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FOREWORD
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1471, "Aero~Acoustic Problems in Air force Flight Vehicles," Tosk 147101, "Sonic
M. Davey L. Smith (AFFDL/FYA) was the Task Engineer.
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ABSTRACT

An anaiytical ond 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 ot temperatures up to
600°F to provide data for correlation with the analytical results. Empirical design criteria
are presented in the form of design equations and nomographs for predicting the combined
thermal and dynamic response of aircraft structures.
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| = INTRODUCTION

The development of acoustic fatigue design criteria has historically followed on

empirical approach, since many of the factors that affect high cyclic fatigue ore not pre-
dictable. Eerly efforts! were directed toward establishment of a broad base of general
design information in the form of empirical design nomographs, opplicable to several
structural configurations. These design charts were based on discrete frequency fatigue
dato that had been converted to an equivalent random amplitude fatigue curve through

the use of Miles? single degree-of-freedom theory and the Miner-Polmgren3 cumulative
domage concept. The aircraft designer found these criteria to be of considerable value ond
he could, with a certain amount of individual judgment and experience, effectively
control acoustic fatigue problems for conventional subsonic aircraft. However, increasing
aircraft performance and size, coupled with increasingly stringent requirements for structural
efficiency, created a need to retine these conservative criteria to eliminate unnecessary
weight from structural designs.

Subsequent programs = were accomplished to refine and extend the range of application
of the then-existing design criterio. These later programs included acoustic fatigue

tests of structural panels using random amplitude excitation. The pragram of Reference 4
included fatigue tests of flat, stiffened=-skin and honeycomb panels. A subsequent program8
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 prepulsion system and aerodynamic noise at umbient 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 cHempté has been made to define the effects of low frequency dynamic
loods and elevoted 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 investigoted 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 progrom described in this report was undertaken to extend th: busic design technology
for stitfened structures at ambient temperatures to include the etfects of simultaneous
application of thermal and acoustic environments. An anulytical development is
described in Section Il for the dynamic response ot heated structures before and after




thermal buckling. The primary purpose of the analytical etfort was to identify the para~
meters which describe the structural response; then the dato requirements for the ex-
perimental program (Section 111) were defined in detail. Measured data were correlated
with the analytical 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 siructures

is presented in Appendices | and Il.

The results of this investigation are also summarized in o design handbook for ease of
opplication by the design engineer. That report, AFFDL-TR-73-155, Part Il, contains the
empirical equations, design nomographs, ond computer programs described herein.
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1l - 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 ano-
Iytical results reported in the literature. Since the beginning point of this development
wos the analysis previously developed by Rudder,” the primary task was the modificotion of
the room temperature stiffened panel anolysis to include the effect of a spatially uniform
temperature increase upon the dynamic haracteristics of the structure.

el it

.

plotfid,

.
m

1t was assumed that the panel vibraticn modes and the panel buckled modes are such that
the stiffeners remain straight along the oxial direction and only rotate about the attach~
ment line of the stiffener and the cover sheet. The analyticel model considers an o:ray of
simply supported panels constreined at the boundaries so that the slopes between adjacent .
ponels 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
‘~os checked by using the results presented by Timoshenko 10 for o stiffened ponel uniformly

compressed by inplone edge forces.

f

endl
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The Royleigh-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
tc 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
colculated utilizing linear small deflect’on plate theory. Above the critical temperature,
large deflection (von Karman) plote theory is used. The large deflection plote analysis is
linearized to obtain first order effects for estimating the panel dynamic response cbove the
critical temperature. All of the assumptions are discussed as they are introduced. The E
effect of a temperature increase upon materia! properties is also considered (i, e., the

temperature dependence of Young's Modulus and the coefficient of expansion).

Based cn the simple panel analysis, expressions for the frequency and buckling amplitude
of a fiat, stiffened, nine~bay panel structure are developed. These relations include the
effect of substructure stitfness ond mass; however, the substructure is assumed to be

temperoture-independent,

A. Simple Panel Response

B ek T T

The geometry, nomenclature, ond sign convention for the inplane forces is indicoted in
Figure 1, which shows the simple panel configuration. Assuming simple supports at the edges
of the panel, the dynomic and buckled modes of the panel can be described by sinusoidal
functions in the inplane coordinates. The analysis assumes o spatially uniform temperature
increose, T, over the surface of the panel. Below the critical temperature, the thin panel

is assumed to be initially flat, ond smali deflection plate theory is used to develop

[rra—
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the equations of motion. Above the critical temperature, the thin panel is assumed to
have o buckled shape, and the equations of motion are developed by application of large
deflection {von Karman) plate theory.

A x,ulx,y) - TE

FIGURE 1. SIMPLE PANEL GEOMETRY AND NOTATION

1. Pre-Buckled Response

In the following discussion, the ponel skin temperature, T, refers to the temperature -
increase relotive to o predefined zero mean stress condition (i.e., ombient temperature).

Assuming o transverse displocement function of the form

wix,y 1) = \ '\ ( - )sin(n—;x)qmn(t) (1)

m n

cnd using small displacement plate theory, the strain energy of the simple panel has the

form
2
= 70 / / dydx*—h f f w,y,; dydx (2)

~vile the kinetic energy has the form

T=-12-Yhf fv'vzdydx 3)

e P seeea,. e ey



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

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

B FaT

7 =3 = - 4
'Jx UY m ()

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

n*pFZ
q +——==(1-C nq =0 (0 SCmnf<'.l) (5)

mn ‘vh02b2 mn ' 'mn

whereC  =F F ; F = (b/c)m2 - (o/b)nz; r = T/T ; and the critical buckling
V. mn' mn c
temperature, Tc, is

ﬂ2h2F 0
Te = Toaab(i = ) (50)
Agsuming simple harmonic motion, the expression for the natural frequency is
- Tip 1/2
tHr) = =— |{ — - - )
(1) = 5o K\'h) ( Cmnr)} € e ) (6

It is now advontogeous to discuss certain features of these results. First, the critical
temperature, T, is defined in terms of the panel geometry, with the only material
properties being the coefficient of linear expansion, @, and Poisson's ratio, v. Noting
that the frequency expression, given by Equation (&), is a function of the mode number
(m,n), it is obvious that the frequency squared for a given mode decreases linearly with an
increase in temperature. The mognitude of the temperature differential required to yield a
zero natural frequency for a given mode is broadly defined as the criticzi vuckling
temperoture for that mode. However, from Equation (5) it is seen thiat the lowest critical
temperature occurs for the fundamental mode {(m = n = 1), ond that the critical temperatures
for the higher modes are related to the fundamental mode critical temperature by the panel
aspect ratic ond mode numbers.

Since the frequency expression given by Equation () 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 < T_. 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 couse the fundamental
frequency to equal zero.




Finally, it shauld be neted thet the equations ot mation tor cazh mode are unsoupiead
hetow the critical temperataye . Above the critical tempernyoe, Saclman T shows that tie
buckled pane! dynamic response is coupled for the dynamic modes diftcrent from the
buckled mode, but the dynumic mode ~onesponding to the buckled wiode v un oupled
from all other dynamic modes. This result will be applied o estimate the simple ponel
response above the critical teriperature.

2. Post-Buckled Response

The ono\rsis presented here is a simplication of the analytical approach develuped by
Shulman ! for calculating the dynamic response of a thin, rectangular jnnel subjected

to a spatially uniform temperature increuse. Since the dynumic response of the buckled
panel is re%u}red, larg= deflection plate theory is used. Brsically, the von Karmaon
theory'zll is used with an assumed displacement ond Airy stress function, 'T The expres-
sion for the stroin energy of the buckled pane! is formulated from the cssumed disploce -
ment mode shape ond rthe stress function . The nanlinear furm of the stresy function s
linearized 1o obtain o first order approximation for the equations of motion.

Since this analysis is ained at providing oppros<imaie results, certain assumptions will be
introduced bused on the pre-buckled analysis (below the critical teinpaature) . First, it

e assumed that the punet bockles i the rundamental mode (- n - 1) corresponding to the
lowest buckling temperature. Then, it is assumed thot the only significart dynamic mode
is the fundumental mode of 1he pancl.

The ompliitude of the buckicd vibruting panel is defined by

W) - W e alt)

where W is the staric buckled pane! omplitude, ond g(t) is the dynumic punel amplitude

(both corresponding to the fundomental mode of the panel). The assumed transverse dis-
placement has the form

. X . ~
wx, 7, 1) = sin (?—) sin (-bl) W] ](t) (7
For the panel, the stress-itiain relotionships ar :

E £ . o, ) t
I e L e ) S

TX (1 -~ :2 - Tx v\/ ’ Xy 200+ vy 'l,«'y
(8)

and the strain-displacement relationships are

L

i i b




;Y =, *v,x+w,xw,

(%)

€ v, 1t _-w,

y 'y 27y

For the ossumed mode given by Equation (7), a suitable choice for the stress function has
the form11,1

h— 2 = 2
F(xl)ll') = '2'(an + ny ) + F](XIYI') (IO)
where
VOO b, 2 o, 2 -2 mox n~
F](x,y,t) = Eh ‘l 2 [(_;)m + lg)n ] cos( - ‘)cos (\_bz)fmn(')
m=0 n=0 '

and (m,n) take on integer volues. The significonce of the mean stresses 5)( ond 7, will
cppeor < ortly. The stress ‘unction (10) ond the displacement function (7) are related by

4. 2 2 )
TF = TN Eh(w,xy - w’xxw'yy) : (1)
where
h/2
NT =k f T(x,y,z)dz

~h/2

. . . 2
For a spatially uniform temperature increase, v N, =0,

T

The relationships between the stress function, F, ond the stresses given in Equation (8) are

hs =F, ; ha =F, ; hT = -F, (12
X Yy Y XX Xy Xy

Substituting the ossumed stress function, Equation (10), into Equations (12), it is evident
thit the shear stress vonishes along the edges of the panel.

The coefficients f, are obtained by substituting the - sumed mode, Equation (7}, inio
Equation (11), with the reslt that

while all other coefficients vanish identically.

Substituting these coefficients into Equation (10), the stress function becomes 3




h - 2 -
F(x,y,f) ='§(3xy + nyz) + F](A,)I,f)

2 2 (13)
_Eh{,a 2T x b 2" 2
i) = g5 [(§) oo (557) (2] eo (52)] W,
Substitution - :he stress function into Equations (12) results in the static stress relations
2
x ::?F' =5, - - EC“(ZEZ}W?l
Yy X 80~
_ ]F -5 “.ZE '_2_ﬂ£)w2 (14)
7)/ h ' “xx y--—fcos( a 11
8b
T =0
Xy

Now, substituting the strcin-displocement relationships for <, and €y, Equation (9), into
the stress-strain relationships for 74 ond Sy, Equation (8), and solving for the displace-
men‘s v, andv, Qives

x 4

- T 1. v_ 1 2
VT T T CTET, TT Y
(15)
v =al - \i J + ]— J - ]—w
'y x By 277
Integrating these aisplacements and assuming thot the edges of the panel are rigidly
restrained from moving in the (x,y) plone yields
u a o a
/u dx=u(o)-u(O)=0=oaT+l/7dx-\i/cdx-]—/w2dx
. 'x E “x E y 2 ‘%
0 0 0 0
(16)
b b b b
/ v,ydy = vib) - v{0) -0 =baT -\E-i/ ’dey + é—- / Uydy - -;— / w?ydy
0 0 0 C

Combining the expressions for the stresses from Equation (14) and the assumed displacement
fur~tion f_rom Eqm_;_ofion (7) with Equations (16) and solving for the thermolly induced mean
S rises, i and _‘/y, produc es
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— EaT nkE b u 2
3 1 - +\)(—-) W
x 0n-v 8ab(1 VQ)[O b] ) :
(7 =
- EaT € by 04]w2
g = + vi=)+(= )W
y (-v) %b(‘_v)[(o \b)}

To summarize the results thus far, it is seen that for the assumed displacement and stress
functions the stresses ore given by Equation (14) with the meon stresses defined by Equation 7
(17). The sheor stresses vonish 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 Shulman!l -

u- Tf f (7%w) dydwaEhf f ) 2dydx

(18)
b f f -3 w,2y:idydx

Substituting the displacernent and siress functions, togethter with the mean stresses, the
above strain-eneigy expression becomes

|
A1 2 1
U=———F (1 - +—R( ) ‘w (19)
1
8ab t ] 8 ]
where

. 2.2 )

R=30(5-v )F”-z(sw)(l-v)J (19a)

and r ond TC remain os previously defined.

Now the displocement function wos ossumed to Yave an amplitude of the form W_ (1) =
Wyt q(t), where W is the static buckled panel amplitude and q(t) is the dynamic
{vibratory) panel amplitude. Then, expansion of the displocement function gives

2 2
W .|=Wo'f 2W°q+q
(20)
4 L4 3 2 2 3 4
W” = /V°+ 4qu‘. 6qu + 4W°q +q

Considering the stotic problem, the dynamic amplitude q(t) in Equations (20) is set to zero
ond the strain energy minimized with respect to the buckle amplitude, W, to obtain
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2
W
- 2 l ° _l:-
W__E_:F‘ (\-r)+ZR<——)_; 0 (r21) (21)

Then
W= 2hF G- nRY7/2 (22)

describes the panel static buckling amplitude as o function of the temperature increase.
The effect of increasing temperature on buckling amplitude is shown in Figure 3 for vorious
aspect ratios.

Now, it is cleor that if the exponded forms of the displacement function, 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 (W >> lq(h]), then expressions for W” ond W‘I‘] can be approximated
by

W2 ~WT 4+ q2

11

4 —~
n-

2 2 (23;
+ 6W q
[¢]

W )

O & O N

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

4 W\ w 2
T RO PO E IR 1) s
or
u=ﬁ). Le2 0 -ow?+ 282 r - 1)q?
8ab [2 11 o 1 9 ] (24b)

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

The kinetic energy of the buckled panel hos the form

¢ b
I .2
Togvh [ [ o dyax (25)
0o 0

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

T+ g Yhabg’ (26)
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The equation of motion is obtuined by using Logrange's equation and expressions (26) and
(24) for the kinetic and strain energy, respectively.

n4D 2

1 P

~ Yhab —_ - =

y Yhabq +4ob 2F”(r q=0 (27)

or

.o 2\'140 2

9t~k (r-1q=-0 (rz1) (28)
it

Yha b

Assuming harmonic motion, the expression for the response frequency is

1/2
f(r)=2~:EF”[(3—S)(r-l)] (r=1) (29)

Comparing this result to the fundamentel frequency below the critical temperature,
Equation (6), it will be noted that as the panel tempercture is increased from the room
temperature condition (zero thermal stress), the panel fundamental mode decreoses to zero
at the critical temperature. Above the critical temperature (after the panel buckles), the
fundomental frequency increases at a rate 1.414 times thot of the sub—critical temperature
frequency decrease. Defining the room temperature fundamental mode frequency as f,,
and using Equations (6) ond (29), the fundamental frequency con be simplified to

" [D]Vz

o e L] =0

e AR
f(r)—foL] -r] (0r<) (30)
() = £ F2(r - 3'/2 21

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

3. Summary of Simple Panel Results

For ease of comparison and reference, the following results are r.resented in terms of the
ponel temperoture increase, T, relative to the critical temperaiure increase, T , for the

panel . ¢

Critical Temperature Increase, Tc:

22
ﬁhF”
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Panel Temperature Ratio:

re T/TC
Strain Energy (Linearized):
4
oD 2 2 .
U——EF”(I-.)q (0<r<l)
0= D0 L e2 1w+ 782 o - 1 (=)
o= AR AR S R '
Paonel Buckling Amplitude:
w =0 (0<rst)
o
W= 2hF 0 -1)/!2“’/2 (r =N
° n: r ) r

R =3.(5- \J2)Ff‘ =25+ ) - ).

Meaon Stresses:

- _ = EaT .
X—qy -(]_‘,) (OST-])
gyt = o (I RRIEY| LA
7 8ab() -
(r=z1)
Ez'uE’fTv)* ~E zlv(?"*‘«%*lWi
Y 8ab(1 - v°)
Thermao! Stresses:
— ".2E _211 i
7 =3 - —gcos| jw
X X 2 b
8a
]
2 N , (r=1)
7 =9 -'——z—cos\-‘-"—-)w
b y 8a 2 [}
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Equation of Motion (Linear Free Vibration):

y nADFfl
g+ —ay (1 -1)q =0 ©<r<1)
vha b
. ﬂADFfl
q+—2—72(f"])q:0 (r)!)
Yho b
Response f-equency:
f :nF” _0_1/2 ‘-0
o 2ab {h r
f(r)=ff|-r]]/2 (Osrsl)
o
() = 6t -2 )

8. Nine-Bay Panel Response

The simple panel onaiysis described in the previous section will now be used to deveiop a
model of a flat, nine-bay stiffer,ed panel configuration, illustrated in Figure 5. This
anclysis is based upon the results developed by Rudder,8 and follows the bosic assumptions
thot slope compatibility relations are preserved across the artachment line of the stiffener
to the skin panel and that the stiffeners remain straight (i.e., no bending or buckling of
the stiffeners is ollowed).

The nine~bay panel analysis will be presented in terms of the temperature increase of the
panel, similar to that for the simple ponel analysis. Since the simple pane! analysis
assumed a uniform temperature distribution over the surface areo 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-buy panel is uniform. This assumption
implies that the edges cnd the stiffeniers of the nine~bay panel are insuloted from the cover
sheet.

| Substructure Characteristics

The results presented in Reference 8 con 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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FIGURE 5, NINE-BAY FLAT STIFFENED PANEL CONFIGURATION
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st- 32“'rk )(I’kx\)I 22 (31e)
22 9 J

and for stiffeners parallel to the y~axis
"'6E"" IS b 5 '] 2
- — | W 1
where the displocement of the center bay, W22(t), is

Woolth = W, + a(h

The kinetic energy of the stiffeners parallel to the x —oxis is

2 02 r a' 3 P
T = l'y‘l 1+ 2 LW (32a)
sx 4 L 02 i 22
and for stringers paraliel to the y —axis
3
2 b, | b Y ]
T 2. | Y4
Ty T ey 2 k 2(55} W2 (326)
2 .

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

(m,n)=(1,1).

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

T=T *521 -25 51 +S2I

x e zzz Yy zyz  yyy

=T . 52| -25.51 +S2|
e Tz2z X ZXz XXX

X1

2 _ — 2 2 _m e 2
k™, = (GJ/E )x(oi/ )" kyi (GJ/ET )y(bi/-)
GJ = torsional stiffness of stiffener (note that G/E = 1/2(1 4 V)
o=t +1 f(ez‘*ez)A .e =C -5
px yy 22 y 2z %X ¢+ x X x
2 2 e =C -§

lxx K Izz N (ex TeJA ’ = Cy Sy

Py Y TN,

[

e
e TS e
e e LR e

L TR AL Ty e e (] e e e
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The stiffener cross-section geometry and nomenc lature is illustrated in Figure 4.

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 1, across the stiffener attachment lines, the kinetic energy is

1 !‘ b] 3 o, 3 clb] 31‘ ‘9
Tp=§Yh02b2!l+ 2(b~) + 2(;—) + 4(0—-5—) ‘W22 (33)
L 2, 2 22/
TABLE |

SLOPE COMPATIBILITY RELATIONS FOR A NINE-BAY STIFFENED PAINEL
VALUES OF Cii/ Wmn

P= Q=2 i=3

I T G O B A (/3% B O i RSN
i=2 (-D"(a,/0,) 1 (-0"(e,/c,)
i=3 | (D" Mabyeb)  Deyby (D™ ayb fab,)

Expressions for the strain energy of the cover sheet os o 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 fundomental mode as a function of the temperature ratio, r, is

4
_rD 2 2 )
Upii - Baibi F] ](biloi)(] - rii)qii (O sr s ‘) (340)
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2
4 W
gl L (1)
Yo " 8o, [Fn(bi'"i)“ R AT = iin
i g | (34b)
2
W
.[2 3 (ii o)i] 2
K LFH(bg"’i)“ "ii) "3 Rii h %; (rz1)

where
F ‘(bi'ai) = (bi/ai) + (oi/bi)
R, =3.(5- V2)Ffl(b.,a.) - 25+ V(1 -v)]
' [

The slope compatibility coefficients con now be used to obtain the structurcl response in
terms of the amplitude of the center bay. It is also necessory to scole the temperoture
parameter, r;:, since the critical temperature is a function of the panel areo (see Ejuotion
(5)). The scale factors on r are referenced to the critical temperature of the center boy.

It isnowconvenient to introduce the notation

a.b.F. . (b,,0.)
r..=d..r d, =— 12 02
ho L 2 AR D At i (35)
Mo TWaCip & =aley

where r is the critical temperature ratio of the center bay, d;; are the scale parameters
for the temperature rise, C;; are the slope compatibility coefflicients, ond W, and g(t)
represent the static buckling ond vibrotion amplitudes, respectively, of the fundamental
mode of the center bay. (The constants Cii are defined in Table 1.)

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

u~"4° Fr(r)a Osrsr) (36)
P—T&Jzz (Ng srerg
where
o) - 2 (o000 -1 2( S )F2 o ooy -
(r) = Fyybyra)(i - 1) b, (b el —dyyr)
o o.b
1.2 _ 121\ 2
* 2(5;)';11“’2'“1)“ “dy 4(0 5 )Fn(bl"’w)(' -4
2°2
21
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The parameter rg is the »alue of the temperature ratio for which the strain energy is zero,
and will be evaluated tater. Forr = 0 (ambient temperature) this expression is identical

to Equation (17) of Reference 8.

_Likewise, introducing the notation of Equation {35) into Equation (34b) ond 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

2 r w 12 i
4 w ] | w
n D 1 o} .., 2 3 o 2
u - 2 {r*(rw-k*(——) W F*(r>+-R*(—)L } (e )
p Banb, 8 \®" /. L 47V h7 ® (37

where

R* =R__+2{ —)J R_.+2]l—] R, ,+4 R
22 b2 2\ 02 12 .°2b2 i1

R, =305 - vz)rf](bi,ai) =25+ V(1 -]

Equation (36) represents the strain energy of the heated skin for temperotures below the
critical temperature while Equaticn (37) is the strain 2nergy of the heoted skin for
temperatures above the criticol temperature.

3. Frequency Response

The equation of motion for the fundoamental 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 Logrange's equation.

Since the kinetic energy is independent of the temperature increase, this result will again
be presented first. The kinetic energy for the fundomental mode of the nine-tay ponel

structure is, from Equations(32) and (33),

T :.’. vho.b ’7] 4 2(0_]_)34» 2(b_')3 +4(O]b])3
8 272 | a, b2 0252
catyy 2 'rl : 2(1‘-)3]' ek 200, z(b’)3 w? 38)
'px;gt a, J 'py:g[ E; 22 (

Below the critical temperature (0 sr < ro), the strain energy for the fundomental mode of

the nine-bay panel is
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4

_o 2
Us= ngz- (F*(r) + st + Ksy]w22 (Osrs ro) (39)
where Equations (31) and (36) haove been used to obtain this result, and again, S is the SRR E:i

value of r such that U(ro) =0,

The substructure stiffness terms in the preceding equation are “

2
4n“Er* [ a ] B
_ATELY 2 2 2
st-—-f—l‘+ kx2+ 2(8..)(]+ kxl) (40) =
Dasb,, L 1 .

2

4nTET 2 b2 2

Ksyz—% 1+ ky2+ 2 - (1 + ky]) (41)
002b2 | J

ol

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

] %2

= _ 1 2
T-EM}W22 and U—-z—l(](r)W22 (0 SrSro) (42)
where the mass and stiffness ore defined by
M, =2<(vha b, [1+2{ —) +2{ —] +4
1 4 272 o, b2 02b2
°) oV 5 b b)Y
+ 4n7yl 1+20 —|iranvl = |11+2| — (43) '

px 2 92 PY o2 by

2 v 2
/'D
Kyl = Top; (F*() + K+ Ky (44)

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

M]2:|'+ K](r)q=0 Osr sro) (45)

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

(0 = 32 0K, 0M, )72 srsr (40
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For o temperature incrense above the critical temperature, the kinetic 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

wgz =W+ g2
i {(47)

4 2
"
Wop =W

o a O N

2
v
+ 6W 3
where W, is the buckling amplitude of the center bay and g(t) is the dynamic amplitude

of the center bay for the fundamental mode (see Equation 23).

It is evident thot the kinetic energy expression is then simply
T=——M]<i (r zr) (43)

where M] is defined by Equation (43) since the mass is independent of temperature .

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

is

+

{

I

fee sl )2]

LF (1) + ~R* J ¥ KSx " KSYJ 1 (r2r°) (49)

Setting g(t) = 0 ond minimizing the result with respect to Wo‘

AW 8a.b
o

W row | Y
o = ClA* (N + 2K+ 2K +5 R"( -—°—) =0 (50)
b2 3 sy 2 h

Then neglecting the trivial case of W, = 0, the displocement ratio (Wo/]n) is obtained as
2

W 4
(—h—) Rt A ORI WS S (N (51)

ningre F*(r) is defined by Equation (36) and R* is defined by Equation (37).
Applying Lagrange's equaticn to the kinetic and strain energy, the equation of motion for

the fundamental mode of the buckled nine-bay panel is derived for free vibrotion and
tokes the conventional form
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MIE{+ Kolrlg =0 (52)

where the mass was identified previously and the stiffness is
n4D
S *
Kz(r) = 272% LF*(r) + Kg( + Ksy] (53)
Comparison of the expression: for K(r) and K2(r) reveals that both vanish for the some

value of r, which is to be expected. Indeed, the result simplifies to

Kz(r) =K 1 (r)

(54)
Kz(ro) = K](ro) =0
The response frequency is determined from Equation (50) to be
/'
g () = 2= (K m 172 = o ok om0V (ear ) (55)

The results presented to this point may be simplified by returning to Equations (35) and (36j,

Using the defin'tion for dii ond F ](bi’°i) the plate stiffness parameter may be expressed as

Fe(c) = F4 - F3y (56)
where
b a a,b
.- 1),2 (%12 1°)
F2 (b, az)+2<g->rn(b‘,02)+z(;->F”(b2,o')+4<°T> (b,
2 2 2°2
| o\ o 2
| F3=Frilbgie)) Fll(b2’°2)+2<F2' Fribreg * 2(g ) Fialbarey)
<a]b]>2 ‘l
+4 F..(b,,a,)
0252 1 ]J

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

=1 (g
"o T BTt Kot Ky (57)

[(SE;

Using this definition of o the previous results for stiffness may be further simplified to
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4
K (r) T b 2(ro -r) (Osrs ro) (580)

4
. 1D .. N c
KQ(') ) @; 2F2(r B ro) (r= |.o) . (.“'8b)

Likewise, the expressions for the response frequency of the heated nine-bay panel buckied
into and vibroting in its fundomentol mode is

1/
| orse 1172
f =< (r=0)
o 4 Ml°2b2
) 1/2
f(r) = fo [l - ;—] (0<rs ro) (59)
O

, 1/2
f(r) = fo[ 2(;—- - l)} (r = ro)
)
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Il - 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 fatigue

tests of multi-bay stiffened panels. Both series of tests were conducted at room and
elevated temperatures with specimens fabricated of 7075-T4 aluminum and 6A1-4V titanium

(mill-annealed) alloys.

Coupon vibratory fatigue tests were conducted to generate basic material fatigue properties
for each alloy at room and elevated temperotures in the absence of mean (thermal)

stresses. These data were used in the design of stiffened=-skin specimens which were fatigue
tested under rondom amplitude acoustic loading. The stiffened panel test program provided
static (thermal) ond dynamic test dota 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 300°F
6A1-4V Titanium - Room temperature and 600°F

Cantilever bearn specimens were used to develop zero mean stress fatigue dato 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
sheoring 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 instalied by
a Drivematic riveting machine to give uniform rivet installation.

1. TJest Procedure

Three specimens were fotigue tested simultaneously in each set-up, using random amplitude

e el

3 - L L=

vibratory excitation. The room temperature test set-up is shown in Figure 8. The specimens were

supported by steel clomp blocks (detailed in Appendix 111) attached to the table of an MB

Electronics C-10E electro-mec hanical 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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FIGURE 8.

FIGURE 9.

RC M TEMPERATURE SET-UP FOR COUPON FATIGUE TESTS

ELEVATED TEMPERATURE SET-UP FOR COUPON FATIGUE TESTS
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The room temperature set~up was duplicated for the elevated temperature tests, with
tungsten-filament quartz lamps and o thermal enclosure added. Two quartz lamps were
located obove the specimens to provide heat, as shown in Figure 9. The specimens and
lomps 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 uf 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.

sl Ll \J\\J\“M“ﬁﬂm "

Strain levels were measured with uniaxial strain goges bonded to the specimen at the
locations shown in Figures 7 and 11, Generally, only the center specimen wos instrumented
since specimen responses were essentially identical. Room temperature curing adhesives
were used to bond all gages.

e

Excitation levels were monitored by means of an accelerometer attached directly to the
shoker table.

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

Narrow-band random input spectra were used for all tests, with o 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 response 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 e
specimens. The acceleration level then became the control parameter for maintaining
constant strain levels for the duration of the fest.

2. Fatigue Tests

The specimens were fatigue tested at the oppropriote 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 fotigue failure.
During these inspections, the test was stopped, and the random excitation source was replaced
with sinusoidal motion in order to accurately determine the 1esonant frequency. The speci-
men temperature was maintained during these inspections. A visual inspection was also
performed on the room temperature specimens ot this time.

Fatigue failure was defined as the time at which the resoncnt frequency decreased 2% below

its initial value. This was defermined from a plot of frequency versus test time for each
specimen, os shown in Figure 13,
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Figures 14 and 15 ore typicai probability cersity 2nglyses of the auceleration excitation and
strain response signals for two response amplitudes. Agindiccied in the figures, these
data approximate a Gaussian distiibution,

3. Test Results

The coupon fatigue data are tabulcted in Tables Il and 11l while Figures 16 and 17 presert
the fotigue curves developed from these datc. The median life is shown by o leost squures
regression line drawn thiough the data paints for each configuration and test condirion,

The scatter present in the datu is indicated by the 95% confidence bands shown on the

plots, The regression tine and confidence bands were computed by the methods delineated
in Reference 4, Appendix I1. The results of the statisticol analyses conducted on these

dote are shown in Table IV tor reference. The fatigue curve for riveted aluminum at

room temperoture was found to ogree very closely with similar data pubiiched in Reference -,

B. Stiffened Pane! Fatigue Tests

1. 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%. The stiffened-skin test panels were
designed using this nomograph, with temperature effects included, and the following
guidelines:

0 Cverall size identical 1o the test panels described in AFFDL-TR-7I-‘O78
to use existing ‘rames.

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

o Total quantity of 27 aluminum and 21 titanium specimens.

Previous test programs4' 8 have shown that fatigue foilures could be expectzd in the outer
bays if all bays were of the sume approximate size. Therefore, the center bays of oll spec-
imens were designed to have a greater surface areo than thot of any of the adjacent outer
bays since the center bay was considered to be the primary test area.

Eignt aluminum and four titanium <pecimens were designed to be tested at room
temperature for direct comparison with the data of Reference 4. An identical number

<7 these same specimen designs were to be tested ot elevated temperatures. Another eight
ci the aluminum specimens were also designed with faying surface sealont to evaluate the
eifect of the seclant on fatigue endurance; these specimens were identical to eight of the
specimens without seclant. The specimens with sealant were included in this program to
ascertain the vaiidity of previous empirical designcriteria, whichare based on tests
conducted on specimens withoui seolant, for use on structures which use sealant.
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ALUMINUM COUPON SPECIMENS
SUMMARY OF FATIGUE TEST RESULTS

TABLE 1

Ploin Specimens

Room Temperature 300°F

Specimen Stress Life Specimen Stress Life
No. ksi rms Cycles No. ksi rms Cycles
1 22.4* 1.08x 104 | 18.5 1.14x 10°
2 22.4* 6.07 x| 2 18.5  9.75x 104
3 22.4* 9,00 x| 3 18.5  7.42x 104
4 17.6  2.96 x 10° 4 17.0 2.87x10°
5 16.8*  2.31 x 100 5 17.0  2.87x 109
6 16.8* 1.43 x 109 6 17.0 2,88 x 10°
7 16.8* 1.0l x 10° 7 10.6  1.80x 108
8 16.8  6.14x 102 8 10.6  1.46x 100
9 14.6  6.80x10° 9 10.6  1.93x 108
10 14.0  8.26x 107 10 10.2 2.00x106
1) 14.0  1.53x 100 1 10.2  2.00x 108
12 14,0 8.80x 107 12 8.5 2.60x 10°

Riveted Specimens
Room Temperature 300°F

Specimen Stress Life Specimen Stress Life
No. ksi rms Cycles No. ksi rms Cycles
1 140 1.27x10° ] 14.7  4.40 x 104
2 14.0 1.31 x 105 2 14.7  4.30x 104
3 14,0  1.30x10° 3 14.7  4.08 x 10%
4 12,0 4.97x10° 4 9.2  2.55x109
5 12,0 5.12x10° 5 9.2  3.00x 1
6 120 1.15x10° 6 9.2  2.90x 105
7 0.5  8.20x 10° 7 6.2 1.22x10°
8 10.5  7.92x10° 8 6.2  1.51 x 106
9 10.5  7.20x10° 9 6.2  1.52x100
10 6.6  6.75x 1 10 4.1 4,44 x 106
n 5.9  4.11 x 100 1 4.1 5.22 x 10°
12 5.7  2,70x 1 12 4.1 7.82x 106

* Invalid data - ends of beam weighted and response highly nonlinear. MNot used in
fatigue curve.

NOTE: Fatigue life (in cycles) is the product of resonan: frequency and test time to failure.
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TABLE 1l : =
TITANIUM COUPON SPECIMENS
SUMMARY OF FATIGUE TEST RESULTS

Plain Specimens

Room Temperature 600°F

Specimen Stress Life Specimen Stress Life E
No., ksi rms Cycles No. kst rms Cycles =

‘ ] 35.5 3.28x 10° 1 26.9  5.40 x 105

: 2 35.5 3.24x 10 2 26.9 2.74x10°
3 35.5  3.55x 10° 3 26.9  3.38x 109
4 28.7 5.15x 10° 4 25.3  2.74x 105 E
5 28.7  9.45x 109 5 24.8  2.50x 109
6 28.7 B.65x 107 6 24.6  2.26 x 105 :
7 21,4 5.18x 100 7 22.9  3.38x10° 3
8 21.4  3.97x 109 8 22.2 2,26 x109 '

9 21.4  2.57x10° 9 21.5  2.82x 109
| 10 21,2 1.89x 100 10 19.7  8.90x 10° ;
! 1 21,2 1.67x10° 1N 19.7 8.38x 105 3
12 21,2 5.52x 108 12 19.7  1.14x100 3

13 17.9  1.53x 107 13 14,9  7.18 x 100

14 17.0  3.05-107 14 14.9  7.32x100

15 14.9  5.00x 106
Riveted Specimens E

Room Temperature 600°F

. Specimen Stress Life Specimen Stress Life E
; No. ksi rms Cycles No. ksi rms Cycles E
1 20,9 5.00x 10° 1 19.2  3.48x 104 :
2 19.4  4.18x 1 2 19.2 5,34 x104 3
3 17.8  3.82x 10 3 19.2 5,93 x 104
4 16,0 1.11 x10% 4 13.6  4.57x10° E

5 6.0  9.60x | 5 13.6 2.52x10°
6 16.0  4.50 x 10 6 13.6  5.02x10%
7 13.9 2.23x 108 7 10,1 8.55x 109
8 13,9 1.34x 100 8 10.1  6.24x10° :
9 13,0 1.46x10° 9 10,1 1,04 x106 |
10 12,8  4.10x 106 10 5.5 1.65x 107 E
1 12.0  3.02x 106 n 5.2 8.02x100 ;
12 1.2 5.22x10° 12 3.5 1,87 x107 ;

*Did not fail.,

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

TABLE IV

FOR COUPON FATIGUE DATA

. . .

Test Sample Regression Line o, Re .
Alloy Temperature Si A B8 Standard Correlation

OF 'ze Intercept Slope Deviation Coefficient

Aluminum- RT 6 2.424 -.215 e **

Plain

Aluminum- 300°F 12 2.362 -.215 0.034 -0.969

Plain

Aluminym- RT 12 2,261 -.217 0.059 -0.921

Riveted

Aluminum- 300°F 12 2.376 -.260 0.020 ~-0.99%96

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- 600°F 1 2.377 -.230 0.045 -0.976

Riveted

NOTE: *Regression Line: Log & = A +B Log N (@ in ksi)

**Insufficient data points - rugression line slope taken same as
300°F condition,
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The general specimen configurotion is shown in Figure 18, with the detailed dimensions
for each of the panels listed in Tobles V and VI for the aluminum ond titanium alloys,
respectively, More detailed drowings are presented in Appendix {1l. 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 hod nine panel boys.
Two replicates of each specimen design were fabricated to provide statistical accurocy
consistent with previous test programs. One odditional titanium specimen was fabricated
for an investigation of thermal buckling effects and was subsequently fatigue tested.

An additional aluminum specimen was fobricoted 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 surveitlance at aoll steps.

All aluminum zee-section stiffeners were hot formed from sheet stack, while extrusions
were used for the frames and clips. Al! titanium parts were chemically cleaned during
manufocture 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
opproach 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 lorge bend radii that would result (at least six times the
thickness) . Automatic riveting, with a Drivmatic riveting machine, was used whenever
possible for uniformity. Monel countersunk rivets (MS$20427M4) 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 titonium 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, grozing incidence, acoustic test facility shown
in Figure 2. The test frame wos 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 o bonk of 2500 watt tungsten-filament quartz
lomps mounted vertically in front of the test panels. The 3/8-inch diameter quariz lamp
elements were encased in o 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 ¢ multi~channel power supply, with two lomps per chonnel to
provide uniform temperature control over the surface of the panel. Temperatures were
controlled by varying power input through o silicone controlled rectifier on each
channet,
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TABLE V
ALUMINUM STIFFENED~SKIN SPECIMEN DETAILS

Specimen No. of No. of Specimen Dimensions - Test
No. Specimens Bays alb |bla h h Temperature
AL-) 2 12 6 9 1.5 0.032 5.040 300°F
-2 2 12 5 10 2.0 0.032 0.040 300°F —
-3 2 9 6 12 2.0 0.032 0.040 RT E
-4 2 9 6 12 2.0 0.032 0.040 300°F “
-5 2 9 6 12 2.0 0.050 0.063 300°F
-6 2 9 9 18 2.0 0.04C 0.050 RT
-7 2 9 9 18 2.0 0.040 0.050  300°F :
-8 2 9 9 18 2.0 0.063 0.071 300°F
-9 2 9 6 18 3.0 0.032 0.040 300°F
-0 A\ 2 9 6 12 2.0 0.032 0.040  RT
A\ 2 9 6 12 2.0 0.032 0.040 3000F
-12 A\ 2 9 9 18 2.0 0.040 0.050  RT
3 A\ 2 9 S 18 2.0 0.040 0.050 300°F
-14 1 9 6 12 2.0 0.032 ©.040 1500F
TOTAL: 27
NOTES: h = skin thickness - inch

1
2. h, = stiffener thickness ~ inch
3. Overall panel dimensions 21.5 x 31.5 inches.

Seal per LAC G230 using STM40-111 sealant.
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TABLE VI
TITANIUM STIFFENED-SKIN SPECIMEN DETAILS

Specimen No. of Specimen Dimensions Test N
No. Specimens a bl b/ | h I h, Temperature -
1 | 1 6 12 2.0 0.024 0.036 600°F 7
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 0.044 600°F
5 2 6 18 3.0 0.032 0.044 400°F
6 2 6 18 3.0 0.044 0.056 RT :
7 2 ) 18 3.0 0.044 0.056 400°F
8 2 6 18 3.0 0.044 0.056 600°F
? 2 8 16 2.0 C.032 0.044 400°F
10 2 8 16 2.0 0.044 0.056 400°F
N 2 8 16 2.0 0.056 0,068 400°F
TOTAL: 21
NOTES: 1. h =skin thickness = inch
2. h, =stiffener thickness - inch
3. Overall panel dimensions 21.5 x 31.5 inches.
4, All panels have nine bays.
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b) TITANIUM SPECIMEN

FIGURE 19. TYPICAL STIFFENED-SKIN TEST SPECIMENS
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FIGURE 21. ACCUSTIC TEST FACILITY
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FIGURE 22.

b) HEATING LAMPS IN PLACE

ACQUSTIC FATIGUE SET-UP FOR ELEVATED TEMPERATURE TESTS
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A modal investigation ai room and elevated temperature was conducted on the first titanium
specimen to determine placement of the strain gages. Figure 23 shows tne wtri.in goge
locations tor the aluminum and titonium specimens. Micro-Measurements Y/K-05-125AD-350
stra’n gages were bonded to the titanium specimens with BLH Electronic EPY 600 adhesive
cured at 65(PF. The 1-inch integral gage leods were silver soldered to teflon covered
“wires. BLH FAE-12-12512ET strain gages were bonded to the aluminum panels using EPY

600 adhesive cured at 350°PF. Lead wires for these gages were 30-gege enameled wire
bonded to the panel surface. Teflon tape wos used over the lead wires ond gages to pre-
vent motion of the wire, Solder tabs at the edge of the nanel, where the response wms greatly
reduced, were used to connect the enameled wire to an insulaied lead wire. A typical

goge installation tor the aluminum specimens is shown in Ficure 24, ’

Chrome'!-Alumel foil thermocouples, RdF Corp. 20112, wer2 bended to the specimens with
EPY 600 adhesive of the iocations shown in Figure 23 and cured simultoneously with the
strain geoes. The thermocouples were located on the basis of an initial thermal survey on
the first titcnium specimen, using 14 thermocouples. The locotions selected for each
specimen provided skin temperatures in the vicinity of the strain gages. Typical thermo-
couple insiallations arr 50 shown in Figure 24.

3. Test Procedure

Several tests were conducted cn each test specimen prior to fatigue testing. The static and
dynamic parameters measured were those indicated by the analysis to be requisite to deri-
vation of useful empirical relations. Instrumentation schematics for these tests are de-
to’'ed in Appendix I1l.  The tests were generaily conducted in the sequence described in

iollowing subsections.

a. Room Temperature Frequency - The test specimens, installed in the test frame,
wetre mounted over duc  -ctro-mechanical speakers as shown in Figure 25. Low level
sinusoidal noise excitation was applied to the specimen and strain amplitude plotted versus
frequency, at ambient temperature, for eact stroin goge. The frequency scale neor the
fundariental mode was then expanded to provide betrer resolution of this mode, and the
sinc sweep was repeated. The resultant .trgin-%¢ quency plot was used to compute darmping
ratios by the half-power method! 4,

o.  Temperature Effects on Frequency - The 1est set-up described in the preceding
st -5t ction wat aly used to determine the changes 1n fundamental frequency with in-

e.5Ing temperature. Six heat lamps were incunted above the specimens as shown in
Figure 26. The .ocm tenipeiature Chlodni paiterr for the fundamental mode wos
chrained usicoy nork ¢ orticles; ane hect lamps were then turneda 5 and the fundamental
node frequency was trackee by monually verying *ic ypeaker irput freausncy to maintein
¢ fundamenta! mode response. Skin teraperature and -espense fiejuency were recorded
on data sreeis for later anaiysis.

The critical buckling temperature o * th~ certer bay wos aiso deterinined during tnis ceries of
tests. Tni suckling temperature wus defined as the tempe. tui- incr -ase ui whizk ihe fre-
queney, wee a minimum; this wos deterinized tron: o plat of frequr ney - sus iemperature

far ecch uecimen.
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VIEW OF UPPER HALF OF SPECIMEN
R N i : sy e -
Fyierrncinig
|
VIEW B

: SOLDER TAB DETAIL
' VIEW A
) STRAIN GAGE THERMOCOQUFLE ;
: DETAIL
;
FIGURE 24. TYPICAL STRAIN GAGE INSTALLATION .
ALUMINUM SPECIMENS ‘
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FIGURE 26, TEST SET-UP TO MEASURE FREQUENCY VARIATION WITH TEMPERATURE
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c. Thermal Strain and Deflection = Thermal strain and deflection of the panel

center boy were measured on all elevated temperature specimens in the absence of
acoustic excitation. The test panels, in the test frame, were installed in the wall of the
progressive wave test chamber with the heat lamps in place. Thermal strains were
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 goges, was bonded to a narrow sirip of the specimen giloy and
placed on the face of the panel near the edge. The compensating gage location was
experimentally determined to maintain the some temperature as that ot the panel gages.

The center bay displacement due to thermal buckling, ot the midpoint of the bay, was
measured concurrently with the thermal strains. A contacting displacement gage was
temporarily clomped to the fromes 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 stroin response plots were then made of each strain goge at a constant sound
pressure level. The fundomental 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-bond random

input with o 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 @ 1/3 octave
band 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 wos established by using the modified design

chart described previously (See Section 111.8.1). Temperatures on the specimen

were recorded on a multi-channe! 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 Intervol
Otol Hr. 15 minutes
1 to 4 Hrs. 30 minutes
4 Hrs. to End 60 minutes
53
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‘beginning of the test) for light structure, while the intervals for the thickest panels

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

started out at 30 minutes,

4, Test Results

The dato 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 same sequence as discussed in the preceding section,

a. Room Temperature Frequency - Room temperature fundamental mode frequencies are
tabulated in Tables VI and VIII for the aluminum and titanium specimens. The frequencies
shown were recorded ot the ambient temperature (generally 65-70°F). The specimens were
allowed to stabilize ot this temperature for ot least 12 hours prior to measurement of these
frequencies; hence, the panel skin and substructure, as well as the test frome, 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 domping ratio measurement. As mentioned previously the damping ratios

were determined by the half-power method, and the results are tabulated in Tables

VIl ond VIIl. The values listed are averages for all the strain gages on each specimen.

Ll

]

An indication of the damping variation between configurations is obtained from

Figure 32, which shows the effect of frequency on damping ratio. Data from four other
sourcesd: 8, 15, 16 gre glso shown in this figure. All of the data, except for that
from Reference 15, are for fundamental mode response. These data are typicol of all 3
domping 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 wos plotted through the data centroid, as shown in Figure 32, with o slope
taken os an average of the Reference 15 and 16 curves. This regression line can be
used to estimate damping for all medes, including the fundamental. As an alternative,
the mean damping value of 0,016 (for ! doia points plotted) may be used for the
fundamental mode. i
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b. Temperature Effects on Frrquency - The change in the fundamental frequency

with increasing and decreasing temperature vas meosured for empirical correlation and

for determingtion of the panel buckling temperature. Several sets of data were accumulated

for most of the specimens, all in tabulor form of temperature versus frequency. It

was found that, after the initial heating and buckling, during cocling 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 VIl
ALUMINUM SPECIMENS
SUMMARY OF FUNDAMENTAL MODE FRREQUENCY AND DAMPING
PANEL CENTER BAY - ROOM TEMPERATLRE

Specimen FundomF:nrcl Mode Fundomencfol Mode

Number Frequency - Hz Damping
: AL-1A 217 0.0145 =
H -18 225 0.0080 é
i ~2A 233 0.0055 E
, -28 244 0.0097 E
-3A 166 0.0135 3
-38 184 0.0160 E
; -4A 194 0.0188 i
A -48 171 0.0193 §
1 -5A 295 0.0109 :
: -58 282 0.0125
¢ -6A % 0.0153
E : -68 105 0.0155 :
-7A 76 0.0203
-78 80 0.0187
-8A 144 0.0095 ;
-88 141 0.0192
-9A 146 0.0167
-98 163 0.0252 =
~10A 215 0.0139 5

-108 187 0.0186

“11A 173 0.0152

-118 148 0.0192

' -12A 94 0.0177

-128 78 0.0179

-13A 86 0.0195

-138 95 0.0153

-14A 192 0.0212
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TABLE VIII
TITANIUM SPECIMENS

SUMMARY OF FUNDAMENTAL MODE FRREQUENCY AND DAMPING

PANEL CENTER BAY - ROOM TEMPERATURE

E:
3
E
=
gﬁ
4
3
3
3
=
El
:
=2
E]

f
Specimen Fundnmgntol Maode Fundamental Mode
Number Frequency - Hz Demping
TI-1A 172 0.0084
-2A 210 0.0176
-28 227 0.0275
-3A 211 0.00%94
-38 191 0.0156
-4A 201 0.01¢7
-48 200 0.0125
-5A 17 0.0172
-58 166 0.0204
-6A 205 0.0149
-68 178 0.0154
~-7A 205 0.0155
-78 200 0.0115
-8A 195 0.0114
-88 203 0.0217
-9A 141 0.0238
-98 116 0.0234
-10A 169 0.0152
-108 153 0.0123
-11A 190 0.0213
-118 191 0.0184
57
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- DAMPING RATIO

O ALUMINUM PANEL DATA - REF. TABLE VII
O TITANIUM PAMEL DATA - REF, TABLE VI

£ ALUMINUM PANEL DATA -RCF. 4
O ALUMINUM BOX STRUCTURE DATA - REF. 8
O ALUMINUM PANEL DATA - REF. 8

i
‘e

113

=1 o/r

,——-RtGRESS@N LINE FROM REF. 167
' SR IR e

APPROX IMATION
OF DATA PO NTS

f - FREQUENCY ~ Hz

FIGURE 32. DAMPING VARIATION WITH FREQUENCY
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f - FUNDAMENTAL MODE FREQUENCY ~ Hz

FIGURE 33. EFFECT OF TEMPERATURE ON FUNDAMENTAL MODE FREGQUENCY
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the substruc-ure. !t should be noted that, if the entire structure {s<in and :riffeners)
were heated uniormly vith no externa! restraints at the structure boundaries, the skin
wr 'd not buckle because .2 in-plone residual stresses would be avoided.

Panel skin buekling temperatures were determined from the above frequency - .emperat--e
plots us the temperature at which the trequency was a minimum (see figure 32). Because
rf the hysteresic efiact, only the initial heoting cycle was used to determine the v skling
temperaty es since hesting rates and suustructure temperatures were nof contrelled

Since the anafytical buckling temperatures are defined as a temperature increase relative
to amt:ient, the measured initial temperoture was subtracted from the buckling terpere wre.
The ceritical buckling temperatures for each of the aluminum and titanium specimer. ote
listzd in iable 1X,

c. Thermai Strain and Defiection - Thermel strains and ceni«: bay buckling ompli-
tude were mecsur:d orly on the elevated temperatuie specimens, since roon feimpaercture

curing udhesives were used for tha strain goges on the room terperature spocimens, The
thernal straine were recorded for twe purdoses: (1) Derermination of the thermal (mean)
strews at the test temperature, and (2) correlation with anslvtical data to provide em-
sirical «quotions for predicting tharmai skicin,  Figure 54 depicts typical thermal strain
Lariction witr temperature; the entire *herme!l sty data set is not included because

of its .iz2 and the facr that the partinanr inforration is contoined in the later empirical
correintion, Section V.

Ceriter buy buckling omul:iudes werz measured solely for correlation with the enaly-
ticw! resulte, 10 provids an interiea correlation in the thermal stress calculation. Mex-
imum buckling smplitudes ut the individual specimen test temperatures are itemized in
fubla X,

A, Excitation Spectrurr Shoping ~ The results of the sinusoidal, high intensity,
noise frequency sweeps ore tyolified by Figures 29 (b) ard 30 'b). These response plots,
made at the individun: specimen test temseratures. served to [ocate tne significant panel
re.ponse for shoping .37 1ne excitation spectrum.

The response frequencier oblained during these frequency sweeps at room temperature
were always dittereri fiom those obtaired in the low level noise frequency sweeps.

The low level sweeps aare conducted in o room with a cortrolied temperoture and
humidity «n...onm=n*, whereas the high intensity sweeps viere mode in the grozing
incidence test faciidy, with asignificant aii flow over the ponel, where no temperature
cont:ol was possibiz.  Aside from the obvious temperature difference, which has been
noted in past progm'n.'.“' 8, the penal response nonlinearities served to drastice'ly alter
the response frequciicy. Many of the specimens, parlicuiarly those tested at room temper-
ature, exhibited highly nanlineor response wheie increasing sound pressure levels caused
the response frequencics o increuse; anly slight increoses occurred in the :t.ain amrlitudes.
The combinations of thesc rwo events were in some cases offset: the frequency de . ease
due to a decrease 10 the ambiznt tereperature wos counteracted by an increose in the
panel response freqancy due to nonlincority.
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TABLE X

o ALUMINUM AND TITANIUM SPECIMENS
: RS - ~SUMMARY OF SKIN BUCKLING TEMPIRATURES
PANEL CENTER BAY -
) Aluminum Specimens Titanium Specimens
‘ Specimen Buckli- ;* Specimen Buckling”
ES Numoer Temperature - °F Number Temperature - °F
i AL-1A 8 TI-1A 38
-18 8 -2A o
-2A 10 -28 -t
-28 1 -3A 57
~3A 12 -3E 44
£ -38 8 -4A 40
-4A 14 -48 59
-48 8 -5A 28
~5A 34 -58 28
4 -58 24 -6A "
i’ ~6A 7 -68 "
; ~68 1 -7A 51
é -7h 6 -78 50 3
-78 8 -8A 12 3
-8A 18 -88 16 y
-88 15 -9A 19 '
-9A 7 -98 17 ”
-98 6 -10A 31
-10A 10 -108 19
4 - 10 -11A 39
-1 9 -118 49 4
: 18 6
g ~124 6 NOTES:  *Buckling Temperature in OF
178 5 above room tempergture . :
E J19A 4 **Room tempergture spacimens. :
% -138 4
Fl _14A 18
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TABLE X

ALUMINUM AND TITANIUM SPECIMENS
SUMMARY OF THERMAL BUCKLING AMPLITUDES

Aluminum Specimens

Titanium Specimens

Specimen Test Maximum Specimen Test Maximum

No. Temperature Displacement No. Temperature Displacement
OF in. OF In.

AL-1A 300 0.17 TI-1A 400 -
-18 300 Q.17 -2A RT 0
-2A 300 0.16 -28 RT 0
-28 300 0.20 -3A 600 0.24
-3A RT 0 -38 600 0.24
-38 RT 0 -4A 400 0.17
~4A 300 0.24 -48 400 0.17
-48 300 0.24 -5A 400 0.26
-5A 300 0.25 -58 400 0.23
-58 300 0.25 ~5A RT 0
-6A RT 0 ~6B RT 0
-68 RT 0 ~7A 450 a.16
-7A 300 0.35 -78 400 0.20
-78 300 0.3 ~8A 600 0.27
-BA 300 0.35 -88 600 0.40
-88 370 0.36 -9A 400 0.12
~9A 300 0.26 -98 400 0.27
-98 300 0.25 -10A 400 0.12
-10A RT 0 -108 400 0.26
-108 RT 0 “NA 400 0.23
-11A 300 0.20 -118 400 0.23
~118 300 0.24
-12A RY 0
-128 RT 0 . . _

NOTE: Moaximum buckling omplitude

-13A 300 0.26 measured at midpoint of
-138 300 0.35 center boy .
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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 ucoustic energy at the specimen response
frequency. Typical norrow~bond excitation specira are shown in Figure 35. Several of the
elevated temperature specimens, especially the 600°F titonium panels, exhibited a relative-
ly flat response, with no single significant mode. In these coses, brood~band excitation

was used to envelope the first two o three response peaks. The bundwidth in this case

was typically 200 to 300 Hz, as shown in Figure 36. Although a bend-pass filter was

used to cut out the unwonted low and high frequencies, the roll-off of the noise signul

in most coses was very gradual, due to harmenic distortion generated in the electropneu-
matic transducers.

Probability density analyses were made of the input spectra shown in Figures 35 ond 36 to
determine the distribution of instantaneous peaks. These analyses, presented in Figures
37 aond 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
onalyses. 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 stain response spectra are shown in Figures 39 throughk 44. The sirain response
spectra provided the specimen response frequency, while the response strain level wos
taken os the overall rms strain. Representctive excitation spectra were discussed in the
preceding section, ond presented in Figures 35 and 36.

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

Table X! summarizes the fatigue test results for the 27 aluminum specimens while Table XiI
summarizes the test results for the 21 titanium specimens. These daota are plotted in the torm

of fatigue curves in Figures 51 and 52 for the aluminum and titanium specimens, respectively,

The dota points were plotted ond a least squares regression analysis was performed on the
dota for each test temperature. Since most of the test conditions did not contain sufficient
dota points on which to bose o valid statistical onalysis, only the centroid of the data set
was used from these anolyses. The slope of the appropriate coupon fatigue curve (from
figure 16 or 17) was then plotted through the dato centroid to establish the curves shown.
The applic.-ble statistical properties are itemized in Table XlII for reference. The fatigue
curves of F qures 51 and 52 show the decrease in fatigue life due to the combined effect
of thermal s ress ond degradation of olloy properties caused by the elevated temperatures.
The room teriperature curves are lower (stresswise for equal life) than the compaorable
coupor futigue curve; this is attributed to the difference in response between the two con-
figurations. The stiffened ponel response was very highly nonlinear in most cases, with
relatively high damping, while the coupon response was linear with low demping.

Fatigue failures generally occurred in the rivet row at the midpoints of the long ond short

sides of the center bay. The distribution of failures at these locations 1s shown in Table
XiV.
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TABLE XI
ALUMINUM SPECIMENS
SUMMARY OF FATIGUE TEST RESULTS

Specimen Test Strgin Specirum Pesponie Life
No. Temperature Thermal | Dynamic Level Frequency Cycles
OF uin/in pin/inrms dB He
AL-1A 300 2400 210 19 500 1.08 x 10¢
-18 300 © 2400 - 150 R 270 4,68 x 100
-2A 300 2250 530 135 220 3.65x 1C5
-28 300 2250 390 131 490 1.32 x 106
-3A RT 0 270 134 245 .67 x 100
-38 RY 0 300 V31 275 4,46 100
-44 300 260C 230 135 403 8.46 » 165
' -43 300 2600 220 135 428 1.16 x 10¢
' -35A 300 2750 140 V28 258 2.55 % 1¢%
-58 300 2750 $0 126 280 3.30x 108
-6A RT 0 230 132 200 2.36 x 107"
-68 RT 0 230 130 132 1.0 x 107
-7A 300 2600 250 128 235 B8.63 x 105
-78 300 2600 380 130 110 4.03 < 105
-8A 300 2700 200 134 255 3.44 2 100
-58 300 2700 120 132 250 2.70 « 1C
-94 200 2600 290 127 370 6.66 x 105
-58 360 2500 200 127 345 9.32 x 103
-10A RT 0 390 137 205 3,51 x ,
~108 RT 0 400 132 215 2.40 106
S11A 300 2600 140 133 295 7.12 % 105 ]
-118 300 2600 140 131 280 9.27 x 109
-12A RT e 350 132 135 3.53x 1%
-128 RY 0 310 134 35 5.70 % 168
-13A 300 2600 100 102 185 1,78 x 108
-138 300 2200 360 122 220 1.20 % 108
-14A 150 750 370 123 325 9.71 x 10°

*No skin failure.
NOTE: Fatigue life (in cycles) is the product of response frequency and test time to failure.
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TABLE X1i
TITANIUM SPECIMENS
SUMMARY OF FATIGUE TEST RESULTS

b

MR T

LA,

Specimen Test Strain Spectrum | Response Life
No. Temperature Thermal | Dynamic Level Frequency Cycles
oF win/in | L . Iinrms dB Hz

TI-1A 400 1750 190 134 355 4.48 ¢ 10°
-2A RT 0 600 137 290 2.14 x 106
-28 RY 0 465 139 270 1.29 x 10%
-3A 600 2500 160 135 255 2.52 x 100
-38 600 2500 180 134 260 2.57 x 100
-4A 400 1600 270 129 440 1.58 x 106
-48 400 1600 230 128 460 2.07 « 10°
-5A 400 1000 200 126 390 3.18 4 100
-58 400 1000 260 113 495 6.7) x 100
-6A RT 0 180 133 200 1.76 x 107"
-68 RT 0 230 132 195 1,69 x 1077
-7A 400 2000 80 129 440 111 x 107
-78 400 1150 130 127 460 2.16 x 107
-8A 600 2906 100 136 400 2,16 x 100
-88 600 2900 60 130 500 3.60 x 10°
-9A 400 1000 340 135 180 1,94 % 10°
-98 400 1550 340 134 180 4,21 x 100
-10A 400 1600 190 136 225 7.92 x 10%
-108 400 1400 200 140 200 1.01 x 17
-1A 400 1680 260 137 230 1.05 x 107
-118 400 1680 230 136 300 1.17 x 107

* Mo skin failure.

NOTE: Fatigue life (in cycles) is the product of response frequency and test time to failure.
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TABLE X111
SUMMARY OF STATISTICAL PROPERTIES
FOR STIFFENED PANEL FATIGUE CATA

Alloy Test No. Data o, Re
Temperoture 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 0.1 -0.931
Tiianium 400 13 0.146 -0.564
Titonium 600 4 0.209 -0.622
TABLE XIV
STIFFENED PANEL FAILURE DISTRIBUTION
Test Stiffener Rivet Row Frame Rivet Row
Condition Alloy % of Total Failures % of Total Failures
Room Temperature: Aluminum 100 0
Titanium 100 0
Elevated Aluminum 21 79
Tempergture: 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 temperatiie failures were, in all cases,
identical Iu those obtained on previous test programs™+ © in thot failure occurred at the
location of highest dynamic stress {i.e. ot the midpaint of the long side of the pancl bay).

[ TR T w0 e e ]

1t is not clear what coused the foilures during the elevated temperature tests to occur at the
freme rivet 1ow, on the short side of the panel, because of the difference of the failure
distribytion between tne aluminum and titanium panels. [t is apparent from 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 fundamenta! mode
response). The combination of thermal and dynamic strains at the midpoint of the short
side may, in come cases, prove more damaging than those at the other side. The frame
rivet row failures may in some cases be attributed te dyramic response in a higher order
mode, most probably the (1,2) mode. It was not possible to visually observe the specimen
response during the elevated temperature tests because of the close pioximity of the famp

T

t

Ty —

? fixture to the skin surface.

Regardless of the failure location, the desired end product {a fatigue curve ot the various
test temperatures) is achievable by using only the dynaric strain compenent at the faiiure
location. These curves were discussed previously and shown in Figures 51 ond 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
titonium specimens, with only two rivet foilures, two outer bay skin failures, and three sub-
structure failures noted during the aluminum ponel tests.

T

The rivet failures generclly were evidenced os 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 0.063 skin AL -8A specimen
at the stiffener~to-frame intersection. The rivets on the stiffener-to-frome clip of
Specimen AL-5B failed ot approximately the same time that a skin crack occurred over
the frame .

RPTEY K T Y

Fifteen of the titanium panels experienced rivet failures. The rivet failures occurred as
fatigue of the heads, identical to thot described for the aluminum specimens, and as
deformaotion of the rivet heads. This deformation, shown in Figure 55, was extreme enough
in some instances to allow the rivet head to poss through the hole in the skin. These
failures were usually randomly scattered over the surfoce of the panel. In a few instonces,
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 buy on

all specimens but TI-11A ond B. These specimens, with the thickest skins (0.056),

proved stronger than the rivets and substructure. (The rivets ond rivet spocing remained
constant for all specimens). It was concluded that the rivet size ond substructure

thicknes: 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 50% of the titonium specimens experienced skin cracks
in the outer bay skins prior to or concurrent with the center bay skin cracks. in all
cases, these were either sufficiently for removed from the center bay (i.e., at the end
rivet on a frame) or small enough that their presence did not signiticantly affect the
center bay response,

f. Effect of Sealant on Fatigue - As mentioned previously, eight of the aluminum
specimens, of two different designs, were fabricated using faying surfoce sealant at all
joints where metal-to-metol contoct 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 SEALANT EVALUATION

Specimen Identification

Specimen Test Without With
Size Temperature Sealant Sealant
6 x12x 0.032 RT AL-3 AL-10
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 0,040 300°PF AlL-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 V1! 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 sealont
produces no discernab!e difference on the dynamic response. A further evaluation of the
faotigue dato of Table X1 and Figure 5) reinforced this conclusion. The results of both
designs are intermingled in the scatter band of the data.

Since foying surface sealant has no net effect on dynomic response or fatigue life for

the type of structures considered, it can be concluded that the design criteria generated
on previous programs, without sealont, ure valid for structures where sealont 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 srructures subjected to combined acoustic and thermal environments. The
analyticol development provided the interrelation among the applicable parameters, while
the experimental progrom 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.

b

The derivation of empirical parameters follows the sequence in which each porameter is
required in the thermol and dynamic stress relations, respectively. Generally, the meas-
ured data were plctted versus calculated values (using the resuits of the simple panel
anclysis), and a least squares linear regression analysis was performed to determine empir-
ical constonts. The ieast squares regression analysis follows the method of Reference 4,
Appendix I, 1n some instances an exponentiol regression analysis was performed to deter-
mine whether exponential factors should be considered; however, in each case the linear
relationship was judged to provide the test correlation. Most ol the correlation plots
exhibired an off-set "1 “he y-intercept (measured data oxis), because of non-linearities
and other variations n *he r easured data. In all instances this off-set was judged to be
small, in relation to - voriince in the data, so that the final eavation could be estab-
lished by the opproximu-« r~ ation

() =m()

€ C

where ()e = empirical value

()c =calculated value, from analytical results

m = slope of upproximate regression line through the origin ond the dota centroid (x, y).
The nine-boy analysis results were also correlated with the test data to esiablish empirical

relations for use in o digital computer program. This correlation effort is described in
Appendix IV,

A, Thermal Stres:

As the thermal stress is dependent on the skin buckling remperature 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 anolysis by Equation (5a). The correlation
plot of the buckling temperature, Figure 57, shows that considerable scatter was present in
the measured data, as evidenced by o correlation coefficient, R., 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 ond substructure. Pre-stresses introduced during specimen fabrication (i.e., mis-
alignment of frames and stiffeners, and other factors) olso influence the buckling temperature.

The equation of the regression line, (A), through the data points of Figure 57 has o 2.59°F Co
off-seton the meosured buckiing temperature axis. A line, (B), plotted through the origin

and the centroid (x, y) 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 of the scatter

present in the data, Hence, the simpler approximation, Equation (B), was selected to

represent the cori lation between measured and analytical values, which results in the

following empirical relation for multi-bay structures:

T 252502 Fp
C
e —~——r—

a2 abll ++

(60)

wnere TC is the temperature increment gbove ombient. The temperature ratio, r, remains

identical to the analytical definition, or

re 1T
C
€

It should agui~ be pointed out that the skin temperature, T, is the temperature increase
above ambient.

2.  Buckling Amplitude B}

The panel skin buckling amplitude, W, is related to the critical buckling temperature

by Equation (22). For a specific configuration, the buckling omplitude varies directly with
the square root of the temperature increase, T. Therefore, the measured temperature in-
crease, corresponding to o measured buckling amplitude, was used to compute analytical
buckling amplitudes by Equation (22).

TR MR 00 WL 8y o

Ml b
'

Because of the multitude of data points (temperature-displacemen: data at approximately
25°F increments for each elevated temperoture specimen to the maximum test temperature),
a digital computer progrom 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
temnperature-displacement data were entered into the program individually for each speci=
men and then grouped into equol ospect ratios. The dato were then plotted on o digital
plotter in one of the following forms:

e

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 ond 3, respectively. As on the buckling temperature correlation plot, two lines
are shown 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 opproximate regression line was used in cll cases, The slopes of these lines are tabu-
lated in Table XVI to illustrate the variation in slope with aspect ratio.

TABLE XVI

SLOPE OF BUCKLING AMPLITUDE CORRELATION PLOTS

ASPECT RATIO SLOPE
b,/ a F
i
1.5 2.17 2.167
2.0 2.50 2.571
3.0 3.33 3.046

A simple average of these slopes, when used to derive an empirical relation, yields
empirical displocements higher than measured for aspect ratios less than 2, while the
reverse is true for aspect ratios greater than 2. The effect of aspect ratio on the slope

is shown in Figure 41, Variction of the power of Fy| resulted in the conclusion that an
odditional power of 0.75 provided the minimum error in the slopes for each of the aspect
ratios. This gives an empirica! buckiing amplitude relation of

r .
W =2.50hF. 70 (,-1)/R] 172 (61)
0, no| |

where R remains as defined in Equation (1%9a). This equation shows a greater dependency
on aspect ratio than that indicated by the analytical equation. This additional dependence
on aspec! ratio results in a 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
rotio, ond illustrates the agreement between the empirical trend and the data with varying
ospect ratio. Since most of the test specimens hod an aspect ratio of 2, the correspording
displacement plot of Figure 63 shows the magnitude of scatter that can be expected in any

el 0 Ll it

0

given set of buckling amplitude measurements. To quantify the varionce, all data were é
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 ore the limits of §
the 60% confidence bands. Hence, for ony given displacement estimate, the maximum .
error expected, for a confidence level of 60%, should be less than +0.59 times the skin J
thickness.

.
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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 dota. The analytical stresses ot 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:

2 R
e (x,b/2) = 'l—irj»+ ”ZW,’ [ b (-9 + va (62q)
L]“J 80b(l-\.32) L b
r 22 1
£ (01/21 )’) = -i :l_T_ i|+ Iz\IVC) [1(2’V 2) + . E (62b)
Y LT-v) Bab(1-+2) LB s

The first component of these stresses is the expansion strain  «T./(1-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 magnitude of the measured strains by the value of the expansion strain at
the temperature for which the dara were token. The remaining strain components, due only
to the pane! buckling, were correlated directly against one of the following colculated
strains due to buckling:

e, o b (2-v°) + a (63a)
C 8Qb(.|—‘\) 2) L Q@ b_
2 -

e, = "zwo a(2-v A4y b (63b)
c 80b(1-v2) ‘b a |

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

The test dato were measured ot three locations, in the direction indicated below:

1. Center of panel (x =a/2, y = b2) ~¢
X
2. Midpoint of panel long side (x =0 ora, y =b/2) ~ ¢
x
3. Midpoint of panel short side (x = a/2, y =0 orb) ~¢
Y
Measured strains ot 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 stress 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 two negligible in comparison to the scatter in the data. Therefore,
the simpler approximation was selected in each case, resulting in the follocwing empirical
relations for thermal stress:

o Midpoint of ponel long side

c = -[Eaﬂ +Q .SQEWOZ !Nb (2-\.;2) * "JO_] (64a)
X
je2 ! Toa0etio 12 Q
e L1-v] Ob(l'v2) La bJ

o Midpoint of panel short side

s A 2[ 2 _]
s == ! E:)T ! + ‘ .66 EVV’ . Q (2“;! ) + ‘/b | (MD)
R el R el ]

L7 ) ab(i-0%) L ]

These equotions are applicable only for the mid-plane of the panel in the direction indicoted.
Strains for other locations can be reodily 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 the
meagsured dato and the empirical aquation plotted versus temperature ratic for several of the
test specimens. The ogreement in the trends of the empirical 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, «, is raflected in the
empirical curves of Figures 68 through 70 by the curvature in the empirical lice. The value
of 4 for aluminum increases (with increasing temperature) for all temperatures be low 300°F,
while a for titanium reaches on upper limit ot o temperature of 400°F,

B. Dynamic Srress

Computation of the dynomic stress involves the frequency and sound pressure spectrum level
in addition to certain specimen dimensions. The frequency response at o specific tempera-
ture above ambient is, in turn, dependent on the room temperature func imental frequency.
Hence, the derivation of the empirical dynamic parometers will be dis _»sed in the order
in which they will be used.

i. Ambient Temperature Fundamentol 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 iinc indicated. Since there
was very little difference in the two slopes, the approximation was selected, ond the
tollowing empirical relation resulted for room temperature fundamental mode frequency:
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f =2.73 F”f D 172 (65a)
0]
e ab v h
or, alternatively, }
f =0.79F h[ e /2 (65b)
o n" | >
€ ab | v(i-v )

This equation is bosed on a simply supported plate analytical model. Use of more realistic
boundaries for the analytical mode! is not justified because, like the buckling temperature,
o certain amount of scotter is present in the measured data for o particular specimen con-
figuration. This scatter is atiributable to the some 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 less
thon + 18 Hz for o confidence level of 60%.

2. Elevated Temperature Fundamental Frequency

The fundamental frequency response of a heated pane! is given by Equation (30) os
function of temperature ratio and the room temperature frequency. At the critical buckling
temperature, r = 1, 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

date 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 doto were separated into two groups, above and below the criti-
cal temperature, and me~zured frequency ratios plotted against calculated frequency ratios.
A least squares regression line was computed for each group and then slightly modified to
provide identical volues at r = 1 so that o continuous curve would result. The empirical
equations are thus

(66)
| (r21)

f(r)e=f0{o.6o+o.40(1-r)'/21 Ogrel)

o) = ¢ [0.60 +0.44 -1)""2 |

e o 4
The curve produced by this equation is also shown in Figure 72. No means were availoble
to reduce the scatter in the frequency ratio data since, for identical configurations, the
frequency ratios varied from the minimum to the moximum shown in Figure 72. Much of
this scatter is directly related to errors accumulated in the room temperature furdamentaol
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:

o Rivet row at midpoint of long side (x =0, y = b/2)
2 11/2
5= 2(2) UREUE
“x  32\h! AR | (

o Rivet row at midpoint of short side {x =a/2, y =0)
1/2
5 e ey 20 fw) : (&)
y 372\k] AR (T

The aspect ratio parameter, AR, is defined as

(67q)

AR =3 (b,’"(::)2 +3 (c:/b)2 +2

Dynamic strain analyses were made several times during each test, in the form of a narrow-
bond analysis, asdiscussed previously. The re ponse frequencies, sound pressure levels, and
overall strain levels from these analyses wer. used in the dynumic 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 os 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 grodualsiope, with residual
values of 176 and 137 .in /in ot zero calculoted 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 cose for the least squares curve fit. Since a
lorge variance is present in the data (correlation coefficients of less than 0.30 for both
plots) either line con be used without loss of accuracy. Because of this lack of correlation,
o conservatism factor of 2 was applied to the approximate relations to produce the following
empirical dynomic stress relations:

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

[\ ]1/2
5, 70 (R) 20 U‘,f) (682)

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

2 H(f) qu]/z
AR | | (68b)

?y; 1.30(%)

The probability of accurately predicting dynumic stresses for a particular opplication is low
because of the scafter in the dato; hence, these reiations 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 $70 .in/in (rms) from the A
mean value for locations 2 and 3, respectively.

The above results have been derived using measured strain data, regardless of the test tem-
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 tempero-
ture data separately far strain location 2, and shows approximately 4% difference in the

slopes of the approximate regressiun line. Such a small difference, in comparison with E
the dato variation, does not justify establishment of seporate 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 empirizol equations of the preceding section were
formulated into such nomegrophs and are presented in the following subsections. The
results of the empirical derivation, together with existing room temperature criteria, are
summatized here to clorify 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 frem existing criteria. Only
the dynamic response of the structure is involved in the design as long as the ombient
tempergture stote does not cause buckling of the skin.

1. Skin Design

The skin design criteria of AFFDL-TR-67-1564 are valid for aluminum structures at ambient
temperatures. Figure 75 depicts the nomenclature for 1 simple flat panel which is repre-
sentative of a single boy of astiffened-skin structure. The dynamic stress at the midpoint
of the long side is given by Equation (36¢c), Reference 4, as

s=1.62x 1077174 0" 4 ) P ki (690)
B 1.75 .56 84 rms
LY R 0 )

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

N
= 3.60 x 10'4{9]2 %(f)[f_oJ ~ksi (69b)
h] ALY

where f_ is given by Equation (65), or

=072 F b [_E 12y,
ab v(1=v%)

The aspect ratio parometer is defined as
— ol /2 2
AR = 3(b/a)” + 3(a/b)" +2
whiie the pressure density is defined by

/ -~
2(f) =2.91 x 106720 ) psi
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Comparison of these stress equations shows that, tor 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 bosed. These empiri~
cal relations can then be considered as bounds for predicting dynamic stresses. The form
of the latter equation lends itseif to much easier solution.

Figure 76 presents a nomograph, based on Equation {6%a) from Reference 4, for stiffened-
skin plating design. This nomograph was adapted for titanium structures by using the dato
of Section I,

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

-

Assume: o Damping rotio: J=0.012 -
o Stiffener spacing: a = 4.75 inches
o Aspectratio: b/o=1.5

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

The fundamental frequency is calculated by Equetion (65) as f, = 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 Flonge Design

The acoustic loading on the surface of a stiffened panel is transferred to the substructure
predominately by o transverse shear loading, causing the open section stiffeners to bend
ond 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 flonge ore
given by Equation (67), Reference 8, as

3.=0.9[0.01216% 0/, \"? 15 ki (70)
f —_— rms
I* F -
¥ :
where I* =(I § -1 )1 .
XX Z2Z XZ ¥4

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

EXAMPLE: A flat, aluminum ailoy, stiffened structure is to be designed to withstand an

estimgoted spectrum level of 120 dB for 5 x 108 cycles. The stiffener design is determined
by the following:

115




HdVIDOWON NOISIG NIMS TINVI AIN3ISLS 92 330914

JANIVEIdWIL INSIaWY

RNNvL QL 4IMDAD

J¢t

o't

[B 01 : G
9 ¢ o X
e e e e S e~ SRR i |.L{._r. IS E 1
~= = =t S-Sy RS :
..\./j/ o it - , >'._<n ...olmlluo
A 44
T — S Yiien fuy o 0 -— +
O - [ 1y oS T
,\k? . Pig 1
S WL 450 1T ™H
N ] | _ ﬁ
/ - i -
-
SR :
- - - - + r,r.l
) N
- .. N
. L
- A N
- e - . e
P .
. e \%\\\\\\ - - . . //WR\V
SR s ‘ Do
. . . . h\\.\.-\ . ] haull . .
W : : “\N.\\ el : :
m\\\\.\\ - .\&\,\ .
- - -9 \\.,\\\.\.\.‘\\ \\Unan. B
TV\HOW~P/\ -~ - \/Ld{c » . *

\ U
fO. !
[ m

———

T IDNIYISIY WQOuS
Hd¥3O0OWON NOIS3Ad
AOTIV WNNIWATY 310N

hat ~- l.‘.,“" -~ ——
B T Tk
It o, N
- AR AV 5.2 3
05T
) R
. * . -
.“ EEEE
; Poi b
 SEEP S-S G- S-S S

{
/
)

/ A
it
i
1

-

4
i
+

v e

0ot

"HIGIA 1INV

SIHONI ‘P

114




é%?? A4 e 4 ,?, . oy oy e

(8 IDNIYI{IY WOUH) JANIVIIGWIL LNIIGWY
IAYND INDILVY YINIALILS TANVY GINIIAILS 24 3INONd

MV OL SITDAD - N

mo_ oon mo_
ot 4 i |
! _ N ! —1
= . | -
]Il‘r - ~ H I H —
~t 1 A
ARESE e
v, iy DU S SR S
§ M~ T T ,
f . i ~~
_ ~ m SIOVO TVIXY IONVI
- e 304 INIT NOISSIION —F
| | ® ﬁ = _. 0
e ).., R e IS S I S /Il T
ﬁ v ! ' K : : M
! —— L R 2
S B I S - N S S /2t SIS O 4 2 -
~ | j 4 #Jf / hlt LI > =
4_: ~ 4 4 M 4 ‘,‘/ | N~ N M
— — : —+ v = — S >
M S J..t ~ - _wm_
] ~ ! ! ! w
B - TR ;
} S b oL —
t m /
_ ._ ~
N ! i '™
..Ww FERUCUNRRVAIES WS WSS G S vl..fxl.: SRS « O .T..;.........ﬁ.-.
J SIOVO ISYIASNVEL JONVT *
ﬁ _ 396 VIXV 30NV
P i _ S A _ * $3OVO TVIXV 83M .
USSR T O ©91-6/0/ AOTTVY WNNIWNTY

34N11N4dWVY WOUAONVYY

,,,,,, e T R NP it e, G e -




.

T T W

™ R

Assume: o  Damping ratio:  £=0.,012
o Stiffener spacing: o = 4.75 inches
o Aspectratio: b/a = I.S(F” =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

- /
g, =0.9(0.0021 (7.125)3(1.25) (2.9 x 107}/ 30 \ V2 |V/5
10.01253) (2.17) 5.012

= 2.25 ksi
rms

From Figure 77, the life is estimated to be N = 9 x 106 cycles, or censiderably 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 shope) .

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.

1. Skin Buckling Temperature

The critical buckling temperature of a single panel, such as that shown in Figure 75, is
given by Equation (60), or

Tc =5.25 h2 Fi1 ~ °F cbove omblent

o ab(l + V)

18

‘
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The temperature ratio is then defined as
r=T1/T¢
where T is the temperature rise of the structure gbove ambient, Figure 78 is a nomograph

of the above equation for a constant value of Poisson's ratio. The volue of v =0,32 was
selected as representative of the most commonly used aircraft alloys.

2. Skin Buckling Amplitude

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

W = 2.50hF V.75 ]I/Z ~ inches

o 11 =

R

where R is defined by Equation (190) as
R=3|(5-DF,, % 265+ (1-v)]

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

3. Thermal Stress

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

o Midpoint of panel long side

°, =])-EaT +0.82 EW02 [ E(Z-vz) LY g] x 10.'3 ~ksi
J=v ob(l-vz) a L

o Midpoint of panel short side

o, = |- Eal +1.66 EW,’ [3(2-v2)+vg } X103 ks
]‘V Qb(]" 2) b (o]
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 1o the magi~
tudes of the dynamic stresses ot the two locations,

The above relations were simplified to

= + . =
07( UT be H 0)/ JT b
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for development of design nomographs. These respective stresses are the in-plane expan-
sion and buckling stresses as inferred from the preceding equations. Figure 80 is a nomo-
graph of the thermal expansion stress, 91 , 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 Fundomenta! Mode Frequency

The fundamental mode frequency for a single bay of a multi-bay structure is given by )
Equation (43b), or 7 L

f =079 Fiy h e ]2 o
ab \'(]-.Jz)

The nomograph corresponding to this equation is presented in Figure 83, for v =0.,32.
The chart was simplified by taking odvantage of the essentially constant rori% of E/y

for mest aircroft structural alloys. An average ratio of E/v = 3.98 x 1010 in /sec® was
used; this is an average of the ratios for aluminuin, titanium, stainless steel, and Inconel
alloys.

5. Elevated Tempeicture Frequency Respanse

The fundamentai mode frequency ot a temperature increase, T, is given by Equation (66), or
() =1, | 0.60 +0.40 (1-0"%| < H. (osrs)

1

=1 li).b() +0,44 (r-1) 2] ~ Hz r=1)

Figure B4 is o nomograph of this relationship to simplify the computation.

6. Dynamic Stress

Cynamic stresses at any temperoture can be computed by Equation (68):

o Rivet row ot midpoint of long side

'h‘ AR rms -

3

7 =2.60x107] b]z g(_f)_[Lr)]]/z ~ ksi
L

v Rivet row ot midpoint of short side

7 =13.0x 107 012w [10 12 ~ ke
’ B R s

.
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The elevated temperature response frequency, flr), 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 stresscs.

The stiffened pane! fatigue test data of Tables X1 and Xi! were used to establish the design

. life nomograph of Figure 85 for elevated temperature applications. This nomograph is

applicable for 7075-T6 aluminum at temperatures of 150° and 300°F, and 6AI=4V titanium
at temperatures of 400° 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 dota, thereby negating the need to compute these parameters.

EXAMPLE: A flat aluminum structure is to be designed for o service life of 100 hours at o
sound pressure spectrum level of 120 dB and a service temperature of 300°F .

Assume: o Aspect ratio: b/a = 3.0 (F” = 3.33)
o Daomping ratio: £ =0.016

o Ambient temperature: 80°F

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

N = (300 Hz)(100 hr){3600 sec /MHr) = 1.08 x 108 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 ponel 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, (f, = 3Y0 Hz) then compute the skin buckling temperature Increose using

Figure 77, where a = 13.5 x 1076 In/In/OF from Figure V~2, Appendix V., (T =33°F)
The temperature ratic Is then ¢

re= 'l'/'l'c = 220/33=6.7
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Figure 84 then yields the fraquency ratio f(r)/f, = 1.65, and the elevated temperature
frequency is

fir) = 1.65f, = 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 orocedure is repsated
using the calculoted frequency of 645 Hz. One or more iterations may be necessary to
obtain agreement between the initial ond 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 Fatigue 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 85 nomogroph.

EXAMPLE: A flat structure is to be designed for a service life of 100 hours ot a spec trum
sound pressure level of 140 dB, and a service temperature of 500°F. Stainless steel
PH15-7Mo is selected as the alloy to be used for this siructure .
Assume: o Aspect ratio: b/a = 3.0 (F” = 3.33)

o Damping ratio: 2=0.016

o Ambient temperature: 80°F
A fatigue curve for the selected alloy was obtained from MIL-HDBK~SB]7 to give the
effects of mean stress on fatigue life. This axial loading, constant ampiitude fatigue

curve was converted to an equivalent random amplitude fatizue curve (Figure 86) using
the method of Reference 1.

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

v =(.277/386) = 7.17 x 10-4 ib -sec l/'in4

a=6.1x 10" in/in/°F & 500°F

E =29.0 x 10° psi @ RT

E = 26.97 x 10° psi & 500°F
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The skin critical buckling temperature is found fiom Figure 78 as T, = 50°F. Then
¢ = 420/50 = 8.4 and the buckling amplitucde i- 'No = 0.240 inch, from Figure 79.

[he thermal stresses at the midpoints of the two sides are found from Figures 80 through

82, or .

OT = =100 ksi

o =75ksi; o =40 ksi

*b b

then
0 =0, +3 =100+ 75=-25ksi
x T x
b

g =0, +3 =700+ 40 = -60 ksi
Y T Yb

The ambient temperature fundamental frequency is f, = 260 Hz from Figure 83. From
Figure B4 the frequency ratio corresponding to o temperature ratio of 8.4 is 1.8. Then

f(r) = 1.8Fo = 468 Hz

The dynamic stresses are then

, 2 .
3 =3.60x 107 [lfl] [2'1
X . }- i

-2 1/2
Q ] [468 } = 7.89 ksi
3 rms

.06

Z - 1
3 =13 ox]o'4 iz[:-_?h"loz 468 /2
Ty : .05 « %33 | |.016

The volue of ¥f) = 2.9 x 1072 is the acoustic pressure density corresponding to 140 dB,
while AR = 29.33 is the aspect ratio parorneter,

=3.17 ksi
rms

Enter the fatigue curve of Figure 86 (Ky = 4) with the dynamic stress ;x = 7.89 ksippg ond
thermal mean stress 0 = =25 ksi. This combination gives a life of approximately 4.5 x
107 cycles. Using the y-direction stresses, 3y = 3.17 ksiymg and 9y, = =60 ksi, gives o
life greater thon 1010 cycles.

At o frequency of 468 Hz the iife is

4,5x%x 108

e N _
UI'E = m W- 267 Hours

which is greater than the 100 hour design requirement. The design con be optimized by
iterction on the above procedure to decrease the skin gage or increase the stiffener
spocing such thot the predicted 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 stoted during the analytical devel-

: cpment were negated by derivation of the empirical relations. However, the limits of the

physical and environmental parameters tested in the experimental program then opply to
these design criteria. These limitations are itemized below.

a. Physical Constraints = The bounds of the test specimen dimensions were used to
establish these limitations. These should be treated only as a guide os the equations and
nomog.aphs are normolly valid beyond these limits. Individual judgment must be applied
in unusual cases where the constraints are drastically exceeded, particularily in the cose of
the design charts.  The guidelines on size are:

o Panel bay width: a=5to 9 inches
o Pane! bay aspect ratio: b/a=1.5t0 3
o Panel skin thickness: h =0,024 t0 0,063 inch

b. Environmental Comstraints - 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 mony of the test specimens exhibited a high degree of nonlinearity.

The thermal environment must be nearly uniform over the surface of a panei 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 6AIl-4V annealed titanium: &00°F maximum,

The design life criteria are 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 aof this temperoture. All thermal res-
ponse relations are referenced 1o the aml.ient temperature and the assumption that a state
of stress equilibrium exists (i.e., r. mean siresses). It is impractical ot this stage to give
guidelires for estimoting the ambieit temperature state, because it is dependent on the
length of time at a uniform temperature, external constraints, and other influences. It
will be noted thot u change in ambient temperature over a short time interval constitutes o
temperature change as far as the analyticol relations are concerned.
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¢. External Constraints - The extemal constraints imposed on the test panels prec luded
significant thermal expansion of the substructure. This is considered representative of
structural applications in the direct flow poth of engine exhausts or other heat sources,
where only localized areas of the structure are heated. The criterio can also be applied
~to design applications involving gradual heating of an entire structural area, where all
structure expands at about the saome rate. This corresponds to a reloxation of the extemal
constraints from those considered here. In this case, the thermal buckling amplitudes and
stresses given by the relations delineated herein will result in o 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. Altemate application of these
environments, wherein significont thermal stress cycles are incurred, were not considered
in this program.




~structure exposed to simultaneous noise and elevated temperatures. These design
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VI - CONCLUSIONS

Design methods were developed to estimate the acoustic fatigue life of aircraft

methods are applicable to flat, stiffenedeskin structures fabricated of aluminum or

titanium alloys. The methodology was derived through a combined analytical/experimental
program, wherein the onclysis served to identify parameters important to the experi-

mental effort. Analyticol 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,
ond o 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 criteria® for ombient temperature structures are
considered valid for elevated temperature applications, where the skin guges 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 therma! buckling effects. However,
the anclytical development should be extended to inciude heating of the substructure to
iefine 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 elevoted 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 bosed on a temperature
increase relative to ambient, the confidence in the estimated thermal and dynamic response
will be directly reloted 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 | and Il are preliminary and should be used with caution
until further development and verification by experimental data.
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APPENDIX |

VIBRATION ANALYSIS OF NINE-CELL BOX STRUCTURE AT ELEVATED TEMPERATURES

The simple panel analysis described in Section 1l is based on the assumption that the
temperature distribution over the panel is uniform and in a steady state. Based on these
ossumptions, the application of the simple panel theory to a flat, stiffened, nine-boy
panz| structure was presented. For the nine-bay stiffened ponel, the assumption of @
uniform temperature distribution may not be too restrictive, but if the some assumption is
opplied 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 thot thermal equilibrium exists at each temperature considered. That
is, either the stiffeners experience the same temperature rise as the cover sheet, or the
stiffeners are insulated from the cover sheet so that no heat conduction can occur. Since
this analysis did not consider a thermaol stress in the stiffeners, the assumption of a uniform
temperature distribution in the cover sheet for the nine-bay stiffened panel, as applied in
Section |1, 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 anolysis. Since the
stiffeners do not present a lorge surface area when compared to the cover sheet area, and
since the temperature range considered is rather low (less than 600°F), neglecting the
thermal radiation effects for the stiffened nine-~bay panel may be justified. The effect of
these assumptions os opplied to the nine—cell box structure will nowbe briefly discussed .
This analysis is presented only as u beginning point for this complex structure; no experi-
mental effort has been devoted to elevated temperature fatigue testing of nine—<ell box
structures.

Consider the nine<cell box structure configuration as illustrated in Figure I-1, For this
configuration, the two cover sheets (located in the planes z =0 and z = hy) ore of equal
surface area, and the surface areas of the ribs are of the same order of magnitude as the
areas of the cover sheets. It con 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 ot different temperatures the ribs will
not experience a uniform temperature distribution unless the ribs are insulated from the
cover sheets.

The anolysis of the uniformly heated, simply supported pane! will now be used fo obtain
an estimate of the response frequency of the box structure when subjected to o 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 -1,

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 nomenc lature (m, n, p), where
(m,n) 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), imposing the slope compatibility relations (Equations 43,
Reference 8), and neglecting the detailed algebra, the modal mass the box structure for
the (1,1,1) mode is

3 P e e .;.::

| | 2's [1 M
M,.. =Y ta.b, [[ }M+2 J__ M. (1-1)
m lsz.zl 3 Ll Lbz_]
where ’
9 ’ a;b, =
ereaf2) o) () i

2
0

(
R T

Equation (I-1) represents the modal mass both below and above the critical temperature,
since the moss is not dependent on temperature .

A. Pre-Buckled Frequency Response

The modal stiffness of the nine—celi structure below the critical temperature is obtained by
using Equation (34a) ond the slope compatibility relationships between the cover sheet
bays ond 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 T, the uniform temperature of all ribs is denoted
by Ty, and the uniform temperature of the cover sheet located in the plane z = h] is 4
denoted by T2. 3

For these assumptions, the modal stiffness for the (1,1,1) mode is given as

4 3 3 3
n.D t t
Ko =13 k+25 K +2(L0) |k +(2) « O<rse) (1-2)
1N 0252 1s ] 2's lts 1r ltr 2r a

where the terms are defined in Table I-1. {t should be noted that the temperature rise, r
as defined in Equation (I-2) and Table |-l,is the ratio of the temperature rise of an indi -
vidual component to the critical temperature of the center bay of the cover sheet locoted
in the plane z = 0. That is, the critical temperature for the entire structure is defined by
the buckling temperature of *ne center bay of the cover sheet located in the plone 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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TERMS APPEARING IN THE MODAL STIFFINESS EXPRESSION

" EQUATION (1-2) L

K =F (b0 -0+ 2( V2 (be 0 )1 = nder) -
10 T T Ppeett T a,) 1 29N TN i

b /ayb
AW 1712
. 2<F§>Fll(b]'a2)(] - 2d21r) + 4(T02 2>F”(b],a])(l - 2d”r)

_ 2 %9 £2
K = Fpylbgiandll - 22"*2< 2) j1{bgre))(1 - dyo0)

+2b‘ b a)( - dor)+4 1% 2 (b 1. d
b, 1(1'2( 19217 "Z'E; ka0 - dyyn)

b
] 2 AW
1Kr‘<55>[':n(h1'bz)(' ‘192')*2<B;>Fn(h1' p - e ')J
K =(L Fz(ho)(l-e)+2°—]F2(h )1 - e.r)
2°r “\by /| 11172 2% o,/ N 19 vl

ir

abF (b 2

2 2
™t Fybyie))

c 12a{1 + V)02b2

b o i il ot b Jid




B. Post-Buckled Frequency Response

The unalysis developed in Section Il for a heoted, simply supported pane! abuve 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, r, is defined as the temperature rise, r, necessary to couse 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 encrgy of the panel is expressed as

4
_ﬂD * 2 *
Uii'ﬁ'ﬁ K (bi,oi,t,T,)qii(t)+ R (bi,ci,t,T)iiWOI (1-3)
where
12w 2
K*(b.,a.,t,T) =F2 (b.,a) (1 -dla,b.,t, T} SRb.,0) (12) ((L2) (-4
i"i 11 i A 4 i’ t I's
D2 w2
* _ g2 i 1's ii o
R*(b.,a.,t,T) =F7.(b.,0.) (1 -d(a.,b.,t, T+ sR(b.,a){ —) (L2 (1-5)
i | R At i 8 Vit ts
b a) =305 VF) (b0) - 254 (1 - V)] -6

2

RN U AN AR
dla, /b, t,T) -—g—7—7 -~ {5 (1-7)

' a205F 1 b,.o; ]

In these equations, the temperature porometer, r, is referenced to a panel with dimensions
a3 x by ond thickness jt, which is exposed to a uniform temperature increase Ty. Also,
iiWo is the static buckled amplitude of the panel and q;:(1) is the dynamic omplitude of
the panel ({qi-! << ijWo). In the derivation that follows, the analysis is limited to the
box structure Hundomentcl mode (m,n,p) = (1,1,1).

Following the onalysis developed in Reference 8 for box structure ot ambient temperature,
it is assumed that all components of the box structure are manufactured from the same
material and that the structural geometry iy as illustrated in Figure I1-1. Using the above

equations and again imposing the slope compatibility relotions, the strain energy axpres-
sion for the box structure for the (1,1,1) mode is

ﬂ4D
U= g [Ko* g% + R** W2 (1-8)
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where K** and R** are defined in Table I-11. In Equation (1-8), W, 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 1-1l and Equation (I-4) that the stiffness is a function of the ratio
(Wo//] . To determine this parameter as a function of the temperature increase Ty, or
/%'C, (where T is the critical temperature of the center bay of the cover sheet
locoted in the plane z = 0) set q(t) = 0 in Equation (1-8) and obtain the strain energy as a
function of W, . Minimizing this result with respect to Wg, gives the result

ﬂAD

au 1% v i

W “8an. [2R * W Wo] 0 (1-9)
_ 272 o

=0

Solving Equation 1-9 for (Wo/ E) as a function of r = Tl/TC, and then substituting the
result into the expressions for K** and R** gives the strain energy expression in terms of
the temperoture 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

4
" le

11 0252

K K** (1-10)

where the terms (Wo/lts) appearing in K** have been determined from Equation (1-9).
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TABLE (-l

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

APPROXIMATE FREQUEINCIES OF rIEATED CYLINDRICAL PANELS

.18 . . L .
Szechenyi mesents an approximate technique for estimating the natural frequencies of
curved ranels. Szechenyi's result has been checked against analytical and experimental
dotc oresented by Petyt 7 with good ugreement. The following development is based on - -
the Reference 18 technique. o

For either simply supported or clemped boundaries of the rectangular cylindrical shell
illustrated in Figure 11-1, Szechenyi obtains the expression for the frequency of the (m, n)
maode as

: 'y
fo=y |0 {213 en ok +h o K2 41267 ;'/2 iie)
mn 2“1\('"‘ m n 5 xXm™m p YN hzrz
C

where m is the mode numbar in the longitudinal dirsction and n is the mode number in the
circumferentiol direction. The stresses o, and o,, are the iongitudinal panel edge stress
ond the circumferential ponel edge stress, respectively.

The terms k., k. and G* depend upon the boundary conditions of the panel and are
defined for simply supported edges as

k =Mn/a ;G =0-) (11-2)
m m
W +1%?
m n
k” = nn/b
bor ~ioruped edges, the factors k  and k| are
km = mn/éma ; !‘n = nﬂ/én'; (11-3)

Yuives of ©&* can be obtained from Figure 11-2, and values o- 5. and &, can be obtained
fr.m Figure V(~3.

ir. teims of an interna! prassure, P, und a uniform tempercturz rise, T, the edge stress
<. aponenis are

-

g - =il
X iy
(11-4)
c =-ktal " F




FIG LRE iI-1.

CYLINDRICALLY CURVED RECTANGULAR PANEL
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substituting Equations (I1~4) into Equations (11=1) gives the result

f =110 (km’fk ) - EaTh (k +k) +Pr, k + 126+ 112 -
™ Zn ) vh nooB=Y) = ) (1-5)

D h"r
c

Setting the frequency expression given by Equation (I1-5) to zero, the expression for the
critical buckling temperature is then

T = l2a(l+v)2 (Prck,'f/D)’“('2 G/’ ) . r-6) .
ok +k) (k2 +1c2) 2 ;

Hence, Equations (11-6) and (I1-5) may be used to estimate the buckling temperature ond
frequency response, respectively, for curved stiffened structure. It should be emphasized
that these results ore tentative, since no experimental verification has yet been attempted.
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APPENDIX {11

TEST SPECIMEN DETAILS AND TEST INSTRUMENTATION

The stiffened panels used for the second phase of the experimental program are briefly
described in Section lll. 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 IlI,

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 wos welded at the longitudinal corners. The general plan
ond edge view of the stiffened panels is presented in Figure |lI-1. Figures I11-2 ond 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 Il1-4. 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 ot 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 Il was accomplished using fixed end,
cantilever beam test specimens. The specimen support was provided by the ciamp

blocks shown in Figure 8 and detailed in Figure 111-5. Room temperature testing waos
accomplished using phenolic inserts between the specimen and the steel blocks. Elevated
temperature testing 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 I11-6. 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 discission
of Section {1,
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1, Room Temperature Frequency

The room temperature fundamental mode frequency test set-up was shown in Figure 25.
frequencies were determined by making sinusoidul frequency sweeps, ot constant

" input, ond plotting the strain response. The instrumentation schematic diogram for this
is shown in Figure 1-7,

2. Temperature Effects on Frequency

The test set-up described above was also used to determine the elevated temperature
frequency response. Six heat lamps were pusitioned above the specimens as shown in
Figure 26 ond the frequency wos the: rranully varied to maintain o fundamental mode
response. The schematic diagram of the set~up is identical to that of Figure 1i1-7,
except tha! strain response plots were not produced. Skin temperatures were manuolly
read from o single chonnel indicator.

3. Therma! Strain and Deflection

The test set-up for these measurements is shown in Figures 27 and 28 and shown
schematically in Figure i11-8. Temperatures were controlled manually and read from
a multi=channel recorder. Displacements and thermal strains corresponding to these
temperatures were manuolly read und 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 diugram for this test is shown

in Figure llI-9. After determining the significant panel response modes, the desired
random spectrum shape was obtained using the equipment shown in the schematic diagrem of
Figure H1-10. This olso 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 response, ond (c) probabitity density
analyses of the noise and strain. The schematic diagram of the equipment necessary to
accomplish the first of those is shown in Figure [1]-11, while Figure 1il-12 shows the strain
narrow-band analysis instrumentation. The only difference in the two types of anclysis
was in the log converter used for the noise analysis to obtain a dB scale. The probobility
density analysis schematic diagram is shown in Figure (11=13; noise ond strain signals

were analyzed with the same instrumentation.
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APPENDIX IV

CORRELATIOM OF EXPERIMENTALRESULTS WITH
NINE-BAY ANALYTICAL RESULTS

The analytical section presented both a simple panel and o nine-tay panel analytical
development. The results of the simple panel analysis were correlated with the test data
to yield the empirical equations of Section IV and the design nomographs of Section V.

The nine-bay analytical development resulted in more complex equations which are not
readily solved without the aid of a computer. The nine-bay analytical results were corre=-
lated with the experimental data, and a digitel computer progrem was developed to
simpiify solution for routine design problems.

A. Room Temperature Fundomental Frequency

The room temperature fundomentul mode frequency of the center bay is given by Equation
(46) withr =0, or

Fo= [K (0) ]'/2 (IV-1)
o o 11 _

M

The mass, M|, is the total combined mass of the skin and supporting structure, as defined
by Equation (43). It was assumed for this development that the analytical mass relation
was realistic, since only alloy density and specimen configuration aore involved. The
structural stiffness is more difficult to represent analytically; hence, the measured and
calculated frequencies were correlated to provide an empirical modification of the total
stiffness.

The stiffness is defined by Equarion (44) which, for r = 0, beccmes

K0 =2D [Fr +K_+K (1Iv-2)

| 5% 2
402b2

The purameter Ff represents the skin stiffness, und ?\SX and st represent the substructure
stitfnzss., ’

The wse of these equations, without modification, to calculate narural frequencies for
the test specimen configurations produced frequencies 15 tu 20 times higher than the
measured vaives. Comparison of the skin and substruciure terms revealed that the sub-

structure terms were 35 1o 1435 times higher than the skin stitfness terms,

A cencrant C was, theretore, introduced into the stiffrness K1(3) as tollows:

[FaXd!




L ]

T W W P R

4

D « K +K
K (0) =1 F; + sx s ] (Iv=-3)
| 40252 1 _C_‘_LJ

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

. lated and measured frequencies for C| = 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:

1/2 1/2
¢ =1.03 | @ =0.164 | 1O (IV-4)
° 2n M“"l —M]
where M| remains a; defined ond
4
D
K,(0) = 3,5, [ F] +.0025 (st + Ksy) l (1v-5)

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

Stondard Correlation

Deviation Coefficient
Simple Pane| 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.

8. Bucklim_Am&li tude

The measured buckling amplitudes were correlated with analytical buckli'r)\g amplitudes
given by Equation (51), or

* 1/2
W, - [Fzr -Fy (K FK )

(IV-6)
A L R (r> ro)

From Equation (57)
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and the buckling amplitude becomes, upon substitution,
w Fs /2

_o =2/ 2 r [r-1 (Iv-=7)
h R*  °\¢

Q

As defined, the term r_ is the temperature ratio Gt which the strain energy becomes zero.
It is thus a parameter by which the simple panel buckling temperature, t. , may be
5

multiplied to obtain the buckling temperature, T, , of the center bay 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,

r=T_=l- r -':r r
Tcs Tcmo m o

where r_ is the temperature ratio for the center bay of a nine-bay (or multi-bay) panel.

Since the empirica! expression for buckling temperature is based on multi-bay panel test
data, the buckling amplitude can be redefined as

w =2 F; "o 2
h_° - (rm - 1) ] (rmz 1) (Iv-8)

where Fon ™ TT—, and Tcm is given by Equation (60) or the nomograph of Figure 78.
m

Coalculated 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 dota for all aspect ratios; therefore, the
regression line slopes were plotted versus the various parameters in the analytical equation
and found to correlate best with the temperature parometer, 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 resulting curves were compared with the measured displacement
ratios. The linear equation was found to produce the best agreement with the test dato;
hence, the displacement ratio for the multi-bay panel is expressed by the following
empirical relation:

W F2or

5 1/2
= =(3.37-0.20r) |+ = (rm-l)J r_>1)  (1v-9)

Unlike the simple pane! results, the buckling amplitudes given by this equation are not
constant for fixed aspect ratios since the parameter 1y varies with changes in substructure
or skin stiffness.
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C. Thermal Stress

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

panel in Section 1V,

Measured buckling strains were plotted versus colculated buckiing strains as shown in
Figures 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 approximote curve fit was used to

develop the following thernal stress relations:

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

Ll

0.81eEw 2 [ b a, |
c =- Eal + 2 2 (2-\)2) ty 2 (Iv-10)
Xo 1=y (1- 2) a, b2
Y220V L J
o Midpoint of panel bay short side (x = a/2)
2 T ] ’
1.3 EW a b |
=~ E?I t 02 Fg (2'\/‘2) Tty 0—2 (v-11) .
i Ve asb, (1=v9) | "2 2
: The results of this analysis compare favorably with the simple panel thermal strains ;
presented in Section IV,
g'_ D. Elevoted Temperature Frequency Response
' g The elevated temperoture frequency response is given by Equations (59) as
: r 1/2
A fe)=f | -{] Ocrer)
’ i o
- 1/2
=f° 2<— - l)] (r>r°)
L <]
As explained previously, ris the temperature rotio for an equivalent simple panel;
substituting the multi~bay temperature ratio, r,, for r gives
_ 1/2 :
0 =f [1-¢ ] (0O<r_<1) (IV-12)
o m - 'm-

I.
|

- 1/2

—fo [Z(rm-l)] (r .>l)
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These equations ore identical 1o the simple panei analytical frequency reiations given
in Section |1, where the temperatuie ratic for the nuiti~boy punes i now used in liey
of the temperature ratio for the simple panel; hence, the empiricat equations giverny
previously in Section IV are valid for the mulri-bay panel. ' '

£. Comguter Program

Since the nine-boy panel analysts involves eatensive computation, a digital conputer
program was developed to simplify solution. The program was developud for the Univoc
1106 computer, in Fortrun V,; however, the program can readily be arlupted to any
digital computer. The input dota formar i5 shown in Table V-, whiie Table IV-1I
contains a definition of input parameters. The computer program is tobuloted in

Table IV-Hl and Table IV-IV shows a sampie cutput, 1sing specimen Al-4 data.

1. Subgprograms

The toliowing subprograms are required te run the dynomic analysis computer program:

ETEMP ([, IFF)

ALPHA (T, IFF)

SN (SDYN, STEMP, TEMP, CTF, IFF)
CTEMP (TCALP, TC, IFF)

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

Subprogram, ETEMP, ALPHA, and SN ore presented in Appeadix V. Subprograms CTEMP
and PROP were developed to compute skin buckling tempera*ures and stiffener propertics,
respectively, as discussed in the following subsections.

a. Subprogram CTEMP ~ This program computes the skin critical buckling temperature

vsing the individual alloy curve for coefficient of thermal expansion versus temperature,
The product of critical buckling temperature, Tc’ and coefficient of thermal expansion,
2, is calculated from Equaiion (60), or

2

a b (T +2)

T +=5.25
¢ T+
22

The program then uses o mathematical representation for o , as defined in Appendix V, to
iterate for the actual value of a t< be used in computing T.. The value of T_ is then
returned to the caliing program.

V2
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TABLE IV-I
DYNAMIC ANA. 1 SIS COMPUTER PROGRAM INPUT FORMAT

CARD |
NAME NC ASE IFF
]
C OL(FORMAT) 1002) 3(12) -
CARD 2 \
NAME OPTX BX HX X
C OL(FORMAT) 1(12) 3(F8.4) 11(F8.4) 19(F8.4)
C ARD 3
| Name OPTY BY HY TY :
C OL(FORMAT) 1(12) 3(F8.4) 11(F8.4) 19(F8.4) -
E CARD 4
- NAME Al A2 B2 B
[
. COL(FORMAT) 1(F8.4) 9(FR.4) 17(F8.4) 25(F8.4)
4
CARD 5
NAME TS RHO RNU DAMP
Q COL(FORMAT 1(F8.4) 9(F8.4) 17(F8.4) 25(F8.4)
CARD 6
NAME PSL T

COL{FORMAT) 1(F8.4) 9(Fe.4)
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TABLE V-l

DYNAMIC ANALYSIS COMPUTER PROGRAM
{NPUT PARAMETER DEFINITION

] NCASE Two-digit identification number
! IFF Alloy identification code
¢ =1 Titanium Alloy (6A1-4V Annealed) -
E =2 Aluminum Alloy (7075-T6)
{
‘ OPTX )
E BX laput parameters defining stiffening member parallel to
HX x~-direction ~ see Subprogram PROP for definition.
E ‘ X J
; OPTY
; BY & Input parameters defining stiffening member parallel to
E HY y-direction - see Subprogrom PROP for definition.
TY )
Al
A2 Panel bay dimensions
B1
B2
TS Skin thickness - inch
RHO Weight density of skin and stiffening member alloy - H.)/in3
RNU Poissan's ratio for structure alloy.
DAMP Damping ratio for structure.
PSL Spectrum sound pressure level - dB.,

T Structure temperature rise = °F above ombient.
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304
302
303

TABLE IV-Ili

COMPUTER PROGRAM FOR ELEVATED TEMPERATURE
DYNAMIC RESPONSE OF STIFFENED STRUCTURE

THIS PROGRA CALCULATES THE ODYHAMIC RELFOHISE OF
A HINE=~BAY FLAT STIFFENED PANEL EXPOSED TO A
UNIFOQRt2 ACOUSTIC PRESSURE ANHD A UNIFORM TEWP=-
ERATURE KISE. ROOUM TEMPERATURE IS B0 DEGRELY F.

T IS A TEVPERATURE KISE» ABOVE ROOM TEMPERATURE

SUBPROGRANMSG REGUIRED?! ALPHA(TIFF )y ETEMP (T IFY )
SHISDYIHISTEYR s TeLTF o IFF ) s CTEMRP{TCALP»TCHIF )

AND PROPIOHFT oBoM i TrA»ZJraCoPL)
FUNCTTION DEFINATION

F(BrA)SB/ATA/Y

RIB/AIPRIZI 8 (19,=PRe1Z2)x(B/AYA/B) #1224 (5 +FP1)
.(lc-pR) )

READ 15 3N INCASE 2 IFF

READ(59302)0PTX e BXsHX e TX

READ(S5¢302)10PTY 1BY MY TY

READ (¢ 301)Ky

READ(59303)A1+02+B2/9081

READ(S+303)1TSHRHO HHU 1 DAMP

READ (S ¢ 30CII1PSLT

INPUT DATA FORMAT STATEMENTS

FORMAT (212}

FORMAT (12 3FH.,4)

FORMAT (4F B .4 )

CALCULATE SUBSTRUCTURE PROFERTIES
CALL PROP (OPTX 18X tHX o TXsAX sy JowWCXeX1)
CALL PRCORP(OPTY 'BY tHY»TYsAY YJoWCY YD)
HETS
GMaHHO
PRERHY
CALCULATE STIFFENER STIFI'HES ), AND MASY:,
RX1Z0.050608AL4A XU/ (WEX®(1,+PR))
RX230,0506H%A2%A28XJ/ (WCX*(1,4PR))
RY1S0,05060%B1sBlvYJ/ (WCYS(1.+PR)
RYZ2SD. 050682820 YJU/ (WCY*(1.4PR))
SUXSHOXS (Lo +RXZ24+2 % (A2/7A1 )% (1 +RX1)) /A2
SKYSWCY® (] .+RYZ+2.%(B2/81)%(1,.,+RY1) /B2
H3SH%H 1}
STRIUTITLUDB% (1 =PR#PR)® (SKX+SKY )/ (HI*xA22H2)
STRISTR/ZL400U,0
AJZ(AL1/A2)1%, 3
B3=(B1/82)%+3
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te
238
(210
[£38)
e
87
H
Ba

201

202
203

TABLE Iv-11I (CONT'D)

GM=GM/ 386,
GKMZ(J 4 29%GM*sHAA22824 (1 +2 xA3+2,*B3+4 ,*xA3%xB2)

1 +5 ., 8090*CMx (X1xA2% (1 ,+2.%A3)/ (B22B2)
2 +YI*B2*(1,+2,%B3)/(A2%A2))
CALCULATE COVER SHEET STIFFIIESL AND MASL
Foz2=F(B2+,A2)
F2l=F (B2sA1)
F12=F (B1+,A2)
F1l1zF (B1lsAl)
F1GSF20%F27+2,%x (A1/A2)*¥F 21 %F 21
1 +2 .k (B1/7B321sF124F 1244, x (AL/A2)x(B1/B2)1%F11xF 1!
R3O e TEMP STIFFLIESS
SKUZ2,029374ETEMO (B0 ¢ v IFF ) #H3* (FI1S+STRI/Z (1] ¢ =PR®PR )
1 AA2YB2)
RO TEYP FREGQUEIICY
FUSLelouxSORT (SKY/SKM) |
CALCULATE ROI™ TEMP MEA!l SQUARE STRES ., RESPO!NSE
ARZ3 » (B2/A2) %4245, 2 (A2/B2) %7242,
CONVERT DB TO PRSI
SPLI2,91%10,#% ¢ (PSL/20,=Y,)
CALCULATE RQOO% TEMP DYHAMIC STRESS AT X=0rY=B2/2
SAUZ , FEAB2+132%SCRT (FG/CAMP) *SPL / (HxH*AR )
CALCULATE ROIM TEMP DYHAMIC STRESY, AT XTA2/2:YZ0
SYDZ1e3N4AZ*¥A2+SORT(FO/DAMP ) *SPL / (HAH*#AR )
CONWERT STRESC FPO™ PRSI TO KSI
SX0=SX0/10U0,G
SYUISYU/10001,0
CALCULATE ROOM TEMPERATURE LIFE
CALL SHIILZX00Us01BULUICTFLWIFF)
CALL SHI(SY0sU.0rBULUICTF2,y IFF)
X1z=A2/2.
Yiz=0.0
X220,0
Y2:=B2/2.
STEMP=0,U
PRINT RO™M TEMPERATURLE RESPONGSE
WRITE (D o700,
GO T A0 2u2) e IFH
wiRITE "~ - 2) NCASE
GO 70 &3
WRITE (62400 ) HNCASE
WRITE(Or&410) PSLT
WRITE(G&r41D)
WRITE(Be416) FOQ
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[t % du e

Cokdadl

90
91

93

L

95

Y6

Q7

1]

9-)
10u
101
102
1uld
106
109
106
107
108
1u¢
11
11
112
112
114
112
lie
117
118
11¢
12¢
121
123
124
125
126
127
126

13C
131
132
13,
134
125

[eNeNe!

O

e alale

210

TABLE IV-lii (CONT'D)

WRITE(B»820)
WRITE(Deu2H)
WRITE (243U} X2 ZeGX0eGTEMP Y CTH]
WRITE(&sB30) X1eY1eSYOeSTEMPWCTFZ

THERMAL STRESS, EFrECTS

R22=R (B2+A2+PR)
R21=R(B2+A1+PR)
RI2=ZR(B31rA2yPP)
R11=R(B1rAL1+PR)
F25:F22*(F22+2.*(Al/AZ)**Z*F21+2.*(Bl/bZ)xk2*F12
1 +U ok (ALZA2) x¥2% (B1/B2)%*2*F 1)
RST:Q22+2.tA3t912+2.*B}*Raqu.*AS*B&*Rll
ROS{F1S+STRY AFES
CALCULATE CKRITICAL TEMPERATLIZE iP1SEr TCR
TCALPZS . 2h%H*H4F 22/ (A2%B2* (1. +PR1)
CALL CTEMP (TCALPyTCRIFF)
#¢1QTE++ TCA AND RS ARE BUCKLING TEMPERATURE
AlID TEMPERATURE RATIO FCR AfI EQUAL
S12E SIMPLE PANEL. R9 IS TEMP RATIO
FQR HINE=BAY PANEL
TCA=TCR/RO
RS=T/TCA
R9=T/TCR
TACT=T+80.0
CALCULATE EATERIAL PROPERTIES AT TEMPERATURE
ESZETEMP(TACT »IFF
ALPZALPHA(TACT»IFF)
D:0.0abé*ES*HS/(1.-DR*PR)
CALCULATE RESPONSE FREQUENCY AT TEMPERATURET
SKT=D#F254R0/ 1AR#R2)
FOT=0,809%5QRT (SKT/SKM)
#+1HOTE*+ FQT=FO0+ ROOM TEMP FREQUENCY
STLIH:-ES*ALP*T/(1.-PR)/100U.U
IF (RS=R01205912051210
PRE -BUCKLED RESPONSE
FTEMP:FCT*(0.60+U.HO*SOPT(l.-RQ))
gxXT=5TLIN
SYT=STLIN
w0=0,.,0
GO TO 215
POST~BLCKLED RESPONSE
FTEMP:FOT*(0.60+0.44*SORT(R9—1-))
SALCULATE PLATE BUCKLING AMPLITUDE » 0
ﬁ0=(3-57-0.20*RO)*H#SORT(F2S*RO*(99~1.)/QST)

I ST R O S [ ‘fou1,.mqﬂVN‘_‘mHv‘
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TABLE IV-I1I {CONT'D)

i b i e

130 CALCULATE THHERMAL STRESSES : : =
137 Clz=1./1AZ2*B2* (), ~PRA*BK)
138 SXTESTLIN+O,BL12ES*Cla( (2, -FR*PK ) xB2/AZ+/L2*xPR/B2)
: 139 1 5 0% 0/ 1000 G
{ 140 SYTISTLIN41,36%ES*C1* (PR*B2/A2+ (2, =PR*rIv ) 462/8B2)
3 4] 1 *w0Oxw0/1000,.C
¢ 192 o CALCULATE CYNAMIC STRESS
3 163 215 CONTINUE
0 145, C2=SQRT(FTEMP/FQ)
1t SXO=C2*5X0
t leo SYOZC2%SY 0
: 17 C CALCULATE ELEVATED TEMPERATURE LIFE
1u8 CALL SH{SXUsSXTeTACTWCTFL1IFF)
159 CALL SHISY0sSYT»TACTICTF211IFF)
: 150 C PRINT ELEVATED TEMRERATURE FESPOIISE
F 151 wRITE(6su35)
2 152 TASTCR+8B0.0
1953 WRITE(os4u40) TCR
3 154 WRITE(6,4U5) w0
] 15 ZRITE(BI416) FTEMP
1 150 ARITE(G142G)
157 SRITE(61425)
3 158 WRITE(6,430) X2rY2+1SX0eSXTICTFL
v O VRITE (60433 X19Y10SYUPSYTHCTF2
163G GC TO 205
s 1ol o FORMAT STATENMENTS FOR GCUTPUT DATA
- ic2 LOu FORMAT(v1',25Xs 'DYNAMIC RESPONSE OF AY, /19X
1c3 1'NINE=-BAY STIFFENZD PAMEL EXPOSED TO'e/e21X»
lo4 2VACOUSTIC EXCITATION AND HEATING',/)
165 405 FORMAT (29X 'DATA CASE's14e//9127Xs *MATERIAL ¢ TITANIUMY)
160 406 FORMAT (29X 'OATA CASE'el4r// 927X '"MATERIAL ¢ ALUMINUMY)
167 410 FORMAT(SX»'EXCITATION SPECTRUM LEVEL = '")Fu,0s1Xs*DB',
lo8 13Xs ' TEMPERATURE IMNCREASE = '"+FlL 001X+ 'DEG. F¥y//)
109 415  FORMAT (24X, 'ROOM TENPERATURE RESPONSE 'Y, /)
, 176 416 FORMAT (20X *FUNDAMENTAL FREQUENCY Z'4F 7,100 HZ' /)
- 17] 420 FORMAT(5X ¢ *STRESS AT POINT'»3X s 'OYHAMIC STRESS Y e 3X)
3 172 1'THERMAL STRESS '3X,'CYCLES TO FAILURE?')
173 425 FORMATIBX e !X p7Xp 'Y 911X e '"KSI V916X s *KSIty/)
1746 U30 FORMAT(OXIFS 203X FS 219X 0FBe3¢9XsFB8.3010X+1PED,24/)
175 435 FORMAT(///7122X s 'ELEVATED TEMPERATURE RESPONSE? /)
170 4u0  FORMAT (10X s 'BUCKLING TEMPERATURE =',F8,2,' DEG, F!
177 10! ABCVE ROCM TEMPLRATUREYs/)
175 445  FORMAT (18X 'BUCKLING AMPLITUDE =t»F8.4,
179 1'  1IICHESY /)

160 END




TABLE IV-IV
OUTPUT FORMAT FOR DYNAMIC ANALYS51S COMPUTER PROGRAM

DYNAMIC RESPOMSL OF A
MIGE=B3AY STIF Er D PAMIEL XPOSED TO
ACOUSTIC EXCITAITION ANID HEATING

DAT C/SE )

MATERIL ¢ A LUMINUIL

FXCITAVION SPECTRUM LEV L = 135, DB TEMP: RATURY TIICREAS. = 2 0. DEG.
20 M TEMPLRATUIL o« SPOHSE
FUNDAMEDT WL FREQU: TICY = 175 . HZ
STRES AT POINT GYHAMIC STRES THE@anL STRES CY: LES TO FAILURE
X Y KS1 KS1
«0 fre . 6070 U G340
3.0 ol 5al8h . WU 1.3+ 7
EL: VATZD TEMPLRATURE Ikt.SPONSE
BUCKLING TEMPLRATURE = 1i.0: DEG. F ABOVE RO. M TEMPiZRATURL
BUCKLING AMPLITUDE = 2 5 INCHES
FUNDAMEMTAL FREQUENCY = 417.5 HZ
STRES'. AT POINT DYNAMIC STRESH THERMAL STRES CYtLES TO FAILURE
X Y KSI KS1
0L 6.0 9. 371 -16.83" 1.32+0%
3.0 Ol 8.46U 24,312 l.40+.5
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The input parameters are:

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

IFF ~ Alloy Code
=1 for Titanium Allcy (6Al-4V Annegled)

= 2 for Aluminum Alloy (7075-T6) —

The output parameter is: {

1C - Critical buckling temperature - °F absve Ambient

The subprogrom is listed in Table 1V-V,

b. Subprogram PROP - This program computes stiffening member properties such os areo
and moment of inertia. The basic relotions are from Reference 8, Appendix I. (wo
different sectional shapes are ovailable, a zee or a channel section, with the parameters
described in Figures A-1-1 and A-1-2, respectively, of the referenced report.

The input porameters are:

OPT - Option code to select sectional shape
= () for zee-section

=] for channel section

B -~ Flange width of stiffening member - in :
H - Height of stiffening member - in 7
T - Thickness of stiffening member - in

The output parameters are:

A ~ Cross=-sectional area - in
. . 4 :
RJ - St. Yenant's Torsion Constant - in ;

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

XIP - Polar moment of inertia, referenced to rotation about the
attachmant point <in

The listing of this program is presented in Toble IV=Vi,




TABLE 1V-V
COMPUTER PROGRAM FOR CALCULATING SKIN BUCKLING TEMPERATURE

1 SURBROUTINE CTUMPUITCALRES T IF
2 C THIS SUBRROUTINE CALCOLATES &K1 HuCkLInG 3
3 c TEMPERATURE FGR ALUSATMUM OR TITAHIUM ALLOY
I ¢ QTS THRAL PANELS, 3
) C |
o} C TCALP = PRODUCT OF ANHCKLTIHE TEXPCOAT It E
? c AHD ALPHA FRO™ Cats 116 PROGIRAM =
A C TC = BUCKLING TEMEEQATIIEL = ~76 € AAyE -
Q C by CACERATE
1N C IFvy = 211 0Y CODF
11 C = 1 TITAMIUM
12 C = 2 ALUMINI™ 3
13 C
14 TCzN .6 =
: 15 GO TO (100,205 ) 0 1F:
: 16 [ A A N T I I S o B R I A I A A A A I BN 28 I SR T B O B
- 17 c MATFRIA AAlL=4y TITANIUM AIFALED
18 C TEMDRERATRE LIMITATION 107, DEG, ¥
19 C
20 100 Cl=4,45FE=0n
21 C224.3%€-00
= 2" =1
5 23 1 C3zA0,¥C2+4C1
] 24 Co S*TGRTIICI/C21 %1244 4 TLALPAT2)Y= B ¥C 3/ 2
25 TZTC+A0D.
2A IFIT=250,) %0502
27 2 IFI{T=3600,) 343+5
23 3 Clz4«9E-06H
29 C2=2.5E=-0Q
30 Izi+}
51 IF(I=2) 1+1.90
g 3e 5 Clas.80E=0A
] 3 TC=TCALP/CL
3u 50 TC=7C
249 RETLIE
E
r
l
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36
3?
38
39
40
41
42
43

4a

W

3 uhn
w7
uR
3 4Q
50
51
52
53
54
5%
56
57
58
59
A0
61

TABLE IV-V (CONT)

tttthtt*r***#*t****t**t*#&*tt*%t:tt*ttt‘x**m*t**t

200

201

202
203

204
205

206

5090

MATERIAL 7075=T6 ALUMINUM ALLOY
TEMPERATURE LIMITATION 600 DEG. F

F1z12.,4E«06
F2T5.0E-09

1121

FA=BO.xF2+F1
Tc=0a50¥SGRT((P3/F2)#tZ#H.OtTCALP/FZ)00,50*F3/F2
T=TC+80.,
1F(T~100,)500¢500,202
IF(T~300,1203+,203,200
F1=18,625E~06

FZ'—'B 075E'09

11=11+1
IF(I1=-2)2014201+300
IF(T=%00.,)205+,2092,206
F1=13.0E-06
F2z1.5€=~09

I1all+1
1F(I1-2)201+201¢500
F1=13.6E~06
TC=TCALP/F1

TC=TC

RETURN

END
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TABLE V-V

COMPUTER PROGRAM FOP CALCULATING SECTION PROPERTIES

SURRCHTINE PROP(OPT My H) Te Ay RUy GAMAT X IP)

SECTION PROCERTIES
IF oPT = 0 2€F GECTION
1€ aPT = 1 CHANGEL SF7TIan
H= STRIMBER HFEIGHT, CL T0O CL
Qe FlANGFE WIDTH
Tr STRINAFE THIZwWHESR”
REFERENCESY AFFEDL=-TR-71-~1N07
WwC = SARPING COMNSTAMT ARBQUIT SHFAR CEMTFR
GAVAT = JABOTYS CANCTANT ARANT ATTACH PrTaT
L - (R CECTIN AL ARFA
Moo= ST, VEMALTC TARCIGH (O8O TALT =
¥ 1P = PALAF MAMERT OF THESTTA ARAOT ATTACH =0THT
IF{NPTY 1142
7FL QTIELFYFO
L, eTR (HED  xH)
iHEF2% (/o *¥54H)
1=2Twel2a! X, o472, 8
x = (T (DsDIYV /12,
n2=2 xR+ T
Dl~D  «3=T
Y72 {em! Tara[ 2«8 /&,
721! T/12 . (R %R« +vJoHuTwx2)
RUS(Twed /2, 1% (2, ¥R+H)
YCEThkRExIdHk 42 %k (BeD k) /(12 % (2, #ReHY)
SX=5/2,
Q22=r/2.
DUUCX* v 2+ % k2
Ne=NuxA
XIPE(XT+7271+0%)
GAMATSWCH(S2 %k %2 ) %77 [=2 (wOX*C 7% X7 [+ (X*v2)#X¥ ]
RETHIRY;
CHANMEL SECTION
=2 ,%R+n
XHBAC=R*xv2/F
Fle6,%*8+H
E=3,%*Rx*»2 /5]
CX=E+X=AR
SXTE+(R/2.}
62==rH/2,
EX=CX=SX
A= Tw (He2 %R}
F2z=3.¥H+2 . %8
XATZTx (Hxe2%F1+Tx424F2) /12,
FA212 ¥H®XBARW %248 , ¥R%«3
FLz=Rex~AP
FO=R~2,xXHAR
271=Tx(F3=20 , %« XBARKRH*FL+12 , #R%xFS%T+H ¥ FUxT*r24Tx+v31/12,
FUuT*e3%F/3,
FOH=D,¢8+2 ,xH
wCTHRu e xHx«2xFR/ (12 ,%F 1)
GAMATZHC+(S2% %2 %2 7T+ (SX¥¥2) %XV ]
FTZ(EX¥*2+C2%+2 ) x4
XIP=(X<142214+F7)
RE TR,
ErD
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APPENDIX V

TEMPERATURD DEPENDENCE OF MATERIAL PROPERTIES

The analytical development presented in Section |1 focused attention upon the tempera-

ture effecrs associated with the state of strain of the structure. The results obtained from
these considerations indicate that the steuctural stiffness decreases with temperature rise up

to the critica! temperature, ond that tor o temperature rise abov? the critical temperature, the

etructural stitfness increases.

Beyond these considerations, certain alloy properties are temperature-dependent,

and this dependency must be included to predict structural life acc.rately. Algorithms
were developed to represent the temperature dependence of each property considered,
and comouter programs were written to expedite their use with the dynemic analysis
computer progrom detaiied in Appendix V.

The material properties considered are the elastic (Young's) modulus, E, the coefficient
of thermal expansion, .+, and the characteristics of the fotigue curves for each alloy.
Stetie properties were cbrained from MIL-HDBK-SB”, cnd generaiiy ogree with those of
AFML-TR=-68-11529 The analytical expression for fatigue life is based on the mean
stress variction inferred from MIL-HDBK-5B and the fctigue characteristics, with
temperature variation, resuiting from the coupon fatigue testing discussed in Section I, 3.

A, Static Material Properties

This discussion will concern the effect of temperature on the static material properties
of 7075-76 aluminum and éA1-4V annealed titanium sheet material. The assumed ambient
temperature for this development is 80PF,

1. Eiastic Modulus

The etiects of temperature on the elastic modulus of 7075-Té gluminum and 6A1~4V annealed
titanium alloys ore shown in Figure V=1. These curves are reproduced from MIL-HDBK ~58B,
Figures 3.2.7.1.4 and 5.4.6.2.4, respectively.

The elastic modulus curve for 7075-T6 aluminum decreases steadily with increasing tempera-
ture. Since a single straight line representation would not suffice, the temperature ronge
was broken into three regions. For each of these temperature regions, the elastic madulus
wns represented by a straight line element as followr:

Zoom temperature to 200°PF (80 < T © 200)
£ = { 1.020 - 0.0003 TI s

b 260° to 400°PF (200 2 T = 400)
£ = { 0.960 - 0.0007 (T -~ 200) I E

400° 10 600°F (400 = T . 600;
£ - ‘ 0.820 - 0.0016 {T - 400) IE

[e]

[e]
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PERCENT OF ROOM TEMPERATLIRE MODULUS (E )

[e]

100 7
80
60 Z
sl S ; e E

0 100 200 300 400 500
TEMPERATURE -~ °F
a) ALUMINUM ALLOY 7075-T6 SHEET
0 D co 0 1o DATA POINTS FROM

..... e §IEMQSUBROUTINE

] e S R

O o SN PO (P T~ >y

60

L

R T l , Sy
40"'11' a1 L SRS RERET UREAE SERRE!
0 200 400 600 80C 1000

TEMPERATURE ~ °F
b) TITANIUM ALLCY 6Al-4V ANNEALED SHEET

FIGURE V-i. TEMPERATURF EFFECTS ON ELASTIC MODULUS
(FROM KEFERENCE 17)
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where £~ 10,3 x 106 psi iy the room temperature elastic modulus,

The elastic modulus for titanium hos o linear relotionship with temperature below B00“F,
Hence, the titanium modulus is represented by the following single relation:

a) Room temparatuie 1o 800°F (80 © T -, 800)
£-(1,030~ 0.000375 T) £

. b ' . g - oo
Jr Lty i “y"-”uwl Lot T bl gl 1

whero the room temperature modulus is by = 16,6 x 100 psi.

|
e fld

:;“J

r The aobove reprasentatioms of the elastic modulus were developed into a digital computer
program for use by the analyticol program discussed in Appandin IV, This function,
entitled “LTIMP", s prosentad in Toble V=1, Since this progrom is u function, the input for-

mat is simply

i ,,
it

rallhitdd

ETEMP(T, 1FF)

in the volling program, where

FETR T -

3

1 - Input Yemperatute ot which the wlastic modulus is desired - ©F

T

itE - Alloy code

A,

« 1 Titanium Alloy (6A1-4V annealed)

e £

= 2 Aluminym Alloy (7075-16)

Dota points colruloted from this program, in temperature increment of 50°F, are
compared with the MIL-HDBK =58 surves in Figure V-1,

RIVY 1, TR WY B WS ¢

2. Coelficient of Thermal Expantian

The affecty of temperature on the thermal expantion of aluminum and titanium alloys
ore shown in Figuro V-2, These curves ore reproducad from MIL-HDBK <58, Figwes
3,2.7.0and 5.4.6. ), rewpactivaly,

Tha confficient of normal expamion, o, for aluminum alloy Increuses exponentially
with incranying temperatue as shawn in Figuie V-2, Hence, thy temperature range
wus divided into three region und the following representotions were derived:

o) Room temperqture 10 100PF (80 =« T = 100)
a - 12,4 40,0050 1 ( 1076

L) 100° 1o 300PF (100 = 1 % 300)
¥ 12,9 + 0.00275(1-100)‘ 100

¢) 3007 1, 400M1 (300 = T = 400)
" 13,45 1 0.0015(1-300)| 106
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TABLE V-I
COMPUTER PROGRAM FOR CALCULATING ELASTIC MODULUS

1 FUNCTION ETEMP (T IFt)

2 C

3 C THIS FURNCTION COMPUTES ELAGTIC #MODyLUS FOR

4 c ALUMINUM OR TITANTIUM ALLOY AS A FUNCTION OF

5 C TEMPERATURE

O C

7 (o T « IIiPUT TEMPERATIRE - DEG., F F
) C IFF = ALLQOY CODE é
9 C = 1 TITANIUM 3
10 C = 2 ALUMINUM ’E
11 C :
12 GO TO (10C.200) 0 IFF

13 C o e Y R A2 R 2222222 ERA AR EERERERE P S LR S EEE A EIESEN E
1u c MATERTAL 6AL=UV TITANMIUM AMNEALED SHEET =
15 C REFERENCE MIL-HDOBK=5B =
16 C TEMPERATURE LIMITATION B00 DEGREES F :
1?7 C PTKTCROGC F K
18 10N IF(B00O=-T)1A80+180+1%0C

19 190 ETEMP=(1,030-0,000375%T)%16.6E406 B
2n RETURM E
21 C 7>800 F -
22 180 ETEMPZ12,1E+06 3
23 WRITE(AR»3DY)
FL RETURH

25 I A I R I YIRS NS NSRS N ERAR LA S RIS SR E AL AR AN z
26h C MATERIAL T7075=-T6 SHEFT
27 C REFERENCE MIL=~1DBK=-5H

2A C TEMPERATURE LIMITATION 600G DEGREFS F

29 C PTLTL200 F

30 200 IF(20u=~T)2:200210+210

3 210 ETEMP=(1,020=0,00030%7)*10,3E+06 -
32 RE TuURT

3% C 200<T<U00 F

3u 220 IF(40N~TY240+230+230

39 230 ETEMPZ(0,96=0,00170*(T=200))*10,3E+06

3 RETURMN

37 C 4Nn<rI<hNL F

3R 240 IF(ADN=TIZ260025012%0

3Q 250 ETEMPzZ(0.,B2~0,001A%(T=400))*10,3E+06

40 RETUIRIY

'S N T>600 F

42 260  ETEMEZN,50%10,3E+400

u3 wRITE;ﬁ.SﬂB)

L 3445 FOPMATI(/Z:5Xs TUPVER TEMP LIMIT OM ELAST MODULUS'»

us 1Y EXCEIDEDY /)

U RETURLI

47 EnG
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b) TITANIUM ALLOY 6Al-4V

FIGURE V-2, TIMPERATURE EFFECTS ON COEFFICIENT OF THERMAL EXPANSION
(FROWY SEFERENCE 17)
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The coefficient of thermol expansion for titanium increases from 200° to 400°F and is
a constont thercofter. As no dato were avoilable for temperatures 1css than 2000F,
the slope of the segment ar 200°PF was projected to room temperature to develop a
relationship tor the computer program. The resulting unalytical representatiors are:
a) Room femperature to 200°F (80 = T . 200) §
@ = (4.4540.004257) 1076
b)  200°te 400°F (200 = T 400}, -
a = (4,80 +0.,00257)10
<) 400° to 1000°F (400 = T = 100Q)
a =5.80x10™
The preceding representations of the coefficient of thermal expansion were formulated
into a digital computer progrom similar to that for the elastic modulus. This "ALPHA"
function is presented in Table V-1l. The input format is
ALPHA (T, IFF)
in the calling program, where T and IFF are os defined in the preceding subsection.
B. Fotigue Characteristics
E The analytical description of the fatigue curves described here resulred from g review of
' fatigue data presented in MIL-HDBK-5B and the data from the coupon fatigue tests
at room and elevated temperatures. 1t was assumed thot for all values of meon stress, cm,
3 dynomic stress, o, ond temperature, T, the resulting fatigue curve would be iineor
d when plotted on log~log scoles.
: 1. Mean Stress Effects

The effect of increasing mean stress is basicolly o decreose in fatigue life at constant
dynamic stress. Figures V-3 and V-4 present fatigue curves for axiolly loaded aluminum at
; room temperoture, and titanium at room temperature and 600°F, These curves were obtainecd
: from MIL-HDBK-58 in the form of constant amplitude test dota ond were converted to on
equivalent random amplitude fatigue curve by the method of Reference 1. Based on these
room ond elevated temperature curves, it was determined that the effect of increasing

meon stress was to lower the RMS streys level by o constont amount from the zero mean

stress curve. This decrease in dynamic stress was approximately 1 ksi for every 10 ksi

WA

il [ s e

increase in mean stress. Then, if only a zero mean siress fatigue curve were avoilable,
as is the case for the coupon fatigue data of Section Iil, the dynamic stress can be corrected .
; by subtracting 0.1 0, from the dynamic stress, where 0, is the mean stress. The equation 3
E for the zero mean stress fatigue curve is of the form 4
log N = A +Blog & v-1) :
Then the equation, including mean stress effects, becomes f
p o
logN=A+Blog( O -0.10 ) (V~2) :
K
!
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TABLE V-l
COMPUTER PROGRAM FOR CALCULATING COEFFICIENT OF THERMAL EXPANSION

1 FUNCTION ALPHA(T IFF)
2 C
3 C THIS FUNCTION COMPUTES COEFFICIENT OF THERMAL
4 C EXPANSION FOR ALUMINUM OR TITANIUM ALLOY AS A
5 C FUNCTION 0OF TEMPERATURE
(3] C
7 C T « INPUT TEMPERATURE -~ DEG. F
8 C IFF = ALLOY CODE
9 C =1 TITANIUM
10 C =2 ALUMINUM
i1 C
12 GO TO (¥00:200) ¢ IFF
13 C Sk ok ot K o ok ook ok ok ok ook ok ok o ook ok Ak T o ok S o okl ok o ke ok ke K
14 C MATERIAL 6AL-4v TITANIUM SHEET
15 C ANNEALED
16 c REFERENCE MIL-HDBK=-58
17 C TEMPERATURE LIMITATION 1000 DEGREES F
18 C RTCTC200 F
19 100 I1P(200-7)180+%250,150
i 20 ¥50 ALPHAZ (4,45+0,00425%T)*1,0E~06
: 21 RETURN
22 C 200<T<H00 F
23 180 IF(400-71185¢190/,190
24 190 ALPHA=(4,80+40,0025*T)*1,0E-D6
25 RETURN .
26 C 400<T<1000 F -
27 185 IR(1000~7)195,198,198 9
28 t98 WRITE(64500) 4
29 500 FORMAT(AsSXs'UPPER TEMP LIMIT ON COEFF OF EXPAN '» e
30 1'EXCEEDED'» /) E
31 198 ALPHA=S,8E-06 E
32 RETURN =
33 € ook ok ok ol ok KO ok ol ool e o oK ok R o o K e o 3 ok o ol ol o oo ok ok ok ok ok ook =
34 c MATERIAL 7075-T6 SHEET =
35 C REFERENCE MIL-HDBK=-58 E
, 36 c TEMPERATURE LIMITATION 600 DEGREEZS F =
‘ 37 C RTCTC100 F 2
38 200 IF(100~T)12R0+2100,210 2
- 3@ 210 ALPHAZ(12,440,0050%T)*1,0E=06 E
e 40 RETURN B
: 4] C 100<T<300 F g
42 220 I1F(300~-T)240,230+230 =
; 4y 230 ALPHAZ(12.,940,00275%(T~100))%1,0E=06 =
d (YN RETURN E
: 4% ¢ 300<T<400 F
. “e 2640 IF(400=-T1260+250+250
: %7 250 ALPHAS(13,4540,00190*(T=300)1%1,0E=06
| " RETURN
; L4 ] c T>400 F
: a0 260 ALPHAZ13,6E-06
' 51 IF(600=T7)280+1270+270
. 52 280 WRITE(6,3500)
3 83 270 RETURN :
F END :

YW AT ———
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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 Ill, the equations for the regression lines
of the room and 300PF temperature fatigue curves were as follows for the aluminum data:

log N =10.42 - 4.61 logo  (BOOF)

(v-3)
log N

i

9.13-3.85logd  (300°F)

Since only two temperature points were avoilable, it was assumed that, if the regression
line was linear on a log-log scale, then the slope ond the intercept of each equation
varied linearly with temperature. Therefore, the intercept, A, and slope, B, con be
expressed as functions of temperature by

C]'+C|2T=A and C2]+C22T=B
Using the constants in Equations (V-3) gives

C”+80C12=1O.42 C2]+80C22=-4.6l

CH + 300 C]2-"9.13 C2] + 300 C22:—3.85

Solving Equations (V-4) gives the constants

(V-4)

C” =10.89 C2l = -4.89
C]2 = -0.00584 C22 = 0.00347

and the interccpt and slope become
A=10.29 - 0.00584 1
B=-4.89+0.00347 7

Then, the general expression for the tatigue curve, at zero mean stress, is
log N = (10.89 - 0.00584T) - (4.89 ~ 0.003477) log &

Introducing the mean stress variation as assumed for Equution (V-2), the fatigue curve is
given by

log N = (10.89 - 0.00584 T) - (4.89 - 0.00347 ‘i log ¢ & - 0.10_)  (V-5)

where N =life in cycles to tailure

o dynaraic stress, ksi rms

Q
]

mean stress, ksi
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T = temperature in degrees Fohrenheit.

The equations of the regression lines for the titanium alloy riveted coupon fatigue data
of Section 11 are

log N =12.28 - 5.26 log @ (80°F)
(V-6)
log N =10.33 - 4.341log 7 {600°F)

Repeating the procedure given for the aluminum alloy gives the following constants:

C” =12.58 C2]=-5.40
C|2 = -0.00376 C22=0.00176
ond then

A=12,58-0.00376 7
B :-5.40:0.0017¢67
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 T) log ( @ -0.1 @ m) (V-7)
where all parameters are as cefined for the aluminum alloy.
These reiotions were formulated into o computer program for use with the general analysis

program of Appendix IV. This grogram, in the form of a Subroutine, is presented in
Table V~Iil and is entitled "SN." The input parometers are

SDYN - Dynamic Stress - ksi rms
STEMP - Thermal (or Mean) Stress - ksi
TEMP - Temperature - °F

IFF - Alloy Code

= 1 Titanium (6A1-4V annealed)
= 2 Aluminum (7075-T6)

The output to the calling program is

C1F - Life in cycles to failuie




TABLE V-IlI
COMPUTER PROGRAM FOR CALCULATING FATIGUE LIFE

SUBROUT INE SN(SDYN-STEMP'TEMPOCTFoIPF)

THIS SUBROUTINE CALCULATES FATIGUE LIFE FOR
ALUMINUM OR TITANIUM ALLOY AS A FUNCTION OF
TEMPERATURE AND MEAN STRESS. THIS SUBROUTINE
1S BASED ON COUPON FATIGUE TEST DATA AT ROOM
AND ELEVATED TEMPERATURE.

ROOM TEMPERATURE 1S 80 DEG. F

[
COCOVDNO U FUN

§DYN - DYNAMIC STRES = KS1 (RMS)
STEMP = THERMAL (OR MEAN) §TRESS ~ KSI
TEMP - TEMPERATURE = DEG. F

CTF - LIFE IN CYCLES TO FAILURE

IFF ALLOY CODE

1 TITANIUM

2 “LUMINUM

—
—

-
F

o

GO TO(500,200) ¢ IFF
:t**k*#t*ttx***t*****t***t*************tk***:*******
MATERIAL BAL=4V TITANIUM SHEET ANNEALED

TEMPERATURE LIMITATION 600 DEG. F

-
wn
OO O rinlﬁfiﬁtﬁfiﬁfﬁfinfﬁfiﬁ(ﬁ(‘ﬂ

100 C1=12.58=0.,00376%TEMP
C2=-5.u0*0.00176*TEMP
ARF=C1*C2*ALOGIO(SDYN-O.I*STEMP)
CTF=10.**ARF
RETURN
C ﬁ*********#t#************t*****#********************
MATERIAL 7075=T6 ALUMINUM SHEET
TEMPERATURE LIMITATION 300 DEG. F

OO0

200 C1=10,89-0.,00584%TEMP
C2=-4,89+40.0C347*TEMP
ARF=C1+C2*ALOGIO(SDYN-O.ltSTEMP)

U(ﬂblulﬁulNlﬁh)ﬁ)NlUP0h>NlUr‘Hr4h‘H
U1FtﬂR)H<D¢)@-JO‘UIF(ﬂﬂ)P‘O«O(D~JG\w

36 CTF=10,%*ARF
37 RETURN
38 END
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