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SECTION I

INTRODUCTION

Sonic fatigue has become a recognizable and persistent structural design

problem over the past twenty-five years. Although not usually a

catastrophic problem in terms of human lives, it has resulted in

structural failures adversely affecting maintenance costs, mission

effectivity and often requiring major structural redesigns. Sonic fatigue

problems have been characterized by a significant degree of inherent

unpredictability that has so far denied the structural designer the

precise analytical tools that are available in other areas of structural

analysis. These limitations have been accompanied by the need for minimum

weight designs in increasingly severe and varied acoustic environments.

This situation has led to the development and application of semi-

empirical design techniques based on Miles'(3.) single degree-of-freedom

approach in combination with experimental data from full-scale airplane

tests and laboratory sonic fatigue tests. References 2, 3 and 4 have used

such techniques to develop design nomographs for various types of

structures. References 5 and 6 present much of this work as part of

overall sonic fatigue design guides.

These existing desiyn methcds have been developed for metal structures.

However, recent advanced composite materials development has led to a

wide-spread aerospace application of nonmetallic structures, in the

"interests of cost and/or weight savings. The most notable of these

materials to date is graphite-epoxy. Although there have been

jl,'
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investigations into the sonic faticue resistance of graphite

structures&7), there are no sonic fatigue design, methods available for

these materials that are comparable to those currently available for most

metal structures. Consequently, it is difficult for the designer to

translate the potential weight savings of graphite structures into a

practical reality with the necessary level of assurance against sonic

fatigue failures. The primary purpose of the programi described in this

report was to remedy this by developing a semi-empirical sonic fatigue

design method for both flat and curved oraphite-epoxy stiffened-skin

panels.

The program comprised three phases: analytical, experimental and the

development of a design method. The analytical approach consisted of

incorporating composite laminate analyses into finite-element computer

methods in order to determine the static and dynamic response

characteristics of a range of graphite-epoxy stiffened-skin panels. These

panels were 3 x 3, 4 x 3 and 6 x 3 arrays, with various laminate

thicknesses, stiffener spacings, radii of curvature and ply orientations

represented. The experimental phase consiste,, -f fabricatiig and sonic

fatigue testing a range of test panel configurations corresponding to

those subjected to analysis. Sonic fatigue testing was carried out in a

"progressive-wave tube" with the panels being subjected to random acoustic

4 loading at grazing incidence. Tl:e panels were instrumented with strain

"gauges and flush-mounted microphores, and data taken over a wide range of

sound pressure levels. The sonic fatigue test program was augmented by

performing shaker tests, with random loading, on sections of skin-

laminates in order to develop random fatigue curves.

The design method phase of the program attempts to relate the analytical

results and the test data in order to provide a semi-empirical design

method. Measured random strains are compared to those calculated from

Miles' equation, using the analytically determined static strains and

frequencies as inputs. The test results were also compared to values

obtained from the AGARD nomograpihs(5), with density and elastic modulus

2



values modified to reflect the graphite-epoxy laminates. Finally,
"multiple stepwise-regression" analysis techniques were used to develop

empirical relationships between the measured strains and frequencies, and

various combinations of panel configuration parameters and finite element

analysis results. From these regression analyses, a set of design

equations was developed and a design nomograph constructed. The design

method is presented as a self-contained unit (Section IV.5), allowing it

to be utilized independently of the remainder of this report. A worked

example is also presented. Figure 1 shows the program phase/task flow

diagram.
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SECTION II
ANALYTICAL

1. INTRODUCTION

This section describes the analytical work performed in support of the

program, A description of generai sonic fatigue theory is given in

Section 11.2. The analytical approach consisted of generating a complete

set of elastic properties for each composite laminate used in the program;

these properties were then used as inputs to both the preliminary analyses

and the finite-element solutions. The preliminary analysis consisted of

using Miles' equation and Reference 5 to calculate natural frequencies and

dynamic stresses for each of the proposed test panel configurations. This

was done in order to ensure that their expected response characteristics

were compatible with the expected sonic fatigue test envelope. The

'4 finite-element analysis consisted of constructing a series of coarse and

fine grid finite-element models, and using the NASTRAN computer program to

generate a set of natural frequencies and static strains to be used as

inputs in determining acoustically induced dynamic strains. An additional

set of natural frequencies was generated using equations developed by

Lin( 8 ).

Table 1 lists the panel configurations used in this program. An

analytical comparison was also made between Z and J type stiffeners.

Figure 2 presents a flow chart of the analytical work.

W L
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TABLE 1

TEST PANEL CONFIGURATIONS

Configuration Number Skin Laminate Stringer Radius of

and of No.of Ply Spacing Stiffener Curvature
Number of Bays Panels Plies Orientation (in.) Type (in.)

a (3 x 3) 2 6 (0, ±45)s 8 Zee Flat

b (3 x 3) 2 8 (0, ±45,90)s 8 Zee Flat
bj (3 x 3) 1 8 (0, ±45,90)5 8 ,] Flat

c (3 x 3) 2 8 (02, ±45)s 8 Zee Flat

cj (3 x 3) 1 8 (02, ±45)s 8 J Flat
d (3 x 3) 1 12 (0, -+4)2s 8 Zee Flat

e (3 x 3) 2 8 Same- as (b) 8 Honeycomb Flat

f (3 x 3) 2 8 Same as (b) 8 Zee 30
g (3 x 3) 2 8 Same as (b) 8 Zee 60

h (3 x 3) 1 8 Same as (b) 8 Zee 90

i (6 x 3) 1 8 Same as (b) 4 Zee Flat

j (6 x 3) 1 8 Same as (b) 4 Zee 90

k (4 x 3) 2 8 Same as (b) 6 Zee Flat
1 (4 x 3) 1 12 Same as (d) 6 Zee 90

a m (8 x 1) 1 8 Same as (b) 4.5 Zee Flat

n (3 x 3) 1 4 (0, 90)s 8 Zee Flat

p (3 x 3) 1 4 Same as (n) 8 Zee 90

q (6 x 3) 1 4 Same as (n) 4 Zee Flat

r (6 x 3) 1 6 Same as (a) 4 Zee 60

s (4 x 3) 1 4 Same as (n) 6 Zee 30

6
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Figure 2. Flow Chart of Analytical Work

2. GENERAL SONIC FATIGUE THEORY

The central problem in sonic fatigue analysis is the calculation of

tne vibratory stress levels in structural panels subjected to the random

acoustic excitation associated with jet engine noise, and then to predict

the resulting fatigue life. Since the structural 'loading is random

(Gaussian), the structural response is also random and multimodal in

nature. It also follows that the amplitude distribution of the random
, response must be taken into account in order to determine corresponding

fatigue lives.

The complete response of a complex structure to a random noise field can

be fully described by an equation developed by Powell(g). However,

Powell's theory is too cumbersome to be used in everyday design and
Sreqires input data that is never available in the diesign stage of a

vehicle. In order to simplify the theory to the level of practical use,

the following assumptions are made:

.VIP
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(1) Only one mode of vibration contributes to fatigue failure,

and that this mode is the fundamental mode of the individual panel bays.

This mode is usually assumed to be the fundamental fully-fixed mode or the

fundamental in-phase mode, in which adjacent bays vibrate in-phase with

each oLher, putting the panel stiffeners into bending. Full scale tests

o n aircraft have shown this assumption to be generally true.

(2) The vibratory mode shape is identical with the static

deflected shape of the panel when subjected to a uniform stdtic press! "e.

(3) The acoustic pressure is exactly in-phase over the whco

panel. This assumption is reasonable for jet noise excitation of

typically sized aircraft panels. It may not be valic for boundary-layer

excitation.

(4) The power spectral density of the acoustic pressure is

constant over the frequency range near the fundamental natural frequency

of the panel. It is also assumed that the whole of the energy represented

by the acoustic spectrum level at the frequency of the assumed mode of

vibration is used to excite that mode.

These assumptions simplify the structural response equation to the form

developed by Miles'M 1 ):

!Mean square stress a2(t) -= 4 1 fn 'G(fn)o• (1)

where r is the damping ratio of the fundamental mode,

often assumed to be typically 0.017 (Reference b).

fn is the na.ural frequency of the assumed

fundamental mode in Hz.

G(fn) is the spectral density of the acoustic pressure

Sat the frequency fn-

I
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•o is the static pressure at the point of interest due

to a unit uniform static pressure over the whole

of th:, panel.

This equation forms the bdsis of most design oriented sonic fatigue work

to date, includlný trne nomogriphs presented in Reference 5. Many of the
simplified sonic fatigue design methods assume fully-fixed panel edges in

the calculation of fn and vo In this program, these values were to be
determined from %he finite-element solutions, using actual boundary

conditions.

The usual estimating procedure, using Miles' equation is as follows:

a. Estimate the fundamental natural frequency of the panel,

usually assuming fixed edges. Reference 5 provides an appropriate

nomograph for this purpose.

b. Obtain the acoustic spectrum level at the estimated frequency.

NOTE: The spectrum level, L(fn), is the square root of the

spectral density G(f ). Since the acoustic spectrum

level corresponds to the acoustic energy in a 1-Hz

bandwidth, acoustic data expressed in other bandwidth form

must be converted to the spectrum level usirg the following

relationship

L = Sound Pressure Level - 10 Loglo (f 2-fl) (2)

'1 where f 2 and f, are the upper and lower frequency limits, respectively, of

' the given bandwidth.

c. Calcu'iate ao" Reference 10 gives a simplified equation for

.1 ~the maximum static stress in a fully-fixed panel.

9



d. Calculate a(t) using Equation i, assuming C= 0.017.

e. Determine sonic fatigue life using specially generated random

fatigue curves. Reference 6 contains examples of random S-N curves.

NOTE: Random fatigue curves can be developed from conventional cyclic

fully-reversed flexural fatiaue curves. This is accomplished by

applying Miner's( 1 1 ) cumulative damage law to the kayleiah
distribution function for peak amplitudes in a Gaussian process.

3. COMPOSITE LANINATE ANALYSIS

Rohr has several computer programs available tor analysis ot composite

laminates. These analytical techniques range from large general purpose

programs down to simplified procedures used on the desk comput:ers.

The primary general purpose program developed for laminate property

analysis, called COMPOSITE, calculates the laminate elastic and strength

properties for a specified laminate layup. The program may also analyze a

laminate with up to five different materials in the layup, hence, is

useful in determining the properties of hybrid laminates. Uptions tor

i ree failure criteria are also included within the program and can be

used to assist in determining laminate failure modes. The laminate

analysis can be performed for combinations of in-plane and hending loads.

The COMPOSI FE program was developed with several additional features for

the analysis of laminate properties. If the laminate fails under the
"4 specified load, one program feature will remove the failed plies from the

layup and recalculate the laminate elastic and strength properties. This

feature is useful in evaluating nonlinearities due to ply failure and' ,determining to what degree the laminate with the failed plies removed can
sustain the load. The laminate stiffness mdtrix, suitable for direct

input into the NASTRAN finite-element program, is also computed and is

part of the output.

10I
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The program ran also calculate the buckling coefficients for flat laminate

panels. By selecting the options and inputting panel size- the buckling

coefficient ca: be determined and displayed either in tabular or graphical

printout. A material data bank is also incorporated into the COMPOSITE

program. Material laminate properties are stored within the program and
may be called by identification number for a laminate analysis. This

feature saves timc in setting up the computer deck and provides consistent

properties for use on a regular basis. The laminate properties in the

data bank may be updated as necessary to reflect current data.

Material property data for all the skin and stiffener laminates were

calculated and tabulated based on carpet plots in Reference 12. Rohr has

used its "COMPOSITE" computer program and performed laminate property

tests to confirm selected data points in Reference 12. Tables 2 through 6

list the laminate properties generated and used as inputs for the finite

element analyses. Values shown in parentheses are computer generated

values used to check those obtained from Reference 12. Elastic properties

were computed for the skin, skin/stiffener attach flange, stiffener web,

and the stiffener free flange with unidirectional reinforcement. Modulus

values are times 106 (lb/in2 ).

Effect of Stacking Order

..{ One of the advantages of composite materials is the capability to tailor

structural properties by dictating the number and orientation of plies.

The in-plane strength and elastic properties (Ex, Ey, Gxy) of the laminate

!;i can be readily determined for specified orientation patterns thrcugh the
use of computer programs or "carpet plots." These procedures are

documented in the Air Force Composite Uesign Guide\±LJ and other sources.

The elastic properties are customarily used in the structural finite-

element programs, such as NASTRAN (see Section 11.5).

#r7i 11



TABLE 2

LAMINATE PROPERTIES FOR SHAKER SPECIMEN I AND PANELS a, j AND r

Gil G22 G21 ý G12 G33

E E vx E

Laminat. E Ex G6yx Vyx Vxy yx"7xyVyx V x yx Gyx

Skin - 7.5 3.3 3.4 .69 .31 9.54 4.2 2.96 3.4
(0, + 45) (7.3) (3.3) (3.2) (.69) (3.2)

Skin + attached stiffener
flange - 4.5 3.1 3.9 .73 .50 7.09 4.88 3.54 3.9

Sti ffener, web - 2.4 2.4 4.5 .76 .76 5.63 5.68 4.32 4.5
(2.3) (2.3) (4.5) (.76) (4.5)

Stiffener, free-flange - 10.2 3.0 2.4 .61 [.7 11.38 3.35 1.93 2.4

NOTE: Modulus values are in units of 106 lb/in.2.

TABLE 3

LAMINATE PROPERTIES FOR SHAKER SPECIMENS 2, 5 AND 6
AND PANELS b, e, f, g, h, i, k AND Hi

E E v Evy
E E G G V G

j Laminate E Ex Gvx _xx jxy .__y ;yx

Skin - 6.7 4.7 2.6 31 .31 7.41 7.41 2.3 2.6
""k(0, + 4, 90)7 (6.8) (6.8) (2.6) (.31) (2.6)

Skin + attached stiffener 4.75 4.7h 3.6 .49 .49 6.25 6.25 3.06 3.6

- .1 , .. .~.. _- -

Stiffener, web,- 2.2 .4 4.5. .76 .7G 5.G8 5.68 4.32 4.5
_, ______ (2.3) ) (4.) (.76) (4.5)

Stiffener, free-flange - 9.3 .2 2.7 .64 .21 10.74 3.7 2.26 2.7

NOTE: Modulus values are in unit, nf 1 0 6 lb/in.
2

.

/
I1

PA



TABLE 4

LAMINATE PROPERTIES FOR SHAKER SPECIMEN 3 AND PANEL c

Laminate Ex y x yx _ _yx V y

Skin - 9.7 3 2 2.6 .63 .21 11.18 3.69 2.35 2.6
(02. + (4)s (9.8) (3.2) (2.6 .63) (2.6)

Skin + at)1ached stiffener 63.6 .71 .39 8.3 4.56 3.24 3.6

flange -

Stiffener, web - 2.3 2. 5.68 5.68 4.32 4.5(2.3) (2 ,, (4. ) (. 6 1( .5

Stiffener, free-flan.ge - 9.3 3.2 2.7 .64 .21 10.74 3,7 2.26 2.7

NOTE: Modulus values are in units of 106 lb/in,2,

TABLE 5

LAMINATE PROPERTIES FOR SHAKER SPECIMEN 4 AND PANELS d AND 1

E E
Laminate y x I jx .x y y Xy yxx

Skin- 7.5 3,3 3.4 .69 .31 9.54 4.2 2.96 3.4

(0, + 45)2s

Skin + attached stiffener 4.5 3.1 3.9 .73 .5 7.09 4.88 3.54 3.9
flange

Stiffener, web -
2.4  2 4j 4.5 .76 .76 5.68 5.68 4. U 4.

Stiffener, free-flange - 6 3.5 .73 .39 8.67 4.61 3.38 3.5
* __-1_.1 ,1 .....

NOTE: Modulus values are in units of 106 lblin. 2 .

13
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TABLE 6

LAMINATE PROPERTIES FOR SHAKER SPECIMEN 7 AND PANELS n, p, q AND

1 GT T2 1 G2 12 633
G2 E, G1

E E GS - E I- T I-- Iv E I 1-sv1 CYLaminate E x _x. JX Xy . _ x xvj X •Y Gyx _

Skin - 9.4 9.4 .65 .05) .05 9,42 9.42 .47 .65
(0, 90)s (9.4) (9.4) (.65) (.04) (.65)

Skin + attached stiffener 4.8 4.8 3.25 .4 .4 5.71 5.71 2.29 3,25
flange -

Stiffener, web - 2.4 2.4 4...6 .6 56 .8 4.32 .4.b
(2.3) (2.3) (4.5) (.76 (4.5)

Stiffener, frce-flange 1l .. 0 2.4 bl .17 .8 3.35 1.93 2.4

NOTL: Modulus values are ini units of 106 lb/in. 2 .

J

However, for this investigation where composite structures are exposed to

a sonic environment, additional composite properties are desired. A

laminated structure subjected to a bending load whether applied by a sonic

or structural source requires the use of the inertia or bending stiffness

'.t properties. For laminates, the bending stiffness is defined by the "Dij"

matrix. The Dij matrix is computed from the individual ply properties

transformed from the specified orientation to the desired stiffness

I direction. The ply location from the center of the laminate is also taken

.into consideration. The Dij matrix is therefore written in short notation
, ~as :

n

D! i 1 • ( i K)K (h 3 k k K(-

4 The Qij matrix is the in-plane stiffness of each ply and hK, hK.l provides

Sthe geometric location. The sunmmation provides the bending stiffness of

14
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the laminate. The position of the ply in the laminate therefore will

dictate the stiffness.

The effect of ply position or "stacking order" on the laminate stiffness,

(Dij), can be determined by using the COMPOSITE computer program. The Dij

matrix results for different ply stacking orders are shown in Table 7. In

the table, the D1I stiffness is in the laminate 0 degree direction, the

d12 is the Poisson effect, D2 2 is the laminate 90" stiffness and D66 is
the in-plane shear stiffness. Even the quasi-isotropic layup

(i 450/900/0)2s has different values in the laminate orthogonal

directions.

The variability of the Dij factors indicates that stacking order has an

effect upon the performance of composite panels subjected to an acoustic

environment. As an example of the stacking order effect, the natural

frequency of simply supported composite plate is of the form

2 (4)
W KPl

4 2 4where K= D1 (0+ 2 + 2 D6 aninm + D and

11 ( + 12 66) -a 2 022 b-- n

Pl = mass density.

Since the stacking order affects only the factor "K", its value was

tabul 'ted for various laminate layups in Table 8. For a sixteen ply

lami ate, the stiffness factor has a 12 percent variation depending upon

the stacking order.

Complications arose in trying to quantify the effects of stacking order on

panel response. This is discussed in Paragraph II.5.a.

15

pV --.--



TABLE 7

EFFECTS OF STACKING ORDER AND PLY ORIENTATION ON
BENDING STIFFNESS MATRIX

LAMINATE "'Di MATRIX

GR/EP 3501/AS TYPE

66 6E= 17 x 106 E2 = 1.7 x 10 G = .65 x 10

No.

Orientation PNies D11 D22 012 D66

(t45/902)2s 16 246.01 518.74 171.32 187.87

2 2s(±45/0/) 16 518.74 246.01 171.32 187.87
(+45/90/0)2s 16 351.7 413.06 171.32 187.87

(±45/02)4 16 549.49 235.85 161.03 177.58

(n/90/-45)s 8 66.407 40.48 5.051 6.80

(0/90/±45)3s 24 1793.1 1093.0 136.4 183.6

(±45) 16 265.17 265.17 202.78 216.76

(02/t458) 20 1046.3 343.28 219.18 246.52 8 s

016 D26 : 0
i'I n

D - (-j) (h 3K l)

K=1 i K K 'K-1

Where is the transformed ply property

and hKI hK-l is the distance of the ply surfaces

from the reference.

4, A 4(9.



TABLE 8

EFFECTS OF STACKING ORDER ON NATURAL FREQUENCY FACTORS

Number of
Layup K Plies

(i45/9022 .4514 16

(t45/0 2)2s .5072 16

(±45/90/0 )2s .4738 15

(±45/02)4 .5075 16

(09/4)s.149 8

(0/90/±45)3s .7745 24

(±45)8s .4643 16

(2/±58)s .6531 20

()Where K

17
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4. PRELIMINARY SONIC FATIGUE ANALYSIS

Preliminary sonic fatioue analyses were performed in support of the

design of the sonic fatigue test panels, given in Table 1. These analyses

wvere made to ensure that the application of these panels in acoustic

environments appropriately spanned the full rance of aircraft application.

It w.is also necessary to ensure that the sonic fatigue resistance of the

test panels was within the available progressive-wave tube test envelope.

It is important in a sonic fatigue test program to obtain a aooo spreaG of

response characteristics, and to obtain some sonic fatigue failures out in

the !06 to 10 cycle range, without having too many panels fail either too

quickly or not at all. The AGARD( 5 ) sonic fatigue desiqn nomographs were

used in this analysis, with the results oeing modified to take accournt oT

the elastic modulus and density values for the appropriate skin laminates.

The results are shown in Table 9. A pre-test evaluation of the

progressive-wave tube indicated that endurance testing would De best

carried out in the 160 to 165 dB overall sound pressure level range,

corresponding to acoustic spectrum levels in the 130 to 1!0 dB/Hz range.

The results show a good spread in both predicted frequ•ncies ana rms

stresses. They also show that almost all of the panels could be expected

to fail at an acoustic spectrum level uf 150 dB/Hz.

5. FINITE ELEMENT SOLUTIONS

The general sonic fatigue theory described in Section 11.2 utilizes as

inputs the static stresses or strains due to a uniform unit pressure loan

and the natural frequency of the fundamental in-phase strinqer-bending

mode. These stress and frequency inputs were determined for each of the

diTgpanel configurations given in Table 1, using a variety of finite-elenient
mndt-ls- in cnnjutnrtion with the NASTRAN computer program. NASTKAN is a

general purpose finite-element digital computer program especiýlly suited

for the analysis of large complex structures. Its ability to handle a
large range of problems has resulted in its adoption throughout the

aerospace industry. This wide acceptance and versatility are the primary

4 reasons for the selection of NASTRAN as the fundamental analytical tool o

this program. The uniform pressure load condition is widely used in sonic

18
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TABLE 9

PRELIMINARY SONIC FATIGUE ANALYSIS RESULTS

Acoustic Radiu-s F ul I .... RMS iainTn ai-
Panel Spectrum Stringer Skin of Fixed F

* tle)Stress tuConfig- Level Spacing Thickness Curvature Frequencyuratlio _dOl. . b_ jin) -- - R H-.. (b/i n . -. i! in)

a 130 8 .033 Flat 160 20,900 70,000
140 66,200
150 209,000

b&e 130 8 .044 Flat 202 12,800 64,000
140 40.400
1.0 .128,000

c 130 8 .044 Flat 247 14.200 96,000
"140 44,800
150 142,000

7* tj-------------d 130 8 .066 Flat 308 1,400 70,000

140 
235,400

-15 74,000

f 130 8 .044 30 825 1,700 64,000
140 5,400

g 130 8 .044 60 510 3,250 64,000
140 17,500

h1 130 8 .044 90 .375, 4,750 G4,000

140 
17,500

i 130 4 .044 Flat G74 6,600 64,000
140 20,900
150 66,000

130 4 .044 90 824 6,000 64,000

140 
18,000

.. .. . .150 384.. . . .. . . . . . . .. . . . . / ,000 .. . . . . .

k 130 6 .044 Flt 312 70,800 64,000
140 3l,700

"1 130 6 .OGG 90 631 4,1oo T70,0o00

140 
13,000

" 150 41 00

q 130 4 .022 Flat 409 19,400 88,000

S140 62,600

5130 .033 60 782 1 6,fl00 70,000

140 23,000
S I ".• ... ~~ ~~ ~~.. . 150 . . . . . . 9 0 0 . . . .

s 130 6 .022 30 828 3,500 88,000
140 11,000

S. . .. 150 . . . . .. . . ..5 0 ... ...... .....

150 35,000

Note: O, - 0.055 lb/in
3

1 1.9
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fatigue work since its resulting displacement field closely resembles the

fundamental in-phase mode shape.

The accuracy of finite-element solutions is highly dependent upon the

element size and the applied boundary conditions. Consequently,

considerable effort was put forth in the determination of each. This

involved many iterations before arriving at optimum model configurations.

Due to the nature of the test panel designs, i.e., relatively massive

stiffeners interfacing with thin plates, some difficulty was experienced

in generating the in-phase mode from the dynamic models. Eventually, well

defined stringer-bending in phase modes were obtained for all but two of

the panel configurations (the two 30-inch curved panels, f and s, being

the exceptions). However, the mode shapes for the stiffer panels

exhibited excessive substructure deflections, resulting in low frequency

estimates. This conditioning problem was successfully overcome in the

static analysis.

Finite element models were also constructed for the shaker specimens

described in Section 111.4. Computed natural frequencies gave good

agreement with the shaker test results, and are given in Paragraph II.5.d.

a. Analytical Approach - In order to provide static and dynamic

analyses in sufficient detail to support the development of a semi-

!A empirical sonic fatigue design method, finite-element models were

constructed to represent each of the panel configurations shown in

Table 1. Initially it was believed that relatively coarse grid models

would be sufficient for the dynamic analysis. Consequently, models

j icomprising 2-inch plate elements, with bar elements representing the

stringers and frames, were constructed. These models were used to generate

a set of static and dynamic solutions. Although primarily intended as

t dynamic models, they also provided a good starting point for the static

analysis. The material properties used in these and subsequent models

were determined from the Rohr composite laminate properties prograi

"COMPOSITE," described in Section 11.3.
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The dynamic results from the 2-inch grid models appeared to be

satisfactory for the 3 x 3 panel arrays; however, it was decided to use a

finer grid for the panels with smaller bays (4 x 3 and 6 x 3 panel

arrays). Models comprising 1-inch plate elements were therefore

constructed and a second set of results was generated. The mode shapes

and natural frequencies generated by the 1-inch and the 2-inch models were
in close agreement. However, some difficulties were encountered with both

sets of models in identifying the desired in-phase stringer-bending mode.

Further modeling refinements did not result in significant improvements in

the dynamic solutions, consequently the 1-inch coarse grid quarter models

were used for the dynamic analyses.

As expected, neither the 2-inch nor the 1-inch coarse grid models provided

-the necessary detail for the static analysis, particularly in high stress

gradient areas. A set of 1/2-inch models was constructed and another set

of static solutions obtained. Accuracy at the skin-stiffener interfaces

was still considered inadequate. All of these coarse grid models

represented a quarter of each panel array, as shown in Figure 3.

It was then decided to represert the center bay portion of each panel with
a fine grid model, also shown in Figure 3. Because of the lack of symmetry

of zee stiffeners, these fine-grid models included the stringers on both

of the long sides. The maximum stress in stiffened -kin panels occurs at

the center of, and normal to, the longer edges. Detailed accuracy is

therefore of great importance in these areas. This was accomplished by

representing the zee st:itfeners as a series of plates (thereby creating

three-dimensional models) rather than as simple bar elements. In

addition, the grid size was optimized by computing the bending moment

I'V distributions from three specially constructed small plate (b in. by
4 in.) models employing, in turn, 1-inch, 1/2-inch and 1/4-inch grid

sizes. The results were then compared with hand calculations using

Timoshenko( 13). Figure 4 shows the results of the comparison. It can be

seen that 1/2-inch grid size provioes accurate results at the panel

center. Even the 1-inch grid has reasonable accuracy at the center of the
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panel. However, the gradient at the panel edges requires a very fine grid

in order to achieve reasonable accuracy. A compromise between structural

accuracy and practical constraints, such as computer size limitations,

resulted in 1/4-inch elements being selected to represent the skin-

stiffener interface regions. This results in an 11-14 percent

underestimate in computed bending moments at the panel edges, compared to

the values calculated using Timoshenko. Although a maximum grid size of

0.875-inch was used in some non-critical skin areas, all strains used in

the development of the design method (Section IV) were taken from 1/4-inch

elements. There are practical limitations in combining radically

different element sizes within one model. In order to limit the number of

grid points to within manageable proportions, the smaller elements

(1/4-inch) must have higher aspect ratios than the larger elements

(1/2-inch). Unfortunately, analytical accuracy deteriorates with

increased aspect ratio (above unity). An element aspect ratio of 3:1 is

considered the maximum for reasonable iccuracy.

In order to obtain boundary conditions for the fine grid center bay

models, a cubic-spline computer program was writLen to interpolate the

displacement and rotation fields along the interfaces with the 2-inch

coarse grid quarter models. This method assumes the deflected shape which

minimizes potential (strain) energy. Conventional "beam theory" shows

,A this energy to be proportional to the integral, with respect to the arc
length, of the square of the curvature of the spline. The accuracy of

"1 this approach was verified using the previous 1/2-inch grid model.
Displacement data at 2-inch intervals on the 1/2-inch model were

interpolated to obtain intermediate displacements at 1/2-inch intervals,§ ."These interpolated displacements were within 1 percent of the actual

results from the 1/2-inch model. initially it was thought that the fine-

data only. However, when this was attempted with the 1/2-inch model, it

was found that resultant stress and displacemert fields were not

sufficiently accurate. Consequently, it was decided to also include the

interpolated values of the two components of rotation along the bouroaary.
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This 'improved 'he accuracy of the interpolated stresses to within

2 percent of the 1/2-inch model results.

During the subsequent static analysis of the curved panels, it was

determined that additional in-plane displacements were needed in order to

fully define the boundary conditions. Flat panels, under normal loading,

do not undergo axial displacements and all the load is taken in pure

bending. However curved panels, under normal loading, expeý'ience both

hoop and bending stresses, requiring the application of in-plane

displacement boundary conditions. A further refinement was evaluated,

which was to apply rotation and displacement boundary conditions to the

out-of-plane zee stiffener elements, in addition to the skin elements.

The effects of this refinement on one flat and one curved Panel was less

than 10 percent and have not been included in the results in

Paragraph II.5.c.

A comparison was made in both the static and dynamic analyses, between Z

and J stiffener designs. A sample calculation using one of the dynamic

quarter models showed no significant differences in natural frequencies

nor mode shapes between 'he Z and the J stiffened panels. No further

dynamic analysis of the , stiffeners was performed. S~gnificant

differences between the Z and the J stiffened panels did occur in the

static analysis results, and are given in Paragraph II.5.c.

b. Effects of Skin Ply Stacking Order - Attempts were made to

evaluate the significance of these effects on the computed static

stresses. The previous analyses utilized Rohr's "COMPOSITE" computer

program to generate laminate elastic properties, which are not dependent

upon stacking order, leaving the bending stiffness (El) to be computed by

NASTRAN in the usual manner.

II
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Because laminated composite materials exhibit orthotropic properties, it

is necessary to input the total plate constitutive equation

LBY ~1 H(5)
in matrix form to fully describe the behavior of a general orthotropic

plate. Where P and MI are the applied loads and E and k are the resultant

strains. The A and D matrices define the extensional and bending

suiffnesses respectively. lhe "B" matrix defines the bending-extensional

coupling for the laminate. From a practical standpoint this term is

nearly always zero, because ply orientation and stacking orders are

selected to give a "balanced symmetric" layup which eliminates bending-

extensional coupling. The bending and extensional constitutive equations

can therefore be showr. below:

[N] = [A] [u] and [M] = LD] [k] (6)

For the isotropic extensional case, NASTRAN computes the constitutive

equations
A ]I A2 2  (_-) t (7)
A1 A
12

"II-
i AI E tAI (9)

'. il Ad• =6 (-n-+-•)) g

from the data -upplied on the PQUAD quadrilateral plate element card

(thickness, t) and on the MATi material card (E and v). The remaining

matrix terms are zero.

2
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If an orthotropic material is to be analyzed for axial loading, the MAT2

card is utilized to input the material property matrix "G" terms

E E

((1c- -x ) ,P __ etc.). (10)
xy yx xy yx

The complete constitutive equations are obtained by the product of this

matrix and the material thickness which is again input on the appropriate

PQUAD card.

For the isotropic bending case, NASTRAN computes the constitutive

equations

D D E t 3D11 = D22 - 2 21

D12 vDll = 021 (12)

E t3
D66 = Ft--I--- (13)

from the same data supplied for the extensional case. If no additional

information is supplied, NASTRAN will also compute the orthotropic bending
constitutive equations in the same manner (multiplying the "G" matrix

i:1 terms by the appropriate t3/12 term).

i However, the true bending stiffness of an orthotropic laminate is a

function of the laminate stacking order in addition to the laminate

The constitutive equation for bending (the "D" matrix) can be input into

NASTRAN using the MAT2 card. In this case the "D" matrix must be factored
4 by the t3/12 term because NASTRAN is programmed to multiply the "G" matrix

by the t3/12 term.
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The Cosmic version of NASTRAN does not have the capability to accept the

complete orthotropic constitutive equation matrix for plate elements.

In many cases, where loading is primarily axial or the laminate has a

large number of plies, the inaccuracies introduced by using the

extensional "G" matrix to compute the bending constitutive equations is

small and this approach has been used with reasonable accuracy.

Conversely, if the panel has a small number of plies and the loading is

primarily in bending, then the bendin a"G" matrix can be used.

The Rohr laminate analysis program COMPOSITE outputs the extensional "G"

matrix directly in addition to the "A," "B" and "L" matrices.

In the case of the structural analysis of the sonic fatigue panels. an
attempt has been made to input both the extensional and bending

constitutive equation matrices. This was done using the "PQUAU 1" general

quadrilateral element property card which is primarily utilized for the

analysis of sandwich structures. This property card allows for separate

input of membrane (extensional), bending and shear properties.

The extensional information required is the material identification and

plate thickness. The extensional constitutive matrix can he input by

d' identifying a "MAT2" material property card containing the appropriate "G"

matr ix.

The input data defining the bending properti,:s are the material

identification and the area moment of inertia per unit width (I) of the

* quadrilateral element. NASTRAN is programmed to calculate the isotropic

constitutive bending equations using the input values of I (t 3 /12), the

elastic constants and the appropriate numerical values. NASTRAN is also

programmed to utilize the "" value in the computation of the

bending stresses.
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To obtain the orchotropic constitutive bending equations, the bending

material was defined on a "MAT2" material property card containing the "DI"

matrix factored by W/I (12/t 3 ). The complete "D" matrix was then obtained

internally in NASTRAN using the computational procedure defined above.

The results :)f thi! investigation were ipconclusive, requiring further

study beyond the schedule of this program. No correlation was established

between the stacking order and the effect on computed stresses.

c. Static Analysis - The analysis of the sonic fatigue panel

configurations in this program required the construction of detailed

finite-element model- to accurately predict the panel responses to a

uniform I lb/in2 applied pressure load. The iterations involved in

arriving at uptimum model designs are discussed in Paragraph II.5.a. The

panel configurations are given in Table 1, and the location of the finite-

element models relative to the entire panel arrays is given in Figure 2.

Although there are 20 panel configurations in Table 1, the final analysis

results in this section are limited to 18 configurations. Panels "e" and
"in" were eliminated prior to the final computer, runs. Because of the many

iterations involved in obtaining the final analytical results and the

consequent effects that this had on program schedule, it became necessary

to limit the final analysis to those panels to be used in the development

4 of the design method. Panel "e" was intended to evaluate honeycomb beam

stiffeners and panel "Im" was primarily intended as a data link to sonic

"fatigue test panels, comprising a single row of bays, typically used in

*' previous sonic fatigue programs. This program utilizes panels comprising

three rows of bays. Geometric similarities allowed the remaining 16

configurations to he represented by 10 fine grid center bay models.

Figures A-i through A-6 in Appendix A show six of these models. The

three-dimensional modeling of the stiffeners is clearly seen, as is the
smaller qrid spacing at the panel edges and along the center line of the

center ba).

2
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The 2-inch coarse grid models were used to generate boundary conditions

for the fine grid center bay model, utilizing the cubic spline program

described in Paragraph J1.5.a. The unit uniform pressure load was then

applied to the fine grid models, generacing a series of stress

distributions. Although the sbsequent design muthod would be based on

maximum edge stresses and/or center bay stresses, it is desirable to know

the displacement patterns and stress distributions over the entire

surface. This was accomplished by plotting isopleths of the desired

quantities. These are shown in Figures A-7 through A-18 in Appendix A.

Static deformations, out-of-plane displacements (Z direction) and stresses

in the "y" and "x" directions are given for panels "b," "d" and "f." The

plots are consistent with expected structural behavior and show the

stiffeners to provide good edge restraint. The stress contours show the

high gradients that exist at the skin-stringer interfaces, demonstrating
the need for accurate modeling in these areas. These plots were generated

prior to some model corrections and the introduction of in-plane boundary

conditions (see Paragraph II.5.a); consequently, the stress magnitudes on
the plots do not all correspond to the tablulated stresses shown later in

this section.

In determining stress magnitudes at critical locations, it was noticed

that the curved panels exhibited large stress differences on opposite

faces of the skin elements, indicative of significant axial stresses.

This is logical following the application of the in-plane boundary

conditions to the skin elements, described in Paragraph 11.5.a. Figure 5

shows the locations of the stresses given in Table 10. Stresses on both

skin faces are given for all the curved panels. They are also given for

the flat paincls at locz::ions 5 and 6. Location S is at the center of the

center bay and location 6 is the maximum edge stress. The "y" direction

is across the narrow span and is therefore the critical direction. The

results show the flat panels to be in pure bending and alsc) show the

j .• extent of axial stresses occurring on the curved panels. HIo.wev.er, during

4 --;onic fatigue testing, back-to-back strain gauges gave equl zind opposite

readings, indicative of pure bending on both curved and flat panels,
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ConsEquently, it was decided to separate out the bending and axial stress

components in the analytical results, and to use only the bending stress

component in the development of the design method. Table 11 lists the

results. Since the design method will utilize strain values rather than

stress values, the corresponding bending strains are also shown in

Table 11.

In order to provide a direct experimental comparison to the analytical

static stresses, a static test was performed on panel "d." Thu panel was

mounted in the same fixture that was used during sonic fatigue testing and

that was also used to generate bounddry conditions for the coarse grid

models. A uniform pressure loading was incrementally applied, from 1 to

7-lb/in2 using an air bag. Strains were measured at each load increment

using strain gauges. Back-to-back gauges were used at the panel center to
measure axial strains in addition to bending strains. The strain response

appeared to be nonlinear, with stresses increasing approximately

50 percent for a doubling of load. However, the back-to-back strain

gauges gave readings within 2 percent of each other, indicating pure

bending. It had been anticipated that any nonlinearities in structural

response would show up as membrane (axial) stresses. No explanation is

offered for this occurrence, and no evidence of nonlinear response

occurred during sonic fatigue testing. Because of the nonlinear response,

the comparison with the analytical results varied depending upon which

load magnitude was used. At 7 lb/in2 the center bay stresses were within

20 percent of the analytical value. The higher the load the better the

* comparison. Figure 6 compares the analytical results with the one

* K 1 lb/in2 and 7 lb/in2 test values. Although the results from the 7 lb/in2

load correspond more closely to the analytical results at the panel

'1 center, than do the 1 lb/in2 results; the reverse is true at the panel

edges. Another puzzling aspect of this static test was that the biaxial

strain relationship at the panel center was markedly different during the

static test from both the analytical results and froin the sonic fatigue

test results. In the static test, the strains in the long direction were

very small (10 percent) compared to the strains in the short direction.
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The analytical results gave a corresponding ratio of 2:1, which is a more

reasonable ratio. The sonic fatigue test results gave ratios a little less

than 2:1. Thus, the static result seems inconsistent with both the

analytical and the sonic fa! ..i t., results, in addition to appearing to

be less logical. Conversely, the static test results showed the edge

stresses to be approximately 85 percent to 90 percent of the center bay

stresses, whereas the analytical results showed the same edge stress to be
approximately three times the corresponding center stress.

Under fully-fixed edge conditions, the edge stress should be twice the

center stress, thus the static test result appears more logical. The

sonic fatigue test results showed a corresponding ratio very close to the

I static test results. It is surprisina that the analytical results would

produce a higher stress ratio between the edge and center stresses than

one would obtain under fully fixed edge conditions. In summary, the

static test gave a logical relationship between center and edge stresses,

but an unexplained relationship between biaxial stresses at the panel

center; whereas the finite-element results gave a logical relationship

between the center panel biaxial stresses, but a surprising relationship

between center and edge stresses. The sonic fatigue test results, which

are more tyuically plagued with inconsistencies, gave logical

relationships for both biaxial and center-to-edge stress ratios.

A set of analytical results was generated using a J type stiffener in

place of the Z stiffeners, for stiffener design comparison purposes.

Since the stiffeners in this program were adhesively bonded to the skins,

the J confiquration offers twice the bondea footprint area on the skin

than does the Z confiouration.

I
* The static analysis utilizing the J stiffeners was accomplished in much

the sawe way as with the Z stiffeners. Portions of the previous finite-

element mooels were utilizea, except for areas near the stiffeners which

were modified to incorporate the anditional flange of the J desian.

SIdentical boundary conditions from ,:e 2-incr coarse grid model were useo
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and a unit pressure load was again applied. The results for panel "b" are

shown in Figure 7. As expected, the stress distributions for the two

stiffener designs are quite similar across the majority of the panel, with

the J stiffener effecting a 20 percent stress reduction at the panel

center. The major difference occurs at the panel edge, where the

additional attach flange of the J stiffener significantly reduces the peak

stress by avoiding the abrupt stiffness change at the attach radius of the

Z stiffener.

d. Dynamic Analysis - The dynamic analysis of the sonic fatigue

panel configurations in this program required the construction of finite-

element models to represent a quarter of each panel array. The primary

purpose of the analysis was to determine the natural frequency and

corresponding mode shape of the fundamental in-phase stringer-bending mode

for each panel configuration. The quarter model (shown in Figure 3)

limits modal solutions to those that are symmetric or antisynynetric about

the panel drray center lines, thereby excluding certain intermediate modes

that are not of interest to this program. The quarter model does,

however, cover all the bays in one quadrant, thereby facilitating the

identification of a stringer-bending mode in which all bays vibrate

in-phase. Skin members were represented by the NASTRAN plate element

"CQUAD2." Stringer and frame members were intially represented by bar

4 el ement s.

Problems were encountered in identifying an in-phase stringer-bending mode

for certain panel configurations, particularly those panels having greater

stiffness due to curvature and/or close stringer spacing. In such cases,

it the response was dominated by deflections of the substructure to the

extent that computed frequencies were not responsive to changes in skin

thickness. In addition, it was not possible to distinguish between
A

overall panel-array modes and coupled "bay" modes. Such structural

behavior would be typical of panels having inadequate stiffening members,

incapable of properly serving as panel breakers. However, both the static

model results and measurements made during sonic fatigue testing showed
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the stiffening members to be adequate and to properly break up the overall

panel arrays into their individual bays. This modal identification

problem was therefore assumed to be related to the finite-element models,

the NASTRAN plate elements or even fundamental analytical problems

associated with finite-element techniques. This type of problem is not

confined to this program. Previous sonic fatigue programs have

reported( 2 ) similar difficulties regarding the dominant behavior of
substructure in the dynamic analysis of skin stringer structures using

Finite-element techniques. The problem is compounded in curved panels by

the inherent limitations of flat finite-elements to represent highly

curved structures. NASTRAN does have available curved plate elements.

However, advice from several sources, including AFFDL, cautioned against

using them.

Various attempts to solve the problem were undertaken. NASTRAN has three

dynamic solution methods available: "Inverse-Power," "Givens" and the

"Determinant Method." The "Inverse-Power" method was being used when the
modal identification problem was encountered. The other two methods were

consequently tried; however, the results from all three methods were

strikingly similar. Many of the mode shapes obtained during this exercise

were observed to be similar to those generated in Reference 2.

Finite-element methods and computer programs such as NASTRAN are known to

experience mass conoitioning proble;,is when analyzing thin sheets

reinforced with relatively massive stiffeners. This aspect of the problem

led to using dynamic models sirmvilar to the coarse grid quarter models ust-d

in the static analysis, cniubIned with representing the stiffeners as plate

elements as in the fine grid three-dimeri onal models used in the static

analysis. This resulted in a siqnificant imnprovement in the generatien of

the in-phase stringer-bending node for all but thE two 30-inch curved

panels (f and s). Thesr ;-.wo panels failed to qg ,erate recognizable

- in-phase modes. Other panels that had previously failed to generate this

mode (d, i, j, 1 and r) now produced an in-phase mode, but with excessivw

stiffener deflections and at unreasonably low frequencies. The
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compatibility of test frequencies with fully fixed frequencies, calculated

using Reference 5, confirmed that the problem was with the finite-element

analysis results. Figures A-19 through A-24 in Appendix A show six of the

ten models.

A further refinement of the model was then made. Previously, the

stiffener skin interface had been modeled witn a series of single elements

whose properties were composed of an homogeneous superimposition of the

individual skin and stiffener flange properties. It was thought that the

interface between the massive stiffener element and the thin skin element

could be the source of mass ill-conditioning. These areas were therefore

remodeled with the frame and skin elements individually represented.

Connection between the two was provided through the use of multipoint

constraints (NPC) that enforce displacements of equal magnitude, normal to

the panel, for pairs of adjacent grid points. This required some

resequencing of grid points, which resulted in a significant increase in

the stiffness matrix bandwidth, The problem was overcome by using a

preprocessor program that resequenced the grid numbering. The results

from this effort were disappointing, however, with no improvement in the

dynamic response of the problem panels.

Another area of concern in the dynamic analysis was the sensitivity of the

.4i results to the boundary conditions applied to the test panel fixture

frame. During sonic fatigue testing, both steel and aluminum frames were

"used on selected panels. Also, changes were made in the elastic

restraining forces acting on the panel-fixture assembly. Neither of these

variations influenced the dynamic response of the test panels. However,

the analysis results were found to be highly dependent upon such
variation s. It was also noted that the fixt-ure frac had much greater

predicted deflections from the analysis than occurred during testing. Tie
reasons for this inconsistency are not known. it was decided to reduce

the influence of these boundary conditions and the fixture displacements

by modifying the finite-element models to eliminate the out-of-plane

motion of the fixture. This resulted in changes in response frequencies,
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but did not clarify the modal identification problems. The final dynamic

results were generated with this fixture motion eliminated.

Although some analytical difficulties remained unsolved, the majority of

the panels produced well defined in-phase stringer-bending modes, many of
them occurring in the expected frequency range. Figur2s A-25 through A-28

in Appendix A show the first four mode shapes for panel "b." The

frequency progression of these four modes is interestingly consistent with

the elastic properties of the panel and its boundary conditions. The bay

having the maximum response is seen to shift in turn from that of least
fixity (center bay), to that bay with one shorn: side restrained, to that

with one long side restrained and finally to that bay with two sides

restrained (corner bay), with increasing frequency. It is Mso clear that
Figure A-25 is the desired in-phase stringer-bending mode, occurring at

"171 Hz. A list of the complete set of dynamaic solutions is given in

Table 12. No solutions arc offered for panLIs "f" and "s." The first

four modes obtained for panel "f" are shown in Figures A-29 through A-32

.,o in Appendix A. The first modes are first order modes within each bay, but

all contain a combination of in-phase ana out-of.ph6se ccmponvnts. The

: Ifourth mode (Figure A-32) shows the first of the second-oruer modes. One

last attempt wa., made to force a first -order in-phase mode by forcing at,

in-phase displacement at the center of each bay. Undor this codition the

Smooel did not generate a solution (no roots were found). This confirmed

that the desired mode was not simply being missed in the modal search

procedure, hut was actually nonexistent within the analytical framework

presented here.

' Early In Lhe prugrd'm, fir iLe-eiemeriL mude is were corisLr'.c Lud Lu represeril.

I the shaker specimens. The purpose of these models was to ensure that the

shaker specimens were designed to fall within the test enveiupe of the

shaker to be used and to avoid having shaker test specimens with torsional

and bending modes too close to~ether. It was important in the shaker test

program to avoid exciting torsional modes. This analysis also served as("I an indicationi of the accuracy with which NASTRAN, conibirnu6 with the&
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TABLE 12

TABULATED RESULTS OF NATURAL FREQLUE-NCY SOLUTIONS

Panel Panel Panel Panel
lst Bending 1st Bending Ist Torsion Ist Torsion

Panel Frame Free Frame Fixed Frame Free Frame Fixed Panel Description
(In-Phase) (In-Phase)

a 139 .-- 3 x 3 Flat
b 171 - 177 3 x 3 Flat
c 179 - 187 - 3 x 3 Flat

d - 246 271 275 3 x 3 Flat
f - - 464 463 3 x 3 R = 30
g 398 - 285 - 3 x 3 R - 60

h 318 - 236 - 3 x 3 R = 90
i - 305*,332* 570 570 6 x 3 Flat

i - 341 611 612 6 x 3 R = 90
k 302 :76 312 312 4 x 3 Flat

1 347* 317- 520 520 4 x 3 R z 90

94 - - - 3 x 3 Flat
P 219 - 160 - 3 x 3 R = 90

"I" 299 330 353 6 x 3 Flat

r 348* - 483 6 x 3 R = 60I s _ - 372 350 4 x 3 R 30
- __ __-__ _-,

*Significant Stringer Movement
t4i

4
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laminate properties generated by the COMPOSITE program, would represent

the composite laminates used on this program for the sonic fatigue test

panels. Figure 8 shows the finite-element model used to represent the

shaker specimens. Table 13 qives the first four plate bending modes for

the shaker specimens described in Section III. Hand calculated values

using Den Hartoy( 1 4 ) are shown for comparison. The hand calculated values

assume the zee stiffener to represent a fully-fixed support, resulting in

slightly higher values then the first anti-phase mode. The tact that the

first in-phase mode frequencies are higher than the hana calculated values

is probably due to stiffening effects of the zee along its attach flange,

which effectively shortens the length of cantilevered skin. Figure 9

shows the first six modes for shaker specimen type 2. In the shaker

specimen analysis, the tern "torsion" refers to the skins twisting out-of-

plane and not to stringer torsion. These results show the torsion and

bending modes well separated. Table 14 shows a comparison of the first

four skin bending mode frequencies with measured values on the shaker

table. The relatively close agreement between measured and calculated

values even for the higher order modes is indicative of a sound analytical

approach.

This early optimism turned out not to be fully justified when analyzing

the more complex multi-bay panels, as discussed earlier in this section.

This concluded the dynamic analysis using the finite-element models.

Because of the progressive underestimation of (omputed frequencies with

increasing panel stiffness, these computed frequencies are thought to be

unsuitable for use in developing a sonic fatigue design method. In order

to present alternative frequency prediction techniques, some additional

dynamic analysis was performed and the results are presented in

Section 11.6.

.4
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Figure 8. Finite Element Model for Shaker Specimens

TABLE 13

NATURAL FREQUENCIES OF SHAKER TEST SPECIMENS

NASTRAN Generated Frequencies (Hz)

"Pe Anti Phase Modes In Phase Modes Hand Calculated
Panel Frequencies
Number First Second First. Second (Den Hartog)

1 40 254 61 346 49

2 & 6 58 352 77 438 62

3 56 366 89 505 74

4 81 507 122 692 97

5 73 399 74 455 77

7 33 203 45 253 36
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Panel Configuration (Not to Scale)

Mode Shapes (Not to Scale)

No. 1 Plate Bending (f = 58 Hz) - First Anti-Symmetric Mode

No. 2 Plate Bending (f = 77 Hz) - First Symmetric Mode

N io (t 2

No. 3 Plate Torsion (f = 220.5 Hz)

No. 4 Plate Torsion (f = 352 Hz)

No. 5 Plate Bending (f = 438 Hz) - Second Anti-Symmetric Mode

No. 6 Plate Bending ( f = 423.4 Hz) - Second Symmetric Mode

Figure 9. Mode Shapes of Shaker Specimen No. 2
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TABLE 14

COMPARISON OF MEASURED AND CALCULATED FREQUENCIES
FOR SHAKER SPECIMEN TYPE 2

Measured
Calculated Fre.quecies Hz Frequencies

Mode Shape_ Original Model (Hz)

First anti-phase 58 65

First in-phase 77 91

Second anti-phase __352 443

Second in-phase 438 534

6. ADDITIONAL FREQUENCY ANALYSIS

Because of the unresolved difficulties with the dynamic analysis using

finite-element techniques, it was decided to generate a set of solutions

for the in-phase stringer-bending mode, using a set of equations developed
by Lin( 8 ). Lin's approach utilizes differential equations applied to a

row of continuous panels. By treating the skin and stringers as integral

parts of the structure, the method utilizes stringer properties in

addition to skin properties, thereby facilitating accurate comparisons

between different stringer properties and designs. Differential equations

are used to represent flat and curved panels. The flat patiel equation is
derived from a well known fourth order equation of motion, applying

"Levy's(1 5) solution and appropriate boundary conditions to develup the

following equation for the frequency of the in-phase stringer-bending

S•."mode:

,,kI sinh k [ bln A,,,,"p cos k•- 2 b-R k in k 2

~y 2 s' T2snbn\•z-PAO oh•
I. P

sih 1  (P2Ž) Aw21D

b

si 2 L 4  A 21 k
+ 2 kEb' si - *r cosh

D kA 1 0()2 b3 kis h2(4
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where

k 1~~~~~~ ] j1(~ 1 2 + i w 2 J 1 /2( 5

k2  b ( ) 1 /2  2) 1/2(1

and

A = cross-sectional area of stringer

0 = bending stiffness for skin, Eh3 /12(1 -v •)

modulus of elasticity of skin material

Eb = modulus of elasticity of stringer material

in = moment of inertia of stringer cross section

m, n = positive integers

mm - natural frequency for flat continuous panels, radians/sec
t = time, sec

b = width of individual panel

h = thickness of skin

k = length of individual panel

p = mass density of skin material

Pb = mass density of stringer material

The curved panel solution is obtained by expressing the strain and kinetic

energies in terms of generalized coordinates. The equations of motion are

then derived by a Lagrangian formulation.

"The results of this analysis are shown in Table 15. For convenience,

I I'P frequencies calculated from AGARD design noinographst ), the finite-element

' models, Lin's equations(8), and the sonic fatigue tests are all presented

for comparison purposes. It is not known why Lin's equations failed to

generate solutions for panels "j" and "1.11 It is interesting to note that

Lin's equations gave unexpectedly high frequency values for the 30-inch

curved panels (f and s); the same two panels for which the finite-element

47
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TABLE IS

COMPUTED AND MEASURED NATURAL FREQUENCIES

Frequencies (Hz)-- - - ------... • S'kin 11' . Str irnge," ý~ddiu US : -- 5 f. . . . . . . . .T . . ..
Thickness Spacing Curvature Aqdrd ( I

Configuration -t (in.) 'b"( .) i R" F(i .) Fully Fixed Nastran Lii n"8) Test

d .033 8 l lat 160 139 151 143

b .044 8 flat 202 171 177 170

d .06b 3 I3dt 308 24) 281 340

f .044 B 30 82b - 1,208 505

y .044 10 510 398 583 350

h .044 8 90 375 318 363 290

i .044 4 1 Ia t 6/4 332 558 800

J .044 4 ý1) 324 340 - 950

k .044 b I lat. 312 30? 292 380

1 .ObC b 90 b31 347 - b80

n .02? I lat 120 94 101 140

p .02? (1 90 377 219 447 180
q .022 4 I lat 409 299 363 370

r 1033 4 bO 782 348 442 780

s (122 6 30 828 - 1,366 380S. . .. . . . . . . . . . . -...... . . . . . .. . .

analysis failed to generate solutions. It is also interesting to note

.4J• that of the three sets of calculated frequencies, the AGARD nomograph

"results showed the best correspondence to the test results.

4
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SECTION III

EXPERIMENTAL

1. INTRODUCTION

The purpose of the experimental program was to provide the empirical

data base for the design method described in Section IV. This phase of

the program consisted of designing and fabricating a ranqe of shaker test

beam specimen:; and "progressive-wave tube" (FPAT) multi-bay test panels.

The multi-bdy panels covered a range of stringer spacinqs, skin laminate

thicknesses and radii of curvature typical for aircraft application. The

cunfigurations are shown in Table 1. They were instrumented with strain

gauges and microphones and their response characteristics Rifasured over a

wide range of sound pressure levels, before be.ing tested to failure. The

shaker tests augmented the PWT tests by providing additiondl randow

fatigue data for the composite skin laminates used in the multi-bay panel

designs.

2. TEST SPECIMEN ANDJ FIXTURL DESIGN

a. Progressive-Wave Tut)e Test Panels -- Twee:.y-seven multi-bay

test panels, com;nrising 2ighteen configurations, werc desigrnea ano

'- fabricated for sibsequent sonic fatigue teUsting in a progressive-wave

tube. Seven of the configurations had duplicate panels and one

configuration (m) was a reference panel. The reference panel proviced a

data link to d set of existinq Ruhr test panels, which were also tested in

this program.
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These existing panels included an aluminum skin-stringer panel to provide

a data link between graphite and aluminum panels. The configurations of

the new panels are listed in Table 1. They comprise flat and curved

graphite-epoxy skins, ranging from 4 ply (.022") to 12 ply (.066"),

stiffened wiLh adhesively bonded graphite-epoxy Z stringers and longerons

in 3 x 3, 4 x 3 and 6 x 3 panel arrays. One configuration (e) had

honeycomb beam stiffeners and two configurations (b and c) had additional

panels fabricated with J stiffeners, thus facilitating a comparison

between different stiffener designs. Figure B-i in Appendix B shows

engineering drawings of the test panels.

f

The overall test panel size was kept constant (24-inch by 36-inch) in

order to minimize tooling and test fixture costs. Ten of the

configurations consisted of nine 8-inch by 12-inch equal size bays in

3 x 3 arrays. Ten configurations were flat and eight were curved, with

radii of curvature of 30-inch, 60-inch and 90-inch. These curvatures

cncompass radii ranging from small aircraft nacelles through to wide body

fuselages. Five different skin laminates were used, two of which

(b and c) had the same numbe- of plies but with different orientations.

This served to isolate the effects of ply orientation for a given number

of plies. With the exception o1 the reference panel (m); 4-inch, 6-inch

and 8-inch stringer- spacings were used in 6 x 3, 4 x 3 and 3 x 3 arrays

* respectively. Panel e had honeycomb beam stiffeners, utilizing a

"j nonmetallic core material. This is a lightweight, low cost stiffening

concept whose sonic fatigue resistance relative to the more conventional

Z stiffeners is of cunsiderable interest. Thu., with 27 panels, a

comprehensive range of design parameters were covered, with duplicate

anels of some configuration-, providcd to check test repeatability and to
provide more reliable fatigue data points. The panel parameters (stringer

spacing "b," laminate thickness "t" and radius of curvature "R") were
varied such that any two panel responses can be related hy varying one

paraneter at a time, thereby facilitating a quantitive identification of

the parametric cause of the difference in response.
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The reference panel (m) comprised a single row of bays, duplicating the

panel geometry of the five existing Rohr panels, shown in Figure B-2 in

Appendix B. Panels I and 5 provide a direct comparison between aluminum

and graphite .i•ulti-bay structures. Panels 2 and 3 are identical

unstiffeneu graphite panels, representative of a current nacelle structure

in commercial service on an experimental basis. Panel 4 had a single

honeycomb stiffener.

b. Stiffener Design -- Three types of stiffeners were evaluated

in this program; graphite epoxy Z and J section stiffeners and honeycomo

beam stiffeners with graphite reinforced caps. The program concentrated

on the Z stiffeners which are widely used on aircraft structures. The

J stiffeners were included because of their ability to reduce edge

stresses (compared to a Z) for minimal cost and weight increase. In

aluminum structures, Z stiffeners are inexpensively formed, whereas

J stiffeners have to be more expensively extruded or machined. In

graphite structures, however, both stiffener types are similarly

fabricated. Consequently, the J section is a more cost effective design

in graphite than in aluminum. The honeycomb stiffeners, as mentioned

earlier, were included for their low cost and low weight advantages.

Stiffener details are shown in Figure B-1. The Z and J stiffeners were

A• constructed from t 45 deg. graphite epoxy laminates with unidirectional

fibers buried in the free flanges. The number of ± 45 deg. laminates were

varied from configuration to configuration in order to provide the

appropriate stiffnesses for their respective skins. The Z stringers were

1-inch deep and the longerons were 1-1/2-inch deep. Their stiffnesses

were designed to ensure that they effectively served as panel breakers.
This was accomplished by using Reference 8 to calculate their fundamnental

in-phase stringer-bending mode frequencies, and comparing the results with

corresponding fully-fixed frequencies of individual bays calculated using

Reference 5. If the stiffeners have adequate bending stiffness, the

frequency of the stringer-bending mode will approach the fully-fixed

* value. The results of this comparison can be seen in Table 15, and show

14
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the Z stiffeners to be effective. At stringer-longeron intersections,

continuity of the attached and free flanges was maintained for both

stringers and longerons. The webs of the stringers were also continuous

and were clipped to the webs of the longerons, which were partially cut

away. Titanium clips are shown in Figure B-I. These were later changed

to steel following some clip failures during the first scnic fatigue

tests. For the honeycomb stiffeners, the intersections consisted of

honeycomb core splices with a foaming adhesive locally applied. The

graphite caps were continuous. At the edges of the panels, the attach

flanges of the stiffeners extended under the test fixture frame and the

upstanding stiffener webs were clipped to the fixture web. Figure 10

shows a photograph of a honeycomb beam stiffened panel. Examples of zee

stiffened panels are shown in Figures 29, 30 and 31. For cross reference

purposes with Section II of this report, the stringers run in the

X-direction and the longerons in the Y-direction.

c. Progressive-Wave Tube Fixture Design -- The test panels were
terminated by relatively stiff channel sections, shown in Figure B-1.

There were two fixturing approaches considered in this program. One was

to bolt a picture frame/panel assembly rigidly to the progressive-wave

tube (PWT). The other was to suspend a stiff picture frame/panel assembly

on captive wires. The former approach more closely approximates fully-

fixed edge conditions, which is more convenient when the test results are

to be compared to simplified analyses where fixed edges are usually

assumed. ThiE approach has the disadvantage of the panel response' 1.:ing

affected by vibrations in the PWT itself. The latter approach eliminates

any response interference from the PWT and allows the fixture to be

accurately represented in the finite-element models. Since the fixture is

* constrained on,,ly ,,, Y ,,h PWT, its boundary . .. rid.itiori• are dble to

be accurately represented in the analysis. The latter approach was chosen

for this program. An additional advantage of this approach was that it

was a relatively simple matter to remove a panel from its frame and

thereby make response measurements under two different boundary

conditions, in order to evaluate their effects. A set of steel frames was

52
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added to the program as back-up fixturing should the aluminum framnes

experience any sonic fatigue damage. This did, in -fact, occur on one of

the curved panels, and the steel frames were used for the remaining curved

panels. Sane panel response data were taken in both tne steel and

aluminum frames for comparison purposes. The test fixturing arrangement

is discussed further in Section 111.5, and can be seen in Figures 22 and

24.

d. Shaker-Test Specimens -- Eighty-one shaker test specimens were

designed and fabricated. Figure B-3 in Appendix B shows the specimen

details. The specimens consisted of 3-inch by 10-inch sections of skin

laminates, with stringer sections attached across the short dimension.

The specimens represented each skin-stiffener combination used on the

multi-bay test panels. A set of specimens having the stringer riveted to

the skin was included to provide for a fatigue life comparison with bonded

joints. The shaker specimens were intended for tatigue testing the skin-

stringer joints in order to develop fatigue curves to augment the

progreSsive-wave tube test results. This objective was not fully realized

due to some adhesive bonding quality problems encountered early in the

program. These problems and their effects are discussed in Sections 111.3

and 111.4.

94 The fixturing for the shaker tests was originally a simple tee section,

I 15-in, long, accomodating five specimens at a time. The upstanding webs

of the Z stringers were mechanically fastened to the upstanding leg to the

tee. The assembly was then simply bolted to the shaker table for testing.

'I This fixturing was later changed when the shaker test program was modified

as a result of the adhesive bonding problems mentioned above. The changes

are discussed in Section 111.4.

3. TEST SPECIMEN FABRICATION

Fabrication of the sonic fatigue test panels involved the manufacture

and assembly of graphite epoxy skins ana stiffeners fabricated from

SHercules AS-3501 Pre-Preg. The skins were laid up and cured, on a flat or

54
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curved tool as appropriate, from 12-inch wide graphite tape. Each ply was

oriented with respect to a reference direction in order to build up the

desired panel stiffness properties. After cure of the skin, the

stiffeners were attached in a secondary bond cycle using 3M's AF147

adhesive.

Ti. Z and J stiffeners were laid up and cured on a separate tool. Layup

of these stiffeners included t 45 deg. plies, from the flanges through the

web, for shear stiffness and strength. Additional unidirectional fibers

were added to the free flanges of the stiffeners for bending stiffiless atid

strength. Following adhesive bonding assembly with the skin, t1he

stringer-longeron intersections were stabilized with angle, zlips, which

were mechanically fastened in place.

For the sandwich stiffened panels, the stiffeners were 'fabricat;ed io place

on the skins by cocuring the core-to-skin ana cap-to-core bonds

simultaneously with the cure of the cap. Since the longerins utilized

deeper core than did the stringers, the caps for both were continuous
across the intersections, The only tie then required at the intersections

was a foaming core splice adhesive, cocufed with the remainder of the
stiffeners as described ab-ve. Fiber' orientation in thu caps was

primarily unidirectional.

AHl panels required an edge bjildup to allow for mechaoical fastening in

the test fixture. This .4as accomplished as part of the layup and cure of

th2 panel skins. Provi-iior:s were also made for attachment of the ends of
the stiffener webs to the fixture,

Fabric%.tion of th! shaker specimens was basically the same as for the

sonic fatigue test panels. For the shaker specimens, however, it was mor.
efficienat to tabricate several large panels and sibsequently cut them into

"the required size for the individual specimens.

17
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A quantity of 25 basic tools plus 2 rate tools were designed and

fabricated. Tooling for the shaker specimens was minimal, with only two

assembly bond jigs and one Z section layup tool required. The flat sonic

fatigue panels required eight tools. The remaining 16 tools were for the

curved panels.

Figures 11 through 17 show photographs of the tools and layup. Figure ii

shows the bond jig for the zee layup. The zees were made by cutting hat

sections in half. The beam in the center of the tool is for the hat

layup. Around the edge of the tool is a rubber tube bonded in place with

RTV. This acted as a vacuum seai for the rubber bag (Figure 13).

Figure 12 shows the same tool with the graphite-epoxy fabric laid down fpr

the hat section. Figure 13 shows the tool with the silicone ruober bag in
place. This was a reusable bag, which effects cost savings and improves
laminate surface condition, as compared to using disposable bags.

Figure 14 shows a pair of cured hat sertions. Figure 15 is an asselibly

tool, which was used to locate the zees on a skin laminate. The two
beams, when bolted down, locate the zee section. Figure 16 is the
.,:rresponding locating tool for the honeycomb stiffene.rs. Figure 17 shows

a layup of graphite/epoxy prepreg for the skin elements.

Coupon tests were performed on each layup to determine resin content,

,4 density, fiber content and void contunt. Two 1-inch square coupons were

used for each layup. Ultrasonic C-scans were performed on ea:h specimen

"to check for bondline voids.

During specimen fabrication, problems were encountered in two areas. The

4fir problem occurred in, the l.a..p of the 2ze stringers and !engerons

The bond tool failed to generate adequate pressure in the zee radius to be

adjacent to the skins. As a result, this radius had sporadic areas of

surplus resin and resin starvation. This bond pressure deficiency

resulted in inadequate interiaminar strength. In addition, excess rtsin

areas are prone to surface cracking, which in turn can result in premature

fatigue crack initiation under the kind of severe test conditions for
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which these specimens were intended. 'Ithough there were no reliable

criteria for the strength requirements in the stiffener radii, the fact

that zee st.ffeners are not synetrical sections and can be expected to

experience some rotation under random acoustic loading conditions, led to

them being rejected as unsuitable for sonic fatigue testing. The bond

tool was then modified to provide more effective throw-in blocks in the

radii, and a set of good quality stiffeners was then fabricated. Although

this problem did not affect the sonic fatigue test panels, soma of the

shaker ..pecimens had already been completed before the problem was

discovered. The effects that this problem had on some of the shaker test

results are discussed in Section 111.4.

A second, and more serious, problim was discovered during the early shaker

tests. The first specimen-; tested (see Section 111.5) experienced

prenature failure in the adhesive joint between the stiffeners and the

skins. This caused considerable concern, since the fabrication of the

shaker specimens had been ccnpleted, and fabrication of the multi-bay

pirels was in progress, with some of them already completed. Visual

examination o'• the failed adhesive joints revealed excessive porosity in

the adhesive. This type of porosity, consisting of a large number of very

small void.,, does not show up o:i iltrasonic C-scans. In addition, there

was no gra. ite fiber pull-out around the failed joints. Fabrication of
.4 thn ulti-bay pltnels was then suspended, and a thorough investigation of

the adhesive bonding pr'oblem as initiated. The investigation centered on

'V ar ,a-amination of the bonding process, but also included a reevaluation of

A•-2•., the adhesive selected for this program. AF147 is a tough,

elacto'ar-c adhesive with high peel strength. It is osed extensively on

he F16 airplane and has good strength properties over tihe tleperature

Srange ior whir'h graphite-epoxy structures are considered suitable. It is,

"�hcp :)', an adhesive that is particularly susceptibi6 to moisture during

fatricaLion
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The initial investigation of the bonding process and the condition of the

adhesive revealed a higher moisture content than was considered

acceptable. An additional batch of shaker test specimens was fabricated

after additional storing of the adhesive in a dessicator in order to

eliminate any moisture. Some of these specimens were statically tested by

simply pulling the skin and stringer sections apart. A 10 percent

increase in static strength was obtained, compared to the original shaker

specimens. Comparative shaker tests were then carried out. Some riveted

specimenq were added to this comparative test, in order to provide a

reference to which the bonded specimens could be compared. The results of

this comparative testing were disappointing. Although the "dried"

adhesive produced significant fiber pull-out upon failure, the fatigue

life did not significantly increase. Table 16 shows the results.

As a result of this adhesive problem, and also because of the extreme

importance of stiffener and skin laminate quality, a thorough

investigation was carried out to determine the history and quality of all

the sonic futigue pane*. .omponents and atsemblies, including aaditional

assessments of adheive bond quality. The following tasks werg performed:

(1) The weight percent of resin and void percent by volume of all

skins were determined and tabulated. The results are given

, in Table 17. Acceptance criteria for this program required a

resin content of 27 percent. Consequently, skins bl and c1
were rejected. q was considered marginal at 26 percent.

However, the flatwise tension tests performed on the rejected

ci skin (see Item 3 belew) produced good results, indicating

(2) Sections of Z stiffeners were cut, mounted and photographed.

The 7ees made on the original tool were found to be resin

rich. However, the zees used for the sonic tatigue test

* ,1 panels were found to be representative of production quality.
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TABLE 16

SHAKER TEST RESULTS FOR ADHESIVE EVALUATION

ýpimen Overall RNSS•-|e.._•nStress Level Cycles to
_A IL,__e 2 _ (lb/]._ Failure

Riveted 7,370 234_000

Bonded - dried 8J040 3,000

Bonded - dried-- 6,432 6 ooo
Bonded - original Gauge Lost 5,400

Bonded - original 9.179 5,400

* TABLE 17

VOID AND RESIN CONTENTS OF SKIN LAMINATES

Average Average Average
Skin No. PMies Resin Void .Densi tý_(

a-I 6 26 .64 1.61

a-2 6 29 .4i 1.60

b-i 8 24 1.20 1.63

b-2 8 31 -.- 1.61

- 24 1.29 1.63

(-2 8 29 .175 1.60

d 12 27 .31 1.63

ie-I 33 .2b 1.58

3U- 8 30 .21 1.60

f-I 8 31 .57 1.59

t-31 1 .4b .59

9-1 8 29 .515 1.61

q-2 8 27 .79 1.6'

h 3 ?9 .11f

1 8 33 .03 1.58

A, 6 27 .15i 1.63

k-I 8 3i -U- 1.60

831k-2 .76" 1.58

1 12 21 .224 1.1I

in 8 28 .16 1.62

rn 4 28 1.37 1.60

p 4 71 ,63 1.63

4 ?b , 58 1.6?

r 6 29 .3E 1.62
4 77 1.595 1.59
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(3) Flatwise t ision tests were performed on the rejected ci skin

laminat,, ani on a specially fabricated d (1.2 ply) laminate.

The results are given in Table 18. They show the c laminate

to have comparable strength to the d laminate, indicatitg the

percent resin content criterion to be conservative.

(4) A range of shaker specimens were fabricated using differem.t

adhesives and different processes, for comparison %ith the

original specimens. The adhesives used were AF147, the

current selection, and FNIO00. FM1000 is an older adhesive

that has excellent strength properties and is easy to use.

However, it is environmentally susceptible and is not widely

used in production. It is, however, an excellent reference

adhesive. Using two plies of AF147 was also evaluated.

Table 19 shows the results of the static tests and Table 20

shows the shaker test results. The AF147 was found to have

superior static strength, but FMI000 did better in fatigue.

It was also clear that a second ply of AF147 resulted in a

significant improvement in fatigue life.

Following the above tests, the failed static and shaker test specimens

bonded with AF147 were found to have porosity uniformly dispersed in the

A weave pattern of the knitted fabric in the bond line. Additional testing

was then performed in order to determine the cause of this porosity.

i.j. These tests included the comparative evaluation of (1) solvent wiping

"subsequent to grit blasting, (2) no solvent, just dusting with a clean dry

'•lth, II an evaluation of thp amount of vacuum used durinq baqqing and

curing, (4) oven drying of composite details and glass cloth (used as air

, . bleeder) and (5) evaluation of weight loss during oven drying. All of the

above were evaluated through lap shear testing and visual examination of

failure mode. Volatile contents determinations were also made. The

results are given in Table 21. In the lap shear tests, Process 2 gave the

highest failing stress, but more importantly, the bond line porosity was
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TABLE 18

FLATWISE TENSILE TEST RESULTS ON SKIN LAMINATES

Specimens from Panel c-I (Flatwise Tensile)

Specimen No. Failing Stress (psi)

c-l-l 3480

Sc-1-2 3200

c-l-3 3310

NOTES: 1. Resin content 23.6% by weight, voids '.29% by volume.

2. Specimens c-1-i and c-l-2 failed between surface plies,
Specimen c-l-3 failed approxiiiately in the center of the
laminate.

Spejimens from Panel d Noted in Item 3
(Flatwise Tensile)

Specimen No. F-ailing Stress (psi)

d-l 3200

d-2 3340

.4 d-3 3180

NOTES: 1. Resin content 32.8% by weight, voids 0.21% by volume.

2. All failures occurred at the approximate center of the
laminate.
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TABL E Iq

COMPARATIVE IA 'HESIVE EVALUATION - STATIC RESULTS

Fziling Load .bsiAdhesive

220 O)riginal Lot AF-14,, dried (48 hrs.)

205 Original Lot AF-147, as received

168 Second !.ot AF-147, Dried (120 hrs.)
206 Second Lot AF-I1•7, 1 ply, dried

242 Second Lot AF-147, 2 plies, dried

186 FW,1000

200 Original Lot AF-i47, cut from Panel c-I

202 Original Lot AF-147, cut from Panel c-i

220 Original Lot AF-147, cut from Panel c-i

TABLE ,).0

COMPARATIVE ADHLSIVE EVALUATION - SHAKER TEST RESULTS

Time To Failure
'MinutesL_ Adhesive

i,. 12b FM-1OO0
4 37 AF-147, I ply, dried

"b3 AF-147, 2 plies, dried

29 AF-147 - original grjup

4III.



TABLE 21

I. AF-147 ADHESIVE PROCESSING EVALUATION

S. One-half inch Overlap Lap Shear Specimens (Adherends cut from Panel c-1).

Process _Ava.Failing Stress (psi)

1 3240
2 34303 3065

Process

1 Pdherends grit blasted, wiped with MEK and air dried
30 minutes; 25" lig vacuum used during bag check and cure.

2 Adherends grit blasted and wiped with clean dry cloth.
Adherends and glass bruather cloth oven baked at 150'F
for 45 minutes. 10" vacuum used during bag check and
panel vented to atmosphere during cure,

3 Same as Process 2, excerpt 25" Hg vacuum was applied to
assembly throughout cure.

2. Volatile Content Deterw nation

Four adhesiv,'e specimens were cut from the roil, placed in a 200'F: oven.,j withdrawn at the tnoted intervals and weighed.

" Spec. No, Time at 200'F %-Wei_ .h.Change(Decrease)

A 1 15 mins. 0.53
2 45 mirts. 0.55

, 3 90 rains. 0.4q
4 240 rains. 0,65
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reduced Dy approximately 75 percent from the original specimens.

Processes 1 and 3 exhibited excessive porosity, similar to that of the

original specimens. Volatile content Wds determined to be within normal

limits for adhesive film,, The major factor in the porosity problem was

concluded to be the amount of vacuum used durinq Daq check and the lack of

subsequent ventin~L to atmosphere durinq cure. The pullinQ of vacuum

during curing combinfed with the presence of slight moisture is what caused

the poor bond quality. All subsequent assemblies were then tabricateu

with the AF147 adhesive system (single ply) using the optimized bondinq

process. Subsequent sonic fatigue tests on joints utilizing Process 2

showed order-of-magnitude improvements in sonic fatiuue life over joints

utilizing Process 1. It is interesting to note that a major improvement

in joint quality relative to porosity and random fatigue life corresponde6

to a very modest improvement in static strength.

This adhesive evaluation underscores the crucial importance of bono

quality in a program of this type, and the need to rectify any proolems

prior to fabricating a large number of expensive test structures.

Fortunately, in this program, the problem was discovered and rectified

prior to the fabrication of most of the multi-bay test panels. Those that

had already been fabricated were eventually subjected to sonic fatigue

testing (see Section 111.5), and failed prematurely in the bonded joints.
They were subsequently replaced with new panels and successfully tested.

Unfortunately, the fabrication of the shaker specimens had already been

completed prior to the resolution of the bonding problem, and in addition,

I'w many specimens were used in the process of achieving a solution. This

resulted in a major change in the objective of the shaker tests. it was

not now possible to use the existing specimens to evaluate the skin-
stiffener joint fatigue proper ies. Instead, they were used to evaluate

the skin laminate fatigue properties, which were unaffected by the bonding

problem.
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NOTE: It was later learned that the manufacturer of the AF147 adhesive

had been having problems with air porosity in this adhesive, and

that this had been a contributing factor in the bonding problem

experienced by Rohr. The manufacturer, like Rohr, has now overcome

the problem.

4. SHAKER TESTS

The shaker test program was originally intended to provide additional

fatigue life and mode of failure data on the skin-stringer adhesively

bonded joints. The data was to augment the sonic fatigue test data from

the multi-bay panels. However, as a result of the adhesive bonding

problems, discussed in Section 111.3, tests were redefined in objective

and scope.

Early shaker tests revealed poor bond quality between the skin and

stringer elements. The resulting investigation indicated that the

remaining specimens would be similarly deficient. Part of this resulting

investigation consisted of performing shaker tests on some of the original

specimens and comparing the results with those from a.variety of new

specimens utilizing different adhesives and process parameters. In this

endeavor, the shaker tests proved to be a valuable aid in both discovering

the bond problem and in evaluating solutions.

'* One of the major justifications for shaker testing the skin-stringer

joints was the belief that the modes of failure and cycles to failure

would correlate with the sonic fatigue test results. This belief turnied

it out to be fully justified. The shaker tests that revealed the poor bond

quality were characterized by rapid failuves, with stiffeners completely

delaminating from the skins, with virtually no graphite fibers being

pulled from the skin laminates and occurring at relatively low strain

levels. Some early sonic fatigue tests on panels made prior to the11 •resolution of the bonding problem displayed the same failure

characteristics. Subsequent testing of specimens having good bond quality

resulted in considerable skin laminate damage prior to and during skin-
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stringer joint failure in both the shaker and the sonic fatigue tests.

Additionally, shaker tests performed on the riveted specimens resulteo in

failures in the zee radius adjacent to the skin. This same mode of

failure occurred during sonic fatigue testing of riveted multi-bay panels.

The specimens were ganged together in groups of five, mechanically

fastened through the stringer webs to the upstanding leg of a horizontal

tee bar, and subjected to 1/3 octave random loading centered around the

specimen response frequency and tested on a Ling B290 shaker having a

capacity of 1,500 force pounds. This method was specifically intended to

primarily load the skin-stringer joint. Following the discovery and

resolution of the bonding problem, it was decided to use the remaining

shaker specimens to develop random fatigue data for the skin laminates.

In order to accomplish this, the test fixture was modified to support the

skin elements as cantilevers, making sure that the skin-stringer joint was

well away from the point of maximum stress on the skin. The skins were

mounted in tapered blocks in order to avoid abrupt changes in stiffness,

and strain-gauged at the point of expected maximum strain. Testing was

then carried out as before, with 1/3 octave random loading. Figure 18

shows the shaker test setup.

Complications arose during the early tests due to the high strains

,14 required to cause fatigue failures of the laminates. Conventional strain

gauges do not have significant fatigue life at the strains required to

"fail the graphite laminates. To overcome this problem, the specimen

holding fixture was strain-gauged and tests carried out to establish a

relationship between the fixture gauge and the specimen gauges. This was

done using static loading of up to 4,000 microinches/inch on the specimen,

and noting the correspon... ng fixtur g"aug re ading. C o..-. e . .

between the specimen and fixture strain gauges was also determined by

apply a sinusoidal load up to a specimen strain of 3,000 microinches/inch.

Finally, similar correspondence was also established using low level

random excitation. The fixture gauge was found to read approximately 1/2(

of the specimen gauges. Although there was little variation from specimen
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to specimen, nevertheless strain conversion factors were measured for each

test.

The remaining shaker specimens were thLn tested to failure. The results

are shown in Figures 19 and 20. Figure 19 shows actual rms strains vs.

cycles to failure. The curve drawn represents minimum values. The

numbers in parentheses refer to the specimen types given in Figure B-3 in

Appendix B. Since the elastic modulus varies between different specimen

types, there are advantages in presenting data in strain form, allowing

users to apply their own modulus values. Figure 20 shows the same fatigue

data plotted as rms stress vs. cycles to failure. These curves are used

in Section IV in conjunction with the progressive-wave tube test results.

5. PROGRESSIVE-WAVE TUBE TESTS

Sonic fatigue tests were performed on the twenty-seven panels shown in

Table 1 and existing panels 1, 2, 4 and 5 shown on Figure B-2 in

Appendix B. The tests were carried out in a progressive-wave tube (PWT)

at the Acoustic Test Facility, Rockwell International (Los Angeles

Aircraft Division), Los Angeles, California. The facility is powered by

four Ling EPT 200 transducers, each capable of generating 10,000 acoustic

watts. Sine and random inputs are available with frequency spectrum

control from 50 Hz to 1,200 Hz. Indefinite endurance tests can be carried

out at overall sound pressure levels of 167 to 168 dB. The main test

section is in a 6-foot by 1-foot duct cross-section, capable of taking two

panels simultaneously, one above the other. The PWT has an acoustic wedge

IA• termination into a reverberation room. Rockwell personnel operated the

"j PWT. All instrumentation, data acquisition,-signal conditioning and data

reduction were performed by Rohr personnel using Rohr's mobile Vibro-

Si ~ Acoustic Laboratory. Figure 21 shows the Rockwell facility and the Rohr

mobile laboratory. Figure 22 shows the test section with panels

installed. The main purpose of the tests was to obtain strain and

frequency response data for the test panels under random acoustic

* excitation at grazing incidence, and to test the panels to failure, using

A the data generated to develop a sonic fatigue design method.
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a. Evaluation of Progressive-Wave Tube (PWT) - Prior to the

actual test program, a series of measurements were made in the Rockwell

PWT in order to determine the maximum oyerall and spectrum acoustic levels

available, without noticeable "clipping". Amplitude distribution plots

were also made in order to determine if the acoustic field was reasonably

Gaussian. Three microphones were used, in a vertical spread along the

center line of the test panel openings. The results showed acoustic

spectrum levels of around 140 to 145 dB/Hz to be attainable with broad-

band loading. Reducing the acoustic loading spectrum to 1/3-octave showed

an increase in maximum acoustic spectrum levels of approximately 8 to

10 dB. Figure 23 shows the amplitude distributioti function for the center

microphone with broad-band input. These data showcd the Rockwell facility

to be suitable for this program.

b. Instrumentation - All the test panels were instrumented with

sufficient strain gauges and microphones to accurately identify dynamic

strains, mode shapes and acoustic loading. The Lenter bay of each panel

was the most heavily strain-gauged. All panels h•(, biaxial gauges at the

center of the center bay and adjacent to both zees on the longer sides.

Strain gauge and microphone locations are shown on Figure B-1 in
Appendix B. Sheet 1 shows locations for panel "b." Referring to the
numbering system for panel b, the other test panels were instrumented as

follows:

Panels a, c, d, f, g, h, n. p had strain gauges at positions 3, 4, 7, 8,

10, 11, 18, 26 and 31. In addition, panels a, b, d, t, and p had back-to-

¶ , back gauges for positions 3, 4 and 10.

Fanel e was gauged as per Figure B-i, sheet 2.

I"I
Panels i, j, q and r had gauges in positions 3 and 4 on each of the four

center bays, plus positions 7, 8, 10 and 11 on one center bay, plus

position 31.
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Panels k, I and s had gauges at positions 3 and 4 on each of the two

center bays, plus positions 7, 8, 10 and 11 on one center day, plus

position 31.

Panel m had gauges at positions I through 13 on one of the center bays,

plus a gauge corresponding to "4" on the remaining seven bays.

The J stiffened panels were instrumented as panel b.

Back-to-back gauges were used on selected panels in order to separate out

membrane and flexural strains. Strain gauges were also installed on the
test fixture to check for unwanted resonances.

Small (1/8-inch) strain gauges were used to provide for good resolution.

Larger strain gauges result in excessive strain averaging, particularly

near stiffeners and fixtures where there are high strain gradients. Since

these locations are where maximum strains and fatigue failures occur, good

resolution is of particular importance. Each panel had two flush-mounted

microphones installed. "Kulite" pressure transducers were used. Several

panel/fixture assemblies had extra microphone holes provided to facilitate

acoustic measurements on all four panel sides. "Kulite" transducers are a

strain gauge ype microphone and therefore used compatible signal

conditioning to that used for the strain gauges. Their high natural

A frequency (above 70 KHz) and low mass makes them especially suitable for

"I mounting on vibrating structures. Three B&K condenser microphones were

installed and monitored inside the PWT as part of the facility operation.

c. Data Acquisition - The data acquisition consisted of twenty
chaonnels of strain gauge signal conditio,,es, coupled throug,, a patch

Spanel to a 14-track FM tape recorder. Two channels were set up for

handling microphone (Kulite) signals. Prior to each test run, insertion

calibrations for all data channels were recorded on magnetic tape. These

insertion calibrations consist of applying a calibration resistor in

parallel across each strain gauge to simulate a known compressive strain.
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Post test calibrations were also performed as a check, and as a safeguard

against neglecting gain changes made during test runs.

d. Test Procedure - Each panel was installed in the progressive-

wave tube and subjected to dCOUSL1C loading at grazing incidence. The

panel-fixture assemblies were sýuspended on wires, in order to isolate theil

from IPWT vibrations and to achieve accurate boundary condition

representation f-or comparison with the analytical results. Figure 24

shows a closeup view of the panel-fixture, installation in thle PWT. Load

cells were incorporated into the wire harness supporting the paniels. This

allowed the. wire tens-ion to he adjusted identically for each test panel

and also facilitated dynamiic monitoring to ensure that there were no

significant resonances in thle fldfci suspension system. The turnbuckle-.

pul ley arrangement, seen in 1- iqure 24, autoniatiual iy centered the test
panels in the specimen windows.

The test procedure for each panel started with a sin vepfo in z t

1,200 Hz. Ih, sine sweep was used to identify major panel resonances.

This was followed by full :,p _,truim (50 Hz to 1,200 Hz) random acoustic
loading from 140 dB to 16.ý dB i n 5 dBi steps at J0 second intervals. All

strain ga~uge and microphone outputs were -ecorded oil magnetic tape
throughout. In addition, real-time frequency response plots were rnaae for

one key strain gauge and microphone. Where the number of transducers for

a given panel exceeded thle 14 channels available on the tape recorder,

these runs were repeated until all transducer outputs, including the

fixture gauges and the load cell, had been recorded oil magnetic tape. The
*1 overall strain levels from all the strain gauges were mionitored

throughout. When the strains reached levels suitable for endurance

testing, the random response check would not proceed to the next acoustic

load level. Care--ful response monitoring is of particular importance in

setting the test levels for panel endurance runs. The strain and acoustic

4 levels measured during these random response checks form the data base for

the design focthod in Section IV. Endurance runs were then miale at

selected sound pressure levels until panel failure occurred. A target of
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10 hours exposure time was set as a maximum. The intention in the

endurance runs was to avoid rapid or protracted failure times and to

obtain a good spread of fatigue life data. Panels that could not be

failed within 10 hours at 165 dB were subsequently subjected to reduced

bandwidth testing, with correspondingly higher acoustic spectrum levels.
During endurance runs, panel gauges were continually monitored for changes

in response (frequency or strain levels) indicative of structural failure.

In addition, periodic visual inspections of the panels were made. First

signs of visual damage were noted.

The panels often had slow progressive fiber failures, where the time from

first visual damage to major damage affecting panel response was several

hours. In such cases, both times were noted. Major damage was defined as

any skin damage extending through the laminate thickness or fracture or

separation of stiffeners from the skin in one of the center bays.

In addition to the basic tests described above, the following additional
tests were carried out:

(1) Testing identical panels in steel and aluminum fixture

frames.

(2) Testing a panel without a fixture framt and also rigidly

bolted to the PWT.

(3) Full depth vs. panned down closures on the honeycomb beam

stiffeners.

(4) Testing with and without the stiffeners clipped to the

fixture frame.

S(5) Comparison between bonded and riveted skin to stiffener

joints.
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(6) Switching panel positions in the two test windows.

(7) Measuring response on one panel, with other test window open.

(8) Same as above with hard wall installed in other test window.

e. Data Reduction - A Spectral Dynamics Digital Signal Processor,

Model SD360 was used to perform all spectral analyses. The SD360 is a

self contained fast fourier transform analyzer, capable of displaying and

plotting, in real-time, the complex relationship of two signals, both in

the time domain and the frequency domain. An analysis range of 1.2 KHz

was sel .cted, corresponding to a filter bandwidth of 2.16 Hz. The actual

aliasing filter cutoff was 960 Hz. Overall sound pressure levels and rms

strain levels were determined by converting the signal to a d.c. value

proportional to its instantaneous rms value, integrating over a 20 second

period, and reading the value on a digital voltmeter.

Frequency spectra were generated for all microphones and strain gauges at

the endurance test sound pressure levels. Spectra were also generated at

each sound pressure level (140 dB to 16b dB) for selected gauges. The

strain gauges selected for spectral analysis over the full response range

were the center biaxial pair (numbers 3 and 4) and the gauge near the zee

radius (number 10). Overall rms levels were measured for all transducers

at all sound pressure levels. Cross-spectral density measurements were

made between corresponding strain gauges on adjacent bays. Integrated

power spectral density plots were made for some panel gauges in order to

determine the relative contributions of individual modes to the overall

• rms strain value.

f. Progressive-Wave Tube Test Results - The first panels to be

tested were the existing panels, shown in Figure B-2. Tables 22 and 23

summarize the overall rms stress levels. Panels 1 and 5 have the same

4 geometry, and offer a comparison between a graphite and an aluminum panel.

The stresses on the graphite panel (5) ranged from 50-75 percent of the
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corresponding aluminum values (1) in the maximum stress direction (short

direction). In the long direction (strain gauge 15) the stresses were

comparable. Panel 4, which has four times the bay span as panel 5, shows

a corresponding stress increase of from 2 to 4 times. The unstiffened

panel (3) was tested both as a flat panel and with a curvature of

30-inches. The 165 dB data points may not be valid comparisons, since the

panel was undergoing extremely large deflections at this high load. The

165 dB poiits may also represent the onset of failure. The center

stresses were reduced to 1/3 to 1/2 of their original values due to

cuivature, whereas the edge stresses were reduced to 1/5 to 1/7 of their

original values. The response of panels 1 and 5 were plotted against

sound pressure levels in order to compare the degree of linear response

between the aluminum and graphite panels. Figures 25 and 26 show the

results. The dotted lines represent linear response. These graphs show

both the aluminum and the graphite panels to be responding in a linear

fashion. Figure 27 shows the graphite skin-stringer panel following sonic

fatigue failure. Figure 28 shows sections of honeycomb stiffeners with

skin laminate fibers still attached. The time to failure for panel 5 was

15 minutes at 165 dB. Panels 3 and 4 lasted for 5 minutes.

These photographs show the mode of failure to be in the skin laminate at

the stiffener locations. This shows that the secondary bond between the

skin and stringers is superior to the interlamina bond strength, as -it

should be. This is because the adhesive strength in the laminate comes

from the epoxy matrix material, which is selected for criteria other than

just pure strength. Flow characteristics, for example, are very important
• ,when laying up a large surface area. The adhesives used to bond the skin

and stringers together are chosen primarily for strength. Consequently,

i' extensive fiber pull-out on failure is indicative of good bond quality.

This mode of failure also indicates uhat the flatwise tension strength of

the laminate may be a critical parameter in sonic fatigue resistance.

This is a property that is not commonly measured or quoted in structural

* nroperty specifications of composite laminates. This conclusion has
considerable logical appeal, since stress concentrations and extra inertia

A
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Figure 28. Sections of Failed Honeycomb Stiffener from Panel No. 5
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forces are experienced by the surface laminate underneath the stiffeners

during dynamic behavior. Since the interlamina strength will be the same

between each lImina, failure will orcur at the first bonded interface.

This mode of failure also indicates that mechanically fastening the

stiffeners to the skins may result in longer sonic fatigue life than using

bonded stiffeners. This is because fasteners will distribute stresses

across the whole skin laminate, rather than just into the surface

laminate. As a result of these findings, it is recommended that flatwise

tension tests be performed on composite skin laminates in the future.

Such tests may provide valuable information in selecting the best resin

systems and adhesives for sonic fatigue critical applications of advanced

composites structures.

The next, and most important phase in the sonic fatigue test program, was

to test the multi-bay panels shown in Figure B-I. These are the panel

tests upon which the design method in Section IV was based. The first of

these panels were fabricated prior to the resolution of the adhesive

bonding problems, discussed in Section 111.3. Some of these panels failed

prematurely, with the stiffeners delaminating from the skins, with no

fiber pull-out occurring. The response data for these panels is

unaffected by the weak bond, but the times to failure are not

representative of the panel's fatigue lives. The panels that had been

I fabricated with suspect bonds were: al, cl, fl, gl, i, kl, n and q.
Panel al gave good response data up to 160 dB, but failed prematurely at

"4 165 dB, with very slight skin damage. Since this was a configuration for

1 which there was a planned duplicate panel (a2) yet to be made, there was
no need to refabricate al. Panels cl and gl also had duplicate panels

scheduled, and it was decided to rivet the suspect skin-stringer joints on

panel g in order to provide d cUmparison between bonded and riveted

joints. Panels i and kl failed prematurely with no skin damage occurring.

These panels were subsequently riveted back together and retested in order

to provide additional response comparisons between bonded and riveted

4. specimens. Parels n and q gave good response data and failed with

significant fibers being ;,ulled from the skin laminate. Panel fl gave
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good response data and did not fail after 9 hours at 165 dB.

Figure 29 shows panel al following sonic fatigue failure. The

skin-stringer joint areas show a mixture of weak bonding (white

areas) with no attendant fiber pull-out and satisfactorily bond-

ed areas with fiber pull-out occurring. Figure 30 shows panel n

following sonic fatigue failure. Here the suspect bonding proc-

ess does not seem to have resulted in a weak joint, and the

failure shows extensive skin laminat• damage. It should be

i pointed out that skin laminate damage is a desired mode of

Sfailure and represents a successful test. Figures 31 and 32

provide a good example of this desired mode of failure. They

show the front and back faces respectively of panel p follow-

ing sonic fatigue failure. In this case the skin-stiffener

bond strength and the skin laminate quality are well demon-

strated by the even distribution of the failure through the

entire thickness of the skin laminate.

Table 24 gives the overall rms strain levels for those panels

whose response data was subsequently used in the development

of the design method. Corresponding response spectra are

given in Appenaix C. Omitted from this table are those panels

whose purpose was to investigate specific effects, outside the
•| main design method; such as the J stiffened panels, the honey-

comb stiffened panels (e), panel m - the 8 x 1 array and panel

c - which was designed to investigate the effects of ply ori-

•, entation. Strains •,'e given in microinches/inch for the

• i following strain gauges: 3- center of bay, long direction;

4 - center of bay, short direction: and lO-edge, short direc-

. • tion, normal to longest side. Strain gauge I0 gave the high-

Sest measured strains for the majority of the panels, and

i represents the location of naximum interest in this program.
S'• At the panel centers, where the response strain magnitudes are

4
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comparable in both directions, it is necessary to combine their

effects using the relationship

y xy x (17)

yx Vxy

where cy is from strain gauge 4

is from strain gauge 3

and vxy and vyx are from Tables 2 through 6. The resulting biaxial

strains are also given in Table 24.

A detailed discussion of the results in Table 24, as they relate to the

development of a design method, is given in Section IV. In general, the

results show basic logical trends, such as decreasing strains with

increasing skin laminate thickness; and increasing strains with both

increasing stringer spacing and increasing radii of curvature. There are,

however, several inconsistencies in the data; panel a is identical to
panel b except for having fewer skin plies, yet it has lower edge strains

than does panel b at the higher sound pressure levels. Panel n, which has

even fewer skin plies, also has lower strains at the higher sound pressure

levels. However, it should be remembered that the different skin

laminates have different ply orientations, and consequently, different

. elastic modulii. Panels a and d have an elastic modulus of 7.5 x 106
2 6 6lb/in2. Panel b has a value of 6.7 x 10 and panel n has 9.4 x 10

"Although this program compared two different ply orientations for the same

laminate thickness (panels b and c), this variable was not represented

over a number of panels sufficient to permit. its inclusion as a

quantitative variable in the design method. Instead typical symmetric

ply orientations were chosen, with the expectation that the resultant

design methid would be applicable to other similar laminates. This

limitation should be remembered if radically different ply orientations

arc used in conjunction with the results of this program.
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Although there were a few exceptions, the maximum strain response on the

panels occurred at the center of, and normal to, the lon~qest bay side,

adjacent to the radius of the zee (strain gauge 10). This is as it should

be, and also corresponds to the finite-elenient static analysis results.

The measured strains did not linearly increase with overall souno pressure

level, but increased at a lower rate, which varied froii; panel to panel.

It is not entirely clear whether or not this is indicative of nonlinear

structural response. The response frequencies of the in-i)hase stringjer-

[ ;bending mode for the panels listed in Table 24 were given in Table 15,

"where they can be seen to correspond quite well to the fully-fixed

frequencies calculated from Reference 5.

Fatigue lives, as expected, showed consideraole scatter. Figure 33 shov,-s

the fatigue life data points for the multi-bay panels,. he data points

are shown superimposed on the sndker test. fatigue datL. The curve shows

the strain endurance level to be approximately 400 microiiiches/!, nh.

Taking a conservative line through the data, the curve for the skin-

stiffener joint appears to be approximately 42 percent of the shakeŽr test

curve for the skin laminate. This ratio is similar to that for riveted

aluminum skin-stiffener panels. The lowest strain at which a panel

failure occured (excluding the defective panels) was 411 microinches/inco,

and that appears to be an outlier compared to the other data points. Yhe

next. lowest failure strains were 444/446 microinches/inch, occurring aL

approximately 107 cycles. Virtually all of the panels (again excluding the

vI] defective panels) displayed the sam;e failure mechanism. The first signs

of failure were isolated failed skin fibers at the skin-stiffener joints.
The number of failed fibers would gradually increase, often over a period

l'' of several hours, without having any effect on the panel response. Only

when the damaged skin fibers had extended across nearly all of the skin-

stiffener joints was a change is response detected. This would usually be

closely followed by a major failure of the skin laminate. This failure

mechanism presents a problem in defining the effective fatigue lives of

the panels. If the first visible sign of skin damagle is the criterion
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for failure, then the cluster of fatigue data points shown on Figure 33 in
6_7 5 6

the 10 -10 range would occur in the 5 x 10 to 10 range. Also, some

panel fatigue data points shown as run-outs had very slight fiber damage.

These effects would cause the assumed endurance level to drop from 400 to
300 microinches/inch. From a structural point of view, failure should be

defined in terms of significant damage or a reduction in load carrying

capability. On an actual aircraft, however, it seems likely that any
structural component showing visible signs of damage would be removed,

even if the damage were unlikely to propagate. Several sonic fatigue test
panels exhibited a small number of fiber failures early during testing,

but did not experience any damage propagation, even after several million
more cycles.

Phase and cross-spectral density functions were generated between

corresponding strain gauges in adjacent bays in order to identify the

stringer-bending, in-phase mode. Figures 34 through 37 are for panel r
(6 x 3, 6 ply, 60-inch radius). Figure 34 shows the sine sweep at the

center of the center bay. Figures 35 and 36 show the random response

spectra for the centers of two adjacent center bays. From these spectra

it can be seen that the major response modes occur at 350-430 Hz and at

750-800 Hz. Figure 37 shows the corresponding phase relationship between

the adjacent bays (top plot) and the associated cross-spectral density

function (bottom plot). From this figure, it can be seen that the

response in these two bays is coupled at the major response peaks (shown

by peaks in the cross-spectral density function) and that the coupled

f response peaks at 360 Hz and 400 Hz are 180 deg. out of phase, whereas the

'1 response at 760-780 Hz is the in-phase mude. The cross-spectral density

plots also assist in more precisely defining the coupled mode frequencies.

Another example of the value of phase and cross-spectral density functions

in identifying response modes is shown in Figures 38, 39 and 40.

Figures 38 and 39 show response spectra for adjacent bays. Figure 38

shows two distinct response peaks, at 240 Hz and 400 Hz, but Fi(jure 39

only shows one peak, at ?15 Hz. From these two plots alone, modal
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identification is not possible. Figure 40 shows the corresponding phase

and cross-spectral density plots. The phase plot shows the 200 Hz region

to be out-of-phase. But since the response spectra (Figures 38 and 39) do

not show identical peak response frequencies, the cross-spectral density

plot is required in ordEr to identify the frequencies at which the

response is coupled between the adjacent bays. Then it can be clearly

seen that the out-of-phase mode occurs at 200 Hz and the in-phase mode

occurs at 380 Hz.

Table 25 compares overall rms strain levels for Z and J stiffeners, and

also between a quasi-isotropic laminate (b) and a more highly oriented

laminate (c). Strains are given at the panel centers and at the edges,

over a range of overall sound pressure levels. Figures 41 through 48 give
corresponding strain spectra at 160 d8. The comparison between the Z and

J stiffeners does not present a clear picture. At the panel centers, the

strains are comparable for both stiffener types, although it can be seen

that for the (b) panel at 1.60 dB and 165 dB, the J. stiffener resulted in
higher strains than did the Z. Looking at the spectra on Figures 41 and

42 (note scale difference) it can be seen that the higher J stiffener
strains are due primarily to the response peak at 275 Hz. The fundamental

170 Hz peak was reduced by the introduction of the J stiffener. The same

comparison for panel c (Figures 43 and 44) also shows the J stiffener

effecting a reduction in response at the fundamental mode frequency. In
this case, without a significant increase in the amplitudes of the higher

frequency modes. Corresponding comparisons of the edge strains show

significant response reductions on panel b, but not on panel c. The
corresponding spectra for panel b (Figures 45 and 46) show a 2:1 reduction

in the peak response level due to the J stiffeners. Panel c also shows o

reduction in the response of the first mode, but the increased response in'J the other modes results in an increase in the overall strain level. In
general, it is clear that, compared to the Z stiffeners, the J stiffeners

resulted in a lower response level for the fundamental stringer-bending

mode, but had a tendency to stimulate the stringer-torsion mode at 280 Hz.

Figure 49 shows the 160-170 Hz peak to be in-phase and the 270-280 Hz peak
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to be out-of-phase. The J-stiffened panels did, as expected, exhibit

longer fatigue lives than dici the Z-stiffened panels. For panel b, the

J stiffener increased the fatigue life from 50 minutes (for the Z stiffener)

to 7 hours. For panel c, the fatigue life increased from I hour to 17

hours. This large increase in fatigue life, without a major reduction in

response was due to the increased bonded footprint area of the J compared

to the Z. This results in more extensive fiber pull-out from the skin

laminate upon failure, hence there is slower damage propagation and longer

fatigue lives. Based on these results, the J configuration appears to be

an attractive stiffener concept.

Table 25 and the corresponding spectra also provide for a comparison

between the laminates used for panels b and c. The more highly oriented

"c" laminate shows a significant reduction in response of the edge strains

(approximately 25 percent). The center strains are similar for both

laminates. However, the reduction in edge strain does not occur when

using the J stiffener. ThE corresponding frequency spectra do not provide

any additional information on the response difference between the two

laminates. The difference between the two laminates involves taking two

of the eight plies running in the Ilc bay direction (90 deg., in the

f X direction) and running then in the short direction (0 deg., Y direction-

A between stringers). Looking at the overall results, it was conlIuded that

"these two laminates had comparable sonic fatigue resistance.

I~l Three panel configurations (g, i and k) were used to compare the response

of bonded and riveted joints. Table 26 summarizes the overall rms strain
levels at the center and edge of the cen.ter bay of aach panel. The

differences between strains at the bay center do not appear Lo be

significant. There is a tendency for the edge strains to be a little

lower on the riveted panels than on the bonded panels, but the differences

are neither large nor consistent. Figure 50 shows a comparison of

* response spectra for panel g at 160 dB. Although the overall levels

differ (205 to 162 microinchesiinch), the spectra are remarkably similar.
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Overall, it appears that the riveted joints do not significantly affect

panel response. They do, however, affect the mode of failure. The

riveted panels experienced partial failure in the Z radius adjacent to the

skin, in addition to skin laminate failures. The fatigue lives of the

riveted panels were not significantly longer than for the bonded panels

with good quality joints. However, observations of damage propagation

during testing indicated that heavier stiffeners and more rigid clipping

at the stiffener intersections would result in longer fatigue life for the

riveted panels. This is because the riveted panels experienced

significant stiffener and clip damage prior to skin failure. This was not

true of the bonded panels, where skin damage was the primary mode of

failure. Another factor to bear in mind is that a slightly substandard

bond is difficult to detect and may result in a highly premature f-tigue

failure. A slighily substandard rivet joint is detectable and will have a

less severe affect on fatigue life.

Figure 51 shows the strain spectrum corresponding to the top spectrum on

Figure 50, without the stiffener, webs clipped to the fixture frame.

Although the overall strain level increased from 205 to 240

microinches/inch, due to removing the clips, the spectra show this

increased strain to be predominantly below 200 Hz. This indicates that
providing proper attachments at the panel boundaries is desirable and
reduces the low frequency overall panel motion.

Early testing of a curved panel in an aluminum fixture resulted in a

fixture failure. Steel backup fixtures had been fabricated for such an

eventuality, and consequently, it became necessary to determine whether or
not the steel versus the aluminum fixtuires affected panel response.

Figure 52 shows the results of this comparison. As expected, no

significant panel response effects were observed.

Early in the test program, several side experiments were performed in

order to ensure that testing two panels simultaneously would not produce

any unwanted response interrelationships. One of the panels was
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concurrently tested in the top and bottom test windows, paired with

different panels and also paired with a steel plate in the second test

window. No significant effects on the panel responses were noted. The

second test window was left open at one point and the only noticeable

effect was a 2-3 dB drop in acoustic levels in the PWT. When the driver

outputs were increased tc bring up the acoustic level to that previously

used, there was not noticeable change in the response characteristics of

the test panels due to the open window.

In order to evaluate some boundary condition effects, panel d was tested

for response under three different edge conditions. First, it was

suspended in the test window without a fixture frame, i.e., with free

edges. The fixture support wires supported the panel at the four corners

only. Then the panel was bolted into the wall of the PWT, simulating

fixed edge conditions. Finally, the panel was supported in the regular

fixture frame and suspended on the fixture support wire, as used on the

remaining panels. The effect of these different boundary conditions can

be seen in Table 27. The overall rms strains show that the free edges

result in lower response levels than when using the -test fixture or fixed

edges. When it was decided to perform the sonic fatigue tests using a

picture-frame fixture, supported on wires, it was hoped that the response

in the center bay would be the same as for fixed edges. The overall

strains appear to confirm this. Figures 53, 54 and 55 show corresponding

edge strain spectra at 165 dB for the three edge conditions. The

stringer bending mode occurs at 340 Hz. This basic mode occurs with all

three boundary conditions. The major response effects of the boundary

conditions occur at 160-180 Hz and at 250 Hz. The modes at these

frequencies do not occur when the panel is freely supported. If these

extra modes were due to vibrations of the PWT wall, they would not occur
when the panel is in the fixture frame, supported on wires unless the PWT

irations were transmitted through the wire harness. If this were the

case, the load-cell in the wire harness would detect them. Figure 56

shows the corresponding frequency spectrum for the load-cell. As can be

clearly seen, there was no significant dynamic response occurring in the
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TABLE 27

OVERALL RMS STRAIN LEVELS (MICROINCHES/INCH) FOR

1' PANEL "d" WITH DIFFERENT EDGE CONDITIONS

Center Strain (Gauge 4)___ Edge Strain (Ga qe 10)
Sound [Edges tdge s

Level Free Fixed in Test Free Fixed in Test
Pressurdge SupprtedS upre

jj _Edges Fixture Ees e Fixture

140 23 341 33 24 37 34

145 31 55 58 35 59 57

150 49 119 109 56 124 101

155 88 171 103 107 186 174

160 140 261 284 190 296 274

165 226 372 416 281 422 425

OVERALL R.M.S. LEVEL: 2.2 lb

:INPUT LEVEL. 160 d -. ..

*1 005

0 lwý 4.......

0 * ~FREQUENCY (Hz)

Figure 56. Load Cell Spectrum
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wire harness supporting the panel fixture assembly. If the modes at the

160-183 Hz and 250 Hz were associated with the regular fixture frame, they

would not have occurred when the panel was bolted to the PWT wall (for

this test the panel was first removed f; s fixture frame and then

bolted directly to the PWT wall). The r'k,, :-esponse difference between

the fixed edge conditions and the regular test fixture occurs at 100 HZ

and below. The response peaks in this frequency region appear to be due

to the effects of the PWT wall. Thus, the panel support system chosen for

this test program appears to be structurally similar to the more typical

method of bolting the panel to the PWT wall, without picking up PWT

dynamic effects.

Two honeycomb beam stiffened panels, shown irn Figure B-i, were tested and

the results compared to an equivalent panei with Z stiffeners - panel b.

The results are shown in Table 28. The first panel (el) had panned down
closures for the honeycomb stiffeners, as shown in Figure B-I. This panel

failed in these closures after 1-1/2 minutes at 165 dB. The second panel

(e2) was subsequently modified, replacing the existing panned down

closures with full depth closures, clipped to the fixture in a similar

fashion as the Z stiffener attachments. This panel failed after 5-10

minutes at 165 dB.

Although these times to failure seem short, the maximum strains on both

panels were high, such that if superimposed on the fatigue curve on

'I Figure 33, both panels appear to be on, or slightly above, the curve drawn

for the Z-stiffened panels. The maximum strains on both el and e2 were

higher than those shown in Table 28 (which are-presented for comparison

purposes), and occurred at the center of the shorter sides. It is not

known why the honeycomb stiffened panels had different maximum reponse
locations compared to the Z-stiffened panels. In any event, the

comparison between the honeycomb and zee stiffeners was inconclusive. It

does seem probable that the honeycomb stiffeners would have been more

effective if the core material had had greater shear strength.
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Ideally, a sonic fatigue design method should be based on using acoustic

spectrum levels to predict strain spectrum levels at corresponding

frequencies. However, individual response spectrum levels usually vary

inconsistently, compared to overall response levels, making them

unsuitable for analysis purposes. An example of this is shown in

Figure 57. The spectra shown are for the same strain gauge at 160 dB

(top) and 165 dB (bottom). The overall rms strain level increased from

310 to 435 microinches/inch due to the 5 dB increase in acoustic load.

However, the strain spectrum level at the major response mode (170 Hz)

actually decreased slightly (from 82 to 68 microinches/inch). The

increased overall strain level was due to increases in the strain response

at other frequencies. Inconsistencies of this type make it impractical to

use the strain spectrum levels in the development of the design method.

This leads to a dilemma in the treatment of random strain data. Spectrum

levels, with their narrow bandwidth, often varY unpredictably; whereas

overall levels, with their wide bandwidth, include response that does not

contribute to fatigue. It has been suggested that 1/3-octave or 1-octave

bandwidth measurements may provide the necessary stability without being

influenced by superfluous data. Again referring to Figure 57, it can be

seen that some of the increase in overall rms strain was due to the low

amplitude strains in the ?50--1,000 Hz region. This is quantitatively

demotistrated in Figure 58. Superimposed on the power spectral density

function, is the integrated power spectral density. From this plot it can

be seen that the major response peak at 170 Hz contributes only about

"20 percent of total power spectral density (mean square). Whereas the low

amplitude response above 250 Hz accounts for 40 percent of the total

1r, spectral density. Based on this data, it might be thought that increasing
the sound pressure level from 160 to 165 dB would not necessarily bring

about a more rapid sonic fatigue failure. However, data taken during the

test program clearly pointed to a definite relationship between the
overall rms strains and fatigue failures, leading to the conclusion that

some low amplitude strains that might be thought of as not contributing to

* 4 fatigue failure do, in fact, make a significant contribution. As a
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result, overall rms strains generated in the PWT test program were used in

the development of the design method, described in Section IV.

Intearated power spectral density functions were generated for another

purpose. The PWT had a tendency to generate an acoustic peak in the

150-180 Hz region (see Fiqures C-I through C-6). It was found that this

peak could be satisfactorily controlled by adjusting the bias voltage in

the EPT 200 acoustic drivers. In most cases the peak did not

significantly affect panel response; where it did, integrated PSD

functions were used to quantify the effects. Figure 59 shows a situation
where the response spectrum makes it appear as if the acoustic peak has

produced a major response peak at 180 Hz. However, the integrated PSD

curve shows that only 14 percent cf the energy is contained within that

peak. When converted to rms levels, this unwanted peaK accounted for less

than 10 percent of the overall rms strain level. In a situation where

spurious peaks have a major effect on response levels, the integrated PSI

function provides a quantitative tool for subtracting the effects out.

The strain spectra generated during the progressive-wave tube tests

(contained in Appendix C) were used to determine damping ratios for

various panels, using the "half power-point bandwidth" method. The

damping ratio is found from the following relationship:

Af
-• £apim 2f

"" where Ph[ipinq ratio

Af = Frequency bandwidth (Hz) at the half-amplitude

point of major strain reponse peak

f = Center frequency of major strain response peak

The values obtained showed considerable scatter and did not show any

significant correlation with strain response levels. Consequently,

damping was not included as a design parameter in Section IV. Instead,
4 the use of a typical value was recommended.
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Damping ratio values obtained ranged from 0.02 to 0.08. However, the

higher values occurred when more than one response mode appeared to be

contained within the major response peak. In those cases where the

response peak was clearly a single mode only, damping ratio values were

typically 0.02 to 0.03. These damping values were compared to values

obtained in Reference 2 for aluminur skin-stringer structures.
Reference 2 quotes values of 0.010 to 0.018 using the "logarithmic

decrement" method. However, when the "half power-point" method was used

on response spectra in Reference 2, values in the region of 0.05 were

obtained. Based on these observations, it was concluded that the damping

characteristics of graphite and aluminum panels do not significantly

differ.

Some further discussion of the progressive-wave tube test results, as Lhey

relate to the development of the design method, is contained in

Section IV.
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SECTION IV

DEVELOPMENT OF DESIGN METHOD

1. INTRODUCTION

The primary objective of this phase of the program was to utilize the

analytical and experimental results to develop a practical semi-empirical

sonic fatigue design method for graphite-epoxy skin-stringer panels.

Measured random strains from the sonic fatigue tests were compared to

those calculated from Miles' equation using as inputs the static

strains calculated from the finite-element analyses. The test results
(5)were also compared to values determined from the AGARD nomographs for

fully-fixed edge conditions. Finally, multiple stepwise regression

analyses were performed to develop empirical relationships between the

measured strains and frequencies and various combinations of panel
configuration paramete,• and finite-element analysis results. From these

regression analyses, design equations were developed and a design

"nomograph constructed. A worked example is also presented. SectiLn IV.5

presents the design method and nomographs as a self-contained unit,
capable of being used independently of the renlainder of this report.

Appendix C contains the test data (overall acoustic and strain levels and

spectra) used iti the development of the design method.

An early problem encountered in the development of the design method

involved the use of acoustic spectrum levels as loads. In

'4x Paragraph III.5.f, reasons for not using strain spectrum levels were

given. The main reason is that although the response spectrum levels show
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logical overall trends, the individual variations from one data point to

another are too large and unpredictable for use in developing a design

method. Acoustic spectrum levels, however, while exhibiting a certain

degree of unpredictable variation, are sometimes consistent enough to

facilitate their use as the load function. However, in this program the

acoustic spectrum levels varied in such a way as to invalidate their use

as a regression variable. Figures C-2 through C-7 show the test acoustic

spectra. These spectra correspond to flat, 1/3-octave spectra.

Consequently, the spectrum levels (I Hz bandwidths) decrease with

increasing frequency. Since panel frequencies increase with panel

stiffness, the stiffer panels were effectively tested at lower acoust'c

spectrum levels. This resulted in a high degree of interdependence

between the acoustic spectrum levels and the panel configuration

parameters, thereby violating the necessary assumption of independent

variables. A problem similar to this was encountered in Reference 3. In

that case the problem was overcome by dividing the load into the dependent

variable (measured rms strain). When that was attempted in this program,

the resulting regression equations showed good accuracy and satisfied all

the usual statistical requirements (F-values, t-values, Ourbin-Watson

statistics, etc.). However, when these equations were used on

combinations of panel configurations other than those used in the test

program, it was found that the equations were numerically dominated by

changes in the acoustic spectrum levels, and were not sufficiently

A responsive to changes in panel dimensions. When comparing responses

between two very different panels, the stiffer panel had a much lower

response and a lower acoustic spectrum level at the major response

frequency than did the less stiff panel. The regression analysis largely

j{ attributed the lower response to the reduced acoustic spectrum level,

rather than to the increased panel stiffness. However, a review of the

integrated power spectral density plots showed that the major response

peaks, associated with the pertinent acoustic spectrum levels, usually

accounted for less than 25 percent of the overall strain response. Thus,

since the overall sound pressure levels did not vary from panel to panel,

as did the acoustic spectrum levels, the reduced response of the stiffer
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panels was, in fact, due largely to the changes in panel configuration

paramenters. Consequently, regression analyses using the overall sound

pressure levels as the load function, resulted in acceptable design

equations.

2. SUMMARY OF ANALYTICAL AND EXPERIMENTAL RESULTS

RMS stresses and frequencies calculated using the AGARD nomographs(5)

were given in Table 9. The static strains and stringer-bending mode
frequencies, analytically determined from the finite-element models and

the NASTRAN computer program, were given in Tables 11 and 15,

respectively. Table 15 alo) listed frequencies calculated from the AGARD

nomograph, Lin's equations and those measured during the progressive-

wave tube tests. The rms strains measured during the progressive-wave
tube tests that are pertinent to the design method were given in Table 24.

Table 29 contains calculated and measured frequencies, static strains, rms

strains calculated using Miles' equation and measured rms strains. These

are the data subsequently used in the regression analyses. For the

reasons given in Paragraph li.5.d, the frequencies computed from the

finite-element models were not used for the design method. The strains

calculated using Miles' equation have very high values, compared to the

test strains. This was expected and is due to using the overall sound

pressure level rather than the spectrum level as the loal, for the reasons

given in Section IV.1. The only purpose of generating these calculated

strains was to determine if there was a consistent relationship between

"them and the measured strains.

3. REGRESSION ANALYSIS

Regression analysis is a statistical method for investigating

functional relationships between variables, based on sample data. It is

particularly suitable when the data are imprecise and there is a need to
determine optimum relationships. The basic approach is to use samples of

data to calculate an estimate of a proposed relationship and then to

4k evaluate the fit using statistics such as "F" and "T."
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The regression analyses performed in this section utilized a modified

multiple-stepwise regression computer program. Stepwise regression

involves a forward selection procedure for the independent variables, with

the provision for eliminating variables, as in backward elimination

procedures. The program anjlyzes the relationship between a dependent

variable (measured overý,I1 rms strains) and a set of independent variables

(panel configuration parameters). The indepeodent variables are selected

in order of importance for entering into the regression, based on the

reduction of sums of squares. The user can override this feature and

enter the independent variables in any chosen sequence. The proqram has

six algebraic transformations available, as follows:

A Linear y = a + b × + b x +. ..... b x
11 2 2 n n

Log y = a 4 b x
n n

Log y a + b Log x
n n

2"y a + b x + c x
nn nn

l/y a 4 b x
n n

y = a + b Log x*1 n n

yr a + b n/xnn n

where y is the dependent variable and x and x ... x are the2 n
independent variables.14
For each variable entered the program computes the mean values, standard

deviatiois and cross-correlation coefficients. For each step in the

4 regression analysis, the program computes and lists the following:
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Sum of Squares Reduced: This is an indication of the amount

of points summed around a mean value

line for a certain step.

Proportion Reduced: Indication of how well a variable

explains the regression at a certain

step.

Cumulative Sum of Indication of how much the dependent

Squares Reduced: variable correlates with the indepen-

dent variables entered at that point.

Cumulative Proportion Indication of how well the indepen-

Reduced: dent variables explain the regression

at that step.

Multiple Correlation Indication of how much the dependent

Coefficient: variable correlates with the indepen-

dent variables entered at that point.

, F-Value: A measure of the scattering of values

about the mean accounted for by the

regression. It is used in conjunc-

tion with F-tables to determine thef degree of fit of the regression
S . s ae P o oeequationl.h

Standard Error of A measure of the dispersion of the

Estimate: observed points about the regression

,equation, It is in fact the
"standard deviation of the

res i dual s.
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Regression Coefficients of the regression

Coefficients: equation.

Standard Error- of Indication of the confidence level

Regression for the regression coefficients.

Coefficients:

T-Values: Ratio of intercept to standard error
of regression coefficient. It is

used in conjunction with T-tables to

determine the accuracy of the corre-

sponding regression coefficient.

Table of Residuals: Difference between actual and

estimated values for the dependent

variable.

Durbin-Watson Test for lack of autocorrelation

Statistic: between error terms. A bad statistic

is indicative of an independent

variable being omitted.

Von-Neumann's Ratio: The ratio of the mean-square

successive difference to the variance.

The following is a description of the sequence of regression operations

with examples of compute, !)rogram outputs used to develop the rms strain

nomograph in Section IV.5:

The input datd were of the form

F (b, t, R)
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where rms is the overall rms strain from strain gauge 10, i.e.,

the maximum edge strain. 2
SPL is the test overall sound pressure level in lb/in

corresponding to the strain value.

b is the stringer spacing in inches.

t is the skin laminate thickness in thousandths of an

inch, and

R is the rad'us of curvature in inches.

Table 30 lists the input data in the order (left to right) b, t, R and

-o . At the bottom of the table are the means and standard

deviations of the input data. An explanation of the R = 150 value is
given later in this section.

The program then computes the cross-correlation coefficients between the

variables, giving the output in the form of a correlation matrix. This is

shown at the top of Table 31. Regression then proceeds with the linear

form of the regression equation: y = a + bnxn. Each variable is entered

in turn and a corresponding regression coefficient determined. The

program also computeL at each stage the parameters shown on the remainder

of Table 31. Three sets of statistics are shown, one for each of the

independent variables. The bottom set represents the final linear

"equation, which may be wriLten:

!i SPL 224.0 + 358.2 b -51.65 t + 11.22R (19)

The progran then used this equation to calculate a set of estimated vdlues
S-for the dependent variable rMs) . The results are shown in Table 32.

As can be clearly seen from the percent deviation column, the linear

.J equation does not have acceptable accuracy. The average deviation is
given as 40 percent.
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TABLE 30

REGRESSION INPUT DATA

TRANSFURMATliN L.L)0L
LINLAR TYIPE WkJVt. 6LNEKAL L(,A1IlL. I-LjRM AS Y A 4 bX.
INPUT L.ARD 0 1 6L.000 36.%DQ6 1DU.0oW 35U6.800
INPUT CARD # 2 b.LOO 44.OuU "IL.Oo :bb.500
INPUl LCAR U a 3 o.0ýu ",.030 '..5Cl. c 2ý Mz.800
INPUT CARD xf -4 o.iooU 4%.Ouu lj~v L%#u..0o
INiFUJ LAKD * 5 a. ýo0 -,. ~ 0O LJ.u0~'~l9. 50
INPUT LARD 0 t d.coo bb.300 15o.Uuu% 41155.ko0
INPUT CARL 0 1 7 .u 66.000 lt,0.00C' 1094.200
INt*UT LARL 0 8 8.uvtjL bb.OLL) 15u.U' LI1ýljý1.800
INP;JT CARL) V 9 d:cOOr 66.000 ino'.L.0u J.cbs.100

INUi I 'AR. # 11 b .O 00b u.060 L-w tj ,u43.8o00
INPUl '!^RD N 12 4Žc 4-9. DU A vo .000 o a6.ioo
INIPUl ARD p . 4. zlo0 -*4.OGCk)IO o 1~. UO ii.60 0
INP~UT uAR L w I-* 't.0o0 't".0ou 1ý0.c 91o.i00
INPUT CARD # 15 4f.000 q4.0"0 1,U..0ou blo.500
INPUT LAKD 0 It 4t.00G .4*.00 1u.t 5b0..Ofi
INP~UT CARD # 17 b .L0 4-..OOG 1)O.uut., 17JI.UOC
INPUT LARD s 16 b.^L 's#t.OUO 15u.O0C IbU5.700
INPUl C ARO if 1IV U Go.u #.4. klJG -16u. OUO 1547..bOO
INPUT CAL~& 9 20 0.000 44 L.3. 00 j i.:9i.oUO
INiPil CARD) 0 ZI c- GOO .%U.ý() i5.0, lu1.200
INPUT CARD w 22 b~oru Zi.000 1.30.000u 04-4480o
INP'UT LARD #43 13 ~. CG r li.OL0 hO.GGC.j0 ~I I . )0
INPuT CAR&., a -4 5.000 ý2..UC. 15u.OUO 3336.900
INPUT CARD 9 4n 4.OOC 2.c. 060 15'0.000 Ilbz.?00
INPUT LARD 4 2o ',.000 22.00u. IýO.0O'- I?6s4.lO
INPUT CuRr 0 27 4.000 Z2. :u I,, 1. 0C,,, 1~i'..tOO
INPUT LARD 16 -,3 4. Q Q0 Z2.0cC. Lý)0.Gcc' 1djb.ý-v

pINPLI LARu # Z9 b. uLO 44A. CojU .iL.OOC. l8.'vcL3
4,~' IINPUT CARL.U 0 U O.000 %f.G.0U :'Q.uu 54b..900

INPUT LARD # 31 b .000 44.000 0 %.) u 5?z2L 0'Y, IINPUT CARD * 31 8.Orju 44.0Q0 30.t.00 476.100
INPUT CARD w 33 D.000 144. 0%J -ýV.Ouc 529.b00
INPUT LARD 0 Nd U4 8. Q00 4i.0J U iO.ý0..U %79.400
INP~la LARD Is 35 d.LUL do It.UD v ou 0.L0G. ll:).6DU

A.INPUT LARD if 3b Q~.000 GOO0~j b~,.LO0 1 it) . 5Q00
INPUT CARD # j7 b. .'-0 44.OUi. bO.0CC. 104'5.600
INPUT CARL 4 3d 6.60,., '4.O0i~ 60.OWu 1533.00ýo
INPUT CARD # j9 6.000 4's. 000 bu.00y 1379.600
ANPUT CARD 0 'tO B.oOD3 44.004/ o3 CO,. il>3.90O
INPUT CARD 049 6d .00L 't4.O~ 0(.10 00. " IOb5. 500
INPUT CARL' W 4& 6i.0coU *,"w.oc 0 90.f00i 1,152.100
INPUT CARD #43't b. 0G. 4o4.,;tA -,U.OOc IbO5.z0t
INPUT CARL N 4 6v .41. 0 L 9.L0o.v 1i b. 50'a
INPUT CARD. 9 45 (J.000 bb.0vi0 ,iu.ocL 905.500
INPul CARD h'ý 46 6.0(40 00.000 90.00L~ aidb.800
INPUT LARL) * 47 cQ.G06 bb..&CL) ',J.C00 742.4C0
INPUT CARD a 46 6.001 bo..000 9u.uOO 667.500
INPUT CAKL # 44 G.D00J 68.000 40.000 618..300

.1INPUT CARD) 4 W0 6. CO 6I. 0 C-0 90.001 549.000
INP~l' CARiL * 5 1 8.030 22.000 90.000 .331T.ZCO
INPUT CARDU IV-2 o .L) )0 22.0%,u 9%;.CUG 22"b.900

INPUT CARD f 54 4.U00) 33..000 60.000 II86--s0
INPUT LARD # 55 't.000 .00 Do b.000 1172.6.00
INPUT CARD At 56 4.000 3.3.00..) &0.U00 980.3G0

J 1!NPU!T CARLI 0 Y? If. -Q0 V 35.00 0 - v.00 t,11.20
INPUT LAkDU 9 8 4.000 3 :I.OCv 6 U .CuC, 8L 00
INPUT CARD a 59 1o.200 c.U(% .i.000 1144.2001:INPUT- CARD # 6,C ix.L0 W ~ 0C -) 4 a-U.Q00 1619.5~0G
INPUT CARD w ol b. (10 ec. o.o .,0.000 1006.10O
INPUT CARD 0 62 6.000 22.060 jO0.000 1532.400

VARIABLE MEAN STANDARD
No. DEVIATIOUN
1 b.6129C 1.643e.
2 42-1i581 1,t..6627 9

3 10i.09tyl I -4.4993-t

4 355.956b lu9.09151
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TABLE 31

REGRESSION RESULTS FOR LINEAR EQUATION

CORRELATION MATRIX (Rms)
Row 1 b t R or

1.L00000 C.225%9 -0 t 0. 3406~9

ROW ~
O~kc5,9 I Qý~luo O.b&1,b3 ---a.5u 5199

ROW 3
-0.13435 0.14763 IOOjuUlo 0.3160p;

RW0.32Oah9 3050B ... ibi 1.00000

SU E NIUAESRED..... IN lhI&S YI'.... 161.i-h.38.L45

PRUPG3CR1ijN RiAUiLEL' IN This, 0LP .........

LUMULATlVE SUM La- SQUAKRES ,kcUkixJ(........i,17kfliB.Idt5
'_UMULA71Vt PRUPOkTION RU0...........0.256 OF~ 11O314-4.b3I
FUOR I VARIAbLES ENIdEREL
MULTIPLE LU~kELA~T1Ut LUEFFILOLtNI... 0-.2Oý

CADJUS.TLD FOK i (F..........~50tb
F-VALUE F-OR ANIL'tSlý. LI- VAK1ANiU,.... LAJ . li*I
STANL.ARL IitO uF .SUA1.......

(AUJJSILiJ F-LKa U.1-.)............ Vb.6

VAKIAbLE kkGRtLSSION STU. ERRUR LI- c.QmpulED
NUmbER LuLFFILILNT Ki6. LULFF. T-VALUE

-37.i.3Ob3U41 L.19553 -4. 54
INTLPLEPI 31,.~9.554SU3ý

VARIAULkE LNTLRED... I

SUM OF SQUARES 3KaLUULED IN 1-týs SILI .... 14 1 ýi (11.o0 I
PROPIURlIUN RE. ULEU IN THIS STLP.............. 0.199
CUKULAJ1VE .UK Ul- S(.~UARE,, KEDULI ...... 337b.~
LUMULATIVE PROPURTION kEDULO................ .. U.45DU 10 i3aiasO.831

FUOR ýý VARlAbLLS ENILRLD
MULTIPLE LURKELATIUN C~kFFCI-C1NT...

(AUJUSIi!) F-OK D..I-.f ............ utbF--VALLL fURi ANALVSIS OF VAK1AN~LE... k4.5STANUARD eRROK uF- LS!IMAIl............ b~.bj3(AUJU~.-LD F-Uk CU.I.) ........... oD5

VARIABLE RL6RESSIUM STrU. ERRUR 01- CONPUIED
NUMbER CUEF-IILIEN1" KL6. C.OEFF. T-VALUE

2 -44.B35bbb3C 7 .5L -6.177
1 30U.94.53312ýj I wi 14I

ANTERCEPT 1%bV.(jduub~

IVARIABLE ENTERE ... 3
~UMF ~UARES REDULEU IN 11115 SlcP.... %bb.5
ART 86ON REU CE U INa THI.sj sTLP....

LUMULA~IVL SUM (IF- S6.AJARES REDUT.tDo.......4fq.ii
CUMULATIVE PKUPORlION kkUL~k) .......... O-bk3b UPF 710.516&D0.31
FOR 3 VARIABLES EN7LREU

MULTIPLE CORRE-LATION CLOF-1L.IENT ... O.1s29
(AVJU.sTED I-OK (.T-.b....F-VALUE FOR ANALYSIS 0k: VARIANCE:: 4 'J.ý. 14 S1ANDARU ERROR oF G1 9MTE.........4(AIJJUShWU FOR D.F.) ............. 63U.Oba

VARIABLE RE6E.RSSION S(D. ERROR OF- COMPUIEU
NUMBER COLFFICILNI REi.. CLUFF. I-VALUE

2 -51.6548564L )0.6,CVLv -9. 14A,1
I. 3 11. bb~ci9b "U.326651..

INTERCEPT 224.01054015

152



TABLE 32

TABLE OF RESIDUALS FOR LINEAR REGRESSION EQUATION

TABLL ut- RES1IX3ALS

LASE NO. Y VALUi V ES11?%ATL IKELGUAL I ULVIA110N
1 35cb.8u;U(. 3067. 1.:.~ > t39.0744it IZ.520ooc

Zbo5.tso0o k499. 5 .. i býP.91787 .&6
3 za2b.aouvo 4 99 .5d. &I.: 3k9.a1:1 17b'O
4 2900.0j~030 Z41.'4- 44)U.47767 ~ 8 2 ,&
5 2194t.50000u 7499.5k21-i -3C~'.UZZ13 - 91
b 1155.20000 136.,.11,29 -Z01.91529 -11NM9d3
1 1O94.iOOG0 1i b3 .11'j 29 -2o~...91529 -24.57b43
8 1I.s97.60O00 13 63. 11>4v -&,s.~31i29
9 k3L6.1u0)03 1jc.1011549 -Ze9 5.01 -e9
10 945.5OCCý 1363. 115-29 -- *1 1. 61529 -44. lt3t2
11 b23.00uot) L3b3.1IIw9 -539.31529 -6tb.&t6617

Bd.Žýv i0ho.bOqb7 -180.40961 -20..3S1ol
13 91,9 bcjou I06b.bG967U -07I.00967 -171.2b140
14 91b.3000U 13b6.6Cribf k.0.309bi -16.40396
is bl6.50000 106b.b0961 -z50.10967 0.13
lob 1>60 .1OO0u(' 10b6.60iýO- -480.60907 -63.698Z2
1-1 1-031.0000k; 1?d3.0659a -t$2.O.5i9-3006
18 lbOS5.iOi 11uu I73.O;b~vk -417 .3cb:90 -11 0'rs0k
19 I57.6rC00 IO 38ý). 00u5,u -e.5.2b590 -1>.20U0~c

zu I/V2 .(000c' 1?03.06390 --490.4t, 90 -37.94414
21 1017.2QOU6) 11t63.0b590 -7o5."590 -7S.s.v157
22 64'i4o. b COu 3635.92bgl 2bC, .87103 43.58353
23 5111.:)0000 36a5.19zs97 !M7.57163 28.86M6
24 33690~. .63!.9.SI'd --99.04697 -8.9b1zb
25 19L,:.-1OOU L3403-0U51 -/-c0 J 1b51 -11 ., i194

27 1534.eOOO0 2,03. 0 IL51 -oob.21651 -43.5310Y
20 1236.2U000 Zzu:$.o1651 -9tb6.a1b5l -16.2o8ls
29 1&a6.9U0)LO 11-.5b -.3ts4.b2bc-t -50.02294I

Jc 51(..900ou 11!)3. 5,uo' - 31b6.a66. -99.95-16231 527.'Cu0Oj 1151 . 2:t ---oe-o.3266d, -116.bUZ47

3-3 ts'9.uC0Gtj 1153.5duu, -3. 92.bc)4 -i.&t.b1.L94
34 4719.40CM'u I I 5.5i,6w -. 4. 12664 -140.blE.82
35 175b.bcouo 1,*90 . U'C'5x' Lz 7't. 1.2726b
36 lldb.3C000 14005) ;(96.47449 i.92
37 Ib45 hCQC( ~t,ý 15 5. 574*%i 9.45.$97

;X 195'3 .1000u 4.~T1 '3.6744v z.947bb
39 1319.600011 14W. 0L551 -i10-.4Z551 -8.00417

41 1665. 00(Jo t,0 5&tj zw.4T62 .049

43 1b'5.z00u.j 1040.5&%'38 -d " 438 -A~.1.b796
44 l396.50L~J0 1b4b.5&'.3b -. i0.0243& -30.19301
45 965.50000 -':.3.AboQ 9VI.686ab 10k.1279h
41 az L00t)c -zt.33oZI 655.13tsbB k'Js.17•118

49 6io.3-jzZ.ý -. b.33tc,8 u-*4..6J8uE6 1U4.d-!)986
so !ý4-)0UUQ0 -'b..33eba D :,7.s33Sob I Ll4. 1j 7.- 1

5z 2226.0CCji 2 'ýt.2. 93122 -136.03122 -.33.U5183
53 21'.b.10J000 L9b2..9--112 -216.23$12.2 -7.d140
54 1186.56CL0 t6.5. 3164u ýPbl.1835Z 4-1.2-9739
55 1-1k .sOu00 025. 3 At.,t 5-47."352 4o.68dt15

560 1619.50000 uz -3.377 Ac4 b.022.4179

59 1744.W.0000 1.>73.47# i 170.IZ 2 75 9.7 n11

bz 15B2.40C¶A 1 ,73. 471. L,41.077eS -. 655

A%;ERA(,L I . JEVIAlION IS IiC. &-ltC,2I VN NtLJMANNOS RAThI) IS 1. 13C,9
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The program repeats this analysis procedure for each of the algebraic

transformations listed above. They can then be compared with each other

and the best one selected. In this case, the best transformation was the

Log-Log form:

Log y = a + b Log x
n n

Table 33 gives the mean and standard deviations of the transformed

variables and also the cross-correlation matrix.

Table 34 gives the statistical parameters calculated as each variable is

entered. At the bottom of the table are the coefficients for the final

regression equation:

Log (_SP-j) = 3.0806 + 1.1045 Log (b)-1.2069 Log (t) + 0.5519 Log (R) (20)

Where crMs is in microinches/inch, b is in inches, t is in thousandths

of inches, R is in inches and SPL is in lb/in2.

This is the equation used to generate the rms strain nomograph in

Section IV.5.

Table 35 gives the corresponding residuals, showing an average deviation

of 23 percent.

There are many aspects of the regression analysis that can be observed

from the data contained in Tables 30 through 35. The emphasis iii this

program is not on the formal statistical tests, but on relating the
, ,regression results to what is known about the data.

Referring to Table 34, it is seen that as each successive variable is

entered, the multiple correlation coefficient and F-value increased, while

the standard error decieased. The T-values also increased. If by adding
one of these variables (b, t or R), or an extra variable, the statistics

154
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TABLE 33

CROSS-CORRELATION MATRIX FOR VARIABLES USED IN FINAL
REGRESSION EQUATION

TRANSFQRMA11(ON LQODE = 2
LOGARITHMIL TYPE LURVE. GENERAL EQUATiUN FURM IS LOG Y = A BitOG XW.

VARIABLL MEAN SIANOARD
NO. DEVIA1i1N1 0.80469 0.121tio

2 1.59741 0.16212
3 1.946,24 0.2j5bl

4 3.I11>bz 0.25Id8a

CORRELAIXON MATkIX R ('rs-

ROW 1 4
1.000c) C.23993 -0.14"0 0o.61080

ROW
0.k3993 I.OUCO00 0.lbo U..jo

RODW 3
-0.14990 0.15446 lOOfO 003886

ROW 4
U.26400 __.56z•O 0.3686 1.O000O0

'15
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TABLE 34

REGRESSION ANALYSIS RESULTS FOR FINAL REGRESSION EQUATION

VARIABLE ENTERED.......2.

SUM 01- S(.LJARrc.S kLtJULL~j IN rIHI. Srt-P....141
PROEPORTION kEDUCEriH IHI mi .LF......

CL)MULATIVL SUM OIF 5QUARLS RELULLD...... 1.ZIi
LUMULATIVk PREIPGKTION REDULEL .......... 06316 OF 3.838

FGR I VARIABLES ENIL~kU
MUL.TIPLE LuRRLLATI.MN LuEf-FILILNr... C ntZ

(ADJUaSlk: i-JK 0............
1--V~ALUt. F-OR ANALYSIS 01- VAR1ANL.E... d*.7.1-.
STANUARD IRRCR uF EST1aAiL ........... t.0

(ADJU.J)1EL FO~R i.1-..)............. 0,o

VARIABLE KLRL~RSSlUN S,10. LKPUK .if
-  CU1PUTED

NUMbER ILULFFICIL14T REX,. LLEV+. I-VALUL

INILRLEPI ~ 53~i

VARIABLE ENIEtREU..... .3

SUM 01- SQUAkLS Kt-JULLE) IN THIS1 L)r.. j. 79o
PRUPUKTIUN RLUUCLL. IN IH1S SltP ......... C.O

CUMULATIVt SUM ul- SWUARES KEDUCkL... 2.603
CU04ULAT1Vt PKmPL#AUION RE~uLLD............... ....()L2 (Ja 3.83a

F-OR 1 VARIABLkS LNhtkLD
MULTIPLE C~kA~LLAIICN LOFFFICILNT.. U.74z

IALJUSILU 1ýOk G.-).........7C17?
1--VALUF. FOR ANALYSiS O'F VARIANLL.. :j2.2L,2
STAND)ARD LRkuk :iF EŽ1:lIATE .............. 1-10 I

(ADJUSTED Fuk 0.1-.)............. U17

VARIAbLE RLGRl:SSILN~ S16. ERIRUK UP LUMIPUTEU
NUMbER LUEFbIC.ILN1 kL6. L'-tir-. 1-VALUL

2 -C.9dzdt6!l~l OU.1400-096
3 3..0c.71O.b9~

INILRLEPI .Toav

VARIAbLE ENIEKLD.......1

SUM UF - UU&RLS REL'ULED IN lN1.ý. zAL.... .C
PxkUIUP~llUN RLOJULEIJ IN llllý SlcP..........

CUMULATIVE SUM DI- SQULARES ELEDUC.... 3.003
(.UMULATiVL PROPORTION RI-DULED................. 0.18., OFi ý)53

~1j 1FUR 3 VARIABLEs FNIEREL
MULTIPLE LUKRELA11LJN LLILF1ICiLNI... U.U851

4AUJUSILD I-UK D.I-.1............. U4d
I ~F--VALUE FOR ANALYSIS L1- VA~iAN'i... C) .bLI ~ ~SIANUAKU LKRUR uF LSiil........1.u 1i

(AUJUSILU I-Uk U.I-.)............... 0..O.Le.

VARIAbLL RLGRLSSIUJN S1lu. LRKUF. OF LUMPU I AjE
NUMbLR LoLFFiLIENI 1(-O. LULEF. I-VALU&.

? -1.20 >302sd O.09V6' -12.112
3 ; i13` O.ub.ý.lb.9
I I . 1%,, 3 30 ý U.Li345b. tý4INIEKCLPI W).O61 3,tI



TABLE 35

TABLE OF RESIDUALS FOR FINAL REGRESSION EQUATION

SELLCT1ON..... 3

TABLE UF RESIDUALS

CASE N6. Y VALUE Y L!0IMAIL K~l3.UAL )b OEVlATIUIS
Bs356.d~jciUo e 19:). JS5CU I11.-+0496 20.260o*'
kabS?.50000 1475.396'.U t,-.o.1036'1 4>.84uis1

3 2828.800iuO k15.39640 b521.40300 -30. 166*0
4 2900.00000 1975.39L44.) 924.6 w360 31.USZSS
5 2194.50000 975.39b40 .419.10360 9 9b442
6 115z.200L0 I 210.9541.,k -55.1,0831 -4.Al Z.6
7 1094.20000 110.95L31 -116. 75d31 -lu .z066
b 1097.60000 I1C10.9 -.)1. 31 -11 ý. 1:) 831 -10.30113
9 1ubs.10C.,0 1210.958.j -I1.Z.85631 -13.B7499
10 91*5.50003h 12L0.95b3il -2b5.456hýl -28.015j97
I1) 523.800OuO 4093 -1..ý15U3ý1 tb 6
12 66$6.20000 9 a 6JC -3i.46:1 9 6 -3.663Z&
13 909.60000 918.6639b -9.0*ý396 -0.99648
14 916.3ý00tJ0 918.bbi9b -t.3b39b -0.25791)
15 616.5c0uo 918.6b396 -10,4.6396 -12.51M4
16 580.000)00 91b.66.39b -336b.66396 -56.39034
17 1131.000CO l143.6nlCO 293.34.297 16.94645
1ae 160j5.7Q(000 J1%3.65 #(; l6.U14Z97 l04614
19 1,.47.aoo0uu k'.37.t.5 l0b I Gi. 1d97 7.11010
20 ks9j .6U000 143I7.0,5703 -145.05703 -11. 221 1
21 10) .20000 1437.6570A -4kG 4!;703 -4*1. l
22 6444,80000 '4Sb0.0sý566 lbd-(,7b411 29.14473
23 51&1.50000 4t;10.O3n183 >;)1.4b'.17 10.7867(1
24. 233ý6.90000 4b60.0336:1 -1,43 .1l3 >83 -3b.65"55

12 1 9d2.7COOO zlý,V.65c19 --137.95b.V -6.9561r,

21 15314.80000 2120.b!581, -505.856k9 -.38.17163
ks LZ36.ZU000 1120. 05&19 -beb'..'5819 -71154653
29 7b6.90000 ci12.n199d. -43.69923 -5.68334,
30 576.90000 a612. 599 A.3 -,J-3.69923 --4U.85617
31 527.Coooo h12.59943 -?Z)5.39923 -54.13491

3d. 4761'00bd b I,.5'~~ --i -0,1, -a9.67bt7
33 172b.6co000 1lI.3Z .13 .9194. -532.43b5
36 1474.40000 6129.34MU42 lIV.923 3.14
37, 1645b.60000 32132. ~ .4~76.Z5.b650
386 1733.50000 3313~4 34.9-6 2.3164$

39 1319.60000 119 1. 302 188.Z9796 13.64814
4uj 11c13.90000 11 Is1. 30.%) 4v- -?.> .204 -3.Z4136
41 itt 5.5uoooO 1490.0b-tu& 375.'*15Y8 ?0.12415
4.2 1752.70bu0 149U. C,&,1jý eb. .6 1 i9 14.96311

43 ib5.~00 1.060aWO0 115.1159b -1.1
'44 1396.50000 1490.d4O40 -v3:.n840g -6.10133
45 9b66.5000V b664.793.ý5 300 70655 31. 1.451(s
46 b2b.60000 664.79~345 164.00655 k9.78844
A7i 742.400W0 6"~.79.34;F 77.40055 l0.453%7
48 b67.50000 bcA 7 -4, 5 .706j5 U-r.
49 616.30M0 664.74-i%5 --- t.e6. %9,5 751b
5>0 549.L0000 tb4.79345 -11 i.? -343 -. :1. 0i170
51 3317.200(4, 3439.7113b -14.c- 5 33 1 d 3:f9b
52 222b.90000 t30o. 7 ý3 -I 1.31 -5.4s8
53 2746.70000 3439.73ý110 -t-b93.03318 -25.2314is
54 1186.50000 7.99494) 4C....5050 '39 73
55 L172.U00OO 793.99490 3d 8.1t0510 933.1,40 a
56 980.30000 l8a.Y949i 1"16.30510 io.u,(50O
57 4 15.20003 73.lv-v )3 .W U510 14.33J622

59 17144 4Q 13b5. 1"79 319.01521 k1730

60 1619 .08008 13b5. 184#79 154.13121 Ili : ?" II
61 1606.100,,j 11)65.18479 440.9152.1 15..0000
62 1532.40000 1365.lbft79 161.21521 10.91198

AV1kKA(A: t DEVIATION IS 23.06296
DUlKOAN-WATSUN SbIAIISTiI. IS 1.ze2423

VUN NEU14ANNIS RATIO IS 1.262h0
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deteriorated, it would indicate that that variable was unwanted. The

regression would then probably be repea-ed with that variable deleted.

The final F-value is used to check the statistical accuracy with which the

regression equation represents the data. Referring to F-tables, for 62

observations and three independent variables, an F-value of greater than

five corresponds to a better than 1 percent level of significance.
T-values are similarly evaluated. Here a T-value of 2.4 corresponds to a

1 percent level of significance. Although F and T values are important,

it was found that in this program many completely unsatisfactory

regression results met high levels of statistical significdnce.

Consequently, F and T values were not used to evaluate the effectiveness

of a particular regression analysis, but only to ensure that high levels

of significance were being met. What was found to be desirable was that

the T values for each variable be comparable in magnitude. It, for

example, one variable had ten times the I-value of another variable, it

would follow that the numerical contribution of the variable having the

lower T value to the estimated value of the dependent variable would be so
small as to render its presence useless.

The tables of residuals provide a good comparison between different

regression equations. Table 35 shows the Loy:L'g equation to be a much

niore accurate predictor of the test data than the linear equation, whose

residuals are shown in Table 32.
I.I

Elimination of Outliers
,, Tables of residuals are often used to reject data points as outliers.

Data points having the largest percent deviations are rejected and the

regression analysis is repeated. This invariably results in a more

"accurate" equation. However, this is a more effective procedure when

dealing with data about which little or nothing is known quantitatively,

x. such as public opinion type surveys. In this program, however, a great

deal is known about the data. In such cases, apparent regre.sion outliers

must be evaluated against the actual test data. An illustration of the

[ 158

#, •i,



importance of this is given in Figure 60. The four points a, b, c and d

represent response strain values for four different skin thicknesses. The

line drawn G Q represents a computed regression relationship

showing strain increasing with skin thickness. Based on a table of

residuals, data point "d" appeared to be an outlier. Elimination of

point "d" resulted in a new regression line 0 - , which nad

greater statistical accuracy than the first line. Since it is known that

strain decreases with increasing thickness, it can be seen that the

regression analysis resulted in an illogical relationship. In addition,

by removing an outlier on the basis of statistical accuracy, the incorrect

trend of the regression was worsened. By plotting the data prior to

regression, and knowing that strains decrease with increasing skin

thickness, it is obvious that data point "a' is the main outlier and not

point "d". When point a was removed, the new regression line was

0 - , which shows a more reasonable relationship. This example

illustrates the importance of checking data for technical inconsistencies

prior to regression analysis, preferably by graphical means; and also

demonstrates the danger in allowing statistical decisions to replace

technical ones.

Figures 61, 62 and 63 show graphical representations of measured rms

strains versus stringer spacing, skin thickness and radius of curvature

'.4 for each test sound pressure level. The only imposition made on the data

prior to regression was that response strain must increase with increasing

¶l sound pressure level, stringer spacing and radius of curvature; and must

decrease with increasing skin thickness. No prior limitation was placed

on the rate of change. This is a sensible and practical approach when

dealing with sonic , gu e L=L u•u, ------ ,u, .U ,,,u,,, data Iu,,,L

thare not unusual. Referring to Figure 61, there were no inconsistencies in
the data presented. On Figure 62, however, both panels a (6 piy) and n

(4 ply) had lower strains than panel b (8 ply). In order to determine

whether panel b response was too high or that for panels a and n were too

low, Figures 61 and 63 were referred to. From these graphs, it does not

appear as if the response for panel b was too high. In fact, Figure 63
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indicates that at 160 dB, the response for panel b was too low. Based on

this observation, referring back to Figure 62, the following data points

were rejected: panel a at 150, 155 and 160 dB; and panel n at 155 and

160 dB. Referring now to Figure 63; panel b at 160 dB was rejected, as

was panel h at 145 and 150. S ne other data points were similarly

rejected, based -•n comparisons that did not lend themselves to graphical

representation. They were:

panel g @ 160 dB

panel i @ 165 dB

panel j @ 140 dB through 165 dB

panel p 0 155 dB

panel r @ 140 dB

panel s @ 140 dB

There was a tendency tor data at 140 dB to be generally inconsistent due

to the low response levels. With the possible exception of panel n, the

data points rejected did not interfere with observations regarding the

nonlinearity of the panel responses.

In developing a design method for both flat and curved panels, using

regression analysis, it was necessary to determine a numerical value for

qf the radius of curvature of a lat panel. Since regression analysis deals

"entirely with numerical values, using a very high value to represent an

infinite radius of curvature must be ivoided. Orginally, a value of

R = 10,000 inches was used, resulting in a very small regression

coefficient for this variable. Since the response differ nces between the
flat and the R = 90-inch curved panels was much less than between the

R = 30-inch and the R = 60.,inch panels, it seemed likely that a much lower

number than 10,000 inches would be appropriate. Various numbers were

tried, and also a graphical review of the data was performed. It was

determined that R 150 inches was a satisfactory number to represent the

flat panel radius.
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NOTE: The following important observation was made during these

regression analysEs. The signs (+ or -) of the regression

coefficients of the independent variables were determined within

the computer program, based on the sign of thE: cross-correlation

coefficient between the independent variables and the dependent

variable. When using a Log function to represent an independent

variable having values of less than unity, the program fails to

take account of the logarithm of the value changing sign. To

overcome this, the values of independent variables were adjusted to

be always greater than unity. In this program, the skin

thicknesses were entered x 10

Durbin-Watson Statistic

It will be noticed that the tables of reciduals quote the Durbin-Watson

statistic. In regression analysis it is assumned that the residual errors

are an independent random variable. If the error terms are not

independent, but show serial correlation, this indicates that the best

possible curve fit may not have been obtained. It also means that the F

and T tests may not accurately reflect the true confidence levels of the

regression results. The Durbin-Watson statistic is used to check for

serial correlation in the error terms. In the regression analyses

performed here, the Durbin-Watson statistic indicated that there was some

serial correlation in the error terms. However, this is not critical for

"the regression analysis performed in this section. As mentioned earlier,

the emphasis here was more on uncovering patterns in the data than on

formal tests. The best possible curve fit was sacrificed partially in

order to ensure a technically acceptable result. Also, the F and T values
:1 obtained here were considerably in excess of those values required to

assurc good statistical accuracy, and therefore, the validity of these
regression results is not affected by small changes in their values.

*• Many regression analyses were performed prior to selecting one for the

final design method. Some resulted in unacceptable equations, others
yielded results that may be used as alternatives to the one chosen here.
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A major effort was made to use nondimensional independent variables, of

the form used in AGARD(5) nomographs. Regression equations do not usually

balance dimensionally, and therefore, care must be taken if using units

other than those used in developing the equations. Nondimensional

parameters overcome this objection. However, by imposing certain fixed

relationships between variables, the accuracy of the equation usually

suffers.

Other regression analyses performed included using as an independent

variable rms strains calculated from miles' equation, with the frequency

component estimated from the AGARD nomograph and the static strain

component computed from the finite-element models. These estimated strain

values are given in Table 29. The following equation was obtained:

Log c 0.33 + 0.47 Log calculated (21)
rms rmis

The calculated and measured rms strains had a cross-correlation

coefficient of 0.73 and satisfied the F and T tests. However, the average

error was 50 percent with maximum errors exceeding 2:1. Table 36 shows

the residuals.

Since the above regression yielded unacceptable results, the next step was

,4 to regress directly on the frequency and static strain components used in

the preceding regression. The calculated frequency had a cross-

correlation coefficient of -0.64 with the measured strains. The computed

i* static strains had a corresponding correlation coefficient of 0.83. The

4 average error was 32 percent. Table 37 shows the residuals for the

following regression equation:

* a0

• _ j, 25.3 1.193_ (22)

1.19

E:rnns l. lf ( 2
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TABLE 36

TABLE OF RESIDUALS FOR REGRESSION OF MILES' EQUATION

TABLt 01- RESIDUALS

Nu. Y VALUE: Y IEriMATE IKLS&UUAL ýL LEVIATItJN
1 101.7u000 151.v6771 -50.,eb771 -49.42744
2 77.30C0oJ Lk6.3ts4*d -49.0847o -63.49906

1.dý.10000 I 1 2bb. f6u -19.1667k) -13.'14 26,j.8U0U0 i17.3$5712 49.442da 189
5 357~.70000 284.33285 73.36715 2.18
b 33.50000 96.1ý6071 -62.65607 -187.u3304
7 56.904JUU l~b..W'476 -o9.60476 -li .3fe2

97 v.7t.4000 216.132048 -42.2',488 -242.9639

12 42. t.Uooo 3'1i.6145,0 8.912 51.4.6 2:61
13 305.00000 3U.33252 3?k.09X49 12.3

25 77*6{J000 512.88u.1 12.71453 33 1 8W3

31 153.LOuut. 0u.995bu±, 8 a6 U4k91556019
17 1br.2U0.000 26b.i534 15o.2,4676 6- 68 9
33 51 . Li0 0 * 1ij.2J9 63 -b1.03963 -13.783!W,

19 9.,Pu0uu 76i.U36 -b0.5641 7 ,
2u 152.40000 99.1oj*#7 51.6U303 :Des6 0
31 21ý0.100000 A5.52 -ki.L?4 9L La51093 -18.04
32 *Lk).UOOCJ 111.11876 228.98129 571.12 0
238 59500000 224.3U321 -37109t1- - 0.622913f
24 1 .10000 (317 -A.514.476 -146b

2 7 U.66.VU000 3u).7*SQ., -32.8580l -49OJ4499
41 23 - I000k) 90.ZS329u -63.558;06 -251.629 4

30 9.3~uaUG 155.23k-45 57.61A457 :8.21452
31 13.iu0UM U 3. 53.)_W9765 5316844d 1bb.zU~U0 1z46b.1b~ 29.31424 -. 1:6

46 265.40000 242.32193 3v.!55923 8.6 410
37 31J?.UW00( 3e.17. .61 -313019516 -31.1944
38 41 9.20000 58.U1813 -30.81873 1 09
$9 C5$.l00Uu 1i.3e74#7 _44.32 4-t 4985t315
44U bo.5(JOOU I12.516I -312.85U03 -1816.a76
41 9210b 0(JJ 163.d.39U& -1.01590b -716259

445 160.9001)0 21W4.i57 -7It 2301423 -1 038
45 2615oO000 2A2483217 -22.96487 83.41039
APO s079?00(XW 317.90 t30.6607.193 -34
47 965.0000 l1i2;b5269 1928403v 3496264

49 e50.7U0uu le0.55 ".0302
60 49.500000 81233!b64 6. j 316678
61 9z .80000 86xl.S1IZ -71.19906 -76. js
52 141-.40000 2 13.4 9 -33.05733 _51.=z2
5:3 2U1R5L000 2k0?%% -78.79647 -39.104963

UU~~ i-~ _15.UN 08l16TL -24,8991

,A6U~ MI9.boNNS RA1.1lO 280 15 0.13bi6

>7 265.4U00 1_12 .61267 27131 3.42

AVEAL 4 -LIIU 5 9 56



TABLE 37

'TABLE OF RESIDUALS FOR REGRESSION USING CALCULATED FREQUENCIES
AND STATIC STRAINS

TABLE UF kESIDUALS

CASt NO. Y VALUE Y tStIMAIL KLý.iUUAL X UEVIATIUN
I Vib .9OUu L9ufj.,#2165 598.L-Iu35 17.u5695

2 665.5.00UO Libl. 16459 500.33541 lis. 7079
6 Z~bh.Buuu( 4L~tp.164 ý9 bb3 6'5j ~ 3 499
4 2900.uUooo 2165.16459 734.1535"41 * 33915
5 2194.5UUOOO k165.1M649 29.33541 _3:3b1,7
6 11!)5.20000 158b.857?2 -431.6577Z 31:6"y

Y 1094.20000 1586.85772 -'92. 577f -514"
b 097.bO~oL 156t:.5172 -469:8571 -','..4**9

9 lobb,.luoQo ikbb.8bfIz --IsLa. I:P112 -48. 566bý1
10) YI45..3uuuL 16*Ib.1367 Z --641.35177Z -61.83265

12 168.901000 13ti .6.eO38 -329 & -4.t2W14
13 576.90000 tlklb2u3k5 -224.92038 -3M.98716

1% 27.10000 bI.ako3ab -21'.7ZU03 -52W119z2
Is 416.1000' tu01.a.8038 -iZ5.7Z1238 : 44

t 529. 7LJW)0 8o.aeU64 ! -1Z . 1Z 38 )t *3 2 5
17 419 .5 U4,U tdu1.8.O3 -3.e4.32938 -67.22010
18 1P)6d bU000 1144.4#9173 1 614 1u~ 694.91998
19 17bb.51UUU IL 14 .,4 971A1 b',2u0269 .ý50936
20 16 45. b00 00 11L44.49731 501.'kOZ69 3.~
21 15 ,3. 10000 1144 .413 VfýlI 19.ZO?69 25 . N622 131 .o4niU0 114#4.497i1 Z3.029 1S
23 Lin-3.9O0D0 1144..4V731 9 402t2si ia65.5ouoo 14Z.59 41. 6). 2w:01
26 17Ad.7.UUOU L4!32.6168 Z99.80217 1-1.105 1&

26 ~u.2(UO) 4520960 154.3 UZ12 9.4d6O5
2-1 I-s~.>ou 1--,Zd~a8 -56..391&iu -4.03052?
28 86 2WU 0258169 -139.6LI69 -15.'91031

29 9u9..Lo000 iO25..i I 69 -116.21169 :L2.77J613
31 V16.30000 LU25.01169 -109.51169 L11.95151

31 816.60000 1026.61169 -2u9..311690
S bu.OJOOUO Iuz!)6.1169 --445.o1169 f6blR

33 1131.UOuOO 1bob .I1 t 35z8'6 3.06151X
.34 ibw3.7uuuo 1blB .1 lJ39 -74M -4. !A1382
35 15ti't.suv00 lbib.17h39 -13%). 31 t.$9 --a434

3o 92.60000 1618.17839 -385.57539 .026

17 W117.20000 libb.17839 -660.97839 -64.96018
36 q>.!ou~o 101.299t -4.7191 -4-639'51

39 9ibk booo) 1010 ZV19 ~ - ~ .861-6 1

41 60Y.5UOUI) L010.29191 -342.719 91 -6.354ý9
42 61b.30004) Lfju.Z9A91 -31999 -63.398 4
%.3 s-*.9:0 u00J LUIU.49191 -461b ..291,91 -84 1
45 b44's.n600(M 470.22243 3166.277r7 6.28H973~
46 3336.9LU00(1 4790.Z2223 -1453.32;'23 -43. 7
41 3$317.2000 L#73.a0690 1943.394.10
4u ",L2.9d)uvo 134.8Bu590 6!53.09410t .'atF

,* 21.b1000m 1313.aUU5jO 13 7e-.69A,10 49.9a34
50 1982'.10000c 16tbeuUe66 4z0.8171 5 z.21739

51 l8u.7~uuW 1662.uda!ls zzu.bl17It 12.30O
52 1534.t0000Q 1562.02285 -327.2220 -A
53 12.$6.200001 156w.u ~285 -$5625
54 11dth.s5000 UtP4 Mai30. 322.18198 27. 1534
55 1 172.ksU000 t*64.3la02 b~0:u~ 00
56 9ioG.40000' 66b4.31802 .8,14azb ~ :14014
S? y7 'i 5 ý e .du ou 8I4.316Ul 50.88198 5.55966
58 4363 .!0UU0G J64.31o4u -u.bjaO2.

59 174ft HOW .46
60 1619. 00 f'11ut 61oe66 -- il
62 1S32.40000 807-d0336 74i.196.64 47. 2

AVLR AGE ý4 OLVIAl IUN IS ýlI.31.194"

1AJKR1N-WAlsmSIN~A1IS,11I.. IS 1-3169)z
WUN NkUMANN'9S RAYIO IS 1.33760
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This equation also results in major differences from many of the test data

points, and is not recommended for design use. It is, however,

significantly better than using Miles' equation. It may be used as a

design guide for irregularly shaped structures for which there are no

simple dimensions such as b, t and R; but for which computed static

strains and frequencies are available.

A regression analysis was performed, combining c and f with b, t and R as
0

independent variables. However, the results were no better than using

only b, t and R.

Effects of Nonlinear Structural Response

"The regression analyses described thus far have all used as theI. dependent variable. This imposes the assumption of linear response.

However, although some panels show linear response, there was a general

tendency for strains to not quite increase linearly with sound pressure

level. This does not necessarily mean that the structural reponse is

truly nonlineai . Several test panels had back-to-back strain gauges
installed, and none detected any in-planc (membrane) strains. There are,

however, aigcctS ý)f ronic fatigue testing that can give the appearance of

nonlinearity, such as "clipping" at high sound -ressur-ý levels, overall

ic-e ent; fixture motion whici may hot be fully responsive 'o changing

sound preksure levels. Fo;- thei. reasons, 0-ld Lecduse the degree of

r.'li•,carity was not excessive, the design method proposed in Section IV.5

is based on linear response. However, in order to provide quantitative
r information on the deg;ýee of nonlinearity, and thereby make an alternative

design equalion for those who may with to use it, a regression analysis

was performed with overall sound pre'-irc >,2ve' as ..n ind,,pndent

, variable. It shouli be -'mecmbered L'iitA some of the lk.ss stiff panels were

not tested at the high sound pri.,::ure level, theit the stiffer panels were
.!') 'i subjected to), and ar. a resul,;, theore w~ill be a s:light bias ;n the

regression equatinn. TKb biash, h wil be small. Tne following

•• ,uati-n was obtained:
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Log c = 0.3528 + 1.0458 Log b-l.1241 Log t (23)

+ 0.4994 Log R + 0.873 Log (SPL x 10

(SPL was entered times 103 in order to keep its value

above unity and prevent the logarithm froi, :hanging sign)

This equation had an average accuracy of 22 percent, slightly better than

the equation selected for the design nomograph. The residuals are shown

in Table 38. Table 39 shows the corresponding correlation matrix and

statistics for the above equation. A comparison between Tables 35 and 38

show the nonlinear regression to have significantly lower residuals.

Comparing the cross-correlation matrices for the linear and nonlinear

regressions (Tables 33 and 39) shows much lower correlation between Erms

and the panel dimensions (b, t and R) than beLween "Is) and the same

panel aimensions. This would indicate tLhat there was significant

correlation between SPL and the panel dimensions. The correlation matrix

in Table 39 bows significant correlation between t, R and SPL. In fact,

t and P show higher correlation with SPL than with Ms This lack of

independence between the "independent" variables is called multi-

collinearity, and is a condition of deficient data. The presence of

nmulticollinearity does not necessarily invalidate the regression, but it

A is a signal for caution. Performing comparative calculations using the

linear and nonlinear equations indicated that the degree of multi-

collinearity was not excessive. in order to illustrate the degree of

nonlinearity, the change in strain due to 6 dB increase in sound pressure

level was founid to baý times 1.83. The linear equation would produce a
ratio of times 2-

I'I
It should be pointed out that the nonlinear equation is the most accurate

representation of the test data in this program, and may be quite

acceptable for design use. However, since the degree of nonlinearity was

not high, and ?n the interests of some conservatism, the linear equation

was used to develop the design nomograph in Section IV.5.
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TABLE 38

TABLE OF RESIDUALS FOR NONLINEAR REGRESSION

TARlLF OF PESID)UAL4ýŽ

CASE No. Y VALUE Y ES7ImATF ME S T MI A IDvATO
1 101 69.6649? ,9FVJATION

P 7 nono bLý.500 1 P tie I S.A*724

9- 1; .70 no i4. 3. utb5L, 1;4. narn4r 17 -Q31
6 *3.son~oO 4 1. e..92 7 lOpi 3 ,1

7 sib.9floon Ins6623n :;Nif a
1 : hf cl11

in ý74.7nAflf Ju7.13b9i'l n
U1 A?71lflfonn ')U'.IJ43nf -A4*n-k~io V9.'PAhl3

* ~13 -4 v - n ri n o .. ~3 If4AA~ ;IlkP I
14 4 b. SO n n nf 79m:1694-4 31:P0 6

I S 7/.Atinlfo o i a J4b458 -0 6rn W?43
16 1 C.3. 40on n e .. 49669 -A1. 791k69 1113

17 ?4.flO -4000 *b be3 44 -
17 7 -1 7PA 7A140

JQ .9noilO uht49'-3 14.1AA41V 762?P225

71 r 0 noflI) I~ i HIt iIs3 Q 6 A 3A 5 . kA b4 5
?? 4 n 0 1 n nn n 3U7.SU873 q 2. 41 31? 2414u

P39O 0nO 0.ee~3`4 A7.VVAI Yii 4.A641j
Ps ~ irnnn t)47.300n S;A.1700

P6 Aot-Cnnro 37AdIe69fA pqP5I 19 IAT14
P7 7?u.#flflOO0 c~ech qM*17j1% 13 A437Q

;A ?).7npoof 31,tIUQ44 :-A.2rfl4eai

in A41nl e~ 6. .S?#,4 .. 2.1137PAL 311 0

3? 1A8.?flloO Z~b~eeb I -67.0P44fi ;~9.A441 0

-47 2Q'*1 nonna Itoy. 4444O 4 3.&41;4 -71 pjQ
on n.frO n*Ao& 0 ).114)757M j

A4 A30 (IfInofl 3IS d u-b 57 3- 0-.4-11
A 7 179- In non I7, 1. DfaSO Q -41 3.AAOAQ36

44 Iihb,4nnno I Wt ' I 4 : It3I ',.IIskn2 ,9

46 jf7.5nnno0 it-. % I7Q -AI .T 177Q
7 b 0003, dukSaO 1(.ih# I1.?nAAA 4-53.AA~

54A 1 nn AL.701100 4'.7 :4% 11.,447& 256
49 ?r,.70000 .4flsaU 3 .op.075 9 11
56; 9c~',n0 no0 1~4.-1 4 I1, 1. A&rI IL v'o-46,IA

1 ? ,no292 1.b 6 11 3 -If . ,In; -3 . AS-

%4 Ak.7n00 40 (.. . e3$ 1 S. ;& t.488

96 WA.OO~f 1~e.jts3 A LIC;

6? 444.6no0tiLp 0 eId%'8 ;3.6701% 10

DU' f) N-WATS-ON S;TATTr.Yyr 7r, 0.~AA 7 7

j ~ - NF110AN195 047yn tc, 0P3fl1
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TABLE 39

REGRESSION ANAL.YSIS RESULTS FOR NONLINEAR REGRESSION

r.r~rwWFi &TTON ,AAIHTX
b t R SPL. mis

Dow I
i.irooUo n.23991~ -Q0i44Jgf -6.03740 fl.1410Q

n.1U. (I.'84fA LU UOUO -fl*?ofln n~n?%ý7
iPOW 4

-n~fn174y A.IM7?1 -i~UgjlI 1.0On~o fl*,QV7ý

O .j4-f
1 o()M(IA 0 ?k oueLqf,7 tj*7Qn7r 1,nnoon
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Regression analyses were also performed on the test frequencies and the

static strains computed from the finite-element models; against the panel

dimensions b, t and R. It was originally hoped that simplified regression

equations could be developed for frequencies and static strains, which in

turn could be used as inputs to a regression equation for rms strain.

However, the regression equation for rmis strain which utilized frequencies

and static strains as inputs was not particularly accurate. In addition,

it was not possible to obtain a satisfactory regression equation for

static strains on the curved panels. For the flat panels only, however, a

regression equation between the computed static strains and the panel

dimensions produced an equation with an average accuracy of 5 percent:

10 (92 1 )( 1 .4 10 5 b)

( 10 18)t

Regression analysis on the test frequencies against the panel dimensions

gave satisfactory results, but since the existing AGARD nomograph also

gave satisfactory results, there was no point in using a regression
equation in the design method.

4. DESIGN EQUATIONS

Before proceeding with the final design method, it seems useful to

fully describe the regression equation used, and to present those

alternatives that are /lable.

Ar •The basic design method utilizes overall sound pressure levels rather than

spectrum levels as applied loads. Consequently, it is not necessary to

determine the natural frequency in order to determine rms strain.
SResponse frequency estimates, however, are required in order to estimate

fatigue lives.
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a. Calculation of RMS Strains Acceptable equations developed in

Section IV.3 follow:

(i) Equation for rms strain, used to develop the design
nomograph in Section IV.5 is:

Lo rms = 3.080614 + 1.104533 Log b (20)Log rnSP(20

381 -1.206903 Log (10 3.t) + 0.551923 Log R

where Erms is in microinches/inch

SPL is in lb/in2

b is in inches

t is in inches

R is in inches

and where R = 150 inches for a flat panel, i.e., for
150 < R < , use 150.

NOTE: (1) Because the equation is in Log:Log form, six
significant figures are required in order to
maintain reasonable accuracy.

(2) This equation assumes linear response, i.e.,

6 dB represents a doubling of strain.

(3) Strain levels were quoted rather than stress

levels in order to allow elastic modulus

values for alternative skin laminates to be
If used in determining stress levels.

(4) All logarithms are to the base 10.

4
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This equation may be written in the form:

(8.3234 x 10-0) 10 (SPLi20) bI 1 0 4 5 R0 5 5 1 9  (25)
rilS ti. 2 0 6 9

where SPL is in decibels (dB).

(ii) Nonlinear Response Equation (from equation 23):

r 1.394, x 1 00��-P) b1" 0 4 5 8 0.0'4994 1004365.SPL

Srns =ti. 1 2 4 1
!t

where the variables are defined as in (i) dbove.

NOTE: This equation is slightly more accurate than (i),

but may be slightly unconservative at very high

sound pressure levels

Effects of Aspect Ratio

In this program, the long side of the individual bays was kept constant at

12 inches. The short side varied from 4-inches to 8-inches, thus the

aspect ratio varied from 1.5 to 3. In order to include the effects of

varying aspect ratio, the stress nomograph in Reference 5 was used. RMS

stresses for various aspect ratios were calculated, and the ratio effects

applied to the strains calculated in this program. Within the levels of

accuracy of the AGARD stress nomograph, and also considering the
al accuracies of the regression equations; there were no significant changes

in strain response at aspect ratios above 1.5. Based on the combined

effects of aspect ratio on static strains and frequencies, the dynamic

4 strains at a/b = 1.5 and a/b = are within approximately 5 percent of

each other. Consequently, the design nonograph was constructed assuming a
h common response for all aspect ratios above 1.5. Aspect ratio lines for
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a/b 1.2 and 1.0 were thun superimposed based on stress ratios determined

from the AGARD rms stress nomograph.

Effects of J Stiffeners

The static analysis showed that J stiffeners resulted in significantly
lower edge strains, compared to using Z stiffeners. The ratio of J to Z

being 0.71. The measured data gave a corresponding ratio of 0.7 to 0.8

for configuration b. Configuration c did not show any strain reduction

due to the J stiffeners, but it did show a major increase in fatigue life.

Based on these observations, it is recommended that the calculated strains

in this design method be factored by 0.8 when using J stiffeners. This is

believed to be a slightly conservative factor.

b. Calculation of Natural Frequencies - Reference 5 was used to

calculate the fundamental fully-fixed panel frequencies. The equations

and nomograph are included in Section !V.5.

This method was derived for typical metals, and assumes typical values for

elastic modulus (E) and material density (p). It is necessary to modify

these values when using composite materials. Graphite/expoxy laminates

have a density of 0.055 lb/in3 . The elastic modulus varies with ply

S ' orientation. In this program, elastic modulus values are given in

"Tables 2 through 6.

Reference 8 is recommended for use if stiffener properties are to be used,

rather than assuming fully..fixed edges. For flat panels only, Reference 5

contains a simplified ,ethod based nn Reference 8. However, both the flat

and curved panel equations in Reference 8 lend themselves to programming

on modern desk top computers.
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5. DESIGN METHOD

This section contains a semi-empirical method for estimating rms

strains and natural frequencies for curved and flat graphite-epoxy skin-

stringer panels, in order to predict their sonic fatigue lives. A random

rms strain versus cycles to failure curve is presented for bonded skin-

stiffener joints. A worked example is also presented.

The design equation and corresponding nomograph for rms strain was based

on Z stiffeners. However, they can be readily factored to allow for the

use of J stiffeners.

a. Estimation of RMS Strain - The RMS strain nomograph is shown

in Figure 64. It is based on equation 25 from Paragraph IV.4.a:

(8.3234 x 1-10) 1 0 (SPL/20) b" 0 4 5 R0 5 5 1 9 25)
rms 1.2069

where C = Maximum rms straio at panel edge due to random
rms acoustic loading (10- in/in)

SPL = Overall sound pressure level (dB)

a = Panel length, between longerons (inches)
b = Panel width, between stringers (inches)

t = Skin laminate thickness (inches) (also given on nomograph

as number of plies)

R = Radius of curvature in "b" direction (inches).

R = 150 in. is the maximum value to be used in the

response equation, and is valid for flat panels and

all R O150 in.

Equation is valid for a/b >-1.5.

For a/b = 1.2, factor equation by x 0.849.

For a/b = 1.0, factor equation by x 0.744.

14177
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b. Estimation of Fully-Fixed Natural Frequency

From Reference 5,

f = V.K. (27)
b 2

where f = frequency of fundamental fully-fixed natural frequency (Hz).

V = (E /p)I/ 2/200,000 (28)
y

where E is the elastic modulus in the "y" direction, i.e.,
y 2

"b" direction (lb/in ). Obtained from Tables 2

thrGugh 6 for laminates used in this program. For other

laminates, Reference 12 may be used.

r= density of skin laminate. If expressed in units of

lb/in , it must be divided by 386.4. For graphite-

epoxy laminates,

/0055\= oo__

K is obtained from Figure 65 for given b, t and R.

b,t and R are defined as in Paragraph IV.5.a, except

that true values are lo be used ior all R, including
(;for flatpaes

c. Estimation of Fatigue Life - Estimated sonic fatigue life is

4obtained by reading number of cycles to failure (N) from Figure 66 for rms

strain (E-r 5 ) calculated in Paragraph IV.5.a. The number of cycles to

failure is converted to life in hours by the relationship N

,ii 179
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Figure 65. Natural Frequency Nomograph for Panel with Fixed Edges (Reference 5)
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d. Calculation Procedure

(1) Estimate rms strain (•rms) from Figure 64 or from

equation 25, for given SPL (dB), b, t and R. (For flat

panels and other R > 150, put R = 150-in.).

If J stiffeners are used, multiply Erms by 0.8.

(2) Calculate V from equation 28.

(3) Estimate K from Figure 65 for given b, t and R. Use

R for flat panels.

(4) Calculate frequency (f) from equation 27.

(5) Estimate number of cycles to failure (N) from Figure 66

for estimated erms from (1).

(6) Convert cycles to failure to fatigue life in hours, using

calculated frequency from (4).

e. Worked Example - A curved panel is made Lip from an 8 ply skin

laminate, having a ply orientation of (0,+ 4;5, 90)s, which corresponds to

. t .044 in. and Ey = 6.7 x 106 lb/in. 2 . The panel has Z section

stiffeners, with bay dimensions of a = 12 in. and b = 8 in. The radius of

curvature is 60 in. The overall sound pressure level is 165 dB.

4 (i) From Figure 64, the corresponding rmf. strain crms 615

¶ microinches/inch.) ii'
(ii) V (E /0)/2/200,000, P . 000142

y 386.4

1oO426 /200,000 1.0861
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(iii) In order to determine K from Figure E5, first calculdte:

12 1
a/b = T 1.5

b 82 24Rt -('60)(.024) 2

From Figure 65, K 0.68 x 106

(iv) From equation 27:

IK t
f =V..

¶ f (1.0861)(0.68 x 106)(.044)

=508 Hz

(v) From Figure 66,

Cycles to failure N = 8 x 105

for crms= 615.

iN
(vi) Fatigue life N

3/:00 f

0.44 hours

NOTE: The estimated rms strain of 615 P in./in. corresponds to

a measured value of 595 p in'./in. The estimated

Frequency of 508 '1z corresponds to a measurd. value of

"350 Hz.

f. Fan Noise as Acoustic Load - The design method presented here

utilizes the overall sound pressure level as the design load. While this

is adequate for the broad-band spectra that typify jet exhaust noise, it

,#. does not automatically lend itself to designing for the inlet and fan exit

i83
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acoustic spectra that occur due to fan noise on high bypass ratio engines.

These spectra often have overall sound pressure levels that are dominated

by very high acoustic spectrum levels occurring at the blade passage

frequency and some of its harmonics. Since the blade passage frequency

(typically 2-4 KHz) is usually well above the frequency range of interest

for structural reponse (typically 50-1,000 Hz), including it in the

overall sound pressure level to be used in this design method may result

in overly conservative designs. In order to deal with this type of

acoustic load it is necessary to eliminate these high frequency peaks, and

develop an estimate for the overall sound pressure level from

50 Hz-1,000 Hz. This can be accomplished in one of the following ways.

(1) If the actual measured acoustic data are dvailable (e.g., on magnetic

tape), reanalyze the data to measure the overall sound pressure level with

a 1,000 Hz cutoff filter applied. (2) If only the acoustic spectrum plot

is available, then sum together in sequence all the significant peaks

between 50 Hz and 1,000 Hz in the following way:

If the difference (in d3) between two peaks is (any bandwidth):

0 1 2 3 4 5 6 7 8 9 10>10
then add to
the largerpeak (dB) 3 2.5 2.1 1.8 1 1.2 1.0 0.8 0.6 0.5 0.41 0

Example: If there were four peaks with the following levels (dB):

140, 134, 1.39 and 139, theni..,. \ /\ /1
difference = 6 dB difference :- 0 dB
add 140 + 1.0 then add 139 + 3
= 141dB : 142 dB

difference + 1 dB
add 142 + 2.5

144.5 dB

This 144.5 dB is the overall sound pressure level to be used

4 as the design load.
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6. DESIGN METHOD COMPARISONS

Graphite-epoxy skin-stringer structures, of the type evaluated in this

program, are primarily in competition with similarly configured aluminum

structures for application on both military and civil aircraft.

Cost/weight tradeoffs between graphite and aluminum structures having

comparable sonic fatigue resistance are, therefore, of interest to

potential users of the design method in Section IV.5. In order to pt-vide

an estimate of the sonic fatigue resistance of graphite relative to

aluminum, comparisons were made between the method in Section IV.5 and

those in References 2 and 5. One difficulty in making these direct
comparisons is that References 2 and 5 utilize acoustic spectrum levels,

whereas Section IV.5 here utilizes overall sound pressure levels. In
order to overcome this, a typical broad band sonic fatigue design load

spectrum was used which had an overall sound pressure level of 157 dB and

a corresponding acoustic spectrum level of 132 dB/Hz in the frequency

range of interest. This 25 dB difference between overall and spectrum

levels is compatible with the acoustic load in this program.

The following example problem was used for comparison:

7
Required life = 10 cycles (using the -50% confidence level

from Reference 2).

b=8

a/b =2

f .02

Calculate required skin thicknesses.
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The following results were obtained:
Reference 2 - Riveted Aluminum Skin-Stringer: t = .05-in.

Reference 5 - Riveted Aluminum Skin-Stringer: t " .076-in.

Section IV.5 - Bonded Graphite Skin-Stringer: t = .041-in.

Paragraph IV.4.a. - Using the nonlinear

response equation: t = .037-in.

Comparisons of sonic fatigue resistance using References 2 and 5 yield

similar results for some configurations and very different results for
others. Where differences ao occur, Reference 5 is the more conservative.

Since the density of graphite is approximately halF that of aluminum, the

potential weight saving of graphite over aluminum for equivalent sonic
fatigue resistance is significantly large. Comparing values generated in
this program with those in Reference 2, the weight of graphite is slightly

less than half that of the equivalent aluminum structure.

8186
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SECTION V

* ICONCLUSIONS

A satisfactory sonic fatigue design method was developed for curved and

flat graphite-epoxy skin-stringer panels. The design method is presented

as a self-contained section suitable for application to aircraft

structural design. Design trade-offs with aluminum structures indicated

that graphite offers a 2:1 weight saving over aluminum, for comparable

sonic fatigue resistance.

Analytical results indicated that ply stacking order may have an effect on

sonic fatigue life. However, the effects were not quantified sufficiently

to facilitate the inclusion of this variable in the design method. This

is an area requiring further work.

The finite-element analyses gave good static strain distributions for the

test panel configurations. These computed strains displayed high

statistical correlation with measured dynamic strains. Element grid size

was found to be critically important at panel edges. Representing panel

stiffeners a, plates in three-dimensional models resulted in more accurate
computed strains than when representing stiffeners as beams in two-

dimensional models.

The finite-element analyses did not result in satisfactory frequency

estimates for all the t, st panel configurations. On the stiffer panels,

mode shapes were dominated by motion of the substructure, resulting in low
i itfrequency estimates. Test data contradicted this response behavior. The

187
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best analytical comparisons with measured frequencies were obtained using

simple frequency calculations assuming fully-fixed edges.

Adhesive bonding problems encountered during the early stages of test

specimen fabrication demonstrated the importance of assuring good bond and

laminate quality prior to fabricating expensivu sonic fatigue test panels.

Shaker testing of small coupons was found to be an excellent method of

j• .evaluating specimen quality. The modes of failure during shaker testing

shiwed good correlation with progressive-wave tube failures.

The sonic fatigue data obtained during the progressive-wave tube tests

showed good correlation witn variations in panel configuration parmneters.

The data also displayed some inconsistencies, characteristic of sonic

fatigue testing. Sonic fatigue failures were generally observed to occur

over long periods of time, often over several million cycles. The first

signs of fatigue damage were fractured skin laminate fibers in the

stiffener-skin joint areas. Isolated fiber failures would continue to

occur until the extent of the skin damage resulted in separation from the

stiffeners. This type of slow progressive failure presents problems in

defining time to failure. The mode of sonic fatigue failure was

indicative of good quality structural panels. The fatigue lives of bonded

and riveted joints were compared. Riveted joints displayed slower rates of

progressive damage.

Slight variations in ply orientation did not appear to affect panel

response or fatigue life. However, it is expected that major variations

in ply orientation would have significant effects.

J stiffeners were observed to result in significantly longer fatigue lives

than did Z stiffeners.

Panel responses showed some degree of nonlinearity, however, back-to-back

strain measurement did not reveal any membrane strains.

I
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Multiple stepwise regression analysis, relating rms strains to panel

configuration parameters, provided the basis for the recommended design

method. Miles' equation dI not show good correlation with the test data.

Linear and nonlinear equations were developed to predict panel response.

Lmphasis was placed on the importance of critically reviewing the test

data prior to regression analysis. The potential hazards of using

regression analysis were discussed in some detail. A design nomograph to

predict rms strains was constructed and presented as part of a sonic fatigue

design method. A worked example was also presented.
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APPENDIX A

FINITE ELEMENT MODELS AND RESULTS

Figures A-i through A-32 are computer generated plots of the following:

* Finite element models used in the static and dynamic analyses

e Static deflections and stresses for panels b, d and f

4, Mode shapes for panels b and f

I.
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Figure A-2. Finite Element Model of 3 x 3, Center Panel -Flat
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IFigure A-3. Finite Element Model of 6 x 3 Center Panel Flat

Figure A-4. Finite Element Model of 3 x 3 Center Panel
(Radius of Curvature =30 In.)
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Figure A-5. Finite Element Model of 6 x 3 Center Panel
(Radius of Curvature 60 In.)

t A

Figure A-6. Finite Element Model
of 4 x 3 Center Panel

(Radius of Curvature 90 In.)
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Figure A-7. Static Deformation for Configuration b

SYMBOL VALUE (IN.)
7I 1. -7?OF-(Pi

14 1.0%713F-) IF

7 .,-,fl 07F -01

140/79 AX--DEF. 0 0. 233'41999
--D I5PL.AC1ENT MLOT

~~1 3! 1 4 p n-,-i-

,11 j; j!

i•Figure A-8. Z-Displacemnent for Configuration b

A-5

I... . L... ..... ,' ... . . .. . . . . • L ' _ ' = :.. . . . . .



SYMBOL VALUE (PSI)
" " 

1 - 1 .4• 2 e 6, 1F ÷ 0 4

3 :, -7.557261c*ro3
b -. ,1 4277F40

3

6 :-3.U71 ,E --
7 d i*-,060 +1°

ylslkO 9 1•L 91R65 E + t3

A-6

"A -". .

-...-.- .,

• ,~

h-i

I

i Figure PA-g. Normal Stress (Y) for Configuration b

S~A-6

. @'A0S

L.. "!I



SYMBOL VALUE (PSI)
1 -1 * .1 "4PI+ r-

C- -•),'+ r il-

~~~~t 0 J + • u, it+1
,++

1/10.79 +SR-DEF. C. 23L. 1 9

.ANORMHL STKESS rLOT 1 -.. +,• +- 1)|

XT? 
F-11 F- F.

I. I + '

i .... ..... .

oil

.J:

Figure A-1O. Normal Stress (x) for Configuration b

4, A-7

,. ',& s - - 4---- - -L -



Figure A-11. Static Deformation for Configuration d
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Figure A-13. Normal Stress (y) for Configuration d
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Figure A-15. Static Deformation for Configuration f
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Figure A-16. Z-Displacement for Configuration f
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Figure A-.19. Flat 3 x 3 Finite Element Model for Dynamic Analysis
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Figure A-20. Flat 4 x 3 Finite _lement Model for Dynamic Analysis
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Figure A-21. FCat 6 x 3 Finite Element Mod el for Dynamic Analysis
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• Figure A-22. Curved (R=30) 3 x 3 Finite Element Model for Dynamic Analysi
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Figure A-23. Curved (R=30) 4 x 3 Finite Element Model for Dynamic Analysis
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IiFigure A-24. Curved (R=60) 6 x 3 Finite Element Model for Dynamic Analysis
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IFigure A-25. First (Fundamental) Harmonic for Panel b (fj 171 Hz)
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Figure A-27. Third Harmonic for Panel b (f7 = 189 Hz)
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I' ~ ~Figure A-29. FiSte(Fndaetl Harmonic for Panel f (f 1 =463 Hz)
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APPENDIX B

ENGINEERING DRAWINGS OF TlE:T STRUCTURES

Figures B-i through B-3 are engineering drawings for the sonic fatigue

test panels and the shaker test specimens. The test panel drawings show

strain gauge locations and their corresponding nun'iers. Hercules 3501

graphite/epoxy system was used for the laminates. Stiffener-skin bonds

utilized the 3M AF147 adhesive.

!I

.4'

S:' B-1

,- L.



._• * '..-.

II-l A. I

+_ _ _ _ _ _ H2 1 , 1--- + -.

4 4

1r7

4--0

#" bI~

-II" ._ " ',I'30 ',44 3+

sicI. ----

-_ Figure B-1Faigu Tes-Paels(Shet o -3)
+ +

ILE

SECTION 1]
SCAL& #/I

Figure B-1. Fatigue Test Panels (Sheet 1 of 3)

B-2



mt.SULA7- tmrf4p rooM ALum w',(

I7117 1LAScxr

I4 SO 
A M

kliiT

f X.

A SE-IONC• . SCALE I 1/
A,•S I IN G/R

TPlTANIM. CLIv .-

(ryP) (rrNE )

x
PF AMF_
MAATE F•CM
ANrN 10137- 2'o 008

Ti_-. PANELS

&4rý Us CRI 00 ~TA POV RC FVJ S0M A6Mt
SECTION A-A - ___.

SCALE !! a 9 I (,!)o, ( ,,> . .033 3 .0) ,b 3A3 8 g (o 044sg +410:

c~ C . 3 (0,, t +~ 4 .052
d 3. 8 12 (0tl-6 Go 079

,6.3 -4 S(0, 14 5,wo.+4I___*

I 'I -- "' "

* /GRIEP TAPE
f 6AJE! v tQ'c(M-)

Figure B-1. Fatigue Test Panels (Sheet 1 of 3) - Continued

f € iB-3

X



Ws acp- -1. 00-------

4.

S74

TI _I I' ~l

S_<• --__•• -- -- -

pis"I I-

dI

- - I-

!A

;11!

+4

6-QJ~ /Cp SL. w k.044 NIF

Coat SKIRJ (!.L( TABOE)

S. 1 B-4

SV. k

J & |



L 262

LZp

F/GptASS .

CLOYH

CAP (.066 AEF) , - -. 044&£F)

12 PLIES UNIDIECTIONAL

GR/EP

LOO

CORE

I. .ooSECTION~ C -Co
CCALE I/1

- 241 so

TEST PANFL

M6AC E FROMML~ ~ S IN 4
A NO.A 103- 2 0M P~UEL OP SPA4CIAir

~iN,?J3ZOg 4Y5 (4EF) PUEs 1~4~~ 0*kpTL* Fa
ALc'M. XroUS$ON

t ne .. 044

J0

Sgc-'ION A -A QT/E TAPE
SCALE X2

Figure B-I. Fatigue Test Panels (Sheet 2 of 3) Continued

B-5



+-

A-0

SkIN

_• _ 
Z.____.________"

7, -___, 
-.-_ _ . . .. .. . ... ._..r .

•=- -=-= ______ • • --- __ • 
= -__•

.o44R&P --.-S.o A• / •P :~~C Io . L - - - -.. . . .

IL 1  • j II - . A 4  ( W E - T A )

S 4'A L& I I/

I '
4 Figure B-I. Fatigue Test Pdnels (Sheet 3 of 3)

B3-6



OE/ILP

s~o JR7

SCALE 1/

TftANIUA Cud~ (STRIN~CE)
NOWL FAtt 1 Let2

x
FRA m
MAKE F.Rom
AND 10137-ZOOR
ALUWIVLM EX'rg.VoS/0I

TEST PAAJELS

AW O'F R 0I'i --- I - w __f-

Ti 1oN AA __Y VA i 'P'WMt I~P(F- Puts Lv!Msrwrvi&lf; R

(M 43 804 (!4Ss)fEF .052 go

o1 4,3 G 12 tO45),.5(X( 6 (t4j)REFo?0.L!90
~..~31.. ib90)s 0 O.3 (!4.5 Er-,& DO

Figure B-i. Fatigue Test Panels (Sheet 3 of 3) - Concluded

B.



4-..

L4L

-I Li LK ~~
.40

U-

A0

T If

bj
-J .- -3

B-8



0w

40-0-

KIN

r)L&

Figur B-3. ______ _ TestSpecmens(Shet_1_f_3

2V£TIFFlA'L (M.M o ,r4'LL I

TYPE A A 1

Q) STRI"-,IN, ,•q"(GE • -• $L L_.A/iONS_

. 1
• , Figure B-3. Shdker Test Specimens (Sheet 1 of 3)

V
4-"" B-9 II I



10.00 --

0* - 2.10

4 Pt~ca~
MS2O"JSMS RINF-r
*~STALL AA196o-C4 wAsmER
uwuiE MF& W4AD .9 ~•LOW /LAb

9 PtIEO VI',IRCCTICWAL 11 __

.044 REP. 6R/VP * -+ r ---- __

12 R

-5.OO-

TYPE 8

SHAVER SPCC/MVJ-5 ______

__A 15 _~ (o (0 4S), an~ 3@0)0#0.05

2 A la (qt45,o)S -044 4 (±45)h 0o52

3 A 10 o4 4).444 (4Rp.052-

S! 5 l, II
12 (0 6 8 J( ),~.O4 (±4,d)fA, .0,7,

- 0 -- !4,3ý. .04 NOTL AFA8iABI

- ARE TA PE- - 30 AS

Figure B-3. Shaker Test Specimens (Sheet 2 of 3)

B-10



10.00-

-A

---- "--- •.oo

eaP UIs•,DIQ£C17OsJALu=•'==• _JF • ,

eOW.o• GREp aiill,~l- a

SKIN

TYPE C

Figure B-3. Shaker Test Specimens (Sheet 3 of 3)

B-li

L. 1-!



APPENDIX C

TEST DATA USED IN THE DEVELOPMENT OF THE DESIGN METHOD

This section contains acoustic and strain spectra and associated overall

rms levels that are pertinent to the development of the design method.

Figures C-i through C-7 show microphone spectra for a sine sweep and for

each test acoustic load level. Figures C-8 through C-1I01 show strain

spectra and their corresponding overall rms strain levels for strain

gauge number 10 (located at the center of, and normal to, the longest

side of the center bay - see Figure B-i). Spectra are shown for sine

sweeps and broadband random acoustic loading from 140 dB up to (in most

cases) 165 dB in 5 dB increments for the following panel configurations:

al, b2, d, f2, g2, h, i, j, k1, 1, n, o, p, q, r and s.

All spectra have an effective filter bandwidth of 2.16 Hz with an

aliasing filter cutoff of 960 Hz. Twenty-second samples were used for

all spectral analysis.
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PANEL CONFIGURATION: al
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: al
TRANSDUCER: G1G
OVERALL R.M.S. LEVEL: 1O1.7fie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: al
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 16l.11je
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 d1B
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PANEL CONFIGURATION: al

OVERALL R.M.S. LEVEL: 224.7o~e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: al
TRANSDUCER: GlO
OVERALL R.M.S. LEVEL: 410.8pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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PANEL CONFIGURATION: b2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL.
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: b2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 77.3wle
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: b2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 147 .1lvi,
INPUT SPECTRUM: RANDOM
INPUT LEVEI 145 dB
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PANEL CONFIGURATION: b2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 266.8lje
INPUT SPECTRUM: RANDOM

*INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: b2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL, 357.7iic

INPUT LEVEL: 1b5 dB
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PANEL CONFIGURATION: d
TRANSDUCER: GIG
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: d2
'ITRANSDUCER: G10

OVERALL R.M.S. LEVEL: 3 3 .5) e
INPUT SPECTRUM RANDOM
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Figure C-19. Strain Spectrum for Panel d

2-20

0I L&f



PANEL CONFIGURATION: d
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 56.9 ii
I NPU7 SPECTRUM: RANDOMpINPUT LEVEL: 145 dB
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PANEL CONFIGURATION: d

TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 101 .Oije
INPUT SPECTRUM. RANDOM

INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: d
TRANSDUCER: G10
OVERALL. R.M.S. LEVEL: 174.1~
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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Figure C-22. Strain Spectrum for Panel d
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PANEL CONF IGURAT ION: d
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 2 74.2 p
INPUT SPECTRUM: RANDOM
INPUT LEVEL.: 160 dB
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NO
PANEL CONFIGURATION: f2
TRANSDUCER: G1O
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: f2

TRANSDUCER: GIO

OVERALL R.M.S. LEVEL: 22.3pe

INPUT SPECTRUM: RANDOM
iNPUT LEVEL: 140 dB
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PANEL CONFIGURATION: f2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 30.O110
INPUT SPECTRUM RANDOM
INIPUT LEVEL: 145 dB
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PANEL CONFIGURATION: f2
TRANSDUCER: G1O

OVERALL R.M.S. LEVEL: 48.511V

INPUT SPECTRUM. RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGU RATION: f2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 77.6pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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Figure C-28. Strain Spectrum far Panel f2
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PANEL CONFIGURATION: 12
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 153.6pne
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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PANE L CON F I GURAT!ON: Q2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 2 4 7 .4 1,e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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Figure C-30. Strain Spectrum for Panel f2
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PANEL CONFIGURATION: g2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: g2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 61.Ojw
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: g2
'TRANSDUCER' G10

OVERALL R.M.S. LEVEL: 92,9 pe

INPUT SPECTRUM: RANDOM
INPUT LEVE L: 145 dB
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PANE L CON F IGU RAT ION: g2
"rHANSDUCER: G10
OVERALL R.M.S. LEVEL: 151.Ape
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: g2
TRANSDUCER: GIO

OVERALL R.M.S. LEVEL: 250.Ou e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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PFigure C-35. Strain Spectrum for Pav1e1 g2

C- 36

4 UtlM



PANEL CONFIGURATION: 2
TRANSDUCER: j10
OVERALL R.M.S. LEVEL: 400. 1Ibe
INPUT SPECTRUM: RANDOM

INPUT LEVEL: 160 dB
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PANEL CONFIGURATION: g2
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 595.4 p e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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Figure C-37. Strain Spectrum for Panel g2
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PANEL CONFIGURATION: h
TRANSDUCER: 610
OVERALL R.M.S, LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: h
TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 54.111ce
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: h
TRANSDUCER: Gl0
OVERALL R.M.S. LEVEL: 101.1 lit?
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION: h
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 150.2 P e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB

~U

.. r... f.. . .......... ,....I I

:1... ... V .. .

..j.:......rii...
................... 7'

I.

ii i j
.4......

....... ....... +

FREQUENCY (Hz)

Figure C-41. Strain Spectrum for Panel h
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PAN EL CON F IGU RAT ION: h
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 285.7i'
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB

S... ........................ ....... "* *.{ * ... ........... .........

................ .............

...............................

... ... ... ... ... .... ...

. ... ...........

S, i

C43



PANEL CONFIGURATION: hi
TRANSDUCER: G1G
OVERALL R.M.S. LEVEL: 465.5 p e
I NPULT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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PANEL CONFIGURATION: h
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 720.6 ie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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Figure C-44. Strain Spectrum for Panel h
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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Figure C-45. Strain Spectrum for Panel1
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 25.7i't
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 47.3 w

INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 84.3pije
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 133.1pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155dB
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Figure C-40. Strain Spectrum for Panel i
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PANEL CONFIGURATION: i
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 168.2 ie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 258.0 we
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
:NPUT LEVEL: 130 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 41.3p.e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 5 9 Ope
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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Figure C-54, Strain Spectrum for Panel j
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PANEL CONFIGURATION:I
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 86.1lpje
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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Figure C-55. Strain Spectrum for Panelj
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PANEL CONFIGURATION:
TRANSDUCER: r010
OVERALL R.M.S. LEVEL: 13-ý7. 3
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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Figure C-56. Strain Spec trum fat Panel j
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PANEL CONFIGURATION: j
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 215. 8 pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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Figure C-57. Strain Spectrum for Panelj
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 315i
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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Figure C-58. Strain Spectrum for Panelj

C-59



PANEL CONFIGURATION: k1
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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Figure C-59. Strain Spectrum for Panel k1
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PANEL CONFIGURATION: k1
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 5.
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: k1
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 83.Spje
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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Figure C-61. Strain Spectrum for Panel k1
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PANEL CONFIGURATION: k1
TRANSDUCER: G10
OVERALL R.M.&. LEVEL: 142.4 lie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: k1
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 210.7 w e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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PANEL CONFIGURATION: ki
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 295.Oi.e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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Figure C-64. Strain Spectrum for Panel ki
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PANEL CONFIGURATION'I
TRANSDUCER' G10

OVERALLARM.S LEVEL:
INPUT SPECTRUM* SINE
INPUT LEVEL: 130 dB
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PAN EL CON F IGU RATION: I
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 28.01ie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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Figure C-66. Strain Spectrumn for Panel 1
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PANEL CONFIGURATION: I
TEANSDUCER: G10
OVIERALL R.M.S. LEVEL: 43.lpe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION: I
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 68.3vie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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Figure C-68. Strain Spectrum for Panel 1
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PANEL CONFIGURATION: I
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 1O8.8pje
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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PANEL CONFIGURATION: I
TRANSDUCER: GlO
OVERALL R.M.S. LEVEL: 179.3ije
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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Figure C-70. Strain Spectrum for Panel 1
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PANEL CONFIGURATION: I
TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 283.3 v e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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PANEL CONFIGURATION n
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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IFANEL CONFIGURATION. n
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 186.94ie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: n
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 265.Bpe
INPUT SPECTRUM: RANDOM
INPUT LEVEL. 145 dB
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6Figure C-it. Strain Spectrum for Panel ni
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PANEL CONFIGURATION: n
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 307.Op e
INPUT SPECrRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATiON: n
TRANSDUCER: G10
OVERALL. R.M.S. LEVEL: .355,Oiie
!NPUT SPECTRUM: RANDOM
INPUT LEVEL: 156 dB
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PANEL CONFIGURATION: n
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 40t3.Opae.
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB

IT.

I.~

4 .... ...

p'''.4 ~ .~ ['. ........ ..

i .4

. . . . . . . .............

41.

. . . . . . . . . . . . . . . . 4 
.

J.

.. . . . . ... . . . . .

FRQEC (Hz)I

Figure
1  

C-7 S tra n S e t u o a e

1C-7



PANEL CONFIGURATION: p
TRANSDUCER. G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130dB
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PANEL CONFIGURATION: p
TRANSDUCER: G1Dopc
OVERALL R.M.S. LEVEL: 96.2

*INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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Figure C-79. Strain Spectrum for Panel p
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PANEL CONFIGURATION: p

TRANSDUCER: Gl0
OVERALL R.M.S. LEVEL: ll 5 .8 w.e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION: p
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 252.7ipe
INPUT SPECTRUM: RANDOM
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PANEL CONFIGURATION: P
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 455.0 i'e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB
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PANEL CONFIGURATION: q
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: q
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 57.5 pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION: q
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 9 2 , 7 pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 d~L
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PANEL CONFIGURATION: q
TRANSDUCER: G10
OVERALL RM.S. LEVEL: l 4l. 2 1pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: q
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 2O1.5ue

4 IINPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB

I..............

... . . . ... . . .

Jý: ..... .i..

.. .. .....

.... . .. . . ..... . .s

...................................

r J... ; ... ....

FREQENCY(Hz)

Figure C-87. Strain Spectrum for Panel q

C-88



PANEL CONFIGURATION: q
TRANSDUCER. GlO
OVERALL R.M.S. LEVEL: 3 l 2.Ope
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 d8
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PANEL CONFIGURAT13N:
T'RANSDUCER: G10
OVERALL R.M.S. LEVEL:
I NPUT' SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION:r
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 43 8pie
INPUT SPECTRUM: RAND)OM
INPUT LEVEL: 140 riB
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PANEL CON F IGURAT ION: r
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 61.7i
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION: r
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 107.9 ve
INPUT SPECTrRUM: RANDOM
INPUT LEVEL: 150 dB
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PANEL CONFIGURATION: r
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 15 9.8 Pe
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 155 dB

......... :.ZS.

2 5 ... ...V4
A ~ l... .... ....

2 5 11 ..1 ..... .....

1:! . .j....j.. .i.;....
. ........... ........ . .

.. . .... ~4.........

er

0 ......

FREQ[ENC (Hz

4C- +



PANEL CONFIGURATION: r
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 265.4 w e
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 160 dB
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PANEL CONFIGURATION: r

TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 445.6wie
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 165 dB
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PANEL CONFIGURATION: S
TRANSDUCER: G10
OVERALL R.M.S. LEVEL:
INPUT SPECTRUM: SINE
INPUT LEVEL: 130 dB
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PANEL CONFIGURATION: s

TRANSDUCER: G10

OVERALL R.M.S. LEVEL: 47.7pw
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 140 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 90. 71je
INPUT SPECTRUM: RANDOM
INPUT LEVEL: 145 dB
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PANEL CONFIGURATION:
TRANSDUCER: G10

OVERALL RI.M.S. LEVEL: 149.O0we
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PANEL CONFIIGU RATION: s
TRANSDUCER: G1G
OVERALL R.M.S. LEVEL: 261.8ve
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PANEL CONFIGURATION: s
TRANSDUCER: G10
OVERALL R.M.S. LEVEL: 444.4wie
INPUT SPECTRUM: RANDOM
INPUT LEVL.L: 160OdB
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5. DESIGN METHOD

This section contains a semiempirical design method for estimat-

ing rms strains and natural frequencies for curves and flat cfrp

stiffened-skin panels, subjected to random acoustic loading. The method

comprises an equation relating rms strain to panel configuration

parameters and overall sound pressure levels, a procedure for estimating

the natural frequencies of the fundamental fully-fixed panel mode, and 2

random fatigue curve for estimating sonic fatigue life.

The method can be directly applied to Z and J section stiffeners and is

valid for quasi-isotropic and most orthotropic skin laminates typically

used for airplane skin panels. Because the response equation uses

overall sound pressure level as the applied load, a technique for

utilizing fan noise spectra from high bypass ratio jet engines is also

included. A worked example is presented at the end of the section.

Range of Application

The use of regression analysis techniques in developing the strain

response equaticn limits its application to within the followina rance of

panel configurai-;e parameters:

Stiffener spacing: 4 to 8 inches (102 to 20 mm)

Skin laminate thickness: 0.033 to 0.066 inch (0.8 to 1.8 mm)

Strincer laminate thickness: 0.04 to 0.08 inch (1.0 to 1.0 mm)
(1.2 times the skin thickness)

Radius of curvature: flat down to 30 inches (760 mm)

Aspect ratio: 1 to 3 (assumed valid for all values above unity)
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Within this parameter envelope, the estimated strains showed an average

deviation of 9 percent frC:.1 measured values. A progressive deterioratio

of this accuracy can be expected for panel configurations outside tne

given range. The 90 percent confidence interval for estimated rms

strains approximates a ±22 percent variation in accuracy.

CFRP Skin Laminates -- Quasi-isotropic and orthotropic laminates were

used in the development of the strain response equation and the fatigue

curve. Moderate variations in skin ply orientation and stacking order dc

not have a significant effect on the accuracy of this desion method.

The following table gives the ply orientation and elastic modulus values

for the skin laminates used in this programme:

Table 40. Skin Laminate Ply Orientations
and Elastic Modulus Values.

Laminate density o = 0.055 lb/in 3

(1,522 Ko/m 3 )

Elastic Modulus

(E ) (Ex)
PLY ORIENTATION TransveTse to Parallel to0' - Transverse to Stringers stringers: stringers:

90' - Parallel to Stringers b - direction a - direction

l0 6 1b/in 2  MIN /m2  106 /1bin2 1 IM
(0, ±45) 7.5 51,711 3.3 22,753

(0, •45, 90) 6.7 46,195 6.7 46,195

(02, ±45)s 9.7 66,879 3.2 22,063

(0, ±45 )2s 7.5 51,711 3.3 22,753

(0, 90) 9.4 64,811 9.4 64,811

Stiffener Design and Method of Attachment -- The response equation is

based on data from skins reinforced with z section stiffeners, adhesively

bonded to the skins. However, the equation can be applied to J-stiffened
panels by multiplying calculated strains by 0.75. This factor could also

be applied to hat section stiffeners.
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RMS strain levels are not significantly affected by the method

of skin-stiffener attachment. Consequently, secondary bonding,

co-curing, integral skin-stiffener layup and riveted attachments

can be analyzed. The fatigue curve, however, which is based on

secondarily bonded stiffeners, may not be valid for the other

methods of attachment.

Stiffener cross-section properties should provide for effective

panel edge restraint. The upstanding webs of stringers should

be attached to intersecting frames in order to provide continuity

of stiffness and to prevent the stringers from rotating.

Structural Damping -- The effects of damping have been absorbed into

the empirical factors in the strain response equation. The equation

is valid for damping ratios in the 0.017 to 0.03 range. The average

measured value was 0.025. This range of values may be considered

typical for this class of structure. If special damping factors need

to be considered, such as the use of damPino treatments, highly damped

resin systems, discontinuous carbon fibres, etc., then the estimated

rrrs strain should be appropriately factored down. In the absence of

alternative relevant data, multiply rms strain by the square root of

the ratio (0.025/Actual Damping Ratio).

Nonlinear Response Effects -- Nonlinear response effects have been

taken into account to a limited extent, by deriving a lower rate of

change in rms strains, with respect to overall sound pressure levels,

than is associated with linear response behaviour. These effects have

been averaged over the data base and do not take into account individ-

ual variations in the degree of nonlinear response characteristics.

The degree of nonlinear response approximates to a 7-dB increase in

sound pressure level resulting in a doubling of rms strain. Linear

behaviour results in a doubling of rms strain for a 6-dB increase in

sound pressure level.
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Units of Measurement -- The equation for estimating rms strain uses

panel width, panel length and skin laminate thickness in non-dimensional

form. Consequently, any coherent system of units may be used to estimate

rms strains for flat panels. The radius of curvature (R) is expressed in

inches, with an alternate expression provided for R in millimetres.

Notation

The following notation is used in this section:
6Crms - RMS strain x 10 , located at the centre of, and normal to,

the longer side of the skin panel

a - length of longer side of panel (frame or longeror; spacing)

b - length (arc length) of shorter side of panel (stringer

spacing)

t - skin laminate thickness

R - Radius of curvature in the b-direction (inches or r)

SPL - Overall sound pressure level (dB)

E - Youngs modulus for the skin laminate material in the
Y 2 2

direction of the shorter side of the panel (lb/in or N/m ).

For laminates used in this programme, obtain values from

Table 40.

p - density of skin laminate material: (lb/in3) 3 386.4 or

kg/m3.

f - fundamental natural frequency of skin panel assuming all

edges to be fixed. (Hz)
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v - velocity parameter for the skin laminate material. Equals

(E y/p) 1 /2 200,000 when Ey and p are expressed in lb and in,
y iy

and (Ey/p)I/ 5,080 when Ey and p are expressed in KC and

M.

Calculation of rms Strain

Equation 25 is used to estimate rms strain:

c "b 4/3 fSPL - 178 )7

r :t) [4 Tanh (a/b) - 1] Tanh(R -07) (25)

where R is in inches.

When R is in metres, the equation is written:

•-" b 4/3 1 'SPL24- 178) T n R

Erms = (. [4 Tanh (a/b) - 1] Tanh10 (25a)

For large radii of curvature, (i.e., R greater than 150 inches or cr-eater

than 4,000 mrn) the hyperbolic tangent of the radius function is unity,

and the equation reduces to the flat panel response equation.

No particular physical significance is attached to the number (17•) that

is subtracted from the sound pressure level in the exponent of 10, and

the equation is valid for both positive and necati ve exponents.

NOTE 1: The equations were derived for Z stiffeners. For J stiffeners

multiply C rms by 0.75.

NOTE 2: The equations are valid for typical da-mping ratios over the

range 0.017 to 0.03. For significantly different damping ratio

values multiply c rms by the square root of the ratio

(0.025/actual damping ratio).

NOTE 3: If a 90% level of confidence is required, then increase the

estimated rms strain by 22%.
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Calculation of Natural Frequency

f VK t (26)
b2

where V is defined under Notation and K is obtained from

Figure 64 for given a/b, b, t and R (expressed in the form

b2 / Rt). Figure 64 is expressed in both British and S.I. units.

Estimation of Sonic Fatigue Life

The estimated sonic fatigue life is obtained by reading the number

of cycles to failure (N) from Figure 65, corresponding to the estimated

rms strain ( rms). The number of cycles to failure is converted to life

in hours by the relationship (3 ), where f is the natural fre:uency

calculated using Equation 26.

Worked Example
A six-ply skin laminate having a ply :orientation of (0, ±45)s and

a thickness of 0.033 inch, has an 8-inch strincer spacing, with a panel

lenc-tI of 12 inches and a ratius of curvature of 9-,c~ .ie,, e-n,

sound pressure level is 160 dB.

(i) For a = 12 in, b = 8 in, t = 0.033 in, R 90 in and SPL = 160,

equation 25 gives

4/3 1(160-178
mr8 1•4/ 2 -]i 24 •Tnf0•17)

rms [4 Tanh -2 (...Tan -1

(1,512)(2.62)(o.178)(0.949)

669 micro-strain
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(ii) Natural frequency is estimated from equation 26:

f= VK t--
b

(E P) 1/2
where V -

From Table 40: E 7.5 106 lb/in

0.055

. 1.148

From Figure 64:

b 2 82
For Rt go90 (0.033) 21.5

and a/b 12/8 = 1.5, then

K x 10-6 0.6

k = 0.6 x 106
6(0.033)

f = (1.148)(0.6 x !0) (0 2

-355 Hz

(iii) From Figure 65:

Number of cycles to failure for crms = 669 is

N = 3.5 x 106 cycles

For a frequency of 355 Hz, the estimated sonic fatigue life is

3.5 x i06

(3,600)(355)

= 2.74 hours
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Fan Noise from High Bypass Ratio Jet Engines

The design method presented here utilizes the overall sound

pressure level as the design load. While this is adequate for the broa

band spectra that typify jet exhaust noise, it does not automatically

lend itself to designing for the inlet and fan exit acoustic spectra thi

occur due to fan noise on high bypass ratio engines. These spectra oft(

have overall sound pressure levels that are dominated by high acoustic

spectrum levels occurring at the fan blade passage frequency and its

next harmonic (typically in the frequency range of 2 to 2.5 KHz and

4 to 5 KHz respectively). These frequencies are above the usual

frequency range of panel resonant response. This, including their

corresponding acoustic spectrum peaks in the overall sound pressure leve

to be used for design purposes, may result in overly conservative desion

To deal with this type of acoustic load, the applied overall sound

pressure level should not include these two acoustic spectrum

peaks.

Since design acoustic loads are usually given from 0 to 10,000 Hz in one-

third octave or one-octave band levels, the applied overall sound

pressure level can be obtained by sumring these levels up to 10,000 Hz.

The blade passage tone and its next harmonic can be eliminated (if

predominant) by reducing the one-third or one-octave band levels con-

taining these peaks to those levels contained in adjacent frequency

bands. The one-third octave or one-octave levels can then be sum.med

in the following way:

If the difference (in dE) between two

band levels is: 0 1 2 3 4 5 6 7 8 9 10 >10

Then add to the 2 -
larger level (dE): 3 2.5 2.1 1.8 1.5 1.2 1.0 0.8 0.6 0.5 0.4 0

Example: If there were four bands with the following levels (dB):

140, 134, 139 and 139, then\ / ~\ difrec
difference = 6 dB difference = 0 dB
add 140 + 1.0 then add 139 + 3
- 141dB 142 dB

difference + I dB
add 142 + 2.5

144.5 dB
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This 144.5 dB is the overall sound pressure level to be used as

the design load.

6. COMPARISONS WITH DESIGN METHODS FOR ALUMINUM PANELS

CFRP skin-stringer structures, of the type evaluated in this
programme, are primarily in competition with similarly configured

aluminum structures for application on both military and civil

airplanes. Cost/weight tradeoffs between cfrp and aluminum

structures, having comparable sonic fatigue resistance, are there-

fore of interest to potential users of the design method in Section 5.

A typical broadband sonic fatigue design load spectrum was used

which had an overall sound pressure level of 157 dB and a correspond-

ing acoustic spectrum level of 132 dB/Hz in the frequency range of

interest. This 25 dB difference between overall and spectrum levels

is compatible with the acoustic load in this programme.

The following example problem was used for comparison:

Required life = 107 cycles (using a 50% confidence level)

b 8

a/b = 2

C 0.02

Calculate required skin thickness.

The following results were obtained:

Riveted Aluminium Skin-Stringer: t = 0.05-in.

Riveted Aluminium Skin-Stringer: t z 0.076-in.

Bonded cfrp Skin-Stringer: t = 0.037-in.
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An 8-ply skin laminate having a thickness of 0.044 inch would fall

within the 90-percent confidence interval for equation 25.

Since the material density of cfrp is approximately half that of

aluminum, the difference in weight between cfrp panels and

aluminum panels having comparable sonic fatigue resistance,

approaches 2-1/2 to 1.
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