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ABSTRACT

An analytical and experimental program was conducted to develop acoustic fatigue design
criteria for aircraft structures subjected to intense noise in a high temperature environment.
Equations for the dynamic response of a buckled panel were formulated for simply supported
boundary conditions using large deflection plate theory. Random amplitude acoustic
fatigue testing of representative aircraft structure was accomplished at temperatures up to
600°F to provide data for correlation with the analytical results. Empirical design criteria
ore presented in the form of design equations and nomographs for predicting the combined
thermal and dynamic response of aircraft structures.
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I- INTRODUCTION

The development of acoustic fatigue design criteria has historically followed an
empirical approach, since many of the factors that affect high cyclic fatigue are not pre-
dictable. Ecrly efforts1 were directed toward establishment of a broad base of general
design information in the form of empirical design nomographs, applicable to several
structural configurations. These design charts were based on discrete frequency fatigue
data that had been converted to an equivalent random amplitude fatigue curve through
the use of Miles2 single degree-of-freedom theory and the Miner-Palmgren 3 cumulative
damage concept. The aircraft designer found these criteria to be o considerable value and
he could, with a certain amount of ;ndividual judgment and experience, effectively
control acoustic fatigue problems for conventional subsonic aircraft. However, increasing
airciaft performance and size, coupled with increasingly stringent requirements for structural
efficiency, created a need to refine these conservative criteria to eliminate unnecessary
weight from structural designs.

4-9
Subsequent projrams were accomplished to refine and extend the range of application
of the then-existing design criteria. These later programs included acoustic fatigue
tests of structural panels using random amplitude excitation. The program of Reference 4
included fatigue tests of flat, stiffened-skin and honeycomb panels. A subsequent program 8

continued the refinement of stiffened-skin design criteria by developing empirical
design methods for the structural support members.

The results of these previous programs have considerably reduced the uncertainties
involved in predicting dynamic response and life characteristics of conventional
structures subjected to both propulsion system and aerodynamic noise at ambient tempera-
tures. However, when unusual structural configurations or environmental conditions
are encountered, the applicability of existing design methodology decreases, and the
judgment of the design engineer must be relied on more heavily. Structural applications
are commonly encountered today in the near field of an operating turbojet or turbofan
engine where severe noise, high temperatures, static loading, and vibratory buffet
occur simultaneously or in conjunction with each other.

At least one attempt 6 has been made to define the effects of low frequency dynamic
loads and elevated temperatures on the acoustic fatigue resistance of flat and curved
simple panels, and curved honeycomb structures. One of the significant conclusions
from this program was that combined environments should be investigated in limited com-
binations; the combined environment problem should be approached gradually and system-
atically. The primary cause of the fatigue failures experienced during this program was
dynamic response due to acoustic excitation, acting in combination with thermal mean
stresses caused by the structural heating.

The program described in this report was undertaken to extend th bcjsic design technology
for stiffened structures at ambient temperatures to include 'h , effects of simultaneous
application of thermal and acous+ic environments. An anulytical development is
described in Section II for the dynamic response at heated structures before and after
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rhermal buckling. The primary purpose of the analytical effort was to identify the para-
meters which describe the structural response; then the data requirements for the ex-
perimental program (Section I1) were defined in detail. Measured data were correlated
with the unalytical results in Section IV; these empirical relations were then used to
establish the design methods and nomographs presented in Section V. A preliminary
analytical development for the dynamic response of heated box and curved s;ructures
is nresented in Appendices I and II.

The results of this investigation are also summarized in a design handbook for ease of
application by the design engineer, 1hat report, AFFDL-TR-73-155, Part II, contains the
empirical equations, design nomographs, and computer programs described herein.

4
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II - ANALYTICAL

The emphasis of the analytical effort was placed upon developing techniques for under-
standing the vibration of heated structures through maximum utilization of available ana-
lytical results reported in the literature. Since t"e beginning point of this development
was the analysis previously developed by Rudder, the primary task was the modification of
the room temperature stiffened panel anolysis to include the effect of a spatially uniform
temperature increase upon the dynamic .haracteristics of the structure.

It was assumed that the panel vibration modes and the panel buckled modes are such that
the stiffeners remain straight along the axial direction and only rotate about the ottach-
ment line of the stiffener and the cover sheet. The analytical model considers an oa:oy of
simply supported panels constrained at the boundaries so that the slopes between adjacent
panels are compatible (zero sheur condition). This permits the use of sinusoidal mode
shapes below and above the panel buckling temperature. The validity of this assumption
'as checked by using the results presented by Timoshenko 10 for a stiffened panel uniformly
compressed by inplane edge forces.

The Rayleigh-Ritz method is used to derive the equations of motion for the structure. An
expression is developed for predicting the temperature increase required to cause the panel
to buckle; this temperature increase is defined as the critical temperature. The tempera-
ture increase is defined relative to a room (or ambient) temperature at which no thermal
mean stresses are present. Below the critical temperature the panel dynamic response is
calculated utilizing linear small deflecton plate theory. Above the critical temperature,
large deflection (von Korman) plate theory is used. The large deflection plate analysis is
linearized to obtain first order effects for estimating the panel dynamic response above the
critical temperature. All of the assumptions are discussed as they are introduced. The
effect of a temperature increase upon material properties is also considered (i.e., the
temperature dependence of Young's Modulus and the coefficient of expansion).

Based on the simple panel analysis, expressions for the frequency and buckling amplitude
of a flat, stiffened, nine-bay panel structure are developed. These relations include the
effect of substructure stiffness and mass; however, the substructure is assumed to be
temperature-independent.

A. Simple Panel Response

The geometry, nomenclature, and sign convention for the inplane forces is indicated in
Figure I , which shows the simple panel configuration . Assuming simple supports at the edges
of the panel, the dynamic and buckled modes of the panel can be described by sinutoidal
functions in the inplone coordinates. The analysis assume6 a spatially uniform temperature
increase, T, over the surface of the panel. Below the critical temperature, the thin panel
is assumed to be initially flat, and small deflection plate theory is used to develop

3



the equations of mnotion Above the critical temperatur", the thin panel is assumed to
have a buc!-,ed shape, and the equations of motion are developed by application of large
deflection (von Koarman) plate theory.

FIGURE ~ ~ ~ ~ j X SIMPL PAE GEMT Y)ADNTTO

1.Pr-BckedRepNs

N n

Ind utin fmollwn displcussntl theoryelki temstratune en ergyro t hipe epelhate

formn

U -D I(?,w)dvdycx 'hI ~ f w .:V, dydx (2)

0 0 0 0

~Jiethe kinetic energy has the form
a bo

T =yh f 2 dydx (3)

0 0
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Here, and throughout this development, the spatial and time dependence functioni have
been dropped from the basic parameter after the initial introduction to simplify the
expressions.

For small deflection plate theory, the mean stresses ore defined in terms of the tempera-
ture increase, T, as

- EaT 4T
x y 0 Y(4)

Substituting the assumed displacement function and the above mean stresses into the strain
and kinetic energy expressions, the equation of motion for the (m,n) mode is determined
by Lagrange's equation, and is

42DF 2

mn
qmn +  (I -Cnnr)qm n :- 0 (0 -C r-. 1) (5)

vho~b bn

wherem : Fismn' n (b/a)m - (/b)n; r ; and the critical bucklingtemperature T ,  
2,2

T I (5a)
c 12aob(l -, v)

Assuming simple harmonic motion, the expression for the natural frequency is

f(r)= - . (0 -C r) F (C r -1) (6)iob h) mn rnn mn

It is now advantageous to discuss certain features of these results. First, the critical
temperature, Tc, is defined in terms of the panel geometry, with the only material
properties being the coefficient of linear expansion, 'a, and Poisson's ratio, 'v. Noting
that the frequency expression, given by Equation (6), is a function of the mode number
(rn,n), it is obvious that the frequency squared for a given mode decreases linearly with an
increase in temperature. The magnitude of the temperature differential required to yield a
zero natural frequency for a given mode is broadly defined as the criticc', Uuckling
temperature for that mode. However, from Equation (5) it is seen t',at the lowest critical
temperature occurs for the fundamental mode (m = n = 1), and ihat the critical temperatures
for the higher modes are related to the fundamental mode critical temperature by the panel
aspect ratio and mode numbers.

Since the frequency expression given by Equation (6) is limited to positive or zero values,
this analysis will be used to estimate the panel fundamental frequency response for a range
of temperature such that T Tc . In other words, this analysis will be limited to tempera..
ture increases below the critical temperature. Also, all references to the critical
temperature will imply the temperature increase required to cause the fundamental
frequency to equal zero.
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FiMolly, It s 31di ct hut thu eqution0IS Ot 1ii t"lo tVufl~ IIII (II 1, tiimZC,'jpiUn

iu !low t I i critical I .euti Ak,-vu the .i It I(, liomi'o if , 'k lrior.l I sl o w thai I Ira

buck ed parwl dynanli" inesoonse ico )Pl ed for the dyniurnic mo,, ci;ic; a;iet ftro i the
buckled mode, but the dyncaic mnode ')llve~polldin t') 11Lu til'k led :u'-dtu Is l onu 1 ad
from all other dynamic modes. This result will be applied tr, estimate thle simnple panel
response above tile criticol teiriperature.

2. Post-Buc;led Response

The analy sis presented here is a simrplicatian of the anialytical opproaoh deVu loped by
Shulmnan 1l for calculating thle dynamic response of a thin, rectangular ,.nel suibjected
tooa 5spotiall> uniform temperature increcise. Since the dynamnic rt:sponsbe of tile b-jcked
panel is re uired, large deflection plate theory Is used . Bosic-illy, thle von Kormon
theory1 2 ' Njis used with (ifl assumied displacement and Airy stress function . 11 The expres-
sion for the strain energf of the buckled panel is formulated from thle Ossumec' displace-
"men t mide shape anda rhQ stress fuinction .Thle non lineal fuini of the stress func.to lis

linearized to obtuin a first order approximation for the: equations of mlotion .

Sinceo this an- I yss Is u i:-ud (it pm 'Acing a pprwo irtan e fesa Its, c erta ii ossurunpt .u wJ1 Will be
introiduced ,)id o thle p' e -ibtjklel uirn lysis (below thle critical ten- t.i a tore) .First, it
is ('SSUMInd thajt the jx. netl. lesint, lht ;undarnental nimoe (I: it -) co.rrespo)ndinq to the
lowAest buckling temperature. Then, It is assumed that the only signfi,-unt dynamilc mnode
is the fundunmental mode of 1),L pane,.l.

Thle omipi tudk. of thet- btuAI led .,uralunq panel is defined by

W!.ere Wois thle staric buck1 led poirel amrplituac, and q(t) is tile dynamic panel amplitude
(both corresponding to the fundamental mode of the panel). The assumed t.-ansverse dis-
placement has thle form

VXt -- Sin ll sin (71) W, (7)

For tile pantel , tkeu stress- At u'n relationships or

E T E

and the strain -displaceritnt relctionships are



£ U, 1 w 2 Y, u+ -, W, W,-,2 x xy y x x y
(9)

y 'y 2W 'y

For the assumed mode g iven by Equation (7), a suitable choice for the stress function has
the form1 1, 12

F(x, y, t) =2(ixy -t a + F I(X,Y, t) (0

where

m0O n-0

and (m,n) take- on integet values. The significance of the mean stresses ci and Yw;ill
appear ' ortly . The stress ionc tion (10) and fhe displacement function (7) ore related by

v4F 2r\ IT -+Eh(w, - w, xxw (1

where
h/2

N QE f T(x, y, z)dz

h/2

For a spatially uniform temperature increase, V N T 0.

The relationships between the stress finction, F, and the stresses given in Equation (8) are

hei F, ; ~ F, h- k -F, (12)x yy y xx xy 'xy

Substituting the assumed stress function, Equation (10), into Equations (12), it is evident
thA the shear stress vanishes along the edges of the panel .

The coefficients fmn are obtained by substituting the -sumed mode, Equation (7), into
Equation (I]), with the result that

f =1 f = I% 2
02 2 11 ' 20 2 11

while all other coefficients vanish identically.

Substituting these r oeffic ients into Equotion (10), the stress function becomes

7



F(x,y,t) h Y 2 4 x F1(.y t)
Y 1

Fh 0 [ 2 2T2 2 (13) 1. .... . :- ) Cos(- - + a Cos W

Substitutio,, -.he stress function into Equations (12) results in the static stress relations

22E 2 2= F, =a - Cos(- -'-W lx h' Oy x 80- "

1 2E 2 r x W2 (14)Sy h F ,'xx y 7 7 8-" c s  " a ) l

T 0
Xy

Now, substituting the strcin-displacement relationships foi Z. and Cy, Equation (9), into
the stress-strain relationships for "7. and .7y, Equation (8), and solving for the displace-
rren's u, and v, gives

Y

U v 1 2

(15)

v, rQ~c, 1 1 2
~y OXE-t y -- w,2 y

Integrating these (uisplocements and assuming that the edges of the panel are rigidly

restrained from moving in the (x,y) plane yields

0 a a a

f udx u(a) - u(O) = 0 a-T -J dx f " J jydx - w , dx
) 0 0 0

(16)
b b b b

V, -- v(b) v(O) - 0 - b fT - x y I dy -cf

0 0 0 0

Combining the expressions for the stresses from Equation (14) and the assumed displacement
fujr-tion from Equation (7) with Equations (16) and solving for the thermally induced mean

:tr:., and y' produces
x y



r(

y= EaT E- E 2.
(1 -v) + b(1 - v2  b 0

To summarize the results thus far, it is seen that for the assumed displacement and stress
functions the stresses are given by Equation (14) with the mean stresses defined by Equation
(17). The shear stresses vanish identically for the assumed form of the stress function.
Figure 2 illustrates the thermal stress variation with temperature for a typical panel.

Now, in terms of the displacement function, w, and the stress function, F, the expression
for the strain energy is taken in the form presented by Shulmon 1

a b a b

U -D, (Vw)2 dydxt__ f f ( F1 )2 dydx

0 0 0 0

a b (18)
h frc- 2 -2

f x x +Iy yjdydx
0 0

Subitituting the displacement and s:rets functions, togeti-er with the mean stresses, the
above strain-eneigy expression becomes

r 21

D 2 1 (1 1 )~ 2U 0 - F1I(i r)+W 1  (19)

where

V22R =3(5 - v )F 2(5 - v)(I - v)] (19a)

and r and T remain as previously defined.

Now the displacement function was assumed to "iave an amplitude of the form W1 1(t) -
Wo q(t), where W o is the static buckled panel amplitude and q(t) is the dynamic
(vibratory) panel amplitude. Then, expansion of the displacement function gives

W2l1  + 2W q + q 2
11 0 0

(20)

W! 4 V4 +4W 3 q, 6W2 q 2 44Wq q4

Considering the static problem, the dynamic amplitude q(t) in Equations (20) is set to zero
and the strain energy minimized with respect to the buckle amplitude, W o , to obtain

9
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4 IWW 21
t- 0 F ' 2  (1 -r) +I R =0 (r 1) (21)

M 4ob I 11(Wh
0 L

Then

W 2h F i(r - 1)/1 2  (22)0 11

describes the panel static buckling amplitude as a function of the temperature increase.

The effect of increasing temperature on buckling amplitude is shown in Figure 3 for various

aspect ratios.

Now, it is clear that if the expanded forms of the displacement funct;on, Equations (20),
are used to obtain the modal stiffness of the panel, the stiffness will be nonlinear in the
coordinate q(t). Assuming that the static buckled amplitude is much greater than the
dynamic amplitude (Wo>> jq(t) 1), then expressions for W2 and W4 can be approximated
by

2 2

4 4 22 (23)

11.- 0 0

Substituting these approximations in Equation (19), the expression for the strain energy
becomes

U =8ji'2.1[ (1 - r), .\(--)j R+ [Ir - r)+ L - (24o)

or

U = '4D (i-r)W2 + 2F2l(rI)q2 ]  (24b)
Bob 2 1 0 2 11( ) 2

where Equation (22) has been used to obtain the simplified Equation (24b).

The kinetic energy of the buckled panel has the form

c b

T fyh f f dydx (25)

0 0

Substituting Equation (7) into Equation (25) and performing the indicated operations yields
the resu!r

1 ha l2
T - Yhabq (26)

11
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The equation of motion is obtained by using Lagrange's equation and expressions (26) and
(24) for the kinetic and strain energy, respectively.

1n 4 D 2
I yhab + 1 2F2 (r- I)q 0 (27)

4 4ab I1I

or

2 2 (r - 1.)q 0 (r (28)
Yha2 b

2

Assuming harmonic motion, the expression for the response frequency is
n 2D 1/2

f(r) - F ![(-)r- 1/2 (r 1) (29)

Comparing this result to the fundamental frequency below the critical temperature,
Equation (6), it will be noted that as the panel temperature is increased from the room

temperature condition (zero thermal stress), the panel fundamental mode decreases to zero
at the critical temperature. Above the critical temperature (after the panel buckles), the
fundamental frequency increases at a rate 1.414 times that of the sub-critical temperature
frequency decrease. Defining the room temperature fundamental mode frequency as for
and using Equations (6) and (29), the fundamental frequency can be simplified to

nF 1 1 rD1 1/2 (r )o 2ab L/hJ

f(r) = f 01 - r] 1/ 2 (0 r - 1) (30)0

f(r) f 0E2(r - I) 1/2 (r a 1)

These results are graphically shown in Figure 4; the frequency ratio decreases to zero at
buckling and then increases after buckling.

3. Summary of Simple Panel Results

For ease of comparison and reference, the following results are rresented in terms of the
panel temperature increase, 1, relative to the critical temperature increase, T , for the
panel.

Critical Temperature Increase, T

c +

13
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Panel Temperature Ratio:

r T /T

Strain Energy (Linearized):

-F (1I - ")q (
Fl8ab I (Ir 1

tj -~ 2)(1 - )W2  F 27( I)qfl (r )

Panel Buckling Amplitude:

W =0 (0 Kr )
0

R -35 2 )F 12 2(5 v( '

Mean Stresses.

x 'y (0-ir

- -EaT 
2 E 2

X Bob(] a v

(r 1

- Ia vE 2
~' (lv) 8ob(1 -v)

Thermal Stresses:

2

x ~x 2 x b 0

(r 1
2 E 2x W2
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Equation of Motion (Linear Free Vibration):

4 2rT4DF2I

q" +  Yh (I - r)q =-0 (0 "r": )

4 2
!1

+2(r -)q :0 (r I)
Ybo b

Respone Frequency:
tf IF1I [D 1/ 2

o --- ' -- (r =0)

0 -TOOT ,h

f(r) f I - r,/2 (0 r I

f(r) f ''zr - I)] /2 (r 1)
0

B. Nine-Bay Pnnel Response

The simple panel anaiysis described i41 the previous section will now be used to develop a
model of a flat, nine-boy stiffo-,ad panel configuration, illustrated in Figure 5. This
anclysis is based upon the results developed by Rudder, 8 and follows the basic assumptions
that slope compatibility relations are preserved across the attachment line of the stiffener
to the skin panel and that the stiffeners remain straight (i.e., no bending or buckling of
the stiffeners is allowed).

The nine-bay panel analysis will be presented in terms of the temperature increase of the
panel, similar to that for the simple panel analysis. Since the simple panel analysis
assumed a uniform temperature distribution over the surface area and the thickness of the
panel, it is likewise assumed that the t,.mperature distribution over the surface and through
the thickness of the sheet (see Figure 5) of the nine-boy panel is uniform. This assumption
implies that the edges and the stifferiers of the nine-bay panel are insulated from the cover
sheet.

1 Substructure Characteristics

The results presented in Reference 8 can be used directly, since the substructure is assumed
to remain at room temperature.

Assuming that the stiffeners only rotate, and imposing slope compatibility for the cover sheet
across the stiffeners, the expression for the strain energy of stiffeners parallel to the x-axis is

16
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r r* 2 2%( !WI 2 (k
U Yb I I kx 2

and for stiffeners parallel to the y-axis

2 b2-

2 2

where the displacement of thie center bay, W 22 (t), is

W 22(t) - Wo q(t)

The kinetic energy ot the stiffeners parallel to the x-axis is

T =T7Y 0I-2 +1 2 (Ci) ;W (32a)
2

and for stringers parallel to the y-.oxis

2 b b
YI 2 2

s p L b 2 ) W22

A fundamental mode of the nine-bay panel hos been assumed for the above results (i .e. ,

The stiffener cross-sectional properties and elastic constants are defined as:

r ~sI - 2S SI +i-S I
x e z zz y z yz y yy

-* = I 2 1 SSI+S21

2 GJ/) 2 2 (CGJ/Et*') (b./ 2

GJ torsional stiffness of stiffener (note th.,)t G/E =1/20 - )

Il -t I -(e 2+ e)A .e C -S
px yy ZZ y Z X( x ) x

I iI - (e2 - e2 )A e YC -S
py x)( z z y e C -S
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The stiffener cross-section geometry and nomenclature is illustrated in Figure 6.

2. Skin Characteristics

Since the kinetic energy of the cover sheet is independent of temperature, this result will
be presented first. Assuming a fundamental mode response for the nine-bay sheet (i .e.,
each bay responds in its fundamental mode) and applying slope compatibility relations,
Table I, across the stiffener attachment lines, the kinetic energy is

p8h" b 1 -2 2 h 201 + 4 b 2 2 (33)

TABLE I

SLOPE COMPATIBILITY RELATIONS FOR A NINE-BAY STIFFENED PANEL
VALUES OF Cii/ Wn

I_ T i=-2 i=3

= 1 (-1) (a b/a 2 b2) ()n(bI/A 2) (-1)m n(ob 1/a 2 b2)

- )(oI/a 2 ) I (-1) m (oI /C 2 )

3 (-1)mn(ab 1/a 2 b2 ) (l)n(b 1/b 2) (-1)m+n(a 1 b1/a 2 b2)

Expressions for the strain energy of the cover sheet as a function of the temperature
increase can be developed by using the results from Equation (2) for temperatures below
the critical temperature, and from Equations (19) and (23) for temperatures above the
critical temperature.

For a panel bay with dimensions a x b and thickness h, the expression for the strain energy
of the fundamental mode as a function of the temperature ratio, r, is

.. 8a.b. 1 1(bi.a )(I - r )q 2 (0 - r I) (34a)
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-4

U D 1 (b0,a)(1+-r)4 R. ("W Wr
P.. 8a b 11ii ii 8 "ho) 11 0

12 3 (..W 21(34b)
F 21

L4ii 1 g i 1 i ' l i

where

F (b a) = (b/a i)4 (ai/b)

R. 3(5 - 2 )F 1 (b. - 2(5 1 )(1 - v)j

The slope compatibility coefficients can now be used to obtain the structural response in

terms of the amplitude of the center boy. It is also necessary to scale the temperature
parameter, rij since the critical temperature is a function of the panel area (see Eluotion

(5)). The scale factors on r are referenced to the critical temperature of the center boy.

It isnowconvenient to introduce the notation

r.. = d..r d.. = o.b. b2 2

'1 'I 2 2 F IbIl(bj'a i (35)

..W = W C.. q.q(t) = q(t)C..
0I  0 'I 'I

where r is the critical temperature ratio of the center bay, di are the scale parameters
for the temperature rise, Cii are the slope compatibility coefficients, and W o and q(t)
represent the static buckling and vibration amplitudes, respectively, of the fundamental
modf. of the center boy. (The constants C.. are defined in Table I.)

'l

Introducing this notation into Equation (34a) and summing ali terms for each of the nine
panel bays (see Figure 5), the expression for the total strain energy of the cover sheet for
temperatures below the critical temperature becomes

D 2
U '-.- F*(r)q (0Or r) (36)

2 2

where

F*(r) - F 2(b 2 ,a 2 )( -) 2( F (bl,a 2 )(o - r)

i= +2 F ](2ald2r ' 4 a F2

+ 2(o)F(ba)(I d r) + 4 (a F) (b] al)(I -d 1 r)

21
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The parameter ro is the -,alue of the temperature ratio for which the strain energy is zero, --

and will be evaluated later. For r = 0 (ambient temperature) this expression is identical
to Equation (1 7) of Reference 8.

Likewise, introducing the notation of Equation (35) into Equation (34b) and summing all
terms for each of the nine panel bays, the expression for the strain energy of the cover
sheet for temperatures above the critical temperature becomes

w = ;n~jEF*(r) + R* h o [F*(r) + R 0 (r 7)P 802b2 8" Jh- 0 "
2 2 (37)

where

Ib'R* :R + 2b2 R 2o2 °b

R.. 3L(5 - ,3 )F2 1 (b.,a.) - 2(5 v)(1 - ]

Equation (36) represents the strain energy of the heated skin for temperatures below the
critical temperature while Equation (37) is the strain energy of the heated skin for
temperatures above the critical temperature.

3. Frequency Response

The equation of motion for the fundamental mode of the nine-bay panel is obtained by
summing the strain energy terms and the kinetic energy terms for the cover sheet and the
stiffeners, and then applying Lagrange's equation.

Since the kinetic energy is independent of the temperature increase, this result will again
be presented first. The kinetic energy for the fundamental mode of the nine-bay panel
struclure is, from Equations(32) and (33),

I ~ vh L
T = ho hab [1 - 2 (a2, + 2 \ a2 +4

+ 42 a 2 1r -Ia 1 2, b'3 2 (8
LI + 2() 4fl2'vlPy 2W2 (38)

2 2

Below the critical temperature (0 5 r < ro), the strain energy for the fundamental mode of
the nine-bay panel is
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4
[F*(r) + K K W (0 rSr (39)

U sx sy 22 0

where Equations (31) and (36) have been used to obtain this result, and again, r is the
value of r such that U(r)0. 0

The substructure stiffness terms in the preceding equation are

24n- E F[ 2 k2 1)
Do- b6 L (240)U

K5 Y - 1 + k 2 + 2(1)(1 + k2 1)] (41)2xx

Equations (38) and (39) may be reduced to the following conventional forms

1 " 2 1 lr 2
T = -M W2 and U=K (r)W 2 (0 r r r) (42)

2 1 22 2 1 22 0

where the mass and stiffness are defined by

M = Yho 2 b2 1+ 2 + 2( ) + 4(1)b

1 1 2 2 1 b\1 2 22 b22 / \bb2/ 43

b 2 Lb 2

K "4 = F-(' + K + K _] (44)

The equation of motion of the nine-bay panel below the critical temperature is then, for
free vibration,

M 1 +Kl(r)q = 0 (0 rr 0) (45)

and assuming simple harmonic motion, the response frequency is given by

f(r) I - [K 1(r)/M 1/2 (0 - r ' r ) (46)
2 1  /

23



For a temperature increase above the critical temperature, the k:netic energy expression,
Equation (38), is still valid and Equations (31) and (37) are used to obtain the expression

for the strain energy. As indicated in the development of Equation (37) the following

approximations are assumed
W 2 2 2 .

22 a (47)
4 4 2?
22 0o

where Wo is the buckling amplitude of the center bay and q(t) is the dynamic amplitude
of the center bay for the fundamental mode (see Equation 23).

It is evident that the kinetic energy expression is then simply
1 .2

T 1 ql (r ~r 0) (4,3)

where MI is defined by Equation (43) since the mass is independent of temperoture

The strain energy of the nine-bay panel is obtained by using Equations (31) and (37), and
is

I r 2 1
U-8ab 2lL8"r 4 TR ] Jj4Ksx +Ksyj"

L F*(r) + R* 0 + K + K 1 q (r r ) (49)

Setting q(t) 0 and minimizing the result with respect to W°'1

r 4DW 2

?W obO2F(r 42K +*2K + Q* (50)
2 1 sx sy 2

Then neglecting the trivial case of W 0 0, the displacement ratio (W 0h) is obtained as

2

R*(r) + s K (rr (51)

&,n're F*(r) is defined by Equation (36) and R* is defined by Equation (37)

Applying Lagrange's equation to the kinetic and strain onergy, the equation of motion for
the fundamental modo of the buckled nine-bay panel is derived for free vibrotion and

takes the conventional form

24
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Mlq+ K2(r)q = 0 (52)

where the mass was identified previously and the stiffness is

4[
K2 (r)= - [F*(r) + K + K ] (53)

22 2 5X 5)

Comparison of the expression for K I(r) and K2(r) reveals that both vanish for the same
value of r, which is to be expected. Indeed, the result simplifies to

K 2(r) = - 2K I (r)

(54)
K 2 (ro) = K 1(r) 0

The response frequency is determined from Equation (50) to be

fr=1~r 1/2 1 r.- 2K 2(IK 2(r)/M 1 11/2_ 1  r i]1/2 (r r) (55)

The results presented to this point may be simplified by returning to Equations (35) and (36).
Using the defin'tion for dii and F1 i(bj.ai) the plate stiffness parameter may be expressed as

F*(r) = F' - F'r (56)1 2

where

Fl=F12(b2,a 2 b F + 2 (0' )F2 (b2--2-- b I1 'al)
F F + (b F 1( b a 2 ) + (- 2, ) + 4 1

2F11b21a2 1(b2 b2 ,a2)+ 22) 2 Fnl b1 , a ) (+ '02) 0b 2 ,a 1)

+4 4\aT-) F1 1(b l, ao l

Finally, the value of r at which the strain energy of the structure becomes zero is derived
from Equation (39), and is

r --- +Ko F I sx sy) (57)

Using this definition of ro , the previous results for stiffness may be further simplified to
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,4D
2o

2 20

K (r) 2F*(r -r) (r r) (58b)

Likewise, the expressions for the response frequency of the heated nine-boy panel buckled
into and vibrating in its fundamental mode is

f [D F 11/2

0 b 2]

f(r) = fo[ ~L]-111 (Or z!r)(9
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III - EXPERIMENTAL

This overall program was primarily experimental, with the preceding analysis serving
as the means of establishing parameters to be measured during the test program for
later correlation with the analytical results. The experimental program was condurted in
two phases: (1) vibratory fatigue tests of coupon specimens, and (2) acoustic fatigu.
tests of multi-bay stiffened panels. Both series of tests were conducted at room and
elevated temperatures with specimens fabricated of 7075-T6 aluminum and 6AI-4V titanium
(mill-annealed) allays.

Coupon vibratory fatigue tests were conducted to generate basic material fatigue properties
for each alloy at room and elevated temperatures in the absence of mean (thermal)
stresses. These data were used in the design of stiffened-skin specimens which were fatigue
tested under random amplitude acoustic loading. The stiffened panel test program provided
static (thermal) and dynamic test data for correlation with the analytical results.

A. Coupon Fatigue Tests

Fatigue tests were conducted on cantilever beam specimens to develop random loading
fatigue properties at room and elevated temperatures. The two alloys were tested at
the following temperatures:

7075-T6 Aluminum - Room temperature and 300OF

6AI-4V Titanium - Roam temperature and 600OF

Cantilever beam specimens were used to develop zero mean stress fatigue data and to
evaluate the thermal degradation effects on each alloy. The plain (unnotched) and
riveted specimens are detailed in Figure 7. The riveted specimens incorporated two
rivets to represent the stress concentration in the stiffened-skin test specimens.

All specimens were fabricated from close tolerance sheet using standard manufacturing and
quality control processes and procedures. Each specimen was sheared oversize and milled
to the final size to remove deformed or compressed material from the edges caused by the
shearing operation. All holes were located relative to the free end of the beam and jig-
drilled to provide close control over specimen cantilever length. Rivets were installed by
a Drivematic riveting machine to give uniform rivet installation.

1. Test Procedure

Three specimens were fatigue tested simultaneously in each set-up, using random amplitude
vibratory excitation. The room temperature test set-up is shown in Figure 8. The specimens were
supported by steel clamp blocks (detailed in Appendix Ill) attached to the table of an MB
Electronics C-1OE electro-mechanical shaker. Phenolic inserts were used for room temperature
tests, while steel inserts, with asbestos insulation on each side of the specimen, were used for
all elevated temperature tests to minimize heat flow from the specimen to the clamp blocks.
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The room temperature set-up was duplicated for the elevated temperature tests, with
tungsten-filament quartz lamps and a thermal enclosure added. Two quartz lamps were
located above the specimens to provide heat, as shown in Figure 9. The specimens and
lamps were contained in an enclosure, shown in Figure 10, to maintain a uniform
thermal environment around the specimens. A slot in the front of the enclosure allowed
visual observation ,f the specimen response at the elevated temperatures.

Specimen temperatures were monitored by a thermocouple attached to a 1/2 inch wide
strip of the specimen alloy rigidly fixed between adjacent specimens at the clamp line.

Strain levels were measured with uniaxial strain gages bonded to the speeimen at the

locations shown in Figures 7 and 11. Generally, on!y the center specimen was instrumented
since specimen responses were essentially identical. Room temperature curing adhes;vc ,

were used to bond all gages.

Excitation levels were monirored hv means of an occelerometer attached directly to the
shaker table.

a. Strain/Acceleration Calibration - The strain gage fatigue life was limited by the
high acceleration forces experienced du.ing resonance testing. Also, the gages could only
be used at ambient temperatures, since a room temperature curing adhesive was used to bond
the gages to the specimens. This required establishment of a strain/acceleration transfer
function for use in maintaining specimen strain levels after gage failure.

Narrow-band random input spectra were used for all tests, with a typical bandwidth of
30 Hz. The specimen resonances were located just below the upper cut-off frequency to
maintain uniform input levels as the resonant frequency decreased during failure.

Simultaneous overall strain -esponse and input acceleration levels were measured at
various input levels, using the test spectrum described above. These data were plotted
as shown in Figure 12 to produce an excitation versus response curve for each set of
specimens. The acceleration level then become the control parameter for maintaining
constant strain levels for the duration of the test.

2. Fatigue Tests

The specimens were fatigue tested at the appropriate test temperature with the excitation
spectrum used for the strain/acceleration calibration. The specimen temperature was
allowed to stabilize prior to application of vibration for the elevated temperature tests.
Periodic inspections were performed during testing to detect initiation of fatigue failure.
During these inspections, the test was stopped, and the random excitation source was replaced
with sinusoidal motion in order to accurately determine the iesonant frequency. The speci-
men temperature was maintained during these inspections. A visual inspection was also
performed on the room temperature specimens at this time.

Fatigue failure was defined as the time at which the resoncnt frequency decreased 2% below
its initial value. This was determined from a plot of fiequency versus test time for each
specimen, as shown in Figure 13.
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Figures 14and I5 are typicoa probabili-y 6-or.sity -:naiy-0.,1 ol t, u o,.celrotion excitation and
strain response signals for two response amplitudes. As indilcio d 1n :he fiyurteb, these
data appioximate a Gaussian dist;bution.

3. Test Results

The coupon fatigue data are tabulated in Tables 11 and III while Figlites 16 and 17 presert
the fatigue curves developed from these data. The median life is shown by a least squares
regression line drown tkougtj the data points for each configuration and test condition.
The scatter present in the dato is indicated by the 95% confidence bands shown on the
plots. The regression line and confidence bands were computed by the methods delineated
in Reference 4, Appendix II. The results of the statistical analyses conducted on these
data are shown in Table IV tor reference. The fatigue curve for riveted aluminum at
room temperature was found to agree very closely with sirnilar data pub'iihed in Reference 4.

B. Stiffened Pane' Fatigue Tests

I. Test Specimen Design

The fatigue data from the coupon tests were used to modify the stiffened structure skin
design nomograph, Figure 73 of AFFDL-TR-67-156 4 . The stiffened-skin test panels were
designed using this nomograph,with temperature effects included, and the following
guidelines:

o Overall size identical to the test panels described in AFFDL-TR-71-107 8

to use existing frames.

o Range of structural ond test parameters consistent with those of A.'FDL-TR-67-156 and
AFFDL-TR-71-107 to provide a logical transition from ambient to high temperature
design criteria.

0 Total quantity of 27 aluminum and 21 titanium specimens.

Previous test programs4 ' 8 have shown that fat:gue failures could be expected in the outer
bays iU all bays were of the same approximatcr size. Therefore, the center bays of all spec-
imens were designed to have a greater surface area than that of any of the adjacent outer
bays since the center bay was considered to be the primary test area.

Eig- aluminum and four ti.anium specimens were designed to be tested at room
temperature for direct comparison with the data of Reference 4. An identical number

'i,ese same specimen designs were to be tested at elevated temperatures, Another eight
Ci the aluminum specimens were also designed with faying surface sealert to evoluate the
e'fect of the sealant on fatigue endurance; these specimens were identical to eight of the
specimens without sealant. The specimens with sealant were included in this prooram to
ascertain the vaiidh:y of previous empirical designcriteria, whichare based on tests
conducted or' specimens withoui beolont, fo, use on structures which use ealant.

34



T, - i<-

2. DISTRIBUTIONL
I ]

i T21

-3 -2 -1 0123
RATI rC: INSTANTAN:OUS TO RMS AMPLITUDE

a) ACCELERAr~tN LEVC'L CDIRfcPONDING TO 820 M IN/IN RMS

44

4-1 -4-

* ~t~~ ~GAUSSIAN

zU
-3 -214

RAI2FiSTNAII T CR ANIUD

-3 -2 0 ~ 2 3___ ____



. . . . . . .
. .

__ GAUSSIAN

. 0. ..

-3-2 -~0 12 3
RATIO CF INSTANTANEOUS TO RM,'S AMPLITUDE

a) OVER~A LL STRAIN LEVEL, 820 1' INJ/IN RMS

______......... . . . ASIA

.J.Kz D1ISTR IBUTIO0N

.4 . . .. ... .. ..

3, -,

-3 -2 -1 0 1 2 3

RATIO OF INSTANTANEOUS TO RMS AMPLITUDE

b) OV/ERALL STRAIN LEVEL: 480 p IN/IN RMS

FIC-U2E' 15. AMPLITUPE DISTRIBUTION Of: SPECIMEN RESPONSE
TITANIUM COUPON SPECIMEN (RIVETED)

36



TABLE II
ALUMINUM COUPON SPECIMENS

SUMMARY OF FATIGUE TEST RESULTS

Plain Specimens

Room TemperatuJre 300OF

Specimen Stress Life Specimen Stress Life
_No. ksi rms Cycles ... No. ksi rms Cyzcles

1 22.4* 1.08 x 104 1 18.5 1. 14 x 105

2224" 6.07 x I0 A. 18.5 9.75 x 104
3 22.4- 9. 00 x 103 3 18,5 7.42 x 104

4 17.6 2.96x 105 4 17.0 2.87x 05
5 16.8* 2.31 , 105 5 17.0 2.87x 10 5

6 16.8* 1.43 x 105 6 17.0 2.88 x 105

7 16.8* 1.01 x 105 7 10.6 1. 80x 106
8 16.8 6.14x 105 8 10.6 1.46x 106

9 14.6 6.80x 105 9 10.6 1. 9 3 x 106
10 14.0 8.26 x 105 10 10.2 2.00 x 106
11 14.0 1.53 x 106 11 10.2 2.00x 106
12 14.0 8.80x 105 12 8.5 2.60x 106

Riveted Specimens

Room Temperature 300OF
Specimen I Stress Life Specimen I Stress Life

No. ksi rms Cycles . No. ksi rms Cycles

1 14.0 1.27x 105  1 14.7 4.40x 104

2 14.0 1.31 x i0 5  2 14.7 4.30x 104

3 14,0 1.30x 10 5  3 14.7 4.08x 10 4

4 12.0 4. 9 7x I05 4 9.2 2 .55x 105
5 12.0 5.12x 105 5 9.2 3.00x 105

6 12.0 1.15x 10 5  6 9.2 2.90x 105

7 10.5 8.20x 10 5  7 6.2 1.22 x 10 6

8 10,5 7. 92x 105 8 6.2 1.51 x 106
9 10.5 '.20x 105  9 6.2 1.52x 106

10 6,6 6.75x 106  10 4.1 4.44x 106

11 5.9 4.11 x 106 11 4.1 5. 2 2 x 106
12 5.7 2,70x 106  12 4.1 7.82x 106

* Invalid data - ends of beam weighted and response highly nonlinear. Not used in

fatigue curve.
NOTE: Fatigue life (in cycles) is the product of resonan frequency nrid test time to failure.
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TABLE III
TITANIUM COUPON SPECIMENS

SUMMARY OF FATIGUE TEST RFSULTS

Plain Specimens

Room Temperature 600°F
Specimen Stress Life Specimen Stress Life

No. ksi rms Cycles No. kst rms Cycles

1 35.5 3 . 28 x 105 1 26.9 5.4 0 x 105

2 35.5 3.24x 105 2 26.9 2.74x 105

3 35.5 3.55 x 105 3 26.9 3 .38 x 105-
4 28.7 5.15x 105 4 25.3 2. 74x 105

5 28.7 9 . 4 5x 105 5 24.8 2.50x 105
6 28.7 8.65 x 105 6 24.6 2.26 x 105

7 21.4 5.18 x 106 7 22.9 3.38 x 105
8 21.4 3.97x 106 8 22.2 2.26x 105

9 21.4 2.57x 106  9 21.5 2.82x 105

10 21.2 1.89 x 106  10 19.7 8.90 x 105

11 21.2 1.67x 106  11 19.7 8.38x 105

12 21.2 5.52x 106 12 19.7 1. 1 4x 106
13 17.9 1.53 x 107 13 14.9 7.18x 106
14 17.0 3.05" 107 14 14.9 7.32 x 106

15 14.9 5.00 x 106

Riveted Specimens

Room Temperature 600°F
Specimen Stress Life Specimen Stress, Life

No. ksi rms Cycles No. ksi rms Cycles

1 20.9 5.00x 105 1 19.2 3.48x 104
2 19.4 4.18x 105 2 19.2 5.34x 104

3 17.8 3.82x 105 3 19.2 5.93x 104

4 16.0 1.11 x 106  4 13.6 4.57x 105

5 16.0 9.60x 105 5 13.6 2.52 105
6 16.0 4.50 x 105 6 13.6 5.02 x 105
7 13.9 2.23 x 106  7 10.1 8.55x 105

8 13.9 1.34x 106  8 10.1 6.24x 105

9 13.0 1.46, 106 9 10.1 1.04x 106

10 12.8 4.10. 106 10 5.5 1.65x 107
11 12.0 3.02x 106 11 5.2 8.02 x i0 6

12 11.2 5.22x 106 12 3.5* 1. 8 7 x 107

*Did not fail,

NOTE: Fatigue life (in cycle') is the product of resonant frequency and test time to failure.
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TABLE IV
SUMMARY OF STATISTICAL PROPERTIES

FOR COUPON FATIGUE DATA

Alloy Temperature Sape A B Standard Correlation

Alu-minum- 30cT 12 2.3624 -. 215 004.6
Plain

Aluminum- RT 12 2.261 -. 217 0.059 -0.921
Riveted

Aluminum- 300OF 12 2.376 -. 260 0. 020 -0.996
Riveted

Titanium- RT 14 2.438 -. 167 0.039 -0.942
Plain

Titanium- 600"F 15 2.234 -. 155 0.039 -0.915
Plain

Titanium- RT 12 2.335 -. 190 0.035 -0.915
Riveted

Titanium- 600OF 11 2.377 -. 230 0,045 -0.976
Riveted

NOTE: *Regression Line: Log A + B Log N (ET in ksi)
**Insufficient data points - rt,- ression line slope taken same as

300OF condition.
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The general specimen configuration is shown in Figure 18, with the detailed dimensions
for each of the panels listed in Tables V and VI for the aluminum and titanium alloys,
respectively. More detailed drawings are presented in Appendix Ill. As noted in Table
-V, two of the aluminum specimen designs had 12 panel bays because of the small center
bay in relation to the overall specimen size. All other specimens had nine panel bays.
Two replicates of each specimen design were fabricated to provide statistical accuracy
consistent with previous test programs. One additional titanium specimen was fabricated
for an investigation of thermal buckling effects and was subsequently fatigue tested.
An additional aluminum soecimen was fabricated to evaluate the effect of intermediate
temperature on life.

Ali specimen manufacturing was accomplished in conformance with standard aircraft
manufacturing processes and procedures, with quality control surveillance at all steps.
All aluminum zee-section stiffeners were hot formed from sheet stock, while extrusions
were used for the frames and clips. Al! titanium parts were chemically cleaned during
manufacture to prevent degradation by foreign materials. The titanium stiffeners and
frames were fabricated from sheet stock by welding strips together to form the desired sec-
tions. An automatic Tungsten-Inert-Gas (TIG) welding process was used for these
longitudinal welds. These parts were subsequently straightened by stress relieving. This
approach was taken because of the prohibitive cost of procuring extrusions or hot-forming
these titanium sections in small quantities. Cold-forming was deemed undesirable in
most instances because of the large bend radii that weould result (at least six times the
thickness). Automatic riveting, with a Drivmatic riveting machine, was used whenever
possible for uniformity. Monel countersunk rivets (MS20427M4) were used on the titanium
specimen skins, while aluminum countersunk rivets (LS10795 MP4) were used on the skins
of all aluminum specimens. Typical aluminum and titanium specimens are shown in
Figure 19.

2. Test Set-up

The test panels were installed in a steel frame, with two identical specimens mounted
side-by-side, as shown in Figure 20. Two steel frames were used to minimize down time
between tests.

All tests were conducted in the high intensity grazing incidenceacoustic tezt facility shown
in Figure 21 . The test frame was installed in the facility wall with the panel substructure
exposed to the noise, opposite to the normal installation, to enable application of heat
directly to the skin surface without subjecting the lamps to the noise environment
(see figure 22). Response tests conducted at the beginning of the test program indicated
no discernible difference in panel response due to panel orientation (i.e., substructure
inside or outside the test chamber).

Elevated temperatures were attained with a bank of 2500 watt tungsten-filament quartz
lamps mounted vertically in front of the test panels. The 3/8-inch diameter quoriz lamp
elements were encased in a 1 -inch quartz tube, with the lamp ends isolated from the tube
for protection from the noise environment. The lamp installation is shown in Figure 22.
The lamps were powered by c multi-channel power supply, with two lamps per channel to
provide uniform temperature control over the surface of the panel . Temperatures were
contiolled by varying power input through a silicone controlled rectifier on each
channel .
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TABLE V -

ALUMINUM STIFFENED-SKIN SPECIMEN DETAILS

Specimen No. of No. of Specimen Dimensions Test

No. Specimens Bays a b I I/a h h r Temperature

AL-I 2 12 6 9 1.5 0.032 C .040 3000 F

-2 2 12 5 10 2.0 0.032 0.040 300OF

-3 2 9 6 12 2.0 0.032 0.040 RT

-4 2 9 6 12 2.0 0.032 0.040 3000 F

-5 2 9 6 12 2.0 0.050 0.063 300OF

-6 2 9 9 18 2.0 0.040 0.050 RT

-7 2 9 9 18 2.0 0.040 0.050 300OF

-8 2 9 9 18 2.0 0.063 0.071 300OF

-9 2 9 6 18 3.0 0.032 0.040 300OF

-10 'N 2 9 6 12 2.0 0.032 0.040 RT

-11 /4\ 2 9 6 12 2.0 0.032 0.040 300OF

-12 AS 2 9 9 18 2.0 0.V40 0.050 RT

-13 /4 2 9 9 18 2.0 0.040 0.050 300°F

-14 1 9 6 12 2.0 0.032 C.040 150°F

TOTAL: 27

NOTES: 1. h =skin thickness - inch
2. hr = stiffener thickness - inch
3. Overall panel dimensions 2 1.5 x 31.5 inches.

± Seal per LAC G230 using STM40-1 11 sealant.
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TABLE VI
TITANIUM STIFFENED-SKIN SPECIMEN DETAILS

Specimen No. of Specimen Dimensions Test

No. Specimens a bI b/a h hr Temperature

1 1 6 12 2.0 0.024 0.036 600°F

2 2 6 12 2.0 0.032 0.044 RT

3 2 6 12 2.0 0.032 0.044 400°F

4 2 6 12 2.0 0.032 0.044 600OF

5 2 6 18 3.0 0.032 0.044 4000 F

6 2 6 18 3.0 0.044 0.056 RT

7 2 6 18 3.0 0.044 0.056 400°F

8 2 6 18 3.0 0.044 0.056 600OF

" 2 8 16 2.0 0.032 0.044 400°F

10 2 8 16 2.0 0.044 0.056 400OF

11 2 8 16 2.0 0.056 0.068 400OF

TOTAL: 21

NOTES: 1. h skin thickness - inch
2. hr = stiffener thickness - inch
3. Overall panel dimensions 21.5 x 31.5 inches.
4. All panels have nine bays.
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FIGURE 19. TYPICAL STIFFENED-SKIN TEST SPECIMENS
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FIGURE 20. TEST SPECIMENS INSTALLED IN STEEL FRAME
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a) HEATING LAMPS ROTATED BACK FROM SPECIMENS

HEATINGLAMPS IN PLACE

FIGURE 22. ACOUSTIC FATIGUE SET-UP FOR ELEVATED TEMPERATURE TESTS
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A mol investigation al room and elevated temperature was conduc~ej on the fir'.t titaniumi
specimen to determine placement of the strain gog -s. Figure 23 shows 'nQ ',trt.iri gage
locations for the aluminum and titanium specimens. Micro-Measurement4 VIK-05-125AD-350
stra~n gages were bonded to the titanium specimens with BLH Electronic EPY 600 adhesive
cured at 6500F. The i-inch integral gage leads were silver soldered to teflon covered
wires. BLH FAE-12-12S1ET strain gages were bonded to the aluminum panels using EPY
600 adhesive cured at 35CPF. Lead wires for these gages were 3O0-gage enameled wire
bonded to the panel surface. Teflon tape was used over the lead wires and gages to pre-
vent mu~tion of the wire. Solder tabs at the edge of the panel, where the response was greatly
reduced, were used to connect the enameled wire to on insulated lead wire. A typical
gage installation for the aluminum specimens is shown In Ficure 24,

C~irome!-Alu,'zel foil thermocouples, RdF Corp. 20112, were2 brnded to the specim~ens with
EPY 600 adhesive at the locations shown in Figure 23 and cured sirmiltoneoutly with the
straiti gocies. The thermocouples were located on the basis of an initial thermral survey on
the first ttcnium specimen, using 14 thermocovples. The locations selected for each
specimen pro-ided skin temperatures in the vicinity of the strain gages. Typical thermo-
coople installations a,('-, % hown in Figure 24.

3. Test Procedure

Several tests were conducted cn each test -pecimen prior to fatigue testing. The static and
dynamic parameters neasired were those indicated by the analysis to be requisite to deri-
va tion of useful empirical relations. Instrumentotion schematics for these tests are de-
to.'cd in Appendix Ill. The tests were generally conducted in the sequence described in)

izl'oving subsections.

a. Roojm meraiure Feqgec - The test specimens, installed in the test frame,
were mounted over duc ctro-mechanical speakers a,, Lhown in Figure 25. Low level
sin~usoidal noise excitation was applied to the specimen and strain amplitude plotted versus
frequ' !ncy, at ambient temperature, for eacl strain gage. Tlke frequency scale near the
furidarnenwal mode was then expanded to provide better resolution of this miode, and the
sinc sweep was repeated. The resulton train-fro quency plot was used to compute dlamrping
ratios by the half-power method1 4 .

_. Temperature Effects or, Frequency - The i-:st set-up described in the preced~rig
.uv -st cfion wae ciso -.sed to determine the changes in fundamental frequency with in-

e.. -ng ternptrotute. S5x heat lamps were miritned above the specimens as; shown in
Figure 26. The .-ocm ternppiature Chladn-6 paiterr. for- th-e fundamental mode was
cbtained 1jsi;- c-, r rt,: lc5; ior hprt lamps we-e hei turnea ai.J hc- fundamental
ni.odc- frecuiuncy %,as tracket. by monu-:11y 'ieryinq Ilc ipeoker irpit frcju..ncy to mainloin
u~ fundamrental r-,ode response. Skin terriperature anil -ape~nst fie.1-ency w~ere recc-rded
Onl catoi stcf.;s for later analysis.

rhf. critical bickling temperature 7., th- certer bo~y was aiso detprmni-'d dirno tnks 'er:ie of
#ests. In: .tuckling temperature was defined as thei tiempe. !,t- Incr ose u vi~t e fre-

Hucnc.', wc - a minimum; this was dletertni-led trcin o plt c~ frequr ncy .Sus ierrpfroture
f:)- acch ',-ecimen.
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c. Thermal Strain and Deflection - Thermal strain and deflection of the panel
center bay were measured on all elevated temperature specimens in the absence of
acoustic excitation. The test panels, in the test frame, were installed in the w'jll of the
progressive wave test chamber with the heat lamps in place. Thermal strains viere
measured with a BLH SR4 Strain Indicator while slowly increasing the panel temperature;
the set-up for these measurements is shown in Figure 27. A compensating strain gage,
identical to the specimen gages, was bonded to a narrow strip of the specimen alloy and
placed on the face of the panel near the edge. The compensating gage location wcis
experimentally determined to maintain the same temperature as that at the panel gages.

The center bay displacement due to thermal buckling, at the midpoint of the bay, was
measured concurrently with the thermal strains. A contacting displacement gage was
temporarily clamped to the frames of the specimen as shown in Figure 28. The thermal
strain ond displacement data were recorded on data sheets versus increasing temperature
for later analysis.

d. Excitation Spectrum Shaping - With the specimens mounted in the test chamber,
heat was gradually applied to bring the specimens to the desired test tempeiature.
Sinusoidal strain response plots were then made of each strain gage at a constant sound
pressure level. The fundamental response frequency at the test temperature, as
determined from these plots, was used to locate the frequency limits for shaping of the
input noise spectrum.

The input noise spectra were determined by the type of response obtained during these
frequency scans. Where single mode response was obtained a narrow-band random
input with a 100 Hz bandwidth was used; this did not usually require additional spectrum
shaping. Where multi-mode response was obtained, a broader bandwidth was used
(normally 300 Hz bandwidth) which was shaped to a flat respc 'se by using a 1/3 octave
bond spectrum shaper.

e. Fatigue Tests - Fatigue testing was initiated following completion of spectrum
shaping. The desired temperature was stabilized before application of the noise
excitation. The test excitation level was established by using the modified design
chart described previously (See Section III.B.1). Temperatures on the specimen
were recorded on a multi-channel strip chart recorder, while noise and strain levels
were recorded directly onto a 14-track FM magnetic tape recorder. Parallel outputs
on a monitor panel allowed direct observation of the noise and strain signals. Test levels
were controlled by maintaining a constant overall noise level at one of the microphone
locations.

Visual inspection of each specimen was generally accomplished per the following
schedule:

Test Time Inspection Interval

0 to I Hr. 15 minutes

1 to 4 Hrs. 30 minutes

4 Hrs. to End 60 minutes
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FIGURE 27. THERMAL STRAIN AND BUCKLING AMPLITUDE TEST SET-UiP

-~111o

FIGURE 28. BUCKLING AMPLITUDE DISPLACEMENT GAGE SET-UP
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These inspection intervals were selected to minimize down-time, while maintaining
the maximum possible resolution on life (failure detection), since a cooling-heating
cycle was necessary for each inspection. The actual inspection intervals varied from those
shown above in some instances; the intervals were usually shorter (particularly at the
beginning of the test) for light structure, while the intervals for the thickest panels
started out at 30 minutes.

4. Test Results-

The data collected during the various tests conducted on each specimen are much too
extensive to be included in their entirety; instead, typical examples and summaries of the
test data are presented, in 'he some sequence as discussed in the preceding section.

a. Room Temperature Fre quenc - Room temperature fundamental mode frequencies are
tabulated in Tables VII and VIII for the aluminum and titanium specimens. The frequencies
shown were recorded at the ambient temperature (generally 65-700F). The specimens were
allowed to stabilize at this temperature for at least 12 hours prior to measurement of these
frequencies; hence, the panel skin and substructure, as well as the test frame, should
have been in a near-equilibrium thermal state.

Typical examples of the panel strain response are shown in Figures 29 (a) and 30 (a).
These show the dominant fundamental mode response for the selected strain gage loca-
tions, which is normal for room temperature response. Figure 31 presents the fundamental
mode strain response curves for this specimen with an expanded frequency scale to illus-
trate the damping ratio measurement. As mentioned previously the damping ratios
were determined by the half-power method, and the results are tabulated in Tables
VII and VIII. The values listed are averages for all the strain gages on each specimen.

An indication of the damping variation between configurations is obtained from
Figure 32, which shows the effect uf frequency on damping ratio. Data from four other
sources4 , 8, 15, 16 are also shown in this figure. All of the data, except for that
from Reference 15, are for fundamental mode response. These data are typical of all
damping data in the degree of scatter present; however, they may prove useful in
establishing realistic limits of assumed damping ratios for structural design. A regres-
sion line was plotted through the data centroid, as shown in Figure 32, with a slope
taken as an average of the Reference 15 and 16 curves. This regression line can be
used to estimate damping for all modes, including the fundamental. As an alternative,
the mean damping value of 0.016 (for c1! data points plotted) may be used for the
fundamental mode.

b. Temperature Effects on Fr-qoency - The change in the fundamental frequency
with increasing and decreasing temperature was measured for empirical correlation and
for determination of the panel buckling temperature. Several sets of data were accumulated
for most of the specimens, all in tabular form of temperature versus frequency. It
was found that, after the initial heating and buckling, during cooling the unbuckling
occurred at a higher temperature than the initial buckling, as shown in Figure 33. This
hysteresis effect was attributed to the gradual heating of the panel substructure, causing
the panel to reach its neutral position (unbuckling) at a higher skin temperature during the
decreasing temperature test. Alternatively, holding the panel at a constant temperature, above
buckling, will result in gradually decreasing buckling amplitudes due to expansion of
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TABLE VII
ALUMINUM SPECIMENS

SUMMARY OF FUNDAMENTAL MODE FREQUENCY AND DAMPING
PANEL CENTER BAY - ROOM TEMPERATURE

F0
Spec men Fundamental Mo~de Fundamental Mode
Number Frequency -Hz Damping

AL-1A 217 0.0145

-1B 225 0.0080 -

-2A 233 0.0055

-2B 244 0.0097

-3A 166 0.0135

-3B 184 0.0160

-4A 194 0.0188

-413 171 0,0193]

-5A 295 0.0109

-5B 282 0.0125

j-6A 94 0.0153
-6B 10.5 0.0155

-7A 76 0.0203

-7B 80 0.0187

-8A 144 0.0095

-8B 141 0.0192

-9A 146 0.0167

-98 163 0.0252

-10A 215 0.0139

-10B 187 0.0186

-11A 173 0.0152

-11B 148 0.0192

-12A 94 0.0177

-12B 78 0.0179

-13A 86 0.0195

-13B 95 0.0153

-14A 192 0,0212

56



TABLE VIII
TITANIUM SPECIMENS

SUMMARY OF FUNDAMENTAL MODE FREQUENCY AND DAMPING
PANEL CENTER BAY - ROOM TEMPERATURE

f0
Specimen I Fundomentol Mode Fundamental Mode

Number Frequency -Hz Damnping

TI-lA 172 0.0084

-2A 210 0.0176

-2B 227 0.0275

-3A 211 0.0094

-3B 191 0.0156

-4A 201 0.0167

K-4B 200 0.0125

-A171 0.0172

-5B 166 0. 0204

-6A 205 0.0169

-6B 178 0.0154

-7A 205 0.0155

-7B 200 0.0115

-8A 195 0.0114

-8B 203 0.0217

-9A 141 0.0238

-9B 116 0.0234

-10A 169 0.0152

-l OB 153 0.0123

-1 A 190 0.0213

-11B 191 0.0184
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the subsltuc'ure. !t should be noted that, if the entire structure (s, ir and iffeners)
wecre heated unitormly w'ith no exttrno' re,,trriints at the structure boindaries, the !kil

wr 'd not buckle because in-plane residual stresses would be avoided.4

plots -is t ,e temperature at 4i'ich the frequency was a minimum (see figure 3-'). Because
r.-f tie hysteresih ef.--ct, o~nly the initial heating cycle was used to determine the U,.-kling 1

te.-nperatu es sioce heating rates and suustructure tomperatures were not controlled
Since the ana'ytical buckling temperatures are defined as a temperature increase relatvel
to am~ient, the measured initial temperature was subtracted from the buckling teroiperc. vre.
Thle CritiCal buckling temperatures for each Af tfe olumlourrn and Ctarnium specirner.; oic
list::d in 'lable IX.

C. Thermal Strain and Defiectior. - fhermc.l stroins urrJ cen:' : bay buckling ampli-
tdPwere MfCSUr. A orlT7on tht elevated ternperatuwe s0erimnn, sillce rOnt.o Qin.pc rcture

ctir;ng udhes*,es were used for tha struin gagies orn t+e roorn teir,x r,itre sp;c imer%, fhe
t-,er-nol strain, wiere recorded for twc pur.,-oses- (1) Dereiminnt~on of thle thermal (menn)

t-c-,s at rhe test temlperature, and (2) correlatlon w'+i, f~tia data to provide em-
irica! quotioiis for predicting th-irmai strcin. Figv- 34 depicts typical therm straIn
jr:Ltion wtht t-3mpero~ijri; th- entire !Prv. I s'(-vi data set is not included because

of ts .iz .111id the focr tFl- t I4 e per';i-1T' :nio-.rvvtion is contained in the later empiniccli
corre i,t;or., S cc tion IV.

Certer bujy bvcklnq cumc:wdrs we~c .eosured solely for correlacion with the ortaly-
ti,... result!, io -)ro,, idn ar, intc-ri correlotion in the thermal stress calculation. 1'Aox-
inum bu-'Kinq implitudes ors PY'e individual specimen test temperatures are itemized in
iujbla X.

Excitotion Spec rui.i Shoincl - Thc results of the sinusodol, high irtensity,
r.7,;.se frequency sweeps ore typlified by Fi~iu~es 29 (b ) and 30 fb). These resp< nse plots,

i-ade at the indviduni spe'zme-ln !est tcrnperatures. served to locate the significaint panul
re~ponse for shaping .) the excitation specztrumn.

Thle respunse ft -uenciefl ob.'ained dlur~nq these frequency sweeps at roo3m temperatujre
were always diiierernt ftom those obtained in the low lev~el noise frequency sweeps.
The low level tweeps m-re conoucteri irl a room with ui cortrolled temperature and
humidity tn. .onm !nt, whereas thle high intensity sweeps wiere mode 'rn the grazing
incideioce test fociliiy, w~ith a significont oi, flow over the panel, where no temperature

rontiol was possibi.-'. Aside from tne obvious ti-mperature difference, wihich has been
noted in post programsit 4 ' 8, the picnel response norilinean-ities served to clrasticcly alter
the response freqvcwrv. Many of the specimens, parliciular1 )' those tested at room temper-
ature, exhibitedt ighly no'nlineor response wheie iricrcasilg sound pressure lcvels caused
the response freavencitfs io incfeMC; Only slight irnzrease occurred in the ttain amr-liiudes.
The combinations of thpsu two e,cnts wit-- in some cases offset: thle frequency de ense
due to a decrease in the nr-bi;.nt *evrperature was counteraLteri by an increcrie in thc

panelI response freq-src,.- due toa rionlin, ority.

63



TABLE 1)X

ALUMINUM AND TITANIUM SPEICIMENS
SUMMARY OF SKIN BUCKLING TEMPERArLUPE.S

PANEL CENTER BAY

Aluminum Specimens Titanium Specimens

Spec imen Buckli-., Spec imen Suckling*
Number Ternperature O F Number Temperature ' F

AL-1A 8 TI-IA 38

-188 -2A

-2A t0 -2B

-28 11 -3A 57

-3A 12 -38 44

V-313 8 -4A 40

-4A 14 -48 59

-413 8 -5A 28

-5A 34 -58 28

-58 24 -6A

-6A 7 -68

-68B1 -7A 51

-7A4 6 -78 50

-78 8 -8A 12

-8A 18 -813 16
-813 15 -9A 19
-9A 7 -98 17

-98 6 -IQOA 31

I OA 10 -108 19

-. 10 -IhA 39

-'1', 9 -116 49

-I1VA 6 NOTES: *bu,.;kIing Ternperature 1, O

-128) 5 above room temnperature.

-11A 4 **Room temperature sp.-cirnens.

-13B 4

-14A 18 *
~ ~--- -64
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TABLE X

ALUMIN' UM AND TITANIUM SPECIMENS
SUMMARY OF THERMAL BUCKLING AMPLITUDES

Aluminum Specimens Ttnu pcmn

Specimen Test Maximum Specimen TestMaiu
No. Temperature Displacement No. Temperatur Dsplacement

1? -18 300 0.17 T-2lA RI0 0

-2A3 300 0.16 -2A RT 0

-2B 300 0.20 -3A 600 0.24

-3A RI 0 -3B 600 0.24

-3B RI 0 -4A 400 0.17

-4A 300 0.24 -4B 400 0.17

-4B 300 0.24 -5A 400 0.26

-I 300 0.25 -5B 400 0.23
-5B 300 0.25 -6A RI 0

-6A RT 0 -6B RI 0

-613 RI 0 -7A 400 0.16

-7A 300 0.35 -78 400 0.20

-78 300 0,31 -8A 600 0.27

-8A 300 0.35 -88 600 .J

-8B 300 0.36 -9A 400 0.12

*9A 300 0.26 -9B 400 0.27

-98 300 0.25 -10A 400 0.12

-10A RT 0 -10B 400 0.26

-10B RT 0 -11A 400 0.23

-HA 300 0.20 -118 400 0.23

-118B 300 0.24

-12A RT 0

-12B RT 0
NOTE: Maximum buckling amplitude

13A 300 0.26 measured at midpoint of

-138 300 0.35 center bay.

-14A 150 0,12
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The excitation spectrum for the majority of the specimens had a relatively narrow bandwidth,
usually 100 Hz, to concentrate the available acoustic energy at the specimen response
frequency. Typical narrow-band excitation spectra are shown in Figure 35. Several of the
elevated temperature specimens, especially the 600°F titanium panels, exhibited a relative-
ly flat response, with no single significant mode. In these cases, broad-bond excitation
was used to envelope the first two o three response peaks. The bandwidth in this case
was typically 200 to 300 Hz, as shown in Figure 36. Although a band-pcss filter was
used to cut out the unwanted low and high frequencies, the roll-off of the noise s*gnul
in most cases was very gradual, due to harmonic distortion generated in the electropneu-
matic transducers.

Probability density analyses were made of the input spectra shown in Figures 35 and 36 to
determine the distribution of instantaneous peaks. These aralyses, presented in Figures
37 and 38, closely approximate a Gaussian distribution as noted on the figures.

e. Fatigue Tests - The noise and strain signals, recorded on FM magnetic tape,
were re-recorded onto a loop recorder (10-Second sample) for narrow-band spectrum
analyses. Spectrum analyses, with a 5 Hz nominal bandwidth, of each strain gage
response were made at the beginning of the test and periodically throughout the test.
Sample t-tain response spectra are shown in Figures 39 through 44. The strain response
spectra provided the specimen response frequency, while the response strain level was
taken as the overall rms strain. Representative excitation spectra were discussed in the
preceding section, and presented in Figures 35 and 36.

Probability density analyses were made of the strain response spectra shown in Figures
39 through 44 to determine the distribution of response peaks. These analyses are shown
in Figures 45 through 50 and approximate a Gaussian distribution.

Table XI summarizes the fatigue test results for the 27 aluminum specimens while Table XII
summarizes the test results for the 21 titanium specimens. These data are plotted in the torm
of fatigue curves in Figures 51 and 52 for the aluminum and titanium specimens, respectively.
The data points were plotted and a least squares regression analysis was performed on the
data for each test temperature. Since most of the test conditions did not contain sufficient
data points on which to base a valid statistical analysis, only the centroid of the data set
was used from these analyses. The slope of the appropriate coupon fatigue curve (from
Figure 16 or 17) was then plotted through the data centroid to establish the curves shown.
The applr'..ble statistical properties are itemized in Table XIII for reference. The fatigue
curves of F lures 51 and 52 show the decrease in fatigue life due to the combined effect
of thermal s ress and degradation of alloy properties caused by the elevated temperatures.
The room teiiperature curves are lower (stresswise for equal life) than the comparable
coupor, fatigue curve; this is attributed to the difference in response between the two con-
figurations. The stiffened panel response was very highly nonlinear in most :ases, with
relatively high damping, while the coupon response was linear with low damping.

Fatigue failures generally occurred in the rivet row at the midpoints a' the long and short
sides of the center bay. The distribution of failures at these locations is shown in Toble
XIV.
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TABLE XI
ALUMINUM SPECIMENS

SUMMARY OF FAlIGUE TEST RESULTS

Spec'men Test Strain Spectrum Re.pon-e Life
No. Temperature Thermal Dynamic Level Frequen cy CycIei

or A;InI/in in/i m clB H'
r ms

AL-1A 300 2400 210 119 300 1.08 x 1()6

-18 300 2400 150 122 270 4.60x

-2A 300 2250 530 135 220 3.9 x 1C5

-2B 300 2250 390 131 490 1.32 x 106

-3A R7 0 270 134 25 3.67 x I .TP

-3B RT 0 300 ,31 275 4.46 1 -.5

-44 300 2600 230 135 405 8.46 1 C5

-48 300 2601) 220 i35 426 1. 16 x 106

-5A 300 2750 140 128 258 2.55 x 101

-5b 300 2750 90 126 280 3.,0 x 106

-6A RT 0 230 132 200 2.36 x ,07*

-68 RT 0 230 130 132 1.01 x 10'

-7A 300 2600 250 128 235 8.63 x )OD

-7B 300 2600 380 130 110 4.03 , 10

-8A 300 2700 200 134 255 3.44 106

-8B 300 2700 123 132 250 2.70/ 106
-94 300 2600 290 127 370 6.66 x 105

-9B 300 2600 200 127 345 9.32 . 105

-10A RT 0 390 137 205 3.5, 106

-10B RT 0 400 132 215 2.40x 106

-11A 300 2600 140 133 2.9., 7.12 . 10

-lIB 300 2600 140 131 280 9.2 105

-12A RT 0 350 132 135 3.53x 106

-12B RT 0 310 134 135 5. '0 x 106

-13A 300 2600 100 102 185 1.78 106

-13B 300 2200 360 122 220 1.21 x 106

-14A 150 750 370 123 325 9.71 . 105
*No skin failure. -

NOTE: Fatigue life (in cycles) is the product of response frequency and test time to faiIJre.
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TABLE XII
TITANIUM SPECIMENS

SUMMARY OF FATIGUE TEST RESULTS

Specimen Test Strain Spectrum Response Life
No. Temperature Thermal Dynamic Level Frequency Cycles

OF I.n/in 'in dB Hzrms I

TI-IA 400 1750 190 134 355 4.48 x 106

-2A RT 0 600 137 290 2.14 x 106

-2B RT 0 465 139 270 1.29. 106

-3A 600 2500 160 135 255 2.52 x 106

-3B 600 2500 180 134 260 2.57 x 106

-4A 400 1600 270 129 440 1.58 x 106

-4B 400 1600 230 128 460 2.07 . 106

-SA 400 1000 200 126 390 3.18 . 106

-5B 400 1000 260 113 495 6.71 x 106

-6A RT 0 180 133 200 1.76x 107*

-6B RT 0 230 132 195 1.69x 107*

-7A 400 2000 80 129 440 1.11 x t07

-7B 400 1150 130 127 460 2.16x 10'

-8A 600 2900 100 136 400 2.16x 106

-8B 600 2900 60 130 500 3.60 x 106

-9A 400 1000 340 135 180 1.94 x 106

-9B 400 1550 340 134 180 4.21 x !06

10A 400 1600 190 136 225 7.92 x 106

-10B 400 1600 200 140 200 1.01 , 1C7

-11A 400 1680 260 137 230 1.05 x 107

-1IB 400 1680 230 136 300 1.17x 107

*No skin failure.

NOTE: Fatigue life (in cycles) is the product of response fhequency and test time to failure.
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TABLE XIII
SUMMARY OF STATISTICAL PROPERTIES
FOR STIFFENED PANEL FATIGUE DATA

Alloy Test No. Data a'c  Rc
Temperature Points Standard Correlation

OF Deviation Coefficient

Aluminum RT 8 0.056 -0.833

Aluminum 150 1

Aluminum 300 18 0.165 -0.673

Titanium RT 4 0.111 -0.931

Tilanium 400 13 0.146 -0.564

Titanium 600 4 0.209 -0.622

TABLE XIV
STIFFENED PANEL FAILURE DISTRIBUTION

Test I Stiffener Rivet Row I Frame Rivet Row
Condition Alloy % of Total Failures '/ of Total Failures

Room Temperature: Aluminum 100 0

Titanium 100 0

Elevated I Aluminum 21 79
Temperature: Titanium 77 23
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Figures 53 and 54 show some of the failures obtained for each of these locations on the
aluminum and titanium specimens. The room temperatv,'e failures were, inall cases,

identical 1, those obtained on previous test programs4 ' 8 in that failure occurred at the
location of highest dynamic stress (i.e. at the midpoint of the long side of the panel bay).

It is not clear what caused the failures during the elevated temperature tests to occur at the
frame rivet ,ow, on the short side of the panel, because of the difference of the failure
distribution between tne aluminum und titanium panels. II is apparent fiom the measured
thermal strains that the highest thermal strains occur at the short side of the panel, whereas
the highest dynamic strains occur at the midpoint of the long side (For a fundamentul mode
response). The combination of thermal and dynamic strains at the midpoint of the short
side may, in some cases, prove more damaging than those at the other side. The frame
rivet row failures may in some cases be attributed to dynamic response in a higher order
mode, most probably the(l,2)mode. It was not possible to visual!y observe the specimen
response during the elevated temperature tests because of the close pioximity of the lamp
fixture to the skin surface.

Regardless of the failure location, the desired end product (a fatigue curve at the voriou
test temperatures) is achievable by using only the dynamic strain component at the failure
location. These curves were discussed previously and shown in Figures 51 and 52.

Three other types of failure were observed during these tests: rivet failure, skin failures
in the outer bays, and substructure failures. All of these occurred predominately in the
titanium specimens, with only two rivet failures, two outer bay skin failures, and three sub-
structure failures noted during the aluminum panel tests.

The rivet failures generclly were evidenced as fatigue of the rivet heads at the beginning
of the countersink taper. Only one rivet failure, prior to skin failure, was experienced
during the aluminum panel test program. This occurred in the 0.0o3 skin AL-8A specimen
at the stiffener-to-frame intersection. The rivets on the stiffener-to-frame clip of
Specimen AL-5B failed at approximately the same time that a skin crock occurred over
the frame.

Fifteen of the titanium panels experienced rivet failures. The rivet failures occurred as
fatigue of the heads, identical to that described for the aluminum specimens, and as
deformation of the rivet heads. This deformation, shown in Figure 55, was extreme enough
in some instances to allow the rivet head to pass through the hole in the skin. These
failures were usually randomly scattered over the surface of the panel. In a few instances,
the rivet failures occurred in adjoining rivets, allowing the skin to work loose from the
substructure; however, this occurred after the initial skin failure in the center bay on
all specimens but TI-i 1A and B. These specimens, with the thickest skins (0.056),
proved stronger than the rivets and substructure. (The rivets and rivet spacing remained
constant for all specimens). It was concluded that the rivet size and substructure
thickncs should have been increased in this case.
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The only aluminum specimens to incur cracks in the outer bay skins were AL-5A and B.
These failures were judged to be small enough and sufficiently far removed from the
initial outer bay crack so as to have negligible effect on the center bay response and
thermal strain. Approximately 509, of the titanijm specimens experienced skin cracks
in the outei bay skins prior to or concurrent with the center bay skin cracks. In all
cases, these were either sufficiently far removed from the center bay (i.e., at the end
rivet on a frame) or small enough that their presence did not signilicontly affect the
center boy response.

f. Effect of Sealant on Fatigue - As mentioned previously, eight of the aluminum
specimens, of two different designs, were fabricated using faying surface sealant at all
joints where metal-to-metal contact occurred. These specimens were identical in all
respects, except for the sealant, to eight of the other specimens, as identified in
Table XV.

TABLE XV
SPECIMEN DESIGNATION FOR SEALAINT EVALUATION

Specimen Ident ification
Spec imen Test Without With
Size Temperature Seailant Sealant

6 x 12 x 0. 032 RT A L-3 AL-104

6 x 12 x 0. 032 300°F AL-4 AL- 11

9 x 18 x 0.040 RT AL-6 AL-12

9 x 18 x 0.040 300P°F AL-7 AL-13

The measured dynamic data for these specimens formed the basis for comparison
of the effects of sealant on response and life. Room temperature fundamental mode fre-
quencies and damping rctios were tabulated in Table VI! for these specimens.

A comparison of both of these parameters, individually, shows that any effect that the
sealant has is lost in the scatter in the data. Figure 56, which shows the damping
ratios plotted versus the fundamental frequency, clearly shows that faying surface sealant
produces no discernab!e difference on the dynamic response. A further evaluation of the
fatigue data of Tabli Xl and Figure 51 reinforced this conclusion. The results of both
designs are intermingled in the scatter band of the data.

Since faying surface sealant has no net effect on dynamic response or fatigue life for
the type of structures considered, it can be concluded that the design criteria gener.ted
on previous programs, without sealant, are valid for structures where sealant is used. (This
includes most of the secondary structure on current generation aircraft.
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IV - CORRELATION OF ANALYTICAL AND EXPERIMENTAL RESULTS

The principal objective of this program was the establishment of empirical design criteria
for aircraft s'ructures subjected to combined acoustic. and thermal environments. The
analytical development provided the interrelation among the applicable parameters, while
the experimental program provided measured values of the individual parameters. Corre-
lation of these data then can provide the necessary empirical constants, or factors, for
derivation of the design methods.

The derivation of empirical parameters follows the sequence in which each parameter is
required in the thermal and d,namic st ress relations, respectively. Generally, the meas-
ured data were plotted versus calculated values (using the results of the simple panel
analysis), and a least squares linear regression analysis was performed to determine empir-
ical constants. The least squares regression inalysis follows the method of Reference 4,
Appendix II. In some instances an exponential regression analysis was performed to deter-
mine whether exponential factors should be considered; howevr, in each case the linear
relationship was judged to provide the best correlation. Most or the correlation plots
exhibited an off-set I t " y-intercept (measured data axis), because of non-linearities
and other variations : .e c easured data. In all instances this off-set was julged to be
small, in relation to t - vor: nce in the data, so that the final eqjation could be estab-
lished by the approximu,- r at;on

e c

where ()e empirical value

(c  calculated value, from analytical results

m = slope of approximate regression line through the origin and the data centroid (x, y).

The nine-bay analysis results were also correlated with the test data to esiablish empirical
relations for use in a digital computer program. This correlation effort is described in
Appendix IV.

A. Thermal Stress

As the thermal stress is dependent on the skin buckling temperature and h.,ckling amplitude,
these parameters must be established first.

1 . Skin Buckling Temperature

Skin critical buckling temperatures were listed in Table X and were found to be consis-
tently higher than the values calculated from the analysis by EqLuation (5o). The correlation
plot of the buckling temperature, Figure 57, shows that considerable scatter was present in
the measured data, as evidenced by a correlation coefficient, Rc, of 0.718. (Note that
the correlation coefficient between two variables is zero when no correlation exists, and
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unity when their relationship can be represented exactly by a straight line.) Repeated
measurements on the same specimen revealed that the critical buckling temperature could
vary significantly, depending on the heating rate and the temperature differential between
the skin and substructure. Pre-stresses introduced during specimen fabrication (i .e., mis-
alignment of frames and stiffeners, and other factors) also influence the buckling temperature.

The equation of the regression line, (A), through the data points of Figure 57 has a 2.59'F
off-seton the measured buckling temperature axis. A line, (B), plotted through the origin
and the centroid (x, 9) of the data set is also shown on the figure. Comparison of the two
equations shows very little difference in the results, porticularily in view ot the scatter
present in the data, Hence, the simpler approximation, Equation (B), wau selected to
represent the cont lotion between measured and analytical values, which results in the
following empirical relation for multi-bay structures:

T - 5.25 h2  F(6I 1  (60)
e e ab( I + j

where T is the temperature increment above ambient. The temperature ratio, r, remains
ce

identical to the analytical definition, or

r - T/l
cC

It should agai' be pointed out that the skin temperature, T, is the temperature increase
above ambient.

2. Buckling Amplitude

The panel skin buckling amplitude, Wo, is related to the critical buckling temperature
by Equation (22). For a specific configuration, the buckling amplitude varies directly with
the square root of the temperature increase, T. Therefore, the measured temperature in-
crease, corresponding to a measured buckling amplitude, was used to compute analytical
buckling amplitudes by Equation (22).

Because of the multitude of data points (temperature-displacemen. data at approximately
25°F increments for each elevated temperature specimen to the maximum test temperature),
a digital computer program was written to accomplish the individual computations. The
empirical buckling temperature relation, (60), was used instead of the measured buckling
temperatures to minimize the effects of cumulative errors. The specimen dimensions and
temperature-displacement data were entered into the program individually for each speci-
men and then grouped into equal aspect ratios. The data were then plotted on a digital
plotter in one of the following forms:

o Measured versus calculated displacement ratio

o Displacement ratio versus temperature ratio.
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The first of these plot formats is illustrated in Figures 58 through 60 for aspect ratios of
1.5, 2 and 3, respectively. As on the buckling temperature coirelation plot, two lines
are ,hcwn on each figure. The first, line (A), represents the least squares regression line
while line (B) represents the zero-origin approximation. Because of the slight difference,
the approximate regression line was used in all cases. The slopes of these lines are tabu-
lared in Table XVI to illuorate the variation in slope with aspect ratio.

TABLE XVI

SLOPE OF BUCKLING AMPLITUDE CORRELATION PLOTS

ASPECT RATIO SLOPE
bia F I

1 .5 2.17 2.167

2.0 2.50 2.571

3.0 3.33 3.046

A simple overage of these slopes, when vwd to derive an empirical relation, yields
empirical displacements higher than measured for aspect ratios less than 2, while the
reverse is true for aspec:t ratios greater than 2. The effect of aspect ratio on the slope
is shown in Figure 61. Variation of the power of F! 1 resulted in the conclusion that an
additional power of 0.75 provided the minimum error in the slopes for each of the aspect
ratios. This gives an empirica! buckling amplitude relation of

W 2.5OhF 1 75 [(r-l)I/R 1 /2 (61)
0 1-

where R remains as defined in Equation (19a). This equation shows a greater dependency
on aspect ratio than that indicated by the analytical equation. This additional dependence
on aspect ratio results in o reversal of the trends given by the analysis and shown in Figure 3.
The effect of this aspect ratio correction will be more clearly defined in the later Design
Method Section.

The measured displacement data were plotted versus temperature ratio as shown in Figures 62
through 64 for the three aspect ratios. The empirical equation is also shown for each aspect
ratio, and illustrates the agreement between the empirical trend and the data with varying
aspect ratio. Since most of the test specimens had on aspect ratio of 2, the corresponding
displacement plot of Figure 63 shows the magnitude of scatter that can be expected in any
given set of buckling amplitude measurements. To quantify the variance, all data were
plotted in the correlation plot of Figure 65, using Equation (61). The correlation coeffi-
cient and standard deviation from the mean are indicated in the figure, as are the limits of
the 60% confidence bands. Hence, for any given displacement estimate, the maximum
error expected, for a confidence level of 60%, should be less than - 0. 59 times the skin
thi ckness.

A
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3. Thermal Strain

Thermal strains were measured during the test program on each of the elevated temperature
specimens at increasing temperature increments of approximately 25*F. The buckling
amplitude computer program was adapted to accept the thermal strain input and compute
analytical strains, as well as to plot the data. The analytical stresses at the midpoints of
the sides were converted to strains for direct comparison with the measured data and to
simplify the computation, since the elastic modulus is temperature-dependent.

The analytical buckled panel strain is thus given Ly:

E:(x ,b/2)- FaT 7+ , " I b (2-v )+ Va] (62a)
LT-J, 8a_;b( iT 2 b

E: (oa/2, y):- T 1+ 2v o b 6
£(a,2,0 arT+rY o(2-v) + t (62b)

The first component of these stresses is the expansion strain .T.,,"( I-v) , which is linear
and applies for all values of r. It was, therefore, advantageous to delete this strain com-
ponent from both the analytical value and the measured strains. This was accomplished
by reducing the rmiagnitude of the measured strains by the value of the expansion strain at
the temperature for which the data were taken. The remaining strain components, due only
to the panel buckling, were correlated directly against one of the following calculated
strains due to buckling:

EE 0 b 2-v +. a (63a)x c ohl.2 [a b'
8 ab(1-v )I

2ZV2 2
e = a [a (2-v +v b (63b)
Yc 8ab(l-.v 2 ) Lb a3

The empirical equation for buckling amplitude, (61), wosused in these computations to
reduce the cumulative error.

The test data were measured at three locations, in the direction indicated below:

1. Center of panel (x = a./2, y - b/2) -,

2. Midpoint of panel long side (x 0 or a, y = b/2) ,

3. Midpoint of panel short side (x ai 2 , y = 0 or b) -,
y

Measured strains at the three locations were then plotted versus calculated strains, with the
result shown in Figures 66 and 67. Absolute values of both measured and calculated data
were used, even though the sign of the buckling !tress is positive. The negative measured
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strains on the plots are the result of subtraction of the expansion strain. The least squares
regression lines and the simpler zero-origin approximation are again indicated, with the
difference between the !wo negligible in comparison to the scatter in the data. Therefore,
the simpler approximation was selected in each case, resulting in the following empirical
relations fx thermal stress:

* Midpoint of panel long side

-E,1i1 + C.82EWo 2 b (2-v2) ](64a)
eL ab( _,) - o ,2J

o Midpoint of panel short side

-! Le ±t 1.66 EWo2  a (2- 2 ) + - b -,)T7 1 .6 ' ; - (64 o)

>'e _ab(l_2 ) Lb a]

These equations are applicable only for the rrid-plane of the panel in the direction indicated.
Strains for other locations can be readily derived from these relations by use of the analytical
equations involving spatial location.

The results of the strain correlation are illustrated in Figures 68 through 70, which show 'he
measured data and the empirical equation plotted versus temperature ratio for several of the
test specimens. The agreement in the trends of the %:mpirical relation and the measured data
is considered good in view of the considerable scatter which exist in the data.

The influence of temperuture on the coefficient of thermal expansion, a, is rjflected in the
empirical curves of Figures 68 through 70 by the curvature in the empirical lite. The value
of .c, for aluminum increases (with increasing temperature) for all temperatures below 300 6F,
while ,a for titanium reaches an upper limit at a temperature of 400'F.

B. Dynamic Stress

Computation of the dynamic stress involves the frequency and sound pressure spectrum level
in addition to certain specimcn dimensions. The frequency response at a specific tempera-
ture above ambient is, in turn, dependent on the room temperature fund imental frequency.
Hence, the derivation of the empirical dynamic parameters will be discsed in the order
in which they will be used.

I . Ambient Temperature Fundamental Frequency

Measured room temperature fundamental frequencies, from Tables VII and VIII, were plotted
versus values calculated by Equation (30). The results are shown in Figure 71 for all alumi-
num and titanium specimens, with the two forms of regression iine indicated. Since there
was very little difference in the two slopes, the approximation was selected, and the
following empirical relation resulted for room temperature fundamental mode frequency:

102



3000 I
L.2000 1* I

SPECMEN L-iPECIMEN AL-2

816 240 8 1624

r TEMPERATURE RATIO

EfOPIRICAL EQUATION (64,,)

Q LOCA ION 1 - CEk.ITER Of PANEL

L IOCATION 2 - MIDPOINT OF LONG SIDE

3000 .. 7....T
:L4

1000 IA0
SP 5ECIMEN AL-4 ISPECIMEN AL-

i6 o6
b b12 b 1

ALLI
C)8 16 24 0 816 24

rTEMPERATURE RATIO

FIGURE 68. COMPARISON Or EMPIRICAL AND MEASURED THERMAL STP.A.

103



300C

z a

200 . m m;. .. ...m

... .., .. ...

SPECIMEN AL-B 8

b =18 .*~

-- ~h.063 0 74j~
0 8 16 240 8 16 24

r -TEMPERATURE RATIC)

EMPIRICAL EQUATION (64c)

SLOCATION I - CENTER OF PANEL

_%OCATION 2 - MIDPOINT OF LON,,G SIDE
1500 JZ.W

z ... ... t

I i i

500 T- SPECIMEN TI- .- 7{4
..i .. ... ..... a SP C MN6

II' b lB b =16

h .j0i=.44 h -±4k5U 4

o 6 16 24 0 8 16 24

r TEMPERATURE RATIO

FIGURE 69. COMPARISON OF EMPIRICAL AND MEASURED THERMAl STRAINS

104



z

20 __4_w~.
........- .

1000 -SPECIMEN AL-i _4j-PECIMEN AL-5
b 96

hb .03 b 12
~1itjI't h =.050

0 8 6 240 816 24

rTEMPERATURE PAl 10

EMPIRICAL EQUATIO--N (64L)

a LOCATION 3 -MIDPOINT OF SHORT SIDE

3000 T T-- ,~r

200 --K 7 i

j1000 - EIE L iKSPECIMEN AL.-9
9 a 6

b 18 b =. b 18

h .063 * h =.032 1

0 8 16 24 0 8 16 24

r TEMPERATURE RATIO

FIGURE 70, COMPARISON OF EMPIRICAL AND MEASURED THERMAL SITRA INS

105



300 ...

TITANIUM,

20 .7 H z... . . ..

240 T___ ,*,(A

... ~.........
-.. ... . .. ... .. .

20....... ..............

LIJ

0. .. .. . . ..... .......

Lu~~- .-- ~j . .......

:2 120=
I.'-..O 0%CONFIDENCE BAND

IfI -A-- -

......... .. . . . . ..-? .

.. . . . . . . . . . . . ..__ _

8 C -. .......T . . .......

... ... .U ERCUV I

(A) f =10, 35 + 1.6
40 - IERCRV I MV

I . .... APPROXIMATION

(B) f =1.74 f m. . .

...........................

f ANALYTICAL FREQUENCY- Hz20

FIGURE 71. FUNDAMENTAL MODE FREQUENCY CORRELATION
ABETTEMP[RATURE

106



f 2.73 F F Dll/2 (65a)
e ab h

or, alternatively,

f =0.79 F h F E / (65b)
0 ie -

ab L v(lv 2)

This equation is based on a simply supported plate analytical model. Use of more realistic
boundaries for the analytical model is not justified because, like the buckling temperature,
a certain amount of scatter is present in the measured data for a particular specimen con-
figuration. This scatter is attributable to the same factors that create the scatter in the
buckling temperature, as discussed previously.

The correlation coefficient for the plot of Figure 71 is R. = 0.915, hence the probability
of accurately estimating the fundamental mode frequency for a specific design configura-
tion is considered good. For instance, the error in the estimated frequency should be Iss
than ± 18 Hz for a confidence level of 60%.

2. Elevated Temperature Fundamental Frequency

The fundamental frequency response of a heated panel is given by Equation (30) as e
function of temperature ratio and the room temperature frequency. At the critical buckling
temperature, r= I, the analytical frequency decreases to zero, as shown in Figure 4. How-
ever, as shown in Figure 33, the measured data did not exhibit this tendency. Measured
frequency ratios, f(r)/fo, were plotted against the measured temperature ratio, r, with the
data from all specimens plotted on the same graph. The data distribution is indicated by
the shaded area of Figure 72; the data points were distributed uniformly within the limits
of the scatter band. The data were separated into two groups, above and below the criti-
cal temperature, and me,.zjred frequency ratios plotted against calculated frequency ratios.
A least squares regression line was computed for each group and then slightly modified to
provide identical values atr= 1 so that a continuous curve would result. The empirical
equations are thus

() f11 /2 (O <r 1r [o 0.60 + 0.40 (-r)
1.2(66)

f(r) fo 0.60 + 0.44 (r-) 1 ' 2 1 (r 1)(6

The curve produced by this equation is also shown in Figure 72. No means were available
to reduce the scatter in the frequency ratio data since, for identical configurations, the
frequency ratios varied from the minimum to the maximum shown in Figure 72. Much of
this scatter is directly related to errors accumulated in the room temperature furidumentol
frequency and the buckling temperature measurements.
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3. Dynamic Strain

Dynamic stresses were calculated using the following equations from Reference 4 for
clamped edge conditions:

" Rivet row at midpoint of long side (x 0, y b/2)

6 (b) 2 ~)((r)] / (67a)

o Rivet row at midpoint of short side (x a/2, y 0)

"  (67b)

The aspect ratio parameter, AR, is defined as

AR 3 (b/a)2 t 3 (a/b)2 t 2

Dynamic strain analyses were made several times during each test, in the form of a narrow-
band analysis, asdiscussed previously. The re ponse frequencies, sound pressure levels, and
overall strain levels from these analyses wer. used in the dynamic strain correlation for the
two locations given above. These locations correspond to locations 2 and 3 for the thermal
strain correlation.

The calculated strains for each measurement location were plotted versus the corresponding
measured strains as shown in Figure 73, and the least squares regression lines were computed.
As noted in the figures, the least squares curve fit has a very gradualslope, with residual
values of 176 and 137 kin ,/in at zero calculated strain. The approximate zero-origin
curve fit is also shown for each case. From a practical viewpoint, the strain without noise
excitation should be zero, which is not the case for the least squares curve fit. Since a
large variance is present in the data (correlation coefficients of less than 0.30 for both
plots) either line can be used without loss of accuracy. Because of this lack of correlation,
a conservatism factor of 2 was applied to the approximate relations to produce the following
empirical dynamic stress relations:

a Rivet row at midpoint of long side (x = 0, y = b//2)

=0.36(:~ ffr]/ (68a)

a Rivet row at midpoint of short side (x = a,/2, y = 0)

1 .30oa)IM w
Ye 7R --- (68b)

The probability of accurately predicting dynamic stresses for a particular application is low
because of the scatter in the data; hence, these relations should only be used to provide
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gross estimates of the stress magnitude. Assuming a 60% confidence level, errors in the
estimated stresses can be expected to be on the order of ±95 and 170 Jirvin (rms) from the
mean value for locations 2 and 3, respectively.

The above results have been derived using measured strain data, regardless of the test tern-
perature. This was done because separation of the data by test temperature produced no
significant difference in empirical stress. Figure 74 shows the room and elevated tempera-
ture data separately for strain location 2, and shows approximately 4% difference in the
slopes of the approximate regresslun line. Such a small difference, in comparison with
the data variation, does not justify establishment of separate relations for room and
elevated temperature dynamic strains.
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V - DESIGN METHODS

A useful tool for the design engineer is the design nomograph, which graphically displays

an equation for rapid solution. The empiri';al equations of the preceding section were
formulated into such nomographs and are presented in the following subsections. The
results of the empirical derivation, together with existing room temperature criteria, are
summarized here to clarify application of the design technique. The empirical subscript,
e, has been dropped from all equations presented here to simplify the results.

A. Ambient Temperature Design Criteria

The design criteria ar ambient temperatures are unchanged from existing criteria. Only
the dynamic response of the structure is involved in the design as long as the ambient
temperature state does not cause buckling of the skin.

I Skin Design

The skin design criteria of AFFDL-TR-67-156 4 are valid for aluminum structures at ambient
temperatures. Figure 75 depicts the nomenclature for i simple flat panel which is repre-

sentative of a single bay of a stiffened-skin structure. The dynamic stress at the midpoint
of the long side is given by Equation (36c), Reference 4, as

= .62x 10-4 E 1/4 a1.25 -(f) (b/a) 1.75-kst (69o)

J h 7 ,.56 (AR) 8 4

Dynamic stresses at this polnt are also given by Equation (68a), or

42 1/2x 0 f ksi (69b)3.6 1 - (frrns

where f is given by Equation (65), or

f = 0.79 Fi 1 h 1(E ]1/2 Hz

The aspect ratio parameter is defined as

AR = 3(b/a)2 + 3(a/b) 2 + 2

while the pressure density is defined by

(f) 2.91 x Io [(SL'20) -9] psi
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Comparison of these stress equations shows that, for identical configurations, Equation
(69a) gives higher stresses than (69b). Since both are based on the same analytical model,
the difference is in the data on which these empirical relations are based. These empiri-
cal relations con then be considered as bounds for predicting dynamic stresses. The form
of the latter equation lends itself to much easier solution.

Figure 76 presents a nomograph, based on Equation (69a) from Reference 4, for stiffened-
skin plating design. This nomograph was adopted for titanium structures by using the data
of Section III.

EXAMPLE: A flat, aluminum alloy, stiffened structure is to be designed to withstand on
estimated spectrum level of 120dB for 5 x 108 cycles. The skin design is determined by
the following:

Assume: a Damping ratio: , 0.012

o Stiffener spacing: a 4.75 inches

o Aspect ratio; bi'a - 1.5

Enter the nomograph, Figure 76, with the design life and follow .hrough the nomograph,
as indicated by the arrows, to obtain a skin thickness h -- 0.032 inch.

The fundamental frequency is calculated by Equction (65) as fo = 340 Hz. At this fre-
quency, the service environment spectrum level is checked with the spectrum level used
above. If necessary, an iteration can be made to obtain agreement.

2. Stiffener Flange Design

The acoustic loading on the surface of a stiffened panel is transferred to the substructure
predominately by a transverse shear loading, causing the open section stiffeners to bend
and twist. The stiffener loading is reacted along the skin-stiffener attachment (rivet) line
and at the clip attachments to the frames. The resulting stresses at the stiffener flange are
given by Equation (67), Reference 8, as

af=09[0.021 b3 d 1 (f)(-°)l 2 ]1 / 5 ksi r m s  (70)

where 1* II - 1 2)/1

This relation is valid only for the fundamental mode of the panel. The above flange stress
is used in conjunction with a fatigue curve developed for flange failures; this curve is
presented in Figure 77 (Reference 8, Figure 44).

EXAMPLE: A flat, aluminum ao!oy, stiffened structure is to be designed to withstand an
estimated spectrum level of 120 dB for 5 x 108 cycles. The stiffener design is determined
by the following:
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Assume: o Damping ratio: =0.012

a Stiffener spacing: a = 4.75 inches

o Aspect ratio: h/a= 1.5 (F11  2.17)

From the previous example,

h 0.032 inch

f 340 Hz
0

The stiffener is a zee-section 0.040 inch thick with a flange width of 0.75 inch and height
oF 1.25 inch; the section properties give a value of I* = 0.01255 inch

From Equation (70), the attachment stress is

[Cf090.0121 (7.125) 3(Q.25) (2.9 x 103 ~)340 ) /2 11/5
Cf 0.9 (0.01255)(2.17) 0O.012!

2.25 ksi
rms

From Figure 77, the life is estimated to be N = 9 x 106 cycles, or considerably less than
the design requirement.

The above procedure should then be repeated using a thicker or deeper zee stiffener until
the desired life is achieved. It is also possible to reduce the stiffener spacing, thereby
reducing the fundamental frequency and perhaps altering the excitation (dependent on the
spectrum shape).

B. Elevated Temperature Design Criteria

The elevated temperature design criteria are used in essentially the same sequence in
which they were discussed in Section IV. Since more than one method of application is
available, all the criteria will be summarized and then followed by examples of usage.

i. Skin Buckling Temperature

Tho critical buckling temperature of a single panel, such as that shown in F:gure 75, is
given by Equation (60), or

T =5.25 h F11 -'F above ambient
c

abR 1 77v
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The temperature ratio is then defined as

r T T/Tc

where T is the temperature rise of the structure above ambient. Figure 78 is a normograph
of the above equation for a constant value of Poisson's ratio. The value of V 0.32 was
selected as representative of the most commonly used aircraft alloys.

2. Skin Buckling Amplitude

The empirical skin buckling amplitude is given by Equation (61), or -

W =2.5hF11 17 / inches

0 (5 )11  -25 )(vj

where R is defined by Equation (19a) as

-L R -- 3 1 (5-v )F _ 2(5 4- .v) |-v,)

A nomograph to predict buckling amplitudes is shown in Figure 79; this nomograph was
also developed for a constant value of v 0.32.

A

3. Thermal Stress

Thermal stresses due to in-plane expansion and skin buckling are given by Equations (64),
for the midpoint of each side, or:

o Midpoint of panel long side

a EaT +0.82Ew 2 F b(2 -v2)+ a x 0"  -ksi
ob(1-v 2 ) [a

o Midpoint of panel short side

Env-...aT + 1.66 EWO2  a a(2 -v 2 + ab3

Thermal stresses must be computed at the midpoint of both sides, since the short side
stress is greater than that at the center of the long side. This is opposite to the magi-
tudes of the dynamic stresses at the two locations.

The above relations were simplified to

~x 0T xb Y' T yb

119

== -=-=



I

LLI

24

x Ii

2 2 I ou- 0

122



tI
o (L'

c;4

Z4

4 z
0. .

ML

0. C

- 4

C'4 c

z a

- C .I
cc0

121



for development of design nomographs. These respective stresses ore the in-plane expan-
sion and buckling stresses as inferred from lie preceding equations. Figure 80 is a nomo-
graph of the thermal expansion stress, aT , while Figures 81 and 82 represent nomographs
of the thermal buckling stresses in the x and y-directions, respectively. Again, the para-
meter v = 0.32 was used to develop these nomographs.

4. Ambient Temperature Fundamental Mde Frequency

The fundamental mode frequency for a single bay of a multi-bay structure is given by
Equation (65b), or

f -G.79 F h[E 1  2  - Hz
0b __V_ ).

The nornogaph corresponding to this equation is presented in Figure 83, for , = 0.32.
The chart was simplified b, taking advantage of the essentially constant ratioof E/ -,
for mcst aircraft structural alloys. An average ratio of Ei, = 3.98 x 1010 in /sec 2 was
used; this is an average of the ratios for aluminum, tilaniurn, stainless steel, and Inconel
alloys.

5. Elevated Tempeiture Frequency Response

The fundamental mode frequency at a temperature increase, T, is given by Equation (66), or

f(r) fo 0.60 t 0.40 (1-r) 1/2I -Hz (oSrS1)

fo 0.60 t 0.44(r-1) 1/21 Hz (r > 1)

Figure 84 is a nomograph of this relationship to simplify the computation.

6. Dynamic Stress

Dynamic stresses at any temperature can be computed by Equation (68):

a Rivet raw at midpoint of long side

2,60 x 10 4 [ (f[ ]/ 2  ksi

Rivet roy, at ridpo;nt of short side

, 13.0 x ]^"4  r ) -/ ksi
y In rms
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The elevated temperature response frequency, f(r), must be used for these computations.
The stresses at both locations must generally be calculated for elevated temperature appli-
cations because of the interaction of the thermal and dynamic stresEbs.

The stiffened panel fatigue test data of Tables XI and XII were used to establish ihe design
life nomograph of Figure 85 for elevated temperature applications. This nonograph is
applicable for 7075-T6 aluminum at temperatures of 1500 and 300'F, and 6AI-4V titanium
at temperatures of 4000 and 600*F.

7. Application of the Design Procedure

At least two alternative methods of application are possible using the criteria developed

on this program. These alternatives are described in the following subsections in the form
of sample applications.

a. Design Life Nomograph - The most direct method involves the use of the design
nomograph for life, Figure 85. The alloys and structural temperatures must agree with
those for which the nomograph was developed. This nomograph includes thermal mean
stress effects in the data, thereby negating the need to compute these parameters.

EXAMPLE: A flat aluminum structure is to be designed for a service life of 100 hours at a
sound pressure spectrum level of 120 dB and a service temperature of 3000 F.

Assume: a Aspect ratio: b/a 3.0 (F11 = 3.33)

o Damping ratio: =0.016

o Ambient temperature: 800F

As a first step, assume a frequency, at the service temperature, of 300 Hz. Then, the life
in cycles is

8N = (300 Hz)(100 hr)(3600 sec/Hr) = 1.08 x 10 cycles

Enter the nomograph of Figure 85 with this life and follow through the parameters to the
skin thickness chart. Several spacing/skin thickness ratios are now possible, all of which
will meet the design life goal. Assuming a skin thickness of 0.050 inch, the panel width
is found to be 5.0 inches.

At this point a structural configuration is defined; however, the assumed frequency must
be checked. Compute the fundamental mode frequency at the ambient temperature using
Figure 83, (fo = 390 Hz) then compute the skin buckling temperature Increase using
Figwre 77, where C. = 13.5 x 10-6 In/In/OF from Figure V-2, Appendl V. (T = 33 0 F)
The temperature ratio Is then

r T/T =220/33 =6.7
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Figure 84 then yields the frequency ratio f(r)/f = 1 .65, and the elevated temperature
frequency is

f(r) = 1 .65 fo - 645 Hz

Since this frequency is greater than the assumed frequency, the anticipated life will be
less than the design goal, and an iteration is necessary. The above procedure is repeated
using the calculated frequency of 645 Hz. One or more iterations may be necessary to
obtain agreement between the initial and final frequency (or design life).

Several spacing/skin thickness ratio combinations may be derived using this method, and
the weight' of each calculated to obtain a minimum weight design.

This method may also be used for structural temperatures different than those indicated
on the nomograph by assuming a linear relationship between the temperatures shown and
interpolating.

b. Mean Stress Fatijue Curves - An alternate design method involves the use of fatigue
curves where the mean stress effects ure known (i.e., Figure V-4, Appendix V). This
method can be used where the alloy or temperature does not coincide with those of the
Figure &5 nomograph.

EXAMPLE: A flat structure is to be designed for a service life of 100 hours at a spectrum
sound pressure level of 140 dB, and n service temperature of 500°F. Stainless steel
PHI5-7Mo is selected as the alloy to be used for this structure.

Assume: o Aspect ratio: b/a 3.0 (Fi 1 3.33)

o Damping ratio: 0.0 16

o Ambient temperature: 800F

A fatigue curve for the selecrpd alloy A.is obtained from MIL-HDRK-5B 1 7 to give the
effects of mean stress on fat;g;.e life. This axial loading, constant ampiitude fatigue
curve was converted to an equivalent random amplitude fatirue curve (Figure 86) using
the method of Reference I.

Assume a stiffener spacing of a = 6 inch and a skin thickness of h 0.050 inch. From
MI L-HDBK-5B,

"y = (.277/386) = 7.17 x 104 ib -sec 2 /n

c, = 6.1 x 10- 6 i r,/ir/ 0F 5000 F

E0 = 29.0 x 106 psi - RT

E = 26.97 x 106 psi "U 500'F
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The skin crilicol buckling temperature is found finom Figure 78 as Tc = 50OF. Then
r = 420/50 = 8.4 and the buckling amplitude i '.IV 0.240 inch, from Figure 79.

[he thermal stresses at the midpoints of the two ides are found from Figures 80 through
82,or

aT = -100 I is

a =75ksi; .j 40ksi
Xb Yb

then

x TT + : -1004 75 = -25 ksi

0 yaT + o --iG0+ 40= -60ksi

The ambient temperature fundamental frequency is fo 260 Hz from Figure 83. From
Figure 84 the frequency ratio corresponding to a temperature ratio of 8.4 is 1 .8. Then

f(r) .8f = 468 Hz
0

The dynamic stresses are then

-3.60 x [0[4  2 ] K 1./2 = 7.89 ksi05 1 293f.1ms

=13.0 x 10- 4  6J2 [9 x10-2] ['468j 1/2 =3.17ksi5] 016 rms

The value of (f) = 2.9 x 10-2 is the acoustic pressure density corresponding to 140 dB,
while AR = 29.33 is the aspect ratio parameter.

Enter the fatigue cu've of Figure 86 (Kt = 4) with the dynamic stress'5, = 7.89 ksirms and
thermal mean stress ax  -25 ksi. This c(ombinotion gives a life of approximately 4.5 x
108 cycle,. Using the y-direction sres5.ss, ' y = 3.17 ksirms and y = -60 ksi, gives a
life greater than 1010 cycles.

At a frequency of 468 Hz the life is

N 
4 .5 x 108

WIFE = W7 =(3600)(468) 267 Hours

which Is greater than the 100 hour design requirement. The design can be optimized by
iterction on the above procedure to decrease the skin gage or Increase the stiffener
spacing such that the predl;ted life Is equal to or greater than the 100-hour design life.
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8. Limitations in the Design Procedure

Application of these design procedures should be tempered with a thorough understanding
of their limitations. Certain of the initial assumptions stated during the analytical devel-
opment were negated by derivation of the empirical relations. However, the limits of the
physical and environmental parameters tested in the experimental program then apply to
these design criteria. These limitations are itemized below.

a. Physical Constraints - The bounds of the test specimen dimensions were used to
establish these !imitations. These should be treated only as a guide as the equations and
nomog.'aphs are normally valid beyond these limits. Individual judginent must be applied
in unusual cases where the constraints are drastically exceeded, part;cularily in the case of
the design charts. The guidelines on size ore:

o Panel bay width: a = 5 to 9 inches

o Panel bay aspect ratio: b/a = 1.5 to 3

o Panel skin thickness: h =0.024 to 0.063 inch

b. Environmental Constreints - The acoustic environment generally has no restrictions
as regards applicability of the design criteria. Spectrum levels below 120 dB will normally
result in low dynamic stresses and a long fatigue life. The higher noise levels will gen-
erally result in nonlinear response, but these effects are included in the design
criteria, since many of the test specimens exhibited a high degree of nonlinearity.

The thermal environment must be nearly uniform over the surface of a panel bay. the skin
temperature is limited to the maximum temperature for which the alloy retains significant
structural properties. The limiting temperatures are, for the alloys considered:

o 7075-T6 aluminum: 300 'F maximum

o 6AI-4V annealed titanium: 600'F maximum.

The design life criteria ore based only on specific nominal temperatures, requiring the
use of interpolation for intermediate temperatures. Extrapolation beyond the temperature
limits may be permissible to some extent if care is exercised and the further temperature
degradation effects are included.

Probably the most important restriction on the design method is in the estimation of the
ambient temperature and the state of the structure at this temperature. All thermal res-
ponse relations are referenced to the aml,ient temperature and the assumption that a state
of stress equilibrium exists (i.e., r:. mean siresses). It is impractical at this stage to give
guidelines for estimating the ambient temperature state, because it is dependent on the
length of time at a uniform temperature, external constraints, and other influences. It
will be noted that a change in ambient temperature over a short time interval constitutes a
temperature change as far as the analytical relations are concerned.
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7c External Constraints - The external constraints imposed on the test panels precluded
significant thermal expansion of the substructure. This is considered representative of
structural applications in the direct flow path of engine exhausts or other heat sources,

where only localized areas of the structure are heated. The criteria can also be applied
=to design applications involving gradual heating of an entire structural area, where all
structure expands at about the same rate. This corresponds to a relaxation of the external
constraints from those considered here. In this case, the thermal buckling amplitudes and
stresses given by the relations delineated herein will result in a conservative design.

It should be noted that the empirical results presented herein are applicable only for the
case of simultaneously application of heat and noise. Alternate application of these
environments, wherein significant thermal stress cycles are incurred, were not considered
in this program.
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VI - CONCLUSIONS

Design methods were developed to estimate the acoustic fatigue life of aircraft
structure exposed to simultaneous noise and elevated temperatures. These design
methods are applicable to flat, stiffened-skin structures fabricated of aluminum or
titanium alloys. The methodology was derived through a combined analytical/experimental
program, wherein the analysis served to identify parameters important to the experi-
mental effort. Analytical results are presented for a single panel and for a multi-bay
panel subjected to a spatially uniform temperature rise. This analysis covers the pre-
and post-buckled states for each structural model. Coupon fatigue tests were conducted
to isolate temperature degradation effects on the fatigue life of each alloy. A total of
27 aluminum and 21 titanium stiffened panels were subjected to a thermal environment
and tested to failure under high intensity random noise. The data from the test program
were used to modify the analytical results and to provide design equations, nomographs,
and a computer program for predicting acoustic fatigue life. The following conclusions
were drawn from the results of this investigation:

a. The analytical and experimental investigation results indicate that the overall
rms stress response of stiffened structure skins to acoustic excitation, at ambient or
elevated temperatures, can be estimated using empirical relations based on thin plate
and Miles' response theories. However, significant variance between estimated and
measured stresses can be expected because of cumulative errors in predicting the
excitation and response characteristics.

b. Existing substructure design criteria8 for ambient temperature structures are
considered valid for elevated temperature applications, where the skin gages are deter-
mined from the design criteria of this report.

c. The assumption that the substructure was thermally isolated from the skin proved
adequate for establishing empirical criteria for skin thermal buckling effects. However,
the analytical development should be extended to include heating of the substructure to
,fine the elevated temperature response characteristics.

d. The thermal buckles experienced on certain structural designs may prove excessive
for operational use; hence buckling amplitude should be a significant consideration in
the design of elevated temperature structures.

e. Structural buckling temperatures, amplitudes, and stresses can be estimated using the
empirical results of this program. Since each of these parameters is based on a temperature
increase relative to ambie'it, the confidence in the estimated thermal and dynamic response
will be directly related to the accuracy of the ambient temperature predictions.

f. The use of faying surface sealant between the skin and substructure has no dis-
cernable effect on acoustic fatigue life, at ambient or at elevated temperatures.

g. The analyses presented for the elevated temperature dynamic response of box and
curved structures in Appendices I and II are preliminary and should be used with caution
until further development and verification by experimental data.
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APPENDIX I

VIBRATION ANALYSIS OF NINE-CELL BOX STRUCTURE AT ELEVATED TEMPERATURES

The simple panel analysis described in Section II is based on the assumption that the
temperature distribution over the panel is uniform and in a steady state. Based on these
assumptions, the application of the simple panel theory to a flat, stiffened, nine-bay
pan31 structure was presented. For the nine-bay stiffened panel, the assumption of a
uniform temperature distribution may not be too restrictive, but if the same assumption is
applied to a box structure configuration, the results may be considered unrealistic.

As was shown in the nine-bay panel analysis, this assumption of a uniform temperature
distribution implies that thermal equilibrium exists at each temperature considered. That
is, either the stiffeners experience the same temperature rise as the cover sheet, or the
stiffeners ore insulated from the cover sheet so that no heat conduction can occur. Since
this analysis did not consider a thermal stress in the stiffeners, the assumption of a uniform
temperature distributon in the cover sheet for the nine-bay stiffened panel, as applied in
Section II, implies that the stiffeners are insulated from the cover sheet and that thermal
radiation from the cover sheet to the stiffeners can be ignored in the analysis. Since the
stiffeners do not present a large surface area when compared to the cover sheet area, and
since the temperature range considered is rather low (less than 600 0F), neglecting the
thermal radiation effects for the stiffened nine-bay panel may be justified. The effect of
these assumptions as applied to the nine-cell box structure will nowbe briefly discussed.
This analysis is presented only as a beginning point for this complex structure; no experi-
mental effort has been devoted to elevated temperature fatigue testing of nine-cell box
struc tures.

Consider the nine-cell box structure configuration as illustrated in Figure 1-1 . For this
configuration, the two cover sheets (located in the planes z = 0 and z = hi) ore of equal
surface area, and the surface areas of the ribs are of the some order of magnitude as the
areas of the cover sheets. It can thus be supposed that thermal radiation from one element
to another will be significant in determining the temperature of the element. Also, it is
evident that if the two cover sheets are maintained at different temperatures the ribs will
not experience a uniform temperature distribution unless the ribs are insulated from the
cover sheets.

The analysis of the uniformly heated, simply supported panel will now be used to obtain
an estimate of the response frequency of the box structure when subjected to a temperature
distribution such that the cover sheets and the ribs are each maintained at a specified
uniform temperature. The assumed temperature distribution and the dimensions of the
components are illustrated in Figure I-I.

As discussed in Reference 8, three mode numbers are required to describe the vibration of
a box structure. The mode numbers are denoted by the nomenclature (m, n, p), where
(en) are the mode numbers for the cover sheets in the x and y directions, respectively,
and p denotes the mode number of the rib across the depth of the structure.
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Using the results of Equation (3), imposing1 the slope compatibility relations (Equations 43,
Reference 8), and neglecting the detailed algebra, the modal mass the box structure for
the (I, I , 1) mode is

3

111 1 2 32 + s M r

where

3 2 r b 3 bI

Mr I + 2(a,) 2( )( I + 2()r ao2/ 1 tr/\a 2)/ G

Equation (I-I) represents the modal mass both below and above the critical temperature,
since the mass is not dependent on temperature.

A. Pre-Buckled Frequency Response

The modal stiffness of the nine-cell structure below the critical temperature is obtained by
using Equation (34a) and the slope compatibility relationships between the cover sheet
bays and the rib bays. It is first assumed that all components are manufactured from the
same material. As discussed previously, the uniform temperature of the cover sheet
located in the plane z = 0 is denoted by T1 , the uniform temperature of all ribs is denoted
by Tr, and the uniform temperature of the cover sheet located in the plane z h1 is
denoted by T2 .

For these assumptions, the modal stiffness for the (I, 1, 1) mode is given as
4 3 3[ 32 r  ]

1 IKs +(2ts) 2K 2( K + ) K (0 r r) (I-2)Kil= 2-' 2 )s 2 K s  2 ts/1 I \ r/ 2  r r

where the terms are defined in Table I-I . It should be noted that the temperature rise, r,
as defined in Equation (1-2) and Table I-I,is the ratio of the temperature rise of an indi-
vidual component to the critical temperature of the center bay of the cover sheet located
in the plane z = 0. That is, the critical temperature for the entire structure is defined by
the buckling temperature of the center bay of the cover sheet located in the plane z = 0,
whether or not this happens to be the lowest buckling temperature of all of the panel bays
of the structure.
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TABLE I-I

TERMS APPEARING IN THE MODAL STIFFNESS EXPRESSION
EQUATION (1-2)

Ks F (b2 ,a2 )(1 -r) + 2 F 1 (b2 ,a)(1 -d

b 2 1 . F 2 (b, a W d r)

2sF~l(b 2 ,a2)(1 i d22r) + 2Fi(b 2 ,ai)(1 -l 1d12r)

+ 2 ( )Fi(b,a 2 )(1 2 d2 1 r) a 4 , 2

222II( 1, b 1 2 1 1 r)
IK (L)[ll(hlb 2)(a - e2r) + 2(F (b - lelr)i

2K b- 21 1 2 e2r)+ \a2(F 1 (h1 loa)(1 - 2elr)

h b1F1 (b2 2r

F1 i (b,a) : (b/a)+ (a/b) 1ei d a 2 b 2 F 1 1 (h7) ( 4tr2

_T 2 1 t- F 1 (b2 ,a 2 )

r :T/lc c 1 2ci1 + v)a2b2
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B. Post-Buckled Frequency Response

The analysis developed in Section II for a heated, simply supported panel above the
critical temperature will now be used to derive the expression for the modal stiffness of a
nine-cell box structure above the critical temperature. As for the nine-bay panel, the
critical temperature, ro, is defined as the temperature rise, r, necessary to cause the
modal stiffness expression, Equation (1-2), to vanish.

For a rectangular flat panel with dimensions a x b-, and thickness, t, exposed to a
uniform temperature distribution, T, the strain energy of the panel is expressed as

Ui :D K*(ba i l t , T , )q 2 (t) + R*(b, ai,t,T)i Wj (1-3)

where

2
K*(b.,a.,tT) F2 (b.,a ) [I - d(a.,b.,t,T)r]+-R(b ai)Q2 12)( [W°0 2  (1-4)

2t 
2 W 2

i = F1 (b''a.) [I - d(a(bt, T)r + R(b.a i 1 (1-5)

i ' 11 21i t l tR(b toai) = 3[.(5 - " )F 11(bhit a.) - 2(5 1 )( - v) (1 -6)

a.b.F 11 (b 2 'a 0 I 2
d(a.,b.,t,T) = I ( b . s T (I-7)

I a2b2F11 t i

In these equations, the temperature parameter, r, is referenced to a panel with dimensions
a2 x b2 and thickness it, which is exposed to a uniform temperature increase TI . Also,
iiWo is the static buckled amplitude of the panel and qj;(t) is the dynamic amplitude of
tfe panel (jq.. I << ijWo). In the derivation that follows, the analysis is limited to the
box structure fundamental mode (m,n,p) = (1,1,1).

Following the analysis developed in Reference 8 for box structure at ambient temperature,
it is assumed that all components of the box structure ore manufactured from the same
material and that the structural geometry Is as illustrated in Figure I-1. Using the above
equatlons and again Imposing the slope compatibility relations, the strain energy expres-
sion for the box structure for the (1 ,1 1) mode Is

D ~22
U T- £K** q (t) + R** W2  (-8)

22 40
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where K** and R** are defined in Table I-Il. In Equation (I-8), W o is the static buckled
panel amplitude and q(t) is the dynamic panel amplitude of the center panel bay of the
cover sheet located in the plane z = 0.

It is seen from Table I-Il and Equation (1-4) that the stiffness is a function of the ratio
(Wol t )2. To determine this parameter as a function of the temperature increase T1 , or
r = TI/Tc, (where Tc is the critical temperature of the center bay of the cover sheet
located in the plane z = 0) set q(t) = 0 in Equation (1-8) and obtain the strain energy as a
function of W o . Minimizing this result with respect to W o gives the result

8 bW 2R* * + W °  -0 (1-9)
01q, I(t) =0 0 0J

Solving Equation 1-9 for (WO/it ) as a function of r = T1/'T,, and then substituting the
result into the expressions for K1. and R** gives the strain energy expression in terms of
the temperature parameter, r.

The modal stiffness is then derived by minimizing Equation 1-8 with respect to q(t) so that
the expression for the modal stiffness of the fundamental mode is

r4 D

K (-10)
2 2

where the terms (W0/ 1 t) appearing in K** have been determined from Equation (1-9).
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TABLE I-I

TERMS APPEARING IN THE STRAIN ENERGY EXPRESSION
EQUATION (1-8)

3 (

K + () + 2(!Q--/)[r- + L t (%2 K-]

I s I fo, ) 2 ()I * 2 a 2s , .t ,Ti)

( K* T i) 4 ( T 2 -K*(b , t TT.
2 2i ( 2 i \ 2 2 /a 2ai) "

.R* R*(b 2 ,alIts,Ti) + 2 R'(b 2 ,Ol a t,Ti)

+ 2( R*(b 1 to2 , T ) -,(bI ,T.)

bK; K"h b21 , '32' s 2 ( b 2~ ) 1

K* = K*( h
1 , 2 I, T + 2 ( )K*(h I I , trTr)

1 2r 12tr ' br

* =r*,*(h , ,t T +2 (hl~ l trT

2 r 2hl lr r a1 2 'r

R* R*(h 1 ,0 2 , ,T )+ 2 (5 R*(hI 2bItrT)

R R*(h10t T) + 2/I-0) R'(h at2 r 2 2 r'r a12r r
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APPENDIX Ii

APPROXIMATE FREQUEiJCIES OF HEATED CYLINDRICAL PANELS

18
Szechenyi ptesents an approximate technique for estimating the natural frequencies of
curved pariels. Szechenyi's result has been checked against analytical and experimental
date cxesented by Petyt 9 with good ugreement. The following development is based on
the Reference 18 technique.

For either simply supported or clcmped boundaries of the rectangular cylindrical shell
illustrotod in Figure I1-1, Szechenyi obtains the expression for the frequency of the (m, n)
mode as

f , D r(k 21k 2)2 +h k2 +h a ]+ 12 V 1/2
mn - n x m y n hf-i c

where m is the mode number in the longitudinal direction and n is the mode number in the
circumferential direction. The stresses aoxand oy are the iongitudinal panel edge stress
ond the circumferential panel edge stress, respectively.

The terms ki, k, and G* depend upon the boundary conditions of the panel and are
defined for simply suppoi'ted edges as

k =Mr,/a ; = (1 2 I (11-2)
m m

(k2 + k
2 2

m n

k = n./b
r!

I or -ir,.ped edgis, the factors km and kn are

k = nr,/6 a ; . = n i/6 1, (11-3)in m n n

Vouuei of ('-,* can be obtained from Figure 11-2, and values o 6 and 6n can be obtained
f.-n Fiqure 1-:3. i

Ir. ter,rts of an interne! prs.sLre, P, und a uniform tempercture rise, T, the edge stress
-- t'o' enls are

x

(11-4)
y =7-ET F..
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substituting Equations (1-4) into Equations (li-i) gives the result

2 21 (22  k2 )2 + k2 + 2G* 1/2
mn -F H22 f

Setting the frequency expression given by Equation (11-5) to zero, the expression for the
critical buckling temperature is then

T 1 2caVO + V) (Pr__k_2_/D)_+_(12_ 1 (21r6)
h2(k2+k2 2 2 2
h m nk (k +k m n

Hence, Equations (11-6) and 011-5) may be used to estimate the buckling temperature and
frequency response, respectively, for curved stiffened structure. It should be emphasized
that these results are tentative, since no experimental verification has yet been attempted.
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APPENDIX III

TEST SPECIMEN DETAILS AND TEST INSTRUMENTATION

The stiffened panels used for the second phase of the experimental program are briefly
described in Section III. That section also describes the test set-up and procedures
used for each test. This appendix contains a more detailed description of the test
specimens, together with schematic diagrams of the instrumentation used for each test.
It supplements (rather than duplicates) the discussion in Section III.

A. Stiffened Panel Specimens

The aluminum and titanium test panels were very similar in design,the only significant dif-
ference being in the substructure. The channel frames and zee stiffeners on the aluminum
specimens were hot-rolled to a bend radius of approximately three times the thickness,
whereas the titanium substructure was welded at the longitudinal corners. The general plan
and edge view of the stiffened panels is presented in Figure Il1-1. Figures 111-2 and 111-3
show details of the frame and stiffener members for the aluminum and titanium specimens,
respectively. The edge member used to support the test specimens in the steel test
fixture is detailed in Figure 111-4. The edge member shown is for the titanium specimens
and was fabricated of 6A1-4V; the aluminum edge member was similar but made of
7075-T6. Only four edge members of each alloy were fabricated. They were removed
from the specimens at the completion of testing and were installed on the next set of
panels to be tested. Use of two sets of two edge members each allowed installation and
checkout of specimens to proceed concurrent with testing.

B. Coupon Specimen Tests

The coupon fatigue testing described in Section III was accomplished using fixed end,
cantilever beam test specimens. The specimen support was provided by the clamp
blocks shown in Figure 8 and detailed in Figure 111-5. Room temperature testing was
accomplished using phenolic inserts between the specimen and the steel blocks. Elevated
temperature resting used stainless steel inserts in place of the phenolic with asbestos
insulation between the steel and the specimen to minimize heat flow into the clamp
blocks from the test specimen.

The instrumentation set-up used for the coupon fatigue testing is shown schematically in
Figure 111-6. This depicts both the sinusoidal frequency input as well as the random
amplitude input used for fatigue testing.

C. Stiffened Panel Tests

The test instrumentation discussed in the following subsections parallel the discussion

of Section III.
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I. Room Temperature Frequency

The room temperature fundamental mode frequenc:y test set-up was shown in Figure 25.
Frequencies were determined by making sinusoidal frequency sweeps, at constant
input, and plotting the strain response. The instrumentation schematic diagram for this
is shown in Figure 111-7.

2. Temperature Effects on Frequency

The test set-up described above was also used to determine the elevated temperature
frequency response. Six heat lamps w,-re pt:stioned above the specimens as shown in
Figure 26 and the frequency was the:i ranul ly varied to maintain a fundamental mode
response. The schematic diagram of the set-oo is identical to that of Figure 111-7,
except that strain response plots were not produced. Skin temperatures were manually
read from a single cionnel indicator.

3. Thermal Strain and Deflection

The test set-up for these measurements is shown in Figures 27 and 28 and shown
schematically in Figure 111-8. Temperatures were controlled manually and read from
a multi-channel recorder. Displacements and thermal strains corresponding to these
temperatures were manually read and recorded on data sheets.

4. Excitation Spectrum Shaping and Fatigue Tests

The specimens were subjected to high intensity noise, and strain response plots were
produced at the desired test temperature. The schematic diagram for this test is shown
in Figure 111-9. After determining the significant panel response modes, the desired
random spectrum shape was obtained using the equipment shown in the schematic diagram of
Figure 111-10. This also shows the instrumentation used to record noise and strain on
magnetic tape for later analysis.

Three types of data analyses were accomplished: (a) narrow-bond analyses of the noise
spectrum, (b) narrow-band analyses of the strain resDonse, and (c) probability density
analyses of the noise and strain. The schematic diagram of the equipment necessary to
accomplish the first of those is shown in Figure I1-11, while Figure li-12 shows the strain
narrow-band analysis instrumentation. The only difference in the tyro types of rina(ysis
was in the log converter used for the noise analysis to obtain a dB scale. The probability
density analysis schematic diagram 's shown in Figure 111-13; noise and strain signals
were analyzed with the same instrumentation.
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APPENWiX IV

CORRIELAIO OF EXPERIMENTALIR[SULTS WITH
NINE-BAY ANALYTICAL RESULIS

The analytical section presented both a simple panel and a nine-hay panel analytical
development. The resulJts Of the simple panel analysis wert; ccrrelated withl the test data
to yield the empiricalI equations of Section IV and the design nornographsi of Section V.

The nine-bay analytical development resulted in more complex equations which are not
reaily solved without the aid of a computer. This nine-bay analy'tical results were corre-
lated with the experimental data, and a digital computer progrcm was developed to
simpiify solution for routine design problems.

A. Room Temperature Fundamental Frequency

The room temperature fundamentol mode frequency of the center bay is given by Equation
(46) with r =0, or1 2 K, 0 I 1/2O -

The mass, MI , is the total combined mass of the skin and supporting structure, as defined
by Equation (43). It was assu med for this development that the analytical mass relation
was realistic, since only a]llo,' density anid specimen configuration are involved. The
structural stiffness is more difficult to represent analytically; hence, the mreasured and
calculated frequencies were correlated to provide an empirical modification of the total
stiffness.

The stiffness is leinedl by Equation (44) which, for r = 0, beccmes

K (0) = 74D jiFr* + K5 + tKsy (V-2)

The parameter F*' represents the skin stiffness, arid K and K represent 1he substructure

Th u of these equotiuns, without modification, to lcIulate naturz.3 frequencies for
the test specimen configufatiors produced frequencies 15 tu 20 times higher than the
mreasured vujiucs. Coiucarlsun of the skin anid substrucwure termis revealed l hat the sub-
btructure termns 'Vcrc 1) t0 1 4J5 ti roe5 lj*ier t 'rn he skn slitfness terms.

A con~rjnt C I was, tit fore , untroducegi rrt( the stiffnetss K (03) as follows:



K 1(0) - 1D F* +F X + Kj s, (V-3)11K 14j.

The constant C1 was varied from 100 to 1200, the frequencies calculated and plotted versus 4
measured data, and standard deviation and correlation coefficient computed for each case.
The constant C1 = 400 was selected as the value which minimized the standard deviation
(or maximized the correlation coefficient). Figure IV-1 shows the correlation of calcu-
lated and measured frequencies for C1 

= 400, and includes the least squares regression
line (A). The approximate regression line (B), plotted through the origin and the data
centroid, was selected for the empirical equation, since the differences between the two
lines are insignificant. The following empirical equation for the natural frequency results:

Kmil/21/2
f O1.03 0. 164 [ () (IV-4)

e 2T M

where M 1 remains a; defined and
4D

K (0)Tb 2  F! + .0025 (K +K) (V-5)

Comparison of Figure IV-1 with the same plot for the simple panel (see Figure 71,
Section IV) shows the fcllowing differences in statistical properties:

Standard Correlation
Deviation Coefficient

Simple Panel Equation 20.69 0.915

Nine-Bay Panel Equation 27.03 0.850

Although there is a slightly greater variance in the nine-bay results, frequency calcula-
tions using either method will provide comparable predictions.

B. Buckling Amplitude

The measured buckling amplitudes were correlated with analytical buckling amplitudes
given by Equation (51), or

W F * r-F -(K +i-K ) 1/2
o 1 sx s (r (IV-6)h R* 0r>R- O

From Equation (57)

F +K + K F* r
1 sx sy 2 a
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and the buckling amplitude becomes, upon substitution,

wo =2 r0(IV- 7)

As defined, the term ro is the temperature ratio at which the strain energy becomes zero.
It is thus a parameter by which the simple panel buckling temperature, ts, my be

multiplied to obtain the buckling temperature, T. , of the center boy of a multi-bay
m

panel (where the sizes of the two panels are identical). Hence, the parameter, r, in
the above equation is the temperature ratio of an equivalent simple panel. For instance,

T =r Tc 0 c
m S

T T
r = -- mo ro m ocm

where rn is the temperature ratio for the center bay of a nine-bay (or multi-bay) panel.
S*nce the empirical expression for buckling temperature is based on multi-bay panel test
data, the buckling amplitude can be redefined as

W 0 =2 [ R (r - i)] (rm z 1) (OV-8)

T 2

where r = and T. is given by Equation (60) or the nomograph of Figure 78.m Tc'

Calculated displacement ratios were plotted versus measured displacement ratios for each
panel configuration, and the slope of the regression line computed for each plot. The
analytical expression dod not match the measured data for all aspect ratios; therefore, the
-egression line slopes were plotted versus the various parameters in the analytical equation
ond found to correlate best with the temperature parameter, ro . This result, shown in
Figure IV-2, revealed a trend of decreasing slope with increasing values of the parameter
ro . Both linear and exponential curve fits were plotted through the data points to deter-
mine the best analytical representation. Both equations were used to calculate the buck-
ling amplitude, and the resu!ting curves were compared with the measured displacement
ratios. The linear equation was found to produce the best agreement with 'he test data;
hence, the displacement ratio for the multi-bay panel is expressed by th following
empirical relation:

W F. r ]1/2

o =-(3.37-0.20r ) R (r - 1) (r > ) (IV-9)h 0o R m IM -

Unlike the simple panel res.lts, the buckling amplitudes given by this equation ore not
constanit for fixed aspect ratios since the parameter ro varies with changes in substructure
or skin stiffness.
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C. Thermal Stress

The thermal stresses for a multi-bay panel are defined by the some relations used for the
simple panel. Since the only parameter that differs between the two forms of analysis is
the buckling amplitude, thermal strains due to skin buckling were isolated foi comparison
with the measured data. This is identical to the correlation describe ! for the simple
panel in Section IV.

Measured buckling strains were plotted versus calculated buckling strains as shown in
Fig~jres IV-3 and IV-4. The data for the x-direction strains, Locations 1 and 2, were
combined as shown in Figure V-3. The slope of the approximate curve fit was used to
develop the following thermal stress relations:

0 Midpoint of panel bay long side (y = b/2)

_ EaT 0.81 E W 2  [ b2 a2 lCe -+ o___ 2 (2 )  (IV.-1O)
Xe I-2V (1 2 ) [ 2 b2 J

o Midpoint of panel bay short side (x = a/2)
ET 1.36 E W b2 a 2  b 21

+ -2 (2- (V-11)
a 2b2  (22 )

The results of this analysis compare favorably with the simple panel thermal strains
presen ted in Section IV.

D. Elevated Temperature Frequency Response

I
The elevated temperature frequency response is given by Equations (59) as

[1*;j1/2
f(r) f Ir (0 < r < r

Sf 2 L - I (r>r)

As explained previously, r is the temperature ratio for an equivalent simple panel;
substituting the multi-bay temperature ratio, rm, for r gives

S - (0 < r < 1) (IV-12)

f(r) = I r] m

O 2r 1 -11/2 (r 1
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These equations ore identical to the simnpl(! panei anacilu frequoency relatior's given
in Sect ion 1i , where tile temperotuie rot i c fi the noj; ti-a pue now u-,ed In hei

of the temperature rcitio for the simple punel; hence, the enpiriccal equations 9IVLoiI

previously in Section IV are valid for the muhi-bay panelI.

Since the nine-boy panel analysis involve5 extensive COrnPL'ktiOtn, a cii~iol coinpute-r
program was developed to simplify, souin The piogrunl was developed fcr the Univoc
1106 computer, *in Fortran \i; however, the program can readi~y be Gd~pted !.D any
digital computer. The input data format Is shown in Table NV-1, whil'e Tbe V-Il
contains a definition of input parameters. The computer program is fabc lited in
Table IV-1l1 and Table IV-IV shows a sairip~e output, i.sri speri;men AI-4 data.

- Subprograms

The following subprograms are required t,, run' 7h, dynamic onalysis compiuter program:

ETEMIFr, 1FF)

AL.PHA (T, IFF)

SN (SDYN, STEMP, TEMP, CIF, 1FF)

CTEMP (TCALP, TC, IFF)

PROP (OPT, B, H, T, A, RJ, GAMAT, XlP)

Subprograms ETEMP, ALPHA, and SN are pt esented in Appeocdix V. Subprograms CIEMP
arid PROP were developeJ to compute skin buckling tam era'ues and stiffener properties,
respectively, as discussed in !he following subsections.

a. Subprogram CTEMP - This program computes the skin critikal buckling temperature
t. sing the ini.,idual alloy curve for coefficient of thermal expunsion versus temperature.
The product of critical buckling temperature, T., and coefficient of thermal expansion,

~is calculoted from Equa!ion (60), or

T =5.25 h F I

2 2

The program then Uses a motherritical representation for a , as defined 'In Appendix V, to
iterate for the actual value of a to, be used in computing T.. The value -f Tc is then

returned to the caling program.



TABLE IV-1

DYNAMIC ANA,, ISIS COMPUTER PROGRAM INPUT FORMAT

CARD I

NAME NCASE 1FF

C OL (FORMAT) 1(02) 3(12)

CARD 2[ NAME OPIX J BX H X TX

COL(FORMAT) 1(02) j 3(F8.4) I I(F 8.4) 19(F8.4)

CARD 3L NAME OPTY BY H-Y TY

C OL (FORMAT) j1(02) 3(F8.4) I I(F 8.4) 19(F8.4)

CARD 4

INAME AlI A2 j B2 B I

[COL. (FORMAT) 1(F8,4) 9(F8. 4) 17(F8.4) 25(F8.4)

CARD 5

NAME j TS RHO RNLJ DAMP]

COL(FORMAT 1(F8.4) 9(F8.4) 17(F8.4) 25(F8.4)

CARD 6

NAME IPSL iIT
COL(FORMAT) ( (F8.4) 9F.1

173



TABLE IV-11

DYNAMIC ANALYSIS COMPUTER PROGRAM
INPUT PARAMETER DEFINITION

NCASE Two-digit identification number

IFF Alloy identification code

=1 Titanium Alloy (6A1-4V Annealed)

=2 Aluminum Alloy (70754T6)

OPTX

BX Input parameters defining stiffening member parallel to

HX x-direction - see Subprogram PROP for definition.

BY } Input parameters defining stiffening member parallel to

HY J y-direction - see Subprogram PROP for definition.

A2 Panel bay dimensions

TS Skin thickness - inch

RHO Weight density of skin and stiffening member alloy -lb/in 
3

RNU Poisson's ratio for structure alloy.

DAMP Damping ratio for structure.

PSL Spectrum sound pressure level - dB.

T Structure temperature rise - *F above ambient.

174



TABLE IV-111

COMPUTER PROGRAM FOR ELEVATED TEMPERATURE
DYNAMIC RESPONSE OF STIFFENED STRUCTURE

1 C ThIc, PRUGI'AY CALCiULATEEl THE UtIJAtMIC RE FIPWVE OF
C A 1111JE-BAY FLAT sWrlFlLIJED PAUJEL LXPOSEU TO A

.5 C Uf-IFORIA ACOIATIC PREY.4 URL A14D A I11JFORY TEMP-
4 c LPATU14L RV'E. HO"04 TEFOPERATUkE IS 80 UEGRL:-. F.

o C T IS A TEPEPLATIJHE HIIEP AtHOVE ROOM TEMPLHATUIJE
7 C

c SQ13PROGRAI-1S REO'IREUt? ALPIA(TIF ;e ETEMP(TPIF' )p
9 c Stl(S0YO't'fjTEPTCTFtIFV)p CTEfMP(TCALP#TCpI-' v

u C. AfJU PROP'OWJT v8#H, T PAZJAC ,PIt')
11 C

12 C FUNCTIO~j DEf-:lfATI~iJ
13 C

14 W 18 #A) =3/A+A/U

17 2011 REAU'',, rlJCAl.EoIFW
1b HEAD(5#302)OPTX eBX.HX iTX
19 READ(5t302)OPTYbYvHY#TY
20 READ(b,.301)KK
21 REAO(5p303)A1,I'2eB2vbl
2., REA0(5s303)TS#HO['NJOAMP

21 C 302 Pu D~( ATA FORMA~T STATEMENqTS
25 301 FORMAT(212)

2b 0 FORMAT(I2e3F8o4)
27 303 FORiMAT (4F*4j)
285 C CALCULATE SUBSTRUCTUPE PROPE.RTIES
29 CALL PROP(OP)T~,BXHXTXeAXYJeWCXPXI)
.3u CALL PROP(0PTYBYt-YTYAYYJWCYYI)
31 H=TS
32 GMVRHo
3.', Pk=RniU
34 c CALCULATE STIFi;Ef4E STIF1 tk'p AlJD MAS,
35o RX1:O.DO5Ob*AlA*X../ (WCX*( 1.+PR))

3 bR"(2;o.05b66*A2d'A2*XO./WCX*c1.+PR))

37 RY1=0.0506bo*Bl*B1*Y./WCY*1I.+PR) 0
38 Ry2:O.Ububl.*B2*12YJ/CCY*c1.+PR))
3C4 SKXZWCX.(1.+RX2+2.*(A2/AlI*(1..RXI) /A2
~40 SKY=WCY*(1.+RY2+2*B2/31)*(2.+RYI))/B2
41 H3=H*11*l
42 ST=7s48(*P*R)(K+K)(3A*2
43 STRZSTR/L401,.*0
4', A3=fAl/A2)*,3
4!) 83=:1/f32)*f3
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TABLE IV-111 (CONT'D)

4t) G!A:GM/ 386.
'.7 S'<M=0.2 *G! '*H*A2*A2*C1.+2.*A32.*B3+4.*A3*B3)

4b ~~ *9.89o*GM.* (XIsA2*1!.+ -.*A3)/(B2*B2)
4Y 2 +YI*B2*(1.s+2o*B3)/(A2*A2fl

5 u C CALCULATE COVER S'IELT STIPFNiEY-, ANDE WVAS -
F22=F(B2pA2)
F~e1= b2 # AlI)

b 3F 12=F (E31 oA2)

FIl5=F22?*F2-'+.* (Al/A2) *F21*F21
1 +2.*(Bl/B2 *Fl24Fl2+4.*(Al/A2)*(Bl/B2)*F1I*Fl'

C) 7 MolI, TEMP STIFFI1EIR,.

I *A2*B2)
C P 04 TE','P FRf O'1iFH CY

'A ~ -~'.oL4*SCRT (SK'J/SI<V,'
C CALCULATE HOC),; TE-MP MAN! SQUARE STPE"y, PESPOt.SE

AR3.* (B2/A2)*'2K5.t(A2/32)*1r2+2.
(.4 C CO!4VERT D6 TO P-SI

SPL=2.91*10o,4(PSL/20...9.)
CCALC'1ILATE ROO" TE' AP DYN1A.MIC STRES'I, AT XZGPY=B2/2

SxU * ).S *t2*i32*Sr.PT ( F /CAM"P )*5PL/ (H*H*AR)
-5 C CALCULATE RODM TE:MP DYNJAMIC STP9ESI, AT XZA2/2iY=U
L, ~SY 0= 1 .5*A*A2 *ORT (,- /0IP ) *SPL, (H*H*AR,
lu C0.u! ERT STO.ES. Pr'OM PSI TO KSI

71 £):xosxU/loJu.
72 SYu=SYu/10WI(.'j

73 C CALCULATE ROOM TEMPERATURE LIFE
7'4 CALL SN (X0t~0.0o. *UCTF 1p1FF)

7t) CALL SNi(SYOU.0p80.0#C1'F2,IFP)
7 b Xl=A2/2.

71 YiO0
783 X2=0*0

79 Y2:tB2/2.
i u STEMP=O.u

bi C PRIN1T RO'v TEMPERATURL RESPONSE

h5GO T(L Ao.u2)oIFF

0 L22 RHIT E(p4j IJCASE

i,17203 WRITE(6,'410) PSL#T
till vRITE(bL42b)

'9 VIRITE(6#416) FO
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TABLE IV/-IHl (CONID)1

90 WHITE(op,420)

92 WRITE(6s,43U) X~Y

93 vRITEt6p4.3U) x1 ,ylpSY'oSTEPC(TF2
Y4 C

9b C THERMAL STRESI, E.Fr ECIS

96 C

97 H22=R(b2oA2#PR)
98R2. :R CB2eAle PH

91 R I2=R [31 A2 PL)

102 1 +4 .*(Al/A2)*r2*(B1/B2(**2*Fll)

1u3 R ST :22+ 2 .* A3 * P12 +2. * B 
3 *P 1+,4A * 3 5R II

10" R 0=(FJS +,T R '2S

10 b C CALCULATE CRITICAL TENIPERAT'uWE iHISEt TCR

106 TCALP~b.25)*H*il*F22/(A2*62*(l.+P ))

IC7 CALL- CTEMP(TCALPrTCR#IFF)

108 C * IOTE* 4 TCA A11D RS ARE BUCKLIfIG TEPPERATURE

1u9 c ANJD TEISPERATIJRE RATIO PR A'! EQUAL

II c SIZE SIMPLE PANEL. R9 1S TEMP RATIO

11; C FOR run;E-BAY PA1FEL
112 'CA=TCR/RO

113 RS=T/TCA
114 R9=T/TCR

11t TACT=T+80.*0
jib C CALCUL.ATE MiATERIAL PROPERTIES AT TEMIPERATuRE

117 ~ ES=ETEMP(TACT;IFP)

11i8 ALP=ALPHA(TACTPIFF)
119 CD0.083.*ESH3/( 1.-PR*PR)

12C C CALCULATE RESPONSE FREOUENCY AT TEVMPERATURE,T

121 SVKT*F2S*HU/(A
2 F2 )

12.) FQT=O .809*QPT (;Kr /SK M I)

123 C *ttNQTE*i FQT'zF0, ROO,' TEtM'P FREQUENCY

124 STLIN:=-ES*ALP*T/(.-PR)/1lj'.O
125 IFiRS-R0)20!5C2

0 t 2 I0

126 c PRE-B,3JCKLEO RESPOIJSE
127 20b FTE4PFCT*(0.60±.40*SQT(l-

9 ))

128 SXT= STLII4
129 5YT=STLIH
130 V"0=0. L

131 GO TQ 215
132 C POST-Bi-CKLED RESPONSE

13. 210 F'EMPFT*(.6±0.*SQT(P-l,))

134 c CALCULATE PLATE BUCKLINJG AMPLITUDE. ;""

13b ,j=( 3 3 7.20*R)*HSRT(F2S*RO*(R
9 1.)/JT)
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TABLE IV-111 (CONT'D)

13m C CALCULATE THHERMAL STRESr3ES
137 Cl~i./lA2*82*c1.-PR*P~i<V
138 SXT:STLlIN+0.81*E*Clcc2.-PR*Pk<*2A+A2*P <,B2)

13~0 0 *;0,/ 10 0.(b

141 1 *wO*wO/1000.o
N-2 C CALCULATE DYNAMIC STRESS
143 215 CONTINUE

4m. C2=SORT(FTEVPFO)

1-c SYO=C2*SyG
1,+7 C CALCULATE ELEVATED TEVPERATURE LIFE
1,- CALL SN CSXOSXT ,TACTpCTF1, 1FF)

14~4CALL SrJ(S 0pSYTpTACTpCTP2tIFiR)
IbC t- C PPI!JT ELEVATED TEvAlERATUPE PESPO;JSE
I1b1 v,RITE(o.L435)
1t)2 TAzTCR+8O.u

1 )3 .RITEUoF44r, TCR
11)4 WVRITE(6p4&5) .oCI 1-. RITE(bo4l6) FTEMP

line /NITE(o,42o)
357 ,*4RITE(6p'425)

lt5t ,vRITE (6p430) X2,Y~tSXOtSXT FCTF1

C 1" ~I TE ( 6 4 3 ) Xl#Y1, YOPSY;CTF2 DT

1 ! I I-B YSTI FE-- P ELEXPOSED TOI.p 2 1 X
1C)4 ~ 2'ACOUST IC EXC ITAT IONr A[ND HEAT INGI #/ )

1 b b, 405 FORNIAT(29X#IDATA CASE't14o//#27XP'MATERIAL : TITANIUM'$)
16" 406 FORMAT(29XP'DATA CASEl#14o//t27XilMATERlAL : ALUMINUM')
167 410 FOPMAT(5XotEXCITATION SPECTRUM LEVEL =',F4.OplX.'DB',

108 13X P'TE-MPERATJPE INCREASE = I F4.Op JXp'DEG. F',/
109 415t FO0R -A T(2 4X p'tR0M T E PPE RA T uRE R ESPON1S E'I,!/)
1703 416 F0R VA T 2 X#' F U r~A MEr1!T fkL F R EQUEN(4C Y = I'tF 7.1I Z'I)
171 420 FORVAT (5X p'STRESS AT PO1I ?3X i'DyrJAM~IC STRESS' t3X
172 11THERftAL £ TPES'-; 1#3Xt'CYCLES TO FAILURE')
173 425 FCR'MATtbX,'X',7X,'Y',11X.'KSI' ,1'-X,'KSI',/)
17-. 430 FORMAT)6xF5.2.3X ,FS.2.SxFB.3e9XtF8.3, lOX, 1PE9.2,/)
375 435 FORMAT(////,2?-X, 'ELEVATED TEMPERATURE RESPONSGE',!)
17c 4L4( FORMAT (1OX P BUJCKLIG TEMPERATURE #,F8.2 p DEG. F'

17-11lt' AbCvE ROOM TEMPERATURE',!)
7 ; L445 FORMAT(18 #'BUCKLING AMPLITUDE =#PF8.4p

16C END
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TABLE IV-IV

OUTPUT FORMAT FOR DYNAMIC ANALYSIS COMPUTER PROGRAM

DYNAMIC RESPOr'L. O F A
NliiE-BAY STIF Elri D PAINEL I:XPOSfD0 TO

ACOUSTIC EX.ITAI IO1N A!ilD HEATING6

UAT C/'SL 4

MATEPkIL I : iLUMIN~Ui.,

FXCITAiJON1, SPECTRUM LEV L =i151. DR~ TEMP; PATUPIr TH1CREAS:. 2 0. DEG.

i .O l TEr.IPLPATLJ :L I SPOlNEA:

F-UND)AWEI!T-L FkLLOU: [ICY =17',. ,HZ

STRES AT POINT [)YrA 1MC STRES__ THEH)!1AL STRE%- CY: LES TO FAILUIPF
X Y KSI KS!-

.0 66. L7, .u 6~. 4 3+U

3*U 5. .4 8') aU 1.0j3+ 7

EL! VATED TEMPLRATURE. I<LSPONSE

BUCKLING TEMPERATUR[ 1' .0'; DEG. F ABOVE RO.-M TE MPF7RATURL

BUCKLING AMPLITUDE .2 5: INCHES

FUNDAMEHTAL FREQUENCY 417.5 HZ

STRIESS.. AT POINT DYNAMIC STRES', THERMAL STRES, CY LES TO FAILURE

X Y KSI KSI

got, 6o. 9.371 -16.83", 1.32+0!)

3.01: *L8.46U -24.3'i2 1.40+;5

179



The input parameters are:

TCALP - Product of critical buckling temperature and coefficient
of thermal expansion.

IFF - Alloy Code

= I for Titanium Alloy (6AI-4V Annealed)

2 for Aluminum Alloy (7075-T6)

The output parameter is:

TC - Critical buckling temperature - 'F above Ambient

The subprogram is listed in Table IV-V.

b. Subprogram PROP - This program computes stiffening member properties such as area
and moment of inertia. The basic relations are from Reference 8, Appendix I. iwo
different sectional shapes are available, a zee or a channel section, with the parameters
described in Figures A-]-] and A-1-2, respectively, of the referenced report.

The ;nput parameters are:

OPT - Option code to select sectional shape

0 for zee-section

I I for channel section

B - Flange width of stiffening member - in

H - Height of stiffening member - in

T - Thickness of stiffening member - in

The output parameters are:

A - Cross-sectional area - in 2

RJ - St. Venant's Torsion Constant - in 4

GAMAT - Warping constant for thin walled open section beam,
with the pole taken at the shear center - in 6

XIP - Polar moment of inertia, referenced to rotation about the
attachment point -in 4

The listing of this program is presented in T able IV-VI.

180



TABLE IV-\'

COMPUTER PROGRAM FOR CALCULATING SKIN BUCKLING TEMPERATURE

S'APOiIT II jE C T -'' UBTALP.TCtI F
2 cTHIS, spj PO'JIt~r1 CALCULATES) ,KliN iJCKLI'E;

3 cTEMPFRATUPNE FQ-d AL OPrLJ 1 TI TA' 1w'~ AL' En'
L Smt: 'CT: "wAL PA!IFL' -

C TCALP - PPOOU.1CT gF r3IJCt5LfIC, T~PIA'
7 cAriD) ALPHA R; oy C(,1.'l jGr PiOGiRAm

8 C TO - -''C< U K~-QT -- r, c

C EC P TE A>ET PVE
c IFv - Ll cv

11 C I TITArIl-sMl
12 C 2AJIj

1L4 TCzflc,
1GO0 T Om 210 20., P: I

C

20r 10: mC1:'4.45EF-On
21 C2:4.a3-0Q

I23 1 C3:"0.*C2+C1
24' TC%".' *70PT( (3/C2) * 244.*TC-AL/2~.*±C

25 TZTC+B0.Fr I25 -2f)
27 2 IR(T-Tht0.) 3*3t,5
28i 3 C1=4.QE-os

2q C2=2.b)E-OQ

31 IF(I-2) 1.1.50

32 5 c1ml'5.8oE-0n

3T T C:ZT CALP/C1
34 50 TC:TC

%I PF T Jfk!



TABE 1\/-V (CONT)

40200 Fl1i2.4EO('
41 F225.0E-09
42 lii1

45 ~201 F3=80.*F2+Fl F1*+.*CLPF)05*3F
44TCZ0.50SRT ((P3/2)*24.0CL/2 .0.OF/2

T=TC+80.
m IF(T-100.)5OOo5OO'

2 O2

-+7 202 IF(T-300.)20
3 t2O5 ' 20 4

203 F1:1a.625EO06
FZ=9,75E-09

51 IFiII-2)20li20l*5DO

52 204 IF(T-400.)205#2)SP
2Q0'

53 205 F1=13.OE-06
5" F2=1.5E-O9

50 IIAII+1
56 IF(II-2)201#201t5OO

57 206 Fl=13.6E-06
58 TC=TCALP/Fl
59 500 TIC:TC
60 RETURN
61 END
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TABLE V',-V I
COMPUTE R HOORAM FC9P CALCULATING SECTION PROPERTIES

1 III-PCWTIjEj PPGP( OPT. iHH ToAtPJGAMATXP xl)

2 C
I c SFC.Tjflr PPO) ErT1FS

C c Cw flT f0 7Er SEC-Tflrl
) c IF nnPT mI CHAtt;Fl F7Tlnr'

C H= STPI':rGEP HEIGHT. CL TO CL
7 4, ;:t~ A?;t3F WJQTH

8 C T= RTPI:C.V? THTC~t;EC..
0 C PEF7EPFr 4 CEI AFF-DL-TP-71-1 n7

10 C wNC -*APPV~rlG Mc rfTAtT AR('!T SHrAfP CF ;TPP

11 r3 GAv -o4 T ;~lf" CtVP:CTAYlT Aifl' 'T AT? AF P4 PT

1? c A - C:Dre'cFCt.A AC~RA
13 C P) S;r, VF~IAI.T TflP' Tr InN C.CTA?,T-

114 Mfc; QR I'E It ',Rr-.T AT7AC- 1  lr)T'iT
lb IF( fPT I 11.

I7 7.t E H+c2.T I

1 C2 2k+

L2? .73=2.*z-T

2 3 Y17 -(T*Hr 3 :,%,5

2 L- ~771 t' T/1 2. w(R *; *+**

29 RjZ(Ttt3/3. :*C2.*R+H)

A IPIXT+'+5

32 G AMv4AT:+ S 2)*77I-2.S*C~7*X7+(~x*2)rXvI
35 E T I i

34 C CHAho:EL SEC-T Iofu
3s 2 m2 .w', +h

37 F1=6.*g+H

3A E=3.*R**2/--1

42 EXZCX-sx
43 AT 42.*
44 F2L3.*H+2.*B

4X X<I:;T* CH*2*F1j+T*.-24P2)/12 .
46 P73212.*H.*X4AAPr*2 +19. R* *3

'48FSm-H2.*XHAP
4Q 77I=T*(R3-24i.*XRAP*H*F4+1?.*R*F9*T+6.*F4*T*r,2+T*t3t /12.

9c0 Pj=T**3*F7/3 .
91 F6 3 .*9+2 .*H
9 2 --C --T* *t3 H* 2 *FP6/12 .*F:1)
'i 3 G AMA T:=,C- (,7*2 177 1 + SX Itt w I1
94 F7nC(EX*t2+SZ'*t21*A

5-x IlPr (x 1+7' +F7)

96 PE T UQ
57 EtD
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APPENDIX V

TEMPERATURI DEPENDENCE OF MATERIAL PROPERTIES

The analytical development presented in Section II focused attention upon the tempera-
ture effects associated with the state of strain of the structure. The results obtained from
these contider-atlons indicate that the structurrul stiffness decreases with temperature rise up
to the critica! temperature, and that tar a temperature rise obov- the critical temperature, the
structural stlfness increases.

Beyond these considerations, certain alloy properties are temperature-dependent,
and this dependency must be included to predict structural life acc.rately. Algorithms
werc developcd to represent the temperature dependence of each property considered,
and comouter programs were written to expedite their use with the dyncm;c analysis
computer program detailed in Appendix IV.

TPie materiol propeties considered are the elastic (Young's) modulus , E, the coefficient

of thermol expansion, ., , and tihe characteristics of the fatigue curves for each alloy.
Sltr proFerties wYere ubroined from MIL-HDBK-5B 1 7, and generaliy agree with those of

A, FML-l-68-oS-&20. The analytical expression for fatigue life is based on the mean
stress varkition inferred from MIL-HDBK-SB and the fctigue charocteristics, with
temperature variation, resulting from the coupon fatigue testing discussed in Section 111.3.

A. Static Material Properties

Pris discussion will concern the effect of temperature on the static material properties
of 7075-T6 aluminum and 6AI-4V annealed titanium sheet material. The assumed ambient
temperature for this development is 80 0 F.

I. Eastic Modulus

The effects of temperature on the elastic modulus of 7075-T6 aluminum and 6A1-4V annealed
t;tanium alloys ore shown in Figure V-1. These curves are reproduced from MIL-HDBK-5B,
Figures 3.2.7.1.4 and 5.4.6.2.4, respectively. I
The elastic modulus curve for 7075-T6 aiuminum decreases steadily with increasing tempera-
ture. Since a single straight line representation ,woulcl not suffice, the temperature range
was broken into three regions. For each of these temperature regions, the elastic modulus
w.s represented by a straight line element as follow':

Room temperature to 200°F (80 T '_ 200)

F 1.020_ 0.0003 fI E.

b 2000 to 400OF (200 -- T 400)

E - 0.960- 0.0007 (T- 200) 1

c) 4000 to 600°F (400 -T 600'

E - 0.820 - 0.0016 (T - 400) jE
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where o  10.:3 o 106 psi it the toom temperature elaltic modulus,

Tl,,. c.lstiL mudulut for litanium has a linear relotionthip with temperature below 800"F.
Hence, the titnium madulut is represented by the following tingle relation:

a) Roorn tempe.fotuiiv to 800PF (80 ', T ' 800)
I 1 0, 030 - 0.000375 T) E0

wlef, thu roorn lmpsraturv modulut i% Lo L 16.6 x 106 psi,

The above ropfesntotions of the elastic modulws were developed into a digital computer
prowrom for usr by he ar ulytlLol program dittvited In ApppndIt IV. This function,
un~ttled '*TEMP", ;s pesentud iti Table V-I, ',ince this program it u func.tion, tha. input for-
mal it simply

1IMP(T, 1Ff)

;11 the .ollong program, where

1 - Input lwmpwiQtu!6 Ua which the nlustir modulus ; desired - OF

I-1 - Alloy codc

I T;ainum Allay (6AI-4V onnealvd)

2 Aluminum Alloy (7075-Y6)

Data points calrulated from this program, In temperature Increments of 504F, are
r.omparud with the MIL-HDBK-5B ,vrves In Figure V-1

2. Coelliclent of Thermal CEpansLon

7he effect lt tunperaluro on the thprmul *jpansion of aluminum and titanium alla>s
n,, shown in igura V-2. Theic crves are reproduced from MIL-11DBK-5B, Flgures

3, 2,7.0Oad 5.4,6,l1, icisc~~lvaly.

Tho coofficierit of iormml expa r lor, l, for aluminum alloy Increases Pxponentially

wiDt inLrersinU temperulue as shown in Figure V-2, Hence, the lemperature range
wu. divided Into three reglon, und the following rpresentations were derivedi

'11 koom temDerqture to IUCIF (80 T '. 100)
,I 12,44 0.00501 10"6

[) 10fU to 30(P! (l0U - ' 300)

1, 4 0 .00215(1 100)I 10.6

c) 1r, 40W1 (300 1- ' 400)
13,4 ,, 0.0015(1-300) 11U-6

186



TABLE V-1

COMPUTER PROGRAM FOR CALCULATING ELASTIC MODULUS

1 FUNCTION FTEMP( Tt IFt')
2 C
3 C THIS FUN4CTIONJ COMPUTES ELAS;TIC MAODU)LUS FOP

4 CALUMINUM OR TITANIUM ALLOY AS A FUNCTION OF
5 C TEMPERATUJRE

C
7 C T - INIPUT IF"PERATiJRE -DEG. F

9 C IFF -ALLOY CODE

C =1 TITANIUM
10 C 2 ALUMINUM
11 C
12 GO TO (lQC.,200)PIF -
13 Cf 1 4 4 4 4 f r I f

1L4 C MATEPIAL 6AL-4V TITANIUM AHIJEALED SHEET
il C REFEREN4CE I-OKB
16 C TEMPERATURPE LIMITATION Bon DEGREES F

17 C PT(T<800 F

19 Ion IF1800OT~i8rl9Oe1')U
Iq190 ETEMP=C1,030-0.OI)0375*T)16,.6E4O()

2 f) PETURNJ
21 C T>800) F
2V 180 ETE~mP=12,lE+O6
23 WRITE(hP33 )

24 RETURHN
25 C *****4 ** * 4*4 * 1*

26 C MATEPIAt 7075-T6, SHEFT
27 C REFEPE1JCEF MIL-HD8K-513
28 C TEMPERATUJRE LIMITATION h~r, DEGRIEKS F

2Q C PT<T<200 F
30 2 01 i W I(2 0 o- T) 2 ,'O210#210J
31 210 E T EM'P ( 1 .02 0 - 0.003 0* T)* 10. 3E+ Oh
32 R ET t~jt
33 C 20U)<T<40U F
314 2.30 IF('40'J-T)240#230t230

35230 ETEYP=(0.qe,-0.00I;7Uj*(T-20flfl*TO.3E*Oh
P ETUORrN

37 C 401'<T<600) F
3FJ 240 IP(60fl-T)2h0p25op2LiO

30250 ETEMAP=(0.M2-O.0111*(T-40(])1*1O.
3 E40 6

40 PET uRr I
"I T>h601 F
4? 26,0 ETVM'i0.5)0*1U.3E+'0m
43 wRITFD6

3 .3

4tL 31 FOPMAT(/e')YfHiPEP TEMP LIMIT ONl ELAST M-ODULUS',
49 1' 0 XCFl OKO' ')

47 EnIM
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The coefficient of thermal expansion for titanium increases from 2000 to 400OF and is
a constant thereafter. As rio data were available for temperatures less than 2000F,
the slope of the segment at 200°F was projected to room temperature to develop a
relationship lor the computer program. The resulting unalytical representations .,re:

a) Room temperature to 20CPF (80 . T .. 200)
(4.45 4 0,00425 T) 10-6

b) 2000 to 400°F (200 T 400)
a - (4,80 t 0.0025T)I0

"6

c) 4000 to 10 OF (400 , T " 1000)
. =5.80 ,10 -6

The preceding representations of the coefficient of thermal expansion were formulated
into a digital computer program similar to that for the elastic modulus. This "ALPHA"
fnction is presented in Table V-Il. The input format is

AL PHA (T, IFF)

in the calling program, where T and IFF are as defined in the preceding subsection.

B. Fotigue Characteristics

The analytical description of the fatigue curves described here resulted from a review of
fatigue data presented in MIL-HDBK-5B and the data from the coupon fatigue tests
at room and elevated temperatures. It was assumed that for all values of mean stress, cm ,
dyVoaric stress, , and temperature, T, the resulting fatigue curve would be ;iner
when plotted on log-log scales.

I . Mean Stress Effects

The effect of increasing mean stress is basically a decrease in fatigue life at constant
dynamic stress. Figures V-3 and V-4 present fatigue curves for axially loaded aluminum at
room temperature, and titanium at room temperature and 600°F. These curves were obtainc.d
from MIL-HDBK-5B in the form of constant amplitude test data and were converted to an
equivalent random amplitude fatigue curve by the method of Reference 1 . Based on these
room and elevated temperature curves, it was determined that the effect o. increasing
mean stress was to lower the RMS stress level by a constant amount from the zero mean
stress curve. This decrease in dynamic stress was approximately 1 ksi for every 10 ksi
increase in mean stress. Then, if only a zero mean stress fatigue curve were available,
as is the case for the coupon fatigue data of Section III, the dynamic stress can be corrected
by subtracting 0. 1 atm from the dynamic stress, where Om is the mean stress. The equation
for the zero mean stress fatigue curve is of the form

log N =A + B logo IV-)

Then the equation, including mean stress effects, becomes

log N=A4 Blog( " -0.10) (V-2)
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TABLE V-1l

COMPUTER PROGRAM FOR CALCULATING COEFFICIENT OF THERMAL EXPANSION

1 FUNCTION ALPHA(Te IFF)
2 C
3 C THIS FUNCTION COMPUTES COEFFICIENT OF THERMAL
4 C EXPANSION FOR ALUMINUM OR TITANIUM ALLOY AS A
5 C FUNCTION OF TEMPERATURE
6 C
7 C T * INPUT TEMPERATURE - DEG. F
8 C IFF - ALLOY CODE
q C :1 TITANIUM

10 C :2 ALUMINUM
11 C
12 GO TO (&OO,200)IFF
13 C ******************************* *********
14 C MATERIAL 6AL-4V TITANIUM SHEET
15 C ANNEALED
16 C REFIRENCE MIL-HDBK-58
17 C TEMPERATURE LIMITATION 1000 DEGREES F
18 C RT<T(200 F
19 100 IP(200-T)180.50150
20 t5O ALPHA=(4,45+0.O425*T)*1.0E-06
21 RETURN
22 C 200<T<400 F
23 180 IF(400-T)185190o190
24 190 ALPHA=(4.80+0.0025*T) *.OE-06
25 RETURN
26 C 400<T<1000 F
2? 185 IF(i0O0OT)195s198,198
28 t9 wRITE(6#500)
29 500 FORMAT(Ap5Xt'UPPER TEMP LIMIT ON COEFF OF EXPAN ',

30 1'EXCEEDED',/)
31 198 ALPHA=5,BE-06
32 RETURN
33 C ***********************
34 C MATERIAL 7075-T6 SHEET
35 C REFERENCE MIL-HOBK-5B
36 C TEMPERATURE LIMITATION 600 DEGREES F
37 C RT<T<100 F
38 200 IF(100-T,220,210,210
39 210 ALPHA=(12.+.0#0050*T)*I.OE-06
40 RETURN
43 C 100<T<300 F
42 220 IF(300-T)240,230,230
43 230 ALPHA=(12.9+O.OO275*{T-lOO))*l.OE-06
44 RETURN
45 C 300<T<400 F
46 240 IF(400-T)260#250t250

250 ALPHA=(13.45+0OOO150*(T-300))*TOE-06
qRETURN

C T>400 F
Be 260 ALPHA=13.6E-06
51 IF(600-T)280,270,270
52 280 WRITE(6,500)
B3 270 RETURN
54 END
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This relation was found to be valid for both the aluminum and titanium data of Figures
V-3 and V-4.

From the riveted coupon fatigue tests of Section III, the equation:m; for the regression lines

of the room and 300OF temperature fatigue curves were as follows for the aluminum data:

log N = 10.42 - 4.61 log Z (80oF)
(V-3)

!og N = 9.13 - 3.85 log a (30OPF)

Since only two temperature points were available, it was assumed that, if the regression

line was linear on a log-log scale, then the slope and the intercept of each equation

varied linearly with temperature. Therefore, the intercept, A, and slope, B, can be
expressed as functions of temperature by

C1 1 + C2T :7A and C21 +C22T = B

Using the constants in Equations (V-3) gives

C11 + 8 0 C 2 10.42 C21 +80C 22=-4.61C ± 0C 1 42 1 22(V-4)
CII + 300 C 12 = 9.13 C21 + 300 C22 3.85

Solving Equations (V-4) gives the constants

C I -I 10.89 C21 4.89

C 1 2 = -0. 00584 C2 2 =0.00347

and the intercept and slope become

A= 10.29- 0.00584 T

B -4.89 + 0.00347 T

Then, the general expression for the fatigue curve, at zero mean stress, is

log N = (10.89 - 0.00584T) - (4.89 - 0.00347T) log

Introducing the mean stress variation as assumed fo, Equation (V-2), the fatigue curve is
given by

log N =10.89- 0.00584 T) - (4.89 - 0.00347 1; log - .10 ) (V-5)

where N - life in cycles to failure

= dynamic stress, ksi rms

a = mean stress, ksi
m
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T tempernture in degrees Fahrenheit.

The equations of the regression lines for the titanium alloy riveted coupon fctigue data
of Section III are

log N 12.28 -5.25 log a- (80OF)
(V -6)

log N 10.33 - 4.34 log 5r t6000 F)

Repeating the p'ocedure given for the aluminum alloy gives the followving constants:

12 0.00376 C22  0. 001 76

VA 12.58 - 0.00376 T

B :-5. 40 ;0. 00176 T

The fatigue curve for titanium alloy, at any mean stress or temperature, is then given by

log N = ('12.58 - 0.00376 T) -(5.40- 0.00176') log ( -0.1 a ) (V-7)

where ail parameters are as defined for the aluminum alloy.

These relations were formulated into a computer program for use with the general analysis
program of Appendix IV. This program, in the form of a Subroutine, is presented in
Table V-Ill and is entitled 'SN.' The input parameters are

SDYN - Dynamic Stress - ksi rms

STEMP - Thermal (or Mean) Stress - ksil

TEMP - Temperature-

11 1 - AlIloy Code

I I li tnium (6A1 -4V annealed)

- 2 Aluminum (7075-T6)

The output to the calling program is

C]I F - Life in cycles to fa Iure
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TABLE V-Ill

COMPUTER PROGRAM FOR CALCULATING FATIGUE LIFE

I SUBROUTINE SN(SDYN,STEMP,'rEMPCTFPIPF)

2 C THIS SUBROUTINE CALCULATES FATIGUE LIFE FOR

4 C ALUMINUM OR TITANIUM ALLOY AS A FUNCTION OF

5 C TEMPERATURE AND MEAN STRESS. THIS SUBROUTINE

6 C IS BASED ON COUPON FATIGUE TEST DATA 
AT ROOM

7 C AND ELEVATED TEMPERATURE.

9 C ROOM TEMPERATURE IS 1O DEG. F
10 C
11 C SOYN - DYNAMIC STRES - KSI (RMS)
12 C STEMP - THERMAL (OR MEAN) STRESS - KSI
13 C TEMP - TEMPERATURE - DEG* F

14 C CTF - LIFE IN CYCLES TO FAILURE

15 C IFF - ALLOY CODE

16 C I TITANIUM

17 C 2 kLUMINUM
18 C

19 GO TO(OO,200)PIFF

20 C

21 C MATERIAL 6AL-4V TITANIUM SHEET ANNEALED

22 C TEMPERATURE LIMITATION 600 DEG. 
F

23 C

24 100 CI=12.58-0O00376*TEMP

25 C2=-5.40+O.O0*76*TEMP

26 ARF=Cl+2*ALOGlOtSDYN-OISTEMP)

27 CTF=O,**ARF

28 RETURN
29 C

30 C MATERIAL 7075-T6 ALUMINUM SHEET

31 C TEMPERATURE LIMITATION 300 DEG* F

32 C
33 200 Ci=10,89-0.0O584*TEMP
34 C2=-4,*89+.037*TEMP

35 ARF=Cl+C2ALOGO(SDYN-O.1*STEMP)

36 CTF=1O.**ARF

37 RETURN
38 END
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