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ABSTRACT

This report is an engineering guide to the use of the Dyer method of manual

computation and to several computer programs for determining turbulence-induced

vibration and radiat:on of finite plates in air and in water. Both simple and clamp-

ed boundary conditions are treated. The Dyer method and the computer programs

are presented in a series of appendixes:

A. Bolt Beranek and Newman Manual Method (Dyer)

B. Boeing Program I (Masestrello)

C. Electric Boa, Program (Izzo)

D. Underwater Sound Laboratory Program (Strawderman)

E. Boeing Program I1 - Finite Element (Jacobs and Lagerquist)

The documentation is intended to facilitate the performance of flow-induced

vibroacoustic computations as well as to furnish the groundwork for future research.

It should also act as a theoretical guide for experimentalists. In the broader view,

the documentation represents the initial steps of an effort to use computer pro-

grams to bridge the gap between vibroacoustic research results and design needs

for structures that are subject to excitation by turbulence. Research tending to im-

prove and extend the present program is recommended.

ADMINISTRATIVE INFORMATION

This study was sponsored by the Naval Ship Systems Command (NAVSHIPS) Code 037.

Funding was provided by NAVSHIPS 0311 under Subproject S-R003 10 01, Task 11701.

INTRODUCTION

For several years, the Naval Ship Research and Development Center (NSRDC) has been

corcerned with computing the vibration and acoustic radiation of plates excited by fully de-

veloped turbulence. As indicated in Reference 1, the naval need for achieving a. 3urate meth-

ods of computation exceeds the current state of the art for performing such computations.*

Accurate computational methods for plates can provide a useful foundation for extension to

more complex naval structures, e.g., ribbed sonar domes.

It is of interest to document the flow-induced vibroacoustic digital computer solutions

that have been the subject of investigation by researchers outside NSRDC and that are ger-

mane to naval needs. These constitute a convenient reference for application and a base for

*References are listed on page 313. Technical notes are ordinarily not used as formal raferences in NSRDC re-
ports. However, Reference 1 was authorized for inclusion by the Head, Department of Acoustics and Vbration
and is releasable on request to him. This review of the state of the art shows that accurate methods of predic-
tion have not yet been confirmed because of the lack of experimental data, particularly for plates In water. The
rationale motivating the present study is discussed and corresponding experimental studies are recommended.



further development. Accordingly, the primary objective of this report is to present a docu-

mentation that provides

1. Theoretical methods of computation for immediate application by researchers who are

interested in comparing theory and experiment, observing trends, etc.

2. Theoretical methods of computation for use as a guide in designing experiments.

3. Computational frameworks that can be modified and extended through additional re-

search to meet naval needs in an increasingly realistic manner.

4. Initial steps of an effort to use computer programs to bridge the gap between vibro-

acoustic research results and design needs for structures that are subject to excitation by

turbulence.

The documentation is essentially a user's guide to the Dyer method of manual computa-

tion and to several digital computer programs for determining turbulence-induced vihration and

radiation of finite plates. Simple and clamped boundary conditions are treated, and the fluid

medium surrounding a plate is either air or water. The following titles identify the manual

method and the computer programs treated and indicate their location in the report:

Appendix A - Bolt Beranek and Newman Manual Method (Dyer)

Appendix B - Boeing Program I (Maestrello)

Appendix C - Electric Boat Program (Izzo)

Appendix D - Underwater Sound Laboratory Program (Strawderman)

Appendix E - Boeing Program II - Finite Element - (Jacobs and Lagerquist)

Each appendix includes the appropriate notation, the mathematical development of the

equations underlying the program, descriptions of input and output data and of units, computer

program listings, the time required to run particular computations, flow charts and operations

and rules of the computer program. Methods are also presented for determining computer pro-

gram input data from either experimental or analytical results. Test runs are inci,ded to verify

the results (published response curves) of the original developers of the programs and hence

to indicate the successful operation of the programs at NSRDC.

The physical foundations on which the development of the equations rest are no, in-

cluded. The references cited in the present report direct the interested reader to appropriate

literature.

The report has been organized to meet the needs of the program user.

DISCUSSION AND RECOMMENDATIONS

For convenience, the salient features of the documentation are summarized in Table 1

which identifies and compares the various methods. This table makes it easy for the potential

user to identify the various features of a program that are of interest to him and to select the

2
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program that most nearly meets his needs. Of course evaluation of the capability of a pro-

gram for making accurate predictions with respect to naval problems requires comparison be-

tween theory and actual experiments in water.

Based on an evaluation of the computer program presented herein as well as the inves-

tigation made in Reference 1, the following recommendations are made:

1. Immediate application shou!d be made of the programs considered to be most relevant

to naval needs. A range of geometric, structural, and flow data representing naval plating un-

der actual operating (or scaled) conditions should be submitted as input to the programs. The

results of a variation in parameters should be analyzed and evaluated. Comparison of such

results from different programs may yield meaningful qualitative information or trends. The

conclusions drawn from such trends may provide insight into the physical nature of the prob-

lem and/or act as a guide to the design of associated experiments. Moreover, when compared

with corresponding experimental results, the theoretical results will yield qantitative infor-

mation on the degree of accuracy of the methods of computation. Thus, the theory in conjunc-

tion with the experimental results may lead either to modification of the existing analysis or

to determination of correction factors for the theoretical results. It may also lead to determi-

nation of scaling factors for different geometries and media.

2. The methods considered to be most useful for solving naval problems should be modi-

fied and extended to include improvements that enable incorporation of the following parim-

eters, structures. and effects:

a. Radiation resistance

b. Internal damping

c. Fluid loading (added o- virtual mass)

d. Shear and rotary inertia (thick plate theory)

e. Convection velocity

f. Ribs

g. Roughi plates, protuberances, openings, and indentations

h. Orthotropic plates and inhomogeneous plates

i. Combination of plate materials (composite plALes)

j. Complex structures

k. Boundary conditions (other than fixed or simply supported)

I. Cross-modal coupling

m. Surface curvature and fairness

n. Reverberant and nonreverberant (anechoic) media

Improvements in the theory should result in the evolution of design data for selecting

Fplate materials an] geometry and structural arrangements for sonar domes and submarine hulls

that will have minimum vibratory and acoustic response to turbulence excitation. In particu-

lar, design charts of vibroacoustic response as a function of structural parameters (properties

and geometry) can be obtained by using a computer. These charts can be useful in estab-

lishing acoustical design criteria.
4



CONCLUSION

The Dyer manual method and several computer programs for determining fully developed

turbulence-induced vibration and radiation of finite plates have been documented. The treat-

ments include simple and clamped boundaries, and the environment of the plates is either air

or water. Methods have also been given for determining computer input data from either exper-

imental results or analysis. The methods are useful for immediate application by theoretical

and experimental researchers and also provide a basis for modification and extension to more

accurate programs that are capable of meeting naval needs in an increasingly realistic and
practical manner. These achievements can be attained (1) through a better understanding of

the physical foundations of the problem and hence an improved representation of the models

used and the quantities to be included in the analyses, (2) through improved (new) methods

of mathematical analysis as well as practical extension of presently used methods of analy-

sis, and (3) through improvements in computer programing techniques and computer

capabilities.
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NOTATION

A Correlation area

Amn( roo) A coefficient

an Total modal damping due to structure and fluid coupling

a Modal structural damping, positive and real

Eft3

B Bending stiffness equal to
12(1 - a2)

1 1

C8  Free flexural phase velocity for a thin plate equal to w" (B/M) r

c Velocity of sound in fluid

CL Longitudinal bar velocity (17,000 ft/sec in steel or aluminum)

Dpq A coefficient

d Displacement boundary thickness

E Young's modulus

F Force on plate due to external and sound pressure fields

f External pressure field

Sound coincidence frequency

fr ,f 2  Root-mean-square and mean-square boundary-layer pressure,
respectively

G(r,r0, Green function, which is Fourier transform of impulse response g

Acceleration due to gravity [

- or,t g , ,t Impulse response of plate
V07 V 0, Yo, to

Hmn A coefficient

h Plate thickness

Irmn(") Time correlation integral

k Acoustic wave number equal to w/c

kmn Wave number equal to k -r-L
L 1 1

L Equal to -(L xL Y)

L|,L yL z Dimensions of plate along xy, and a, respectively, as shown in
Figure 1.

8



Al Plate structural mass per unit area

N°  Total effective mass per unit area of plate due to structure
and fluid coupling

MI  Free-space added mass per unit area

M2  Added mass per unit area associated with coupling to sound

waves in the closed liquid-filled volume

m, n or p, q or j, v Mode numbers

N(rmn), AN(J'n,) Number of modes included up to wave number rimn and
average number of modes in a frequency bandAv, respectively

n(r mn) Modal density

P 2  Modal mean-square pressure (a time averaged quantity)mn

P2nn Spatial average of the modal mean-square pressure p2
(a space-time average quantity) in

2 Equal to P2mn AN, the average mean square pressure for all

modes 4N in a frequency band Av

pi Sound pressure on either side of plate at z = L z

r Represents coordinate position x,y

8,ds Area, differential area equal to dxdy

s Radiation efficiency

t Time

U.e Free stream velocity of fluid external to plate

U(t - to) Unit step function

V(-,2, Y9) 81Equal to the sum of the plate modal velocities

Vmn Plate modal velocity

v Mean convection speed along the positive x direction

V0  Hydrodynamic coincidence speed

Wine n(xyt) Normal mode for plate

w(r,t) or w(z,y,t) Displacement of neutral plane of plate

ws  Weight of steel plate per square foot

X1 Y1 3Coordinate system for plate (see Figure 1)

Zmn Plate modal impedance

9



am Convection frequency equal to mtv/L x and interpreted as the
frequency at which the turbulent field is convected past a length
of plate equal to the m modal wavelength

Damping coefficient, including both viscous and hysteretic
damping

f3 0 Damping coefficient, representing viscous damping of plate
structure only

Damping coefficient, representing added viscous damping due

to radiation of energy in the fluid away from plate

Finn Eigenvalue for plate, taken to be real

YIPt Coordinate systern for plate (see Figure2)

Dirac delta function

Kronecker delta function

II Positive quantities

Equals x - x"

Loss factor

0 Mean statistical lifetime of the turbulent state

KMeasure of the inverse radius of the turbulence eddy

v, Av Frequency and frequency band, respectively

Equals y - y"

p Fluid density

Ps Density of plate steel

a I'oisson's ratio

7' Equals t- t'

q'mn(XY) Plate eigenfunction

A,(X,y,z,t) Velocity potential; the space i = 1 is taken to be free from
boundaries except at z - L. and the space i = 2 is a closed

space with reflective boundaries

'1i(x,y,z,w) Fourier transform of 0, (x,y,z,t)

Wo Circular frequency of vibration

0) CSound coincidence circular frequency of vibration

W mn Damped resonance frequency, positive and real

10



WO Characteristic frequency

<... > Symbols for time average operation

* Denotes complex conjugate

Symbol for Fourier transformation

11



APPENDIX Al - MATHEMATICAL ANALYSIS

The differential equation governing displacement of a thin plate due to turbulent bound-

ary layer pressure excitation on the plate surface (Figure 1) is 2-4

a2w aw
V 4 W M-4 (3- -f-(pI -P2) z=L F(x,y,t) (A1)

at2  Ot

The solution of Equation (Al) is5

w(r.t) j dto dS° g(r't/r° ,to) F(r°,t°) (A2)

where y, the impulse response of the plate, 'is the solution to 5,6 the equation

a_ ag
BIV 4 g + M 2g +/3 - = - 8(X - 0) 8(y - yo) 8(Z - So) (A3)

at
2  at

The normal mode IV.n for the plate, which has the form

W.n (x, = y rat (x, y) e m n 1W mn (A4)

satisfies the homogeneous equation for the freely vibrating plate

am2. n mnB(1 _ illyV 4 Wren + M - + go--- -- 0 (A5)
at2 at

where explicit division is shown of the damping into its hysteretic and viscous components.

The solution to the nonhomogeneous Equation (Al) will be found by obtaining g, for

inclusion in Equation (A2), in terms of a superposition of the normal modes or eigenfunctions,
Equation (A4), satisfying the homogeneous Equation (A5).

Substitution of Equation (A4) in (A5) yields the following equation for the eigenfunctions

Omn

Cmn - rMan Omn = 0 (A6a)

where

[(amn+ iOmn)2 -Pgo (amn + i(md'

mn B(l - iq) (A6b)

The eigenvalue Fimn is taken to be a real quantity. Multplying both sides of Equation (A6b)

oby B(1 - i/) and equating imaginary and real numbers, we obtain

12
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a1 rn n A - +~ (A7)

CO2  B -a' 2  ,Bl(M)mn= 17.4n mn 17.n (

Equations (A7) and (A8) irepresent two simultaneous equations for a mn and W.. as

functions of the eigenvalues I' , 'which, as will be shown, are.determined by the boundary

conditions. Equation (Al) is also to obey these conditions.

The Fourier transform pair relating the impulse response g to the Green function G is

Agrlt,) =- 0G(r,ro, w) e ( oi (A9a)

i6i ft- to)

G(t, r0 ,o) fJ g(r,t/to, to) e dt (A9b)
00

Taking Fourier transforms of both sides of Equation (A3)* and noting that ~f~

-i0 - t0 )

p'G(co), where p =-iwo, andJ 8(t - to) e dt = 1, -we obtain
00

-8x- X0) 6(y - Yo)

V4 G - ~ G B(l - i 7) (ia

where

Oi2 M + ice, go
r 4 ( = _ (AlOb)

Assume that the Green function G can be expanded in terms of the eigenfunctions 0... Then

G(r,ro, 01) =*Amn(7o a)) km(t) (All)
M, n

To evaluate the coefficients Amn' substitute Equation (All) in (Alba); using Equation

(AMa), multiply by (kp and integrate over S, interchanging the summation and integral and

normalizing the eigenvalues for convenience thus:

f0M"(r) t,, q(r) dS = m p a nq (A12)

*Equation (A3) modified to show explicit division of damping as in Equation (AS).
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where

amp anq - 0 m porn q

amp anq = 1 me-p, n q

These steps give (noting that the summation is dropped, since the final expression is tcue

for all m,n)

1 kmn~ro)

A mn =(A 13)
A (l-ig) r 4 _AI3

mn

Substituting Equation (A13) in (All), wv obtain

01 'P mn( r) cm n(ro)G ( " r ' ) 8 ( I -i ) J ', . r r 4 ( A 1 4 )

Using Equations (A6b) and (AlOb), it can be shown that

1 1 1

B(I - il?)r']-4 1,4 M(p - ia) [p - (- ia + Po/M)]

where

a - omn - iamn

We also use the approximation, which ignores the hysteretic term go /M 2 amn ; see Equa-

tion (A7). Fourier transform tables 7 can now be used to fhad

rm (r to)Mn-M.(ro) _ am not- t0 no)

g(rNo ,i mn(t -to) U(t to)

m, n Omn mn

(A15)

where the unit step function U(t - to) corresponds to 3(t - to) in the excitation.

For a finite plate immersed in a low-density fluid (e.g., air), the radiation reaction on

the plate may be neglected, i.e., p1 - P2 <
< f. Thus, for zero fluid load, Equation (A2)

becomes

wo(r fJ dt0 f dSo g(r,t/ro,to ) f(ro , to) (A16)

The cross correlation of the displacement is 8

15



<w(r,t) w*(r',t') =f 'Ito  dt0  dS0  dS y(r, t/r 0 to)

9*(r', t'/,t ) < f( o, to) f*(r ,t') > (A17)

where Dyer u-ed 2-4

<f(r,t) f*(r', t')> = Af2 &( 4- vr) S( ) e--[ (A18)0

We assume simply supported boundaries at the plate edge

a2W
W=-= 0 at x= 0, LaX2  x

a2w
w =- =0 at y = 0, L (Al9)0y2 Y

The eigenfunctions (normalized solutions of Equation (A6a) that obey Equation (A19))
and the corresponding eigenvalues, neglecting the effect of damping, are 9

2 max n rry
mn() = 2 sin Z sin - (A20)

(L L)/ 2  L y

Equations (A18), (A20), and (A21) are now used to determine the plate vibrations, Equation
(Al7) . Equation (A17) involves the product of two doubly infinite sums; a typical term is
represented by the cross product of two modes (m,n) and (p,q)

Sw (r,tI) w*(r ",t') > m n) pq = Af ()- 2 ,(" dt0  dt 0

W mnna)p q u2 -00 -00

m n to)- apq0-

f dS0 f dS 0 mn (re) Opq(rN) [e a t - ap '- to)

sin (om,,(t - to) sin wpq(t'- t') a(go - V70 ) 8(eo) (A22)
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If the slope of the plate displacement is small compared to unity, then Equation (A22) is
essentially the correlation of the plate normal displacement. Because of the delta function
8(eo) = 8(yo - Yo), the yo, Yo space integrations readily yield the term 18 qL )/2. Fur-

x
ther, if it is assumed that vO <<L, the xo, z' integrations yield the term 8 - coSaM1.01
where 2

am =--- (A23)m L x

X4 [(a oL) l
Thus the result for the spatial integration is 1- (a nqj Y ( -x cos a(LL )[ 2 mp 2 o
iCOs m r" mp anq' and Equation (A22) may now be written

Af2 ¢mn (.r) 0 p q(W)f
<Ur,t0 w*(r', t') >n, p q -f dto f dt

0. ) M 20
. mn .Pq M o o

a [eaa(t - to ) Waqt-t)

sin omn (t -- to) sin cop q(t- t) 8 mn 8 pq Cos am TO (A24)

To facilitate integration, a new coordinate system y, p is introduced, where y and it
are related to the coordinates to , t' as follows

y= ('- t) - (t - te) = % -1.

= (t'- t)+ (t - to) (A25)

The differentials of the y, / and to , t coordinate systems are related by means of the
Jacobian

o 1

a(t , t')-
dod -0 dydu p ' dydpL 2 dydIpa (p Y)a t! i1 1

ay ay 22

dto dto =- dy dp (A26)
2
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Determination of the limits of integration for t and y is intricate. The limits are deter-

mined from construction of the p,y coordinate system as shown in Figure 2. The figure shows

that the limits are -i to i for y and 0 to - for u.

Then (letting P "n by virtue of the delta functions) Equation (A24) becomes

< w(r,t) w*(r', t') >mn Af m [n(') )(A27)
4cO2 n M

2

where for the correlation integral Imn(r)

-i dy e L- sa(y+r)[Cosm"Y'Cos-,mnf'I ;

(A28)

Be.,ause of the absolute value sign in the integrand, Equation (A28) must be integrated
in separate regions, depending in part on whether y is greater or less than -r(i.e., T > 0 or
Io < 0). Figure 2 shows the regions within which the integral must be evaluated. Thus, Equa-
tion (A28) becomes

S {fl;.fd r +~ " I dp-i r

ir ~~~ ~~ :- 'TJ -7-'-

+fd 4f dy ee (A29)

.cosa (y +?') [cos W mn Y- Cos Go. n 14], 70

For '<0, r is replaced by -- in Equation (A29).

Equation (A29) is laborious to evaluate in generality. Dyer gives the following results

for Iron (-r) for special cases. The resu s are not directly applicable to underwater problems

because the plate is assumed to be immersed in a low-density fluid. However, with modifi-

cation, they can be used for underwater problems.

MEAN-SQUARE RESPONSE
AT COINCIDENCE

The time integral is now specialized to r- 0 as well as a m W 6mn, i.e., v = vo = CB

[ +( 2) 1/2 where v is the hydrodynamic coincidence speed and CB = W1/2

\ L y 0)
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.....

V"'

//

r < (Y-t) -( o . ;' "t o

Itt

slope I - I - 1.rsod ot o + ,t ,t The line correspondin~g toy -- 0 is t'- t o - t - t which has the soe-+1
/ dt0 / d/ r, \

p.00

0o/ /, -

The lines are perpendicular because 1- I- I - (- 1)(S) an - 1. Sinceao + n , - - the positive

directions are those shown in Figure 2. When p - r - t - t°- ('- t ) + (t - to)) then t -r;'- 10 represe-t a I

dtqline with intercepts to - 2t, t - 2t and slope - - - 1.

When y -p or (I'. t ) -( t t) - (tl- i n c e)n + (tt- t I) then to t. Simlarly when y - w- c thent -

When li-n - r, ro -i0lor t b - . i

Consider Region AA+BB t - o > 0

y--r-y , > 0

y+p- 2.St'-t( ) ory-- +2(t'-t( )or-r- 0/--(r-E)4 2(t[-t( ) or t'-t(- ,. - - anegative number.

Hencetn > t'h Figure 2 shows that t- > t - r-, y <- r defines theregion AABB'- Since - y e r then

l < th implies r o <0 for this region. s e
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Notes for Figure 2 (Continued)

Consider Region OA'ACC
°  r > 0

Y~~~~~~~~ ++('-o° q* (> 0)2t-o° t °  /

... .. ) t -  to > t',p-r- ,y--r+q correspondbto

region OA'A ti < t, - r - , y- -r + q corresponds to region OACC. Since ro - y + r then y> - r implies

ro > 0 for region OA'ACC'.

I -+c > 0
Consider Region ACDD "!y--r+q; q> 0

y -, - IA + 2(t'-t');,-r + 77 - -r - t +2(1'- 1; ); t'- t0* "r+e ( positive number. Hence to' < t', jA r + 1,

y - -r + q define the rcgion. Since ro - y + r then y > - r implies ro > 0.

Consider Regionq (AD'D"+ AD*D') { 0 : 0
; 0

y--. + 2(t'- t'); t- to - , to < t, -r+, y--r-1 corresponds to region AD D " . Since ro = y + r

then y < - r implies ro < 0. If tL < t" then y > -p (see Figure 2). If t; > I' then y <-s which is an invalid con-

dition since y - -j is the lower limit in the integral, Equation (A28), corresponding to C; - L', Hence region AD'

D- is excluded in the integration. From the Figure it is clear that the limits of y depend on the upper limits of

both to and I.t T1us when to . I (* limit in Equation (A24)j y - p and when Lo - t' y--it. The limits of /

in Equation (A28) are obviously from 0 to w as to and ti range from the upper limit to - , t t' to the lower

limit to ... ;, t -- in in Equation (A24). That is, the limits are:

-p to i for y

0 to forp [

20



Then

0 02 F2 - amn O.
tm+() ' I '-, Omno> 1

amn(amn0 + 1) (a n e + 1)2 + 4 o2 02 4 2U]

(A30)

0
Imn(O) -I amn 0 << 1 (low damping) (A31)

amn

0
Imn(O) - amn(amno + m) ' rmn 0 >> 1 (high frequencies) (A32)

MEAN-SQUARE RESPONSE
BELOW COINCIDENCE

The time integral is specialized to -= 0 as well as am <<wmn (i.e., v << vo ). We get

202 Y a n 02 amn 1 1

12 2 02 _) 22 am2<<+m1 (Amo)

n + nO m + )2 n.

2am+1 mn 1
+ - -- w

1+a02  202(aO1)2 ~2J am «mn (A33)

"I n() + 1+ anO «>1 (low damping) (A34)

2 r n 1 + 2  o m"

n n 0L +n ~+: 02] ComnO >>I (high frequencies) A5

DISPLACEMENT CORRELATION
BELOW COINCIDENCE

Here, r4 0 and a<<(amnis considered.

20e- amn [I'i o1 m~

1mn(r) - , a 0 <<1 (low damping) (A36a)
ara + 2 0a2 mnm amn 1 +~m

When substituted ir, Equation (A27) the results give the cross correlation of (if 'r= 0) mean-
square displacement. For the latter case (1r = 0)
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20 1
lmn(0) =- , am << 1 (low damping) (A36b)

amn 1-'- 
2  02
m n

Now the radiation of boundary layer noise into the closed space shown in Figure 1 is

considered, particularly the underwater case. The sound field on either side of the plate is

governed by thp nondissipative linear wave equation of acoustics for a homogeneous, loss-

and source-free medium at rest.

V2 /j - -t=0 (A37)

Within the closed space, let j = 2. The Fourier transform T2 2(x,y,, ) = (0 J ' 2(x,y,zt)

e- £tdt of the velocity potential '2 satisfies the Helmholtz equation

~2 11'2 k2  2'I2  a"'12  02112 -
2 2+ 2 = -- + -- -- + 2  

2 - 0 (A38)
ax 2  Oy 2  aZ 2

sincef - - (02 2 and k =-.
\ at2 ) 1

Except for the plate, all interior surfaces are assumed to be pressure release surfaces. There-

fore, the boundary conditions are

x= O, Lx

U 2 =0 y=O, Ly (A39)

Assume a general solution for Equation (A38) in the form of normal modes p,q

T 2 (",y,z,) =Z Dp, q 95p, q(r) sin kp, q z (A40)
pq

it will be shown that Equation (A40) satisfies the boundary conditions in Equation

(A39). Substitution of Equation (A20) in Equation (A40) and the resultant equation in Equa-

tion (A38) gives

iC2 ___2 [/pa ) ( )] k 2
PIT +, = -pq (A41)

where 6pq and F are the eigenfunctions and eigenvalues given in Equations (A20) and

(A21), respectively.
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I

Equation (A37) is coupled to Equation (Al) by the continuity condition on velocity

aw ao;102 (A42)
z - L a L

Hence

02 X'7" ; o e- dt
Z = L ITa I ,

= Vx~y Afo =~ Vmn = -Aj'Hmn 'km& (A43)
m, n m, n

where Hmn Omn is the plate modal velocity. Using Equation (A40) in Equation (A43)

H mn
Dmn=- k mnCos (A44)

Substitution of Equations (A44) and (A20) in Equation (A40) gives

T 2(XIZO) = - H inn sin- sin sin kn z
(L L)mn mn z x L y1/, m, n C(A45)

which satisfies the boundary conditions Equation (A39).

S t 2(ressure , then the modal pressure transform isSince the pressure P2 (0y'zt a' O

41_. p 802 e- 6tdt]

P2 ( 'r n ]n 2, at m

= - [2(-"Yl ,()rnn

Using these equations as well as Equations (A40), (A43), and (A44), the plate modal imped-

ance (at z = L 2 ) is obtained

Pmn(Z$YIzIOJ) Pmn(XIyZ,(O) - P[' mn -ip/
Zmn(X')YIZ(O)= "P - tan k L -io

n mn -H mn4Omn H mn Omn knn ran z 2

(A46)
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From Equations (A41) and (A8) as well as the definition of C8

m2 m c2 ~ mn
km2 n = k2 _ r2 = -m -2 -

B

Defining a sound coincidence frequency co = oC, corresponding to c = GB then

CB

which is real for comn <Wc and imaginary for omn >w. Equation (A46) then yields

ptanh I kmnLI

M2 = Ikn o n > )c (A47a)

Mi =P tan km L oms < a (A47b)
mn

The added mass M of the free space external to the cavity, provided the mode number

is not too low, is taken to be

MI- P G~n<Wo (A48)

I kmn I

When the mode number is low, the resistive impedance (viscous damping coefficient) is taken

to be

IP cs (A49)

where

8= + - m <60C

1 1/2
L (L XL )

2 X

Equation (A27) gave the modal displacement correlation for a plate in a low-density

fluid. The correlation for a high-density fluid is obtained by replacing the structural mass in

Equation (A27) by the total mass

24



M'= M+M 1 +M 2  (A50)

where M is the plate mass,
M1 is the free space added mass given by Equation (A48), andM2 is the added mass due to the enclosed fluid given by either Equation(A47a) or (47b).

Analogously, the damping in Equation (A7) and, hence, in Equation (A27) becomes for
a high-density fluid

am. n =jh" + - - - -  +'M (A51)
'M 'm n +i

where the first two terms represent the original viscous and hysteretic damping for the plate,except that now M -. M and the last term is the added viscous dumping where fl is givenby Equation (A49).



APPENDIX A2 - SAMPLE PROBLEM

An example will be given to show how to determine the mean-square pressure (= 0)

in the liquid-filled cavity (M -V 1') adjacent to the plate. Two alternative methods of compu-

tation will be treated.

DISCRETE FREQUENCY METHOD

The modal mean-square pressure p2 at the plate is determined from Equations (A46),

(A27), (A28), and (A20) as a time-average quantity.

P2 n -(P >= V2 Z 2 n (_ ioW )2 ( - ioM) 2 = 2 ar n 2

pmn <mn mn mn mn- Vmn '6 2 m (0n M2

f2 M_ 2 2 L t1 2

f2 .jL- y (M') sin2Z.x sin2  m.-) Imnn(0)

The spatial average of P2 is

mn

p 2 A (M\ 2
mnn 4LxLy WeMn"( 0 )

f2 U2 !

where* 2 =(6 x10-3

22

A - ,and
K

2

2
d

For a steel structure in water, let

1
h -in.2

LX=Lyn 5 ft

LZM 1 ft,

U = 20 ft/sec ,4 12 knots,

d - 0.02 ft,

0 t 3 x 10-2 sec

*See Appendix A3.
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2 102 (Q = 100) , and

p 64.2 lb/ft3 .

At coincidence (C B  c, -W = (')d

C =_ c4 = )2 2 B 2 B
B c46C M C W'/ g C hl

lence, ignoring Poisson's ratio a, the sound coincidence frequency is

02 [phlg C2

C 77 YEh 3 /12 =2ffh gEI

(4910 ft/sec)2  / 12(490 lb/ft 3 ) 19,230 cps
2i(1/24 ft) (32.2 ft/sec2 )(0.4175 x 1010 lb/ft 2 )

Now

k2 = A2 - F 2

M nmA

see Equation (A41). From page 174 of Reference 10, we see that for (amn c:6)I CCB< c and
r inn > k (note: kb and ka in Reference 10 respectively become rIn and k here.) Hence, for
frequencies less than 10,000 cps, I kmn may be approximated by Fmn * Further, restricting

attention to frequencies greater than 200 cps, from Equations (A47b), (A48), and (A50)

M'fM+MI+M 2 =M+ Pk .+ P- -- tan k L 2

I kmn m

But

kmn = i fm., i tan x = tanh ix, tanh =-tanh - x

Hence,
p -p

-P12  -tan ir L -m-tanh(-IFMnL) = tanh PMnL z

- P tanh L(B--)12
I kmn mn,
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~~~~ ~~/1/2 (~t I h ID

for a.n sufficiently high tanh () mn L Z -. 1 and M2  . (Note: In the NSRDC

system of units, M 2  P is used when making computations.) Thusgl kin,

2p

M'= M p M
rmn

Also, as can be calculated from Equation (A49), for &mn sufficiently high, we got 01 0.

For these conditions and using Equation (A8),

(mt2
2  (2~ ~ 2\ 2 2/g

but t

1/21/

cL .. ... - - (ignoring a)
h3

Hence,

M 1/2

and
P2CLh P2CL h

(s2 )2  1 2 1 2  2 h2

n m nPs

Finally, from Equations (A8) and (A21) for any mode

m2 _(Bi p 4  B r

is calculated, and 'mn(O) can be calculated from either Equation (A33) or (A34). In these

equations, Equation (A51) is used, noting that in this problem 0 0, M'- M, B - EA 3 /12,

and go  0 0; see page 170 of Reference 2.
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x 
dr

mn

x X MAX
x x w/Lx x x_ ~

x X x x

X ) )x x x

xx x x xX X X

x
Figure 3 - Modal Lattice and Constant Wave Number

Contour for Simply Supported Plate
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There is now sufficient data to compute all of the quantities in the equation for p2.

Finally, from Equations (A46) and (A40) and using km, = - irmn

tran(x,y,2,,) -- i m (x,y,z,t0) = - iWp Dmnmn sin( - iFmnz)

OP DmnStmn sinh 'mn z

Hence, 1,2 sinh 2 ;mn therefore, the modal mean-square pressure for a location away from
the excited plate would be reduced by the factor

2.]< LZ [5h M ,b

12] Isinh rmnj

z

MODAL DENSITY METHOD

We now determine p 2, the mean-square pressure as measured by frequency analysis in
bands of width A v. The modal density of a plate found by considering the area included by

the quarter circle of radius 'mn (Figure (3) ) is

dN (rm n) Fm IL y
n(F .) drm n 2 n

12(13)1/ 2
see page 135 of Reference 10. Hence, using Equation (A8) and the relation CL *\

previously shown, the number of modes included up to wave number rm is

LxL y (B L y \/3 L xL y

dN(Fmn) = FmndFmn - = do = dv
2 rr 4 rCLh

where dco = 2rr d'.

Thus, the average number of modes A N in a band A v is approximately
T3Lx Ly

AN= - ACLh

X y AN

equation for the modal mean-square pressure per mode is
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PA M 2 f2 A P2 CL h  2

m2742) Wm n .1 1 - JL 2 .n(O)
4LxLYM 4LXLy \1T42(mnPs h

Av
A 1 p2 -LXLyAN

2O n m n(0)
4tLL vT 0 onmnPs2 h2

For all modes AN in the band, the average mean-squhre pressure is

== P,2 ( mn/mn(O) AV

8,h
2

where wm, is now considered to be a continuous frequency variable.

Since all data are known (see Discrete Frequency Method), then for a given frequency

bandwidth A v, P2 can be computed. The results of the computation are given for A v = 1

in terms of spectrum level, SL = 10'lIogi0 I db, where reference pressure p0 = 1 Jbar =

1 dyn/cm2 in Reference 2, Figure 7. P0
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APPENDIX A3 - METHOD FOR DETERMINING INPUT DATA

Dyer used the following estimates of input data for the boundary-layer pressure field

f. m.. 6 x 10- 3 pU 2

122
based on measurements by Willmarth 1 2

K d 2

d
0 30 -

U"0

V = 0.8 U.

.O= KV0

based on a comparison of Equations (Al8) and its Fourier transform, -which is the spectral

density s(CO) = 2 <f(r,t) f* (r',t ) > e £Cd,-with measurements. 1 2,13

To determine the cross correlation or mean square pressures, geometric arid structural

data must also be given as in the sample problem.
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APPENDIX B3 - PROGRAM IDENTIFICATION

APPENDIX B4 - TEST RUNS

a8



NOTATION

A, Constants

a, b Length of panel sides

a,,14 Plate modal damping

~a, Amplitude of temporal fluctuation for unsteady convection

B Bending stiffness

C' Speed of sound in fluid

Young's modulus

V' Equals -
UC

y Plate input-response function

9 g, A function

h Panel thickness

I, K Integrals

i Equals 1T

Jg Jacobian

Ka Bending-wave speed

K,, K , K y Constants; wave numbers

Le Characteristic length of pressure field for semifrozen flow
(length over which a given turbulent pressure pattern remains
distinguishable)

it Plate mass

am,n Mode numbers

N Constant, for piston radiation N = 4

P Panel perimeter

Pr Total length of panel ribs

PWLmn Sound power level for m, mode

p(X,y,t) Turbulence wall pressure fluctuation

p 2 Mean-square pressure

R , Correlation coefficient for pressures

HY (-r) Normalized autocorrelation for pressures

t,t Time; times at which displacements are measured at points
r,y, and x', y', respectively
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to ,t o  Times at which pressure measurements are made at points
Xo oand zo , Y, respectively

UC  Broadband convection velocity

U, U. Free-stream velocity

u Local flow velocity

u(t - to ) Unit step function

ur. Frictional velocity

VOlmn Volume displacement for a mode

Distance from leading edge of plate

(A,y), (z y') Points on the panel at which displacements are measured

(Xo, YO)' (zo.Yo) Points on panel at which turbulence pressures are measured

Y(-,yt) Panel displacement

Y Root-mean-square of displacement

Y2 Mean square displacement

Ymn Eigenfunction or orthogonal mode of plate oscillation

y Distance from wall normal to flow direction

Pac Acoustic-damping coefficient

PC cCritical damping

Alt Structural damping coefficient

"inn Eigenvalue

8* Boundary layer displacement thickness

amn Total damping ratio

77 Equals y - y', lateral partial separation

I" ,Equals yo + Yo

0,01 2 Eddy lifetime for steady convection, i.e., time in which value
of correlation coefficient obtained from envelope of correlation
maxima (maxima-maximorum) drops to l/e

10 -2 Eddy lifetime for unsteady convection

v, vW  Kinematic viscosity of fluid near wall

Equals x - x', longitudinal partial separation

Equals z 0 + z 0,

p Density of fluid

Pw Density of fluid near wall
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(Yj aStandard deviation of distribution

Equals t - t', time delay
t ~Equals t

TO00

ro, ~ Equals to + o

Tu, Local wall-shear stress

'm(x, y) or((r)4 y Plate eigenfunctions

w Circular frequency equal to 2nf

'a 1  Circular frequency of temporal fluctuation

Inn Plate modal frequency

a4 Y 2a4 y a4y
4 Equals - +- +-

x~ a_,2aY2  aY4

< Symbol for time-average operation
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APPENDIX B1 - MATHEMATICAL ANALYSIS

Two models were taken from experimental data1 4 ,1 5 to represent the cross correlation

of the turbulence wall-pressure fluctuations in a broad frequency band. The models, desig-

nated as Model A-convected semifrozen pattern and Model B-unsteady convection-will be con-

sidered in turn.

MODEL A-CONVECTED SEMIFROZEN
PATTERN (UC = CONSTANT)

The normalized cross-correlation function of the pressure fluctuations for this model in

a moving frame of reference is represented by the sum of two Gaussian distributions

L _(__Ur)_2 + q2
/2

<p(X,y,t) p(-+ 6,y+ I, t +r)> 02a

-22 2 +, 1 e

p2

+ A e (B1)

corresponding to measurements made with a series of constant time delays and variable spa-

tial separation; see Reference 16 Figure 4. The convection velocity, obtained from Equation

(Bi), is defined by

max

- =0, when UC = - (B2)

Alternatively, -the normalized cross-correlation function may also be represented by

- I{:1 ( -[(e- u,7)2 + q2] - [(.- u 7)2 + n2]

R(6,qr) = e Ale + A2 e (B3)

corresponding to measurements made with constant spatial separation and variable time de-

lay; see Reference 16 Figure 3. The convection velocity obtained from Equation (B3) is

defined by
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- r 0, when U, (B4)

1) " "rmax

Since most data were taken at constant spatial separation, the autocorrelation function

obtained from Equation (B3) by setting = = 0 is

U272 -U 2?r2

C

2"2 222a? 2a2

R(-r) = A 1 e + A 2 e (B5)

and the corresponding power spectrum is (use Fourier transform Pairs 708 of Reference 7)

22

1- ? A 1u 2U 2  A 2 2  2U2

P(w) = -C R(r)e d'r- e + - e (B6)
2nf00 c7=e

Comparison of theory and experiment shows that the high-frequency resolution of

Equation (B3) is poor; see Reference 14 Figure 1. Hence a more satisfactory empirical rep-

resentation of the cross correlation of the pressures is constructed as follows from the auto-

correlation obtained from the measured power spectral density, with decay in a moving frame

of reference. This representation corresponds to a broader range of frequency components

than the previous one; see Reference 14 Figure 2. The measured dimensionless power spec-

tral density can be represented by

P(co)U e-K1W)F - K2& F - K3& F
• "A e+ A2 e + Ae (BT)1 2 3.

where

A1 = 1.6

A2 - 7.2

A 3 = 12.0

F = 8*/U

K, = 0.470

K2= -3.0

K3 = 14.0
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Using Fourier Pair 632 of Reference 7, the normalized autocorrelation is found

R(T) = R()unnotmalized
R(0)

F AK A2K 2  A 3 K 3  1
-- + +

1K + (7-/F 2  + (/F)2 K3 + (7,/F) 2

-+ _+ -i (B8)

By introducing the spatial decay e and moving frame of reference ( c-),

the normalized cross-correlation function of the pressure becomes (by analogy with Equation

(B3)) with respect to symmetry about the .6 and r axes:

-I 1 3
U co{ A yKy }

R( ,K 2 y,# + (/FUC)[ ucr) 2 + 2]

Y (B9)
lK

By changing the decay rate from I to L in Equation (B9) , (the Taylor hypothesis), the
UC0

functional form of R(6,q,?) still fits the experimental results. 17 Hence either form of the ex-

ponential may be used to describe the decay of the wall pressure correlation.

MODEL B-UNSTEADY CONVECTION
(UC, CONSTANT)

For unsteady convection, the normalized cross correlation has the form

-[(e- U r) 2 + q21

202
A ,)A(e +ale sin Co I'I) e

_ [(6 - U .)2  + 2]

T 2
+ A2(e + a2 e cos &o2 I) e (B10)
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and the normalized auocorrelation (ri =  0) becomes

-17* 191 -c29,

O 2a 2
R(r) :1 A(e + a e sin ( 1 1,1) e

2 2 2c 2+ A 2(e + a2 e cos 2 r) e (Bll)

STRUCTURAL RESPONSE TO
TURBULENCE EXCITATION

The displacement cross correlation of a plate due to the cross correlation of a random
pressure p(Xoyo,to) p(x', yo, t)> has been given by Dyer; 2 see Appendix A

ft f a b d'
<yY(X,y,t) Y(X',y,t')> = dto  dt" dxo  dyof d dyo

-fo 0 f0  Jo

Sg(. y 1t/zoYot o ) g(',y',/Z.o,Yo, )

• <p(o,Yoto) P( oYo,to)> (B12)

-1
Using Eqaation (B9) with -= h -I = I to - t'I , the urnormalized cross correlation for

semifroen flow becomes

- I to - eI
0e 0 1

<P(x 0 ,yo,to) P(X,Yo,t)> 2 _

v-i I '

3 AVK

3 AV KV

K2 (1/U)2 f([(xo- o) - (to - t)) 2 + (Yo - y (B13)

As in Appendix Al, the homogeneous equation for plate vibrations has the form
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a2y(X, y't) Yzy)
BV4 y(X ,y t)++ M(" a+P~t~b~i (B14)

at2  a

where
[Inn~l + iw)nn t]

is the normal mode solution to Equation (B14). Substitution of Equation (B15) in Equation

(B14) yields

V4 0mn(X y) _-FmnOJ(Xjy) =0 (B16)

where

-M-amn+ '' in )2 - (Pa, c+ Pt) (-an + '(m)
mn B(B )

Equating imaginary and real quantities in Equation (B17),10

Pac +Pst 8 mnomn
a mn= -- - (B18)

ma 2M 2

and

2 =4B 4
mnn M mn (B19)

* Forced response of a mode to a sinusoidal foirce or 3-dB method was used to measur- damping. For small

P 1 64 -6 It- &
damping, if P= Pc+ P,,the decay ratio = PC = 2- I = 1--4 I-, where j+and &)- are circular fre-

GC p 6 mn 2 Oma

quencies of vibration, when response differs from extreme value by ratio of \ 25 (equivalent to MdB). In Reference

A6)
14, Equation (13) Maestrello defiaed the total damping ratio by 8m -- Hence

p i~ = ~ p ama nam
PC 2 ) 2 2M6)m 6) ma 2

see Reference 18, pages 14-16.
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For low damping, the impulse response function was found (see Appendix Al) to be

¢m.( =,y) OM"( XO' YO)

(.r, y, t o to )co )M
n I n

[ianLn(t t0 ) )]

e sin Omn (t - o  (t - to) (B20)

Substituting Equations (B13) and (B20) in Equation (B12) and ignoring cross-coupling

terms,
P 2 .,(zy) = (X ,y')

<Y(,y,t) Y(x',y,t')> 3 m n 2s~~~ ~ s(rs s s Om n ,
.f dto f dt dzj o dyoo dxo  dy' e
-00 -00 o JO

-area~t- to)

• sin con(t'- to) u(t'- to)] e 0[sin Wmn(t- to) u(t - to)]

-t o - t,

3 k,.(Xo, yo) 4zm(oYc) AK , e

=, + (1/FUC)2 ([(X - Xo) - U"(to- to) 2 + (yo- y)2 (B21)

Also (see Appendix Al)

2 mnr. nny-- sin - sin -- (B22)
rkmn (ab)1l 2  a b

By trigonometric manipulation,

€ ..( = o , Y o ) 9 5 . . ( X '  1 ' 0 = 4" O - • -O
' ab Lcos -a cos a

n- n(yo - y) nr (yo + y ).

[Cos b cos f b (B23)
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The space integral in Equation (B21) may then be written

!v =f: dy ' dy dxOf dxo :

1 [C M?7 (X- X M77(X 0 + X0 ) nu ( YO- y ) n 7( YO+ Y )
os a cos os cos;b a a IIb b

K + (1/FU) 2 {[(Xo - Xo) U-(o - 0P+ (yo  o)

b b a a

=j dyOo dy dxoJ dxo f(Yo, yo xO' ,xo) (B24)

Tu simplify computation of Equation (B21), the variable of integration is changed, thus

reducing thA number of operations for the integral.

Let

Yo + o  2yo - g1( 0, q 0, e = 0)

~'X .. .. ~=x0 x =/- =
q = yo -Yo -q=2y o  Yo =2= g2(n' q, =0, 6= 0)

2

= X0 - C-6 -:- -: = 2 d=2 4 br 0 ,77r" 0, 6,6o )

In Appendix Al, following Dyer, the transformation of two variables in a multiple in-

tegral had the following forui. Let

Then

Ou O du dv
S(x,y) dx dy =f f[0(u, v) !,(u,V)] ,Oy j u

f fffau ay.

A similar formulation may be made for any number of variables of transformation. 1 9' 20
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IV a f(x)dx= f f[g(t) (t)dt (B25)
g (x)

where x g(t) and = g- (x) (the inverse function). In this case, from Equation (B24)

f(X) - f(Yo I Y' W' xo )

1 r m(x-x) m n(x+ X) n (yo- n(yo + Y')1
os - CosCOS - c - ----

ab a a b bU', 2, + (yo ,
= K +(11FU) [(X0 - X0 - U" (to t)J+ (y 2

also

f[ 9(t) f[ 91 9 ( , " 2(,0,, ', ,'),I 93(,q,,q"6 e'), 1g40 In 1, 6,6')]

=f q , (q -,) q ( e'+ 6) ( e'- 6)]

12 ' 2 -2 2 J

Substitute in f(x)

o- - =, + = Yo Yo ='' Yo + = 1

to obtain

O- os !-COS
ab a bbf[ g(t)] r J (B26)

(1/FV)2 
[(t -U( to - 0~) 2+12]

also

agd ag aag, 1100

a, a17 ' Gk ae' 2 2
a9 2 ag 2 a9 2 a92  I I

________3,g4 a9 a1/" a a "' 2 2 1
g (t)= a(91, 1 ,1 3 9) an e 1e 24 2(B27)

J' a93 a9 3 a9 3  0 0 1 1 4

a07 an a" a" 2 2

ag 4 dg4 ag 4  00-

a17 an, ae de, 2 2)
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To obtain the new limits, transform the limits in the yo, yo plane (for the transverse

coordinates) to corresponding quantities in the q, q 'plane and the limits in the xO, xo plane

(for the longitudinal coordinates) to corresponding quantities in e, 6 plane. The transforma-

tion is shown in Figures 4 and 5. From these figures, the limits for the " to T planes are set

to

x-- g (t) =f (yo, Yo, -o, o):0 < Yo: b, 0 < Yo <5b, 0 < xo <S a, 0 < xo  a i

t= g-(x) =(6, , C-'):-b<q!_ b,jq1 q'5 2b - I, -a < 4 a, 1I '--< 2 a-

(Note: For q 0, q'- 2b T q, respectively, or equal 2b - I I along upper branch. For q >0,

S= + q, respectively, or equal I q I along lower branch. Simils.rly for 6'.)

Substituting Equatio's (B26) and (B27) in Equation (B25) and using the limits for 4,
', q, 7derived above, we get

Cos i- Co cos .cos

I i-- d- 2 deIII f2bdqL a a L. b 6- I

S a 4-b d i 1 dI 1 ii I71 KV (1/FUC )2  [4U, (to -t;)} i]

Integration with respect to q' and 6', in turn, reduces the integral to

IV a ff =a-- b n) lll,._. ) cos---' in,- (b-Iq -os- sin----

a-b~ [.I a L 2 2 2 2] I ~]d

(B28)
where

2f since the trigonometric functions are even functions of their argument and are thus

b 0

unaffected by the signs of 4, q/.
Equation (B21) is rewritten

< P 2 Wm(x',y,)

AV 
mnVA 12 on2

(Equation continued on top of page 48.)
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ii

6 -- ------

3-6, '( (- b ) (b 6)

y~o 1 Yo - b

4 --

0 Y;, - 0 Yo
Figure 4A - Original Coordinates and Figure 4b - Transformed Coordinates and

Region of Integration Region of Integration

Figure 4 - Transfornation of Transverse Coordinates and Region of Integration

Note to Figure 4"

Line r, %%hore YO 0 tran4tom ,4 to -

Line F, shore y, transfrmns to. q', # - 2b because '- YO ' yo" -' (yo' Y;' o )L io F 3 hr ', -b t rane.fo m s to q7 -- , - '26 q " o - Y " g ;" (yo , y t , -'o , )
Line 14 wSro y0 - 0 transforms to qy"-(- Z

Thus theme limit poinL% of Equation (1124) for the region yo, yt denoted by.., in Figure 4s transform
into the line., encloqing the region T, shown in Figure 4b. The limits tor ,1, l"obtained from the later are

based on the following relationships.

Alongf 1 . 0 < yo -b q,"-, q - II
O

=
0 7'- YO + Y; " Yo

Hence 1'ranges trom 0 to 6 with slope L9. 1.dl

Where q O - l - 0 then i1  -0;
'o 0 lb -o yo - 0

whereill - y o -  Y; - b then q'. .
y - b )b 'b

d91
Ang 2 .: 0 5y : 6 '+/-2b orq.2-qa- ndw.d-- I

Yo "6 ' - Yo +o b +yb +

Hence q" ranges from 6 to 2b with slope .- 1.

Where Vl. 0  -yo .
6 then 1)" -o .6;

whwe 7  " - Yol b " b- b -0 the"iI', o . 2b.

Along 13: 0 S 6 /'-9.- and .L.- I

-6 Yo + n Y;-y

Hence I'* ranges from & to 2b with slope ff. 1.

Where, 7 1  Y 0 Y -y -- 6 then n -0 ;he,o.Oo oo o 0 *o o

where 71 Y0 b Y° - Yo,0; i b" b-6-Othen Y0.o -26.

Alongt.t: O< Y; S 6 9'- - I anid .- - I

YO& -,-Yo+Y - 1.

Hence 1'ranges from 0 o6 with s lope

Where - y, -o "yo o 0 then q 0;

where'l. q b Yo Vly b - 6then 0 i .
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2a
a2

z-g(t)

(-a,a) r 9" (a,a)
Zo1. 2 z0 -a ; --

t- g- 4~z 1 ,1

0 0.o a 0

Figure 5a - Original Coordinates and Figure 5b - Transformed Coordinates and
Region of Integration Region of Integration

Figure 5 - Transormation of Longitudinal Coordinates and Region of Integration

Not, to Figure 5:
Line fI where zo - 0 transfoMs to '-f

Line f 2 where z0 - a transforms to e"+ f -2a bc .zo + .o, g;, (Y0' Yo, o

Line f3 where Z, - a transforms to - - b cu o -se, g I (Yo, Y o "o

Line f4 where z0 - 0 transforms to C--

Thus the limit points of Equation (B24) for the region ao , zx denoted by X2 in Figure 5z transform into the

lines enclosing the region T2 shown in Figure 5b, The limits for e, f'obtained from the latter are based on the

following relationships:

Alongfi: 0 < zo  a C and - 1.

deC0; o .0- + oX; ---o

Hence f ranges from 0 to a with slope - 1.

Where f1 Xo . 0 . 0 - Z; 0 . then f°, so - -0;

where fo a " . o " a 0  - -. a then a

df
Alongf 2: 0 z < a , +  aor - a- and.--- l

Hence C' ranges from a to 2a with slope - - 1.

Where . o -z*lx.0 " o - a then C1 s.o - a;

where -,, " -
z  - a- a - 0 then 'O -a - 2a.

o 0o

dfAlongf3 : 0.< z 
-
a °- C-2a and --- 1

zo-a f' . o + % . xo+a

Hence C' ranges from a to 2a with slope, 1-. 1.

Where Yo - O- - -a then f'°l - a;

where f " - .o - -0, - a -a-0 then '1  2 a.
z0 - 0 x0-

Alongt 4 : 0 < zo S a C - - f and f-.- 1

de
0 - 0 V - 0 + 0 0 Z

Hence C' ranges from 0 to a with elope - - 1.

Where C1  -o - z o - 0thenC 1  " - 0;

where 0 -a then f'C1 , .a.Ix .a 'o I o -a
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-nx(9 - -a ,(t-t'O
j to dt e sinCU t- to) t-( to) C sin ,t - U(t'- t)

-. ' -m

3 ba, b O,,,(zo, YO) €,,,=,Yo),. C# z Y ~ ' 1r 'l(:-O ++-o - ]+Y-oLI .dof dy fo dz4;f dy, .( 0 y)~(4,4)

0 K' (1FJ0 )2  [(ZO -XP- UC(tot4;)0 + (gYO ;)2

(B29)

where the space integrals are given by Equation (B28).

Having transformed the space coordinates, now transform the time coordinates. First,

change the variable of integration and find the Jacobian

."o + o

=7. -J 7=

2r '"t " : = "to - -r t6 ----- -= 92 (TO'o (3)
",-o o 2

ag1  ag1  1 1

a(g1,g2) a""o a-6 22 1 (B-

(%, %) a92  ag2  1 1 2
a.,.o  a,.o  -2 2

As for the space variables, now obtain the limits of r'o, 'o in the transformed (Tcd)
plane. The transformation of the limits in the to , to plane to corresponding quantities in the

To', 4o plane is given in Figures 6a and 6b where the limits from the Ycd to Tcd plane are

shown to be

(cd : -( < to  t t  < to  t

Ted- ('ro,'ro) : ~o - 2z< 7o 2t - ' t + t" (B32)
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2~2

- 3

10 Q QR -

(-,d ( EI (-dd-d

Fiue6a-OigluriateSubdivso fRgo noToPrs n

~~~~~~~~~Figure 6b - TransformaioeodTm Coordinates andReinoItgain

based ~ ~ ~ ~ ~ ~ ~ ~ ego on thflowngrlaiosipusngEuaioon3)

Line~~~~~~~ 11 1hrt Q + d, -e 0 ttasom o, t~ - r 0+d ~-' 2

LineE wh r - 6 - 2t < AT PON E trnfom to -a-' ,r +tr~-2

Lieguwre - diiso of Region tAnrto Tw Parts, ~-* an Q', ~-r

ineu whereransformation of Timteanoornas o d Reio of Int~r~cteg ration

Thn imer limith points of nE retion ()orntes reieon on, t e ne lm its a gre un by er so vgim -

banedon teuatlion thus: sisuin qato (3)

Lie oinheet.A--:d r0 -c<t, t ransfoyies t 0 .o-(d,T 0 -o+ d -r

Lie1Pweeont,-d r-+ ttnyfeds to , -td,r 0 - t+d r-tr

Lief3w oentC'Vt: to 2 - 0 r 0 tra yieds t 0 0 - , r 0 +-', r+2t

LieF Phr on-' -t 1 - transformyies t o - r - t, r 0 -- t c q c

The imits for the poiansfotrecaible (crnrs rprenowotinte fnowmitigure o by sving themre-

tangua eguaionst thre eins:B ,oe hchtoitgain r ob promd rmtefgr n

lettin A' ro rd- 2c we have:yed r -- , o--

P o r egi on A 2 td r 0  2 t yi eld ts -t tt '

Thelimts or o r Rgion aibe or ar now -obtine fro i e the lysbimiigt e f rec

tanglar egio int thre reionsA, B C owincid the vi yilazegcotrbtions r to b efre.Fo th e total an

inttgral Thrfr thd liie arhntvosierd

For RegionC A t T5 0  s r21

-- d< r < t +-t becoms -c.< r '

Antga, heor these limits are not considered.

Since only the limits for Region A contribute to the total integral, they alone are to be considered,
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The limits for I'cd shown in Figure 6 correspond to integrations for Region A only, which

i. the only region that need be treated. To perform the integration in Region A, it is con-

'enient to subdivide the region in two, Q and Q'as shown in Figure 6c. The limits are then
reestahhi-hhd so that the first is integrated with respect to 7"o in Region Q (the inner inte-
gral) and then with respect to r" in Region A; similar action is taken for Region Q'. The

limits are (letting t- t- rv)

In Region Q + 2t

-0< T< t -t' - 7

In RegionQ' - -o2t- r

t-t' r ro

The transformed time integral is now obtained from Equation (B25)

~Ed g'(x

using Equation (B29) to obtain

-- ..-
fig(s) - e 1 sin o~m(t - " v(t - to) e sin Wan(t'- t) V(t' - to)

e -(t cog ,,,..(t + t'- to -. 0 ) - cog (0.'(t - r'- to + t )] • ,J(t-t o) W (el- ;01)

- tI o - I

Of cos , I(e ' -,- ) - cos . .( r.-) u t "-.)

2

2 2 J

(B34)
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and Equation (B31) to obtain

j 1 (B35)

The time integral I'then becomes

S r + 2 [g(t) d do +- [ ofgtd d0

V- I;I + I' _ A) _( _ o
... - J f j

For Q For Q'

S0 +2o ((t+ 70-f + 2 t'

= -o e Cos OS mn( w ] + t -,'0) -

am n, 0+ t'-7-) 0
e COS &m.( '-r0 e dr% Id(

-7OO I- eamn(1+ t'-7) COS &)mn(t+ t',-r) - f21-

-1 -I11

-amC (t+ 1'- ()  0CO o n (r'- 0 e dr dro

(For convenience the u's are omitted.)

Using Formula 414 of Reference 21 to obtain the first and third integrals(the second

and fourth integrations are simply performed)and noting that t + t-- ro - 2t' = t - t'- r o

-? o  and t+ t'- 2t+r o -- t+ t,+ o - o -'F, weget

1 -amn (r- ) [amn Cos Wmn ( -'ro) - ma n (onm r-o) 0+ fi e dr
f 2 +2

a.o an + 0)mn

_ I- 'o l
1 -amn(To - )

+ -- - -- J e COS ( r ) e d o4 amn -own'r- 0
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We define

a Mir a

f2(1 b-~ )7 Cos -+ b-sin m- (B38)

Then

= 
2

A V M2mn

3 7A K1, 2 fIa f o dilde[ 1; + 1 (39v=1 a l 0 '2k' 2] BV~j K v+ (l/FUc)2  [e - -, (t + ]
or

<Y(XY~t)Y9XmnQZY)92mn(;' + ')
3 A ) m n 2ab o2

maj (B40)

where

3 Kvfa ,(~ 2 q qd 41'
a '2 vK + (1/FU) 2  U 1 V(et - tP 12 ]2

6) a3

a2(0 af 4(0 f2 07) AVKV

a 0 n 6) 7mn 01 o
re 0 sifl6jmn(r-7To) + ~YCOSOm( 7 ) 0 vd 7 d



3 a b f il
v=2 -oVA1 fL f,( o 2 21 ild

j oJ K +(1/FU )2  r LUc&o t) 2 + 2]

ma m n a'3

a2 +&2ff,() f(1)z AK

rln n mn -a 'o V-

-a m (t -) W
6

m n ~f e sincc('-)+- coS Cn(7r-T)2 e
• m 0 an mar 00 jd

K2 + (1/FU) 2  [ e- UJ(to to + q2]
(B42)

The time integral in 1, and 12 can be further simplified by changing the limits of
integration. In Equation (B41), for ! let

r e  a n( - .O ) s in co.rn ( r - 70O) + - COS w mjrn r - rO ) amerr 0G m

I mm nf 2 - dr

K + (1/FU )2  [(e-U' .rO)2 + q2]

let

S" -r- ro 2 7- ' dT- d-

when

'rO = 'r, F= 0

TO = 00

substituting the previously mentioned quantities in K1 and noting that -oo=5

m m

sia coEx COSa emn mn

1 

0m 
n

0 K2 + (r/]uo)2 [ uoi + U )2 + q2
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Similarly, for the time integral in 12' set x= =- 7 + = and note that when

-r. , whereas when r. = r, = 0. The substitutions yield

-I T I

e-an em
e sin mn+ a Cos ,),m;} e

fmn dr, (B44)

0 KV + (1/FUC)2 ([C-UCr-Uc) 2 + /2

When Equations (B43) and (B44) are substituted into Equations (B1) for I and (B42) for 12,

respectively, Equation (1B40) becomes

< Y(X,y, 0) Y(x ly t')> P_________________)_
3a MA Gj m n(a2 + O2

'V= 1

0

f a 
(23N [ 0 ' {K + AV KVe

a 0 K2-- C. + UXI2+2
If----1 V }II

7-I 7+ -

+ K + (1/FU )2  [ 4  Ucr) UC 1]2 + q2}d} d de

(B45)

where

mn amn O Bm6}

g = e m sin(Jmny+ - cos (B46)
amn

and it is important to note that

F = 7r -o ;dff dr o for the first terms in the time integral

= ro -r; d- dro for the second terms in the time integrai (B47)
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I

Let

71ri b5 Mae, az
-- or z I;-- or (B48)

n a Mrf

then

=CG.- Cos -+- sin -
a a mrr a a mff a

[lt( )CO 7 ,o +---( - 1 cos Z'+sin 171)
a M;T

f2 W1 ninq 1 i Co.'i nrr1  1 n1Cos r - ( cos + sin-

f2 (' 7 ) .121 (Y) b =Cos y +- (sin I A - I Yl cos j) (1349) i

Note that /t (0 af, ,($) and f2 (i) = bf 2 1 (/)

also when

= -a, F"= - mf

= a, 7 m=r

q = 047=0

7 = b,'= nir (B50)

and

b a - aba' I , -yd : -dz, dd =---_ dy do (1351)

mnrr
2

Substituting Equations (B48) through (B51) in Equation (B45), the final result for the dis-
placement cross correlation is

56



p2 ab M (XY)c..(x ,Y')<Yxt y(X ',t')> =
2vt2 _ 3 A AncoM\

]42 mn m ( (a2  n+ W
2 )

0
f I ( P) - g 3 AK

-m rt [ 0 1  {K +(1/FUc)2 . r U 2 )
AK e7 i

-It+ Yl
0

+ V Vi ]2d] j d* (B2K+ (1/FUc)2 U[(..- Uc - Uc ] 2 (.)2 d (B52 )

(Note that in Reference 15, Equation (28), fry ()-. (), f2  () " f() and g (X) -. g(X).)

If the second form of decay is used (for constant partial separation and variable time
delay) for the cross correlation of the wall pressure for semifrozen flow, then in Equation (B13)

_ - t~ l - -, , - 1 a r I
0 ucO UcO nUe e" U =e =e

so that following a procedure similar to that used in deriving Equation (B52), for this case

<Y(,y,t) Y(c-,y't')> p2 ab 0.m(XY) mn( ly')

2r24 M2 mn mn omn(a 2 + (2)

• I ( )  f2 (Y) gl x "

-torL ai "' ] + + 2 + (.')2]M900V= I + (llF U )2 L\ - - X)+Uc \ rr/

+ az A______)2] d__ dg7 d (B53)

K + (1 rrU,)2  ( - +U(.) 2 1 + (L
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where

a S - I Cos z + sin j z)

e\ mr n 
co S

(B 10) r c mos y + co (sin i s iv Cosbyb nrr

-), ) t 0 I J d mnl(- e [sin (o+-a., n COS OmJn

{ ~e mntI [sin

Equations (B52) and (B53) have similar numerical results.

If the pressure covariance is used for unsteady convection (Model B) given in Equation
(B10), the response of a panel including modal couplings is given by

Y(X, Y,t) Y (z ,y ,t)> = dto f dt d o  dyo f dyo
-00 -0 "f0 0 Jo

O{ n n ( z ' ] ) . ( --O y O) - a m n ( t - t o )

O• e [sin w~mn(t- to) u (t-t 0o)

-a WM,q( -,y, Op. q( ,o - pq~t- o

e e [sin w q(t'- t ) u (t'- t()]

Io- toI -Ito - t I

p A1 e + ae .sin w, Ito-to I

- [(Xo-X) Uc (to-t) 2  + (yo -to) 2 }

2a21 02 (72 '
to e t' 1~ o s -(to--{(Xo- U-o,o,o ]2 + (Yo°_° }}

e (B54)
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Using the modal volume displacement

VOlmn =V f (z) (y) dx dy (B55)
00

the modal acoustic power radiated in a reverberant field can be calculated

No~pcKa 2Pr +P afb

PWLmn 4r I2€(1 Iqn(y)l dzdy]

(B56)

Finally, using Equation B9, the normalized power spectrum of the turbulence pressures is

computed for case of 1 0. The normalized correlation coefficient is defined as

Y(z,y,t) Y(z", y,t)Ry (e,,7, r) -1-/.
[y (.,,t,) y (X,, t')]

The normalized power spectrum is then

(21f) 2 -. 0

U 0
-0 eI d r- ~ed

( I, , 2 ( o (B58)

y-71=1

From Pair 632.2 of Reference 7, with p =i and -K F, the quantity in brackets equals
Y

e -KgYFlo I - iew /Uc  Hec
• "--e .Hence

K'yF

-lei

P(K1  F) = e- KYFJI U-O -iKd e (B59)
3 A Y A Ye -00

y=1

where K' + K1.
(IC
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Using Pair .144 of Reference 7. with p iK 1 =i K ) , and the integral

-2," V, 0 2 ' O
equalk -(A') 2 

- (1.' U'o)2 1 + 2 (cc + KiUC) 2

Hence 3 -Aye KF

P(Kl,()= (FU /2r) (B60)1 + 02  ( c +  K UC) 2  
C _. Ay )

which agrees with Reference 16, Equation (6).

COMPUTER PROGRAMS

Computer programs for either Equation (B52) or (B53) and Equation (B60) are designated
as Subprograms A and B, respectively. Reference 22 presents equations similar to Equations

(B52) and (B53) and gives Fourier transforms to yield the displacement cross spectral density;
(see Reference 22, Equation (27)). Since the method of derivation is similar to the method
presented in this report, the details are omitted here.* The corresponding computer sub-
programs are designated as Subprograms C (modal coupling excluded) and D (modal coupling

included). The latter subprograms treat simple and clamped supports and uncoupled and

coupled modes.

APPENDIX B2 - METHOD FOR DETERMING INPUT DATA

The foliowing data are furiished to the computer

Flowdata: Uc  , =FU, w,p 1, O,A, K. where v=1,2,3
- 2Pr+ Pp

Panel data: a, b, , mnE, Ml 9:mn, omn ' e i, ', m, n, F, N, pcK, P +
P

The method for determining the data is now described. Either the data are arbitrarily
selected by the user, i.e., the values are chosen to represent the range of interest, or the
selections may correspond to experimental values for a parameter.

•The mathematical form of the model representing turbulence excitation pressures used in Reference 22 is
slightly different from that used by Maestrello in his earlier works.
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Parameter Desctiption

An, KV  Prescribed constants used in Equation (B7)

a, b, h Prescribed quantities

E A prescribed quantity

M A prescribed quantity

m,n Prescribied data

N Determined as described on page 434 of Reference 15.
Maestrello assumed piston radiation for which N = 4.

2Pr+ P,

Equal to 1 for a pli.re without ribsP

P2  Equals P(o) doa, where P (ca) is obtained from Equation

(B7). This quantity can also be measured directly.

UC  A parameter whose values are prescribed by the user,
Uc = 0.8 U. ; see Reference 15 page 427 . A method for

measuring this quantity by experimentation is given by
Equations (B2) and (B4) or alternately for K, o space by
equations given in Reference 15, page 414.

z,y z, y" Prescribed points; the cross correlation of the displacements
are computed for these points.

F Determined by taking the square root of the calculated
mean-square displacement.

S*(-FU) Equals 0.37/8 (U. x/v)- 1/5; see Reference 25, Equations

(21.6) and (21.8).Tables 1.1 and 2.1 of that reference give
values of v in air and water. Using this equation, values
of 8" for a given fluid can be prescribed over a range of Uo.

amn Total damping ratio obtained in accordance with the methods
of Section 3.4 of Reference 14 and further described in the
footnote to statement preceding Equation (B18). Note that in

Reference 15 Figure 19, an, ,1om n/2 , whereas deter-

mination of a., in Figure 16 of the same reference is made from

the formula amn 0.5(wmn)"1 , which is based on El Baroudis

data. The latter was considered acceptable for thin plates. In
general it is preferable to use the former method in making a
theoretical calculation. Value of amn may be prescribed by the
user to determine the effects of damping variations.

*Our equation agrees with that given by Jacobs in Equation (59), of Reference 34 letting Ue= 0.8 Mc(M = Mach
Number and c = sound velocity) and noting that U should be in milliseconds in that equation. Our equation differs3!
from that given in Reference 14, Equation 7, by a factor of 10- , see also Appendix E.
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Corresponds to the time in which the value of the measured
correlation coefficient of the fluctuating pressures at the wall,
otaifned from the envelope of the correlation maxima, drop to
1,'e. Plots of 0 versus Mach number for broad- and narrow-band
frequencies are given in Reference 14, Figure 5. From Figure 5*

0 - 1.17 10-3 Uc + 1.15 where 0 is in milliseconds and UC

in feet per second. Thus, 0 = 0(U) may also be prescribed for
various values of U.; 0 may also be obtained from the plot of

UO!3 * versus the Mach number given in Reference 15, Figure 6.

Proscribed data

p K2, The numerical value of this quantity for air has been computed and
included in the program. For a water medium, it is necessary to

modify this value in the ratio of (pC)water/ (pC)air by adding
an instruction to the program.

, W Determination of this quantity is based on the law of the wall
described in detail and shown in Reference 23, Figure 1. The
Macstrello data given in Reference 24, Figure 2 , lie along the
universal curve representing this law. (Note that for incompress-
ible flow, the vertical coordinate of this figure equals u/u.).

y u .u yur

From either of the figures, -/--= -- constant = inverse
/w W

slope of the curve, which is measured. Hence if the velocity pro-
file of the users data agrees with the universal curve, then for a
known value of vw, selecting a value of u corresponding to a

value of y yields the value of u." By definition 'r.. = u!

(XY)kn(,y The data required for the computer program are calculated by the
digital computer for a range of prescribed values of m,n, , y, ',
and y'.

Prescribed in Equation (B7) to obtain P (to)

0m n For a plate of given geometry and structural properties, this
quantity is computed by hand for a plate with rigid or fixed bound-
aries using Equation (A7) of Reference 14. For a simply supported
plate, use Equation (IV.5.16) of Reference 10.
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APPENDIX B3 - PROGRAM IDENTIFICATION

A program is presented for computing mean-square displacement (Subprogram A) of

a simply supported rectangular panel excited by a turbulent boundary layer and the modal

acoustic-power radiation of the plate in a reverberant field. The program also computes the
turbulent pressures on the plate (Subprogram B) and the cross spectral density of the dis-

placement for simple or clamped boundaries without modal cross coupling (Subprogram C) and

with modal cross coupling (Subprogram D); see Tables 2 and 3. Computer running times for

sample problems are as follows:

Subprogram Computer Time

A IBM 7090 The Simpson rule of integration
at 4 modes (m = 1, 3, 5, 7, with n =1)

NSRDC I convection velocity U,
Approximately 28 min

B IBM 7090 48 frequencies
at 8 spatial separations

NSRDC Approximately 2 min

C IBM 860/91 Gaussian quadrature (9 point)
at 4 modes (m = 1, 3, 5, 7, with n= 1)

Applied Physics 1 ULi
Laboratory

Johns Hopkins Approximately 9 sec

University
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10-6 •_________
U. 0 . .

14i5x1o0 5 ,1 ls1 F4300 I.S x IS10 11 F 8 3

4O 0.7 x 16-t 7,1 1471 17
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Figure 8 - ComputeO Modal Mean Square Displacement for a 36- x 6.5- x 0.04-Inch Panel

Compare with Figure 19 of Reference 15. The tend of curves there is similar to curves drawn here, but

differences appear to be due either to a normalization factor of 4 r 2 or to the use of different values of p2

than those used here.

4x110+1-
32

16

" Figure 9 - Contours of Constant Turbulence Pressure Spectrum Level
-' for Converted Semifrozen Pattern

_ Compare with Figure 5 of Reference 15.
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Figure 10 - Computed Displacement Spectral Density for a 12- x 6- x 0.062-Inch Titanium Panel
Compare with Figure 20 of Reference 22.
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10-12. 
.

U, = 2079.0 T -x'- 0.5FT

U -1356.0 y =y'=0.25FT
Ji i ij] )iH P-7 3.55 Me - 3.03
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. I -! fn 3 1 * NSRDC COMPUTATION FOR--Omn
SI 3 ... MAESTRELLO COMPUTATION FOR

n"  ; - = 3 VARIATION OF w ABOUT co

- -iI " (SEE FIGURE 23 OF REFERENCE 22)

u0 1 i1j CLAMPED SUPPORTS

a.( •9 .~.UNCOUPLED MODES

u 7 --- -. n=

S1000 2000 3000 4000 5000 6000 7000

f (Hz)

Figure l0b - Results Ignoring the First Part of the Solution

Notes for Figures [a and l0b:

To compute the power spectrum, without coupling, Subprogram C first uses the Warburton method to determine
the eigenfunctions and eigenvalues. Hence the user must submit the coefficients for the boundary conditions he
desires. The program comes in two parts: the first solves for the peak response at oJ = O mn and the second
solves for the spectrum, varying cv around m.

Figure l0s shows a narrow bandwidth for some modes, such as (5.1). This means that if the user were to run
the program only for o) o~mn, (as in Figure 0b which ignores the first part of the solution) he could bypass
the peak response. The curve shown in Figure 0a is a result of bot programs, where DW, the interval used in
the computer program, was i00, for the cae p coSnn The curve was then extrapolated to its peak value at

= mn"Input data for Figures 0a and lOb were obtained from Maestrello, he computed his modal frequenies for tip

= 0.06 and 14 psi and used experimentally obtained values of damping. The relations Uc = 0.8 Ue and c 12ond

were used. Input dimensions of length are in unts of feet, whereas by means of a conversion factor in the pro-
gram, the corresponding output is in inch units.

In Figure 10b the static pressure p 14 psi is introduced into the program by modifying the value of inres

obtained at op = 0.06 psi 0 psi from the Warburton equation for clamped boundaries. Since cve - p 2

re mand
approximately k eu Ed then o is proportional to the square root of E and therefore the stiffness a If origi-

nally we have EAp = 0 = 0.21 x 10
8 

psi, then modifying E in proportion to the change in stiffness which was

measured with a strain gage on the panel under static loading, we get Etpi 14 psi 0.33 x 108 psi. We then

recompute the value of cores corresponding to this value of E.
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APPENDIX B

TABLE 2

Identification of Subprograms A, -B, C, and D - Maestrello

This table includes identification input and output data
units (in foot - pound - seconas), flow charts, order of
data, and sample data. Computer subprogram listings are
given at the end of this appendix as Table 3.

Subprogram A: Computation of Plate Vibration and Acoustic Response
for Model A (Semifrozen Convection)

Subprogram B: Computation of Cross Spectral Density of Turbulent
Pressures for Model A (Semifrozen Convection)

Subprogram C: Computation of Cross Spectral Density of Displacement

Subprogram D: Generalization of Subprogram C to Include Modal Cross
Coupling
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TABLE 2 A

Input Required for Subprogram A to Compute the Plate Vibration and
Acoustic Response for the Semifrozen Convection (Model A)

and Corresponding Output

(Units are given in foot-pound-seconds)

Symbol Used

Data Description Type in Program

Flow Characteristics (Subprogram A)

Uc  Broadband convection Decimal UC(l)
velocity

-7 Mean-square wall- Decimal PB2*DPB2(I)
pressure fluctuations,
which vary with U.*

(FUC) 2  Quantity - Decimal FUCSQ

squared where:
6* boundary-layer

displacement
thickness

U free stream velocity

K1,K2,K3  Universal constants: Decimal AK
K 1 = 0.470

K 2 = 3.0
K3 = 14.0

A12 , A 2 Universal constants: Decimal AN
Al = 1.6

A2 = 7.2
A 3 = 12.0

(*PB2 would represent a unique value of p2 if p2 were independent of U(. It enters the program

(i.e., data cards) once only. Since p actually varies with U. a correction factor DPB2(I) is entered

with every value of U .Thus p 2 as a function of Uc is accounted for by the quantity PB2* DPB2(I).
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TABLE 2A (Continued)

a D i Symbol Used
Dat a j Dscription Typ in Program

N'a/r (Charareristics

h Panel thickness Decimal I

0 Square of plate mass Decimal FM2

h Lengths of panel Decimal ZUP, YUP

sides

Am, n Total damping ratio Decimal DAMP

Gim., Modal frequencies of Decimal OMEGA
the plate

Additional Quantities

Range of plate mode First m mode number, Integer MLOW
numbers for which last m mode number, Integer MUP
calculations are interval between m Integer DM
desired mode number, total

number of m's Integer MSTEPS

Same information as Integer NLOW
previously described, Integer NUP
with respect to n mode Integer DN
numbers Integer NSTEPS

r Time delay Decimal TAU

Number of values of Integer KUC
to be calculated

Sot of reference 2UO Decimal PARAM
points against where
which mean-square '\m, n
displacement and 0 - eddy lifetime;
acoustic power Am, n- acoustic wave

will be tabulated length for mode
(rn)

Number of values of Integer NP
PARAM specified

Xo 'Yo Coordinates of a point Decimal XO, YO
on plate at which mean-
square displacement and
acoustic power are
calculated

Xo ,Y any point on plate Decimal XOP, YOP
different from x0 ,Y0
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TABLE 2A (Continued)

Data I Description 1 yp 1 Symbol Used

oType 
in Program

Calculated Output in Inch-Pound-Seconds

ra, n Value of eigenfunctions Decimal EIGEN
of mean-square dis-
placement

A value of EIGEN is
computed for each mode
(m~n) with three values
of total damping;
1/10 am'n ;amn ;lOam,n

am,n Values of total damping Decimal FA(m,n,1) for compu-
associated with each tation; A(m,n, DAMP)
mode (mn) in output

Yolm, n Volume under each Decimal VOL

reigenfunction

I(m,n) Triple integral of Decimal I X Y 2
Equation 1.13: integral I(m,n)
of cross correlation

Y2 Mean-square displace- Decimal ANS
ment for values of
1/10 am, n;am, n; loam, n
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Output i, printed for a given convection velocity U, for the modes of interest. The

last four columns of the output respectively represent y 2 for 1/10 am, n' y2 for a and

1*2 for 10a, ,, for chosen PARAM. Since this program was written, Maestrello has developed

methods of computing damping, but here he chooses the magnitude of am. according to the
V2

. 0 region of the curve t 1at ,nterests him. For example, Figure 7 plots Y against co .0 .

In the region , 0 = 10- 1 to 1.0 he uses am n / 10; however, for w • 0 = 1.0 to 40, he uses

a.n, Also, y 2 corresponds to the value of PARAM closest to &) 0 where 0 corresponds to UC.
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TABLE 2A (Continued)

CALCiILiT'

SAT READ AND WRITF CALCULATE b
STRTINPUT VARIABLES USED

DATA INSIDE LOOPS H 2If2)2

DOUBLE DO LOOP ON 10
m' and n Vr

AO) - A1/2. YO B 1/2

m0

Calcultes I erYms

16S EVS 144 -i(~ ) A,'2 .[/(2m)

VO~n - es~

2S EEIT2 R1

L o 1)J[0

WRITEAT forsachdam

RETURN o ('Y

Z M [. ,, 273



TABLE 2A (Continued)

X) 777 Vary U.

CONST Q - DPB2(KU)

WRITE 11, AND CONST

DO 778 m Vaie4

® Do 779 set up 0~

779 01 PAIIA% (0)/m/111 - A

Set upper and Iower limits for z. y, a integrals

determine no. of steps for each Integral and
the step size for each

Calculate eoffi'tnts for
Simpons Rule

Set variable of integration -lower limit on Z

Calculates function of z values

j I co .0 ,; =-nZ!I .fcue~ ) d.

S0et variable of integration - lower limit on y

('alculates function of Y values

b ) I n (!-y)-' ciis (7)1]dy

Set variable of integration - lower limit on X

C'alculates8 function of X varying y and a and
summing Up Parts previously calculated

I) 
In VOo- i- t- 0

0 m3

nde

Y

@WHITE

Answers of IXYZtriple integral

@ COMPUTE AND WHITE
ANS - IXYZ *EIGEN AND CONST

77h CONTINUE

777 CONTINUE

STOP 74



TABLE 2A (Continued)

COLUMN HEADINGS FOR 1INPUT FORMS ON DATA CARDS
TAU is 20 30 40 50 60 70

H 10 20 30 40 50 60 70

XO 10 20 30 40 so 60 70

YO 10 2D 30 40 s0 60 70

XOP 10 20 30 40 50 60 70

YOP 1 0 2D 30 V0 50 60 70

FUCSO 1 20 30 40 so 60 70

PB2 10 20 ID 40 5D 60 70

FM2 10 20 30 40 50 60 70

AK (1) 10 2D Y 40 50 60 70

AK (2) W0 20 30 40 50 60 70

AK (3) 10 20 30 4 0 1L 60 70

AN(1) 10 20 ?0 40 50 60 70

AN(2) 10 20 30 40 50 60 70
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TABLE 2A (Continued)

AN (3) 10 20 30 40 50 60 70

~60 70

TITLE

KUC 10 20 30 40 50 60 70

UCO) 10 DPB2(1) 20 30 40 50 60 70

Number of cards needed for U. DPB2 arrays is equal to KUC
ZUP 10 20 30 40 60 70_________________

H 10 20 30 40 50 6070

MLOW 10 MUP 20 DM20D MSTEPS 40 50 60 7 0

NLOW 10 NUP 20 DN 30 NSTEPS40 50 60 70

OMEGA (1, 1) 10 20 30 40 50 60 70___

OMEGA (2,1) 1 03 05 0

With the order of cards (1,1), (2,1), .. ,(MM, (,2),.. (M),

(1, N), ... ,(in, N) to complete OMEGA (m,n) array.
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TABLE 2A (Continued)

DAMP (],1) 10 2D 3D 40 s 60 70

DAMP (2,1) 10 20 3D40 50 60 70

With the order of cards (1,I), (2,), .. (mAl), (1,2), . . . m2), 0 .(,n), . (m,n) to complete the DAMP (m,n) awey.

PAM 10 20 30 40 50 60 70

The number of cards needed to complete PARAM array is equal to NP.
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TABLE 2B

Input Required for Subprogram B to Compute the Cross Spectral Density
of Turbulence Pressures for the Semifrozen Convection (Model A)

and Corresponding Output

(Units are given in foot-pound-seconds)

Symbols Used
Data Description Type in Program

Flow ('harateristies

0 Eddy Lifetime Decimal THETA

x-x'(Plate separation Decimal SI
in x direction)

ru, Wall shear stress Decimal TW

Frequency Decimal FR

Boundary-layer dis- Decimal DSTAR
placement thickness

K 1 ,K' 1;3 Universal constants: Decimal D
K n 0.470, K 3.0,
K 3 - 14.0

A1 ,A 2,A 3  Universal constants: Decimal A
At = 1.6 A 2 = 7.2,
A3 = 12.0

U, Broadband convection Decimal UC
velocity

Calculated Output in Foot-Pound-Seconds

R(r) 1 Normalized autocorrelation Decimal RAUTO
of the pressure; see
Equation (B8)

R(6,n,r) Normalized crosm correlation Decimal RCROSS
of the pressure; see
Equation (B9)

P(() U Dimensionless power spectrum Decimal POW
of wall-pressure fluctuations;r2 as"

rw see Equation (B7)

P( ) Power spectrum; see Decimal PDW
Equation (B7)

P(K 1,no) Normalized cross-power Decimal PKW
spectral density, using
longitudinal space-time
cross correlation or

semifrozen model

P( ) Power spectrum, correspond- Decimal PW
ing to P(K 1(a)
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TABLE 2C

Input Required for Subprogram C to Compute Cross Density Displacement
and Corresponding Output

(Units are given in foot-pound-seconds)

Symbol Description Program
Symbol

Flow and Plate Characteristics
and Additional Quantities

ARG (I) Gaussian quadrature ARG (I)

WGT(I) Weights and arguments; NW of them; WGT(I)
in this problem 9 points

NW Number of points in Gaussian integration NW

K Universal constants; NAK of each; in AK(I)
A this case, 4 (supersonic) AN (I)

NAK Number of A's and K's; 4 (supersonic) NAK

TITLE Alphanumeric title -- labels the TITLE (I)
output; User's choice of words

x Coordinate position on plate X

x Second x coordinate: = -x XP

Y y Coordinate position on plate Y

y Second ycoordinate: 71 = y - y YP

a Plate size - x direction A

b Plate size - y direction B

Ue  Free-stream velocity UE

M Plate mass FM

8* Boundary layer displacement thickness DEL

p2  Mean-square wall pressure fluctuation PB2

UC  Convection velocity UC

0 Eddy lifetime TH

MLOW First mode of interest for in MLOW

MUP Last mode of interest for ni MUP

DM Increment between m modes DM

NLOW Same as described but for n modes NLOW

NUP Same as described but for n modes NUP

DN Same as described but for n modes DN
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TABLE 2C (Continued)

Symbol Description Program
Symbol

k Wiarburton Jfor L/ (x) to define (GM

plates with fixed edges, for m,n ~ GN
moes respectively. K

If ~Plate modal frequencies WMN (M,N)

ar , Acoustical dlamping, obtained FA (M,N) I
experimentally

Following Symbols Are Used Only in Program for 6) /

WI Lower limit of frequency to WI
vary around a given ('omn

WF Upper limit for w mn WF

DW Increment size for intervals DW
between WI and WF

Calcdla ted Output in Inch-Pound-Seconds

4

a b 112 n 2 0o) 0(W) (Y) yW) Plate shapes, by Warburton method EIGEN (M,N)

1)o)Power spectrum: POFW*

V e

YXYX "a)Equation 27 of Reference 21: cross ANS*
spectral density, assuming panel modes
well separated.

Equation 27 x &4PWRSD*

(AN (m ))2)(AMN 2 + (WOmn., &))2) DEN

*POFW, ANS PWRSD have real and imaginary parts printed out.
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TABLE 2% (Continued)

Read and Write A's, K's, no. of
Gaussian points, ARG's, WGT's

ab .b , Uc p 0P2 , , Oj m mn

CALC
CONST

DO 450" M
COMPUTE AND WRITE EIGEN

45 CONTINUE
50 CONTINUE

DO 778 M
DO 776 N_

Set up integration limits;

NWW= F- -+ I ( I when w .... mn)

DO 150 NWW I
f COMPUTE

P(No), DEN

DO 500 Gaussian integration

DO 300 forx,x'; SUM 6

DO 400 Gaussian integration
DO 2D0 for y, y'; SUM 5 I

COMPUTE ANS AND PWRSD - ANS . 4

WRITE ANS AND PWRDS
WI - WI 4 DW

" 150 CONTINUE

IN 776 CONTINUE
. 778 CONTINUE
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TABLE 2C (Continued)

Column IHoading-4 ror Input Fomni on Ditta Cards~

5 10 30 30 60 80

NWINAK
20 80

ARGO)

And as many cards as needed to complete the ARG(NW) array (NW cards).

20 80

I WGT (1)
* T

And as many cards as needed to complete the WGT(NW) array (NW cords).

TITLE (from column 1 through SO)

12 24 36 48 60280o

12 24 36 48 60 72 soSK() . I .. . I .. I A K ii[
AN() 12 24 36 48 60 AN(A)72 Be

12436 4 60 72 so

AiI iI ii(1 FM UE P1EL
12 24 s0

5 10 15 20 25 30

* MOIMUP I DM I NLOW I NUP I DN
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TABLE 2C (Continued)

1224 36 a 60 72 8go

GM()GM (Z and as many cards (6 nos/card) to complete GM(MUP)

1224 36 48 60 12 80

GN()GN (2) and amnycards (6 no/ad'to complete GN(NUP)

1224 36 48 60 72 80

KM t(1)KM()iI U

10 36 608 0

10 36 60 80

WMN (ZUP1)

10 3 0s

FA (1, 1) 1

10

FA (1,2), and so on, in WMN array, i.e., use MUP x NUP to complete FA (MUP,NUP) array

For case 0), '0 cm nly 1 crd for each (MII), (1,1), (1,2), . (1,N), (2,1), ... so on

12 24 36

wI DW WF
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SUBPROGRAM D

Subprogram D represents a generalization of Subprogram C to :nclude modal-cross

coupling. Data descriptions of the subprograms are identical, except that Subprogram D re.

quires a second set of modal input data. These data are:

TABLE 2D

Generalization of Subprogram C to Include Modal Cross Coupling

(Data descriptions of Subprograms C and D are identical except that Subprogram D
requires a second set of modal input data as indicated below)

Symbol for Cross- Symbols for
Coupled Modes Uncoupled Modes*

PLOW for p modes MLOW
PUP for p modes MUP

DP for p modes DM

QLOW for q modes NLOW

QUP for q modes NUP
DQ for q modes DN

GP for p modes GM

GQ for q modes GN

KP for p modes KM

KQ for q modes KN

WPQ(P,Q) WMN (M,N)
APQ(P,Q) FA(M,N).

"Analogous to data in Subprogram C.

Note: The output will now include the additional eigenvalues EIGN (P,Q)
for the (P,Q) modes. DENCOM is the denominator of Equation (26),
Reference 22.

I6
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TABLE 2D (Continued)

CACUALECULSATEEGN(

CALCULATEABOUNDARY CONIION xUECO NDCOTEM

DO 450 N - NIOW, NU P, DM

CALCULATE BOUNDARY CONDITIONS y USE COS AND COSH TERMS

CALCULATEe BOUNDARY CONDITIONS '-UECSADCS

DO 45 N - LOW, UP, ON

CALCULA TE BOUNDAWRIT OTIOSy-UECSADCSEM

545 CONTINUEYCODIIO

50 CONTINUE

CACLT87G PQ



TABLE 2D (Continued)

DO 778 M-MLOW, MUP, DM

DO 7781 P- PLOW, PUP, DP

DO 776 N- NLOW, NUP, ON

DO 7761 Q -QLOW, QUP.Q

Irll 
'
CALCULATEREAD'

c", wton', "., ". , DO 15D MI.- 1, NWW
a ,?, Ato, t,, a

-yo ,-yoInitialize answer toO0
Calculate DENCOM

2 2

(pq. It,) a., a p r,(

(apq - i2o)
2 

+ o.

/n{[ + ) (())] 2 (-

(q In p)-mn q) + 2 )

a'.)-, + a k  w 2 0",

4 -k(U8
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TABLE 2D (Continued)

CALCULATE SPACE INTEGRAL USING GAUSIA QUAD

DO N00I 1-, NXO

CALCULATE BOUNDARY CONDITIONS ON z USE COS AND COS14

CANo AT BONDR CIslTN ONe Yes USE AND o~

BOUDAR CONTINUEN

Do 300K1I- 1, NOPd

CALCULATE BOUNDARY CONDITONS ON - USE CO AND COM

CALCULA Eve BOUNDARY CONDITIONSONyUSCSAD 51

30 CONTINUE -

-50D CONTINUE

7761AT ONTIR NU IN N S OSADC

776 BOUNDNRE
77i1 COTEveODTOSUESNADSN

778UAT COUNINUE DTON Ny'UE ONDCS

No QIsEen Ys ACUA89ONDR



TABLE 2D (Continued)

('olunin Headings for Input Forms on Dtaf Cards

5 10 30 so 60 80

NW NAK
20 80

ARGO)

And as many cards as needed to complete the ARG(NW) array (NW cords).

20 80

WGT (1)

And as many cards as needed to complete the WGT(NW) array (NW cards).

TITL E (from column Ithrough 8)

12 24 36 48 60 72 80

x XPYI
12 24 36 48 60 72 s0

j AK (1) iZ I i iiIAK (NAK)

12 24 36 4 60 72 s0

AN0 I . .I ... iz I .. j AN (NAK) =
12 24 36 46 60 72 80

IAI B FM U EELI P82

12 24 s

U C I TH

5 10 15 20 25 30

IMLOWI MUP JDM I 1LOWI NUP DN
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TABLE 2D (Continued)

5 0 1 D 2 0s
PLOW IPUP DP QLOW IQUP IDQ

12 24 36 48 60 72 80

GM(I GM() T7 (3) And so on, six numbets per card, to have MUP values of GM.

12 24 36 48 60 72 s0

GN ()2) M And so on, six numbers per card, to h~ave NUP values of ;N.

12 24 36 A8 60 72 80

GQ (1 GQM And so on, six numbers per card, to have QUIP values of GQ.

1224 36 48 60 72 so

KPM(2) I And so on, six numbers per card, for MUP values of KM.

12 24 36 48 60 72 80

KPO() XP(2 Andi so on, six numbers per cr, for PUP values of KP.

1Z Z 24 36er 46 60 72 so

KQ)KN(2) And so on, six nmesper cord, for NUP values ofjjjjjj.

1224 36 48 60 72 80

GP()GP (2) And so on, six numbers per card, to have PUP values of GP.

12043 4 07 80

WMN (MUPM1
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TABLE 2D (Continued)

10 s

WMN (MUP,2) [ An so on, one number per card, to have MUP x NUPvauso H

10 so

WPQ(1II One number per card , from WPQ(1,1) to WPQ(PUP,1), WPQ(1,2) to WPQ(PUP,2).

And so on, to WPQ (PUP, QUP), i.e., PUP x QUP cord$.

10 so

FA j,,) One number per card, MUP x NUP cards, Cycle a o

10 80

Lone1 number per card, PUP x QUP cards. Cycle as forWP:

WI DW WF

One card for each cross mode of interest; cycling for (in, n, P, 4).
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APPENDIX B4 - TEST RUNS

Results obtained from the computer programs of Table 2 are indicated in Figures
7- 10. Figures 7 and 8 are obtained from Subprogram A, Figure 9 from Subprogram B, and
Figure 10 from Subprogram C. The figures show test runs for modal mean square displace-
ment, turbulence pressure spectrum levels, and displacement spectral density.
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TABLE 3
Computer Listings for Subprograms A, B, C, and D - Maestrello

Table 3A - Computer Listing for Subprogrami A
(Semifrozen Convection - Model A)

1IBFTC TURAD 00*
C REORGANISED PROGRAM4 FOR COMPUTING TRirLE 0010
C INTEGRAL 20
C USING SIMPSONS RULE 30

DIMENSION VOL(20910) 40
DIMENSION F3(3h9ANS(3) 50
DIMENSION IXYZ( 10,1,50,3),IYZ(20,1) .IY(l). 0060
1G2(401,20),G3(11,1 ),VY(11),TEMP1(11) .GS(4000) 0070
DIMENSION PARAM(1O1h#THETA(1O1) 0 80
DIMENSION AK(3)*AN(3)#TITLE(20) 0090
DIMENSION OMEGA(20*1O),DAMP(20#1O) 0100
DIMENSION FA(2OlO,3)oFC(20,l0,3)oEIGEN(2091093)*FUDGE(20*1093) 0110
DIMENSION UC(2Ob*DPB2(2O) 0120
REAL IXYZ#IYZoIY 0130
INTEGER DMsON 0140
READ(5#13) TAU 0150

13 FORMAT(F1O.O) 0160
WRITE(6,801) TAU 0170

801 FORMAT(1H1,/5H TAUzEI5&6) 0180
REAO(59103) H.XO.YO.XOPYOP.FUCS0.P2FM2AKt, 0190

1ANsTITLE 200
103 FORMAT(14(Fl0.O/)#(10A6)) 0210

WRITE(6,201) TITLE 0220
201 FORMAT(20A6) 0230

wRITE(6,203) FUCS0,PB2#FM29A~tAN*XO#YOt 0240
1XOPOYOP 0250

203 FORMAT(14HOFUC SQUAREDn E16s8, 0260
X 8H RHO-BAR 9H1 SQUAREDuE16#8# 0270
1 11H M-SOUAREO=E16s8/ 0280
24H0KI=EI6*8*4H K2xE16e894H K3nE16*8/ 0290
14H A1=EI6s8,4H A2zE16s894H A3*E1648/ 0300
44H X0*EI6o8s4H Y02E16.e95H XOPaE16*8#5H YOPwE16*81 0310
READ(5,102) KUCo(UC(IbODP82(1)91 a 1.KUC) 0320

102 FORMAT(I1O/(2F10.O)) 0330
WRITE(6*204) (UC(I'~DP2(lII w 1sKUC) 0340

204 FORMAT(1NO7X2HUCI3X4HDP82M(H 2E16*8)) 0350
99 READ(591) ZUPYUPHMLOWMUPDMMSTEPSNLOWNUP.DNNSTEPS 0360

94



TABLE 3A (Continued)

I FORMAT(3(F1O.0/)#f4!1O)) 0370
WRITE(6.2)MLOWMUPDMMSTEPSNLOWNUPDN.NSTEPS 0380

2 FORMATM9OM FROM I504H T015,7H DMmf5s 0390
112H A TOTAL OF 1597H STEPS/9H N FROM 150 0400
24H1 TO15o7H DNw15*12H A TOTAL 0F1597H STEPS) 0410
WRITE(6s2O2) ZUPtYUPI1 0420

202 FORMAT(3H AxE16o8,5H BmE16*8#5H HzE16&8) 0430

205 (oll iiiG(#N#w#0)~l3 044
25FORMAT(7HOOMEGA*/f8E16s8)) 08

DO 7 N1,oNUP*DN 0490
DO 7 M1.sMUP*DM 0500

7 DAMP(M#N)u&Ol 0510
READ(591041 (fDAMPfMNP.Ms1.20),Nal#3) 0520

104 FORMAT(F1O*O) 0530
WRITE(6,206) (UDAMP(MNt ,MmMLOW9MUP#DM)t 0540
lNaNLOW#NUP.DNI 0550

206 FORMAT(6HODAMP/t8E16*81) 0560
NI .8 570
READ(5#2071 NP*IPARAMfUP)IF a 1,NPI 0580

207 FORMAT( 1O/(6F10.O)l 0590
AzZUP 600
BRYUP 610
81BAK( 1)**2*FUCSC 0620
B2uAK(2;**2*FUCSO 0630
B3.A(3)**2*FUCSQ 0640
84xAN(1)*AK(1)*FUCSQ 0650
B5aAN(21*AK(21*FUCSG 0660
B6uAN( 3)*AK(3 )*FUCSQ 0670
B7*AN(11/AKI1) 0680
88&AN(2)/AK(21 0690
B9uANOU)AKO3) 0700
Cla4*Q/(A*81 0710
C2=3#14159265 0720
C3i~1./C2 *730
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TABLE 3A (Continued)

C4sC2*C2 740
Css(A*B*PB2)/(2.O*C4*FM2*(87+B8+89fl 0750
C5xCS*32a2*32*2*12**12* 0760
C6uC4/ (A*8) 0770
D0 10 MzMLOWMUPDM 0780
Do 10 NxNLOW*NUPsDN 0790
XMUM Soo
XNzN 810
XosA/2 * 820
YOwB/2* 630
IF(M-M/2*2*NE*O)GO TO 43 0840
XO=A/2s-A/(XM*2*. 0850

43 IF(N-N/2*2*NE*O)GO TO 44 0860
YouB/2*-8/(XN*2s) 0870

44 XOPwXO 380
YOPX YO39
DAMP(M#N)uDAMP(M#N )/100 10
Do 45 L=1#3 0910
FA(MNL)uDAMP(MN )/2*0MZGA(MN) 0920
FAfM9N*L)zFA(M#N9L)*0b5 0930
FC(M9N#L)sOMEGA(MoN)/FA(MsN#LI 0940
FUDGE(MN.L)aXM*XN*OMEGA(MN)*(FAIMN .1)**2.t)+OMEGA(MN)**2.0) 0950
EIGEN(MNU.RC1/FUDGE(MNL)*SINIXM*C2*XO/A)*SINIXN*C2*YO/B3* 0960
1SIN(XM*C2*XOP/A)*SINIXN*C2*YOP/B) 0970

45 DAMP(M#N)wOAMP(M9N)*106 0980
10 CONTINUE 990

WRITE(6ol.003) 1000
1003 FORMAT(33HOXOzXOPoYOmYOPtAND THEY VARY WITH 1010

117H THE MODE NUMBERS) 1020
DO 46 L13 1030
WRITE(6,3)((EIGEN(MNNL),MuMLOWMUP.DM),NzNLOWtNUP*DN) 1040

3 FORMAT(7H0EIGENs/(8EI6s8)) 1050
46 CONTINUE 1060

DO 47 1.1.3 1070
WRITE(6,4S)((FA(MNL),MxMLOW.MUPDM),N=NLOWNUPDNI 1080

46 FORMAT(13HOA(MN9DAMP)u/(8E16.8)) 1090
47 CONTINUE 1100
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TABLE SA (Continued)

CALL VOLUM(ABMLOW$4UPDMNLOWNUPONVOL) 1110
NUPM=NUP-1 1120
DO 777 KUR19KUC 1130
CONSTsC5*DP82 (KU) 1140
WRITE(6,303) UC(KUh9CONST 1150

303 FORMAT(4H UCs#El6s8o8H CONSTzvE16*8) 1160
DO 778 MuML0W*MUP#DM 1170
XMUM 1180
DO 779 lPxlNP 1190

779 THETA(IP)aPARAM(IP2/XM/UC(KUI*A 1200
WRITE(6,780) (THETA(IP),IP s 1.NP) 1210

780 FORMAT(H THETAv/(7El6&8)) 1220
1FfTHETAUIT)*GT*1OO.) GO TO 999 1230
XLOW 06 1240
DXx1./( 20.*OMEGA(MNUPM) /2.13.14159265) 1250
IUPu5*/DX*THETA(NP)+lo 1260
ZF(!UP*GT,3599) IUP3599
IF(IUP-IUP/2*2) 5010500*501 1270

500 IUPulUp+1 1280
501 IUP a IUP +400 1290
502 DXx(THETA(2-THETAM1)/2s 1300

ZLOWR-A 1310
JUP*2O*M+1 1320
ZJUPSJUP-1 1330
IDZa2 *A/ZJUD 1340
YL0Wx0. 1350
KUP a10* NUPM + 1 1360
YKUPaKUP-1 1370
DYZB /YKUP 1380
Do 11 1=1,IUP 1390
G5(l)al6 1400
IF(I.EQ.401)GO TO 11 1410
IF(!.NEs1.AND*1.NE*IUP) GO TO 510 1420
GO TO 511 Z430

510 G5C!)=G3(1)*2* 1440
511 1):f1-1/2*2&E0#0) GO TO 513 1450

GO TO 11 1460
513 G5(r)=G5(1)*2# 1470
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TABLE 3A (Continued)

11 CONTINUE 1480
IUZLOW 1490
D0 21 J~l#JUP 1500

XMaN 1510[ IoXM*C2*Z/A 1520
D~wCOS(Dll 1530
G2(JM)xD2+1./(XM*C2)*(SIN(ABS(01I )-ABS(D1) 1540
1*D2) 1550
IF(JsNE~l*AND*J*NE&JUP) GO TO 520 1560
GO TO 521 1570

520 G21J#M)xG2(JM)*2o 1580
521 IFIJ-J/2*2*EQ.0)GO TO 525 1590

GO TO 21 1600
525 G2(JoM)zG2(M#M)*2e 1610
21 Z=Z+DZ 1620

Y=YLOW 1630
DO 31 K-liKUP 1640
DO 30 NsNLOW9NUPON 1650
XNuN 1660
D3uXN*C2*Y/B 1670
D4wCOS(D31 1680
G3(KN)zD4+16/(XN*C2)*(SIN(D3)-D3*D4I 1690
!F(K6NE.1.AND*KsNE*KUPl GO TO 530 1700
GO TO 531 1710

530 G3(KN)363(KN)*2* 1720
531 IF(K-K/2*2eEQ.O) GO TO 533 1730

GO TO 30 1740
F533 G3(K#N)*G3(K#N)*2* 1750
30 CONTINUE 1760
31 Y*Y+DY 1770

YmYLOW 1780
DO 39 Ku1,KUP 1790

YY(K)*Y*Y ia00
39 Y*Y+DY 1810

DO 40 LI#3 1820
DO 40 NmNLOWNUPDN 1830
D0 40 !T*1,NP 1840
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TABLE 3A (Continued)

40 IXYZ(M#NsIT#L1)mOs 1850
KAPP0zO 1860
XwXLOW 1MO7
DO 160 !x1.IUP 1880
!FfTAU 4*0*O) GO TO 630 1890
El a UC(KU)*(TAU-X) 1900
GO TO 632 1910

630 El * UCfKUl*X 1920
632 CONTINUE 1930

DO 50 NzNLOWNUPDN 1940
50 IYZ(M#N)cO* 1950

ZuZLOW 1960
DO 120 JmloUPu 1970
E2z(Z-E1J*(Z-E13 1980
E4-B1+E2 1990
E5zB2+E? 2000
E6u83+E2 2010
DO 60 Kal#KUP 2020

60 TEMP1(K)zB4/(E4+YY(K))+B5/(E5.yY(K))+B6/(E6.YY(K)) 2030
DO 70 NzNLOWNUPDN 2040

70 IY(N)=0. 2050
DO 90 Kml#KUP 2060
DO 90 NuNLOW#NUP#DN 207090 IY(N~=IY(N)+G3(K9N)*TEMP1(K) 2080
DO 100 NmNLOW9NUP#DN 2090

100 IY(N)=IY(NI*DY/3* 10
DO 110 NRNLOWiNUP#DN 2110
TEMPzIY(N) 2120

110 IYZ(MN)uIYZ(M#N)+G2(JM)*TEMP 2130
120 Z=Z+DZ 2140

DO 130 NwNL0W9NUP9DN 2150
130 IYZ(M#N~nIYZ(M#N)*DZ/3* 2160
1001 CONTINUE 2170

DO 140 NuNLOW#NUPDN 2180
TEMPalYZ(M#Nl 2190
XMUM 2200
XNxN 2210
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TABLE 3A (Continued)

FlzXM*XN*C6 2220
F2uOMEGA(M#N)*ABS(X) 2230
00 14', l1al.3 224.0
F3CL; ,:zFA(M#NlL1 )*ABSMX 2250
IF(F3(Ll)sGT*5*)GO TO 140 2260
F6mFl*EXP(-F3(L1))*(SIN(F2)+FC(MNNLl)*COS(F2)) 2270
DO 137 ITaloNP 2280
IF(X&GTe5.*THETA(IT))GO TO 137 2290
IF(TAU#EQ.O&O) GO TO 634 2300
G6 z OEXP(-DA8S(fTAU-X)/THETAUITMl 2s10
Go TO 636 2320

634 G6xDEXP(-DABS(X/THETA( ITM 2330
636 CON71INUE 2340

Gl&2#*F6*GZ*G51 2350
IXYZ(MNN.T.L1 )=IXYZ(MNN.IT.L1 )+G1*TEMP*DX/3# 2360

137 CONTINUE 2370
140 CONTINUE 2380

IF(KAPPA*NEsO)GO TO 160 2390
IFI.NEs401)GO TO 160 2400
KAPPA3 1 2410
OXzl./(20o*OMEGA(M#NUPMI/2./3.14159265) 2420
GO TO 1001 2430

160 X=X+oX 2440
D0 601 NzNLOW#NUPON 2450
IF(THETAfIT)*GTs.10) GO TO 999 2460
WRITE(6,14l) MN 2470

141 FORMAT(3HlMzIS.3H NaI5//45X6H1(MN)38X,18H1(MN)*EIGEN*CONST// 2480
12X5HTHETA4X11HOMEGA*THETA6XI1HDAMP=1 ./lOe5X7HOAMPz1.9X8HDAMPxl0, 2490
28XI1HDAMPa1./10.5X7HDAMP1.o9X8HDAMPz1O.7X5HPARAM) 2500
DO 601 ITsXNP 2510
D0 602 L2a1.3 2520

602 ANS(L2)xIXYZ(MNNTL2)*EIGEN(MNL2)*CONST 2530
TsTHETA( IT)*OMEGA(MN) 2540
WRITE(6.142)THETA( IT).T,( IXYZ(MNN.TL2),L2z13)b(ANS(L2).L281,3). 2550 I
1PARANI IT) 2560

142 FORMAT(1X.F9.6,E14.6,6E16.8.2XF1O.5) 2570
601 CONTINUE 2580
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TABLE 3A (Continued)

778 CONTINUE 2590
777 CONTINUE 2600

999 STOP 2610
END 2620

SIBFTC VOLUME 2630
SUBROUTINE VOLUM(ABMLOWMUPtDM.NLOWNUPDNV0L) 2640
INTEGER OMDN 2650
DIMENSION VOL(20#10) 2660
Plm3#14159265 2670
DO 10 NuNLOW#NUP*DN 2680
XNzN 2690
DO 10 MzMLOW9NUP#DM 2700
XMUM 2710
VOLCMN)wOs 2720
IFCN-N/2*2&EQO)GO TO 10 2730
tF(M-M/2*2sEQ603G0 TO 10 2740
GAMMAN=(2o*XN+1a )*PI/2o 2750
GAMMAMo(2o*XM+1. )*PI/2* 2760
XKNmSIN(GAMMAN/2. 3/SINN(GAMMAN/2s) 2770
XKM.SIN(GAMMAM/26 3/SINH(GAMMAM/2.) 2780
VOL(MN~a16*A*B/GAMMAM/GAMMAN/(11.+XKM)*144# 2790

1/ll.+XKN)*SN(GAMMAM/2s)*SIN(GAMMA/2.) 2000
10 CONTINUE 2810

WRITE(6,20)((VOL(MN)MMLOWMUPDMhNNLOWNUPDN) 2820
20 FORMAT(28HOVOLUME UNDER EIGENFUNCT!ON=// 2830

l(8E16#81) 2840
RETURN 2850
END 2860
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Table 3B - Computer Listings for Subprogram B

(Semifrozen Convection - Model A)

SIE3FTC ACCROS 00
DIMENSION RAUTO(100),RCROSSC89100).POW(25).CAK(3) 0010
DIMENSION RCRO18,100) ,CROSS(8sl00) 0020
DIMENSIOM PDW(25) 30
DIMENSION SI(1O)9 TAU(1QO) ,FR(25),D(3) .A(3) .AD(3) ,ADD(3hODA 0040

X(3)#XCORD(25) .TITLE(12) *50

DIMENSION P(2500) 60
DIMENSION SKNE(500),W(1000) 0*70

1000 FORMAT(12A6) 80
1001 FORMAT(3F864) 90
100? FORMAT(3F8.4) 0100
1003 FORMAT(3Fl2*6) 0110
1010 FORMAYC8F9*6) 0120
101-' FORMAT(12F6.O) 0130
1014 FORMAT(14) 0140
1015 FORMAT(6F12*5) 0150
1016 FORMAT(F6e2) 0160
.2000 FORMAT(1H1912A6) 0170
2001 FORMAT(//7H All) F8s4#8H A(21 F8#4,8H A(3) aF8a4) 0180
2002 FORMAT(7H Dl) =F8.4,7H D(2) zF8&4,8H D(3) x F8.4l 0190
2003 FORMAT(8H THETA F12*699H OSTAR a F12.6l8H UC a F12.6) 0200
2004 FORMAT(8H1 TAU 917H AUTOCORRELATION /IF9*692X#F12*8fl 0210
2007 FORMAT(1H192X#1HJt3X.19H CROSS CORRELATION /(3Xs13t2X#8F8s4)) 0220
2010 FORMAT(I0X93H SI/(8F9*6)) 0230
2012 FORMAT(IX,10F6*0) 0240
2015 FORMATI1H1,2X,1OH K-WAVE NO,2X#1OH 2PI*FREO.,2XtlOH K-WAVE NO92X# 0250

1IOH 2PI*FRE~o.2X#IOH K-WAVE NO,2X#IOH 2P1*FREOs/ (IX.6F12*5) ) 0260
2016 FORMAT(//6H TW = F5.2) 0270
2020 FORMATIIH1,4X,7H XCORD #18X95H PSO 918X97H POWER )0280
2022 FORMAT(4XF9.6,14XF9.6,14X.F9.6I 02?'0
2030 FORMAT(//ZX,3H It5X*9H POWER K #9Xo9H POWER W )0300
2031 FORMAT(3Xs3F12*6) 0310
2032 FORMAT(3X#I5t4XtFl2*9,7X#F12*9) 0320
2041 F0RMAT(I594E15e6) 0330

C LIST OF VARIABLES AND CONSTANTS 0340
C RAUTO aR(TAU) 0350
C RCROSS *R(SI9ETA9TAU) 0360
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TABLE 3B (Continued)

C POW P(W)U/(TAU**2*DELTA-STAR) 0370
C DSTAR =DELTA-STAR 0380
C D(I) =K(I) 0390
C FR zFREQUENCY 0400

PI = 3s1415926 0410
READ(5,1000) (TITLECI)#I=1,12) 0420
WRITE(6#2000) (TITLE) I) .1=1.12) 0430
READ(5#1001) (AC I 1*=1,3) 0440
READ(5*1002) (DCI), 1=103) 0450
READ(5,1003) THETAsDSTARUC 0460
WRITE(692001) (ACMbI=1,3) 0470
WRITE(6,2002) (D(I),I =103) 0480
WRITE(692003) THETAsDSTAR9UC 0490
READ(541010) (SICIosl=1.8) 0500
WRITE(692010) (SIjIeI =1#8; 51

C COMPUTE AUTOCORRELATION 0520
C SI a 0, ETA = 0 530

AKC - 0.0 0540
DO 10 12103 0550
CAKMI = AMI/D(I) 0560

10 AKC z AKC + CAK(I) 0570
U a UC/Os8 08
F u DSTAR/U 0580

FDUC = (1./(F*UCH)**2 0600
GO TO 400 *610
TAUMi =0.0 0620
DO 25 J=19100 0630
RAUT 0. 0640
DO 20 1 130650
ADD(I) x (A(I)*D(I))/(D(I)**2.(TAU(J)/F)**2) 0660

20 RAUT =ADD(I) + RAUT 0670
RAUTO(J) x RAUT/AKC 0680
TAU(J+1) z TAU(J) + 0.00001 0690

25 CONTINUE 0700
WRITE(6,2004) (TAU(J)#RAUTO(J) *JlvlOO) 0710

C COMPUTE CROSS CORRELATION 0720

C ETA aOs0 0730
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TABLE 3B (Continued)

DO 16 1 1. 8 0740
16 SIMI SIM1)12s 0750

D0 35 1 x 1;100 0760
DO 33 1 =198 0770
RCRO(19J) 0.0o 0780
DO 30 IM =103 0790
ADIIM) x (A(IM)*DUIM))/(D(IM)**2+FDUC*(SI(I)-UC*TAU(Jfl**2) 0800

30 RCRO(1.J) - RCRO(IJ)+AYIIM) 0810
CROSS(I.J) a RCRO(!,J)*EXPC-ABS(SI(I))/IUC*THETA)) 0820
RCROSS(I.J) z CROSS(1,J)/AKC 0830
TAU(J+1) a TAU(J) + 0.00001, 0840

3~3 CONTINUE 0850
35 CONTINUE 0860

WRITE(692007) fJ,(RCROSS( I9J)9I=1g8) ,J~lslOO) 0870
COMMENT FIG*2 EOTN6 4 SEMI-FRPZEN CASE 0880
C COMPUTE POWER 0890
400 CONTINUE 0900

READ(5s10121 (FR( 1) 125) 0910
WRITE(6920121 (FR(I),I= 1925) 0920
READ(5*1016) TW 0930
WRITE16,2016) TW 0940
TW a TW**2 0950
wRITE(6#2020) 0960
D0 45 J v 1925 0970
POWIJ) 20.0 0980
D0 40 1 c 1#3 0990
DAC I) =A( I)*EXP(-D(1I *6a2832*FR(J)*F) 1000
POW(J) 2 POW(J) + DAMI 1010

40 CONTINUE 1020
XCORDCJ): 16.2832*FR(J)*DSTAR) /U 1030
PDW(J) x POW(J)*DSTAR*TW/U 1040

45 CONTINUE 1050
WRITE(6#2022) (XCORDCJ)#POW(J)oPDW(J)#J :1,25) 1060
GO TO 500 1070

COMMENT COMPUTE P(K1.W) 1080
COMMENT SKNE IS WAVE NUMBER K-ONE 1090
COMMENT CORRESPONDS TO GRAPH IN MAESTRELLO# PAGE 4159 FIG*5# FOR 2*PI 1100
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TABLE 3B (Contipued)

C *FR VS P(K-ONEt2*PI*FR) 1110
WI a -48000. 1120
SKI v WI 1130
WF a 48000. 1140
SKF z WF 1150
DW a 2000. 1160
M a (WF-WI)/DW + 1. 1170
DSK z DW 1180
N M 1190
SK * SKI 1200
DO 50 I a 1#M 1210
SKNE(I) x SK 1220
WW a WI 1230
DO 49 K 1 1.N 1240
W(K) = WW 1250
FAC • (THETA*F*UC)/((l.+THETA*THETA*(W(K)+SKNE(I))**2)*2.*PI) 1260
ARF 0 O0 1270
DO 55 J = 1,3 1280
FAR m A(J)*EXP(-ABS(W(K))*D(J)*F) 1290
ARF x ARF + FAR 1300

55 CONTINUE 1310
PKW z FAC*ARF/AKC 1320
PW a PKW*PI*(1.+THETA*THETA*(W(K)+SKNE(l))**2/THETA) 1330
WRITE(692041) 19PKW#PWoW(K)#SKNE(I) 1340
WW a WW + DW 1350

49 CONTINUE 1360
SK a SK + OSK 1370

50 CONTINUE 1380
500 CONTINUE 1390

STOP 1400
END 1410
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Table 3C - Computer Listings for Subprogram C

(Semifrozen Convection - Model A)

COMMENT REMOVE CARD I030ossREAD(5#3*)WI9OW*WF #so FOR CASE W *WMN
COMMENT NO iBFTC CARD FOR RUN AT APL
COMMENT NOW RUNNING AT APL ON IBM 360/91 0000
C MULTIPLE INTEGRAL OROGRAM NO. FOR LM BY FG 0010
C USES GAtISSIAN QUADRATURFON FOUR INTEGRALS 0020

C GENERAL CASE WITH NO COUPLING 0030 i
C ANSWER IS IN INCHES SQUARED PER SEC* 0040
C 70

IMPLICIT REAL*8(A-HtO-Z) 0 80
INTEGER OMtDN 90
REAL KN9KM 0100
COMPLEX *16 ARGCOME2,FV4,SUM4,FV5,SUM5,FV6,SUM6,ANSANSINTPWRSD 0110
DIMENSION GMC20) eGN(lOI .KN(1Ol .KM(20) 0120
DIMENSION TITLE(20) ,AK(41.AN(4) .WMN(20.1O).FA(20,10).FC(20,10i. 0130
IEIGEN(?O,10)*wGT(21)oARG(21) 0140

C READ AND WRITE INPUT DATA 0150
C NO* OF GAUSSIAN POINTS AND NO OF TERMS IN SUM OF A AND K 0160

READ(5*9)NW9NAK 0170
READ(5*33)(ARG(fl,!=1oNW) 0180
READ(5*33)HWGTII)91=19NW) 0190

33 FORMAT(020.8) 0200
P1:3.14159265358979323 0210
Pl2a2.*Pl 0220
PI3zPI**3 0230
READ(591)(TITLEII)tI=1#20) 0240

1 FORMAT(20A4) 0250
WRITE(6#21(TITLE(III:1.201 0260

2 FORMAT(lH1,2OA4) 02'?0
READ(5*3)XtXP#YYP 0280
READ(5#3) (AK( I) .!=19NAK) 0290
READ(593)(AN(I)*,1,NAK) 0300
READ(593)A989FM*UEsDEL9PB2 0310

3 FORMAT(6F12.6) 0320
FM2nFM*FM 0330
READ(5#3)UC*TH 0340
ALPH1=.02*750. /DEL 0350
ALPH2-3*8/DEL 0360
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TABLE 3C (Continued)

THRI e/(ALPHI*UC*EL) 
07WRITE(697)ABFM2,UEDEL ,P82,UCTH 
03807 FORMAT(3H0AFI0,4*5H R=F10.4,15H MASS AQUAREDx E15,6# 0390IIIH U SUJR Ez E15.6/5H DEL=E15.6,17H P BAR SOUARED= E15#6, 040026H UC=E15.6#4H THmE15*6/1 
0410READ(,9)LWMUPoMNLOWNUPDN 
04209 FORMAT(0615 
0430READ(5,3H GM(M)#M=1,MUP) 
0440READ(5*3H GN(N)#N=1,NUP) 
0450REAO(5*3H KM(M#MrlsMUP) 
0460READ(5s3) (KN(N) ,NzlsNUP) 
0470DO 2000 Ma1,MUP 
082000 GM(M)=GM(M)*P1 
049000 2001 N*19NUP 
0402001 GN(N)=GN(N)*PJ 
0500READ(5t12U((WMN(MN)M1,MUP,N.,NUIP, 
052012 FORMAT(F1Os2, 
0530WRZTEf6913I((WMNrMtN)MMLOWMUPDM)NNLOWNUPoD) 
054013 FORMAT(7H00MEGA=/jIX#8D1

4 *5,, 
0550READ(5912iccFA(MN),M.1,Mup,,NulNUP) 
0560WRITE(6o18)((FA(MN)M1,#MUP)#N=1NUP) 
057018 FORMAT(8H0A(M*N~a /(BE14*6)) 
0580C134o/(A*8) 
059017 FORMATC7H CONSr= E15*6) 
0600CONST=144o*32.2*32.2*4o*A*A*8*B, 

(P13*FM2) 
0610WRITE(6917)CONST 
0620DO 50 M=MLOWtMUP*DM 
0630XMxm 
640XMPI :XM*PI 

0650GMXA2=GN(M)*(X/A..S) 
0660GMXPA2=GM(M)*(XP/A..S, 
0670SXMC2A=DCOS(GMXA

2 )+KMIm)*DCOSH(GMXA2I 
0680IFIM-M/2*2.EQ.0 ISXMC2A=DSIN(GMXA2)+KMcM)*DSINH(GMXA2) 
0690SXOPCA=0COS (GMXPA2 I+KM (M)3*DCOi ( GMXPA2) 
0700IF(M-M/2*2.Eo~O)SXOPCARDSIN (GMXPA2)+KM(MI*DSINH(GMXPA

2 ) 0710S INXXP=SXMC2A*SX0PCA 
072000 45 N=NLOW*NUPoDN 
0730
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TABLE 3C (Continued)

XN;N 740
XNPI :XN*P! 0750
OGAnWMN(M#N) 0760
FC(MNIN)zOGA/FAIMN) 0770
FLGE=XM*XM*XN*XN 0780

GNYB2=GN(N)*( Y/B-. 5) 0790
GNYOB2=GN(N I*YP/B-.5) 0800
E!GEN(MN)zC1/FUDGE*SINXXP*(DCOS(GNY82)+KN(N)*DCOSH(GNY82) )* 0810
1(DOS(GNYPB2)+KN(NI*DCOSH(GNYPB2)) 0820
IF(N-N/2*2.E0.O )EIGEN(MN)=Cl/FUOGE*SINXXP* 0830

1(DSIN(CNYAZ),KN(N)*DSINH(GNYB2) )*IDSIN(GNYPB2)+KN(N)*DSINH 0840
2(GNYP82fl 0850
WRITE(6.16)XYMNEIGEN(MN),FA(MN) 0860

16 FORNAT(IHOFI2o6#214,6E13*6) 0870
45 CONTINUE 0880
50 CONT INUE 0890

WRITE(6#19) 0900
19 FORMAT( 1H1,3X,1HM,3X.1HN,14X,1HW,11X,4HPOFW,12X,3HWMN,12X,3HOEN# 0910

1/18X98HANSINT Rs 7X*8HANSINT IIOX95HANS R910X95HANS I,8X,7HPWRSD 0920
?R,8Xq7tlPWRSD I1I 0930
UCTH:UC*TH 0940
DO 776 MzMLOWeMUP.ON' 0950
XMUM 960
XMPI uXM*PI 0970
AMPtsA/ (XMPI*UCTH) 0980
DO 776 NxNLOWsNUP9DN 0990
XNxN 1000
XNPI uXN*PI 1010
BNPI 8/ (XNPI*UCTH) 1020
READ(5933W1 ,DWoWF 1030
NWwU (WF-WI) /DW+1 1U40
NXO=NW*M 1050
NYO*NW*N 1060

NXOPwNW*M 1070
NY0P=NW*N 1080I
OGAaWMN(MtN) 1090

OGA2=OGA*OGA 1100
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TABLE XC (Conitinued)

FAL1=FA(M#N) 1110
FALl 2=FAL1 *FAL 1 1120
W=WI 1130J
D0 150 MM1=1.NWW 1140
ANSINT=Oo 1150
W2*W*W 1160
DENs(FAL12+(OGA-W)**2)*( FAL12+(OGA+W)**2) 1170
SUMAK=0. 1180
DO 120 1S=19NAK 1190

120 SUMAK=SUMAK+AN! JS)*DEXP(-AK( IS)*W*DEL/UE) 1200
POFWaSUMAK*PB2*DEL /UE 1210
SUM6x0* 1220
00 500 I1xl.NXO 1230
110. (11-1 /NW 1240
Tl~oll-NW*I11 1250
XoxPl*(.5+.5*ARG6U1R)+FLOAT( 110)) 1260
XOAxGM(M)*(XO/XMPI-o5, 1270
SFXO=DCOS(XOA)+KM(M)*DCOSH(XOA) 1280
IF(M-M/2*2.EO.0)SFXO=DSIN(XOA)+K1(M)*DSINH(XOA) 1290
SUM4=O. 1300
Do 300 K11,tNXOP 1310
Ki Qa(K1-1)/Nw 1320
KlRsK1-NW*KIO 1330
XOPsPI*(.5+.5*ARG(K1R)+FLOAT(KlO)) 1340
XOXOPZX0-X0p 1350
E1.DEXP,-A/XMPI*ALPHI*DABS(XOXOP)) 1360
ARGC0M=DCMPLX(0.00.-W*A/(UC*XMP1 )*XOXOP) 1370
E2aCDEXP tARGC0M) 1M8
XOPAzGM(M)*(XOP/XMPI-o5) 1390
SFXOPuDCOS (XOPA )+KM (M)*DCOSH (XOPA) 1400
IF(M-M/2*2.EQ.0)SFXOP=DSIN(XOPA)+KM(M)*DSINH(XOPA) 1410
FV4= SFXOP*El'-E2 1420
SUM42SUM4+FV4*WGT (KiR )*PI/2# 1430

300 CONTINUE 1440
FV6aSUM4*SFXO 1450
SUM6=SUM6+FV6*WGT( IIR)*PI/2# 1460

500 CONTINUE 1470
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TABLE 3C (Continued)

Svm5:O. 1480
DO 4C0 Jlw1,NYO 1490
JIC. (Jl-1 I/NW 1500
J1P-JI-NW*JIO 1510
YOUpI*(.5+.5*ARG(JIR),FLOAT(J1O)) 1520
YO~aGN(N)*(YO/XNPI-*5) 1530
SFYO*DCOS(YO8 I+KN(N)*DCOSH( YOB) 1540
IF(N-N/2*2.EQ.O)SFYUzDS!N(YOBI+KN(N)*DSINH(YOB) 1550
SUN43zoa 1560
D0 200 L1s1,NYOP 1570
LION(Ll-l)/NW 1580
L 1ReLl-NW*LIO 1590
YOPUPl*(.5+.5*ARG(L1R)+FLOAT(L1I) 1600
YOYOP&Y0-YOP 1610
BNPI=B/(XNPI*UCTH) 1620
E3xDEXP(-B/XNPI*APH2*DA8S(YOYOP)) 1630
YOPB.GN(N )*(YOP/XNP!-s5) 1640
SFYOP-DCOS IYOP8)+KN (N I*r)COSH( YOPB) 1650
IF(N-N/2*2eEOOSFYOP=DSIN(Y0PB)+KN(N )*DSINH(YOPB) 1660
FV3zSFYOP*E3 1670
SUM3=SUM3+FV3*WGT (LIR)*P /2. 1680

200 CONTINUE 1690
FV5= SUM3*SFYO 1700
SUMISSUM5+FV5*WGT (J1R)*P 1/2* 1710

400 CONTINUE 1720
ANSINT:SUM6*SUM5 1730
ANS.ANSINT*CONST*POFW*E1GEN(MN)/DEN *Ci 1740
PWRSDxANS*W**4 1750
WRITE(692OIMNWPOFWEIGEN(MN) oDEN 1760

20 FORMAT(1X,2!4,6El5*61 1770
WRITE(69c: 'AN5INT#ANSPWRSD 1780

21 FORMAT(1IXt6E15&6/) 1790
W=W+DW 180C

150 CONTINUE 1810
776 CONTINUE 1820
778 CONTINUE 1830

S TOP 1840

END 1850
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Table 3D - Computer Listings for Subprogram D

(Semifrozen Convection - Model A)I

C MULTIPLE INTEGRAL PROGRAM NO. FOR LM BY FG 0000
C USES GAUSSIAN QUADRATUREON FOUR INTEGRALS 0010
COMMENT GENERAL CASE WMN AND WPO 0020
C ANSWER IS IN INCHES SQUARED PER SEC* 0030
C 40

IMPLICIT REAL*8(A-HO-Z) 0 50
INTEGER 0LOW#OUPoDOtPLOW#PUP#DPiP#0 0060
INTEGER OM#DN 70
REAL KPKO 80
REAL KN9KM 90
COMPLEX*16 DENCOM 0100
COMPLEX * 16 COM1#COM2#XNMRTR 0110
COMPLEX *16 ARGCOM.E2,FV4.SUM4,FV5.SUM5.FV6 eSUM6.ANS.ANSINT.PWRSD 0120
DIMENSION EIGN(20,1O) 0130
DIMENSION. APQC2O,1O),WPQ(20,1O),GP(20),GO(10ObKP(20),KQ(IjI 0140
DIMENSION GM(20obGN(1O0 ,KN(1O0 .KM(20) 0150
DIMENSION TITLE(20).AK(4),AN(4).WMN(20,1O).FA(20,1O).FC(20.10), 0160
lEIGEN(209I0) ,WGT(2I) ,ARG(21) 0170 .

C READ AND WRITE INPUT DATA 0180
C NO. OF GAUSSIAN POINTS AND NO OF TERMS IN SUM OF A AND K 0190

READ(5#9)NWoNAK 0200
READ(5933) (ARG( I),I=1.NW) 0210

READ(5#39)(WGT( I) ,Izl.NW) 0220
33 FORMAT(D20#8) 0230

P12w2**PI 0250
P13sPI**3 0260
READ(591) (TITLEC I) 1*1#20) 0270

1 FORMAT(20A4) 0280
WRITE(6*2) (TITLEC I) ,1120) 0290

2 FORMAT( iHi 2OA4) 0300
READ(5,3)XtXPY#YP 0310
READ(5t3) (AK( I) ,121,NAK) 0320
READ(593) (ANt I)#I=19NAK) 0330
READ(5.3)A9B9FM9UE9DEL#PB2 0340

3 FORMAT(6FI2.6) 0350
FM2UFM*FM 0360



TABLE 3D (Continued)

READ (5.3) UC9.TH 0370

ALPHI .02*750e/DEL 0580)
ALPH2=3#8/DEL 0390
TH*I ./(ALPI*UC*OEL) 0400

WRITE(6o7)A,8,FM2,UEDELP82,UCTH 0410
7 FORMAT(3HOA=FIO*4*5H fBzF10#4915H MASS AQUAREOM E15*6. 42

111H u SUB Ex E15.6/5H DELxEl5.6*17H P BAR SQUARED= E15o6o 0430
26H UC=El5*6#4H THzEI5*6/) 0440

READI 599)MLOWMUPDMNLOWNUPDN 0450
READ(599)PLOWPUPDPOLOWOUPDQ 0460

9 F0RMAT(1615) 0470
READ(5s3)(GM(M)tMi MUP) 0480

READ(593)(GP(P)#PzloPUP) 0490

READI 5#3) GN(N) .N=1 NUP) 0500

READ(5*3HG(GO) ,Q:1,OUP) 0510

READf5s3HRMfM)9M-ltMUPI 0520
READ(593)(KP(P)#P=19PUP) 0530

READ(5s3)(KN(N)*Nx1,NUP) 0540

READ(5o3HK (KOC) ,0~1QUP) 0550

Do 2000 Ms1,MUP 0560
2000 GM(M)=GM(M)*Pi 0570

Do 2001 NwlNUP 0550
2001 GN(N)=GN(N)*P1 0590

Do 2002 PaIsPUP 0600
2002 GP(P)xGP(P)*PI 0610

Do 2003 OsliOUP 0620

2001 GQ(Q)=GO01*PI 0630

READ(5912)U(WMN(MN),MxlMUP),NzlNUP) 0640

READ(5,12)U(WPQ(P,0),PU1,PUP),0=1.OUP) 0650

12 FORMATIF1O.?) 0660
WRITE(6913)1(WMN(MN),MZMLOWMUPDM),NxNLOWNUP9DN) 0670

13 FORMAT(12HOOMEGA(MtN)m /(lXo8D14#5)) 0680

WRITE(6,23)U(WPQIPQ),P=PLOWPUPDP),OQLOWQUP900) 0690

23 FORMAT(12HOOMEGA(PoQ)z /(lX#8D14.5)) 0700

READ(5,1Z)U(FA(MN),MalMUP),Nn1,NUP) 0710

WRITE(6,18)((FA(MN),M21,MUP),NxlNUP) 0720

18 FORMAT(BH0A(M#N)x /fBE4*6)l 0730
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TABLE 3D (Continued)

READ(5912)(C(AP(PQ),P*1,PUP) ,QulQUP) 0740
WRITE(6,18)((FA(MN),MUMLOWMUPDM),N=NLOWNUPDN) 0750
WRITE(6.28)((APQCPQ),PSPLOWPUPDPIOQGLOWQUPDP) 0760

28 FORMAT(8HOA(PsQ)m /(X98E14*61) 0770
C1SZ./DSQRT(A*B) 0780

17 FG:AT(7H CONST% E15#6) 0790
CONST=144**32&2*32*2 *A*A*B*B/(P13*FM2) 0800
WRITE(6sl7)CONST 0810
DO 50 MaMLOWoMUP#DM 0820
XM=M 0830
XMPI SXM*PI 0840
GMXA2xGM4M)* (X/A-a 5) 0850
SXMC2A=DCOS(GMXA2 )+KM(M) *D'COSH(GMXA2) 0860
IF(M-M/2*2.EQ.0 )SXMC2AxDSIN(GMXA2)+KM (M)*DSINH(GMXA2) 0870
DO 45 N=NLOW*NUP#DN 0880
XNuN 0890
XNPIsXN*PI 0900
OGA*WMN(MtN) 0910
FC(MPN)aOGA/FA(M#N) 0920
GNYB2mGN(N)*(Y/B-s5) 0930
FUDGE X~M*XN 0940
EIGEN( 'N)Cl/FUDGE*SXMC2A*(DCOS(GNYB2)+KN(Nl*DCOSH(GNY82)) 0950
IF(N-N/2*2:EG.O)EIGEN(MN2 uCl/FUDGE*SXMC2A* 0960

1(DSIN(GNY82)+KN(N)*DSINH(GNYB2)) 0970
WRITE(6,16)XY.MNEIGEN(MN) ,FA(MN) 0980

16 FORMAT(1N02F12*6,214#6El3&6) 0990
45 CONTINUE 1000
50 CONTINUE 1010

DO 550 P=PLOWPUP*DP 1020
XXPNP 1030
XPPI zxxp*pj 1040
GMXPA2=GP(P)*(XP/A-*S) 1050
£XOPCA=DCOS (GMXPA2 )+KP (P )*DCOSH CGMXPA2) 1060
IF(P-P/2*2.EQ.O)SXOPCAwDSIN(GMXPA2)+KP(P)*DSINH(GMXPA2) 1070
DO 545 OSQLOWQUPDQ 1080
XORG 1090
XQPImXQ'PI 1100



TABLE 3D (Continued)

OGPwPO(P9O) 1110
OGP2 =OGP*OGP 1120

FUDGE*XXP*XO 1130
GNYPB2=GQ(Q)*(YP/B-.5) 1140
EIGN(P,0)aC1/FUDGE*SXOPCA*(DCCS(GNYP82 I+KO(Q)*QCOSH(GNYPB2)) 1150
IF(0-0/2*2.EQeO)EIGN(PO):C1/FUDGE*SXOPCA*(DSJ N$GNYPB2)+KQ(0)*OSIN 1160

1IdGNYP82)) 1170
RITE(6926)XPYP.P,0,E!GN(PO),APQ(P,0' 1180

26 r:ORMAT(IH ?F12*6#214,6E13*63 1190
545 CONTINUE 1200
550 CONTINUE 1210

WRITE(6.19) 1220
19 FORMAT( iHi 3X,1HM,3X.1HN,14X,1HW,11X,4HPOFW,12X,3HWMN.12X,3HDEN, 1230

1/18X98HANSINT Rs 7X,8HANSINT IOX95HANS R#1d'*C,5HANS I&SX,7HPWRSD 1240
2R,8X,7HPWRSO 1 1250
UCTHwUC*TH 1260
DO 778 MwMLOWMUPDM 1270
XMUM 1280
XMPIBXM*PI 12 0
AMP! aA/ (XMPI*UCTH) 1300
DO 7781 PxPLOW*PUPoDP 1310
XXPgp 1320
XPPI UXXP*PI 1330
DO 776 NzNLOWNUPDN 1340
XNzN 1350
XNP!UXN*PI 1360
BNPIxB/(XNPI*UCTH) 1370
DO 7761 OuQLOWOUP*DO 1380
X0s0 1390
XOPluXO*pI 1400
REAO(593)W! ,DW#WF 1410
NWWz(WF-WI )IDW+le 1420
AXOnNW*M 1430
NYOmNW*N 1440
NXOP*NW*P 1450
NYOP UNW*Q 1460
OGAaWI4N(M#N) 1470
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TABLE 3D (Continued)

OGA2aOGA*OGA 
1480FAL1UFAjMpN) 
1490FAL12zFAL1*FALI 
15000GPvWP0(P#0o151

06P2=OGP*OGP 
1510FAL2xAPP) 
1520FAL22=FAL2*FAL2 
1530W=WI 
1540DO 150 MM1=19N~W 
1560ANSINT=0* 
1570W2aW*W 
1580DENUf((UFAL1+FAL2)/2.)**24OGA2,

4.,.OGP2/44 )**2  15901-CGA2*0GP2/4. )*OGA*OGP 
1600COM1=FAL1+DCMPLXcO&DOaW, 
1610CONI2nFAL2-DCMPLX (O*D0,W) 
1620FALL12= (FALj+rAL2) /2# 
1630XNMRTR=(COMI*(OGA*OGP*FALL12).OGA*OGP*(FALL1

2 *FALL2 1640I(OGA2/4o -OGP2/4*1 ))(OICM+OA)(OQ 
16502(OGA*OGP*FALL12)+OGA*OGP*IFALL12*FALL1

2+OGA2 /4 GP/s)/(COM2*Co 1660
DENC0M=XNMRTR/DEN 

1650SUMAKz0. 
1690DO 120 IS=19NAK 
1700120 SLIHAK2SUMAK+AN( IS)*DEXP(-AK( IS)*W*DELUE) 
1710POFW=SUMAK*PB2*DEL /LE 
17210SUM6sO. 
1730bO 500 I1~lNXO 
174011lQw(11-1) /NW 
1750I 1RuI1-NW*j IQ 
1760XOXPI*(.5+.5*ARG(11R)+FLOATCI11Q) 
1770XOAzGM(M)*(XO/XMP....) 
1780SFXO=DCOS (XOA)+KqI H) *DCOSD4 XOA) 
1790IF(M-M/2*2.EO*O)SFXO=DSIN(XOA).KM(M)*DSINH(XOA) 
1800SUM4=0. 
1810DO 300 K1u19NXOP 
1820Ki 0=(K1-1;/NW 
1830KlRzK1-NW*KlG 
1840



TrABLE 3D (Continued)

X0PsPI 'I .+e5*ARG( KIR )+FLOAT(K 10)) 1850
xOxOP. xO-XOP 1860
ElaDEXP(-A/ PI*ALPI *DASS(XO/XM-XOP/XXP)) 1870
ARGCOM-DCMPLX(0.D0,-W*A/(LJC*PI)*(XO/XM-XOP/XXP) ) 1880
FzCDEXP(ARGCOM) 1990
XOPAzGP(P) '(XOP/XPPI-*5) 1900
SFXOPaDCOS( XOPAI+KP IP)*DCOSH( XOPA) 1910
IF(P-P/2oE~oO)SFXOPsOSIN( XOPA)+KPCP)*DSINH(XOPA) 1920
FV4* SFXOP*El*E2 1930
SUM4xSUM4+FV4*WGT(KIR)*PI/2* 1940

300 CONTINUE 1950
FV6u SUM4*SFXO 1960
SUM6aSUM6+FV6*WGT( I1R)*PI/2. 1970

500 CONTINUE 1980
SIJM58O. 1990
DO 400 J12I9NYO 2000
J10~ (J1-1 I/NW 2010
JIRsJI-NW*Jl0 2020
YOsPI*(.5+.5*ARG(JIR)+FLOAT(JlQ)) 2030
YOBsGN(N)*(YO/XNPI-*5) 2040
SFYO*OCOS(YOB)+KN(N)*DCOSH(Y08) 2050
IF(N-N/2*2.EO.0)SFYOSDSIN(YOB)+KN(N)*OSINH(YOB) 2060
SUM3800 2070
DO 200 L1:1,NYOP 2080
L109(Ll-l)/NW 2090
LIRaLl-NW*LlQ 2100
YOPUPI*(.5+.5*ARG(L1R)+FLOAT(L1Q)) 2110
YOYOPZYO-Y0P 2120
BNPI=B/(XNPI*UCTH) 2130
E3uOEXP(-B/PI * ALPH2*DABS(YO/XN-YOP/XO)) 2140
YOPBsGQ(Q)*(YOP/XQPI-s5) 2150
SFY0P=0C0S( YOPB)+KO(0)*DCOSH(YOPB) 2160
IF(Q-Q/2*2.EQ.O)SFYOPuDSTN( YOPB)+KQ(Q)*DSINH(YOPB) 2170
FV3*SFYOP*E3 2180
SUI43xSUM3+FV3*WGTICL1R)*PI/2o 2190

200 CONTINUE 2200
FVS*SUM3*SFYO 2210

TABLE 3D (Continued)

400 CONTIUE F5*G(JIR ['P1/2. 2220
400 COTINUE2230

ANSINT=SUMS*SUM5 2240
ANSuANSTNT*CONST*POFW*EIGEN(MN)*EIGN(PQ)*DENCOM*Cl*C1 2250
PWRSDxANS*W**4 2260
WRITE(6,20)MNW.POFWEIGEN(MN) .DEN 2270

WRITE(6,20)POXNMRTRoEIGN(P,0),DENCOM 2280
WRITE(6,21 )ANSINTANSPWRSD 200

21 FORMAT(l1X#6E15*6/) 2310
W=W+DW 2320

150 CONTINUE 2330
7761 CONTINUE 2340
776 CONTINUE 2350

7781 CONTINUE 2360
778 CONTINUE 2370

STOP ?380
END 2390
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APPENDIX C

ELECTRIC BOAT PROGRAM (IZZO)

APPENDIX Cl - MATHEMATICAL ANALYSIS

APPENDIX C2 - METHOD FOR DETERMINING INPUT DATA

APPENDIX C3 - PROGRAM IDENTIFICATION

APPENDIX C4 - TEST RUNS

117



NOTATION

Correlation area of turbulence over which the mean square

pressure p- is constant

Airn, A, Coefficient used in series representation of deflection

An, :ln  Normal acceleration of plate

,£ Speed of sound in water

a'1 bm , cm , am

a,, Constants

a Modal damping function

1? Equal to q/2

b Bending stiffness

('mn ' ) mn Constants defined in Equation (C27)

(,rs Coefficient in Equation (C34)
mnC

g( ) Greens function (impulse response of plate at point

r. due to forcing function P at r0 ) defined by Equation (C10)

h Plate thickness

I, i Refers to properties on the side of the plate where the
fluid is in motion (i.e., turbulent) and where the fluid is
stagnant, respectively, as shown in Figure i1.

Imn(7*) Time correlation integral defined by Equation (C24)

K Constant

K'(wmn )  Modal amplitude factor

Kmn ,'Kmn Constants defined in Equation (C27) and (C28), respectively

L ( ) Linear differential operator defined in Equation (C12)

L XV L y Lateral dimensions of plate along the x and y axes,
respectively

M Mass per unit area of plate

m, n; p,q; r,s Mode numbers

Ps Acoustic pressure

p 2  Mean square pressure at surface beneath turbulent
boundary layer
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(r, t) Surface pressure beneath turbulent boundary layer

RA( ) Space-time correlation of plate accelerations

R (r rr) Space-time correlation of acoustic pressures

R 0 , r P ) Space-time correlation of turbulence pressures

R( ) Space-time correlation of plate velocities

R.( ) Space-time correlation of plate displacements

r, r, r o  Radius vectors defined in Figuee 11

-P , T Space-time coordinates of the forcing function p

S, s0, 8 Surface area of plate (dS0 - dx0 dy0 etc)

SP (r, r. ) Cross-spectral density of acoustic pressures

SP(r, 0) Power spectrum of acoustic pressures at a point r along
the normal through the center of the plate

S2(r, r', a) Cross-spectral density of plate displacements

T Kinetic energy of plate

t,',t to, to, t Time variables

U (t-T O) Unit step function

UC  Average convective speed of turbulent pressure field
(or pattern)

U0  Ship speed; free stream velocity

u Velocity component, at any point y in the boundary layer,
parallel to the x axis; see Figure 1I

V Potential energy of plate

V., V" Normal velocity of plate

w Plate displacement

Xm(-), Yn(Y) Mode shapes of the plate along x and y, respectively

X, PI X0

Y, Y•,YO, YOJ Space coordinates defined in Figure 11

Zn, Zn , a, a' Normal displacement of plate
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a Equal to mirU'L x

t 0 Plate viscous damping (resistance coefficient)

01l Radiation damping coefficient

Y, A Functions of the time variables as defined by Equation (C 22)

, 80 Boundary layer thickness and boundary layer displacement
thickness, respectively

5( ) Dirac delta function

8 n' 8 Kronecker deltaequal t 1 for m - nor p q

Pq 0 form nor p q

1 for mn - rs8 mn Kronecker delta equal to 0 for rn ts

'Loss factor (plate hysteretic damping)

0 Temporal decay factor of turbulent boundary layer
associated with eddy decay

IX Measure of the inverse radius of the turbulence eddy

A mn Eigenvalue

Poisson's ratio

p Density of plate material

p, Fluid density
ro - o

r, r; ro  Dolay times equal to t'- t, t'-t + , and to -to,
respectively

(b .- Spectrum shape factor

95mnI Opq Eigenfunction

(a Circular frequency, equal to 2n f

Comn Undamped natural modal frequency

* Symbol representing the complex conjugate

< > Symbol representing cross (space-time) correlation function
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APPENDIX C1 - MATHEMATICAL ANALYSIS

Equations are now derived for the space-time correlation and spectral density of the

acoustic pressure in the near and far field on both s-es of a turbulence excited vibrating

plate.
26

The Rayleigh formulation2 7 of the velocity potential in the acoustic field resulting from

a vibrating plane is

1 f dSo! T

00r,t - JJ V(ot (Cia)€(2, - (r aji

The corresponding acoustic pressure is

P, -(r, t) Pi Pi d a t , (Clb)

Figure 11 shows the coordinate system used for this formulation. The space-time correlation
of the acoustic pressures are

Pi dS aV /r\<ePi( r, t)ePi(r', t') > - RP (r, r', r) = <.-..'t - "

2r r0  at a)

P : i S , To I
21, S o at n  ao,

where t'= t + r.

The integration and ensemble averaging processes may be interchanged to give

Piff S dS' dV av (C3)R ( ,, ', ) r j j , < o , t - - - o , -I t 1c -
47 2 S ro a a

Now

a2z n~ alzp av,3av,
( -~-- - t >=- < A A ">

at2  at, 2  t ot
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may be written as 28

r n t- ;r t " - t -L - ) = o I ( t - ;ro',-

Or4 ai ai  Or2  ai  ai

ro ,t--;ro , (C4)RA ai /

Hence

RP(r,r',r) Jf f 4 Rz ro it -- ; ro  (C5)
4a 2 S r0 ro Or4  ai a

Assuming a stationary random process, we can shift the time origin by an amount ro / ai with -
out changing the results of averaging. We get

P i2 rs~f dSo dSOO a4

P,(r,r',r) = - , -R.(ro,t;ro',t+ r') (06)
2 r0 ;0 Or4

where r'=- r +
a,

The Wiener-Kbintchine relat-ons b:itwqen the cross-correlation and cross-spectral den.
sity of the acoustic pressures arro

F, , 0,) dr I?(r,r ,r) e - r  (Ma)

RP(r,r'jr) = do SP(rr',oW) eihr (CMb)
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Substituting Equation (C5) in (CMa), we obtain*

w4p2* dSo dSo'
Sp(r, r ,,w) =-2- f ro S,(r, r', o) (C8)

Equation 'C6), (C7), and (C8) desLribe the acoustic pressure resulting from the vibra-

tion of a plane surface in a semi-infinite medium. The equations are a function of R z only

and are applicable to any type of plate with any type of boundaries.

The method for determining plate response to turbulence excitation is identical to that

of Dyer except that more general boundary conditions are included here. However, because

the notation is somewhat different, the relevant equations are outlined for the benefit of the

computer program user. The reader is referred to Appendix Al for a more detailed develop-

ment. The differential equation of motion of the linear system Lz = - p has the solution

Z(r o t) = f dSo g(ro , t; ro t o ) p(rot o ) (09)
-~ S

where

Lg =-(r - ro) 8(t o - to) - -(xo - zo) 5(yo - y) 8(to - to) (C10)

For turbulence excitation (random pressures), the ensemble average or cross correlation of

the plate displacements can then be expressed in terms of the correlation of the turbulent

pressure forces by

< z(ro , t) Z* (r0 , t') > = R 3 (ro , ro ', r) J dt dt dS dSO'
-so - 00

<,(ro,t; ro,to)g*(roo,t'; rop, too > <P(r o  ,to)p*(r o  to)>

-f dt-f d dSoJdSog(ro,t ; ,T0 )g*(r o ,t'; r, t)

00 -o S S

1 24(ro , r , r) (C1l)
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For thin plate vibration

The Green function satist ying Equation (012) has been shown to be represented by

q5 mn('- n( o) mn (t- t )

mn mn

(018)

where O~mn ( ,the orthonormal set of eigenfunctions, satisfies the conditions:

L jm (C14)

and

f 0. OP q dS - mn a&Pq (015)

and where*

am n - l/ ](C16)

b ' 1/2

*Equation (A7) of Appendix A can be written in the present notation an

amn = 1 I +- i- +

'1 IL2 ~mn mn~
Expanding this equation and asauming, with Dyer (Equation (12) of Reference 2), that 7i 1/3 and 2w 0 1/3

mn

as well as using Equation (A8) in the expansion, we obtain Equation (C16).
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When radiation damping is also included, we write

130  q f1
aIn 2 mn +M (C18)

In this analysis, it is assumed that P. and 6, are negligible* so that

amn q -mn =Bwmn (C19)

Using Dyer's equation for the pressure correlation

II
~0

RIP(r,) = p2 A [ (xO - x 0 ) - U r'i (yo - ye) e (C20)

Using Equations (C12), (C13), and (C20), we obtain the working expression for the

displacement correlation function for a plate excited by a turbulent boundary layer. It is

applicable to arbitrary boundary conditions provided expressions can be obtained for the

eigenvalues and normalized eigenfunctions.

Ap2o dpq(ro) I"

Rl?(rO' '
r) =2 2 0mn(?0) dtof dTJfdS0

Pq mn nOj pM 2  -00 -00 Smnpq

-am n( t- to)- W -(

1' dS 5 mn(r7)ppq(ro) e

-sin (omn(t- to)sinopq(t'- to) [(xo - xJo) - Ucr]B(yo - Yo) (C21)

Performing a spatial integration of Equation (C21), then introducing the transformation

used by Dyer

y = (t"-- to ) - (t - t0 ) - ro -r

p = (t-T 0 7)+ - O) (C22)

*If values or relations forgI301 are known, we can include these terms in the analysis and program.
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followed by a temporal integration yields

Ap 2
R (ro , re, 0 Y. (ro) 95n(To) 1mn(r) (C23)In n 4¢o~mn M 2 m ~ ° c n r ) rnr

where

Iy+rI
,~ ru Emnii- 0~

imn(r) dg J dye cos a(y +r)[cowmny- Cos n], r7>0

(C24)

where a= rnirU/ L ro

0
Since 0 is small, then for r0 I > 0, e -.0 so that from Equation (C21) R (ro , r', r) -. 0.

Hence, with small error, we need consider only the value ro = (t o - to ) = 0. With this

approximation we perform the integration in Equation (C21) to obtain the displacement corre-

lation below coincidence. To render the analysis tractable for the integration, it is also

m7r Uc

assumed that U0< < L x , <<mn' i.e. the correlation length of the pressure field is
Lx

much smaller than the length of the plate and the convection speed of the turbulence is small

compared to the modal wavelength, and amne << 1 (low damping); see (A22), (A23), (A36),

and (A36b) of Appendix Al. The result for the displacement correlation function, which is

independent of plate boundary conditions, is*

*It is important to note that although the same symbols cmn(ro) and Omn(ro') are used,

imn(ro) = 2 Omn(r°) 1 m 2 n(o')

Eq (C25) Eq (C21) Eq (C25) Eq (C21)

The value of the normalized eigenfunction Omn used in Equation (C21) agrees with that used by Dyer That the
(LxL y)1/2

value of Omnused in Equation (C25) differs from Dyer's results by a factor 2 can be seen by compar-

ing Equations (C35) and (A20) for the case of a simply supported plate. Thus, we see that Equations (C25) and

Equation (A27), where Irn( r) is given by Equation (A36), are in agreement.
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2AOp
2

/ . ( r o , r o r ) -- / 1 1 ( 1 (.2
as LywnamnM2(1 +n W-

Om.(ro) k m.(ro') e cos ,,mn r (C25)

For the plate mode shape, assume that

Omn() = Xm(Z) Y,,(y) (C26)

where

Xm(X) = am cos am x + bm sin *m + cm cosh amx + dm sinh amx

Yn(y) = a. cos any + bn sin anY + cn cosh any + dn sinh y (C26a)

From Equations (C4) and (C6), we see that Rp(r, r', r) is a function of

a4
4R.(r,'r) = RA(ro ,ro',rT)•

Page 99 of Reference 28 shows that the correlation of the plate acceleration for r> 0

can be expressed as*

• /V''m  ,- amnr
RA r,', r) Z nr,,n(?o ) 'an 0o) e [Cmn cos Omnr + Dmn sin mnor]

mmn

r > 0 (C27)

where

"2AOp
mn 2~ Af j c2 o 2 )L, LY&mn2( + (amnO

Cm &4 a2 + 4= n mn-6&Omnamn amn

Dmn = 
4 amn comn(ainn W In

*Footnote on following page.
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4Footnote to preceding page. Using Equation (C25) and the relationship between RA and Rz we have

R .leR =K a4 -M"1 1Cos Wm r
RA 8 4  Or 4

where

n2aAmnp2  6mn mn(ro)tPmn(ro)

(2 a 2 (1( 2o2
m n LxLy ,mn m mn

Let amn = a, Omn = Then

r)=e - aI r l cosbr - earcos bfor 7, <0

= e-atcos bfort>O

or

= ear cos br=u .v wherea =-aforr<O

a = a fort> 0

u(r) = e-ar and v(t) = cos br

The Leibriz theorem is obtained by differentiating u v, with respect to r, n times. When n = 4, corre-

sponding to the fourth derivative, the theorem gives

f"" (r) = u" " v+ 4u"" v' + 6 u'" v"+ 4u' v"'+ uv"'

= a 4 e - arcos br+4(-a e-at(- bsin br)+6a 2 e-at(b 2 cos br

+ 4(-a) e-arb3 sin b + b4 e- a r cos bt

= (a4-6a 2 b 2 +b 2 ) f(r)+4ab(a2 - b2 ) g(r)

= (a4 -6a-b 2 + b4 ) f(r) +4ab(a2 - b2 ) g(r) forr>0

= (a 4 -6a 2 b2 +b4 )f(r)-4ab(a 2 -b 2 ) g(r) for r<0

where f (r) =e
- a cos bt and g(r) = • - a t sin br= e - a l rl sin hr.

The results agree with those in Appendix II of Reference 29 determined there by use of Heaveside func-

tions. We note that the first derivativeof f(t r) has a finite discontinuity at the origin so that the second and

higher order derivatives will have infinite discontinuities at this point.
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Reference 29 also shows that Equation (C27) satisfies the Wiener-Khintchine relations,

Equations (Cia) and (CT), thereby establishing thc, derived expressior for RA(ro , ro ', r) as

a valid correlation function.*

d4/( )
*To show that - a'd therefore R. satisfies the Wiener-Khintchine relations, consider the Fourier cosine

(4 / (r) d4 f(r)
transform , f-. Because - is an even function, the Fourier sine transform of this function vanishes.

ar4  Or 4

Since the fourth derivative is a continuous function, we integrate by parts to find

cos or dr =- cos ordr + &o sin r-- CO cos 0 0

J o r4 -Lor4  Or2  r0

_3I Of( r)
- sin o r dr

"0 d r

f(r) and all of its derivatives are zero at r = Also, odd derivatives of f(r) over the range -oo < r. < are

odd functions of r so that the value of these derivatives at the point of discontinuity (i.e., origin r = 0) is zero.

Hence, this equation reduces to

cos ardr _(d Of(ro sinojrdr -o4 f(r) cos crdr

after integration by parts of the bracketed integral, Substituting f(r) = oisricos br in the last integral we

obtain

a4 O4 f(r) C n °( 4  + 4

cos ord? d +
0 Or4  2 a2+ (b+0))2 a2 + (b

TlVe inverse Fourier cosine transform of this expression is

-- .- ,co s (or dr

27rfo 2L2+(b +.)2 + b o 5Co2d. a2+b+<.)2 a2+(b- j)2J

(a4 -6a 2 b2 + b4)f(r)+4ab(a 2 -b 2 ) g(r)

d4 f(r) d4A r 4

which we have previously shown to be - for r> 0. Thus, the terms and +

dr 4  dr 4  2L2+ (b+o) 2

are Fourier pairs. These results are obtained with somewhat more rigor in Reference 29.
a2 + ( b-w)

2]
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Substitution of Equation (C27) in (C6) yields the following expression for the cross
correlation of acoustic pressures*

RP(r, r"', r) =AZKn f - -" .(0 ) e- a"
mn S S 10 ro

[CmnCOS COnr'+Dmn Sin mn
r '  (C28)

where

Kmn -4 Kma,
4v 2

and

(to - to)
r r+-

a
i

Equations (C28) and (C7) represent working expressions for determining anywhere in
the field the desired statistical properties of the acoustic pressure resulting from the vibra-
tions of a turbulence-excited finite plate of arbitrary boundary conditions. The mode shapes
of the plate 0n( r) in these equations implicitly represent the dependence of the acoustic
field on the boundary conditions.

The method of analysis used by Young( 3 0 ) (the Ritz method) is used to determine the
eitenfunctions and eigenvalues of vibrating rectangular plates with continuous spring-type
boundary conditions. This treatment allows for various combinations of clamped and free

boundaries.

The Ritz method consists of equating the maximum potential energy of the plate

b ff ( 2w\ 2I~ 2 2 TX
" aW\ wawdw dxdy (029)2 pae (- + 2. - 2 (1Splate ;X2 \ 2 2 ay 2

area

ro ro
*Note that wherc&s in the statement below Equation (C26a) the term - was implicitly included in theal

variables r0  r0 , of the function RA (r0  rO "  r), in Equation (C27) the term r0 - r0 is linked with r to form r'.
a.
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to the maxinmm kinetic energy of the plate

I'= ,,,2 f w2 dxdy (C30)
1 plate

area

to obtain an expression for the frequency of the vibrating system

2 V-= - (C31)ph ,2
plate w dxdy
area

The natural frequencies are determined by finding expressions for w that satisfy the boundary

conditions and minimize Equation (C31). The Ritz method consists of assuming the deflec-

tioi wix, y) as a linear series of "admissible" functions (see Reference 30) and adjusting

the coefficients in the series so as to minimize Equation (C31).

For a rectangular plate with edges parallel to the x- and y-axes, the series approxi-

mation for the displacement function is taken in the form

P q
Z~') mZmr(= Y~ Yn(Y)(3)

and substituted in Equation (C31). We get

2 2 V

p h pe y" 11 Am,, Xm(x) Yn(y) dxdy

or

62
V = - A Xm(C) Yn(Y) dd

2 plate

This expression is minimized by setting the partial derivative with respect to each

coefficient equal to zero. This yields

aV (0 2ph 0aT
V 2ph 0 f up dxdy =0 (C3s)

M~rs 2 Ars plate
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where Ars is any of the coefficients Amn. Equation (C33) represents a system of linear

homogeneous equations in the unknowns Amn. The approximate natural frequencies of the

plate 6 1, 02 ' . . . are obtained from Equation (C33) by setting the determinant of the sys-

tem equal to zero.

The functions Xm(x) and Y0 (y) inserted in Equation (C33) are the mode shapes of a

beam supported by torsional and transverse linear springs along its boundaries. The charac-

teristics of the springs along each side are constant. These spring-type edge conditions allow

the effects of edge rotational and edge translational constraints to be analyzed on a quanta-

tive basis. Once the mode shapes are known or determined -for the clamped-clamped plate,

we use the functions given by Equation (C26) and (C26a) as the mode shapes X (X) and Y (y)

of a beam with its ends clamped in the Ritz method --all of the integrals in Equation (C33)

can be calculated. Then as explained in Reference (30), the set of integral Equations (C33)

can be reduced to a set of linear algebraic equations of the form*

P q

S - ArS]Amn 0 (C34)
mffl n--1

where

a for mn rs
rnn 0 for mn y rs

( - o 2 phL 3L /b (proportional to ) 2 )

In Equation (C34), r assumes all values between 1 and p and s assumes all values be-

tween 1 and q. The eigenvalues and therefore the natural frequencies a rs are found from the

condition that the determinant of the system of Equation (C34) must vanish for nontrivial so!u-

tions Amn* Once the eigenmatrices of Equation (C34) have been determined, the mode shapes

of the plate are obtained from Equation (C32).

Reference 29 compares the spectrum of the sound pressure level for a clamped-clamped

plate with that of a simply supported plate. The comparison suggests that a simplified and

realistic approach to the investigation of plates with nonsimple supports would be to calculate

the modal frequencies considering the true (clamped-clamped) end conditions but to use the

mode shapes considering the end conditions as simple supports. Comparison runs using this

approach, which requires much less computation, and the exact approach (clamped-clamped

*The general functional form for Crs is given in Reference 30.
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frequencies and mode shapes) produced results in very good agreemen t. 2 9 In connection with

this aspect of the problem, the following equations were developed to obtain the sound radiated

from simply supported plates.

For a simply supported plate of dimensions L ,, L and thickness h, the normalized

eigenfunctions (mode shapes) and corresponding modal frequencies are 2 (see footnote for

paragraph preceding equation (C25))

mr x s nsry
0 sn sin - (C35)L x  L Y

6 M (C36)

where

Substituting Equation (C35) in (C28), we obtain fo- locations in the far field on a normal

through the center of the plate (r0 - r0 ' - 0 ; more generally ro = r0 - r ,see Figure Cl, and

consequently r' r)

KI
Rp Z e-amn COSf n cs r + Dmn sin ,mnTr]

r n r2 i

fLx Lx Ldx ny L

sn sin sin djf sin

Now

mx L LJ sin - dx = - cos mi -r = - [-1(-1)m-lI
mf L miru

0 x mr 7;

and similarly for the other three integrals. Hence, the product of the four integrals yields the
L

term _ [ (_)m_1]2 Ly_ [1(-1)n-12 and the auto correlation of the acoustic
mn2 

, 22

pressure at r is
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Rp(r,r) Z Z__L-jn I pn COS %nnr + Dmn sin onr]

-amnr L2. L (,m12[_)_1
•e- [-m-l[-n-

2  (C37)
492

The power spectrum of the pressure at r is

R (r, r)¢ e2 ioV X Kmn [(_l)mn_j]2[(_l)n_l]2
1

SP (r, 6)) 1 e- io 2  
- FT

-p 2{ In n m2 n 2

j -0 amnn l -io r dr

. e00 ' [ Cmn COS Omn r + Dmn Sin (. 1n r e

Note that Equation (C27) and what followed held for r > 0. To obtain S p here, we treat r in
the infinite range (-.eo ) hence r-* I rl above. Using Table 3.3 of Reference 31 we obtain
directly the value of the integral as*

[amneC + dmn(o + CJmn a) amn Cmn -dmn(w -omn)
= + I

a2,, + (co + 6j,,) a2  + (2
Mn mn)2 ~~ nn+( m

and from Equations (C19) and (C27)

amn =Bamn

CHmn  0 4 n 60-2n a2 + a4 4 - 6Bco4 + B 4(04 4  -(1-6B2 + B 4 )I J n In n m In = °mn - B )n B n = nin(

Dmr. = 4 amn (mn (a2n -co2n) = 4BO, (B 2 2-co2 2Mn MMn(Bcom- Wren )

Substituting the values of amn I Cmn' an, Omn in the equation directly above and
dropping terms of higher order in B, i.e., 0(B 5 ) and 0(B 3 ) reduces this equation to

*We take one-half the value given in this table since we use - o <co < oo here whereas Reference 31 gives the

one-sided power spectral density function.
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4 -- 3 3+ 4 - - -

nB[ + CO 2 2+ 0)2

L..

Using this value and the value of Km, Kin given by Equations (C28) and (C27), respec-

tively, we get

1 /L L p P2 Ap 2

Sp(r,6)) = - 1- ( -1) m] 2[ 1 -(- )n] 2

4-- -3 3+41 aWmn - mn

+ W2 n2) hn2 -- 2 r 2 N2(l B:mn )2+ I B2 + + -
\ mn) m

In accordance with Reference 2, we take

2u 2rr n (a*)2 303* -A. . o = -- 2 (3x1° -3)2 pi 2o0
K2  (2/5*)2 2 ' 0

Substituting these values in the equation for Sp(r, w), the nondimensional power spectrum at
r is then represented by*

Sp(r, ) 33.75 x 10-6 (LxL( Y p *\2 (1-

p? U3,2 + ;6 r2 / In n

=K

1 -- Coran in - - _n

(1 + 0) m 2n2  (038)

*Note that Equation (C38) does not agree with Equation (6-38) of Reference 26 which appears to contain a

typrographical error.
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or

Thus Sp(r, 6)) is the product of a modal amplitude factor K '((mn) and a spectrum shape

factor 0(
m n

APPENDIX C2 - METHOD FOR DETERMINING INPUT DATA

The method for determining input data for the Electric Boat Computer Program is the
same as the Dyer method (Appendix A), and the system of units is consistent with Dyer.
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APPENDIX C3 - PROGRAM IDENTIFICATION

This program computes the space-time cross correlation and cross-spectral density of

the acoustic pressures resulting from the vibration of a turbulence-excited finite plate of

arbitrary boundary conditions.

13
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APPENDIX C

TABLE 4

Identification for Electric Boat Program - IZZO

This table includes input and output data identification, flow chart, order
of input data, and computer running times. Computer program listings are
given in Table 5.

Table 4A: Input Data

Table 4B: Output Data

Table 4C: Flow Chart (Electric Boat) for Turbulence - Excited
Clamped and Simply Supported Plate Problem

Table 4D: Input Formats
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TABLE 4A

Input Data

Input D11--ription Type Progranm
Dat Symbol

I.riph,. fear hemi I'eqraun

'1 Order of rn-mode- numhe-r- Into er MM

N Order of n -mode- numbers integer NN

V - Im- find ns are read a-. a Integer IM
( ecor

MM: in'-. and n-. artea ai - a
mnatrix 4(-h a- A01). A(1,2)

A(1,3). A(2.l). A(2,2). A(2,.3)

IN NN integer IN

NX1 z Number or vaev in autocorrelation integer NXYZ

KXYZ Number of cases in CHOSS-corrolation Integer KXYZ

lIXYZ Numbher or i-a-ics in CRO~*2-correlation lnteg(,r LXYZ

NAUT() I . Acce.- t0 autocorriulation Integer NAUTO
0- No

N CH 0S,1 I1 Access to ('ROSSI -vorrelation Integer NCROSS
0I: No

NCROST 1I: Ac-c-ess. 10 CROSS2-corredation integer NCROST
0): No

X11I Upper- first-i ntegrat ion limit Decimal XLI
(plate dimension x)

X1.10 Lower-fir-it-intoration limit Decimal XLO

11,I1 lpper-second-integration limit De-amal YL1

VA)I Lower-sec'ond-intogration limit Decimal YLO

Al Speed oif sound in flujid Decimal Al

B3 f1.. - damping coefficient - an Decimal B

C Constant a) simply supported plate Decimal C
h) nion-4imply -iupported

19 Dc'cay constant - to /W- Decimal THETA

P2  (rm. pre-..)
2  Decimal P2

(lIh/ft
2 ) 2 (8 X If) - 3 /12pV~ )2

where p .. matq denqity of fluid

Frequencies for (man) modeq (radians) Deimakl W

MAM in-mode shape number-. integer MAM

NAN n-mode -hape numbers (MAX-50) Integer NAN

1,Normal iaed Pigenfunction Dec-imakl ALMM

7,parameters; used only Decimal AMM

In the general Decimal BMM

(i.e., clamped) cae;. Decimol CMM

for rn-mocdc Decimal DMM

1,Decimal ALNN

finDelial ANN

~arc- -.alKVCDeimal BNN

only for n-nde Decimal CNN

,nDecimxl DSN

fuore III
loc. b. he~nce mass.. - - --- alsoti length (t an d time -Se..

*Cc'em'tlonfl I/.ec

et" o uyisn its Is consisteni with that of Dyer.
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TABLE 4A (Continued)

InputII IPrga
Data Degeript ion j Type Prora

Devrripf ion lot Subroutifne Auto, orrelolwon
(7ime anti Fnequency Inependeni

Coordinates of point Decimal j X

y }for correiqtion Decima y~

2) measurement Deciiml 7.

to Initial %alue- of Decimal TAII

At Increment ort r Decimal DTAU

NTAII Number of r,, Integer NTAU

EPS Con'ergenci' con tant (test value) Decimal EPS

NMAX Maximum number of iterations Integer NMAX

NWA Number of specified frequenews Integer NWA

WA specified Frequencies (indiang) Decimal WA
chosen by user according to his

_____ boundary specitication,,_____ ____

Comment: There are NXYZ sets ot data e-irds for this suhroutine.

lOe qscnphon for Subrouticne (,ro.%.% ('orrc'Iltin
Spate 1)ependenl _____

Decimal XX

yCoordinates or tixed point Decinmal YY

zDecimal 7.7

MXP Number of variable points Integer MXP

MTAU Number at r's Integer MTAIJ

EPS Convergence constant Decimal EPS

NMAX Maximum number ot iterations Integer NMAX

value ot r Decimal TAU

Decimal XP(I)

y ~'~ Coordinateg of variable points Decimal I'P(I)

2 IDecimal ZP(l)

NOR =0 Integer NOR

Comment There are KXYZ set~s ot input cards for this; subroutine.

flesctp lion for CROSS 2 Correlation

(Time and Frequency Vependent)

Decimal XX

Coordinate at fixed point Decimal YY

Decimal 7.7

MXP Number ot %ariable points Integer MXP

TAU Initial value oftr Decimal TAIJ

DTAU Increment of Ar Decimal DTAU

NTAU Number of r's Integer NTAU

EPS Convergence constant Decimal EPS

NMAX Maximum number of iterations Integer NMAX

NWA Number of frequencies Integer NWA~

X, Decimal XP(I)

yCoordinate of variable point Decimal IYP(I)

zDecimal ZP(I)

NORS 0 No R

WA Differentl frequencies (radian,;) chosen
by useor

Comment: There must be LXYZ sets of input cards.
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TABLE 4B

Output Data

[Do.-icription Program Label Output Label

Description for AUTO I Autocorrelation with Twvo Optionst
(I. NTAV - no. points of time; 2. NWS - no. fequencies)

Number of time increments K NTAU

Point of time at which auto- ATAU TAUl
correlation taken

Normalized autocorrolation of RP BAR (K) NORM. CON.OF
acoustic pressure over time, i.e., ACC. PRES.
RI'(x1 - 2 , r) /RI'(x - X2 ,'0)

Autocorrelation normalized by PRP(K) RP(K)/P2
rms pressure

Normalized factor RP(l) for RP(l) NORM. FACTOR
RP BA R(K). i. e., RPl(x - 2 'O) or
R11 (0,0)_______ _____ ___

Comment: Above not printed out if NTAU -0

Number of frequency K K

Specified frequencies WA(K) FREQ

WA (K) 12ff RAD RAD/SEC

Cross spectral density FI(K) CROSS SPEC. DENS.

10LOO(FI(K)) 1127.6 PHI DB(REO.0002)

Comment: Above not printed out if NWA 0

Description for CROSS I (for Various Times in Space)

Indicates time I I
Point of time at which cross- TAU(I) TAU
correlation computed

Indicates space J

XP(j) XP(J)[
Space coordinates YP(J) YP(J)

ZP(J) ZP(J

Normalized cross-correlation CRPBAR(I,J) CRPBAH(I,J)

Normalization factor - CNORM ONORM
CRPBAR( 1,1) ______ ______

Description for CROSS S (Time Variable)

Number of time point K NTAU

Point of time TAU TAU
Normalized correlation of RPBAR(K) NORM. CORR. OF
acoustic pressure, by ACC. PRESS.
RP (x, x 2 ,0) or R 12(0,0)

Correlation normalized by RP(K)/P2 PRP(K)
rms pressure

Normdlization factor Rl'(x I - x 2 -0) RP(I) NORM.-FACTOR

Number of frequency K K
Specified frequency WA(K) FREQ

Frequency 12rr RAD RAD/SEC

Cross spectral density F1(K) CROSS SPEC. DENS.

10 LOG(FI(K) 127.6 P'HI DB(REO.0002)
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Interpretation of Data Output and Computer Running Times

The following information is useful in interpreting the program.

The program generally yields results normalized by p2 or by the correlation of two
points at r - 0.

The Electric Boat program consists of two parts which represent the simple case and
the general case. The simple case, Equation (C(35)), uses only simply supported boundaries

for the plate modal function although frequencies for clamped boundaries may be used. This
procedure yielded Figure 12 (see page 154). The general case uses mode shapes represented
by Equation (C(26)). In addition the program requires either of the following values for C

P Ap 2

C (simply supported boundaries)
2 1 2 M2 L L7

P 2 Ap2

C = - (clamped-clamped boundaries)
Br2M2

Figure 12 (Figure 17 in Reference 26), is normalized by R11(0,0), that is, the auto-
correlation function of the fixed point x1 at r = 0. Therefore, the nonnormalized correlation
for each A z,r desired was abstracted from the program and divided by R1 (0,0) to yield this
curve. Similarly, calculations were necessary to obtain the data in the form used in Figure

13 (Figure 15 in Reference 26); see page 207 of this report. The program yields a normalized
answer in CROSS2, which is not in suitable form for representing the curve as shown. There-
fore, the normalized program result is manually multiplied by the NORM FACTOR to give a
non-normalized quantity R12 (A X, r); see equation below. More precisely, this is accom-
plished by first multiplying the number in the upper right corner labeled "NORM FACTOR -".
by the corresponding quantity in the column labeled "NORM. CORR. OF. ACC. PRESS,".

Only z = 0 was used for this curve so that the corresponding quantity would appear in the line
for TAU = 0. The second step is to get the normalization factors from AUTO 1, which must
have as many cases as there are variable points in CROSS2. R1 1(0,0) refers to R(x, - x,
r = 0) for all cases where 11 is a fixed reference point in the longitudinal direction, but
R2 2 (0,0) refers to R(Xz2-X 2 , r = 0) where 22 is any other point in the longitudinal direction.

The coLresponding cross points are denoted by 12 in the correlation function, i.e., R12 (A, r).

The quantity to be used from AUTO 1 is labeled "NORM.FACTOR=".

The total function plotted then becomes

NORM.CORR. OF ACC.PRESS. (from (CROSS2)) x NORM.FACTOR (CROSS2)

p/NORM.FACTOR (AUTO1 with X) x NORM.FACTOR (AUTO 1 with X2).
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The major subroutines results and running times on the IBM 7090 are:

AUTO I CROSS 1 CROSS2

1. Autocorrelation 1. Cross correlation 1. Cross correlation, varying
keeping time constant time and/or space

2. Auto power spectrum 2. Not Applicable 2. Power spectrum for
first point

Approximately 3 min Approximately 3 min for 1 Approximately 1.5 min per
per case (i.e., point) point, 1 time (see CROSS2) variable point over 120

time increments

The printout yields intermediate results, such as integration sums and nonnormalized,

noncumulative results for each mode. For example, 37 modes would imply 37 sets of th6se

results, followed by the normalized answers for each of the major subroutines. For the auto-

spectrum final results, the labels FREQ. and RAD/SEC should be interchanged.

144



TABLE 4C

Flow-Chart (Electric Boat) Turbulence-Excited, Clamped and
Simply Supported Plate Problem

Q ~ CR MOD2 DINTA,,
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TABLE 4C (Continued)

PLATE DATA:
PECIFIED FREQUENCIESLii''
COMPUTE VARIABLES

DEPENDENT ON

DINT
ff d-- dX(x) Y(y)

COMPUTE
SPECTRAL DENSITY

SP

I i [

< CORRELATION OF
NWA:OACOUSTIC PRESSURE RP

WRITE ANSWERS

>[COMPUTE

DENSITY FIT L NORMALIZE
RP

WRITE ANSWERS J WRITE ANSWERS

PHI - IOLOG(FIT)
+ 127.6

WRITE R, FIT, WALK
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TABLE 40 (Continued)

CROSS 

1

PLATE
coRLDATES

COMPU71 VARIABLES
DEPENDENT ON

60n

DINT
if dmd 4X (-) Y (y)
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TABLE 4C (Continued)

ROSS 2

COMPUTE VARIABLES

DEPENDENT ON I

COMPUTE
SPECTRAL DENSITY

SP

CROSS-CORRELATION
OF ACOUSTIC PRESSURE

RPN (r- DEPENDENT)

RETURN COMPUTE MODAL ' -
ISPECTRAL DENSITY COMPUTE TOTAL
IFIT (ca-DEPENDENT) ICROSS-CORRELATION AND

NORMALIZE RPNI I FWRITE ANSWERS I

COMPUTE TOTAL S.D.
|PHI - OLOG(FIT)

I + 127.6 6
i,WRITE ANSWERE -I

UJN
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TABLE 4C (Continued)

DINT

SET UP GRID FOR
if dzd4

FFF
X(x)Y(y) EXPSIN

COMPUTE SUM 2
ff &dy FFF

WIT
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TABLE 4D

Input Format for Main Program, General Case

TITLE
10 20 30 40 50 60 70 80

10 20 30 40 so 60 70 80

Columns 1-40, below, contain respectively, in 4-column blocks: M; NN; IM; IN; NXYZ; KXYZ, LXYZ;
NAUTO; NCROSS: NCROST

4 8 12 16 20 24 28 32 '36 40 60 80

XL1 12 XLO 24 YL1 36 YLO 48 60 80

Al 15 B 30 C 45 THETA 60 P2 75 80

IMx IN sets of 6-column blocks are needed for the W(IM,IN) array: w(1,1); w(1,2); ... ; w(1,IN); w(2,1); ...
w(2,IN); .... w(IM,IN)

W array 6 12 18 24 30 36 42 48 54 60 66 72 80

(MM + NN) /20 cards are needed to complete arrays MAM(MM) and NAN(NN): MAM(1); MAM(2); ... ;

MUM(N); NAN(); NAN(2); ... ; NAN(NN)

4 8 12 16 20 24 28 32 36 40 U 48 52 56 60 64 68 72 76 80ILj I l l ll llIi l l l J
MM cords ore needed to complete the following arrays: (used In general case only)

ALWA(O) 15 AMM(1) 30 BMM(1) 45 CMM(1) 60 DAM(1) 75 .80

ALMM(MM) 15 AMM (W) 30 BAM(MM) 45 CM(M) 60 DMM(MM) 75 80

NN cords are needed to complete the following arrays:, (used In general case only)

ALNN (1) 15 ANN (I) 30 BNN (2) 45 CNN(1) 60 DNN (1) 75 80

ALNN (NN) 15 ANNNN) 30 BNN (NN) 45 CNN(NN) 60 DNN (NN) 75 80
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TABLE 4D (Continued)

INPUT FORMAT FOR SUBROUTINE AUTO 1NTU PSNA A

x 12 Y 24 Z 36 TAU 48 DTAU 6064 70 747880

NWA/12 cards ore nteded to complete the WA(NWA) array:
WAOl) WA (2) ... .. WA (12)

6 12 18 24 30 36 42 4 54 62 8

INPUT FORMAT FOR SUBROUTINE CROSS 1
MiTAU

x x 12 Y Y 24 Z Z 36 MXP 42 48 EPS 60 NMAX 66 72 80

MTAU/6 cards are needed to complete the TAU (MTAU) array:

TAU (1) 12 TAU (2) 24 ... ... 60 TAU (6) 72 so

MXP/2 cords ore needed to complete the following arroys:

NORM1 XP(2 NOR (2)

XP(1 12 YP (1) 24 ZP (1) 36 40 52 YP (2) 64 ZP(2) 76 80

151



TABLE 4D (Continued)

INPUT FORMAT FOR SUBROUTINE CROSS 2

MXP NTAU NMAX NWA
XX 12 YY 24 ZZ 36 39 TAU 51 riTAU 63 66 EPS72 7578 80

MXP/2 cords ore needed to complete the fol!owing arrays:

NOROl) NOR (2)
XP(1) 12 YP(1) 24 ZP(1) 36 40 XP(2) 52 YP(2) 64 ZP (2) 76 80

NWAI12 cards are needed to complete the WA(NWA)oaway:

WA () WA (2)........... ............ .... .... .... .. WA(112)

6 12 18 24 30 36 42 48 54 60 66 72 80
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APPENDIX C4 - TEST RUNS

Test runs for the power spectrum, longitudinal correlation function, and longitudinal

space-time correlation function of the acoustic pressures are plotted in Figures 12, 13, and

14. The computer programs used to obtain these results have been given in Table 4, and the
computer listings are presented in Table 5.
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Figure 12a -Clamped-Clamped Steel Plate

This subfigure is based on the use of frequencies obtained for a clamped-clamped plate but

modes obtained for a simply supported plate. (see statement following Equation (C34))

00

04

0.2

02 04 06 is 10 12 1.1 IA 1.8 20 2.2 2.4 2.4 2.8 3.0

I ,( )

Figure 12b -Simply Supported Steel Plate

7This subfigure is based on the use of frequencies and mode shapes

obtained for a simply supported plate.

Figure 12 - Longitudinal Space-Time Correlation Function for a 2-Foot x
2.33-Foot x 3/8-Inch Steel Plate
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TABLE 5

Computer Listings for Electric Boat Program - Izzo

SIBFTC TURAD2Table 5A - Simply Supported Boundaries 00

C 10
C 20
1000 FORMAT112A6) 30
1001 FORMAT11014) 40
1002 FORMATf4E226/5E15*8) 0*50
1003 FORMAT(12F6@01 0 60
1004 FORMAT120I4) 0 70
1005 FORMAT(E15*8) 0 80

C 90
2000 FORMAT(lHI,1OX,6HF.P.S.,15X,12A6/22X,12A6////) 0100
2001 FORMAT (1HO#29X#45HORDER OF M (MODE NUMBERS) ........ MM 201 0110

16/30X,45HORDER OF N (MODE NUMBERS) .............. NN =916/30X9 0120
245HNUMBER OF CASES (XYL) IN AUTO CORRes. NXYZ 8#16/30X945HNUMBER 0130
30F CASES (XYZ) IN CROSS CORRs. KXYZ =#16 / 30XP45HAUTO CO 0140
4RRELATION CONSTANT .......... NAUTO =,16/30X#45HCROSS CORRELATION 0150
5CONSTANT .......... NCROSS 80I6/30X#45HLIMITS OF THE 1-ST INTEGRAL 0160
6 &6......... XL1 z#F11.4/30X945H 0170
7 XLO =tFlI*4/30X,45HLIMITS OF THE 2-ND INTEGRAL ........... Y 0180
8LI 29F11.4/30X#45H YLO w#F1 0190
91*4/30X#45HSPEED OF SOUND IN WATER .,.......AI z#F13.6/30X 0200
A#45HDAMPING CONSTANT ........................ B z#F13*6/30X*45HC 0210
BCONSTANT *..e.....ea... C =9F13*6/30X#45HTEMPORAL D 0220
CECAY FACTOR OF TURBULENCE THETA =9Fl1.4/30X945HRoMoSe PRESSURE o 0230
Do***&#o.s*.#o#**..e*#s. P2 wF1396//3X92110) 0240

2002 FORMAT(1HO940X#35HUNDAMPED NATURAL FREQUENCIES W(M#N)//(10X*10F8.0 0250
X)) 0260

2003 FORMAT(1HO#50X#12HMODE NUMBERS//(40X#1015)1 0270
2005 FORMAT(1HO,40X,35HNORMALIZED EIGENFUNCTION PARAMETERS //(15X95E180 0280

18) ) 0290
2006 FORMAT(lHO#29X#45HNUMBER OF CASES IN CROSS CORR@ (TIME).. LXYZ8* 0300

116/30X945HCROSS CORR* (TIME) CONSTANT ......... NCROSTI16// 0910
230X#2110) 0320

C 0330
C 0340

COMMON /AAA/A(4000) 0350
C 0360
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TABLE 5A (Continued)

EQUIVALENCE (A(HNMM),(A(2) ,NN),(A(3hIlM),(A(4),IN),(A(5),NXYZI# 0370
1(A(6),KXYZ) ,(A(7),NAUTOh9(A(8) .NCROSS).(A(9).M).(AIIO),N) , 0380
2(A(11) .LXYZ) .(A(1?) ,NCROST, 0390

C 0400
EQUIVALENCE (A(21) ,XL1)d1A(22),XLO).(A(2!),YL1h#(A(24),YL0), 0410
l(A(25 ,AI),(A(26),B),(A(27),C),(A(28).THETA),(A(29),P2).(A(30),PI) 0420
2.(A(31).X) ,(A(32) .Y).(A(33) ,Z) (A(34),EPS) .(A(35htNMAX) , 0430
3(A(36),WMNh*(A(37) sANI(A(38h#SUM1) ,(A(39) ,SUM2) 0440

C 0450
EQUIVALENCE (A(1O1),MAM),(A(151),NAN),(A(1001),W) 0460

C 0470
C 0480

DIMENSION TITLE(24).W(20.5Ob#MAM(50).NAN(50) 0490
C 0500

REAL KMN 0510
C 0520
C READ AND PRINT TITLE 0530
C 0540

READ 15,1000) (TTTLE(I)9I=1e24) 0550
WRITE16,2000) (TITLEC1)91=1#24) 0560

C 0570
C READ AND PRINT GENERAL INPUT CONSTANTS 0580
C 0590

READ (591001) MM.NN.IM,!N.NXYZ.KXYZ.LXYZ#NAUTONCROSSNCROST 0600
READ(5#10023 XL1,XLO#YL1,YLO#AI#B#CtTHETA#P2 0610
READ (5#1003) ((WfIJ)#Jxl9IN)#I2lIM) 0620
READ (5,1004) fMAM(!)#Iv1qMM)#lNAN(I)#I2I9NN) 0630

C 0640
WRITE(6#2001) MMNNNXYZKXYZNAUTONCROSSXL1,XLO#YL1,YLOAIB, 0650
1C#THETAsP2 0660
WRITE(6.2006) LXYZ#NCROSTIM,!N 0670

WRITE(692002) ((W( I#J),Jx1,IN),Is1,IM) 0680

WRITE1692003) (MAM(I),Iwl1,M)#(NANfIl,121,NNi 0690
C 00

Pls3914159 0720
C 0730
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C AUTO CORRELATION 0740
C 0750

IF (NAUTOsEQ.1) CALL AUTOl 0760
C 0770
C 0780
C CROSS CORRELATION 0790
C 0800

IF INCROSSeEQ.1) CALL CROSSI 0810
C 0820
C 0830
C CROSS CORRELATION (TIME) 0840
C 0850

IF (NCROST*EQ.1) CALL CROSS2 0860
C 0870
C 0880

STOP 08 0
END 0900

SIBFTC XAUTO1 0910
SUBROUTINE AUT01 0920

C 0930
C 0940
C 0950
C 0960
C AUTO CORRELATION) XwXP .YwYP ,ZzZP 0970
C 0980
C 0990
3000 F0RMAT(5EI2o0#I49E662*2I4) 1000
3001 FORMATM1F6.0) 1010

C 1020
4000 FORMAT(1H1,50X916HAUTO CORRELATI0N///30X.1HX,30X,1HY,30X,1HZ// 1030

122XE14.8.17XE14.8,17X.E14.8//1OX,5HTAU 29E14*8s5X96HDTAU =oE14*8 1040
2*5X*6HNTAU xvl4#5X#5HEPS m#E14*8#5X#6HNMAX w#14 95X#SHNWA zol4 I) 1050

4002 FORMAT(1H1,8H PNT CNT,12X,1HX,12X,1HY,12X,1HZ,12X.1HM,4X,1HN,5Xf 1060
1 4HFREQ#SX921HMeS* SPECTRAL DENSITY#4Xs20H DB(RE#0002) II 1070
2l6.1OX.F9.4,4X.F9.4.4XF9.4.I10,15,3XF6.0.5X.El6.8,6XE16.8/III 1080
X40X 1090
3o1HK#8XeSHTAU91SX#9HRPMNfTAU) I)1100
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4003 FORMAT(1H #30X#IlO*LI6*8#E2068) 1110
4004 FORMAT(lH0.50Xt12H!NTEGRATIONS // 33X#9H!NT. NUM*95X# 8H MESH , 1120

15X#6HM N,1OX# 4HSUM2*16X# 4HSUM1I 1130
4005 FORMAT(1H1,30Xo44HNORMALIZED CORRELATION OF ACCOUSTIC PRESSURE/// 1140

IlOXs 4HNTAU#1OX# 3HTAUIOXZSHNORM* CORR* OF ACC. PRESselOX# 1150
28HRP(K)/P2,12X,14HNORM* FACTOR =.E14o8//) 1160

4006 FORMAT(1H s 8X,14,8AF8.6,1OXE16.8,11XE16.8) 1170
4010 FORMAT(1H1,7E16*8) 1180
4011 FORMAT(1H1,30X,23HAUTO SPECTRAL DENSITY ///12X#1HK910X# 4HFREQ# 1190

ilOXt 7IRAD/SEC,1OX917HCROSS SPEC. DENSe,1OX,11HDB(RE#0002)//) 1200
4012 FORMAT(1H 98XI4o 8X#F6oOt8X#F9e4#2(1OX9E14*8)) 1210
4013 FORMAT(1HO,30X,18HCHOSEN FREQUENCIES //(1OX,10F1O#0)) 1220
4014 FORMAT(1H1,30X,1HK,1OXt4HFREQ,10X,7HRAO/SECt1OX,17HMODAL SPEC& DEN 1230

1S*#I0X#I1HDB(RE#0002) M/ 1240
4015 FORI4AT(H ,21XI1O,8XF6.O,8X.Fg.4,2(8XE16.g)) 1250

C 1260
C 1270

COMMONt /AAA/A(4000) 1280
C 1290

EQUIVALENCE (A(1),MM),(A(23 ,NN),(A(31,IM),(A(4),IN),(A(5) ,NXYZ), 1300 '

1(A(6),KXYZh9(A(7),NAUTO) ,(A(8).NCROS5),(A(9),M)o(A(1O3 eN) 1310
EQUIVALENCE (A(21).XL1),(A(22),XL0),(A(23),YL1),(A(24)#YL0~, 1320
1(A(25),AI ),(A(26),8b#(A(27),Cbs(A(28),THETA),(A(29),02),(A(3O) ,PlI 1330
2,eA(31lbX),(A(32),Y),(A(33) ,Z),(A(34),EPSb#(A(35) ,NMAX). 1340
3(A(36),WMN),(A(37) ,AMN) ,(A(38).SUFI)b(A(39boSUM2). 1350
4(A(40)#JA)#(A(41) ,JB) 1360

EQUIVALENCE (A(101),MAM),(A(151IbNAN),(A(IOO1)tW) 1370
C 1380

DIMENSION MAM(50) ,NAN(5Ob#W(20950) ,RP(110) ,RPBAR( 110, PRP( 110) t 1390
1WA(110)9FI(110) 1400

C 1410
REAL KMN 1420

C 1430
CONVT z80000. 1440

C 1450

C 1460
Do 5 IIwI.NXYZ 1470
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c 100
READ f 5#9000) X#YZTAUDAUNTAUEPSNMAXNWA 1490

c 1500
WRITE(6#4000) XYZTAUDTAUNTAUEPS.NMAXNWA 1510

C 1520
IF (NWA) 2#1#2 1530

C 1540
2 READ (5,0O1) (WAMKw~l9NWAl 1550

WRITE(6,4013) (WA(KxI#~NWA) 1560
c 1570
C 1580

1 ATAU 0 TAU 1590
C 1600

DO 6 IAxI#NTAU 1610
6 RP(!Al x 0. 1620

C 1630
DO 7 IA*I#NWA 1640

7 MIA) a 0. 1650
c 1660

DO 10 1.1,114 1670
DO 10 JwI#IN 1680
JA aJ 1690
JLBJ 1700
IF (IMPEQ.NM) JAm! 1710
MwNANMJA) 1720
N a NAN(J) 1730

c 1740
WMN a WlIsJl 1750

C 1760
KNN a C*THETA / (B*(1.+W(I#JI**2*THETA**2)) 1770
ANa B*W(I#J) 1780
CMN a UJ~1-.B* + B**4) 1790
DNN * 4**8*W(IfJl*(S**2-1*) 1800

C 1810
WBARlwfB**2+2#) /(S*WfIoJ)*(8**2+4.)l 1820
WBAR2 z *WSAR1 / (B**2.2s 1630
COAR a KNN*W(I#J)*P2 1840
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C 1850
WRITE(6*4O1O) KMNAMN.CMN.DMN.WBAR1.WBAR2.CBAR 1860
WRITE(6#40041 1870

C 1880
PHASEZ 1.5708 1890
KKK*2 1900
CALL DINT (AMNNPHASEKKK) 1910
CAP2mSUM2 1920

C 1930
KKKw1 1940
ANNa-ANN 1950
CALL DINT (AMNNPHASE*KKK) 1960
CAPlsSUM2 19V70

C 1980
KKK5 1990
PHASE*O. 2000
CALL DINT (AMNNPHASE#KKK) 2010
CAP5wSUM2 2020

C 2030
KKKm4 2040
AMNa-ANN 2050
CALL DINI (AMNNPHASE*KKK) 2060
CAP4mSUM2 2070

C 2080
C 2090

SP a CBAR* (WBAR1*CAP1*CAP2 +WBAR2*CAP1*CAP4 -WBAR2*CAP5*CAP2 + 2100
1WBAR1*CAP5*CAP4 2110

C 2120
IF (SP) 11.11*12 2130

11 PHI a 0. 2140
GO TO 13 2150

12 PHI a 100* AL0G1O(SP) + 127.6 2160
13 WRITE(6.4002)II.XYZMNW(IJhS5PPHI 2170

IF INTAU) 22921922 2180

22 rAL' x ATAU 2190

DO 15 Kx1.NTAU 2210
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c 2220
THI CMN*COS(WfI#J$*TAUI + DMN * SIN(W(!.J)*TAU) 2230
TH2nCMN*SIN(W(IJ)*TAU)-DMN*COS(W(IJ)*TAU) 2240

c 2250
c 2260

RPNUKMN*EXP(-AMN*TAU) * (TH1*CAP1*CAP2 + TH2*CAP1*CAP4 -TH2 2270
1*CAPS*CAP2 + THI*CAPS*CAP4) 2280
RP(K)uRP(K)+RPN 2290

C 2300
WRITE(6#4003) K#TAU#RPN 2310

C 2320
15 TAU a TAU + DTAU 2330

C 2340
21 IF INWAI 14,10,14 2350I
14 WRITE(6,4014) 2360

C 2370
D0 20 Kx1,NWA 2380
RAD *WA(K)/(2**PI) 2390
DDO (B**2*W(IJl**2 +~ (W(JJ)-WA(KI)**2)* (B**2*WtiIsJ)**2 + 2400
1(W(IJ) + WA(K))**2) 2410

C 2420
AAMN a (B*W(I#J)*(B**2*W(19J2**2 + W(19J)**2 + WAIK)**21) DO 2430
BBMN a (W(IJ)*(B**2*W(I#J)**2 + W(I#J)**2 -WA(K)**2)) / DO 2440

C 2450
TWI a CMN*AAMN + DMN*BBMN 2460
TW2 a CMN*BBMN - DMN*AAMN 2470

C 2480
FIT a KMN * (TWI*CAPI*CAP2 + TW2*CAP1*CAP4 -TW2*CAP5*CAP2 + 2490
ITWI*CAPS*CAP4) 2500

C 2510
FAT a FIT MO0
IF (FIT) 19,19917 2530

19 PHIa O. 2540
FIT x 0. 2550
GO TO 18 2560

17 PHI a 10**ALOG10(FIT) + 127.6 2570
18 WRITE(6o4015) K#WA(K),RADFATPHI 2580
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C 2590
20 FI(K) FI(K) + FIT 2600

C 2610
10 CONTINUE 2620

C 2630
IF (NTAU) 52,51,52 2640

C 2650
52 WRITE(6s4005) RP(1) 2660

C 2670
DO 30 Kwl#NTAU 2680
RPBAR(KtwRPKt/RP(1) 2690
PRP(K) a RP(K)/P2 2700
WRITE(6,4006) KATAUoRPBAR(K),PRP(K) 2710

30 ATAUwATAU+DTAU 2720
C 2730

51 IF (NWA| 61.5.61 2740
61 WRITE(6#4011) 2750

C 2760
DO 40 KnINWA 2770
RAD a WA(K/(2o*PI) 2780
IF (FI(K)) 71,71,4i 2790

71 PHI a 0O 2800
GO TO 40 2810

C 2820
41 PHI a 10* ALOGIO(FI(K)) + 127.6 2830
40 WRITE(6,4012) KWA(K),RADFI(K)9PHI 2840
5 CONTINUE 2850

C 2860
C 2870

RETURN 2880
END 2890

SIBFTC XCROS1 2900
SUBROUTINE CROSSI 2910

C 2920
C 2930
C 2940
C CROSS CORRELATION) TINE * CONSTANT 2950
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C 2960
C 2970
Cl 0 0 FRA(E2626E26!/61.) 2980

1000FORAT(EI26#26#El*6t6/4EI28))2990
1001 F0RMAT12(3EI2*6.4)) 3000
c 3010
2000 FORMAT(I1.5X917KCROSS CORRELATION///20X.1KX,20X,1HY,20XdIHZ.20X, 9020

13HMXP*1OX94HMTAU#1OX. 3HEPS9IOXt 4HNMAX //I2X9EI4s8.2(7X9El4*8). 3030
214X*I499X9I4* 5X9E12*697Xp13// 5X,7HTAWIl~u,5E16.8//12X,5El6.8//) 3040

2001 FORMAT( 1K9OX.2HXP.20X,2KYP,20X,2HZP,1OX3HNOR//(23XEl4.8,8X.E14 3050
1.8*SX*E14*8,5X.13 )) 3060

2002 FORMAT(IHOPIH! 94X93HTAU,4X* 7HPNT CNT,5X92KXPtlOX#2HYPt1OX92HZP9 3070
IIOX, 6HM N@4Xv4HFREO , 5X917HCROSS SPEC# DENS#95X#11HDB(REo0002 3080
23,5X* 9HRPMN(TAU)//I2,Ell.5,!4.E14.6,E12.~.El2.6,2X.215,2XF6.0* 3090
36X*E14*894X92EI4e8 )3100

2004 FORMAT(14X#1H1,SX* 3HTAU,12X,1HJ,1OX,5HXPIjht9XSHYP(fl, 9X9 3110
15KZP(J),12X,11KCRPAR(IJ)10X12rN0R4. FACTOR/// 16*5X*ElO*59 3120
24XI5.3X.3El4.6.E20.8.E22.8/(25X,15.3Xt3El4.6,E20.8,E22.8)) 3130

2005 FORMAT(IHO#50X#12HINTEGRATIONS // 33X99HINT& NUM*95X# 8H MESH # 3140
15X96HM N,1OX. 4KSUM2916Xt 4HSUMI) 3150

2020 F0RMAT(IK1.7E16981 3160
C 3170
C 3180

COMMON /AAA/A(4000) 3190
C 3200

EQUIVALENCE (A(1).MM).(A(2) .NNb*(A(3),IM) .(A(4) INI .(A(5) NXYZI. 3210
1(AI6hoKXYZ) ,(A(7) .NAUTO),(A(8).NCROSS),(A(9) oMI (A(10J .NI 3220

EQUIVALENCE (A(21),XLI,9(A(22)bXLO)t(A(23)YL1) ,(A(24) ,YLOI. 3230
1(A(251.AI),(A(26),eI,(A(27)tCh(A(28THETAI,(A(29),P21 .tA(302 ,PI 3240
2,(Af321bX),(A(323,YI,1A33)Z)(A(34)EPS)(A(35.NMAX), 3250
3(A(36) .WMN),(A(371 ,AMNI .(Af38).SUM1)o(A(39)hSUM2). 3260
4fAf40l*JAl~fAl4I)J8I 3270

EQUIVALENCE IA(10O)hMAMh#(A(I11hNANI,(A(1001),WI,(A(20011.DIX1), 3280
IA3001).O!X51 3290

C 3300
DIMENSION TAV(11O).XP(501,YP(50),ZP(501 .NOR(50)bMAM(50), 3310
1NAN(50),Wt20.50htDIX1(20,50) .DIX5(20,501 .CRPBAR(50) 3320
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c 3330
REAL KMN 3340

C 3350

C 3'360
C 3370

CONVY = 60000& 3380
C 3390 :
C 3400

00 5 I~xl.KXYZ 3410
C 3420

READ (5,1QOO)XX*YYZZNXPNTAV#EPS.NNAXd(TAV(I),!1,N9TAV) 3430
WRITE(6,200O)XXoYYZZNXP.NTAV.EPSNMAX,(TAVII),IulNTAV) 3440

C 3450
READ (5,1001)(XP(I)oYP(I),ZP(I),NOR(IJ. Iu1,NXP) 3460
WRITE(6920O1)(XP(I~,YP(!)*ZPII)oN0R(I~, !u1,MXP) 3470

C 3480
DO 10 lals NTAV 3490

C 3500
DO 20 Ju1,NXP 3510
CRP aO0 3520

C 3530
C 3540

DO 30 KaloIN 3550
DO 30 LalsdN 3560
JAwL 3570
JBzL 3560
IF (!N6E0.NN) JA=K 3590
M=NAM( JA) 3600
N=NAN(L) 3610
WN W(K#L) 3620

C 3630
KNN a C*THETA / (8*(l*.W(KU)*rZ*THETA**2)) 3640
ANN a 8*W(K#L) 3650
CNN a W(K#L2*f1.-6o*B**2 + 8**4) 3660
DNN a 4**B*W(K#L)*(B**2-1a) 3670

WBA~ufB*2+&)-/BL,(K#)*(B*2+o))3680
WSAR2x 8* WSAR1I (B**2+2&) 3690
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COAR s KMN * W(K#L) * P2 3700
C 3710

wR!TE(6,2010) KMNAMN#CMNDMNWBAR1,W8AR2,CB8R 3720
WR!7E(6,2005) 3730

C 3740
IF (J.NE*1) GO TO 31 3750

C 3760
XNXX 377C
YxYY 3180
ZBZZ 3790

C 3800
PHASE s1.5708 3810
KKu 3820
AMN a-ANN 3830
CALL DINT(AMN#PHASEoKKK) 3840
DIXI(KsL) *SUM2 3850

C 3860
PHASE a 0. 3870
KKKs 5 3880
CALL DINT(AMMPHASEKKK) 3890
D!X5(K#Ll SUM2 3900

C 3910
AMN a -AMN 3920

C 3930
31 XsXP(Jl 3940

yxyPfj) 3950
ZNZP(Jl 3960

C 3970
PHASE 1.*5708 3980
KKK a 2 3990
CALL DINT(AMN#PHASEtKKK) 4000
CAP2 a SUM2 4010

C 4020
PHASE a 0. 4030
KKK a 4 4040
CALL DINT(AMN#PHASE#KKKI 4050
CAP4 m SUM2 4060
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C 4070
SP o 5E+20 4080
PH! x *5E*2O 4090

C 4100
IF (NOREJ)) 39#32932 4110

39 SP a CBAR * (WBAR1*DIXl(K#,U*CAP2 + WBAR2*OIXl(K#L)*CAP4 -WBAR2* 4120
1DIX5(I(,LJ*CAP2 + W8ARI*OIXS(K#L)*CAP4 14130

C 4.140
IF ISP) 37937933 4150

37 PHI a 0. 4160
GO TO 32 4170

C 4180
33 PHI 2 10s* MGOG(SP) + 127.6 4190

C 4200
32 THI a CMN*C0S(W(KoL)*TAV(Ifl + DMN*SIN(W(K#L)*TAV(I)) 4210

TH2 a CNN*SIN(W(K*L)*TAV(I)! - DMN*COS(W(K#L)*TAV(I)1 4220
C 4230

RPN a KMN*EXP(-AMN*TAV(I)I*(TH1*DIXI(KL)*CAP2 + TH2*DIX1(KoL)* 4240
ICAP4 -TH2*DIX5(K#L)*CAP2 + THI*DIX5(K#L)*CAP4) 4250

C 4260
CRP CRP + RPN 4270

C 4280
34 WRITE(6t2002) I.TAV( I) .J.XP(J) ,YP(J) eZP(J) .NNW(KL) SPPHIRPN 4290

C 4300
30 CONTINUE 4310

C 4320
IF ((I+JI.EQ.21 CNORM mCRP 4330
CRPSAR(J) a CRP / CNOR4 4340

20 CONTINUE 4350
C 4360

wRITE(6#2004) ITAV(II(JXPIJ),YP(J),ZP(JhiCRPBAR(J),CNORM# 4370
1J.1,mxp) 4380

C 4390
10 CONTINUE 4400

CONTINUE 4420
C 4430
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C 4440
C 4450
C 4460

RETURN 4470
END 4480

SIBFTC XCR0S2 4490
SUBROUTINE CROSS2 4500

C 4510
C 4520
C 4530
C CROSS CORRELATION (TIME) (AUTO CORRELATION INCLUDED FOR THE FIRST PO!NT)4540
C 4550
1000 FORMAT(3E12.6.13,2E12.8,13.E6,29213) 4560
1001 FORMAT(2(E12*6914)l 4570
1002 FORMAT(12F6#Ol 4580
C 4590
2000 FORMAT(lH1.50X924HCROSS CORRELATION (TIME)///3OXo1HXt30X,1HYt30Xq 4600

11HZ#//4X93E3lo8///4Xo 5HMXP z#I494Xo 5HTAU x#E1468o4Xo 6HDTAU no 4610
2EI4#8#4Xt 6HNTAU =t14#4X, 5HEPS =tEl4o894X# 6HNMAX z,14*4X#5HNWA z 4620
3,14 M) 4630

2001 F0RMAT(lHO,3OX,2HXP,2OX,2HYP,2OX,2HZPt1OX,3HNOR//(23XEl4.8,8XE14 4640
1*8,8X#E14#8 5X913 ))4650

2002 FORMAT(lHO# 9HCASE NUM.,5X#11HINTEG& PNTos 5X#2HXP,1OX92HYP,1OX, 4660
12HZP#10X# 61*1 N#5Xt4HFREQ #SX921HM#So SPECTRAL DENSITY#5X# 4670
211HDB(RE*0002)//I5,10XI5,3X,3(3X.F9.4) ,4X,215s3X.F6.0,3X,2E20.8 4680
3////40X,1HK#SX93HTAU#15X, 9HRPMN(TAU) II) 4690

2003 FORMAT(1H0. 9HCASE NUM.,5X#11HINTEGs PNT., 5XoZHXP91OX*2HYPt1OXt 4700
12HZP91OX# 6HM MSXt4HFREQ //15#1OX*15, 3X#3f3X9F9#4L;4X9215#3Xo 4710
2F6.O,////40X,1IIK,8X,3HTAUe15X,9HRPMN(TAU)//) 4720

2004 FORMAT(H #30X9IlO*El6*8#E20s8) 4730
2005 FORMAT(1H1,50X#12HINTEGRATIONS // 33X#9HINTs NUMe*5X, 8H MESH o 4740

15X,6HM N#1OX# 4HSUM2o16Xo 4HSUM1) 4750
2007 FORMAT(IH1,30X*44HNORMALIZED CORRELATION OF ACCOUSTIC PRESSURE/// 4760

ilOXt 4HNTAUo1OX# 3HTAU.1OXt25HNORM* CORR@ OF ACC. PRES*91OX9 4770
28HRP(K)/P2*12X#14HNORM* FACTOR =oEl468//) 4780

2008 FORMAT(1H 9 8Xt1498XtF8.6olOXoEl6o89llX*E16*8) 4790
2010 FORMATC1HO#30X#18HCHOSEN FREQUENCIES //(1OX91OF1O*0)) 4800
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2011 FORMAT(1HI,l0X,23lHCROSS SPECTRAL DENSITY /1/12X,1HK,1OX, 4HFREQ. 4810
11OX* 7HRAD/SEC#1OX#17HCROSS SPECa DENS*,1OXs11HDB(REs0002)//) 4820

2012 FORMAT(IH ,8X.14.8X.F6.0.8X.F9.4,2(lOX.E14.8)) 4830
2013 FORMAT(IH1,30X,1HK,10X.4HFREO*10X,7HRAD/SEC1OX174ODAL SPEC& DEN 4840

lSe.1OX#I1HDB(RE40002) //) 4850
2014 FORMAT(1H #21X#1109 8X$F6aO.8X#F9#492(8X*E16#8fl 4860
C 4870

COMMON /AAAI'A(4000) 4880
C 4890

EQUIVALENCE (A(I iMMb*(A(2).NNb9(A(3),IM).(A(4) tIN) .(A(5INXYZ2, 4900
1(A(6)oKXYZ) .(A(7).NAUTO) .(A(8) .NCROSS) ,(A(9) ,M) (tEAlO) ,N) 9 4910
2(A(11)sLXYZW.A(121 .NCROST) 4920
EQUIVALENCE (A(21) ,XL1),(A(22btXLO)d(A(23),YL1),(A(24),YLO), 4930
1(A(25).AI ).(A(26).6).(A(27).C).(A(28) ,THETA)d(A(29),P2h#(A(30) .PI) 4940
2,(A(31),X),(A(32),Y),(A(33),Z).(A(34),EPS).(A(35) .NMAX). 4950
3(A(36).WMNh#(A(37) .AMN),(A(38).SUM1),(A(39)hSUM22, 4960
4fA(40) *JA) ,(A(41) ,J8) 4970
EQUIVALENCE (A(101),NAM),(A(151),NAN) cAt1001),W),(A(2001).DIXl), 4980

1tA(3001)9DIX5I 4990
C 5000

DIMENSION MAM(50) ,NAN(50),W(20.50) ,RP(110) ,RPBAR( 11O).PRP(110)* 5010
1WA(ll0)#FIl1) 5020
DIMENSION XP(SOhtYP(50).ZP(50),DIX1(20,50),01X5(20,50)sNOR(5O) 5030

C 5040
REAL KMN 5050

C 5060
C 5070
C 5080

CONVT a 600001 5090
C 5100
C 5110

00 5 IIu1.LXYZ 5120
C 5130

READ (591000) XX.YY.ZZMXP.TAU.OTAU.NTAU.EPSNMAXoNWA 5140
C 5150

WRITE(6,000) XXYYZZMXPTAUDTAUNTAUEPSNMAXNWA 5160
C 5170
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TABLE 5A (Continued)

C 5180
ATAU a TAU 5190

C 5200
READ (5#1001) (XPl(TbYP(l.)ZP(1)NORfI)# !m1.NXP) 5210
WRITE(6*2001) (XP(IbYPM#lZPM#INORfIJ Iu1,MXP) 5220

C 5230
IF (NWA) 8#L,8 5240

8 READ 1591002) (WA(K)#Krl#NWAI 5250
WRITE16#2010) lWA(KmI#1NWA) 5260

C 5270
1 D0 10 JJal#MXP 5280

C 5290
6(ADO 6 IAa1,NTAU 5300

6 RPIA) 0*5310
C 5320

00 7 IAulPJWA 5330
7 FHlIAl s 0 5340

C 5350
DO 20 ImsIM 5360
DO 20 JwleIN 5370
JA a J 5380
JBsJ 5390
IF (IM#E~O*MN JAz! 5400
MMAM(JA) 5410
N a NAN(J) 5420

C 5430
WMN a W(IsJ) 5440

C 5450
KMN a C*THETA / (B*(1.+W(I#J,**2*THETA**2)) 5460
ANN a BOW(IJ) 5470
CNN a WfIJ)*(1.-6**B**2 + B**4) 5480
DNN a 4#*8*W(ItJM* 2-1.) 5490

C 5500
C 5510

VRITE(6.20051 5520
IF (JJ.NE.!, G0 TO 21 5530

C 5540
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TABLE SA (Continued)

xmx
z =zz 

5550C xZ 
5560PHASE -1,5708 
90KK~wl5590

ANN a-ANN 
56100CALL DINt(AMNIPHASE#KKK) 
5620

a 511HZ5630
PHASE x0. 

5640KKK* 5 
5650CALL DINTIAMNPPHASE#KKKI 
5670

DIXSCIjJ) a SUM? 
5680

C 5690ANN a -AMN 
570C 
5021 XzXP(JJ) 
5720YvYP(jj) 
5720ZRZPCJil 73

C 3740PHASE *1#57Oa 
5750KKK a 2 
5760CALL D!NTfAMN#PHASEoKKK) 
5780CAP? a 51*12 
5790

PHASE a 0# 
1100KK~K a 4 
5820CALL DINT(AMN#PHASEPIKKK) 
5830CAP4 a SUM2 
5640C 
54IF WJJNE91) GO TO 24 50W8AR1U(68**2,1 /f8*W(I,,i)*(8.*

2+,l) 
5670WSAR2 - B*WSAR1I / B**?2.2 
5080CSAR a K1N*V/(I#J)*P? 
8C 

59SP a CBAR f W8AR1*D1X1(I#J)*CAP2 + WBAR2*D!X1I?,J)*CAP. -VSAR2* 5910
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TABLE 5A (Continued)

1DIX5I!,j)*CAP2 + WBARI*O!X5(19J).CAP4 5920
IF ISP) 28.28.22 5930

28 PHI aOs 5940
GO TO 25 5950

22 PH! a 1O.* ALOGIOISP) + 127.6 5960
23 WR!TE(6920021 IIJjXP(JJ),YP(JJ),ZP(JJ).M.NW(f -J),SPPHI 5970

GO TO 25 5980
24 WRITE(692003) IIJJXP(JJ),YP(JJboZP(JJhpM.NV(IJ) 5990

25 IF INTAU) 39#31*39 6000
39 TAU x ATAU 6010

c 6020
DO 30 Kms1NTAU 6030

C 6040
THIl x CMN*COSIW(IJ)*TAU) + OM SIN(W(IJ)*TAUI 6050
TH2UCMN*SIN(W(IJ)*TAUIkDMN*COS(WtIJ,*TAUI 6060

C 6070
RPN.KMN*EXPI-A #4*TAU3*(THI*D!X1( IJ)*CAP2,TH2*DIXI1 IJ*CAP4-TH2* 6080
IDIX5(Ioj)*CAP2 + TH1*DtXSltsJ)*CAP4) 6090
RPIKIORP(K)+RPN 6100

C 6110
WR!TE(6#20041 K#TAU*RP4 6120

C 6130
30 TAU a TAU + DTAU 6140

C 6150
31 IF (NWA) 29.20,29 6160
29 WRITE16,20131 6170

C 6180
DO 19 KmlNWA 6190
RAD a WA(KM#2**P!) 6200
00 - fB**2*WfI,Jl**2 + (wIIJ)-WAfKl)**2)* 1O**2*WIIJ)**2 + 6210
1(W(!J) + WACK)I**2) 6220

C 6230
AA14N w (B*W(!,J)*(B**2*W(I#J)**2 + W419J)**2 +WA(K)**21) DD 6240
88MM m f(WI!JM*8**2*Wf!.J)**2 + WII#J)**2 -WAfK)**2)) /DO 6250

C 6260
TWI a CMN*AAMN + DMN*BBMN 6270
TW2 a CMN*BBMN - D1MN*AAMN 6280
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TABLE 5A (Continued)

C 6290
FIT u KMN * (TW1*DIXI(IoJ)*CAP2 + TW2*DIXI(I#J)*CAP4 - TW2*DIXS(It 6300

IJ)*CAP2 + TWI*DIXS(IJ)*CAP4) 6310
C 6320

FAT a FIT 6330
IF (FIT) 71#71#17 6340

71 PHI Os 6350
FIT a 0O 6360
GO TO 18 6370

17 PHI v 10*ALOGIO(FIT) + 127*6 6380
18 WRITE(6,2014) KtWA(K)*RADtFAT#PHi 6390

C 6400
19 FI(K) = FI(K) + FIT 6410

C 6420
20 CONTINUE 6430

C 6440
IF !NTAU) 47#45#47 6450

47 WRITEr6*2007) RP(1) 6460
TAU a ATAU 6470

C 6480
DO 40 KwlNTAU 6490
RPBARIK)uRP(K)/ RP(1) 6500
PRPK) a RP(K)/P2 6510

C 6520
WRITE(6,2008) K. TAURPBAR(K)tPRP(K) 6530

40 TAU a TAU + DTAU 6540
C 6550

45 IF INWA) 74,10,74 6560
74 WRITE(6#2011) 6570

C 6580
DO 50 KwI*NWA 6590
RAD a WAIK)fl2o*PI) 6600
IF IFI(K)) 75,75.51 6610

75 PHI a 0 6620
GO TO 50 6630

C 6640
31 PHI a IOe* ALOGIFI(K)) + 127.6 6650
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TABLE 5A (Continued)

50 WRITE16s2O12) KWA(K)*RAD#FI(K)tPHI 6660
C 6670

C 6680C10 CONTINUE 6690
C 6700
C 6710

5 CONTINUE 6720
C 6730

C 6740

RETURN 6760
END 677

SIBFTC XDINT 6780
SUBROUTINE DINT (SAMNoSPHASE*KKS) 6790

C 6800
C 6810
C DOUBLE INTEGRATION SUBROUTINE 6820
C 6830
C 6840

COMMON /AAA/A14000) 6650
C 6660

EQUIVALENCE (A(9).M).IA(l0~.Nh9(A(213.XL1).(At22) .XLO).(A(23).YL1) 6870
1,(A(24),YLO2,eA(34),EPS) ,(A(35),NMAXh*(A(381,SUN1),(A(39),SUM2) 6880

C 6890
C 6900

DIMENSION P(5)sWW(5) 6910
C 6920

DATA fP(I),II9153,(WW(Ih9Ix1,5) /.4530899239-.453089923,.26923465! 6930
l,-.26923465590092*.118463443,2*.239314335,e284444444 /6940

C 6950
2000 FORMAT(1HO,28H ***** NO CONVERGENCE *****#5X*149lOX*I4#5XoI49I5# 6960

12E16.8) 6970
2002 FORMAT(1HO.33X.14e10X,14,AX.15.I5.2E1B.8) 6980
C 6990
C 7000
C 7010

NKa2 7020
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TABLE 5A (Continued)

SINCI=XL1-XLO 7030
BINC2xYLI-YLO 7040

C 7050
DO 25 K*1,NMAX 7060
SUMi uSUM2 7070
SUM2uO6O 7080
CNK a NK 7090
DINCI = SINC1/CNK 7100
DINC2 = B!NC2/CNK 7110
HI a XLO + DINC1/2. 7120

C 7130
DO 26 IsIoNK 7140
H2 a YLO + DINC2/2. 7150

C 7160
DO 27 J=19NK 7170
DO 28 11.1.5 7180
ABSI=DINC1'P( 11)444 7190
DO 29 JJw1.5 7200
ABS2=DINC2*P(JJ)+H2 7210

29 SUM2uSUM2+WW( 1I)*WW(jj)*FFF(ABS1,ABS2,SAMNSPMASE) 7220
28 CONTINUE 7230
27 H2uH2.DTNC2 7240
26 HImH1+DTNCl 7250

SUM2=SUM2*DINC1*D1 NC2 7260
C 7270
C 7280

IF (KoEQ*l) GO TO 30 7290
IF (ABSU(SUN1-SUM21/SUM2)-EPSl 31#31030 7300

30 NK.NK + 1 7310
25 CONTINUE 7320

C 7330
WRITE(6,2000) KKS#NK#M#NSUM2,SUMI 7340
SUM2 Do0 7350

C 7360
GO TO 32 7370

C 7390

176



TABLE 5A (Continued)

31 WRITE16#2002) XKS9NK#MsN#SUM2,SUMl 
1400

C 741032 RETURN 
7420END 
7430SIBFTC XFFF 
7440FUNCTION FFF(XO#YO#FAMN#FPHASE) 
7450

c 7460C 7470C DOUBLE INTEGRATION FUNCTION 
7480

C 
7490C 
7500C 7510COMMON /AAA/A(4000) 
7520C 
7530EQUIVALENCE (A(7),NAUTJI9(AI8)9NCR0SS).(A(9),M),(A(

10),H), 7540IlAI221eXLI)*CA(22)XL0JA23)YL1)(A(
24 )Y 1 )f((25,o~JJ 7"502(A1301.PIIofA(31J*XJC(2Y9(A?, 

Z)I(6)WN)((0)J~ 756031A(41) .JB) 
7570C 
7580C 
7590C INTEGER W*WMN 
7600C 
7610C 
7620ROsSORT( (X-XO)**2IfY-YO).** + Z**2) 
7630C 
74CM a N 
7640CN aN 
7660PHX aSIN(CM*PI*XO/XLI) 
7670PH1Y aSTNICN*PI*YO/I) 
78C 
7690FFF a PHX *PHY *EXP((FAMN/AI)*RO) SIN(rVNN/AI)*ROFPHASE,/ RO 7700C 
7710RETURN 
7720

E N D 7730
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Table 513 - Clamped-Clamped Bunderies

SIb3FTC TURGEN
C 10
C 20
1000 FORMAT(12A6) 0 30
1001 FORMAT(1OI4) 0*40
1002 FORMAT(4E12o6/5EI5o8) 0050
1003 FORMAT(12F6#0) 0060
1004 FORMAT(20I4) 0070
1005 FORMAT(50) 0080

C 90
2000 FORMAT(lHl.1OX.6HF.P.S..ISX,12A6/22X,12A6////) 0100
2001 FORMAT (1HO929X945HORDER OF M (MODE NUMBERS) .............. MM 8,1 0110

16/30X,4SMOROER OF N (MODE NUMBERS) .............. NN ,#16/30X, 0120
24SHNUMBER OF CASES (XYZI IN AUTO CORR#** NXYZ *9I6/30X#45HNUMBER 0130
30F CASES (XYZ) IN CROSS CORRo. KXYZ *,16 / 30X945HAUTO CO 0140
4RRELATION CONSTANT ...... NAUTO u.!6/30X#45HCROSS CORRELATION 0150

5CONSTANT .......... MCROSS 8916/30X945HLIMITS OF THE 1-ST INTEGRAL 0160
6.s.o..o.... XLI u.F11.4/I0X#45H 0170 1

7 XLO =sFI114/30Xo45HLIMITS OF THE 2-ND INTEGRAL s.......... V 0180
BLI **F11.4/30X#45H YLO *,F1 0190
91*4/1OX,45NSPEED OF SOUND IN WATER ......... AT ftF13o6/30X 0200
A#45MDAMPIMG CONSTANT 8............ *#aF13*6/3OXo45HC 0210
8CONSTANT ............... C ztF13*6/3OX945HTEMPORAL D 0220

CECAY FACTOR OF TURBULENCE THETA utF11.4/30Xt45HRoMsSo PRESSURE a 0230

2002 FORMATfIHOt4OXt35HUNDAMPE0 NATURAL FREQUENCIES W(MoN)//(1OXo10F8#0 0250
X) 2 0260

2003 FORMAT(IHO*S0X912HMODE NUMBERS/1(4X91015)) 0270
2005 FORMAT(1HO940X,35HNORMALIZED EIGENFUNCTION PARAMETERS I1X.E18 0280

18) 1 0290
2006 FORMAT(1HO#29Xt45HNUMBER OF CASES IN CROSS CORR# (TIME)#* LXYZat 0300

116/30X#45NCROSS CORR* (TIME) CONSTANT ......... NCROSTz#16// 0310
230X#2110) 0320

C 0330

COMMON IAAAIA(40001 0350

C 0360
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TABLE 5B (Continued)

EQUIVALENCE (A(1h#M),(A(21 eNNI'(A(3),IMI .(A(4h#IN),(A(5S .NXYZ). 0370
1(A(6),KXYZh#(A(7),NAU10h*(A(8),NCRSS).(A(9),N)9(A(1Oi .N) *0360
2fA(1I ,#LXYZ)#(A(12) .NCROS?) 0990

c 0400
EQUIVALENCE tA(22) .XL1),(A(22),XL0),(A(23),YL1),fAI24).YLO), 0410
1(A125),Al),(A(26).I)*A(273,ChItA(28) ,THETAI.(A(29),P2,.(A(30).PI) 0420
29(A(91),X).(A(32),Yh#(A(332 .Z),(A(34),EPS),IA(35),NMAXI* 0430
3'A(36).WMN),(A(3?).AMN).(A(38).SUM1) .(A(39hoSUM2) 0440

C 0450
EQUIVALENCE (AI1O1h#MAM),(A(151),NANh*(A(2001),WI 0460

C 0470
EQUIVALENCE (A(201)9AMM)#fA(25I)#* ANN)9fAf301)#8MM)*(A(351)#BNN)# 0460

l(A(401)#CMM)#(A(451).CNN),fA(5O1) .DMM),(AISSI)tDNN) .(A(601).ALMM). 0490
2(A(651) .ALNN) 0soo

C 0010
C 0520

DIMENSION TITLE(24h*WI20,50IeNAM(50hoNAN(50) 0530
DIMENSION AMM(50) ,ANNt5O),8M1fSOI t8NN(50).CMM(50) .CNNf 50) .DMM(50). 0540
IDNNf5O) ,ALMM(5O) .ALNNf5O) 0550

C 0560
REAL KMN 0570

C INTEGER W 0560
C 0590
C 0600
C 0610
C CALL STARTR 0620
C IF ACCUMULATOR OVERFLOW .0630
C 0640
C READ AND PRINT TITlE 0650
C 0660

READISPI000) (TITLEfIb9Iwl.24) 0670
WRITE(692000) ITITLE(1)9I11241 0680

C 0690
C READ AND PRINT GENERAL INPUT CONSTANTS 0700
C 0710

READ (5#1001) MM.NN.IMINNXYZ.KXYZ9LXY1.NAUTO.NCROSS.NCR0ST 0720
READ (5#1002) XLI#XLO#YL1.YLO#AI,8.C#THETA#P2 0730
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TABLE 5B (Continued)

READ (5.1003) ((f( tJl#J81,IN)fIw1#IM) 0740
READ (StIO04) fMAM(I)#Iw1,MMl~lNANlIlI,11,NN) 0750

C 0760
WRITE(692001) MM.NNNXYZKXYZNAUTO.NCROSSXL1,XLO#YL1,YL0.AIB, 0770
1C#THETA#P2 0780
WRITE1692006) LXYZeNCROST#IM#IN 09
WRITE(6#2002) ((W(I.Jb#JvIIN)#Iu1.IM) 0800
WRITE16s2003) (MAM(I)9Iz1,W4) .INAN( I) .I~1NNl 0810

C 0620
C 0830

C PI*3*14159 0840

C 0850 i
C AUTO CORRELATION 06

C 0870

C 0900
13 REAb f5.1005) (ALMM(I),AMI4(J),8MM(I),CiM4(I),DMM(I),I.1,MM), 90

1(ALNN( I'JANN( I).BNN(I),CNNIl).ONN(I),!u1,NNI 0910
WRITE(6,20051 (ALMI(IkAMM(I).SMM(IbOCMM(I).DMM( I).Iu1.MM). 0920
1(ALNN(I),ANN( I,,BNNII),CNN(1),DNN(I),I'1.NN) 0930

C 0940
C CALL AUTOI 0950

C 0960
C CROSS CORRELATION (SPACE) 0970
C 0980

3 IF (NCROSS) 106,10 1000
10 IF INAUTOsEQ. 1) GO TO 5 100

C 11
READ (5#1005) (ALMN(I),AM(1(I),mm(I).CMM(!),DfM(I),IU1,M4), 1020
1(ALNN( I).ANN( I ),NN( I )CNN( I) DN~N(I ) ,ImlNN) 1030
WRITE16#2005) (ALMM(I),AtM(I),5Sf4it),CMM(1),DMM(I)ttE1MM), 1040
1(ALNN(I.A-'N(lIhSNN(I),CNN(I),DNN(I),IU1,MN) 1050

C 1060
5 CALL CROSSI 1070

C 1080
C 1090
C CROSS CORRELATION (TIME) 1100
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TABLE 5B (Continued)

C 1110
6 IF (NCROST) 18#8#18 1120
18 IF lfNAITOEQ)OR.INCRQSS*EQ.1Hl GO TO 7 1130

READ 15,1005) (ALMN(TIbAMM(Ii,8MM(I),CMM(I).OMM(I),IulM), 1140
1(ALNN( I),ANN( I 3,NN(J ),CNN(IhO*NN( I) elu1NN) 1150
WRITE1692005) (ALMMt!),AfM(I),BMM(1),CMM(I),DMMII),!llMM), 1160
1(ALNN(Jh#ANN(I).8NN(I ),CNN(I) ,ONN(I ).Ia1,NN) 1170

C 1180
7 CALL CROSS2 1190

C 1200
1210

8 STOP 1220
END 1230

SIBFTC XAUTO! 1240
SUBROUTINE AUTOl 1250

C 1260
C 1270
C 1280
C 1290
C AUTO CORRELATION) XXP *YxYP ,Z=ZP 1300
C 1310
C 1320
3000 FORMAt(5E12*6,149E6s29214l 1330
3001 FORMAT(12F6#O) 1340
C 1350
4000 FORMAT(lI950X916HAUTO CORRELATION///30X,1HX,30XIHY,30X,1HZI/ 1360

122X.E14.8, 17XE14.8,17X.E14.8//1OX,5HTAU w9E14*895X,6HDTAU =#E1468 1370
2#5X96H4NTAU :,149SX95HEPS zE14s895X,6HNMAX =914 *5X*SHNWA xs14 /) 1380

4002 FORMATr1H1,8H PNT CNT,12X,1HX,12X,1HY,12X,1HZ,12X,1HM,4X,1HN,5X, 1390
1 4HFREG,5X,21HM*Ss SPECTRAL DENSITY#4X920H DB(RE#0002) II 1400
2I6,1OXF9.4,4XF9.4,4XF9.4,I10,I5,3XF6.0,5XE16.8,6XEl668//// 1410
X-40X 1420
3#1HKs8X#3HTAUol5Xs9HRPMN(TAU) M/ 14~30

4003 FORMAT(lH #30XIl0vEl6s8#E20&8) 1440
4004 FORMAT(1HO,50X#12HINTEGRATIONS // 33X#9H!NT@ NUM*#SX9 8H MESH * 1450

15X,6HM N,1OX# 4HSUM2916X9 4HSUM11 1460
4005 FORMAT(1H1,30X944HNORMALIZED CORRELATION OF ACCOUSTIC PRESSURE/// 2470
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TABLE 5B (Continued)

1iOX9 4HNTAU910X, 3HTAU.1OX#25HNORM# CORRe OF ACCe PRES*#IOX# 1460
28HRP(K)/P2#1ZX*14HNORMa FACTOR aEl4o4i1) 1490

4006 FORMAT(IH 9 8X,14,8XFB.6,1OXE16.81IXE16.8) 1500
4007 FORMAT(lIs40X94OHTIME ELAPSED IN AUTO CORRELATION (MIN&I#F10.4) 1510
4010 FORMAT(lH1,7E16*81 1520
4011 FORMATt1H1930X923HAUTO SPECTRAL DENSITY ///12X#IHK#lOX# 4HFREO, 1530

lIOX9 7HRAD/SEC,13X*17MCROSS SPEC* DENS.,1OX#11HD5fRE*0021//l 1540
4012 FORMAT(lH 98X#149 8X916#8X#F9s4.?20OX#El4s8)l 1550
4013 FORMAT(1MO#30X#18HCHOSEM FREQUENCIES //l1QX#IOo.O)) 1560
4014 FORMAT(lM1,30XIHK,1OX,4HFRE~oOX,7HRAO/SEC,1OX,17HMO0DAL SPEC6 DEN 1570

1S*#1OX,11MD8fREs00021 //) 1580
4015 FORMAT(lH *2lXI1O,8XF6.O,8XF9.4,218XE16.8fl 1590

C 1600
C 1610

COMMON /AAA/A(4000) 1620
C 1630

EQUIVALENCE (A(13.MM),fA(2htNN),(A(3) ,IM).(A(4).IN).(A(5S).NXYZ). 1640
1rA(6btKXYZ) .(A(7) .NAUTO).(A(81 .NCROSS3 .(A(9).Nb#(A(lO)tNI 1650
EQUIVALENCE (A(21) .XL1),(A(22).XLO)(A(23hoYLlb#(A(243,YLO). 1660
I(A(25) ,AI),(A(26),BI.(A(27),C).(A(268 ,THETA) .(A(29h9P2),tA(30),PI 1670
2,(A(31),X)*dA(32boY),(A(33) ,Z),(A(34),EPSI,(A(35),NMAX), 1680
3(A(36) .WMN).(A(37) ,AMN).(At38),SUM1),(A(39),SUM2), 1690
4fAf40) .JA), tAl4l) ,JB 1700
EQUIVALENCE (A(1OI),MAMD.(AI15lJNANh(IA(1OOl).WI 1710

C 1720
DIMENSION MAM(SO) .NAN(50).WL20.5O) .RP(110).RP8AR( 110).PRPI 110) . 1730
1WA(1ObFI(110) 1740

C 1150
C INTEAER W#WMNWA 16

REAL KMN 1770
C 1780

CONVT z 60000a 1790
C 1800
C CALL CL0CK(MTIME) 1810
C 1820

Do 5 IIml#NXYZ 1830
C 1840
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TABLE 5B (Continued)

READ (593000) X*Z.TAUDYiMUeNTAUeEPSNMAXtNWA 1850
C 1860

WRTE(6*4000) X.YZTAU#DTAUNTAU.EPS.NMAX.NWA 1870
C 1880

IF (NWA) 111 1890
C 1900

11 READ (503001) (WA(K)#K1,#NWA) 1910
WRITE(6#4013) (WAfKl9KwI#NWAl 1920

C 1930
C 1940

1 ATAU a TAU 1950
C 1960

DO 6 IAa1.NTAU 1970
6 RP(IA) m 0. 1980

C 1990
DO I IAw1,N4A 2000

7 FM(A) a 06 2010
C 2020

DO 10 IslolM 2030
DO 10 Jw1.TN 2040
JA a J 2050
J8=J 2060
IF (114.EO.M) JAN! 2070
MuMAM(JA) 2080
N a NANMJ 2090

C 2100
WMN a wfIsJ) 2110

C 2120
KMN a C*THETA / (B*(16+W(!,JI**2*THETA**2)) 2130
ANN a B*W(1,J) 2140
CNN a W(IsJl*(16-6.*B**2 +. 8**4) 2150
DMN a 4**B*W(I,.Jl*(B**2-1s) 2160

C 2170
WBAR1U(8**2+2#) I(5*W(IJJ*(B**2+4s)f 2180
4SAR2 a B*WBAR1I /(B**2+2& 2190
COAR a KMN*W(IoJ)*P2 2200

C 2210
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TABLE 5B (Continued)

WRITE(6,4010) KMNAMNCMNDNWBAR1,WBAR2,CBAR 2220
WRITE(6#4004 I 2230

C 2240
C 2250

PHASE= 1.5708 2260
KKK=2 2270

CALL DINT (AMNPPHASEtKKK) 2280
CAP2sSUM2 2290

C 2300
KKKwI 2310
AMNE-AMN 2320
CALL DINT (AMNvPHASE9KKK) 2330
CAPlzSUM2 2340

2350
KKKz5 2360
PHASEzOo 2370
CALL DINT (AMNtPHASE*KKK) 2380
CAP5=SUM2 2390

C 2400
KKK&4 2410
AMNm-AMN 2420
CALL DINT (AMNsPHASE*KKK) 2430

CAP4wSUM2 2440

C 2460
SP a CBAR* (WBARI*CAP1*CAP2 *WBAR2*CAPI*CAP4 -WBAR2*CAP5*CAP2 + 2470

1WBAR1*CAP5*CAP4 2480
C 2490

IF (SP) 99912 2500
9 PHI a.0s 2510

GO TO 13 2520
12 PHI x 10o* ALOGIOISP) + 127.6 2530

C 2540
C 2550
C 2560

13 WRITE(6.4002111,XoYZMNW(1,Jh#SPPHI 2570
IF (NTAU) 22.21.22 2"80
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22 TAUl ATAU 2590
C 2600

Do 15 KvI#NTAU 2610
C 2620

THIl w CMN*COS(WiUJl*TAU) + DMN SINIWUJ)*TAU) 2630
TH~aMN*INIWI#J*TA)-DM*CO(W(IJ)*AU)2640

C 2650
C 2660

RPNOKMN*EXP(-AMN*TAU) * (TH1*CAP1*CAP2 + TH2*CAP1*CAP4 -TH2 2670
1*CAP5*CAP2 + TH1*CAPS*CAP4) 2680
RP(K)oRPIK)+RPN 2690

C 2700
WRITE(6*4003) K#TAU#RPN 2710

C 2720
15 TAUl m TAU + OTAU 2730

C 2740
21 IF(NWA) 25910925 2750
25 wRITF(6#4014) 2760

C 2770
DO 20 Kw1.NWA 2780
RAD a WA(K)/12**PI) 2790
DD a (5**2*W(lJI**2 + (W(JJ)VWAIKII*021* (B**2*W(ItJ)**2 + 2800
lI.J) + WA(K))**2) 2810

C 2820
AAMN a (B*WfI#JP*(B**2*W(I#J)**2 + W(1,J)**2 + WA(K)**211 DO0 2830
BBMN a (W(I#Ji*(B**2*W(I#JI**2 + WI.J)**2 -WAfIK)**2)) / DD 2840

C 2650
TWI a CMN*AAMN + DMN*SBMN 2860
TW2 a CMN*BBMN - DMN*AAMN 2870

C 2880
FIT a KI4N * ('W*CAPI*CAP2 + TW2*CAP1*CAP4 -TW2*CAP5*CAP2 + 2890
1TWI*CAPS*CAP4) 2900

C 2910
FAT a FIT 2920
IF (FIT) 19919,17 ,2930

19 PHI a 0* '2940
FIT a 0. 2950
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TABLE 5B (Continued)

GO TO is 2960
17 PHI a IO.*ALQG1O(FIT) + 127#6 2970
18 WRITE1694015) K#WA(r).RADsFAT9PHI 2980

C 2990
20 FI(K) a FI(K3 + FIT 3000

C 3010
10 CONTINUE 3020

C 3030
IF (NTAu) 52051#52 3040

C 3050
52 WRITE(6,40O5) RP(1I 3060

C 3070[
DO 30 Ks1.NTAU 3080
RP8AR(KlwRP(Kl/RP( 1) 3090
PRP(K) a RP(K)/P2 3100
wRITE(6*40061 KATAU9RPBAR(K),PRP(KJ 3110

30 ATAUwATAU+DTAU 3120
C 3130
C 3140

51 IF fNWA) 27#5o27 3150
27 wRtTE(6#4O11) 3160

C 3170
DO 40 Km1.NWA 3180
RAD a WA(K)i'(2o*PI) 3190
IF (FIIK) 45,45*41 3200

45 PHI a o31
Go TO 40 3220

C 3230
41 PHI a 10a* ALOG1O(FI(K)l + 127.6 3240
40 WRITE16t4012) KWA(K)#RAD9FI(Kl*PHI 3250
5 CONTINUE 3260

C 3270
C CALL CLOCK(NTt4E) 3280

TIME a CNTIME-MTtME)/CONVT 3290

C WRITE(6.4002; TIME 3310
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TABLE 5B (Continued)

RETURN 3330~
END 3340

SIBFTC XCROS1 3350
SUBROUTINE CROSSI 3360

C 3370
C 3380
C 3390
C CROSS CORRELATION) TIME uCONSTANT 3400
C 3410
C 3420
C 3430
1000 FORMAT(3E12.6,2I6,E12.6.!6/(6E1228)) 3440
1001 FORMATI2(E12#6#!4)) 3450
C 3460
2000 FORMAT(1H1#50X#17HCROSS CORRELATION///20X.1NX,20X,1HY,20XIHZ,20X# 5470

13MMXPoIOX,4HMTAU91OXt 3HEPS#1OX# 4HNMAX //12X9E14s8#2(7X9E14e8l# 3480
214X91499X9149 5X9E12#697X#13// 5X.7HTAU'(I)u.5E16.8//12X,5El6.8//) 3490

2001 FORMAT( 1HO,30X,2HXP,20X,2HYP,20X,2HZP,1OX.3HNOR//(23XE14.8,8X.E14 3500
I*8#SXEl498#5X913 3) 3510

2002 FORMAT(1HO,1HI v4X93HTAUs4Xs 7HPNT CNT.5Xo2HXP,1OXo2HYPtlOXt2HZP. 3520
IlOX. 61*1 N#4Xs4HFREQ , 5Xs17HCROSS SPEC* DENS#95X.I1HDB(RE.0002 3530
2)95X9 9HRPMNITAU)//12.ElI.5.14,E14.6,El2.6,El2.6.2X,2l5.2XF6.O, 3540
36X9El4e8#4X#2El4*8 ) 3550

2004 FORMAT(lH1.4X*1HI#SX9 3HTAUtl2X,1HJ,10X,5HXP(J),9X,5HYP(J), 9XY 3560
15HZP(J),12X,11HCRPBAR(IJh12OXI2HNORM# FACTOR/// 16#5X9ElOs5# 3570
24X,15.3X.3E14.6.E20.8oE22.8/(25X.15,3X,3E14.6,E20.8,E22.8)) 3580

2005 FORMAT(1HOOX912H!NTEGRATIONS // 3SX99HINTo NUMe.SX, 8H MESH 9 590
15X#6HM N#10X# 4HSUM2.16Xo 4HSUM1) 3600

2010 FORMAT(1HIM716#81 3610
2100 FORMAT(1H2940X941HTIME ELAPSED IN CROSS CORRELATION (MINo)#F1O#41 3620
C 3630
C 3640

COMMON /AAA/A14000) 3650
C 3660

EOULIVALENCE (A(1),M)(A(2),NN) ,(A(3) ,IM).(A(4).IN),(A(5),NXYZ). 3670
1(A(6),KXYZ) .(A(7)#NAUTO) .(Al8) ,NCROSS)#(A(9) ,M) .(A(1O) ,N) 3680
EQUIVALENCE (At21lXL1),(A(22b#XL0).CA(23) .YL1).(A(24).YLO). 3690
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TABLE 5B (Continued)

I(A(2ShoAI),(A(26),8),(A(27) sC) .(A(28),TIETA)(A293P2h9(A130).PI) 3700
2d(A(31 ) X).(A(32) .Y),(A(33) .Z) ,(A(34),EPS),(A(35),NMAX) * 3710
3(A(36) .WMN) .(A(37)sAMN) ,(A(383.SUMI),(A[39).SUM2), 3720
4(A(40),JA)9(A(41),JB) 1730
EQUIVALENCE (A(101).MAM),(A(151)NANht(A(1001),W)d4A(2001),DIX1). 3740
1 (A(3001 ) DIX5) 3750

C 3760
DIMENSION TAV( 110) .XP(50) .YP(5O).ZP(SOhtNOR(50),MAM(50), 3770
INAN(50) ,W(20.50) .DIX1(20.50) .DIXS(2O,50).CRPBAR(50) 3780

C 3790
C INTEGER W9WMN 3800

REAL KMN 3810
C 3620
C CALL CLOCK(#4TIME) 3830
C 3840
C 3850

CONVY a 60000a 3860
C 3870
C 3880

D0 5 IIzl9KXYZ 3890
C 3900

READ (5.1000)XX#YYZZMXPMTAV.EPSNMAXd(TAV(I).131,NTAV) 3910
WRITE(6,2000)XXtYYZZMXPMTAVEPSNMAX,(TAV(I),Iu1,MTAV) 3920

C 1930
READ (591001)(XP(I*YP(Ih#ZP(1).NOR(I), 10lNXP) 3940
WRITE(6.2001H(XP(IItYP(1),ZP(1IhNOR(I), I11MXPI 3950

C 3960
DO 10 1.1, MTAV 3970

C 3980
Do 20 Ju1,MXP 3990
CRP m 0. 4000

C 4010
DO 30 Kz1,1M 4020
Do 30 Lm1IM 4030
JAzI. 4040
Am. 4050
IF (IM*EO*MM) JANK 4060
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TABLE 5B (Continued)]

MmNANI JA) 4070

NuMAN(LI 4080

KMN aW(*THET/ IB*(*W(K*L)**2*THETA**2)) 4100

ANN a B*W(KL) 4120
CNN a W(K*L)*I(1.6**B**2 + 8*4) 4130
DMN a 4s#B*W(K#L)*(8*O2-1#) 4140
WBAR1U(B**2,2.)/(B*WIKL)*(B**2+4.)) 4150
WBAR2s 8* WBAR1 / (8**2+2,) 4160
CBAR x KMN * W(K#Ll * P2 4170

WRITE(692010) KNAN4CMNNDMNNWBAR1,WBAR2.CB R 4190
C WRITEf6#2005) 4200

C 4210
IF (J*NEel) GO TO 31 4220

yuyy 4250
ZSZZ 4260

C 4270
PHASE zl#5708 4280
KKKaI 4290
AMN a-AMN 4300
CALL DINTfAMN#PMASEKKKI 4310
0!X1(K#L) aSUN2 4320

C 4330
PHASE 0.O 4340
KK~m 5 4350
CALL DINTIA1NPHASE#KKK) 4360
DIXS(K#L) a SUM2 4370

C 4380
ANN a -ANN 4390

C 4400
31 XWXPWJ 4410

ymyP(J) 4420
ZUZP(Jl 4430
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TABLE 5B (Continued)

C 4440

PHASE 21.5708 4450

CALL CBNTAR * IWAR1*D!X1IKLCA2+wA*DX(.)AP-R 4460
CAP2 SLUCA2 4 BR*15KL*A4)4610

C 3IFSP383334630
PHIA 06 4500

GOP TO 32 4660

C 4670
33IF1 1NO(J 3902932) 17. 4680

C 4690
32 TSP a CMNR*COSWAIL*XItAVL)*A + DNSNWAR2*l)l*TAL))CP WA2 4700

TH21KL*CP + CNSNWL2*AV(L -DM*COSw(,)*AVI 4610
C 4720

RFP) 38N*38*33T~~f*T1*l1KL*CP H*OX(,I 4730

RP 47640

C 4770
3 PHITaE16f,OO ITAV+(127s6JP()zr)N,~(,)SPPi. 4780

C 4790

30CNIU 480

RPN KMNEXP(AMN*AV(I)*(T 190X(#)CA2+T2DXIKL*43



TABLE 5B (Continued)

C 4810
IF tfI+JI*EQ*2) CNORM uCRP 4820

CRPSAR(J) uCRP / CNORM 4630
20 CONTINUE 4840

C 4850
WRITE(692004) ITAV(lI)(JXP(JJYP(J),ZP(JhtCRPBAR(J).CNORN, 4860
1Ju1,Nxp) 4870

10CNIU 4890
C 0CNIU 4880

C 4900
5 CONTINUE 4910

C 4920
C 4930
C CALL CLOCKIE) 4940
C TINE a (NTIME -4ITIME)I CONVT 4950
C WRITE(6#2100) TIME 4960
C 4970
C 4950

RETURN 4990
END 5000

SIBFTC XCROS2 s010
SUBROUTINE CR0552 5020

C 5030
C 5040
C 5050
C CROSS CORRELATION (TINE) (AUTO CORRELATION INCLUDED FOR THE FIRST POINT)5060
C 507C
1000 FORMAT(3E12.6,13.2E12.8,I3,E6.2.213) 5080
1001 FORNAT(2(E12#6,14)) 5090
1002 FORMAT(12F6*01 5100
C 5110
2000 FORMAT(IN1,50X#24HCROSS CORRELATION (TIME)/I/30X#1HX*3OX*1HY#30X* 5120

11HZ#I/4X93E32s8///4X, 5HMXP u#1494X# SHTAU w9E14#8#4X# 6HDTAU as 5130
2E14*8#4X# 6HNTAU =914#4X9 3HEPS moEl4o894X9 6HNMAX a,14o4X95MNWA a 5140
3014 /) 5150

2001 FORMAT( 1HO,30X,2HXP,20X,2HYP,20XZHZP.1OX,3HNORII(23XE14.8,SXeE14 5160
19898X#E14*895X#13 2) 5170
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TABLE 5B (Continued)

2002 FORMAT(IHO, 9HCASE NUM.ssX#1IHINTEGs PNTot 5X#2HXP,10X,2HYPIOX# 5180
I2HZPalOX, 6HM N,5X,4HFREQ ,SXt2IHM#S. SPECTRAL DENStTY95Xt 5190
211HDBfREaOO02)//t59IO:!5s, 3X,3(3XF9.4) ,4X,2I5,3XF6.0.3X,2E20.8 5200
3////4OX,#.dK.8X*3HTAU#I5Xs 9HRPMN(TAU)//) 5210

2003 FORMAT(IHOv 9HCASE NUM.,5X1IlHINTEGs PNT., 5X#2HXPslOX,2HYPIOXs 5220
I2HZP91CX9 6HM N#5X#4HFREQ //15*lQX.15. 3X,3(3XF9*4h#4X,2I593X# 5230
216 ////40X,1HK98Xt3HTAU,15X# 9HRPMM(TAUI//) 5240

2004 FORMAT1IH #30X9Il09EI6s89E2O68) 5250
2005 FORMAT(lH1,50XsI2HtNTEGRATt0NS // 33X#9HINTs r4UM.s9X* SH MESH 5260

15X,6HM N,1OX9 4HSUMe2916Xt 4HSUM1) 5270
2007 FORMAT(1H1.30X,44HNORMALIZED CORRELATION OF ACCOUSTIC PRESSURE/// 5280

11OX# 4HNTAU#1OX# 3HTAUtIOX925HNORMs CORRe OF ACCe PRESslOX# 5290
28HRP(K)/P29I2X14HN''4# FACTOR =.E1468//) 5300

2008 FORMAT(1H 9 8X,14,8X.F8.6.1OX.E16.8,11XE16.8) 5310
2009 FORMAT(IH1,40X*4OHTIME ELAPSED IN CROSS CORR.(TtME) (MIN*)#FlO*4) 5320
2010 FORMATf1HO930X,18HCHOSEN FREQUENCIES //(10X910F10.0l) 5130
2011 FORMAT(1H1,0X,23HCROSS SPECTRAL DENSITY ///12X,1HK,1OXs 4HFREO# 5340

IJOX. 7HRAD/SECo1OX917HCROSS SPECo DENSe,1OX,11HDB(RE@00O2)//l 5350
2012 FORMAT(IH t8X*14, 8X#16#8X9F9*492(lOX9El4*8)) 5360
2013 FORMAT(1Hl,30XIHK,1OX,4HFREQ,1OX,7HRAD/SEC,1OXI7HMODAL SP C* DEN 5370

1S&#10X#11HDB(RE#O002) //l 5380
2014 FORMAT(1H 921X.11098XoF6o0.8XoF9*49213X#El6o8)I %390

C 5400
COMMON /AAA/A (4000) 5410

C 5420
EQU:VALENCE (A(1),MM),(A(21.NNht(A(3) ,IM).(A(4),IN),(A(5),NXYZ), 5430

l(A(6htKXYZ).(A(7) sNAUTO) ,(A(8) ,NCROSS) .(A(9)tM) .(A(10) .N) s 5440
2(A(11)9LXYZl#(A(12),NCROST) 5450
EQUIVALENCE (A(21) ,XL1) ,(A(22) ,XLO) .(A(23) ,YLI) .(A(24) ,YL0). 5460

1(A(25),AI ).(A(26) ,8).(A(27),C).(A(28),THETA),EA(29) ,P2)o(A(30) ,PI) 5470
29(A(31).X),(A(32),Y),CA(33) .Z),(A(34),EPS).(A(35).NMAX)# 5480
3(A(363 .WMN) ,(A(37)oAMN),(A(38btSUM1) .(A(39),SUM2), 5490
4fA(40)#JA) ,Af41hJB) 5500
EQUIVALENCE (A(101).MAM),(A(151),NAN),(A(1001).W)dIA(2001),DtX1). 5510
I(A(3001)#DIXS) $520

C 5530
DIMENSION MAM(50),NAN(5O)oW(20,50b#RP(110hRPAR110),PRP(110). 5540
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TABLE 5B (Continued)

1WA(110)#FI(ll3) 5550
DIMENSION XP(50) ,YP(50) *ZP(5O).DIX1(2O,5O),D!X5(20,5O1 ,NOR(50) 5560

C 5570
C INTEGER W#WMN#WA 5580

REAL KMN 5590
C 5600
C CALL CLOCK(MTIME) 5610
C 5620
C 5630

CONVT x60000. 5640
C 5650
C 5660

DO 5 IIwILXYZ 5670
C 5680

READ (5#1000 XXYY.ZZMXPTALJDTAUcNTAU.EPSNMAXNWA 5690
C 5700

WRITE(6#2000) XXYYZZ#MXPTAUDTAUNTAU.EPS.NNAXNWA 5710
C 5720
C 5730

ATAU aTAU 5740
C 5750

READ (5#1001) (XP(I)#YPfI)9ZP(flNOR(I)9 IwI#MXP. 5760
WRITE(6#2001) (XP(!~sYP(J)#ZP(Ih9NORfI)9 !m1,NXP) 5770

C 5780
IF (NWA) 2,192 5790

C 5800
2 READ (5*1002) (WA(KIK*1,NWA) 5810

WRITE(6*2010) fWA(K)9Kx1.NWA) 5820
C 5830

I DO 10 Jinl#MXP 5840
C 5850

Do 6 IAwlNTAU 5860
6 RPfIAl a 0. 5870

c 5880
DO 7 IAmlNWA 5890

7 FI(IA) a 0. 5900
C 5910
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TABLE 5B (Continued)

00 20 IuldNM 5920
DO 20 Jwls!N 5930
JA a J 5940
JonJ 5950
IF IIMN EoMM) JAsI 5960
M-MAM(JA) 5970
N a NAN(J) 5980

5990
WMN a W(IqJl 6000

6010
KMN a C*THETA / (B*(lo+W(19J)**2*THETA**21) 6020
ANN a S*W(!#J) 6030
CNN z WtI.J2*(1.-6**B**2 + 8**41 6040
DN- 46*8*W(19J)*(B**2-1*) 6050

6060
6070

WR:TEt6#2O05) 6080
IF (JJ*NEel) GO TO 21 6090

6100
xxxx 6110
y=yy 6120
ZUZZ 6130

6140
PHASE =1.5708 6150
KKK*1 6160
ANN u-AMN 6170
CALL DINT(ANPHASE#KKK) 6180
DIX1(tI.J a SUN2 6190

6200
PHASE = 0. 6210
KKKE 5 6220
CALL DINT(ANPHASE*KKK) 6230
DIX51I.j) *SUM2 6240

6250
ANN = -ANN 6260

6270
21 XzXPIJJI 28
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TABLE 5B (Continued)

YzYP(JJ) 6290
ZBZP(JJI 6300

C 61
PHASE =1*5708 6320
KKK ' 2 6330
CAL.L DINT(AMN*PHASEsKKK) 6340
CAP? SUM2 6350

C 6360
P14ASE a 0 6370
KKK a 4 6380
CALL DIMTfAMN#PMASE9KKK) 6S90
CAP4 z SUM2 6400

C 6410
IF (JJ*NE.1) GO TO 24 6420
WBARIB(8*2+2sl if8*Wf!.J)*18**2+4s)l 6430
WBAR2 cB*WBAR1 / (8**2+2& 6 440
CBAR 2 KMN*W(I*J)*P2 6450

C 6460
SP a CBAR * (WBARI*O!X1(!,J)*CAP2 + W8AR2*DIX1(1,J)*CAP4 -W8AR2* 6470
1DIX5IIj)*CAP2 + W8ARl*DIX5(1#J)*CAP4 3 6480
IF (SP) 11911,22 6490

11 PHI a 0. 6500
C 6510

GO TO 23 6520
C 6530

22 PHI a 10** ALOG101SP) + 127t6 6540
C 6550

23 WRITE(6920021 11.JJ.XP(JJ),YP(JJ31ZP(JJ).M.N.W( IJ),SPPHI 65-50
GO TO 25 6570

C 6580
24 WRITE(6#2033) IIJJXP(JJhtYP(JJIZP(JJ3,MNW(IJ) 6590

C 6600
25 IF INTAU) 32,31,32 6610
32 TAU a ATAU 6620

C 6630
D0 ZO Kal*NTAU 6640

C 6650
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THi CMN'*COSCW(Ioj3*TAU) + DMN * SIN(W(l.J)*TAU) 6660
THzM*IC(s)TU-M*O((#)TU 6670

C 6680
RPNsKMN*EXP(-AMN*TAU)*(TH1*OIXI1( IJ3*CAP2+TH2*DIX1(IeJ)*CAF4-TH2* 6690
1DIX5(Ij)*CAP2 + TH1*0IX5(I9Jl.CAP4) 6700
RP(K)=RP(K)+RPN 6710

C 6720
WRITE(6#2004) K#TAU#RPN 6730

C 6740
30 TAU aTAU) + DTA) 6750

C 6760
31 IF M~WA) 33#20#33 6770

C 6780
33 WRITE(6,2013) 6790

C 6800
DO 19 Kw1lNWA 6610
RAD 3WA(KI/(2**PIJ 6820
DO (B**2*W(I*Je*42 + (WIJ-AK)*) 18**2*W(I#J)**2 + 6630

1(W(I#J) + WA(K)l4*2) 6840
C 6850

AAMN a (B*W(I#J)*1B**2*W(I#JJ**2 + WII#JI**2 + WA(K)**2)) DD0 6860

BOMN a(W(:j*B**2*W(I#JI**2 + W(I*J)**2 - WAIKI**2)) / O 6870
c 6880

TW2 sCMN*BBP4N - DMN*AAMN 6900
C 6910

FIT s KMN * iTW1*DIXltIJ)*CAP2 + TW2*OIXI(I#J)*CAP4 -TW2*DIX5CI. 6920
1J)*CAP2 + TW1*DIX5(I#J)*CAP4) 6930

C 6940
FAT s FIT 6950
IF (FIT )77977-,l' 6960

77 PF" x 0s 6970
FIT x 0s 6980
GO TO 18 6990

17 PHI x 10**ALOG10(FIT) + 127.6 7000
18 WRITE(6#2014) KWA(K),RAD#FAT#PHI 7010

19 FI(KM FIMK + FIT 7020
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TABLE 5B (Continued)

20 CONTINUE 7030
IF (NTAU) 47945,47 7040

C 7050
47 WRITE(6s2007) RP(1) 7060

TAU a ATAU 7070
C 7080

DO 40 KwlNTAU 7090
KPBARlK)mRP(K)/ RP(1) 7100
PRP(K) a RP(K)/P2 7110

C 7120
WRITE(692008) Ks TAU*RPBARIK),PRP(K) 7130

40 TAU a TAU + DTAU 7140
C 7150

45 IF (NWA) 49910,49 7160
49 WRITEt6#2011) 7170

C 7180
DO 50 K-lNWA 7190
RAD a WA(K)/(2o*Pt) 7200
IF (FI(K)) 5353951 7210

53 PHI m O 7220
GO TO 50 7230

C 7240
51 PHI a 10.4 ALOGIO(FI(K)) + 127.6 7250
50 WRITE(6#2012) K#WA(K)#RAD#FI(K)#PHI 7."60

c 7270
C 7280

10 CONTINUE 7290
C 7300
C 7310

5 CONTINUE 7320
C 7330
C CALL CLOCKNTIME) 7340
C TIME a (NTIME-MTIME)/CONVT 7350
C 7360
C WRITE(6#2009) TIME 7370
C 7380

RETURN 7390



TABLE 5B (Continued)

END 7400
SIBFTC XAN 7410

SUBROUTINE DlNf lSAMN*5PHASEsKKS) 7420
C 7430
C 7440
C DOUBLE INTEGRATIOh SUBROUTINE 7450
C 7460
C 7470

COMMON /AAA/A(4000) 7480
C 7490

EQUIVALENCE (A(9).M),(A(10),Nh9(A(Z1) ,XL13,(A(22),XLOh*(A(23),YLII 7500
1.IA(24).YLO~.(A(34).EPS),(A(35),NMAX) ,(A(38).SUM1).(A(39h#SUM2) 7510

C 7520
C 7530

DIMIENSION P('lwW5) 7540
C 7550

DATA P(Iu,)((Iu*j/o4530899239-*4530899"-39o269234655 7560
l,-o26923465-,,OZ*.118463443,2*.239314335,.284444444 /7570

C 7580
2000 F0RMAT11HOrPE14 ***** NO CONVERGENCE ****5X,14,1OX*!4*5X#I4#I59 7590

12EI8.8) 7600
2002 FORMAT(1H0,t3$-X,4,1OXI4,4X.I5,45,2EI8.8) 7610

C 7620
C 7630
C 7640

NK=2 7650
BINCINXLI-XL0 7660
BINC2zYLl-YL0 7670

C 7680
DO 25 K004AAi 7690
SUM1SSU42 7700
Svm2=O.* 7710
CNK 2 NX 7720
DINCI a SXINC1/CNK 7730
DINC2 a 8I.AC2/CNK 7740
Hl *ALO + DINCl/2. 7750

C 7760
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TABLE 5B (Continued)

00 26 IZ1eNK 
77H2 a YLO + DINC2/2. 
7780C 78

DO 27 JzI#NK 
780D0 28 11al,5 
78100A8S1ZDrNC1*P( I I +Hl 
7820DO 29 JJ*105 
7830ABS2*DINC2P I JJ)+H2 
783029 SUNZKSIJMZ.Ww( II *WW(JJ)*FFF(A5$S ,ABS2,SAI4NSPHASE) 784028 CONTINUE 
786027 H23H2+DINC2 
787026 H12H!.0INCI 87SUM2&SUM2EDINCI*DI NC2 7890C 79C 7900

IF (K*Eool) GO TO 30 7920IF (ABS(fSUMI-SUM2)/5UMZ,..EPS, 31,31,30 793030 NKONK + 1 
793025 CONTINUE 
7960

WRITE(6#20003 KKS*HK,NOSUM2#SUM2 7970SUN2 a 0. 
7980

C 78
GO TO 32 890C 

8000C 
802031 WRITE16,2002) KKSONKtMN#SUM2*SUMI 
8020

C 8332 RETURN 
8040END $5SIBFTC XFFF 
8070FUNCTION FFFCXO#YO#FANFPHASE) 
8080

C 88
C 8090CDOUBLE INTEGRATION FUNCTION 

8100C slC 81208130
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TABLE 5B (Continued)

C COMMON /AAA/A(40001 8140

C 8160
EOUIVALENCE IA(7) *NAUTO) ,(A(8$ ,NCROSS)g(A(9) .M),(A(10),Ni, 8170
l(A(Z1) oXLI ),(A(221,XLO),(A(23),YL13,4A(243#YLO)*(A(251*AIl* 8180
2(A(30O~ PI 1(A(3lhtX).(A(322 .Y).(AI33) ,ZI,(A(36),WMN),(A(40),JA). 8190

C 3fA(412 .J8) 8200
C 8210

EQUIVALEMCE (Af201)#AMM)#(Af251)# ANN)9(Af301)98MM)*(A(351)#BNN), 8220
1(A(401) .CMM)9(A1451) .CNN) .(A(501)#DMM)#(A(551) ,DNN)*(A(601)#ALNMMJ 8230

C 2(A(651)hALNN) 8240
C 8250

DIMENSION AM(502 .ANN(5O).BM4M(50),8NN(5O)tCMM(50htCNN(50),DMM(50). 8260
lDNN(5O) ,ALMMf503 ,ALNN(5O) 8270

C 8280
C INTEGER W#WMN 8290
C 8300
C 8310

ROSRIXX)*+YY)* + Z**2) 8320
C 83S0

PHX a AMM(JA)*SIN(ALMM(JA!*XO)+ BMM(JA)*C0S(ALMM(JA)*X0) + 8340
ICMM(JAI*SINH(ALMM(JA)*XO) + DMM(JA)*COSH(ALNM(JA)*XO) 8350

C 8360
PHYw ANN(JB3*SIN'ALNN(JB)*YO)+ 8NN(J8)*C0S(ALNNfJ8)*Y~l + 8370
ICNI(JBJ*SINH(ALNN(JB)*YO) + DNN(JBJ*COSH(ALNN(JB)*YOI 8380

8390
FFF a PHX *PHY *EXP((FAMN/Al)*RO) S IN((Wft/Al)*RO+FPHASE)/ RO 8400

C 8410
RETURN 8420
END 8430
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APPENDiX DI - MATHEMATICAL ANALYSIS

APPENDTIX D2 - METHOD FOR DETERMINING INPUT DATA
APPENDIX D3 - PROGRAM IDENTIFICATION

APPENDIX D4 - TEST RUNS
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NOTATION

A Equal toO.75x 10- 5 a2 p/U38j*

a Plate and acoustic cavity dimension in z-coordinate
(longitudinal) direction

b Plate and acoustic cavity dimension in y-coordinate
(lateral) direction

b+  Dimensionless plate and acoustic cavity dimension
defined in Equation (D68)

C1  Arbitrary constants

c Speed of sound in acoustic medium

C+  Dimensionless speed of sound defined in Equation (D77)

D Plate flexural rigidity

1) + Dimensionless plate flexural rigidity

d Acoustic cavity dimension in z-coordinate (depth)

direction

d+  Dimensionless cavity dimension defined in Equation (D77)

E[ I Denotes ensemble average

Fqrst(xl Ix2, Y1, Y2 ) Defined by Equation (D51)

fqrs () Defined by Equation (D52)

Gns Defined subsequent to Equation (D21b)
G+ +Defined by Equation (D72)

Gikm l(Xl'X2 ' y , y2) Defined by Equation (D54)

9)kmn (zl ' 2 ,w) Defined by Equation (D55)

I/ (,X', y,y' ", ) Complex frequency response of plate

h (x,z', y, y', 0) Plate displacement response to a unit impulsive force

Square root of -1

Kjkmnqrst Defined by Equation (D60)

k Acoustic wave number defined in Equation (D33)

kx  Acoustic wave number in the x-coordinate direction

k. Acoustic wave number in the y-coordinate direction

k ,k (c) Acoustic wave number in the a-coordinate directionZik

202



k+ ( +) Dimensionless acoustic wave number in the z-coordinateZik direction

M Dimensionless fluid mass defined by Equation (D68)

m, n, etc. Mode numbers

lPn Defined subsequent to Equation (D21b)

P+ ( +) Defined by Equation (D73)

Pt Turbulent boundary layer wall pressure

P. Cavity acoustic pressure

Qaa(Xi "2.Yl, Y2 2  Cavity acoustic pressure cross correlation

ti It 2 )

QPP (X1 1z2 , Y1, Y2 ' t) Plate pressure cross correlation

Q,0 (xlX 2' Yj, Y2, t1 , t2) Plate velocity cross correlation

Rm Defined subsequent to Equation (D21b)

R+ ( +) Defined by Equation (D69)

r Effective plate damping coefficient per unit area

tCm n Critical plate damping coefficient for the m-n th mode

r+ Dimensionless plate damping coefficient defined in
Equation (D68)

rc+ Dimensionless critical plate damping coefficient for
Cmn

the m-nth mode

Saa (-'2I' Y1'Y2 '0' Cavity acoustic pressure cross spectral density

z 2 0)

S PP (e:, qW) Turbulent wall pressure cross spectral density

8€€(T1 , 2 ,1y1y 2 ,9.) Plate velocity cross spectral density

Tmn Defined subsequent to Equation (D21b)

T+ +( ) Defined by Equation (D74)

t Time coordinate

t Time at which impulsive force occurs

U0  Free stream velocity of flowing fluid in x-coordinate
direction
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Ue Mean convection velocity of turbulent boundary layer

U+  Dimensionless free stream velocity defined by Equation (D68)

Ukmn(c +) Defined by Equation (D78)

UAcoustic phase velocity vector

uZ Acoustic phase velocity in the x-coordinate direction

U Y Acoustic phase velocity in the y-coordinate direction

u Z  Acoustic phase velocity in the z-coordinate direction

Vmnqs Defined subsequent to Equation (D21b)

Wmnqs Defined by Equation (D23)
W+ 

+

Wmnqs(OW) Defined by Equation (D75)

w Plate displacement in the z-coordinate direction

Xjef(o) Defined by Equation (D40)

z Longitudinal spacial coordinate

X+ Dimensionless longitudinal spacial coordinate defined by

Equation (D68)

y Lsteral spacial coordinate

y+ Dimensionless lateral spacial coordinate defined by
Equation (D68)

Z Spacial coordinate normal to the plate

Z+  Dimensionless spacial coordinate defined by Equation (D77)

a A dimensionless constant

amn(x ,Y) Plate normalized natural mode shapes

Kronecker delta

( -Q) Dirac delta function

8* Turbulent boundary layer displacement thickness

8+ Dimensionless turbulent boundary layer displacement
thickness defined by Equation (D68)

(z ,x', y', 0) Plate velocity response to a suit inpulsive force

Relative lateral coordinate (y-y')

0 Relative time coordinate (t - t')
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Phase angle defined subsequent to Equation (D21b)

Effective mass of plate per unit area

VM  Phase angle defined subsequent to Equation (D21b)

e Relative longitudinal coordinate (x- x')

Pf Mass density of flowing fluid

Pa Time average mass density of acoustic medium

Pa Instantaneous mass density of acoustic medium

r Time difference (t2 - ti)

'(n) Turbulent wall pressure spectral density

Dimensionless turbulent wall pressure spectral density

', (x, y, w ) or (x+ , y+,(+) Plate velocity spectral density

'( + , +, o+) Dimensionless plate velocity spectral density

'a (D , y, 2, cio)or 4a(x+, y+, Cavity acoustic pressure spectral density

Z+, c+

y+aX+, Z+, +) Dimensionless cavity acoustic pressure spectral density

Plate velocity

Acoustic velocity potential

cRadial frequency

+ Dimensionless radial frequency

Omn Natural frequency of m-n mode of plate

+ Dimensionless natural frequency of m-n mode of platem n

Bihar nonic operator

X (c) Defined by Equation (D53)

Radial frequency
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APPENDIX D1 - MATHEMATICAL ANALYSIS

The equations for the plate velocity and cavity acoustic pressure spectral densities

and cross correlations are now derived3 2 for a plate (Figure 15) subject to turbulence exci-

tation.

The differential equation governing the displacement of the plate due to turbulent

boundary layer pressure excitation on the plate surface is

aw a2 w
D p4 W + p.-- + p = pty, z)(Dl)a t 8t 2

Following Dyer (see Appendix A), the equation for the free undamped plate

a2w
D V4w + g i 0 (D2)

at
2

has the normal mode solution, satisfying the simply supported edge conditions (Figure 15),

gi ven y

w(xy, t) = amn (x,y) sin 6)mnt (D3)

where

amn(,y) -sin - sin . (D4)
a a

,+ - (DS)
tmn #L a

and

J0 f amn(xy) dx dy 8mq nr (D6)
aqr ( c,) 8 n

The solution to Equation (Dl) for any deterministic pressure is then assumed to be

00

00
w (,y, t) - amn(-,y) T ,n(t )  (DM)

=0
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Substituting Equation (D7) in (DI) and using Equation (D6), we find Tmn (t) must satisfy

d2 Tmn F dTmn b a ,8
+ + Tm pt(y,t) am(xy)dzdy (D8)

dt2  I dt mam= J

For later use, we consider the following two cases.

CASE I: Concentrated load applied at (x'y') varying sinusoidally in time

pt(X,y,t) - 8( '- ) 8(y - y') e i " (D9)

Substituting Equation (D9) in (D8) results in the following solution for Equation (D7):

00 amn(z , y)amn(W.Y')
w (.,y,t) - I e~ Hf H(x,x', y,y',o a) e i  (D10)

where H(x,i',y, y' o), the complex frequency response,3 2 is

i a mn(/,y ) a n( y )H (XI X' y9 y'9,) -- I (D11)

CASE II: Inpulsive loading at time t applied at (x', y')

p,(X,y,t) - 8(X- --') 8(y - y') 8(t- t') (D12)

Define[

0. t-t'

h (X,X. Y, Y.,0).{ ,,) oo

Substituting Equation (D12) in (DS) results in the following solution for Equation (D7):

208



-ro 60

)e ma(xy)amn( ',Y') F

I-- , sin m, - I 8 > 0n' W'n (-!_)

(D18)
By superposition, the response for any deterministic pressure field may be written

J j' j, ). ( ', y',t( , ,Y') h( ,y'0) y', O) d." dy'dt"-

0of , f /o P Y'"Ytt- 0) h (z,'t yyO) dx" dy' dO (D14)

Since the velocity of the plate, rather than displacement, is required for the boundary
value in the acoustic problem, we define the velocity response of the plate to impulse loading

thus

a-

A h(', eiy,ye t0) e 2poc0 am.nd(o,y) at (plt'

= a t J - J2(' ,_ t ) ( , ,, ', d d o

W. 2 / m. Fr ~ 2g r. r2

(D16)

We define the turbulent wall pressure cross correlation by (E denDtes the ensemble average):

QPP (-' I 2 1 Y1 'Y2 ,t) E [ pt(xl ,yl 't)P t( 2 ,Y 2 ,t)] (D17)
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The plate velocity cross correlation is then

Qdk 95(011,'2 9,Y 11,Y2 1,t V t2) f E [ 0 (l, yl, tj5 O('2,y2, t 2)] E E ,f 0 f 0
0 o

Pt(K ' yl't1-0 )pj(x2'Y2' t2-O2 ) B(xl'IxlYl'Yl' 01)

• (x 2 ,z 2 ,y 2 ,y, 2 )dO 1 dO2 d-- d! dxy dy]

21p' ( 1 , 2 1,Y 2 ,¢ - l -

- b ja 0b jaj , O)(x, 1 y, 0)

(, ,2 ,ur 2 ,o'2) do1 dO2dx dU/ a,; y10 00p (1,r 21 2 2) (x 1 , x [j , p ' 1 )Z 1 , 1

~2 -_2 1 2 1 Y2 
0

2) do1 dO 2 dxf dy; dx 2(DiB2
o 0o

In obtaining Equation (D18), we took account of the fact that since the plate velocity

impulse function is not a random quantity, the ensemble average applied only to the turbulent

pressure field. Also, since the turbulent boundary layer pressure is assumed to be a homo-

geneous stationary process, Qpp Pis a function of the difference between the spatial and

temporal coordinates rather than the coordinates themselves 33.

The plate velocity cross spectral density is then (multiplying and dividing Equation I.

(D18) by e 0 (01 -6 2 ) to obtain the third member below):
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S5 (x' 02' YI' y/2,) 00 Qq(x I ,x2, Y1,y 2, r) e- i&Jrdr =

jbja b a oo

S ff f fp f ( r+O1-O2)0 0 fOof0 2

} " " 0 io01"O

*d~r + O01- 02 ) ;1 ' _ I l Y' 0f' l 1) e ( -2 ,2 /2 y 2 Y 02)

we dO ddO2 do', dy1 ,dx; dy2

b a b a 00

Spp( ', ",) JI (X ',' 'Y, O1)e dO,

fo 1 . -iwPP o Y

0 (02 do2 dx ' dy,'d'dy'• (X2' 12' 'Y2' Y2' 0 2) e d 2  1z d 1 d 2 y 2
0

.-_ fo f0 (2 S P 6, TI'lo) H( xl, l ,Y",-O)H 2, 2, , Y2 dxl dY' dxa dY2

00

(D19)

where, since C(x,x',y,y', w) is zero for 0 < 0, the semi-infinite limits in 01 and 02 have
been replaced by infinite limits and as can be shown (see Equation 2.11 of Reference 33)

fC(X2 X2' 3Y2' Y2' '0 2 ) e i O2 do= i H(x 2, 1X2 , Y2'1 Y2 - )

f (- Wo Y" Y, 0 1 d~ i)(j,;, ,;W

S00

(D20)
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The mathematical model for S used by Strawderman and discussed in detail in

Reference 32 is*

Pl e e ; 1.5 6 - :
-o..11l -0.o7

1 0.o- 5 x 10- y° 5 "" e"/

1. x 10 e a)t > 1.256 8'
o3a* 2

(D2la)

where a = 1.0 for water and a 3.0 for air.

Substituting Equation (D2la) in (D19) and using Equations (Dl) and (D4), we obtain
after extensive, but routine, simplification (see Reference 32 for details):

minu 1  n vy 1  grz 2  s r'Y2
00 sin - -- sin - sin - -- sin - -

16AwO2  00 a b a b
1 2 I Y 2 a£26 2 1 T T q P P I R R q

na mfi1lqfi1 mn 98 n am q
n=I S 81

Gns Vmnqs ; 4 . 1.256 -

m0r0 1  nnff'y 1  qrnrc2  8hy2

2 0 sin-- sin --- sin -- sin -
32A /O * 08* a b a bSq56(-'l, 02,1Yl, Y2 ) 2 2b2 NoJ T T rqPnPsR Rq
It am = q I fmn $ s q

UO
.Gns Vmnqs; o > 1.256 --- (D21b)

*Equation (D21a) represents a mathematical fit to the Corcos model whichis based on experimental data.
The Skudryzk and Haddle egpression for the turbulent wall pressure spectral density 9(o) is incorporated inthis model, See Equation (3. 1) of Reference 32.
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where

A=0.75x10
-  a2 2 U,3a.

Tmn 2 2 ; similarly for Tq
2p 2

P . 0.7 ) +(n) ; similarly for P,

m-() -O. --0.987( 2 + 0.0529(-") ; iiarOq

cob \2 , ( Sff2]Gn s -0.35- L ns [2 + +
UC U) G -

+ nsv2  r ) ( )

b1f2  1 - 0.

+ 'i-- 2- [ I)n + (_,)sj
b2

Vmnqs f'mq 1.0066 -Rra (v.-0463w)
UC

m ).T2j)m( ;2j- ' [R e iq1 -qirn]t 2mq,7 2

..... e q-R q(e m CO os+ cm)

Lwa - ('T, +j,+

2O 11 I 
v u +v+V 

+3+/rn
eui i -I

MIT Mjr e (c) e- \c /j i(Xn q)

a
2

2 w ; similarly for v
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Amn = tan- 2 2 ;similarly for A,,

The power spectrum of the plate velocity 4)k (x, y, co) is found as tollows. First let

- X 2 Y1 - Y = y in Equations (D21b); since (D (z, y, w) must be a real, even function

* then the summations in the resultant equations must be real if they are to be considered as

valid solutions for ¢(D , y, (o). Then substitute V mnqs from Equation (D21b) in the equation

for 00 (x, y,wo). After rearranging this equation and taking G, ' Gsn, since G is a

symmetrical matrix, we find (see Reference 32 for details):

00 cc

16Ao; 2  00 00
(Do ~ ~ ~ ~ ---- (., Y,()S) .,X, 1 lo)
¢¢(z~y,1 2 Sax x~l,' 2b 2 m, I q I

mrn nqyi
sin - sin sin sin - U

a b a b 0

Tn Tqs PnPsRmRq Gns WmnqS ;co< 1.256 0*

00 C. mrrx .niy . t .swry
2sin ---si sin sin---- sin - uo

32Ac* 8% 0 a b a b 1

IA a 0 :., T n  TqsPn Ps RmRq GnsWmnqs;w >

p~~b \o] n 1 s I

(D22)

where

Wmnq# - 1.0066 w 8mq Rm Cos (vim - 0.463ff) cos (Xn - Xqs)

7.<mq - [ (-)m(-)q- 1 ]

+ 2mqn2 Cos (V + V) Cos - XS) +(1- mq) a. [nr _ q~r

a2 aa

+ [Rm cos (X q X"mn- qs) - Rq Cos (VM + Xqs - Xmn ) ]
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&ja-0.115 e
- q f 2--- - -0. 1 I c cC o s [ a + V q + V m  m q

a2 cia

COS = )+V +V *..+i +V A mn

+(-1) Qcos +v q +vm +Aq S  m (D23)

We now find the cavity acoustic pressure due to an arbitrary plate velocity distri-

bution. From this we will obtain the cavity acoustic pressure cross correlation and spectral

density.

We start with the equations governing acoustic phenomena and the boundary conditions
for Figure 12.

Momentum equation: Pa Tt + V Pa - 0 (D24)

ap a
Continuity equation: .- + Pa° V. j =0 (D25)

Equation of state: iPa = c2 Pa (D26)

Boundary conditions: ux(O,y,z,t) - 0 (D27a)

Ux(a,y,z,t) = 0 (D27b)

U y(-,O,z,t) - 0 (D27c)

uy(=,b,z,t) 0 (D27d)

uz(x,y,Ot) = 0 (D27e)

u z(z,y,-d,t) = 0(x,y,t) (D270

Since Equation (D24) was derived for an inviscid fluid, the acoustic field may be
assumed to be irrotational. Hence the acoustic phase velocity may be defined in terms of

the velocity potential

(z,,Z~) = ¢ z~y~~t)(D28)

Equation (D28 specifies 0 to within an arbitrary function of time. To uniq.ely specify di

define, in addition

Pa('Y'Z't)fr-P a (..Y.z.t) (D29)
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Substitution of Equations (D28) and (D29) into (D24) satisfies the latter equation. To sat-

isfy Equations (D25) and (D26), we proceed as follows:

Substitute Equation (D26) into (D25) to obtain

1 Oa
"t + P 0 V "" 0 

(D30)

Substitute Equations (D28) and (D29) into (D30) to obtain the scalar wave equation

in V1

1 d2vb

V2  -- . .. 0 (D3 1)
c 2 at 2

which, by virtue of the separation of variables technique, has the solution

P(-(,y,Z,t) = [C1 sin kxx + 0 2 cos kx zI [C 3 sin k y + C54 cos k yi

[C5 sin k. z + C6 k Z] 7 e ikct (D32)

where

k + k2 - k2 (D33)

Substituting the boundary conditions, Equations (D27a-e), into Equation (D32),

using Equation (D28), we obtain

C 1 -C 3 -C 5 50 (D34)

kx -- j - integer (D35)
a

k M -!- e - integer (D36)

Defining a-k C (D37)

and using Equations (D34), (D85), and (D36), we have

0

O,(XyZ,t) I 2. COS a- "4e COS C6 cos (k, ,) C7 e (DS8a)0 5 2

,0

Combininr the constants, we assume that the solution for O(x,y,z,t) has the form

216



00

(,y,,t) 'aCOSg cos -)cos e (D38b)

=0

Equation (D38b) satisfies the wave Equation (D31) ao can be seen by substituting

Equation (D38b) in (D31). Also, by applying the above arguments, Equations (D27a-e) are

satisfied. It remains only to satisfy the boundary condition (D27f), u,(,y,-d,t) = 0(x,y,t)

z=- d

Hence

001
00 f y iok r

S(Xy,t) X cos- cos - Y (w) - sin (_1)] eiat doj
1 0 a -b f o Zf

000

00 ~0
0 jIT f Tryiw dwd

I cos-cos - e(o) e - (D39)
j=0 a b V12

where

Xjg(C) = Kz i (o) Yif (o) sin (k. f d) (D40)

Multiplying both sides of Equation (D39) by cos = cos and integrating over the areaa b

of the plate, we find by virtue of the orthogonality principle that*

E ab(1 + o1 ) (1= 4 u) O(x,y,t) cos -cos -ed dx dy

(D41a)

sin2jfr 2r sin 2jff*By L' Hpital's rule, lir - =-= 1, hence -- 8(,, Similarly for 86e .
j-* 0 2jir 2fr 21 or
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Transformation of Equation (D4la) yields

X4~w f (+ oa b a O4,Y,t) Cos 14 -xCos f Tr e- dxdy d
ab(l +8 _wfof a b

(D41b)

Thus, from Equation (D40)

Ygc) ab (1 + 0 ) (I+ 80 fk z sin ki dfJ' 0 J' 0

Oq(X,Y,t) Cos-xCos Efye dd t(D42)

Substitution of Equation (D42) in (D38b) yields

00 Cos k z
2 00 e~r, Cos___fTry___if

(xyzt rab 0 os a b (+ 80 j) (1+ 80 C) kz gsin k,,,

Substitution of Equation (D43) in (D29) yields the cavity acoustic pressure for an
arbitrary, deterministic plate velocity

2ipao 00 j~ f r jcos k ez

p~(x~~art ab 0 co b co ( 0  1+8oj)(1+8oE)k. esink, d

{ 9 S (x,y,t) cos cos -- 4 - . d 4 dtj e-) dw

(D44)

If now 95(x,y,t) is considered to be the only random quantity in Pathen the cavity
acous8tic pressure cross correlation is
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Q aa(011- ' 2 l 21' z1 z2' tilt 2) =  E [ p,, (rl 'y/ s zl 'tl ) Pa(-2 'Y2' IZ2 't2) ]

- V a,,, oo oo jrnxl £I y1  r rx2  t ty2
-. 5 COS COS----- COS - COS

7r
2 a2 b2 j0 r 0 a b a b

0O t= 0

o)__Q os A ; Z, OS z i cos A:zrt z2 d.snk

(1+ oj)(1+o)(0+eor)(1+8od kz (Ql)sin k d sinkZ rtd

[f0 b 'a b f a E f It' 77Ls:S (---I o I tl () 2 ,y2, 2  a b -a

t"Y 2  l] -Qt] O- O 2dt OS-
Cos 1- e e dx1 dy1 dX2 dy2 dtI dt e d(Odij

(D45)

In Equation (D45), we note that from Equation (D18)

E[95(.Tl, Y1' I ) S6 ('2lY21't2 ) ]__ Q95,0 ('T1 "T2,I yl) /2, r) (D46)

Also, since r . t2 - t1 , then using Equation (D19) and noting that fe + fl) dti
0

- -i(o tl -ifl

I_0 'T1 ( l 2 ,Y ,Y2 , r) e- 1 e 2 dtI dt2

Qve (a0Q l , 2 ,Y1 ,Y2 , r) e-Urf e + () dti

ft __27 SSO('ZliZ2iY liY2i0fO O e + dt, = (2 .)3/2 S ( , 2 ,yly 2 , ) 8 ( ) +
-00

(D47)

219



Substituting Equation (D47) in (D45), integrating over o, and using the identity

S= 2 - t, yields

p- oo oo n t rn 2  ty

00 00 j? 1  £Ty, ?ITC 2  trrY2
Qa.('I, 2 ,yI,y 2, Z,22t r) £ X cos a cos - cos - cos

a2b2 0 r=0 a a b

0 f12 Cos k a cos k z2

(1+0+ Soj) (1+ 80) (1+Sor) (1+8 0 )k . (-Q)k.. (0) sin kz dsin k. d

fb fa b fa ffy 1  v' qx2 tlfY2

[ S¢(' 1 ,X 2,ylY 2 ,) cos - cos - cos cOSTb:

dx1 dy1 dX 2 dy2  ei d (D48a)

where from Equations (D33), (D35), (D36), and (D37)

k~ ~ =C (j 2  (~ 2 1/2 (4b

Hence

kZ() kzie (-0) (D48c)

The cavity acoustic pressure cross spectral density is

8a(Z, ,YYZZ,) . Qaa zly ,r)e - i
w 

r dr

(D49)

Substitution of Equation (D48a) in (D49) with S,0 given by Equation (D21b) yields

(after reassigning the subscripts such that j,k,m,n apply to the acoustics problem and g,r,s

and t to the plate)
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8p0 00

00 ~b ;m m0jkmn (lz2I' (a~ 2,Y)

L (l+8 0j) (l+ Sok) (l+ m)(1+ 8o)

00 00

00 00 b a b

1 8 [1 s : ' 0  j a' F ~ s ~ l o y l y ) q s G jk m n( 0 l ' V2 y l ty 2 )

r -I

rra 2 b2  m 0 mm 0 qm I s -1 (1+80i) (1 +8 0k) (1 +8 0,n) (1+ 8 0n)

k - o n 0 r = t I

0. ob fja F qrst (Xi~x 2 9yil/ 2 ) Gjkmn(@1'-'Vy1IY2) dz1l dy1 dX2 ely 2]

wher f . if'00 g jkmn(2 1 ,2 9 11) X(11) fqrs (n) e -O dfl eiojrdr (D50)

q n 'x 1  . m y 1  . St y 2 . t lfY 2
Fqso'~lly) sin- sin -sin - sin -(D51)

a b a b

fqrst~a -G rt") Vqrs 9)(D2

fqra(~) Tqr() St()P((Z)Pt(Q)Rqa)R () ( 2
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II

16Afl2  _ 0
a: 1.256

,A2 a2b2

x(f)= (D53)

32A 12  U8* 3  Uo
-a (-1 > 1.256 -

A 2a 2 b2  V0 /

Gjfz1  kny1  mr7x2  y 2

Gjkmn(z,z2yT y)= o 1cs o - o (D54)
)kn12YIY2) COS CO - CSa b a b i

f12 COS kZjk a1 COS lczmn z2
:' gk m (z z2, ) =(D55)

gjki k-(3 1132 If A; (0l) sink 7ckdsink 7c d

Tk m n jk m n

Integration over frequency f) of the bracketed term in the right member of Equation

(D50) results in

V1 gUkmn(Zl, 2 ,r) X(r) fqrSt(r) (D56)

where

f W . 0 F(a)) e i~ r dw (D57)

Substitution of Equation (D56) in (D50) and integration over r yields the final expres-

sion for the cavity acoustic cross spectral density:

16pa 00 00

a2 b2  j=0 m = 0 q= 1 3 1
k -O n -0 r- 1 t 1

Gikm n(-'?1 - 2 ,Y1 ,Y2 )gikmn (Zl Z2' o) X(a)) fqr,,(O)

222



1 a

[(1+80) (1+80k) (+80) (+0n)foSa.fbo 0qs i0 ~ Y~2

G/kmn( 1,x2,YIY2) dx I dy I dx_, dY2] (D58)

Integrating over the spatial coordinates, using Equations (D51) and (D54), we obtain

by means of standard integration techniques

16p2 00 00 00

Sa,(--1s-2,yi1y2,Z1'Z2,W) =-- X(O)) Y, I I Y

27 
4  i=0 m=0 q= 1 S=1

k= o n =0 r = I t1

Gjkmn(xl'x 2 'yl y 2 ) gjkmn (' 1 1Z2'W) fqrst(o) Kkmnqrst (D59)

where Gjkmn' jkm nfqrs t' and X(a) are defined in Equations (D54), (D55), (D52), and (D53),

respectively, and where

Kjk:nqrst fi qj)( 1 rk)( 1 -,m) (1,,_)qrst
(I+a0) (1 +Sok) (1+$om) (P+ 0 ) (q2-j2) (r 2 -k 2)

_ _ _ _(D60)

(s 2 -m 2 ) (t 2 -n 2 )

The cavity acoustic pressure spectral density obtained from Equation (D58) is

16p 2
0

¢a(xi ,lyi ,uvo) = S.0( 1,'l X1,yYIY1 31 9z, ') - X (()
7r
4

00 00 00 00
00 n 00 00

7 . % I Y Gjkmn( 1, 1,y1 ,yl) gikmn(Zll)fqrs(o)K kmnqrst

-0 m-0 q I s -I
k-O n -0 r 1 t i1

(D6 1)
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Setting x, = x2 ' = Y2 in Equation (D54) and a , z2 in Equation (D55), we have

Gjkmn (Xl ,xl ,yl yl) - Gmnik(XII'1'Yl 'Yl) = Gjkmn(oi 'l) (D62)

gkmn(ZlZ11O) - 9.njk(z1,lj) = 9ikmn(zlO) (D63)

Also

Kjkmnqrst = Kmnjkstqr (D64)

Hence using (D52), (D53), (D62), and (D63) in Equation (D61) and dropping the subscripts on

spatial coordinates , we obtain

2 2 - 00 00 00

256Ap 00 00 00 00(Y)gik (o)A

4 20b Tq,() To)o)P )R )R )
17

4 L2a2 b2  -0 m 0 q I s 1 qr') T ()Pr)t( Rq(s ) )

k O n=0 r=l t1 l

Klkmnqrst Vqrst(o); o) < 1.256 4-:4

512APa 2 02 00 00 00 00

" -4  0 q = (y kmn(SIW)Grt(tO)

I 42a2 b2 \U 0 1 inO m-no q 1 si I TqX(j)rsXo))Pr(o))P(&)R (a)R'(6)
k-0 n -0 r- I t - 1

K U0

jkmnqrst Vqrst(G) w > 1.256 (D65)

As for the case of the plate velocity spectral density, the cavity acoustic pressure

spectral density must be a real, even function of frequency. Thus by substituting Vqrst

(as given below Equation (D21b)) in Equation (D65), rearranging Equation (D65) first for the

Uo 0 o
frequency range (o < 1.256 -', (see Reference 32 for details) and then for ( > 1.256 b*,

and using Equations (D62), (D63), and (D64), we finally obtain
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2 O2 0 Do 00 00

256Ao CO 00o oo00oo Gjk ,,-I) 9jk.,zo) ,j()

17 4a j02a2b2 I m= qi s=1 T(ce) Tst,)rlI)M(\D Is

k=O n=0 r= 1 t sq

UO
WqrstI(() Kjkmnqrst; o < 1.256

512A . .00 00 00 00
52-3o 00 00 00 Gjk,,(x,y)krl,,(z,o )G)

OZa(X'y'Z'a ) 1 2~) 2 2 :  (a Pr () P() R( ' (
rI42 a2 b2  j=o m0 q= I s= 1 Tqr(O)Tst(&J) (., 1()Rq( ) (6)

k=0 n =0 r=i t= I

U0

Wqrst(w) Kjkmnqrst o > 1.256 (D66)

For practical utility, the plate velocities and cavity acoustic pressures are expressed

in nondimensional form. The nondimensional expressions given below are the working ex-

pre88on8 used in the compuier program.

The nondimensional form of the plate spectral velocity is defined as

+ (M 9 a 4.38 x 10- 4 M28 + W

a 2 Uc, a

00 00 si m1,7y si qrrr 3f+ a-itv +i..'

sin mrrx+ sin qr + sin - sin s y  G+ (a)+ W+,+
00 b+  b+

I I - ; 6+6 + < 1.932

-2 -- 8._1

3.2 x 10- 3 M2 8+ o+ -  1
m=l q=l

n-l s-i

sinmnx+ sinq7x+sin Ty + sin Gns (o+ )Wmnqsl((o +)

b +_b_+_ns__ _ _ _ _+_8_+ > 1 .9 3 2

qs n( )P(q (D67)
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where the dimensionless input parameters and spatial and frequency variables are defined

as follows

P1 a
M-

a

+  Uo + Y
UY a

aw
a Uc

b+ 
b
a

+ M n a

in n
r+

r cmn a 2w

C mn UU U c

D
D+ = (D68)

U2 a
2

The quantities defined below Equation (D21) for R, Rq, Vm , V 0q mn, A8' Gns' Pn' Ps' Tmn,

Tq,, and Equation (D23) have been rewritten in dimensionless terms as follows:

R M 1() - a +O0.05 +.0529 (D69)

tafltan [ 0. 23 a) 2] (D70)(mV) 2 _-0.987 60+ 2(D0

Amn- tan- [+ + (D71)
,)2 _(a+) 2D
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G 6YM)' O3 bmn [2(.7(j+b+)+m)+(n2

+''' mni 2 lnI_ mn nnr 2 2- Ly + J J~ e.(0b

(D7 2) ,

pm- ((a+) (m I') 2 + (0.7 + b +) 2 (D78)

+ {()2 ] 2 ~21/2 (D2

km n (0)+) =1.006 6 0 + aim R+ COS (vi - 0. 46 3 i) COB (A/k - Amn)

+ 2jmi' 2 COS (vi + vm) COS (A. Amn )+(1 -. i) jmf 2 [) 1 ) m _ 1]
) k m n j m _ ( mn ) 2  ]

COB (Zm+Ajk Amd -) O o( vi + Amn - Xjk] jmfeO lS(

I~iCo (w+ vZ/vm +Ajik - mn) + lCOS (w ++ vi + m + Am., -Ajk]

(D7 5)

The nondimensional form of the ca-vity acoustic pressure spectral density is defined as

= ba(X9 Y Z W ) a 7.008 x10 -3 p+ 2 8a
1 a2 2 U3  f4

j
00 00 00 00 +)K

00 00 00 00 tqs o) k nrt

j= 0 m0 (0) ~)~s(i)Kkmn qr
k= o na 0 r- t=1 1- U1n0J)1
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+k Cs y +  nry +  k+  z + Co + z +

Cos jx+ Cos mnr + coS kn-+ cos rX+ ko Z Ck os kzmn
b ;+ + < 1.932

r;(+)r(+) +,.),. +) R + (&)+) R+(&)+)

T+ +o + P ) i q

00 00 02 00

5.112 x 10-2 2 +-2 -3 00 00 00 00

17 = 02 M+ M 0 qM I SM
4 j-=O m-=O qil 1 -i

k-O n=O r= 1 t- 1

G+ (w+)) W+jr31 ((,.+) Kjkmnqrst

(+ I

Cos ja+ Cos M?+ Cos k ny cs k+ Z+ co s k+ Z+co j=+c s .= cs b.-7  cs b-+- cos k Zmn

• i ' ; (L+8+ > 1.932
T,( +) ,0 + k P+,(a + PtI +) R+(& ) R.(O )

(D76)

Equation (D76) is obtained from Equations (D66), (D69) through (D75), and the follow-

ing definitions for the dimensionless input parameters and spatial variable:

+  + -a-
UC P

d z
d +  - z+ = W (D77)

a a

which are used to form the following dimensicnless quantities

k o +) r= o ( j ".n2j /

2 a)i kt 2~ 1/2

Ukmn(O+)= k +  (a+)k +  ((a+)sin k +  d + sink +  d +  (D78)
jk Zmn j#k Zmn
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APPENDIX D2 - METHOD FOR DETERMINING INPUT DATA

The following data are furnished to the computer:

1. Dimensionless input parameters to determine the dimensionless plate velocity sprectral
density:

D aM . __.
IL

U0
U + - (See Figure 4 of Reference 32; U+ was taken to be constant,

UC equal to 1.54 in Reference 32.)

8*
U+=.-.

'I

b
b+ --.

a

D
D+ D 2

cU 2 a2

+  -- ra

tL Uc

The values for the data used in determining the input parameters may be either arbitrarily
prescribed or measured by methods similar to those presented in Appendix C.*

The range must also be specified for the spacial and frequency variables X+  -
a

y-' ,and o+=eoa/Uc
a

2. Dimensionless input parameters to determine the dimensionless cavity acoustic pres-

sure spectral density.

In addition to the foregoing parameters, it is necessary to specify the following

additions:

~+
Uc

r a+ Omna + c mn 2 o mn a
d+input parameters mn = and r - = - are functions of aend b+ only,Cn u m n = _Uc  Uc

hence need not be independently specified.
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d
a

d+  ao

Pa

and the range for z+ - -.
a

The values for these data are either known from the geometry and properties of the

actual structure and fluid or are arbitrarily specified.

Reference 32 gives dimensionless input parameters which fall in the range of interest

for submarine sonar applications.
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APPENDIX D3 - PROGRAM IDENTIFICATION

This program computes the plate velocity power spectrum and cavity acoustic pres-

sure power spectrum resulting from the vibrations of a turbulence excited finite plate with

simply supported boundaries. The program is designated as TURB3. It consists of two sub-

programs, I and II. Subprogram I computes the plate velocity power spectrum and Subprogram

11 the cavity acoustic pressure power spectrum. Both use similar notation. There are slight

differences in their inputs and in the interpretation of their output. See identification below.

A time estimate of the computer running times on the IBM 7090 is given below.

Figure No. Subprogram Frequency Range Running Time
rmin

16 I 1 <o + < 1000 9.13

17 I 1 < + 1000 12.0

18 II 1 + < 1500 442.0
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APPENDIX D

TABLE 6

Identification for Subprograms I and 11 - Strawderman

This table includes Input and output data identification,
flow chart, and order of input data. Computer running times
have been given on the previous page. Computer program
listings are presented in Table 7.

TABLE 6A: Input Data

TABLE MB Output Data

TABLE 60: Flow Chatrts

TABLE 6D): Input Format

2S2



TABLE 6A

Input Data
(Dimensionless Units)

Symbol Identification Program

X+ Dimensionless longitudinal spacial X
coordinate x/a

Dimensionless lateral spacial Y
coordinate y/a

Z+ Dimensionless spatial coordinate a/a ZP

b+  Dimensionless plate and acoustic BP
cavity dim6nsion b/a

d +  Dimensionless cavity dimension d/a DEPTH
where d is acoustic cavity dimension
in z-direction

F+ Dimensionless plate damping DAMP
-- coefficient divided by dimension-

r+ less critical plate damping for theCm, n m-nth mode

0+ Dimensionless radial frequency OMEGA

C CU+
c + -. = Dimensionless speed of sound CP

UC o

D+  Dimensionless plate flexural rigidity DP

M . Dimensionless fluid mass CAPM

8 + Dimensionless turbulent boundary DELTA
layer displacement thickness

a Constant mult. factor; changes for ALFA
different fluids; a = 1.0 for water
a = 3.0 for air (See Interpretation
of Data Output)

Largest frequency of interest, i.e., TIP
cutoff frequency at which program
is to stop

Convergence criterion in Equation TOLH
(D76) with TOLH > 1.0 (Case Ionly)

Convergence criterion in Equation TOLL
(D 76) with TOLL < 1.0 (Case I only)

p+ Dimensionless fluid density equal to RHO

Pa o a /p
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TABLE 6B

Output Data

Symbol Identification Program

(amn Modal natural frequencies PNOME (I,J)

mn -

S(+ + a+, o+) Subprogram II: Equation (D76)
Dimensionless form of the cavity
acoustic spectral density. NOTE:
PRIP was multiplied by (p+) 2 =

(P0 a
to agree with (D76); see

Interpretation of Data Output below

10.0 LOGe(PHIP)/2.302589 PHIDB

Corresponding frequency to PHIP OMEGA
and PHIDB

Subprogram 1. Equation (D67) PHIP
Dimensionless plate velocity
spectral density

10.0 LOGe (PHIP)/2.3025859 PHIDB

Number of terms needed for conver- ITOP
gence for each PHIP

Subscript indicating how many times MU
summation gone through before
convergence. __

Interpretation of Data Output

Comment: Subprogram I involves eight nested do-loops which means that the inner oper-

ations are done a minimum of 2 a times; the next index on the loop would be 48, a8, .

atc. until convergence. Case I involves only four nestad loops.

Sp3cial Instruction: Sense Switch 4 is turned on by operator at beginning of program.

Curves - Three Examples

Example 1 (Figure 16): Subprogram I, Equation (D67) is used for this curve. The com-

puter results for the plate velocity spectruin were then changed to dimensional form and final-

ly converted to the ratio of displacement spectral density to turbulent pressure spectral
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density. The subprogram uses Bull data. The form of the final response is 10 Log, 0

[('d(c) / t(o) )] plotted against f. The following conversions were made manually.

a. Use the program to compute 0+ (w) Equation (D67) multiplied by a 2

b. Convert 4,0 (w) where a 2 0 ; (w) is the quantity appearing in the pro-

gram. This quantity is then multiplied by Uca to yield 954,(w).

C. O()) = - (from velocity to displacement).
0)2

d. 0,(t) p, Equations 3.1 of Reference 32. Use first of Equations 3.1 of Reference

1. 258 U0
32 since the Bull data yield maximum frequency o = 12,566 cps but w) --

47,272 is cutoff point in this equation.

e. Other urit conversions:

(1) (o + to f b y 6 + - 2 -fa

UC

(2) 8* = a8 +
(0

(3) UC = -
U
+

Sd (0)) '00 Wo 10 Log 4,,
f. - = - => 10 Log oIDt (a) 0)20 p (0O) 0,) 6jO 0JP (0))i

10 Log ( (w)) -10 Log (a) 2.0,(()) =

10 Log (Uc a95 (+))- 10 Log(a)2% o () =

[10 Log (Ua) + 10 Log (0 + (o)) - 10 Log (c02 op(6)))]

[10 Log (Uca) + 10 Log (-0 (a)) - 20 Log6w- 10 Log (6))]

Plot this versus f.

As an alternative, the foregoing results may be obtained by a simplified procedure.

This option eliminates most but not all of the manual computations.
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For subprogram use, the Bull data are nondimensionalized (see Figure 16). Note that

for this frequency range in the figure, the value of 9S is a constant. This makes the correc-

tion simpler. The followinig FORTRAN lines, in which the constants are dependent on the

Bull data, are inserted into the Strawderman program to yield direct results for plotting Fig-

ure 16. These lines are inserted immediately after Statement 212 in the program. The curve

was plotted with RESP (PHISUBD/PHISUBT) against FREQ. It should be noted that the

curve is about 6 dB lower than Strawderman's, since he originally used 116 (an arithmetic

error which he corrected following publication of Reference 32) instead of 110.392; see sub-

routine above.

Col. 7

PHIC=PHIDB+110.392

OF--OMEGA* 190.986

OFW=OF*6.2318

WRITE(6,240)PHIC,OF,OFW

240 FORMAT(IX,6HAPHICfEI7.8,6HAFREO=EI7.8,IOHA20LOG(W)-EI7.8)

RESP-PHIC-OFW

WRITE(6,241)RESP

241 FORMAT(1X, 17HPHISUBD/ PHISUBT-E17.8)

Example 2 (Figure 17): Subprogram I is used. Computer result PHIDB is plotted against

OMEGA. This gives representation of Equation (D67) directly, i.e., PflDB represents the

dimensionless plate velocity spectral density corresponding to values of e+.

Example 3 (Figure 18): Subprogram I is used. Computer result PHIDB is plotted against,

OMEGA. Note: for agreement with Equation (D76) (cavity acoustic spectral density), the

resiit PHIP must be multiplied by (p+ 2) = (pa0 a/pt) 2 or 20Log lop' must be added to

10.0 Loge (PHIP) /2.302589 - PHIDB.* In Figure D4 the convergence criterion was a toler-

ance of 20 percent, with TOLL = 0.8 and TOLH = 1.2.

It is important to note that the original subprograms gave the following results:

2,0 (x+, y+, o+) and a 2 ,t+ (.-+,y+,a+; w+) rather than 1 (x+, 0+) and D+(z+,y

Z+ ,c+). By setting a - 1, the subprograms have now been modified to yield the normalized

results ;+(x+,y+,wo+) and +(z+,y + , Z+,O+). The unnormalized results 00 (x+, y+,o)+ )

• a2Ucao$(x+,y+,o.+) and Da(z+,y+,z+,&,+) = a2 p2 U3D +  , y+, a+,ow+) are then ob-

tained manually for water (a = 1) or air (a = 3), i.e, set a = 1 or 3, accordingly.

'This operation was performed in order to manually compensate for the inadvertent omission of (p) 2 from the
+ 2

program. Subsequent to the computation of Figure 18, the program wrs corrected to include (p+ ) . Hence manual
compensation is no longer necessary since the true results are obtained directly from the computer.
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Flow Chart for Subprogram I - Plate Velocity Power Spectrum

CP, DP, CAPM, DELTA, AL FA, TIP

CALCULATE: CONSTANTS, BOUNDARY
CONDITIONS, AND NATURAL FREQUENCY

PNOME(I,J)

STATEMENT 160
j INITIALIZE VARIABLES, ORDER

FREQUENICY, SET LIMITS ITOP; MU

CALCULATEG 1 , T1j,P, CAPRI,

ARCTAN ( 0.23.,+2)

AR N(2 DAMP .PNOMEII -OMEGA\

PNOME(IA OEG ~ 2/

4

DO 714 J - 1, ITOP
DO0713 K - , ITOP
DO0712 M-.1, ITOP
00 711 N-i1, ITOP

CALCULATE WJ KMN

PNUMJ KMN . SNX(J)SNY(K)SNX(M)SNY(N) G(K,N)WJ KMN

OENJKMN ' T(J,K)T(M,N)P(K)P(N)CAPR(J)CAPR(M)

ITOP ITOP PNUM
sum . 1 1:

JK M,N DEN

6--711 CONTINUE
712 CONTiNUE

Lt 713 CONTINUE
L 714 CONTINUE _ W
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2

PHI FY(N) (4.8 10712m 2 3 PHI FY(MU) (.

WRITE:

PH IY (M, TOP, MU

RESETAT R.OEATI= PH'F(

FTP MU FIrMU
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Flow Chart for Subprogram II - Cavity Acoustic Pressure Spectrum

START

READ DATA (DIMENSIONLESS)
/X, Y, BP, DAMP, ZP, DEPTH,]

'OMEGA, CP, DP, CAPM, DELTA,/
ALFA, TIP, TOLH, TOLL, RHO

CALCULATE: CONSTANTS, BOUNDARY
CONDITIONS, AND NATURAL FREQUENCY

PNOME (1,J)

STATEMENT 160
INITIALIZE VARIABLES, ORDER FREQUENCY,
SET LIMITS ITOP,MU, CALCULATE ACRES(I,J)

CALCULATE Gij, Tij, Pi, CAPRi,

ARCTAN (__0.23+ 2 )
\i2lr2- 

0.9870 + 2

ARCTAN/2 "DAMP 'PNOME. 'OMEGA)

PNOME3 - OMEGA 2
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DO 714 J =1, ITOP
DO 713 K 1, ITOP
DO 712 M - 1, 1ITOP
DO 711 N - 1, ITOP

CALCULATE WJKMN

DO 824 AQ- 1, ITOP
DO 823 KR z 1, ITOP
DO 822 MS - 1, 1ITOP[
DO 821 NT - 1, ITOP

CALCULATE PNUMJQKRMNTJK.MN

CALCULATE DENJKM.NJQ KR.MSNT

ITOP ITOP ITO P ITOP PNSUM

J,K M,N JK% MS DE

821 CNTINU

822 CONTINUE
s-823 CONTINUE

823 CONTINUE
71182 CONTINUE

S712 CONTINUE
No713 CONTINUE

mm 713CONT240



3

4WRITE:.INPUT =DATA

PHIFY (MU), TOP MUj

ITOP -ITOP +2 RATIO: TOLL

PHIP -PHIFY (MU)RAI:TLPHIOB i 0L0G, 0(PHIP) RTOTLHITOP =ITOP 2

WRIT:.6
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TABLE 6D

Input Format

CAS0YE2 ZP 30 BP 40 DEPTH 50 60 70 80

10.8 .11111

DAMP 10 OMEGA 20 CP 30 DP 40 CAPM 50 60 70 80[

10.4

DELTA 10 ALFA 20 TIP 30 TOLH 40 TOLL 50 60 70 80

10.4

RHO 10 20 30 40 50 60 70- 80

10.6 p

CASE 2

x 0 Y20 BP 30 DAMP 40 DEPTH 50 60 70 80

OMEGA 10 CP 20 DP 30 CAPM 40 DELTA 50 60 70 80

ALFA 10 TIP 20 30 40 50 60 70 80
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APPENDIX D4 - TEST RUNS

Results obtained from the computer programs of Table 6 are given in Figures 16-18.
A test run for the dimensionless plate velocity spoctral density 95 (x+, y+, o + ) con-

verted to the ratio of displacement spectral density to turbulent pressure spectral density

is plotted logarithmically in Figure 16. Test runs for the plate velocity
power spectrum and the cavity acoustic pressure power spectrum are plotted in Figures 17
and 18, respectively. Computer listings are given in Table 7.
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.10

0

OF REFERENCE 32)

-20 - X -0.27142

y' 0.5

b+ 1.0000- - - - -

r3 - 0.0056__

40-d
+ + 0.00286

- + (INITIAL VALUE) 1.0

c+  -c/U€,, cU+/Uo -3.0857

-50 D+  - 1.7 10
- 3

Hl 0.099
8+ 0.0491

a -3.0 (FOR AIR)-60
200 1000

2 f (H')

Figure 16 - Computed Response of a 3.5 x 3.5 x 0.1-Inch Steel Plate to
Turbulent Boundary Layer Excitation

See pages 56-57 of Reference 32 for source of data used here.

244



-90

(COMPARE WITH FIGURE 12 D . 103
OF REFERENCE 32) M - 18.9

-130 - -0.0231--

- 0.6667
* . 0.1

15 C+ - 454

w (INITIAL VALUE)- 11.0

a - 1.0 (FOR WATER)
d+ - 0.3333

-170 1 1

10 100 I000

Figure 17 - Computed Dimensionless Plate Velocity Power Spectrum at Dimensionless
Coordinates (1/5, 1/3); 10 Percent Critical Damping

See pages 60, 61 and 75 (Table 2, Case 1) of Reference 32 for source of data used here.

(COMPARE WITH FIGURE 25
a OF REFERENCE 32)

o-40 b- . 06667

* - 0.3333

-- 01
-55 I4. O --

o, ,(INITIAL VALUE) - 11.0
C+ . 454

D+ - 10.3
M - 189
6* - 0.0231
a - 10
p+ . 18.9-100 i

10 6+ 10o 700

Figure 18 - Computed Dimensionless Cavity Acoustic Pressure Power Spectrum
at Dimensionless Cavity Coordinates (1/2, 1/3, 0)

See page 75 (Table 2, Case 1) of Reference 32 for source of data used here.
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TABLE 7

Computer Listings for USL Subprograms, I and 11 - Strawderman

Table 7A - Plate Velocity Power spectm

SISFTCSTMRTR2 0
DIMENSION PNOME(2092O)sFRE0(20,20)sTMINO(20),PHIFY(10Q),SNX(2O)e 0020
ISNY(201,CSX(20),CSY(20) .G(20s20) ,T(20,20),P(2O),CAPR(20) 0030
DIMENSION PNOND(20.20),6NU(201,PLDA(2O,2O) 0040
DIMENSION IDUMP(18) 0 50

402 READ (59403) X.Y,8P.DAMPOEPTHOMEGACP.DPCAPM.DELTA* 0060
IALFA9TIP 70

403 FORMATI5F10*8/5F10*4/2F10a41 0080
406 020.0 90

P1.3s14159265 0100[
PISC=PI**2o0 0110
E=2071828183 0120
tPENa+80000 *130
SINEX=S!N(PI*X) 0140
COSEX aCOS(PI*X) 0150
SINEY z SIN(UPI*YI/BPI 0160
COSEY = COSt (PI*Y)/BPI 0170
IF (ABS(SINEX)-10e0**(-7*0fl 800.0009801 0180

600 SINEXsOo0 0190
801 IF (ASS(SINEY)-10*0**(-760))80298029803 0200
802 SINEY*0*0 0210
603 IF (A85(COSEX)-10.O**C-7.0))804,804,805 0220
804 COSEXsO*0 0230
805 IF tA8S(C0SEY)-10.0**(-7.0)D806,806,807 0240
806 COSEY*0#0 0250
607 CONTINUE 0260

SNX( 1 2SINEX 0270
SNY( 1)=SINEY 0280
CSX(1)xCOSEX 0290
CSY( 1 xC0SEY 0300
DO 701 1.2.20 0310
JulI-i 0320
SNXt ).SNX(J)*COSEX+CSX(J)*SINEX 0330
SNYI I)aSNY(J)*COSEY+CSYIJ)*SINEY 0340
CSX( I xCS(JCOSEX-SNX(J)*SINEX 0350
CSY(I ~xCSY(J)*COSEY-SNY(J)*SlNEY 0360

IF (ABS(SNYfIfl-10*0**I-7#0)) 80*80.81 0370
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TABLE 7A (Continued)

80 SNYMI O0008
81 IF (ABS(SNX(I))-1O.O**(-7.O))82,82,83 0390
82 SNXII)=0e0 00
83 IF (ABS(CSY(Il-1O.O**(-7,OJ)84,84,85 0410
84 CSY(I)0.&O 0430
85 IF (ABSCCSX(Il-1O.O**(-7,0fl86,86t87 03
86 CSX(I)=0sO 0440
87 CONTINUE 0450

701 CONTINUE 0460
WRITE(6#7) 0470

7 FORMAT(IH1/26HW@ STRAWDERMAN JOB NO 0775) 0480
DO 100 Iwl,20 0490
DO 101 J1.#20 0500
FxI 0510
H=J 0520
PNOME(IJ)x(DP**O.5)*(U(FP)**20)+'(H*PI/BP)**2.0)) 0530

101 CONTINUE 0540
100 CONTINUE 0550

CALL SSWTCH(4#KOOOFX) 0560
IF(KOOOFX#EQ.2) GO TO 521 0570

520 WRITE(6,522)XY,8PDAMPDEPTHOMEGACPDPCAPMDELTA 90580
1ALFAt'IP 590

522 FORMAT(5Fl0.8/5Fl0o4/2Fl0.4) 0600
521 CONTINUE 0610

WRITE(65142)((PNOME(IJ),4:111#,Iq,1o) 0620
142 FORMAT(10E12*4) 0630
160 Do 106 Kx1.2O 0640

Do 107 Lxlt20 0650
FREQIK*L)wO60 0660

107 CONTINUE 0670
106 CONTINUE 0680

00 102 !ul#20 0690
DO 103 Jxl#20 U700
IFOMEGA-PNOME( IJ)104#103.103 0710

104 KxI 0720
LmJ -730
FREO(KtL)xPNOME(KsL) 0740
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TABLE 7A (Continued)

GO TO 102 
0750103 CONTINUE 
0760102 CONTINUE 
077000 700 Iw1,20 
0780TMINO~ )xO. 
0790700 CONTINUE 
0800M=O0 
*810DO 109 Iml,20 
0820DO 108 Jul*20 
0830IF(FREO( IJ) 99,110,111 
0840111 M=M+1 
0850TN4!NO(M)nFREO(Ilei) 
0860110 CONTINUE 
0870108 CONTINUE 
*880109 CONTINUE1  0890

SaTMINOM0900
DO 112 L81919 

0910IF(S-TmfNO(L.1) )I12,I1,21 
0920

121 S*TMINO(L+1) 
0930112 CONTINUE 
0940D0 130 Ls1.2O 
0950IF(S-TMINO(L)I130#132,130 
096C132 NzL 
970GO TO 180 
980130 CONTINUE 
990180 DOMEG: (S-OMEGA)/4a0 

1000ZzN 
1010IT0PuZ+165 
1020

MUml 
1030300 CONTINUE 
1040DO 2171 Is1,1OO 
1050PHIFY( I )*0a 
1060

2171 CONTINUE 
1070217 CONTINUE 
1080SUMn. o 0.0 
090TOPw0*0 

1100EXPBsE**(-0.7*OMEGA*BP I 1110
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TABLE 7A (Continued)

DO 702 1=1#20 1120
D0 703 Jal#20 1130
Ba! 1140
DzJ 1150
IF(B-D)11#12911 1160

11 1170
1+!(-1.0)**J) )*EXPB) I 1180
GO TO 703 1190

12 G(IJ)u(O.35*OMEGA*BP)*(2**O.07*0t4EGA*BP)**2.OI+PISQ*((B**2.0)+ 1200
1(D**2.O)))+8*D*PISQ*(2.0-((1eO)**J+((-loO3**J))*EXPB) 1210

703 CONT'INUE 1220
702 CONTINUE 11

CALL OVERFL(J) 1240
!F(J#EQ.23 GO TO 751 1250

750 WRITE16#752)EXPS 1260
752 FORMAT(0121 1270
751 CONTINUE 1280

DO 705 1*1,20 1290
DO 704 Jw1.2O 1300
PNOND( !,J)PNOME( I J)/OMEGA 1310
T(IJ)=M4(PNOND(ItJ)**2 1-1#0)3*2 )+(2#0*DAMP*PNOND(IoJ))**2 1 1320

1**0051330
704 CONTINUE 1340
705 CONTINUE 1350

Do 706 I122 1360
Awl 1370
P(I)a(A**2 !*PJSQ+(O.7*OMEGA*BP)**2 1380

706 CONTINUE 1390
DO 707 1.1,20 1400
Awl 1410
CAPR(X)u((U(A**2 )*PISQ-0*987*(OMEGA**2 )1**2 )+0*0529*(OMEGA** 1420
14 ))**o*5 1430

707 CONTINUE 1440
PNGNUsO#23*(ONEGA**2) 1450
Do 708 1*1#20 1460
Awl 1470
DGNU a(A**2 )*PISQ-O.987*(O4EGA**2 I1480
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TABLE 7A (Continued)

CALL ACTN(DGNU ,PNGNU#GNU(l)tIOTA) 1490
IF(IOTA)13.14.13 1500

13 GO TO 216 1510
14 CONTINUE 1520

708 CONTINUE 1530
DO 710 Iml#20 1540
DO 709 Jul.20 1550
PNLDAs2O*DAMP*PNOME(IoJ)*OMEGA 1560
DLDAa(PNOME(I#J)**2 )-(OMEGA**2 1570
CALL ACTN(DLDA#PNLDAPLDA(I#J)#ILDA) 1580
IF(ILDA)19920,19 1590

19 GO TO 216 1600
20 CONTINUE 1610

709 CONTINUE 1620
710 CC'ITINUE 1630
740 CONTINUE 1640

DO 714 JslITOP 1650
DO 713 KalITOP 1660
DO 712 Mwl1,TOP 1670
DO 711 NmltlTOP 1680
AEJ 1690
B=K 1700

CuM 1710
D=N 1720
TMAX - AMAXl(A#B9CsD) 1730
IF(TMAX-TOP)71197119737 1740

737 CONTINUE 1750
IF(SNY(N) )716#715716 1760

715 PNUMuO.O 1770
DEN=ZO 1780
GC TO 310 1790

716 IF(SNX(Mf}718#717;718 100
717 PNUMmO.O 1810

DENulsO 1820
GO TO 310 1130

718 IFfSNY(K)7207190720 1140
711, PNUN=O#O 150

t-
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TABLE 7A (Continued)

DENx1.O 1860
GO TO 310 1870

720 IF(SNX(J))722#721,722 1880
721 PNUMzO*0 1890

DEN81.O 1900
GO TO 310 1910

722 CONTINUE 1920
IF(J-M)21#22t21 1930

21 WaA*C*P!SQ4(2.O*(COS(GNU(J)+GNU(M))3*(COS 1940
X(PLDA(J#K)-PLDA(MN) I)* 1950
1( (((-1.0I**J)*( (-1.O)**M)-1.0)*(CAPR(J)*(COS(GNU(MI+PLDA(J.K)- 1960
2PLDA(MtN))l-CAPR(M)*(COS(GNUIJ)+PLDA(MN)-PLDA(JtK))l) 1970
X/(PISO*( 1980
3(A**2.0)-(C**2.0))))-((E**(0e11l5*OMEGA))* 1990
X( ((-1*02**JI*(COSiOMEGA 2000
4+GNU(J),GNU(M)+PLDA(JK)-PLDA(M.N)H)+((-1.O)** 2010
XM)*(COS(OMEGA*GNUIJ 2020
5)+GNU(M)+PLDA(MN)-PLDA(JK) ) 3) 2030
Go TO 33 2040

22 W x 1.0066*OMEGA*CAPR(J)*(COS(GNU(JI-0.463*Pl)I 2050
X*(COS(PLDA(JK)- 2060
IPLOA(MNI I +A*C*PISQ*(2.O*(COS(GNU(JI+ 2070
XGNU(MI ))*(COS(PLDA(JKI- 2080
2PLDA(MN)))-((E**(-0.115*OMEGA)I*(((-1.0)**JI* 2090
X(COS(OMEGA+GNU(JI+ 2100
3GMU(M)+PLDA(JK)-PL0A(M.N)II+U(1.IO**M)*(COS 2110
X(OMEGA+GNU(JI+GNU(N) 2120
4+PLDA(M*N)-PLOA(JKI IflI 2130

33 CONTINUE 2140
PNUMuSNXfJ)*SNY(K)*SNX(M)*SNYIN)*G(KN)*W 2150
DENUT(JK)*T(MN)*P(K)*P(N)*CAPR(J)*CAPR(M) 2160

310 SUMnSUM+(PNUM/DEN) 2170
CALL SSWTCH(2#KOOOFX) 2180
IF(KOOOFXoEO#2I GO TO 501 2190

500 WRITE(6,23) SUM.PNUM.DEN.G(K.NI.W.T(JKI.T(M.NI.P(KI, 2200
1P(N) .CAPR(JI ,CAPRIMI .AiS#C#D 2210

23 FORMAT(5E17*8/5E17.8/SE17#8//) 2220
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TABLE TA (Continued)

501 CONTINUE 2230
CALL SSWTCH(69KOOOFXI 2240
IF(KOOOFX*EO*2) GO TO 51 2250

50 WRITE(6,52)SNX(JhtSNY(K) ,SNX(M)oStAY(N) 2260
52 FORMAT(4E17681 2270
51 CONTINUE 2280

711 CONTINUE 2290
712 CONTINUE 2300I
713 CONTINUE 2310f
714 CONTINUE 2320

IF( (OMEGA*DELTA)-1.932)2029202,203 2330
202 PHIFY(MU)z4.38*(1O*O**(-4.03 )*(ALFA**2.O)*(CAPM**2.O)*DELTA*(OMEGA 2340

1**(-2.OI )*SUM 2350
GO TO 204 2360

203 PHIFY(MU)a3.2*(10.O**(-3.0))*(ALFA**2.O)*(CAPM**2.0)*(DELTA**(-2e0 2370
1) )*(OMEGA**(-5*O) )*SUM 2380

204 CONTINUE 2390
LALL SSWTCH(4tKOOOFX) 2400
IFIKOOOFXoEO*2) GO TO 531 2410

530 WRITE(6,532)X#YBPOAMPDEPTNOMEGA.CP.DPCAPMOELTA# 2420
1ALFA9TIP 2430

532 FORMAT(5F1Oe8/5F1O#4/2F1Os4) 2440
531 CONTINjUE 2450

CALL SSWTCH14tKOOOFX) 2460
IF(KOOOFX*EQs2) GO TO 505 2470

504 WRITE(6,5O2)PHIFY(MU)#TOPsMU 2480
502 FORMAT(E17o'89112) 2490

505 CONTINUE 2500
IF(TOP)206#205#206 2510

205 CONTINUE 2520
TOPw!TOP 2530
MUU4U+ 1 2540
I TOP I TOP+2 2550
GO TO 740 2560

206 CONTINUE 2570
ZuMU-1 2580
RATIOnABSI(PHIMYMUM)PHIFY(M) 2590
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TABLE 7A (Continued)

CALL SSWTCH(4,KOOOFX) 
20IF(KOOOFX#EO*2) GO TO 511 
2610510 WRITE(69512)RATIOPHIFYINU),PHIFY(K),NUPK 
2620512 FORMAT(3E17s8921

2, 2630WRITE(6#55) (PHJFY(J) ,Jsl,101 
2640515 FORMATISE17s8) 
25511 CONTINUE 
2660MFRATIO-o.9732o7,o

8 0208  2670207 CONTINUE 
2680TOPmTOP+2.o 
2690IT0P21TOP+2 
2700MUUMU+1 
2710GO TO 740 
2720205 CONTINUE 
2730IF(RATIO-1903)209#Z09o

2 lO 2740209 CONTINUE 
2750GO TO 211 
2760210 CONT(NUE 
2770TOPwTOP+2so 
2780I TOP I TOP+2 
2790MURMU+1 
2800GO TO 740 
2810211 CONTINUE 
2820PHI PaPH IFyl.41_t 
2830CALL SSWTCH( 1 KOOOFX) 
2C40IF(KOOOFXaEG*2) GO TO 4002 28504001 WRITE(6#4O00)PHIP,0MEGA 
28604000 FORMAT(2E17*8) 
28704002 CONTINUE 
2880PHID8 (10*0*ALOG(PHIP) )/263025850g 2890WRITE(6$212)PHIPPHIDBOMEGA, ITOPMU 2900212 FORMAT(3E17#SP2y2) 
2910IF(PHIDB)3001 .3000,3000 
30103000 PHIDB=Oa0 
30203001 CONTINUE 
33MOM0EGA-TIP)2159216t

2 16  3030215 CONTINUE 
3050
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TABLE 7A (Continued)

IFIQ-3.0)2139214,214 3060
213 OMEGA-OMEGA+DOMEG 3070

020+160 3080
ITOPzZ+lo5 3090
MUNI 3100
GO TO 300 3110

214 OMEGAxS+O,0O0*DAMP 3120
0-0.0 3130
GO TO 160 3140

216 END FILE 4 3150
WRITE(63009IPENtlPEN 3160

3009 FORMAT(216) 3170
END 'ILE 5 3180
END FILE 5 3190
STOP 5 3200

99 STOP 7 3210
END 3220

SIBFTC ACTN REF ACTNO010
CACTN ACTNO020

SUBROUTINE ACTN (A#B#THETA9I) ACTNO030
IND ACTNO040

IF (ABS(A)+ABS(B)l 27.28,27 ACTNOO5O
27 THETAa ATAN(ABS(B/A)) ACTNO060

IF (A) 2221,23 ACTNOOO
22 IF (B) 32.24.31 ACTNOO80
23 IF (8) 33,25934 ACTNO090
24 THETA:3.1415927 ACTNO100

GO TO 34 ACTNO110
25 THETAzOO ACTNO120

GO TO 34 ACTNO130
21 IF (0) 26,28,29 ACTNO140
26 THETA=4.7123890 ACTNO150

GO TO 34 ACTNO160
29 THETA=I.S707963 ACTNO170

GO TO 34 ACTNO180
31 THETA=3.1415927-THETA ACTN090/

GO TO 34 ACTN0200

32 THETA=THETA+3*1415927 ACTN0210
GO TO 34 ACTN0220

33 THETA=6.283154-THETA ACTN0230
GO TO 34 ACTNO240

28 WRITE (6.3151 ACTN0250
315. FORMAT (40HOPROGRAM-CANNOT-CONTINUEtARCTAN OF (0/0) 1 ACYN0260

Jul ACTNO270
34 RETURN ACTNO280

END ACTN0290
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Table 7B - Subprogram II - Cavity Acoustic Pressure Power Spectrum

SIBFTC STRTR1 00 0
DIMENSION PN0ME(20.203.FREQ(20,20ObTMINO(20).PHIFY(100),SNX(20b# 0010
1SNYI2OJCSX(202,CSY(20),G(20,20),T(20,20).P120),CAPR(20) 0020
DIMENSION PN0ND(20,20b#GNU(20hPLDA(2020.CKAYZ(2,202.SlNKD(2O, 0030

120I.COSKZ(20,202,ACRES(10,1O),C0KAP(20,20),COGNU(20,2O) 0040
DIMENSION IDUMP(18) * 50

402 READ(59403) X YZPBPDEPTHDAMP,0MEGACPDPCAPMDELTA# 0060
lALFA ,TIP iTOIN .TOLL * 70

403 FORMAT(5F10*8/5FI0.4/5F1064) 0080
READ(5#4101 RHO 0 e5

410 FORMATIF1O*6) 8
406 0.0.0 90

PI*3*14259265 0100
PISQ*PI**2*0 0110
E=2071828183 0120
EXPAuE**(-0.1 15*OMEGA) 0130
IPENu+80000 0140
SINEX=SIN(PI*X) 0150
COSEX a COSfPI*X) 0160
SINEY a SINU(PI*YI'BP) 0170
COSEY =COSIUPI*Y)/BP) 0180
IF (ARS(SINEX3-1OsO**(-7.0)i 800,800,801 0190

800 SINEXO.#0 0200
801 IF (ABS(SINEY)-10,0**(-760))80298029803 0210
802 sINEVO.*0 0220
803 IF (ADSICOSEX)-10.0**(-7.0) )804.804.805 0230
804 COSEXzO&0 0240
805 IF (A8S(COSEYI1lO.0**(-7.0))806,806,807 0250
606 COSEY*0#0 0260
807 CONTINUE 0270

SNEE 1)=060 0280
SNY(1)0.0O 0290
CSXI 1)1.0 0300
CSYMM1)1a 0310
D0 701 1*2920 0320
Jxl-i 0130
SNX( I~aSNX(J)*C05EXCSX(J3*SINEX 0340
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TABLE 7B (Continued)

SNYt lInSNYIJ)*COSEY4CSY(J)*SINEY 0350
CSXI I)*CSX(J)'COSEX-SNX(J)*SINEX 0960
Csy I )uCSY(J)*COSEY-SNY(J)*SINEY 0370
IF fABS(SNYfMI)l0*O**(-7*OI) 80980,81 03a0

80 SNYMI)O*0 0390
81 IF (ABSfSNX(II)-10OO*(-7.O~l62.82,83 0400
82 SNX~I30#O 0410
63 IF (ABS(CSV(1)1-10.O**(-7.0)384,84.65 0420
84 CSYII)a0.O 0430
85 IF (ABS(CSX(I2)-10.O**t-760J)06,86,87 0440
86 CSX(I)uO*O 0450
87 CONTINUE 0460

701 CONTINUE 0470
WRITEI 6.73 0480

7 FORMAT(lHI/26HWo STRAWDERNAN JOB NO 0775) 0490
DO 100 1.1,20 0500
DO 101 Jul.20 0510
Fat 0520
HmJ 0530
PNONEIJ)=(DP*eO.5)*(((F*PI)**260)4UHM*PI/BP)*02.0)) 0540

101 CONTINUE 0550
100 CONTINUE 06

CALL SSWTCH(4*JSSTCH) 0570
IF(JSSTCH*EO*2) GO TO 521 0580 i

520 WR!TE(69522) XYZPBPDEPTHDAMP.OMEGACPDPCAP4, 0590
IDELI'AtALFA#TIP 0600

522 FORMIATf5F10o8/SF10.4/3F10*41 0610
WRITE(69590) RHO 0615~

590 FORMAT(1X*F1O*6) 0616
521 COTINUE0620

WRITE(6,142)( (PNOME(IJ) ,Ja1,10).Is1,103 0630
142 FORMATI1OEl2*4) 04
160 DO 106 Kw1.20 0650

DO 107 LmI920 0660
FREO(K.L20*0 0670

107 CONTINUE 0680
106 CONTINUE 0690
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TABLE 7B (Continued)

DO 102 I.1,20 0700
DO 103 J"1,20 0710
IF"MEGA-PNOME( I#J ) 1O4 103,103 0720

104 Kul 0730
LaJ 0740
FRE0(K#L)uPN0ME(KeL) 0750
GO TO 102 0760

103 CONTINUE 0770
102 CONTINUE 0780

DO 700 I1.20 0790
TMINO( I )O0*0 0800

700 CONTINUE 0810
NmO 0320
DO 109 I1*20 .0630
DO 108 J*l.20 0840
IF(FREO( I.J) )99,110,111 0150

111 M-M+1 0660
TMINO(N)uFREO .I4j1 0870

110 CONTINUE 0880
108 CONTINUE 0890
109 CONTINUE 0900

S-TMINO(1) 0910
DO 112 L=119 0920
IF(S-TMINO(L+I ))112,121,121 0930

121 S-TMINO(L+I) 0940
112 CONTINUE 0950

DO 130 La1.20 0960
IF(S-TMINOL) )1309132,130 0970

132 NxL 0980
0 TO 180 0990

130 CONTINUE 1000
180 DOMEG- (S-OMEGA)/3e0 1010

Z*N 1020
ITOP=Z+I,5 1030
MUN1 1040
DO 901 1l1O 1050
DO 900 Jul10 1060
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TABLE 7B (Continued)

An-I 1070
581-1 1060
ACRES(I#J)aPI*CP*IUA**2 )*((B/BPI**2 ))**0.5 1090

900 CONTINUE 1100
901 CONTINUE 1110

WRITE(6*902) f(ACRES(I#J)9J.1,lOh1Il0) 1120
902 FORMAT(//10E12o4D 1130
300 CONTINUE 1140

DO 2171 InalOO0 1150
PNIFY( I )a0O 1160

2171 CONTINUE 1170
217 CONTINUE 1160

SUME 0.00 1190
TOPNOsO 1200
EXP~wE**1-Os7EOMEGA*8P) 1210
DO 702 I1120 1220
DO 103 J8l.20 1230
Sol 1240
DwJ 1250
IF (B-0)111#12.l 126

11 Gt*)BDPSSf(Io*I*(-o)*)IO+2O((lO*I 1270
1.1 (-1.o)**J) )*EXPB)) 1280
GO TO 703 1290

12 G(IJ)x(0.35*OMEGA*BD)*(2.0*I(0.7*OMEGA*BP).*2 I+PtSGO(UB**2 1+ 1300

703 CONTINUE 1320
702 CONTINUE 1330

CALL OVERFL(J) 1340
IF(J*EQ*21 G0 TO 751 1350

750 WRtTE(6#7S2IEXP8 1360
752 FORMAT(012) 1370
751 CONTINUE 1380

DO 705 1.1.20 1390
DO 704 Jul.20 1400
PNMDI IJ)=PNOME( I J)/OMEGA 1410
T(I*J)aM((PNOND(I9J)**2 )-10**2 )+f2*0*DAMP*PNOND(IJ11**2 I 'A420

1*OO.~1430
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TABLE 7B (Continued)

704 CONTINUE 1440
705 CONTINUE 1450

DO 706 .II120 1460
Ant 1470
P(II)IA**2 )*PISQ+(O.7ONEGA*BP)**2 1480

706 CONTINUE 1490
DO 707 I-1.20 1500
An! 1510
CAPRIII-((1(A**2 )*PISQ-0*987*(OMEGA**2 )3**2 )+Oo0529*(OMEGA** 1520
14 ))**O.5 1530

707 CONTINUE 1540
PNGNU-Oo23*(OMEGA**2) 1550
Do 708 I1w,20 1560
A-! 1570
DGNU a(A**2 )*PISQ-0O987*(ONEGA**2 3 1580
CALL ACTN(DGNU *PNGNUPGHUUI)#IOTA) 1590
IF(IOTA)13914#13 1600

13 GO TO 216 1610
14 CONTINUE 1620

708 CONTINUE 1630
DO 7080 1l120 1640
DO 7081 J=120 1650
COGNU(IJ) a COS(GNU(I)+GNU(J)) 1660

7081 CONTINUE 1670
7080 CONTINUE 1680

DO 710 Is1.20 1690
DO 709 Jul.20 1700
PNLDAn2*O*DAMP*PNOME(I#J)*OMEGA 1710
DLDA*(PNONE(IJ)#*2 )-(ONEGA**2 1720
CALL ACTN(DLDA*PNLDA#PLDAI IJ) ILDA) 1730
IF(ILDA)19*20O19 1740

19 GO TO 216 1750
20 CONTINUE 1760

709 CONTINUE 1770
710 CONTINUE 1780

CQRw(ONEGA/CP **2 1790
DO 811 Iu8,20 1800
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TABLE 7B (Continued)

DO 610 Jwls20 1a1c

AsI-1 1820
swj-11830

EOROPISO*U(A**2 )+(f58P)**2 n1840
IF(EOR-COR)81298129813 1650

812 CKAYZ(I#,)f(CR-EOR**.5 1860

ARGD*CKAYZ CI ,Jl*DEPTH 17
ARGZaCKAYZ( I J)*ZP 1680

SINKO I .j)*SINIARGD) 1690

GO TO 810 1910

613 CKAYZ(I*J)O(ER-CR**e5 1920

ARGOCKAYZ( I J)*DEPTH 1930

ARGZ-CKAYZ( I J)*ZP 1940

SINKOC I J)u(O#5)*( (E..ARGO)gC[**C-ARGD))) 1950

COSKZ( IJ)(05)*((E*ARGZ+(**(-ARGZ)) 1960

810 CONTINUE 1970

611 CONTINUE 1980

Do 5002 1=1#20 1990

DO 5001 Jul.20 2000

Ant 2010

BmJ-1. 2020

Kul 2030

LmJ-1 2040

IF(CA-B SO505004 .5003 25

5004 COKAPII*J)*0.0 2060
GO TO 5001 2070

5003 AIAFuCAB)/2.0 2060

tHAFuAHAF 2090

AIHu IHAF 2100

IF(AHAF-AIH)4001 .4002,4001 2110

4002 COKAP(I*J)*O*O 2120

GO TO 5001 2130

4001 IFMB 5005,5006,5005 2140

5005 DIjml.0 2150

GO TO 5007 2160

5006 01jmo. 2170
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TABLE 7B (Continued)

5007 COKAP(IJ)aA*I1.O-(U-1.O3**K3*( (-1.0)**L))/(DIJ*( (A**2)-(B**2)fl 2180
5001 CONTINUE 1190
5002 CONTINUE 2200
740 CONTINUE 2210

Do 714 J1*tITOP 2220
DO 713 Kal#ITOP 2230
Do 712 M31IlTOP 2240
Do 711 Nz1.ITOP 225(s
AxJ 226-1
83K 2270
CUM 2 213

DaN 2290
IF(J-M221*22#21 2300I

21 W.A*C*PISQ*(260*COGNU(JM)*(COS(PLDA(JK)-PLDA(MNfl)+ 2310

2PLDA(MN)))-CAPR(M)*(COS(GNU(J)+PLDA(MN)-PLDA(JK))))/(P!SO*( 2330
3(A**2Vi(C**2f)))(EXPA*(((1.O)**J)*(COS(OMEGA 2340
4,GNU(J)4GNU(M)+PLDA(JK)-PLDA(MN1),)((-1.O)I**M)*(COS(OMEGAGNU(J 2350
53+GNU(M)+PLOAIMN)-PLDA(JKl))) ) 2360
Go TO 33 2370

22 Wnl#0066*OMEGA*CAPR(J)*(COS(GNU(J)-0*463*P ) )*(COS(PLDA(JtKl- 2380
IPLOACMNN))+A*C*P!SG*(2.O*COGNU(JM)*(COS(PLDA(JK)- ?390
2PD(*))(XA((IO)*$(O(MG+N() 2400
3GNU(Mi+PLDA(JK)-PLDA(MN)))+((-1aO)**M)*(COS(OMEGA4GNU(J)+GNUWNI 2410
4,PLDAIMN)-PLDACJ#K))fl)) 2420

33 CONTINUE 2430
DO 624 J0.1,ITOP 2440
Do 623 K~ml#ITOP 2450
DO 822 MSu1,ITOP 2460
Do 821 NTa1,ITOP 2470
AOwJQ 2480
8RmKR 2490
CSWNS 2500
DTwNT 2510
TM4AX n' AMAX1(A#B ,C.D#AGBR#CS*DT) 2520
IF(TMAX-TOP)821o$21 .737 2530

737 CONTINUE 2540
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TABLE 7B (Continued)

IF(CSY(NT))716715 716 2MO
715 PNUMzO#O 2560

DENs1.O 2570
GO TO 310 2580

716 IF(CSX(MS)718o717t718 2590
717 PNUM&OO 2600

DEN=1IO 2610
GO TO 310 2620

718 IF(CSY(KR))72O#719t720 2630
719 PNUMxO*O 2640

DENuI.O 2650
GO TO 310 2660

720 IF(CSX(JO)|722#721#722 2670
721 PNUM=00 2680

DENzIO 2690
GO TO 310 2700

722 CONTINUE 2710
IF(COKAP(JJO)) 602,601,602 2720

601 CKAPAU00 2730
PNUMxOsO 2740
DEN-1#O 2750
GO TO 310 2760

602 IF(COKAP(KKR)) 604,603,604 277,
603 CKAPAwO0O 2780

PNUM*00 2790
DENs1.O 2800
GO TO 310 2810

604 IF(COKAP(M#MS))6069605#606 2820
605 CKAPA=O0O 2830

PNUM=O*0 2840
DENm1.0 2850
GO TO 310 2860

606 IF(COKAP(NNT))608#607,608 2870
607 CKAPA=O0O 2880

PNUMmO6O 2890
DENs1*0 2900
GO TO 310 2910
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TABLE 7B (Continued)

608 CONTINUE 2920
CKAPAuCOKAP(J.JO)*COKAP( KeKRJ*COKAP(MNS)*COKAP(NNT) 2930
UQRSTaCKAYZ(JQKR)*CKAYZ(MSNT)*SLNKD(JOKR)*SINKD(MSNT) 2940
PNMCXJO*S [)CXM)*S(T*COSKZ (JQKR)*COSKZ(MSNT) 2950
1*G(KPN )*W*CKAPA 2960
DENuT(JK)*T(MN)*P(K)*D:N)*CAPR(J)*CAPR(M)*UQRST 2970

310 SU~wS'JN+(PNUM/DEN) 2980
CALL SSWTCH(2,JSSTCH) 2990
IF(JSSTCH#EQ.2J GO TO 501 3000

500 WRITE(6#29) SUNPNUMDENG(K.NI.W.T(JK),T(MN),P(K). 3010
1P(N),CAPR(J),CAPR(M).CKAPAUQRSTJ0,KPMSNTJ.KMN 3020

23 FORMAT(5E1768/5E17.8/3E17.8/8110//) 3030
501 CONTINUE 3040
821 CONTINUE 3050
822 CONTINUE 3060
623 CONTINUE 3070
824 CONTINUE 3080
711 CONTINUE 3090
712 CONTINUE 3100
713 CONTINUE 3110
71* CONTINUE 3120

IF( (OMEGA*DELTA)-1.932)202,202,203 3130
202 PHIFY(M~Uz7.QC8*( 1O.O**(-3.O) 3*(ALFA**2.0)*(CAPM**2.0)*DELTA*SUM 3140

1*(RO**)/(PSG,*2)3150
Go TO 204 3160

203 PHIFY(MU)s5.112*(10.O**(-2.0fl*(ALFA**2.O)*(CAPM**2.O)*(DELTA** 3170
1(-2*0))*(OMEGA**(-3*0[I*SUM *(RHO**2b'(PISQ**2) 3180

204 CONTINUE 3190
CALL SSWTCH(4#JSSTCH) 3200
IF(JSSTCH*EQ.22 GO TO 531 3210

530 WRITE(6#532) X.YZPBP.DEPTHDANP.OMEGACPtDPCAPN, 3220
1DELTA#AI.FA#T!P 3230

532 FORMAT(5Fl0.8/5F10.4/3F10.4) 3240
531 CON~TINUE 3250

CALL SSVTCH(4#JSSTCH) 3260
IF(JSSTCH6EQ.2) GO TO 505 3270

504 WRITE(6.502) PHIFY(MU2,TOPPNU 3280
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TABLE 7B (Continued)

502 FORMAT(2E17#8#1I2) 3290
CALL SSWTCH(4#JSSTCH) 3300
IF(JSSTCH*EO2) GO TO 99 3310

505 CONTINUE 3320
IF(TOP)206#205#206 3330

205 CONTINUE 3340
TOPsITOP 3350
NURNU+1 3360
ITOPmITOP+2 3370
GO TO 40 3380

206 CONTINUE 3390
K-MU-1 3400
RATIO a ABS((PHIFY(MU))/(PHIFY(K))) 3410
CALL SSWTCH(49JSSTCH) 3420
IF(JSSTCH*EG#2) GO TO 511 3430

510 WRITE(6#512) RATIO.PHIFY(MU)#PHIFY(K)MU#K 3440
512 FORNAT(3E17*8#212) 3450

WRITE(6,5151 (PHIFY(JtJ-l#1OI 3460
515 FORMAT(SE17.8) 3470

CALL SSWTCH(4#JSSTCH) 3480
IF(JSSTCHoEQo2) GO TO 99 3490

511 CONTINUE 3500
IF(RATIU-TGLL)207#208208 3510

207 CONTINUE 3520
TOPuTOP+2*0 3530
ITOPRITOP+2 3540
NUuNU+I 3550
GO TO 740 3560

208 CONTINUE 3570
IF(RATIO-TOLH)209#209#210 3580

209 CONTINUE 3590
GO TO 211 3600

210 CONTINUE 3610
TOPuTOP+2,0 3620
ITOPwITOP+2 3630
MUSNU+1 3640
GO TO 741 3650

264



TABLE 718 ((Cntinuedj)
211 CONTINUE

PHXPNPHIFY(MU) 3660
P IO8 a (100*ALOGIPHIP))/2*30258509 

3680WRITE(6,212) PHI'oPHIDB#OMEGA#ITOPPMU 
3690

212 FORAT3E170,
2 12 ) 

3700CALL SSWTCI;(4.JSSTCH) 
3710IF(JSSTCH*EO.2) GO TO 99 
3720IF(PH!DB)3OO!#

3OOO, 30 0 0  
3730

3000 PHIOBSOOO 
37403001 CONTINUE 
3750IF(OMEGA-TIP)2I5o

2l6 92 6  
3760215 CONTINUE 
3770

IF(O-260)213#2l4t214 
3780

213 OMEGAxOMEGA+OOMEG 
3790OwQ+l *0 310.

ITOPaZ+1*5 
3810MUst 
3820GO TO 300 
3830214 OMEGAxS+0001*DAMP 
38400,0 
3850

TO 160 
3850

216 E D FILE 4 
3870WRITE(6#3009) IPENoIPEN 
38803009 FORMAT(216) 
3890END FILE 5 
3900END FILE 5 
3910STOP 5 
392099 STOP 7 
3930

END 390SIBFTC ACTN REF 
39 0

CACTN 
ACTNO020SUBROUTINE ACTN (AsBTHETAI) 
ACTNO030Iwo 
ACTNO040

IF (ABS(A)+ABS(B)) 27,28#27 
ACTNO05027 THETA- ATAN(ABS(B/A)) 
ACTNO060IF (A) 22#21,23 
ACTNO07022 IF (B) 32#24,31 
ACTNO0O0

23 IF (B) 33,25,34 
ACTNO09024 THETA=3.14159

2 7 
ACTNO090GO TO 34 
ACTNO10O25 THETAsO,0  
ACTNO120GO TO 34 
ACTNO13021 IF (B) 26,28#29 
ACTNO14026 THETA=4#7123890 
ACTNO00GO TO 34 
ACTNO16O

29 THETAx1,5707963 
ACTNO170

GO TO 34 
ACTNO18031 THETA=3,1415927.THETA 
ACTNO190GO TO 34 
ACTNO20032 THETA=THETA+3.1

4 1592 7 ACTNO210GO TO 34 
ACTNO22033 THETA=6,283154.THETA 
ACTNO230GO TO 34 
ACTNO24028 WRITE (6,315) 
ACTNO250315 FORMAT (4OHOPROGRAM-CANNOT-CONTINUEtARCTAN 

OF (O/O) ACTNO260Iu 
ACTNO27034 RETURN 
ACTNO280

END 
ACTN0290
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APPENDIX E

BOEING PROGRAM II (JACOBS AND LAGERQUIST)

APPENDIX El - MATHEMATICAL ANALYSIS

APPENDIX E2 - METHOD FOR DETERMINING INPUT DATA

APPENDIX E3 - PROGRAM IDENTIFICATION

APPENDIX E4 - TEST RUNS
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NOTATION

NAJ Diagonal matrix of elemental areas on structure associatedwith nodal points

Ai AiA Elemental area on structure associated with i, j, and k nodepoints (in. 2 )

An  A constant, A, = 26.5, A2 = 7.20, A3 = 0.5

a i/uCO (ill. -

B 1/0.88* (in.- 1)
b Gi/Uc (in. - 1)

[ C] Damping matrix

[ CF(6O)] Force co-power spectral density matrix (lb 2 . sec)

CFi] Force co-power spectral density (co-PSD) acting on plate pairs

i and j (IL2 • sec)

C Local coefficient of frictions rw/ q

Cp (Vv-,;) Pressure co-power spectral density function (psi 2 
. sec)

CP (0o) Pressure co-power spectral density matrix (psi 2 . see)

I C'8 () Deflection co-power spectral density matrix (in. 2 • see)

19i Diagonal matrix, real factor in admittance matrix

Diagonal matrix, imaginary factor in admittance matrix

{F(t)) Column force matrix (Ib)

g Structural damping coefficient

H IP, (ij), H I, k) (D) Complex frequency response function defining deflection at j

due to unit harmonic forcing at i and k, respectively

{I Column matrix, Laplace transform of force column matrix with
unit impulse at particular point, zero forces at other points

[ II(i ) I Complex frequency response matrix

i,j Finite node points

[K] Stiffness matrix

2 2 An
K 2  Equals- ; also equals Z -= 9.56 (a normalization

r2 2r w  n= 1 K

constant for power spectral density)
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A'n A constant; K1 = 6.1, K2 = 0.91, K3 = 0.26

k() Impulse response function defined at time t due to a unit impulse
applied r time units earijer

(L (5) I Matrix of the Laplace transform of the deflection

.11 Mach number

[/I Mass matrix

V1, Generalized Liass

Mi11 , fil Integers used to denote separation distance between ,he i and
j node in xx and y-directions respectively

N .Number of frequencies used to define the pressure cross power
spectral density
Integer denoting spectral component; allowable values are 1,

2, and 3

pI(l), P1 (t), P2(t) Pressure at positions j, 1, and 2, respectively

p2 or < p2 > Mean square fluctuating pressure at the wall in turbulent
boundary layer (psi 2)

[QF(o)l Force quad power spectral density matrix (lb 2 . sec)

Q1.(-) Force quad-power spectral density acting on plate pairs i and
j (lb2 • sec)

QP , ( ; co) Pressure quad-power spectral density function

[QP ) I Pressure quad-power spectral density matrix (psi 2 • sec)

[QS(M)I Deflection quad-power spectral density matrix (in. 2 
. see)

q(t) Dynamic pressure (psi)

I (t)} Column matrix of principal coordinates

Rp(r) Cross correlation of pressures at points j and k (psi 2 )

I k(r) Cross correlation of deflections at points q and r resulting
q r from loads at points j and k rebpectively (in. 2 )

S 8* /U, SLrouhal number, dimensionless frequency

s Laplace dummy variable

Time (sec)

U Free-stream air flow velocity or aircraft speed (in./sec)

Uc  Convection velocity (in./sec)

XIy Cartesian coordinates (in.)
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Xi, 9i Cartesian coordirates of ith node point (in.)

Yn(KS) , Y. wK.) A correction factor (equals 1 unless otherwise defined)

y CP/C V, ratio of specific heats of air, 1.41 when Pa = 14.7 psi

4 Critical damping ratio

{4 (t)} Column matrix of deflection distance of structure normal to the
surface of the structural plate (in.)

8" Boundary layer displacement thickness (in.)

n Separation distance in y-direction (in.)

A /O.8K * 8*, normalized separation distance
7" ~q + l i(in.)

q/i' nli Distance in y-direction between node and dummy variable on
ith and jth nodal areas respectively (in.)

i, A S/.8K.*, S1// * , normalized separation distance

qO0 Smallest basic separation distance in y-direction (in.)

oq 71 /0.8Kn 8*, normalized separation distance

0 Eddy lifetime (sec- 1 )

OK (oKA Modified Bessel function of order zero with argument KnS

n (KnS)'Ko ' B/ and .K n /BUc respectively

A, I Propoitonality factor between damping and stiffness and
inertias respectively

Separation distance in x-direction (in.)

" + ej - e, (in.)

6i' Distance in x-direction between node and dummy variable on
ith and jth nodal areas respectively (in.)

fo Smallest basic separation distance in z-direction

iF *(io) Normalized cross power spectral dersity of forces acting on
plate pair i s ,d j, a complex function of c&(sec)

F (n) j(i 0 ) nth component of normalized cross power spectral density of
forces acting on plate pair i and j, a complex function of o (sec)

[I n (61 q; ic) nth component of the normalized pressure cross power
spectral density, a complex function of a) (sec)

Ri(6,rq; iW) Normalized pressure cross power spectral density, a complex
function of c4 (sec)

Hf(co), HIn(co) Normalized pressure power spectra! deiisity and the nth compo-
nent of normalized pressure power spectral density respectively
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', r) nth component of pressure cross-correlation coefficient (psi 2 )

P( ,,; r) ('ross-correlation coefficient, -1 p(e, q ; r) t 1

r "rime delay (sec)

r Local fluid shearing stress of air measured at wall (psi)

.,) Force cross power spectral density matrix (lb 2 •sec)

40. (w) Force power spectral density acting on the ith structural plate
(1, •-sec)

(D (i,) Cross power spectral density of forces acting on plate pair i
and 1, a complex function of w (lb 2 . sec)

%(P , i: iP ) Pressure cross power spectral density function (psi 2 . sec)

0 P (,)Pressure power spectral density (psi 2 • sec)

to) Matrix of eigenvectors

I o MEigenvector column matrix (rth normal mode shape)

40 Phase angle (radians)

W,, Angular frequency, 21rf (radians/sec)

, Eigenfrequency of i th mode of structure, modal frequency
(radians/sec)

cu k +kJ Frequency and a set of frequencies respectively at which pressure
cross power spectral density is defined (radians/sec)

COr Angular eigenfrequency or eigenvalue (radians/see)

I T Transpose of matrix

( )* Complex conjugate

(") First derivative with respect to time

("') Second derivative with respect to time

(-) Time average

(-) Vector

['( )--I or ["( )-...] Denotes diagonal matrix

2
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APPENDIX El - MATHEMATICAL ANALYSIS

This section presents equations developed by means of a finite element analysis 34- 3 7

for the deflection cross power spectral density response of a simple clamped panel to a turbu-

lent boundary layer.

Consider a plate idealized into a finite number of discrete structural elements con-

nected at node points having prescribed freedoms (Figur(, 19). The physical properties of

the plate are assumed to be lumped into individual elements. The equations of motion of

each panel element is written in the form of a matrix equation l a

[MI (t)m] + [C IL(t) I + [K] 15(t) I = IF(t)I (El)

where S(t) and F(t) are column matrices of time dependent nodal displacements and

applied forces, respectively.

The square matices [M,[C], and [K) are inertia, viscous damping, and stiffness coef-

ficients, respectively.

Elements of the inertia matrix [M] correspond to inertia forces associated with the free-

doms at each node. For small panie deflections, rotary and inplane inertia forces are small

in comparison to the forces corresponding to translational freedoms. Hence the inertia of the

elements are treated by assuming their masses to be concentrated at their respective nodes,

thereby diagonalizing the inertia matrix. The accuracy of t,e concentrated mass assumption

depends primarily on the numbe r of elements used to represent the panel; accuracy increases

with the number of elements used (for some quantitative data on accuracy, see pages 22, 23

and 34 of Reference 34).

The viscous damping is assumed to be proportional to inertia and stiffness; the signif-

icance of this assumption is discussed below.* Hence

[CI = 1 [M] +,[K] (E2)

where p and A are proportionality factors.

For the jth mode:

C1 = I M + A K1

It is convenient to represent the damping factor 4! which represents the fraction of

critical viscous damping for the jth mode

C C , . .+ M K (E3)

or .,,+ 2,,
o r 24icil = ) +

*Viscous and structural damping are forms of damping which allow the equations of motion to be uncoupled when
displacements are expressed in terms of normal mode shapes.
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PRESSURE ON AREA A.
'--(ASSOCIATED WITH

NODE POINT j)

POINT DISPLACEMENT AT POINT r
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DISPLACEMENT
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' -POINT k

PRESSURE ON AREA A k
(ASSOCIATED WITH

NODE POINT k)

Figure 19 - Random Pressure Loads
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Alternatively, when structural damping is used, the equations of motion for this damp-

ing are (see pages 83-86 of Reference 18)

[M] IN(t) I + (1 + ig) [K] 18(t)I = JF(t) I (E4)

When the structural damping coefficient is small (g << 1), then (see page 88, Equation XI

and page 16, Equation (27) of Reference 18) the coefficient g is related to an equivalent vis-

cous damping factor

g= 24 (E5)

Total panel damping includes both acoustic radiation and structural damping. This

total damping based on experimental panel-displacement power spectral density measure-

ments is assumed to have the following mass-proportional viscous-damping representation as

in Equations (E2) and (E3) (see pages 24-25 and 34 of Reference 34)

Af 7.5

The symmetric stiffness matrix [K] for the plate is generated by a computer program

based on the displacement or stiffness method of static matrix structural analysis. 3 7 Both

applied loading and ineetia forces of the panel correspond only to translational freedoms,

but' the stiffness matrix is formulated with all freedoms included. Through matrix manipu-

lation, the stiffness matrix can also be expressed solely in terms of translational deflections

of the panel. Obtaining this "reduced" stiffness matrix in no way restrains the displace-

ments of the unloaded freedoms; 3 7 thus the accuracy of the stiffness coefficients is unaf-

fected. In the displacement method the panel is idealized as a system of finite plate ele-

ments connected at node points. For any point on the plate

Fr = K, 1 8 1 +K r2 a2 + .. + Krr r+. + Krn 8n

where the Kr' s are force influence coefficients that relate the external force at one point

on the plate to deflections at that and other points. The collection of these force equations

is represented as

F1 -KI., K12 • .Kin !61

F2  K 2 1 K2 2  K2n 82

... .. . . (E6)

*See footnote on page 271.
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or

I I= - KI 1 1 (E6)

where the matrix of force influence coefficients is called the stiffness matrix and the individ-

ual terms in the matrix are called the stiffness coefficients. The coefficient (or element)

Krs of [KI is the static force at nodal point i corresponding to a unit displacement at point

j, all other points held fixed. The foregoing is more fully discussed in Reference 37.

We determine the system response from the equations of motion, (El) or (E4), for an

excitation random in time using the frequency response method of analysis. The method spec-

ifies the characteristics of the systems behavior by a matrix of complex frequency response

functions, i.e., the admittance matrix now derived.

Let 8(t), the response at time t due to a unit impulse applied at an earlier time t ",

be expressed by a unit impulse function h(t-t').33 Then the response to an arbitrary input

F(t ') is, by use of the superposition or convolution integral

8(t) -- F(t ") h(t-t') dt"
0

since ht-t') = 0 for t'> t and since F(t') can be defined for all negative t', the limits of

integration can be extended (see Equation 2.8 of Reference 33) so that

f() - F(t') h (t- t') dt'

If F(t') - e"t , then

8(t) h h(t -t ")e t' r

Let r =I -t', -dr dt'. Then since & = dr,

Jii. . -00

8(t) = eic t  h(r) e- ' dr = e itt H(iwo)
~00

where f (iw) h(r) e - "r dr is defined as the complex frequency response function

; 2 times the Fourier transform of the unit impulse response function.
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The Laplace transform of Equation (El) is

where £ I F(t)l = F(t) e- Stdt, s being the Laplace dummy variable.

For a system at rest at time t = 0, this may be written

[8 [M] + s [C] + [K£ 2 8(t) I= 2 1 F(t)I

If a unit impulse is applied at time t = 0 to one load point of the structure, then since

the Laplace function of a unit impulse function is unity

[S2[1d]+ s[C] +[K]] I £{8(t)l= III

where {I is a null column matrix except for a unit entry corresponding to the excitation point.

If a unit impulse is consecutively applied to each load point and the resulting displacement

column matrices are arranged in a square matrix, then 38

[2(s)][1 42[M] + S[IC] + [K]]'

fo foLets -4i . Then £(8) = 8(t) e-i tdt =f 8(r) e -i °)r dr and II(ico) =

f 00 h(r) e i~ dr (r) e - r dr = 8(r) e - I r dr since as previously stated h(r) =

&(r) =0fort'> torr<0. Thas,

[H(i wd = lim [L(])=j-¢A [M] + i([C] + [K]] 1  (E7)

is the admittance matrix which is a square complex matrix dependent on frequency o. In

general (for a large number of elements), the evaluation of this matrix inversion involves ex-

tensive computer time. The inversion can be avrided if we assume the damping to be propor-

tional to inertia, to stiffness, or to both (see Equation (E2) ). This assumption permits the

displacements to be expressed in terms of the normal modes, thereby uncoupling the equations

of motion. The decoupling of the equations of motion results in the diagonalization of the ad-

mittance matrix, thus eliminating matrix inversion.

The following procedure is used to find an admittance matrix [H(i )I which will not

involve matrix inversion when the equations of motion are decoupled, the displacements being

expressed in terms of the normal mode shapes. The mode shapes are determined from the un-

damped, unforced equations of motion 18
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(MI 1'9(t) I + [KI I3(t) I = 0

The solutions to this equation are expressed in terms of normal modes

I 3(t) I = I ( ) I e i (G)j t+ )

Substitution of the latter into the former equation yields

[KI - [M]I€() eo 1 0

Equating the determinant of the square matrix to zero yields the nontrivial solutions to the

classic eigenvalue equation, i.e., set

[K] -0;2[M] =0
2

Corresponding to each degree of freedom of the system, we can solve for an eigenvalue &Y,

Associated with each eigenfrequency co] is an eigenvector c/€(/ I.

By use of a coordinate transformation,18 we write

a(t) = [] [q(t)]

where each column of [o] is a normal mode I O(i) I and I q(t) I is a column matrix of coordi-

nates called principal (or generalized) coordinates" 8 . Substituting this equation into Equa-

tion (El)* and premultiplying by the transpose of [ ] results in

[0]T[M][oI I(t) I + [o]T[C1[o Iq(t) I + [¢]T[Kl[0!1q(t) I = [5] T F(t)l

Since the modes are assumed orthogonal with respect t, inertia and stiffness, the generalized

inertia and stiffness matrices become diagonal (see page 132 of Reference 18). Since the

damping matrix [C] is proportional to [M], [K], or both (Equation (E2)), it also results in a

diagonal matrix, i.e.,

[0] T [M] [oI = [_ M)--_.

[0]T [K []) = [-K.-r-J =-

where M., K = o M1 , and C, are the generalized mass, stiffness, and damping, respectively.

Hence, substituting these quantities into the previous equation of motion, we get the

decoupled equation of motion

*Recall that Equation (El) includes viscous damping.
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h-M.-] I q(t) I+ t-C-2 lq(t) I+ [%)M.~-1 I q(t) I [95IF (t) I

Thus, if viscous damping is used, then by means of the unit impulse excitations and the

Laplace transform as in the derivation of Equation (E), the admittance matrix is found from

the foregoing equation to be

[IJ(i )+ = 1O [1T
(viscous damping)

(j(-W2 + [(]T+(E8)

where 1 and X are constants, w1 is the jth natural circular frequency of the plate, and each

column of [0] is a normal mode 19(5) 1. The term M. is the jth generalized mass defined by

M = (1)}T[M] 1 (j)l (E9)

Since 0)j and 0 1(and therefore [ ] and [€]T) are solutions to the classic eigenvalue

problem and [M] is a known quantity, then for each value j, Miis computed from Equation (E9)

as a number lying along a diagona 1 8 and H(iw) is obtained from Equation (E8). Note that in

Equation (E8) the quotient of a scalar quantity, i.e., 1/[.V( _w2+i (l + ' 2) + 01?)]

for a given value of j is quite easily determined by a computer for a range of (o's. Hence

evaluation of the product of the three matrices in Equation (E8) is genera!ly much simpler

(requires less computer time) than the evaluation of the inverse matrix, Equation (E).

If structural damping is used as in Equation (E4), then since W2 MI = K., the quotient

in the first of Equations (E8) becomes

1 1

2-2 Mi+cOW2 M(l+ig) M(-co2 +igW + 2 )

so that

[-(i)OoI2+ =[9+W5]E[iT (structural damping)

(El0)

Equations (E8) or (El0) are decoupled admittance matrices and do not involve matrix
inversions.
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The admittance function will now be used in determining the response to turbulence

excitation which is treated as an ergodic stationary random process. For such processes the

relationship between response cross spectral density and pressure-loading cross spectral

density of the turbulent boundary layer pressures is obtained as follows:

As in the derivation of H(iwo), the displacement of point q of a plate to a pressure p
applied over an area A at point j is (see Figure 19)

.5i (t) = A I if 0p(t ) hl (t- tj) dt'

oo

Similarly the displacement at point r due to pressure at point k is

8rk(t) = Ak pk(t) h/(t- t ) dt"

The cross correlation of the two responses is

=Ai~~~~~~ k~ ,aij 1 "P~-l (t r - ) "hS(k h((t) +d
q qT

00T 1 k.
A Akf Ai f_ _ RP, (t-2" el Pk ( r e 2) d (hr 2 )dl4

Ak R, (r~2 r dl

where the order of the integrations has been interchanged and - t- t' + r and

RPik is the cross correlation of the pressures at points j and k.

The cross spectral density of the two displacements is the Fourier transform of this

quantity

ko

q q qr

1 00c r 2 ' (

A'A k  (r- (2 )dr e- hl, ) i'0)e6' dj h ) eI
00
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Aa )k )P ;j* (i) ) Hik(i()

whore / is the cross spectral density of pressures j and k and HJ* is the complex conju-
"Pik q

gate of HI.
q

When all points of the structure are loaded, the displacement at point q is the sum of
the components resulting from each load

=1

where n is the number of load points. The cross correlation of two displacements when all
points are loaded is therefore

n n
Iqr(r)= I Y RJ~ (r)

and the corresponding cross spectral density function for displacements at q and r is

n n06 q(io ) = I I. A A k 0p (i~o) H j* (i,:) H k(io))
qr j=I k=i q

which can be expressed conveniently in matrix form for all pairs of node displacements*

( [fH* (i) I tA-. [ 95P(iw) I r7 A- [H(io) ] T (Ell)

where [98 (i ()I and[(5 P(iw)] are cross power spectral density matrices of displacement andpI
pressure, respectively. The diagonal elements of the resulting matrix in Equation (Ell) are
pov'er spectral density functions of the displacements. The off-diagonal terms are displace-
ment cross power spectral density terms.

Now substituting Equation (E3) into (E8) we get

H(iw)= [01 ] ] T
M 2 )+ iw (2 Cj) )N

= ww2) -2

(I - a 2) 2 + (2C, i (),,

*The matrices in Equation (Ell) are easily expanded to yield the foregoing summation.
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rI

V-1 EA [0] T(E12)

where

D 1 
( 2 W 2

I'MI ( W2 W w2) + (2Co Wj) 2

Both pressure and deflection cross power spectral density matrices are Hermitian matri-
ces which can be decomposed into a real symmetric matrix (co-power spectral density) [C((6)I
and a skew symmetric imaginary matrix (quad-power spectral density) i[Q(W)]

lop (6j)I = [Cp ()I + i[Qp (a) (E13)

0j, )] Cs[ (07(c) 1 + itQ8 (W) I (E14)

Pre-and post-multiplying by ["A-J, we have

[F = [CF(co)] + i[QF(I)] (E15)

where

[)F ((0) 1= [-A--J [op(,,))I 'A--J

[CF(&))I = E-A-.J [Cp(w)] "-A--.

[QF(CO)] = --A--.1 [Qp((D)] r-A-J

Substituting Equations (E12) and (E15) into Equation (Ell), we get (noting that [
T are real quantities)

[08(i,)1 = [C(co)1 + i[Q3(cc)

o [1 it E [0IT][ F + 'Q F(a)'.[ ~ D E -1 iE

[= 1 1I D I1+ i[ E I 1[0 T[CF + QII F i D 1it. E1 [0T
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The equation consists of the sum of eight terms. Consider one of these terms [951 hD"-2

[€] T[CF ] F[t] [7D-.J to] T-. For convenience we treat the term as a 3 x 3 matrix. The results

can then be extended to an m x m matrix.

Thus

[I( 0 ) ( 0 0)

00 0

D 0[1+D21 ( []T +
0 0 0D)

D, [€1 0o [0)T+ 0 )

00

If

[511 4012 013

L031 032 033

where

{ (1) o = 11 012 01 3)' 1 1(2)) T  (012 022 023)' 0(3) T = (013 023 033)

then r 1
[ 12 022 '32 iL2 Tj ; O

L913 9523 033_ 031-
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Htence

11i 01~2 AI3\( 1 0\ i 0 1921 031'
I[.fI [-)_j 161 T = 1 yb 62 23 0 02k$12 022 9532 +

632 6 0 13 23 33

110 0 (01 21 9531

(As 31 0\0963 023 0 33/)

12l 0 51 0 212 1 /

.6l o,,, 2 , ..... . .....
31~ ill 0k31  021 3 /

004 ()~ 00l) + D (2) 02 + D )03

which is the sum of dyadic products.* Hence

*We have shown that if A, B, C, D, E, F are vectors and a, b, c are scalars in a diagonal matrix then

(O 0 0)(DT\
(ABC)(O b o ET aADT+ bBET+ cCFT And tho dyadic product p. qT oftwovectors0 C/FT/

T (P) 1 l q2 qP) (pIl ql PI q2 PI q3

. P2 q2  The dyadic product should

2 q 3  \2 l2 3 2q 2 P2 q3

P q3) P p3 q P3 q2 P3 q3

not be confused with the inner product of two vectors p * q = p, ql + p2 q2 + p3 q3 T(Pp2 P3 ) (q 2 ) q

\q3)
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*ICF]I (D 10l 100,()l T+ [)2 195( 2 )1 I62) IT + D3 lk(j IIc(3); T)

3 3
- £ X DP) C: . () )

;=1 k=I

where [CF((k)( = ( (i)IT [C () 0(k)1 II(k)IT

Extending these results to an m x m matrix or summation and treating the remaining

seven terms of [03(i, ) in a similar manner, we get

[PS(ico)I = [Ca(C)I+i[QS(),I

m m

j=1 k=1 (DDk+EIEk)[CF(ik)(w)I

+ DEk ([QF(k)(,0) + [QF(jk)(wd)]

+ i [Dk E ([CF(ik;)] - cF(ik) ((,)IT)

+ (D + (E16)

where

[C .<pk> (co) 0(- j<)1 € I>  T [CF  (1)]{ 0k}I (k)l T

[QF (k) (w)] = i0(j)1 0()IT[QF( )] 1(k), 10(k)IT

The summation in Equation (E16) is over m normal modes.
Equation (E16) can be approximated for lightly damped systems. The cross product

terms (j k) D DOk, E1Ek, and DiEk, which involve coupling between modes, are considerd

insignificant for small damping. Neglecting these terms and since [QF ( i i) ] = 0 due to the skew

symmetryof QF whereas [CF( i i) ] - [C ii] T due to the real symmetry of [CF] (this will be

shown later), we have
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X~~ C(D,) +0j 110) 1 Ti~~l1b(o) (() (i), +I h )100) 110 T1 (E17)
1=I

The average value of the product of two distinct responses at locations q and r is

-q 0' Je qr (w ) d (4

where 6 is called the joint deflect:on moment of the two responses q and r and denotes

Ihe space cross correlation (zero time delay) of the two responses.* The joint deflection mo-

ments for all responses can he considered at once and written as a matrix integration

q~ = [ (old, (E 18)

0

where the elements of[q-3-- are joint deflection moments for all pairs of structural node

points. The diagonal elements are mean square values of the deflections, and the off-diagonal

terms are time averages of products of deflections at different node points. For small un-

coupled damping, [081 is giver by Equation (E17) and the response is predominantly narrow-

band occurring in the regions of the natural frequencies. If broad-band excitation is assumed,

th? variation of the excitation cross spectral density is small compared to the response vari-

ation near the natural frequencies and the force cross power spectral density can be treated

rs a constant near each natural frequency. Thus we have

1 , 10 h() 110(1)1 T[C o)](i) 1.0()1 Tr  (D? + E?)dw (E 19)
7 1(I

For small damping, and from the definitions of D and E., this equation is evaluated as (see

page 63, Equation (2.14) and page 72, Equation (ii) of Reference 18).

L~~ = v 0 1, '11 1 T [CF ( 10)] I It(i)l T... (E20)

The Maestrello mathematical model for the space-time cross correlation of the fluctu-

ating turbulence boundary layer pressures measured in bread frequency bands for Mach num-

bers ranging from 0.52 to 0.57 i- (see Equation (B9) and the corresponr-ing notation as well

as Equation (E23) below)

*For 1 K, evakwation of the .1oint responses is given in Appendix II of Reference 37.
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e- Ir1/0{ 3, A.
3; An 1 K +B2[( - UCr)2 + q2} (E21)

In n, In
n=lKn

where

-1 p( :, ;r) < 1

3 A n

Y,- = K2 9 . 56
n=1 Kn

and the mean (broad band) values of 0 as a function of Mach number M is given in Figure 16

of Reference 34*; :ee also the method given later in this Appendix for determining computer

program output.

The corresponding normalized pressure cross power spectral density is

6q; I 1f 0 p r e-i dr;(0: i<o

} (E22)

=p (,,;r) e-'rdr; (-o _< o < +.o

(multiplying the second of Equations (E22) by 2 yields the cross power spectral density in the

positive frequency domain).

It has not beeu possible to solv& Equation (E22) using p as defined by Equation (E21).

However a solution ispossible if we take ani alternate approach which makes use of the fro-

zen turbulence model known as the Taylor hypothesis, i.e., assume space and time variations

are interrelated according to

-- 16 (E23)
0 UC19

Thus if the time decay is described as r. spacial decay, the Maestrello space-time corre',.tion

fanction p has the fonn

*Measured values of 0 for frequency band width centered at 1200 and 4800 cps are also plotted in Figure 16
of Reference (34).
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e(/UCO 3 AnK n

9.56 n=1 K2 + B 2' Ucr)2 +

3

= £ pn(,q;r) (E24)
n=

where

An~ e- C
p (e,q;) 2 2 ,] (E 2.5)9.56{Kn +B 2 [ - Uet)2 + q2](

Then

3q;io I pn,q;r) e-i°T dr (0 < o < + cc) (E26)

n= l -

and the nth component of the cross power spectral density is

1 00
1n V0(0 ) : Pn(p,;r) e-io 'dr (0 C O < +00) (E27)

Substituting Equation (E25) in (E27) and putting Equation (E25) in the form

An Kn e'
Pn= 9.56B 2 U2  K 2 + B2 q2 2 yields upon taking the Fourier

+ -
B2 y2U

L B2C

transform

eI * 2[K ] 1/2 i6joA vK o e uT [x + B'i -:
An Kn e e U

9.56 BUc [K2 + B2 q2] 1/2

(0 < ',o < +o) (E28)

Dimensionless forms of 7n are plotted in Figures 19 and 20 of Reference 34. The three com-

ponents defined in Equation (E28) are used in Equation (E26) to define the fluctuating pres-
sure loading function.
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From Equation (B7) we have

I(ca) = (--)

T2w

and by definition

0 0 002
& 4) (w) d 0- p

Hence

2 *
W

U

or

H() =PM) or (Do) = p2 H(o)
p2/

but in accordance with the experimental results shown in Figure 14 of Reference 34, [(p2)122 -- 2 . Thus, the power spectrum in

/r w I = K(M) is a function of the Mach M so that p2 = K.m rw

nondimensional form is described by:

'(D ) pfl(o)U H(oj)UK2  3 -K'(o8*/U)
2 * 2 * 7 - A. e
w w n=

(see Equation (B7) and note that Figure 2 of Reference 15 and Figure 2 of Reference 39 are

equivalent.); however, see Appendix E2 with respect tw the value K used in practice.

Hence, using Equation (E28) and noting that 1/9.56 V 0.105

( = ; Cp(6*q;W) + iQp( ,i7;o) p2 
f(l,;io)

CO 2 2 2 1/
BU

[K(.Y) w12 U'O U, 3 Angn e B C  r2

..105 1

BU =1 (K + B2 2 )1/2

(0 < o < +o0) (E29)

Figure 3 of Reference 34 shows graphs of this function.
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The complex pressure cross power spectral density describes pressure loading as a

continuous function of separation distances in the x- and y-directions. Pressure loads from

boundary layers are small in spacial scale. The load can change appreciably within a few

inches or even less. Figure 21 of Reference (34) shows the variation of cross power spec-

tral density over an element.* These rapid variations cause problems in lising (Pp(6,q; i)

to define a loading matrix for use with finite element structural methods. Matrix finite struc-

tural analysis methods generally assume that the pressure loads vary slowly' over the distance

of one element, i.e., that approximately constant pressure acts over the element. When this

is true, pressure at the node points can be multiplied by area to approximate forces on the

elements. But when the loads vary rapidly over an element, as do boundary layer pressure

loads, the method is invalid since it results in large overestimates of the total forces on the

clement.

This rapid variation cause 3 probl6ms in trying to define a matrix of cross power spec-

tral densities acting on pairs of finite element node points; proper 'ipplication of the matrix

would require a very fine grid of elements. Hence an alternate method has been developed to

correctly calculate the cross power spectral density of net forces acting on pairs of finite

structural elements. Terms of this type are gathered into a cross power spectral density

matrix that is compatible with the structural idealization; the number of elements chosen is

such that the desired number of modes can be adequately resolved. The infinitesimal forces

are then summed to calculate the net force cross power spectral density on finite element

pairs, i.e., the elemental loads are determined by summing the contribution of each infini-

tesimal area within an elemental pair.

We now evaluate the force cross pow3r spectral density and construct matrices for its

real and imaginary coefficients.

Consider the geometry of a pair of finite plate elements (Figure 20) and tne more de-

tailed drawing of e-direction separation distances (Figure 21); similar relations hold for n-

direction separation distances. Let to and no be the dimensions of the finite elements in the

x- and y-directions, respectively. The area of the structure represented at each node is

(60 no). The separat.on distances between the nodes are

= (Xi - Xi) = niie o

71 (Yi - Y) = m iqo

The infinitesimal normalized cross power spectral density of the net forces acting on the

infinitesimal areas dA. and dA. (which are on the finite areas A, and A, associated with the

node points , i.e., nodal areas) is

*In Mach 0.52 (8* = 0.155 in.) flow in the Boeing boundary layer facility, the 990-cps frequency cross power
spectral density varies by a factor of more than t.n between pairs of points on an 0.75-1n.-long finite element.
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4- (x - X = nil 40' 7I = (y - y1) mol 0  ; i, i represent structural nodes

Figure 20 - Geometry of a Pair of Finite Plate Elements

xi(xI 0

41 (xi +54 (xi -0

(xj~fx -x2 I)  7

2 2

1 
x.

I I

It -T
t (xi" - x'i d- ""

J-- (xi.1 -x'i

t (xi - x1) =ni o' 0; - BASIC ELEMENT SIZE
Sx ti =dx'i-xi )  t ( X I 1-x0i 4' = 4+ (ti - t~i) = nlii40+ (ti-kill

t =(x'1-xj) 11=(y,-i) 1 ' =11+ (li - r1i i= l ijio+(1lj -ri)

Figure 21 - Coordinates and Separation Distances in the x-Direction
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d(17F ) 1 J7[(x' - x'), (y;- y'), io), (dx' dy;) (d-- dy')

where 17[ (x'- x), (y'- y')I is the normalized pressure cross spectral density; (x', y') and
IJ II

(x', y') are points on the i th and jth elements, respectively, whose elemental areas are

dAx d dy' = de, dq

dA -- dx' dy' = dej d i
I I i I

The net force cross power spectral density on the (ij) pair of nodes is then

•i( f ! [( x;) (y-y iwI]dA dA (E30)
Ai Al

where A, and Ai are areas associated with the i and j nodes.

Figures 19 and 20 show that

e ' = (x' - x') = n i " + (6i - ej); " = n,i o

q, = (y' - y') = Rnjpo + (i - q i); q = mIpio

where n,, and m,,are the integral numbers of incremental separation distances in the x- and

y-directions, respectively.

Hence the force cross power spectral density of the net forces acting on the (ij) pair

of nodes is

f 2(f2 f=2fJ [( + _1 ), 0q+ qi - q)i) I d j d i dq i

2 2 2 2 (E31)

Now rewrite Equation (E28) using the variables of Equation (E31), i.e., replace the

separation between nodes 6, q by the separation between infinitesimal areas e+ e/- ei,

q + q, - q, respectively. Then
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e (+6+-e-I )
An Kn Uc -C

r , ,[+ - C,), (q + 71, - ,i);ico]= - e e
9.56BUc

[K + B2+ ] )

I€ ;} (0 < <) E32)

[K2 + B 2 (ri+ - 1/2

is the nth component of the pressure cross spectral density. Equation (E32) shows that the

integrand of Equation (E31) is divided inth parts so that the integration is over (Q q only,

G)e only, @ constant. The first two parts are now discussed.

The integral of (D)in Equation [E321, which involves q integration only, is

+qO +q 0 [K2 + B 2  11/2

_22 +B2(n + j _ i)2]1/2 dq I dq1, E33)

q' 0 [K

2 2

To generalize the analysis, the following dimensionless separation distances are

defined

A q= mi 10

01 0.8K,* 0.8K, 8&,

AO 0.8K, 8*

7}i 0. 8Kn ,

A Ii,

0.8K,,*

A A
y : q]- r i
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(,) UD €wOS

Since S, Equation (E33) may be rewritten asB'U, I U

0.85 * Uc

S + B 
2  r l r2

+ji0  q0 _ KnS + 8 q2 +

.... 1/ 2 dri1  dqij

K B] -2)]-o - n' 2 r/
2 2 Kn

but

K

n n

A A
q/] - i A/ ri y

A "77 77 77

4q dq = (0.8K, *)2 d,. d Z

and the variables of integration are transformed by use of the Jacobian

A_ A

o ,' , d'1'
61q. dy dqli =y ^ ~

1 0
dy d 1, = dy d?7

-1 1

Hence d7 1 dqj- (0.8K,8*) 2 dy di.

A
qo A q_ i O o

For the limits when qi = , qi + - = - . Similarly
2 0.8KnS* - 2(0.8KnA*) - 2
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the upper and lower limits of are + o/2 respectively. Hence for the y(= - vari-

able of integration, since 77iremains as a variable in the inner limits, the inner limits,

the inner limits are y = o _A
A.

Hence the previous integral in terms of the new coordinates y ,iys
'10 [ -i1 -K.S[i +(+y2'

(O.8~&* 2 $ J edy d~

Now let
A A

y ='i+y

dy' = dy

A q

when Y- --- i Y" = 2 - + 7/ i hence the equation becomes
2 2

(.8Kn,*2 fA JrA e/ dy d4'

10 n A K n [1 + (y) 2 ] 1/2

Since y"(is a dummy variable, we let y'- y so that the equation and symbols conform to those

in Reference 34. The integral is the±

- , q -

2 12

('O.0,, *,tJ nEt.,. 2  dy " (E34)

no A1 FlA A21/

27 [+'1-71j ~ 1y
Equation (E33) or its equivalent Equation (E34) cannot be integrated in closed frm.

For the general case, a numerical approximation of this integral is necessary. For the spe-

cial case of the integrand approaching small values within one incremental separation, a

closed-form approximation is possible. Thus for S and 1onot too small and assuming ' = 0,
the integrand of Equation (E34) is a rapidly decaying function. That is, we assume that the

sphere of influence of all pressure points on the ith finite element does not extend beyond

the element; the approximation is good when the boundary layer thickness is small compared
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to the element size. We can then extend the limits of integration from -. to +oo and take

f m 2f since the integrand is an even function. With these approximations, Equation

(E34) is equal to

A++ 1/2
-_KnS[1 + y21

2(0"8Kn5*) 2  2 1/2 dy d9%, (E35)
lKn1 + y 21

2

Equation (E35) may then be written as

+710 - n 1+ 2]1l/ 2

-KnS11 +
S2 fo e dy

'28( *  d K'[1 + y2] 1/2
J-q0

2

The value of the first integral is ^ and the value of the second integral obtained from Ref-

erence 40 (page 342, item 3.479.1 with x - y 2 , , KnS and v -) is K0 (KnS) the modified
2

Bessel function of order zero with argument KnS. Hence the solution to Equation (E35) is

1.28 Kn(6*) 2 '0 K0 (K.S) (E36)

When the Bessel function approximation is used, it is assumed that the force cross

power spectral density is approximately zero for all (i,i) pairs of finite elements except pairs
(i,i).

The integral of nO in Equation (E32) which involves 6 integration onlj must be handled

as two special cases

Case h: =0

Case 11: > 0, e<0

When 4 = 0, the region of integration is divided into two regions to properly represent the

function with absolute value sign. The e > 0 and 6 < 0 cases have been reduced to a single

expression which describes both cases.

Now rewriting Equation (E29)

n(Ye;iw) H (6,06) (E29)
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Similarly, using II. (iwo) as defined in Equation (E31)

4)Fil (i-) = 2 lF,!(,)

where i and j are node points with incremental separation distance in the x and y-directions

xi Y/- Y
such that -ni]_ 0 , i1 =r mjjo, where = - and nint = , ni and mi are

integers so that all nodes are separated by increments of length eo and qo in the x-directions,

respectively. But the force power spectral density is the sum of three spectral components

as defined by Equations (E31) and (E32)

F(iw() = p 2 11 F (n) (E37)
In= 1

where

+CO +eo +q0 +q0

nF(n)
1 (io) 9 .5 6 BUcJ_, 0  -;J2 2_

2 2 2 2

UOijeo ej-eil io ) o K2 2 (rn1 q + ?_.- 1/2-c o+e i - 8 U + B

(0 < oB j < + )

The integral of Equation (E38) is determined as discussed above. Final equations for the
power and cross power spectral density of force acting on node points of a structure are sum-

marized below 41 (because of the preseice of the absolute value signs, evaluation of the in-

tegrals requires separate consideration of the various domains; see statement preceding

Equation (E29).*

*Correction of the boundary layer load equations originally presented in Reference 34 were made by the authors
of the present report. These corrections as well as certain other minor modifications were adopted in Reference
41 and the correct final results are given here.
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FORCE POWER SPECTRAL DENSITY (i jril " 0)

AA
(P4 ( (o) = (t) h" P(o) 4)

C . K (a)) P K(wP() ; QFi( t )=O (E39)

FORCE CROSS POWER SPECTRAL DENSITY (n,, 0, mil 0)*

( Fi I (iw) = 4P(ni , ri,; io) CF. ((0) + i (co) (E40)

FORCE CO-POWER SPECTRAL DENSITY (n,, #0, mij #0)

A AA -n-n o a
C. (to) = CF(nij, in,,; (o) K C 4) e (E41)

FORCE QUAD-POWER SPECTRAL DENSITY (nil # 0, mi 0)

A , -in o4 0 t (E42)
FI (,o) =Q,(ni, nqi; (o) = K" Q e

where K' constan. - p2qo/4.78 UCB 2
-

PRESSURE POWER SPECTRAL DENSITY

Setting e - q 0 and letting [K(m)r(co)] 2  p2 in Equation (E29) and using the fore-
A

going equation for K,' we obtain

K nto K no

A
p2 n.3 BIc K"B n B UC

P (w) - A n e = Y e (E42A)
p 9.56 BU, n-1 210 n=1

I'((,)) (power spectral density, dependent on

2 a 0 (a 2 + b2) + (b2 - a2 )[1-e ae0cos (b')] -2ab e-a6 sin(be0 )l

(02 + b2) 2

(E43)

t) = that part of Equation (E37) with dependence on q.

01f nj = 0, Mil 0, then CF I (M = K'P 0 and QF l =0.
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There are two options for (P thus:

1. O(o) (uses Bessel function approximation)

- £ AnK Yn - o (Phi Hat Option I)
n,= o 1\U/

(E44)
A

2. (1(cj) (uses numerical methods)

B N
= - I AnKn 3Zn,(mi],) (Phi Hat Option 2) (E45)

2n0  ,= I

+no +n 2 2 1/2
+K +K n + B (milno+ q -q)2

1

f2 2 e
Zn(mij 2) 12 dn, d  (E46)

-no -no [K + B2 (m 1v + 7i- 7)21

2 2

C, .Q= those parts of Equation (E37) with dependence on

A 4
C = - [V cos (nib o) -+ W sin (nib,60)] (E47)

(a2 + b2 ) 2

A 4
Q = ( [W cos (ntl bQ) - V sin (n,, beo)] (E48)

(a 2 + b 2) 2

or

(a 2  b 2W - in(nijbo )

(b2 - a2)

V = ab sin (beo) sinh (anKo) + 2 [1 - cos (bCo) cosh (a9o)1

(a2 -_ b 2) .) sin (beo) sinh (a o) + ab[1 - cos (be:o) cosh(aeo)] (E49)

C Uc
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The C and Q matrices are each constructed separately by ordering terms to match

the ordering of terms in the structural stiffness matrix, thus making the final expressions for

the turbulent boundary layer loading function compatible with the finite element methods of

structural analysis. If I oK I is the set of frequencies with N) total frequencies, then there

are No matrices [CF(&iK)I and [QF(&OK)] as follows (for simplicity, the F subscript is

dropped :n the terms in the matrices so that CF ! ((Ok) -C , ( ok) etc.).

C (ok) C 12 (k) C13 ((ok) Clm(&)k)

C2 1 ((ok) C22 (w k) C23 (a k) - - C2 m(Ok)

[CF(wk)l = C3 1 (wk) C3 2 ( k) C33 (cok) 0.3m(("k)

Cm I (w k) Cm2 ((0k) Cm 3 ()k) - - Cmm((Ok) (E51)

Q1 \o'k) Q: 2 (w k) C 13 ((Dk) Q I kQm()

Q2 1 (ak) Q22 ((uk) Q2 3 (k) - - - O2m(k)

[QF((Ok)] = Q3 1 ('Ok) Q32 (a) k) Q3 3 (cok) - - - Q3m(Oj k)

Lm ! (&)k) Qm2((Ok) Qm3(wk) - - rnm(k) (E52)

Since [(4)F(i6o)] is Hermitian, then bIF(i0)i [4 F (ico)I T or [CF(~k)] = [CF(wk) ' i

[Q F(&) = [QF() and terms in the matrices have the following properties

CFl(&k) = CF 1i~k (cd F((O) (58

CFi( =k )  CFi (ok) = C(nij, in,; &jk) = C(ni, - ni,mij -m'i; o6k) (E54)I Is

QF (wOk) - OF1 ((ok) = 0 (E55)

QF ,wk) -- - QF1 (ok) (E56)
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Hence

0((Jk) C1 2 (&ik) C1 3 (ok) - - - Clm((Ok)

C12 (()k) '(()k) C23 (6)k) - - - C2m(&Jk)

[CF(wk)] - C 13 (k) C 2 3 (O)k) (k) - - - C3m(k)

C1m(()k) C 2m(aok) C3m (&)k) -it () k) (E57)

o Q12 (Ok) Q13 (CO) - - Qlm(Wk)

-Q12 (W~k) 0 Q2 3 (Ok) - - - Q2m(0)k)

[QF(Ok ) ] = -Q13(ak) -Q23 (k) 0 - - - Q3m(a)k)

-QIm ()k) -Q 2m(a)k) -Q3m(ok) - - - 0 (E58)

Diagonal terms of CF are the collections of power spectral densities at all node points.

Because the turbulent boundary layer is approximately a homogeneous random process and
its thickness changes very slowly within a panel length, these diagonal terms are all equal.

The [CF((O) ] and [QF((O)] matrices are symmetric and skew symmetric, respectively.

The diagonal terms of the [DF(i)] matrix are the diagonal terms of the [CF(M)] matrix,

Equation (E57); hence the diagonal terms of the [QF()] matrix are zero.

299



APPENDIX E2 - METHOD FOR DETERMINING INPUT DATA

In using the program described herein, it is necessary to calculate numerical values

for boundary layer parameters 8* , 0, < p2 >, and Ue ' 41 These parameters and the associated

quantities required for their calculation are defined below. The definitions assume incom-

pressible flow and, therefore, are restricted to subsonic conditions. The Maestrello method

(Appendix B2) may be used for computing additional input data.

Parameter Description

c Free-stream speed of sound (in./sec)

Cf Local coefficient of skin friction (dimensionless), equal to

0.059 RI 1 /s

K Ratio of rms fluctuating pressure to local wall shearing stress
..' <p 2> 1/2 /r w = 3-1)

Mach number of the free stream

PA Ambient pressure (psi)

<2> Mean square fluctuating pressure equalto K 2
w
2

q Dynamic pressure (psi), equal to pU2 /2

Reynolds number based on x (dimensionless), equal to xU(/v

Re8* Reynolds number based on 8* (dimensionless), equal to 8*U/v

U c CMean convection velocity of pressure fluctuations in the boundary
layer (in./sec)

Distance from leading edge, or nose, of body (in.)

y Ratio of specific heats, 1.4 at sea level; equal to c P/c v

8 Boundary layer thickness (in.), equal to 0.37 zRx 1/5

8* Boundary layer displacement thickness (in.), equal to 8/8

0 Mean eddy lifetime (see)

P Viscosity (lb force sec/in.2 )

V Kinematic viscosity (in 2 /se e ), equal to i/p

p Density of free stream (lb force see2 /in. 4 )

r Local wall shearing stress (psi), equal to Cfq - Cf Al2

3 A n

'S -Equal to 9.56
ni.= n

The system of units is in inch-pound-seconds.
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Measurements of the mis fluctuating pressure <p 2 > nondimensionalized with re-

spect to the wall shear stress rw show considerable scatter (Figure 22). Different investi-

gations show different relationships between <p 2 > 1/2W,r and Mach number M, so it is

difficult to predict the influence of Mach number on the rms pressure. It is assumed here that

<p2 > 1 /2/r w has the value 3.1 for all subsonic and low supersonic Mach numbers, and the

model for the pressure power spectral density function, as shown in Figure 23, has been cho-
2 1/2

sen accordingly. The value of (<p >) /r w was chosen to be close to the values measured

in the majority of the investigations.

In the frequency domain, the convection velocity Uc and the eddy lifetime 0 are func-

tions of frequency. When the .verall values of UC and 0 are considered, it is found that the

effective values change with distance from the reference point. Complete representations of

U, and 0, which describe the spacial variation, greatly complicate the boundary layer mode!

and, as a simple alternative, values of UC and 0 are chosen for a particular separation dis-

tance. Corrections to Uc and 0 are proposed, depending on the frequency range of interest

for the particular structure under consideration.

The mean convection velocity ratio UC/ U, taken as the asymptotic value for large

separation distances, is not very sensitive to Mach number in subsonic and low supersonic

flow. A value of Uc/ U = 0.82 can be assumed fir subsonic conditions as shown in Figure

24. This figure also indicates variation of subsonic convection velocity with frequency. The

mean value is much closer to the low frequency value than it is to the high frequency value.

The mean eddy lifetime is shown in nondimensional form UL 0/6* in Figure 25 as a

function of Reynolds number based on displacement thickness S*. The variation of 0 with

frequency is shown in Figure 26 where the results refer to measurements by Maestrello in

fully developed turbulent pipe flow. The data in Figure 26 show that the low-frequency eddy

lifetime will be longer by factors of 1.5 or greater than the mean lifetimes predicted in

Figure 25.
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Figure 22 - Summary of Boundary Layer RMS Pressure Fluctuations

This figure is reproduced from Reference 41. The reference numbers indicated

on this figure are those given in Reference 41.
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Figure 24 - Convection Speed Ratio
This figure is reproduced from Reference 41. The reference numbers

indicated on the figure are those given in Reference 41.
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Figure 26 - Eddy Lifetime
Taken from Reference 14.
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APPENDIX E3 - PROGRAM IDENTIFICATION

TIhe reader is referred to References 36, 37, and 41 which present an extensive and

dIetai led document of the computer program.
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APPENDIX E4 - TEST RUNS

The computer printout of boundary layer inpuL data is shown in Table 8a. Correspond-
ing sample printouts of the computed force co-power spectral density matrix generated by
these data are shown in Table 8b and 8c; note that the frequency associated with one sample
differs from that of the other sample. The mean square displacement and displacement power
spectral density of a 2024 aluminum alloy rectangular plate subject to this excitation are
shown in Figures 27 and 28, respectively.*

*The set of force cross-PSD matrices define loads on a structure with certain geometric characteristics. Com-
patibility between the terms of both the loading and structural flexibility matricesi can be achieved by using
some of the structural geometry information and by specifying flow direction and the direction of cyclic struc-
tural node numbering (see page 25 of Reference 41 and References 36 and 37). For the convenience of the
reader, a description of the numbering schemes used to achieve compatibility is given in Figure 29.
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y

7 14 21 28 35 42 49 56 63 70 77 84 917.00 - - - - . _

6 12 18 24 30 36 42 48 54 60 66 72

6 S13 10 20 15 27 20 34 25 41 30 48 35 55 40 62 45 69 50 76 55 83 905.835

5 11 17 23 29 35 41 47 53 59 65 1

4.668 5 4 12 919 1426 19 33 24 40 2947 34 54 39 61 44 68 4975 5482 89

4 10 16 22 28 34 40 46 52 58 64 70

T- 3.501 4 3 11 8 18 13 25 18 32 23 39 1 28 46 33 53 38 60 43.67 48 74 53 81 88

q 3 9 15 21 27 33 39 45 51 57 63 69

2.334 3 2 10 7117 12 24 17 31 22 38 27 45 3252 37159 42 66 47 73 52 80 87

2 8 14 20 26 32 38 44 50 56 62 68

2 1 9  6 16 11 23 1630 21 37 26 44 3151 36 58 41165 46 72 51 79 86

1- 7 13 19 25 31 37 43 49 55 61 67

0 11 22 29 36 43 s5 57 64 71 78 .85

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0

Note to Figure 29:

The area (12 X 7 in?) of the rectangular plate used in obtaining the results in Figures 27 and 28 was divided
into 72 equal rectangles (1 x 1. 167 in.) numbered consecutively in the y-direction as shown (I through 72). The
constraint conditions for each of the six degrees of freedom (OX, 0 , x, y, , 9) are given for each node

(free, fixed cr attached to a spring). 36,37,41 The present example originally had 91 nodal points as shown (I
through 91), but only 55 of these nodeb (inner nodes) have deflection 3Z frae, which represent the retained free-
doms. These (retained) nodes are renumbered in the ,.direction as shown (1 through 55). The sizes of the solu-
tion matrices are determined by the number of retained freedoms, 55 in this example. Thus we use a 55 by 55
matrix. Note that the heavy line (centerline) In Figure 29 Is the line along which the responses shown in Fig-
ures 27 and 28 were obtained.

The grid size (60 x q) and the number of retained freedoms must be identical in Phases I and II of the com-
puter program for compatibility to exist between the terms of both the loading and structural flexibility matrices.
In the absence of compatibility, only the force co-power spectral matrices (Table 8) are generatid, i.e., the com-
puter will not generate response dete, e.g., Figures 27 and 28.

Figure 29 - Cyclic Ordering of Nodes
(Area = e0 X q 

= 1.167 in. 2)
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