Time-average holog raphy cons i s ts of taki ng a s i ng le exposure

ho logram of an objec t wh i le ~t is undergoing cyclic vibratory motion .

Due to the nature of vibratory motion , tha t is , the fact tha t an object

subj ected to th is  type of motion wi l l  spend the greatest percentage of

time at its displacemen t extremes , a ho logram w i l l  record interference

fr i nges correspond i ng to the position of an object at its largest

displacement , p rov i ded,of course , that the exposure time is l ong com-

pared to one period of the v ibration cycle. This technique is a 

--~~~~~ 



~
- - — -- - --- —

~
.

valuable too l in the study of one specific vibration mode of a test

specimen. A t ime-average hologram permanently stores information abou t

the amplitude of vibration and location of vibratory nodes.

3. Double-Exposure Holography

Double-exposure ho lography consis ts  of taking an exposure of

a s pec imen , disp l ac i ng the object , and then exposing the same photo-

g rap hic plate once again to the specimen in a vibrating condition.

When the holog ram i s p rocessed and recons t ruc ted , it w i l l  display the

interference pattern caused by the displacement of the object wh i ch

occurred between exposures. This is an excellent technique for study-

ing objects which have undergone static l oad i ng such as beams or

pressurized piping [6) . Double—exposure hologrpahy also is suitable

fo r in ves ti ga t ing mode shapes of p la tes such as por t ions of the hu ll

of a sh i p as it undergoes vibrational stresses. In real—time holo-

graphy continuous comparison of surface displacemen t relative to an

ini t i a l  state is considered by vibrating the subject plate at various

frequencies . Since the purpose of this study is to establish the mode

shape dev i a ti ons ca used i n an al um inum p la te cla mped on a l l  fo u r s i des ,

double—ex posure ho l ography becomes an excellent technique for record-

i ng the his tory of s u rface d i sp lacemen t ove r a f ixed pe r iod of tim e

(13) . Each exposure is made with an i dentica l reference wave , and

this time—lapse method alle viated the prob l ems encountered with regis-

tering reconstructed and ori g inal waves coincidentally. After the

exposure of the hologram , the subject and optica l components used to

illum i nate the spec i men are no longer of concern. The des i red compari-

son waves are reconstructed on the plate. The double-exposure holo-

graphic method is simi lar to real-time methods in most aspects. The

35 



— -----—- 
- 

- - -
~~~

—
~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —- — - — -  -- —~~~~

-——
~~

---—--- — -~~ -~~~~

doub le-exposure interferogram requires making two holograms on a

s ingle recording med ium. One of the two ho lograms y i elds a p r im a ry

image tha t const i tutes the comparison wave as in the single exposure

rea l- t ime case. The test or d isplaced wave is not the object i tse l f ,

but rathe r a reconstructed wave from the changed obj ect. Therefore ,

an int erference phenomenon, caused by changes in optica l path through

the object between exposures , is produced when the double-exposure

holog ram is illuminated for analysis and photographic reproduction [3] .

-4
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I I I .  EXPERIMENTA L PROCEDURE

A . HOLOGRAPHIC SYSTEM

The componen ts of the holog raph i c sys tem used can be d i v id ed int o

three dis ti nct g roups : f i r s t , the holographic equipmen t utilized to

produce holograms in ge neral; seco nd, the vibration equipment utilized

for this speci f i c in ves t iga t ion; and thi rd, the photog raphic p la tes

and their  development system which enab les in—place processing to be

accomp Ii shed .

I. Holograph ic Components

The support for all of the optica l components and the test

spec i mens is a vibration isolation table wh i ch rests on four vibration

isolation mounts l ocated in the legs. The table , wh i ch has a honeycomb

s ta i nl ess s teel top drilled and tapped with 1/4—20 mounting holes on

one—inch centers , wei ghs approx i ma tely 1 000 pounds. It floats on air

bags wh i ch are pressurized with a regulated supply of nitrogen and

wh i ch are installed in each leg . Automatic level ing is accomp l i shed

by regulators that contro l the nitrogen flow to each leg and respond

to any excitation causing movement of the table. The table , with

opt ica l components in p lace , is pictures in Figure 4a. Figures 4b and

4c dis play the path of the reference beam from the Helium—Neon laser.

The optical components of the holographic system and their

functions are listed and described be l ow. Their position on the table

is depicted schematically in Figure 5.

(1) LASER: A 10 milliwa tt , Hug hes mode l 3170H , Hel i um—Neon

laser w ith a 5 millimeter beam was utilized. It prov i des the coherent

and monochromatic l ight  source.
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(2) BEAM STEERER: A Jodon BA-500A Beam Steerer was utilized

and is pictured in Figure 6a. I t provides the horizonta l and vertica l

beam steering capability necessary to direct the beam along the proper

path after it leaves the laser.

(3) LASER SHUTTER: A Jodon S-lOB Shutter was utilized. It

provide s photographic plate exposure control with shutter speeds

var iable from I to 125th of a second.

(4) VARIABL E BEAM SPLITTER: The Jodon VBA—200 Var iable Ream

Splitter utilized is pictured in Fi gure 6b. It prov i des a continuously

variable beam splitting capability wh i ch splits the laser beam into the

object and reference beams and enables fine adjustment of beam irten—

sitie s at the photographic plate.

(5) MIRROR POSITIONERS: One of the three Jodon MH—50 Mirror

Pos itioners used is pictured in Figure 6c. They provide a prec i se

beam pos iti on i ng capab i l i ty and enable equal pa th leng ths to be

ach ieved .

(6) MIRROR MOUNT: ~A Jodon RM-45 Mirror Mount was u t i l i zed .

I t provides the same service as Mirror Positioners; however , it has

no fine adjustment capability .

(7 ) LENS PINHOLE SPATIAL FILTERS: One of the two Jocon LPSF—

100 Spa t ia l Fil ters i s p ictured in Figure 6d. They remove irregulari-

t ies in the beam due to imperfec t ions or dir t on the beam sp l itt er or

mirrors. In addition , they expand the objec t and refere nce beam-s just

prior to arrival at the object and photographic plate respective l y.

For the objec t beam , a p i nhole size of 50 microns was used with a

microscore objective of 20 x 0.40. For the reference beam , a p inhole

size of 25 microns was used with a microscope objective of 20 x 0.40.
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I n addition to these components , a l i gh t me ter was used to

measure the respect ive intens i t ies  of the object and reference beams .

I t consisted of a plana r diffused silicon PIN photod iode connected to

a dig ital vo l tmeter. This device , used in conjunction with the van —

able beam splitter , enables the beam intensities to be ma tched

accura tely at the photographic plate.

2. Vibration Equipment

In order to prov i de the excitation required to displace the

test spec i men , a piezoelect ric shaker was utilized. The shaker , which

i ncorpora tes a PZT transducer to induce mechanica l motion , was driven

by an audio oscillator. Since the displacement of the shaker is

directly proportiona l to the input vo l tage at the rate of 0.12 microns

per 100 vol ts , the signal from the oscillator was stepped up through

F a power amplifier and transformer . A vo l tmeter was wired to the circuit

in order to mon i tor the shaker voltage. This arrangement allowed a

large r range of shake r displacements and enabled these displacements to

be mon i tored easily. A digita l frequency counter was connected to the

osc illator to increase the accuracy of frequency read-outs . The shaker

which was utilized , a J000N EV-30, is p i c tured in Figu re 7. The dri ve

and mon i toring system for the piezoelectric shaker is pictured in

Fi gure 8.

3. Photographic Plate and Development System

a. Photographic Pla tes

The photographic p la tes used were KODAK ho l ographic plates

• specifically des i gned for use in holograp hic research . Designa ted 120-

02, these are slow but clea r when exposed w ith Helium—Neon lasers and

meet the resolution requirement outlined in Chapter Il. Successfu l re—

sul ts were obtained by using exposure times of 8—1 0 seconds.
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b. Deve lopment System

- The developmen t system , pictured in Figures 9 and lO , con

s is t  of a holding tank to a l low in-place processing, 5 aspirator

bottles containing the processing fluids , and a network of tubing

p rovidi ng flow from the bottles to the tank. A va l ve manifold enables

each chemica l to be run into the tank , and a pump is used to prov i de

necessary ag i tat ion. Following the stipulated rins i ng time s, chem icals

are drained from the tank to bottles on the floo r for re-use. Appendix

A describes the operation of the valve manifold system .

B. TEST SPEC I MEN SELECTION

Three q uestions must be answered before test spec i mens log i cally

may be selec ted , namely: From wha t material should the specimens be

made? Wha t shape should they be? What size should they be?

1. Ma terial Selection

The selec tion of the specified ma terial for use as test speci-

mens was made with consideration be i ng given to two primary require-

ments. The ma terial chosen should be a metal conwnonly used for Nava l

applications and should have a low damp i ng capacity.

In order to unders tand better the damp ing requ i rement , cons i der

that an excited metal plate vibrates in much the same way as a mass—

spring-dampe r system in para llel. The greater the damping inherent

in the plate material , the greater the width of the resonant peak in

the response curve. Figure II displays graphically the difference in

response curves for typica l high and low damped systems.

The resonan t frequency in each case occurs at the response peak.

In order to observe a resonant frequency shift due to a cut in the

plates , a mini mum peak width is highly des i rable. If is the width

_________  
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of the resonant frequency peak and 
~c 

is the change in resonant fre-

quency due to a cut , the mus t be much larger than 
~d 

in orde r to be

able to isolate a frequency change due to the cut. Once the require-

ments for a low damped mater ia l  were es tabl ished , a method of

quantifying material damp i ng was sought.

One connonly used method of measuring the damping capability

of a mater ial is the spec i f i c  damp ing capacity (SDC) [7) . Th i s

measure is derived from the decay of free oscillation of an excited

bar specimen as shown in Figure 12. The SDC is then calculated from

(A - A  ) 2

SDC = 
2 
n+ x l OOt (36)

A

This relat ionship, which d i rect ly  rela tes absorbed ene rgy to the square

of the amplitude , enables ma ter ia ls  to be tabula ted accord ing to their

damp ing capabilities. Table I lists some common structura l ma terials

and their SDC ’s.

Based on the two requirements stipulated above for this inves-

tigation , al um inum a l loy  202 1+—Tk was chosen a.s the test specimen

mater ial .

2. Specime n Shape

In order to be abl e to conduc t the inves ti ga t ion w it h the bes t

poss ib le  chance for mean i ngful results , a shape mus t be chosen for

wh ich there exists ample theoretical information. In addition , the

physica l appl icat ion of boundary condit ions must be r e a l i s t i c a l l y

feasible on the shape chosen . An a l l—s ides—c lampea configuration was

chosen to sat is fy the latter of these two requirements. This decision

ensures that the grea test possible accuracy wi l l  be obta i ned while
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phys ica l l y  sa t i s f y ing the bour.dary condi t ions In the laboratory .

Three shapes were then considered for the plates: circular , square ,

and rectang ular.

Cons i derab le theore ti cal in forma ti on on the vibra ti on of cir-

cular plates can befound in reference [8]. However , the complications

i nvo l ved with constructing a specimen mount made this choice un-

des i rable [2] .

As noted by Hoffman [21 , a square p late at f i r s t  appeared to

be an excellent cho i ce; however, further research exposed an interest-

ing phenomenon which occurs in the case of a vibrating square plate.

This cond it ion , called degeneracy , occurs when the a l lo wed f requencies

become equa l in pairs due to the equa l length of sides . When the

degeneracy occ u rs , an infi nite number of mode shapes may appear at the

same frequency . In order to avoid the frustration of cop ing with this

condition , the square plate also was rejected.

Rectangular plates were then cons i dered for the test specimens .

These ultimately were chosen for severa l reasons . They lend themselve s

F well to laboratory mounting. Furthermore , extensive theo retica l in—

[ formation on vibrating rectangular plates is available E8), and spec i al

complications are not involved in isolating a specific resonant frequency

or mode shape.

3. Spec imen S ize

The exact s ize  of the p la te  was chosen care fu l l y  w i t h  cons i dera—

tion being g iven to three specific constraints. Firs t , the area of the

plate required compatibility with the capability of the available holo-

graphic equipment. Second , the length of the sides was constra i ned fur-

ther by the fact tha t the available tabular data on frequency parameters
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were l imi ted to spec if ic  side length rat ios . Th i rd, the thi ckness was

also an impor tan t dec is io n because i t f i gures p rominently in the ca l—

cula tion of flexural rigidity which is a major contributor in the

theoretica l determination of fundamental frequencies . Bearing each

of these constraints in mind , a rectang u lar plate 6 x 4 inches on the

sides , w i th  a thickness of 0.020 i nch was chosen. One of the plates

used is shown in Figure 13.

A lso , the geometry descr ibed a l lows one to use the data l is ted

in refe rence [8] for a clamped-clamped—cla mped—clamped (C-C-C-C) plate

for theoretica l analysis.

C. THEORETICAL FREQUENCY DETERMINAT I ON

Once the ma ter ial , s hape and exact s ize of the test spec imens had~

been selec ted , calc ulations were made to determ i ne the expected fre-

quencies for each of the mode shapes (2]. The frequency parameters ,

f~ , for an all—sides—clamped rectangular plate are given as

= W
n b

2 
~~~~~~

whe re

w = circular frequency of the n t~n mode in radians/second

b = length of shorter s ide  in feet

p = density in slugsifoot squared

D = flexural rigidity in foot-pounds

n number of mode
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The f lexural r i g id i t y  is defined as

3
D =  Eh (38)

12(1 — v2)

where

E = Young ’s modulus in psi

h = plate thickness in inches

= Po isson ’ s Ratio

For the aluminum a l loy  2024-T4 plates which were used , va lues of the

phys ica l constants are:

E = lO~ psi

v = 0.33

h = 0.020 inches

b = 4.00 inches

Th is gives a flexura l rigidity of

0 = 0.6234 f t - lb f

Further , for an alum i num alloy 2024 plate 0.020 inches thick

p = 0.008723 s lugs/ f t 2

Therefore

~~~ 0.11828 sec/ft
2

Then for a rectangular plate w i t h  a s ide length ra t io  of 1.5, the fre—

quency parameters , f , are (8] :
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rn n fm,n

1 1 27.01

2 1 65.50

2 41.72

2 2 79.81

The mechanica l properties of aluminum alloy 2024 are :

Cu = 1.6% Ult imate tens i le  strength = 82 ,000 psi

- Mg = 2.5% Endurance limit = 24,000 psi

ZN = 5.6%

Cr = 0.3%

The fundamen tal frequenc i es were calc u la ted to be :

1 
= 327.0 HZ

= 794.8 HZ

W I 2 
= 506.2 HZ

2 
= 968.45 HZ

0. TEST SPECIMEN MOUNT

In order to support the aluminum plates in such a way as to permit

testing in accordance with the experimenta l methods , a suitable mount

was designed and built. Due to the nature of the experiment , seve ral

factors had to be taken into account during the desi gn phase.

I. Boundary Conditions

Since test spec i men selection and subsequent theoretica l fre-

quency calcula t ions were based on a rec tang u la r p la te cla mped on a l l

sides , care was taken to assure that this boundary condition was

satisfied to the fullest degree possible.
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2. Shaker Moun t

Since exact frequencies were to be measured , the piezoe lectr ic

sha ker was mounted secur ly to e l iminate  inaccuracies inherent w i th

• sha ker movement. A pair of braces were connected between the shake r

and the specimen frame to ensure complete system s t a b i l i t y .

3. Table Isola ti on

Due to the nature of holog raphy and the i mportance of table

s tabi l it y, as out l ined in Chapter II , the mount was constructed in

— such a way that vibration was not transmitted to the holographic table.

The specimen mount designed and built to meet these specifications is

shown in Figure 7.

E. TEST PROCEDURE

1. Making a Hologram

a. Preparing for Expos u re

In order to arrange the equipment to make a good hologram,

the fol lowing s teps mu s t be taken. To begin , the optica l components

and object must be aligned so that the path l engths of the reference

and object beams are nearly equa l . Th is w i l l  ensure tha t the tempora l

coherence length provided by the laser w i l l  be enough to result in high—

contrast interference fringes. In practice , these lengths were adjusted

w ithin an inch of each other. Once this has been accomplished , the

n itrogen support bed table should be activated to provide the necessary

v ibration isolation . Now, the laser shou ld be turned on to a l low the

optica l components to be aligned so tha t the two beams are illuminating

the object and the plate. The beam splitter is then adjusted until the

in tensities of the respective beams are essentially equa l . Althoug h

beam equa l intensity is desired , this property was not found to be a
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necessity to p roduce useful hol ograms . For Kodak 120-02 holog raphic

plates , the shutter is operated in the non—automatic mode to allow

double exposure timesof 3.5 seconds static and 5.0 seconds dynamic

F with a combined photovoltaic intensi ty of approx i mately .070 volts.

b. Exposing the Plate

Af ter the previously described alignment procedures have

been followed , the hol ographic plate is ready to be exposed; with the

laser beam covered and with the room in tota l darkness , the plate may

be removed from its box and care fully placed in the holding/deve l op i ng

tank. Then the plate box must be recovered carefully to avoid expos-

ing any other plates. The laser power supply was not secured when

placing the plate in the deve l op i ng tank because a small wa rmup time

was required for the laser beam. Shadowing the beam at its output end

w ith a black cloth achieved the des i red results of maintaining total

darkness. For best results a photographic develop i ng time r was used

to ensure that the des i red exposure times were achieved. Next , the

las er beam was uncovered , the shu tter opened, and the timer energ i zed.

This process is conducted separately for both the static and dynamic

exposure durations. These steps must be executed smartly and care-

fully to protect the plate from any excess laser radiation exposure to

prevent jolting inadvertently the isolation table. Once the p la te has

been ex posed , the light—tight cover is placed over the develop i ng tank .

Whe n this has been accomplished , the room l ights may be turned back on.

I t is noteworthy tha t if stray beams are generated in either the object

or the reference p lane , mul tiple ho l ograms wil l  be produced . The author

discovered this phenomenon i nadvertently by produc i ng a hologram with

three exact images v i s i b l e  at d i f fe ren t  angles separately and as a group .
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The cause was determined by reconstructing the system and l ooking

through the develop ing tank for stray beams . Stray beams of moderate

i ntens i ty we re noted in the area of the beam splitter and the respec-

tive spatial filters . The problem was recti fied easily by shielding

these undesired beams with black objects so tha t the holog raphic

plate was exposed only to the reference and object beams of the laser.

c. Developing the Plate

Af ter the ex pos u re , the processing of the 1 20—02 holo-

graphic plate must be performed in the following manner , as rec~m-

mended by KODAK. For manifold operations , follo w the p rocedures out-

lined in Appendix A and depicted in Figure A-I.

(1) Open va l ve No. 2 allowing the 0-19 developing solution to

fi l l  the tank. As soon as this va l ve is opened , beg in a 7 minute

timer. When the tank is filled , close the va lve and tu rn on the pump

to ag itate the tank’s con tents. When seven minutes time has passed ,

open the drain va l ve and secure the pump. Operate the pump at 3/1+

speed.

(2) Open va l ve No. 3 allowing the tank to fi l l  with KODAK INDI-

CATOR STOP BATH . When 15 seconds have passed , open the drain va l ve

and secure the pump . Operate the pump at fu l l  speed.

(3) Open va l ve No.4 allow i ng the KODAL FIXER to fi l l  the tank.

Start a 7 minute timer when the valve is opened . Once again , pump at

full speed . Secure the pump and drain the tank at the end of 7 minutes

time .

(4) Repea t step 3 with distilled water via va l ve No. 1.

(5) Repeat step 3 with one part methanol and one part water via

va l ve No. 5. This r inse is required to remove a high l eve l of residua l
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sensitizing dye from the emulsion . This dye is distinctly blue , and

experience may dictate a lesser rinse time for the removal of this

colo r. As a substitute for the methano l solution , two par ts ethano l

and one par t wa ter a lso may be used.

(6) Final l y, wash i n di st i l led wa ter again for a period of 6

minutes as noted in step 4.

Whe n the f i nal wash has bee n comp le ted, the holog ram

should be allo wed to air dry in place . After dry i ng is complete , the

hologram is ready to be reconstructed.

d. Reconstructing the Ho l ogram

In orde r to ~econstruct a time-average or double-exposure

holog ram , the or ig ina l refe rence beam alone mus t be shined on the

p la te. Then , by looking through the hologram in the direc ti on of

the or ig ina l object , the reconstruction of the object wi l l  be clearly

vis ible. Any frin ges wh i ch are visible due to the displacement of the

obj ec t are a permanent par t of the holog ram , so i t is not necessary to

main tai n the photog rap hic plate in its exact position for reconstruc-

tion . The in tensity of the reference beam may be adjusted to vary the

bri gh tness of the reconstructed image .

The reconstructed i mage may then be photographed to obtain

a permanent record wh i ch can be viewed or stud i ed withou t the aid of

the l aser. Any high speed film can be used to accomplish this; how-

eve r, three films in particula r are excellent for use with red-emitting

lasers. Kodak Technical Pan S0- 1l5 is a 35 m film manufactured

spec i fically for use in ho l ographic reconstruction. Polaroid 57 hi gh

speed and Kodak 55 Pos/Neg films are good reconstr uc t ion f i l m , bu t they

are no t as clea r as the Kodak SO—ll 5 film. Appendix B discusses the
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Polaroid Photographic System ali gnment to be used for documenting ex-

peditious results of the double-exposure hologram and for real-time

holog raphy. In cases where time is not a constraint , u tilization of

35 m photographic procedures generates more vivid pictures of the

ho l ograms.

In the case of real- time holography , the process is some-

what different. Once again the reference beam alone wi l l  produce a

reconstructed i mage of the object. In order to observe a real-time

holog ram , the original object beam also must be activated . Then pro-

vided tha t the p la te and objec t a re in exac t ly the i r or ig ina l positions ,

the reconstructed image wil l  appear superrmposed on the actua l object

as des i red. The beam splitter should be adjusted so that the object

and its reconstructed image appea r in equa l intensity. When that has

been accomp l i shed , exc i tation of the object wil l  cause the real—time

fr i nges which may be seen viewing the object through the ho l ogram .

During exc i tation , the fringes are v i s i ble , and the reconstruction may

be pho tographed .

Un for tunately, the author ’s numerous experiments in real— —

t ime holography failed due to small movements of the photographic

plate , and it was necessary to emp loy double—exposure holography . Move-

men t was ascerta i ned by viewing the rea I-time ho l og ram after it has been

develo ped and before the p iezoe lec tr ic shake r was ene rg ized by obser vi ng

numerous fr i nges wh i le  the un it was in a s ta ti c cond i t ion. As a res u lt

of these smal l  movemen ts , the major advantage of real-time holograph y,

namely, the record i ng of the en t i re spec t rum of mode sha pes i n iti a ted

by th ier respect ive resonant f requencies on a s ing le  hologram , was lost .

However , the advan tages of double—exposure holography are s i gn i f i cant
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because of the time history results imprinted on the plate. The major

disadvantage of this method is the overall time required to run

separate ho lograms -t o record the des i red resonance fr inges .

2. Holographic Techniques U t i l i z e d

a. In i t i a l Attempts

Numerous i n i t i a l  experiments were conducted utilizing rea l-

time p rocedures but slight plate movemen t hindered the final results

because of the fringes noted before the electronic shake r was activated .

Modifications were made to both the plate deve l oping tank mount and

t he specimen plate/shake r mount assemb l ies  to correct for the infini-

tes ima l movement no ted . It f i na l l y was determ ined that the spr ing

c lamp assembl ies inside the developing tank which secure the Kodak 120-

02 Holographic Plate were not-firmly securing the plates. Since major

modifications to the deve l oping tank holding clamps would be required ,

a dec ision was made to abandon real-time procedures and to utilize

the doub le exposure methods.

The procedures required to generate a ho l ogram are not as

fool proof as the author may have inferred . At the outset of this

study, numerous failures were recorded in attempting to make a ho l ogram

of a mode l ship.  Beam ang les were modif ied , chem ica ls were changed ,

and laser beam in tens i t ies  were var ied to no ava i l .  It f i n a l l y  was

ascertained tha t the photographic plates be i ng used were defective .

On the first attemp t with a new Kodak 1 20—02 ho l ographic plate , a

s uccessf u l hologram was recorded of a mode l destroyer as shown in

Fi gure 11+. To gain proficiency in the holog raphic proced u res , the

author made many holograms of the mode l ship, and one also of a gear

system (Figure 15) and a bol t  in a plate (Figure 16).
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As noted by Hoffman [2] and ve r i f i ed  by the author , three

tests s hould be conducted on the hologram prior to ful l  deve lopment.

If the p late f a i l s  any of these tests , it is not a usable ho log ram ,

and the remainde r of the processing may be discontinued . The first

test is carr ied out just after completion of the fixing process. When

the Kodak Fixe r has been drained from the develop ing tank and replaced

with distilled wa ter , the light ti ght cover may be removed . Once this

has been accomp li shed , the photog raphic plate should be observed. It

should be light blue in color and clear enough to see through. If

the p late is too dense to see through w i t h  the room l igh ts  turned on ,

then it w i l l  not be a useful hologram. The second test may be given

after the initial waterwash has been drained from the tank. With the

reference beam i l luminat ing the plate , one shou ld be able to observe

fa intly the ho l ographic image on the photographic plate . The third

test may be given after the fina l water wash has been drained from the

tank. Wi th  the reference beam turned on , the p late should be viewed: in

the direction of the oncoming beam. As a result of diffraction ,

severa l red dots in a hor izontal l ine should be evident.  If there is

only one red do t, the plate is not a hologram and need not be dried .

Once the abi l i t y  to make useful ho lograms was mastered , an

unflawed 0.020 inch Alum i num 2024—T1+ rectangular plate was bo l ted into

i t s  housing frame to create a cla mped-clamped-clamped—clamped (C-C-C—C)

assembly for v ib ra t ion ana lys i s .  At th is  juncture it was first noted

that the p la te  was re—or ienting ins ide the f i l m  holder caus ing a fr inge

pattern prior to activating the electronic shaker. At first , movement

of the p la te was s uspec ted; the refore , a 0.040 inch thick aluminum 7078

p la te was cla mped in to the housing , and real—ti me ho l ograms were
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attempted . The same stat ic f r inges were noted which substant iated the

fact that movement was occurring in the deve l opment tank hol der. Ex-

perimen tal observations of the plate at various f requencies a lso

showe d tha t the pi ezoelec tr i c shaker d i d no t generate enough powe r to

dr ive the 0.040 inch plate through a ful l  spectrum of resonance mode

shapes . Al though the shaker is designed to run at a maximum of 2000

Vol ts peak-peak , avai lab le  transformers could generate approx i matel y

1200 volts peak-peak at max i mum. At this point a decision was made

to return to the 0.020 inch aluminum 202)4 pla te for the ana l ysis us i ng

double- exposure holographic techni ques . A sing l e exposure ho l ogram

of the aluminum 2024 pla te prior to analysis is shown in Figure 17.

b. Pre—Flaw Ho l ograms:

Af ter the aforemen ti oned p rob lems had been resol ved ,

double—exposure ho l ograms of the test plate were made . Calculations

were made using the data compiled by Liessa to determine theoretica l

resonant frequencies (8]. Double—exposure holograms were made at these

theoretica l freq uencies to observe the results. As noted by Figure 18 ,

the des i red fundamental mode shape was not observed. This was attri-

buted to the coat of paint on the plate or some unknowr defects in the

ma ter ia l  compos it ion of the p la te, since cal ibration of the electronics

equipment was considered accurate. Double-exposure ho l ograms were then

run at the fundamen tal and subseq uent modes and recorded as shown in

F igures 19, 20 and 21.

c. Post-Flaw Holograms

A I—inch through-thickness vertica l s l i t  was placed in the

alumin um 2024—T4 plate. Double—exposure holograms were run at the
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various resonant frequencies which could be detected readily. As

expected , the recorded mode shape frequencies of the flawed plates

were not the same as the nonflawe d plates. The signa l generator was

adjusted to accent the noted resonances , and then a hologram was

generated . The results of this endeavor are pictured in Figures 22,

• 23, 24, 25 and 26.
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IV .  EXPERIMENTAL RESULTS

A . THEORET I CAL BASIS

1. Methods in Vibration Ana lysis

In the f ie lds  of both theoretica l and appl ied eng ineering and

physics , extensive research is in progress to answer the questions

regarding the analysis of fringe motions generated by vibration as

depicted in a ho l ogram . One such stud y has been in progress by

Tonin and Bies [9] .

Modern procedures for obta ining time-averaged holograms are

common. However, dec i phering holograms of complex vibrations is very

difficult because one mus t first assume the motion before analysis

can proceed . Characteristic functions for periodic non—sinusoi da l

vibration at a single frequency have been eva l uated by severa l re-

search works [2 to 8]. Cha racteristic functions also have been de-

rived for vibration simu l taneously in modes at two different frequen—

c ies.

Tonin and Bies [151 have show n that the fringe motion for

rectilinear motion at an angle tan~~(~) to the norma l surface pictured

in Figure 27 is:

a(cosO~ + cos82) + b(s inO 1 
- sine 2

) (39)

where

~2 is the argumen t of characteristic fringe functio n

k is the wave number
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is angie of illumination vector to the relative norma l of
observed surface

82 is angle of observation vector relative to the norma l to
the observed surface

a is amplitude of norma l componen t of assumed sinusoida l
motion

b is amplitude of tangential components of assumed sinusoidal
motion

The motion of the surface is assumed to lie in the plane of the illum i -

nation and observation vectors as illust rated in Fi gure 30 where a

ri ght-handed coordinate system is assumed. Each point i of a recon-

struc ted time-arranged hologram has a characteristic set of va l ues

f~
1 O~ , and 

~2 ’  
However, as the two components a and b are to be

determined us i ng -
~~ a(cos81 + cos02) + b(sin0

1 
— sin8 2) two separate

time—averaged ho l ograms are required with different directions of

illum i nation and observation. A principa l problem is that ~~
‘ can be

determined only with confidence at the cen ters of fringes , and two

fringe cen ters are not likely to occur at the same spot on the surface.

Hence interpolation of Q’ is generally required. However , according

to Tuschak and Al l aire [10], interpolation has been shown to genera te

gross errors; thus an alternative procedure will be used . The inter-

section of the latter plane and the vibrat ing surface defines a line

of observation in the surface alone which the components of motion

tangential and norma l to the line and in the plane may be determined.

Tonin and Bies characterize posi tion along the line of obser-

vation by a length coordinate ~ and suppose that the tangential and

norma l components of motion along the line may be represented as

analytic functions of ~ [9]. The functions a(~) and b(~) are expressed

as finite trigonometr ic series :
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N2
a(~) = 

~~ 
(x sin(n~) + y cos(n~ ) )

n=N 1

N2
b(~) = (w sin(n~) + z cos(n~) ]  (40)

n N 1

The quantities x , y ,  w and z are assumed nth orde r vibration com-

ponent amplitudes of the surface motion . The bounds N 1 and N2 are the

least and greatest order numbers considered in the analysis.

The intersections of the line of observation in the surface

and the dark fringes on the reconstructed image determ i ne a set of

z points with va l ues ~2
’, e~~, and 8~

’. Use of eqn (39) allows the

writing of the following system of equations :

a 1 c 1 + b 1 S 1 = R
1

a2c2 + ~~
2

S

2 

= (4 1 )

a c  + b S  = Rn n  n n  n

where

c. = cos0
1
’ + cosO2~ (42)

S. = sin0
1
’ + s i n8

2
’ (43)

R i k
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Substitution of eqn. (40) into eqn . (41) yields

N2 N2 N2
~~ x sin(n~ .)c. + 

~~ ~
‘n cos(n~ .)c. + 

~~~~ 
W sin(n~ .)S.

n N 1 
naN 1 n N 1

N2
+ 
~~ 

Z cos(n~ .)S. R. for i=l ,2,3,...,n

naN
1

where 
~~~

., c., S. and R. are determined from the time—averaged holog rams .

Another system for analyzing holograms was undertaken at the

David W. Taylor Nava l Ship Research and Development Center in Bethesda ,

Maryland , by Sikora [11]. Sikora u s hypothesis is that severa l authors

have proposed methods to derive the general displacement field from a

double—expos ure ho l ogram but tha t these methods have often been cumber-

some to appl y because they have relied upon measuring fringe l ocations

in space, knowing detailed coordinates on the surface of the object ,

or taking a large number of fringe readings to solve over—dete rmined

sets of equations. Simpler methods also have been proposed for such

cases as out—of—plane deformations , pure bending, simple shapes , ~etc.

Sikora developed a series of three equations wh i ch relates the genera l

displacement field obtained from usua l and i mage-plane ho l ograms of

objects illum i nated by collimated or point light sources . To accom-

plish this , he defined a coordinate system for the ho l ographic plate

requiring that the object be several plate distances away from the plate

with system simplifications such that the system of equations can be

made to decouple the displacement components,
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2. Aluminum Plate Analysis

Si nce the purpose of this study has been to ascertain the appli-

cabil ity of holographic interferometry to nondestructive testing for

• shipboard systems , the aluminum 2024 plate in the flawed and nonflawed

state is analyzed . Figures 19 through 26 represent the nooflawed

and flawed holog rams of the subject specimen plates . The basic equa—

tions for the deve l opmen t of fringe analysis to ascertain the beam

deflecti ons of the plates at various resonant frequencies are app lied

easily for a systematic study of the specimen. Fringe anal ysis is the

key aspect to vibration analysis in ho l ography. The l ocation of the

position of a dark fringe on a vibrating plate is determined by the

relation

— 
2n-1 

— 
(cosct + cos8) ‘42 y A

where

~ is the loca t ion number of the da rk fringe

n is the number of the fr inge from the plates f ixed
boundary condi tion

y is the deflection of the plate

A is the wavelength of the Helium—Neon laser (2.48 x l0~~ in.)

a is the angle of the object beam to the plate

~ is the angle of the reference beam to the plate

Studies were conducted for the following mode numbers for a

rectangular plate where m is the numbe r of modes symmetric about the

y axis and n the numbe r of modes symmetric about the x axis:
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(a) m a l  n l

(b) m = l  n a 2

• (c) m a 2  n a l

The object has been to compare experimental results to theoretica l re-

sul ts in order to ascertain overall applicability of the method to

Nava l Engineering prob lems. Data points were generated for deflection

versus fringe l ocation on the vibra ting plates as a function of the

resonant frequencies and reference and object angles . Fi gures 28, 29,

and 30 show the flawed versus nonflawed deflection patterns for the

F mode shapes: m = l , n l ; m 1 , n 2 .

B. PRE-FLAW CONDITIONS

Utilization of the procedures of doub l e—exposure holography as the

basis for ana lys is  yielded excellent results for the mode shapes at

various freq uencies. Although frustration , t r ia l , and erro r were tim e

inhibiting factors , the end results substantiate the va l ue of double—

exposure ho l ography as a permanent record to be emp l oyed in the science

of holog raphic vibration analysis. Resonant mode shapes were noted at

324 HZ for the fundamental; 792 HZ for m = 2, n = I; and 578 HZ for

m = I , n = 2 condition as listed in Table II. Fi gure 19 depicts the

fundamenta l mode shape with very light resolution . The li ght resolu-

tion and scarcity of fringes were repeated on severa l experiments which

led the author to conclude that the electronic drive system generates

a fairly weak si gna l at low frequencies impairing idea l experimenta l

results. However, Figures 20 and 21 display the results of the desired

mode shapes at hi gher frequencies. Deflection curves generated at the

subject mode shapes (Figures 28, 29, and 30) are consistent with

60

~~~~~~~~~~~~~~~~~~~~~~~~~~~~



previously ascertained experimenta l results with the following points

of i nterest. The lack of perfect symmetry in the nonflaw condition s

is considered due to a small error in the object li ght beam setup .

A t the fundamenta l frequency , m — 1 and n = I, the scarcity of fringes

is attributed to the electronic drive system. At first the author

believed that the lack of fringes was due to incorrect recording of

the resonance condition . However, repeated experiments ascertained

that the fundamental harmonics as shown in Figure s 19 and 22 for the

nonflawed and flawed conditions are correct .

Diffic ulties encountered in gaining perfect symmetry in the m I ,

n = 2 case were attributed to the l ocation of the piezoe lectric shakers

dr ive bolt which hits the center of the aluminum plate. Also the angle

a t which one views the recorded ho logram w i ll gi ve the a ppea rance of

sl ight deviation of the fringe pattern. Best results were achieved

when the refe rence and objec t beams i l lum ina ted the p la te a t equal

angles. The inspection angle by which one viewed the p la te affec ted

the symmetrica l appearance of the m = I , n = 2 mode.

C. POST-FLAW CONDITIONS

The al uminum 2024—T4 test plate was flawed with a through—thickness

sl it 1 inch long and 1/16 i nch wide , and the spec imen was vi bra ted

aga i n in order to genera te characteristic mode shapes to compare the

plate in an nonflawed condition . A ve ry interesting condition is that

the frequency shift from the flawed versus the nonflawed plate was not

consistent. As shown i n Table I I , the fundamenta l mode is noted at

342 HZ, Figure 22. At 772 HZ the m = 2, n = I mode is intercepted ,

Figure 23; and at both 462 HZ and 532 HZ, the m = I , n = 2 mode i s

evide nced in Figures 2)4 and 25. The author expected the mode shape
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resonant frequencies to shift consistently downward , but only the m — 2,

n = 1 case gave this result. As depicted in Table II , two resona nces

were recorded a t m — 1 , n — 2. A t 468 HZ the nonflawed side of the

plate , Fi gure 23, is in resonance while at 532 HZ , F igure 25, the

f lawed area of the plate is in resonance . Also recorded in the flawed

p la te s tudy was the ha rmonic a t the m = 2, n 2 mode sha pe which

genera ted the ex pec ted f r i nge pa ttern as shown in Fi gure 26. As pre—

v iously noted , the deflection relationships between the nonflawed and

the f la wed plate conditions are shown in Figures 28, 29, and 30.

D. EVALUAT I ON OF RESULTS

I. Measured Vers us Theore t ical

Comparison between the theoretica l and experimental resonant

frequencies was favorable for the spec i men of a completely clamped

rectangular aluminum 2024—T4 pla te as shown in Table II .  Although

great care was taken to ensure that all associated reference and cbject

beams were symmetrica l , slight asymmetric conditions prevailed in the

tests conducted under nonflawed conditions. Utilization of Liessa ’s

plate theory re lat ionships coupled w i t h  the experi men tal res u lts l i s ted

in Table II shows tha t the experimen tal method followed i s consis tent

for p late v ibrat ion ana lys is  [8].

2. Pre—Flaw Versus Post—Flaw

As prev i ously s tated , no f i r m resolu t ion could be made on the

effect of the resonant frequencies concerning flawed versus nonflawed

plates. Studies by Hoffman firmly asce rtained that the resonant fre-

quency fora flawed plate would be l ower than for a nonflawed plate ; how— - 
-.

eve r , the specime n used in his t rea t ise was clam ped on a l l  fo u r sides and

i n the middle (2). In the author ’s s tudies only, the m = 2, n = 1 mode
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had a drop in freq uency for the flawed plate of approx i mate l y 15 per

cent. The other mode shapes showed an increase in resonance of

approx imately 10 per cent. Of course , a sma ll amount of error could

have been i ntroduced by double-exposure ho l ography. Each case stud i ed

shows a noticeable change in the mode shape between the flawed and

norma l conditions with a shift of the fringe pattern toward the flaw

as dep ic ted by Figures 19-25. The graphs of the associated mode

shape s in Figures 28 , 29, and 30 point out def lect ion dif ferences

presenting f irm evidence of the flaws .
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V. CONCLUSIONS AND RECOMMENDAT iONS

A. CONCLUSIONS

The fol low ing conclusions can be a5certa i ned from the results of

the double—exposure ho l ogram plate vibration stuoy :

(1) Flaws i n the rectangular plate clamped on all four sides

genera te resonant frequency shifts allow i ng one to analyze

deflec t ion patterns due to the flaw.

(2) Double—ex posure holog raphic methods prov i de the analyst with

a time—generated historic record of the mode shapes at the

var ious frequencies .

(3) Double-exposure ho l ography does not allow the study of the

• entire frequency spectrum in real—time conditions . Th i s

l imitation may give rise to possible error in resonant fre-

quency de termina t ion beca use one mus t rely on the human ear

to depict resonant frequencies .

(4) Mode shapes in flawed plates show a shift in the mode shape.

(5) Hol ographic p rocedures are very sens itive to extraneous

effects (e.g., temperature and movement of the plate ho l der).

These conclusions and the author ’s experiences in this study ind i-

cate that ho l ogrpahic procedures are v iable tools for vibration

anal ys is. However, beca use of the sensi t iv it y requi red , the s l i ghtes t

devia tion from procedure may result in failure . Certainl y th i s scie nce

is in an embryo state as evidenced by the overall sensitivity of the

equipment available.
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If the ava i lab le  equip ment can be imp roved , Ho l ographic Nondes truc-

tive Testing (HNDT) wil l  become a reality for a shipboard maintenanc e.

However , equi pme!it sufficiently durable and accurate to surv i ve the

conditions aboard a shi p a t sea i s requ i red if this p rocedure i s to

be used at sea. The acute definition of flaws obtained with this pro-

cedure makes HNDT a possible method for study i ng the conditions of

piping systems , boi lers , t u rb i nes , and pump casi ngs on a l l  shi ps , as

well as another means of aircraft engine inspection for Aircraft Inter-

mediate Maintenance Department personnel on aircraft carriers. Of

cou rse , the resonant frequencies and mode shapes of the system under

normal operating (unflawed) conditions must be known as bench marks

for follow—on analysis in comparing future conditions .

Cu rrent ly, th is system is not portable enough to be utilized

successfully outside a laboratory environment. The accuracy , sol i d

founda ti ons , and comp lex operational p rocedures p resent ly requ i red

preclude the use of this method aboard ship. However , if these diffi-

c u lti es are ove rcome , HNDT is a viable option to consider.

B. RECOMMENDATIONS

The potent ial u se of HNDT and assoc i a ted v i bra t ion analys i s aboard

sh ip requires further study in this field. Some recommended stud i es

are the fol low ing :

(I) Since the plate holder experiences minute movements in the

real- time holography development procedure , a method of develop i ng

tank iso la t ion and an imp rovemen t on the pla te clam ps appea r in orde r .

(2) Future studies in this science should beg in w ith double—

exposure procedures and then follow—on with real-time analysis.
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(3) Proc u rement or development of the required electronic equip-

ment to dr ive the e lect ron ic  shaker to its max imum vol tage is necessa ry

for fu ture studies of thicke r p lates.

(4) Conduct studies of elliptica l plates , can t i lever beam type

assemb l i es , and other rectangular plates of various materials and

thicknesses.

(5) Conduct a study on vibrating turbine blade with the goa l of

determining its application to shi pboard use.

(6) Conduct a finite element computer study of the experimen t on

the flawed plate done in this treatise to compare the computed mode

shapes at various frequencies to the measured mode shapes .

(7) Another topic of inte rest would be the generation of double—

exposure ho l ograms of heated plates to study the mode shapes due to

different therma l grad ients.

Since this is a relative l y new science , the potential for growth

is constra i ned only by the intensity of the ana l ys ts ’ inquis itiveness.

Further st ud i es are cons idered a mus t , and they are ass umed to be

very enlightening and positive contributors to modern science.
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Table I. Specific Damping Capacities of Structura l
Materials

MATERIAL SDC (~
)

Magnesium (wrought) 49

I ron 16

Grey Cast I ron 6

Austenit ic Stainless Stee l

• Aluminum Alloy 2024—14 < 0.2
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Table II. Suninary of Results

MODE (a) 
Resonant Frequency (HZ)

Without Flawm n Fl aw
____________ ________ 

Theory_ Experimental 
_________

1 1 327.8 324.0 342.0

2 1 794.0 792.0 772.0

2 506.2 578.0 462.0(b)
532.0(c)

2 2 968.5 862.0

1- -__ _ _  _ _ _  _ _ _

(a) See Leissa , [8] , for definitions of rn and n.

(b) Right side of flawed plate at resonant frequency

(c) Left side of flawed plate at resonance
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A P P E N D I X  A

MAN I FOLD SYSTEM OPERATIONS

A. PROCEDURE TO BE FOLLOWED TO FLUSH AND OPERATE THE CHEMI CAL SYSTEM

1. Utilize Distilled Water.

2. At the start of the procedure , the va l ve system as shown in

Figure A—i is lined up as follows :

Va l ve No. Position

No. I Closed
No. 2 Closed
No. 3 Closed
No. 4 Closed
No. 5 Closed
No. 6 Closed
No. 7 Open
No. 8 Open
No. 9 Open

3. Crack Va l ve No. 1 , and ensure a flow is present through

B lowdown Va l ve No. 9.

4. Set the follow i ng lineup to fill the developing tank :

Va l ve No. Position

1 ,7,8 Open
2 ,3,4,5,6,9 Closed

5. Fill the develop i ng tank to above the i nner overflow cell to

ensure fluid flow . Once the des i red wa ter l eve l has been

ach i eved , secure Va l ve No. 1 , light off the circulating pump

to Position 10 (maximum capacity) , and beg in a 5-minute

system flush.

6. Circulate with va l ve~s as follows :

Valve No. Position

Nos. 1 ,2,3,4,5,6.9 Closed
tIos . 7,8 Open
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Initially start circulating pump to No. 5 on the speed scale.

Once flow has been ensured , set the dial to 10 on the indica-

tor. At end of 5-minute flush , secure the pump , and drain

the tank.

B. PROCEDURE TO DRAIN THE SYSTEM

Open Va l ve No. 9, and drain the deve lop ing tank contents into a

discharge bottle be low the isolation table.

C. PROCEDURE TO USE 0—1 9 DEVELOPER

Follow the same procedures as for the flush (Part A) except the

developing tank is filled with Kodak D—19 Develope r by opening

Va l ve No. 2. All other va l ves except Nos. 7 and 8 must be closed .

D. PROCEDURE TO USE KODAK STOP BATH

Follow the same procedures as for the flush (Part A) except the

deve loping tank is filled with Kodak Stop Bath by opening Va l ve

No. 3. All other va l ves except Nos. 7 and 8 are closed .

E. PROCEDURE TO USE KODAK FIXER

Follow the same procedures as for the flush (Part A) except the

devel op ing tank is filled with Kodak Fixer by opening Va l ve No. 4.

All other va l ves except lb s. 7 and 8 are closed .

F. PROCEDURE TO USE METHANOL OR ETHYL ALCOHOL RINSES

Follow the same procedures as for the flush (Part A) except the

deve lop i ng tank is filled with Methano l or Ethy l Alcoho l by open—

ing Va l ve 110. 5. All other va l ves except Nos. 7 and 8 are closed.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1_~
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APPENDIX B

PHOTOGRAPHIC SYSTEM

• Once double-exposure holog rams have been generated at various fre-

quencies , the question of “What needs to be done next?” arises . In

order to record the circumstances and analyze the data , a photographic

i mage is necessary. This phase of the study posed minor prob l ems be-

cause of the geometric constraints of the laboratory. The photo-

graphic system consists of a Polaroid 1ix5 Land Film Ho l der ~5OO

mounted in a Calumet Ilode l C- i Magnesium 8xlO View Camera with an ILEX

Optica l Coruipany No. 5 Universal Synchro Lens with a foca l length of

14.75 i nches. The following discussion by Mack and Martin gives the

necessary insight to lens theory [13].

To appreciate fully the importance of the term “focu3” in the

study , the concepts cf foca l length must be understood . Most lenses

are made of glass , with one face ground to the shape of a portion of

a spherica l surface and the othe r ground to either a plane or spheri-

cal surface. The thick portion of a lens- retards the centra l part of

the beam more than the oute r part causing the wave fron t to become

spherical. The center of curva ture of the wave front is then the

point of convergence ,or focus, of the beam, as shown in Fi gure B-I.

r’oca. . ?c1r~t

Fi gure B— I . Positive Lens
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If the object is located at a finite distance from a convergent lens ,

the correspond i ng foca l point would be loca ted farther from the lens .

This explains why a lens can alter the convergence by a specified amount.

The origina l divergence of the l i ght coming from an object near the

lens tends to counterbalance the convergence resulting from the action

of the lens . Also note that the grea ter the princ i pa l focal length of

the lens , produc i ng less converg ing power , the farthe r away will the

image be formed for a given position of the object; see Fi gure 8-2.

/ /

Figure 8-2. Convergent Effect of a Lens on a Diverg ing Beam

The position and relative size of an i mage of an object at a given

distance from a lens of known foca l length can be determined by a geo—

metrica l construction. Figure B—3 describes the image formation for a

positive (Convex) lens . Also note that it is customary in the science

of photog raphy to represen t the object by an arrow with its tail on the

pri ncipa~ axis.

Figure B—3. Image Formation on a Positive Lens
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The position of the i mage can be determ i ned by tracing any two of

the following th ree rays from the tip of the object arrow at point 01 :

(1) Ray 01
C through the op t ica l cen ter of the le ns , wh i ch is

undevia ted .

(2) Ray 0
1
J parallel to the principa l axis , wh ich passes through

the princ i pal focus F’ .

(3) Ray 0
1
K throug h the principa l focus F which emerges parallel

to the axis.

The intersection of these rays determ i nes the point I~~, which is

conjugate to O~ .

If the intersection that determ i nes the image is not an intersec-

tio n of the ray segments themselves but of their extensions backward

from the instru m ent , the image is said to be virtual. A virtua l i mage

is then said to be one in wh i ch light does not pass but appears to

pass. A virtua l image can be caught on a screen but must be viewed by

looking through the lens towards the object. A virtua l image is

associa ted generally with a negative lens as shown in Fi gu re B-k.

01
ii: 

~f
- 

- 
Fa

(object) (iz~age)

Figure B—k. I mage Formation on Negative Lens
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A rea l image is one represented by the positive lens figures where

l ight actually converges and can be seen on a screen.

The bas ic  theory fo l lowed  for se tti ng up the pho togra ph i c  equ i pmen t

is the lens equation . Referr ing to the diagrams for the i mage forma-

tions on positive and negative lens systems , it is found tha t in the

si mi l a r  tr i angles  COO
1 

and C I I , the correspond i ng sides are proportiona l .

I l i CI
(B-I)0 0

1 
CO

Also  i n tr i a n g l e s  F T CJ and F ’ I I , substituting 00
1 
for its equa l of CJ

p roduces

I I

1 CF

The refore ,

C I - 
I F 1 

-

CF

or

V V f  
(B-k)u f

wh ich when si mp l i f i ed g ives the lens equat ion

1 1 1
— + — = —  (8-5)u v f

where u = the object d i s tance OC

v = the image distance CI

f = the principa l foca l length FC or CF’

107



Utilization of this theory enabled the author to set up the photo-

graphic system so tha t the system could be focused with relative ease.

The limiting factors are the foca l length of the lens and the phys i ca l

constraints of the laboratory .

The focal length f = 14.75 i nches for the No. 5 Un i versa l Synchro

Lens and the object distance are limi ted by the table edge and th~

hologram deve lop i ng tank. For best system alignment to ensure that the

camera does not make contact with the table , u 30.0 Inches.

• Since

I I I
- , - =— + —

?~ U V

and
(u)(f)v u—f

where: f = 14.75 inches

u 30.0 i nches

(14.75) (30.0)
therefore = 

(30.O) — (14.75) inc hes

v = 29 i nches

Uti l izing the above dimensions , the author was able to focus

clearly the holog rams for photographic reproduction and data analysis.
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