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SUMMARY

An analytical and experimental evaluation was performed for several promising
structural concepts to provide the basis of minimum total-system-cost for selection
of the best concepts for the design of a hypersonic vehicle wing.

Results, procedures, and principal justification of results are presenied in
reference 1. Detailed substantiation data are given herein. Each major analysis
is presented in a separate section. Vehicle loads and temperatures are given with
each structural analysis that influences weight. In addition to the weight analysis,
fabrication cost, performance penalties {surface roughness drag), reliability, and
total-system-cost analyses are presented.

Reference 1. Plank, P. P.; Sakata, I. F.; Davis, G. W.; and Richie, C. C.:
Hypersonic Cruise Vehicle Wing Structure Evaluation, NASA
CR-~1568, 1970,
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INTRODUCTION

The utility of a hypersonic cruise vehicle depends upon a low structural mass
fraction in a high~temperature envirorment. Unfortunately, this requirement exceeds
the limits of state-of-the-art structures. The only hypersonic structures flown to date
have been the X-15 research airplane and the ASSET unmanned lifting reentry test
vehicle, both of which are unsuitable for cruising flight.

For the past several years, the NASA Iangley Research Center and other
agencies have been investigacing promising structural concepts, such as those
discussed in references 2, 3, and 4, and the 1967 Conference on Hypersonic
Aircraft Technology (ref. 5) was devoted to the subject.

An evaluation was performed of promising wing structure concepts to the same
in-depth analyses, including all known environmental structural considerations that
could affect the four evaluation factors: weight, cost, performance, and reliability.
These factors were then interacted in a total~system~cost study for a system range-
payload capability of 205 billion ton-miles to provide the basis for selecting the best
structural concept for the wing structure of minimum total-system-cost.

Results of this structural evaluation are reported in reference 1. This
reference also includes the procedures and principal justification of results,
whereas this report gives detailed substantiation of the results in reference 1.
Principal analytical and test efforts are presented in separate sections. This
report is bound as three separate volumes.

REFERENCES

2. Heldenfels, R. R.: Structural Prospects for Hypersonic Air Vehicle ICAS
paper, 1966,

3. Plank, P. P.; and MacMiller, C. I.: Analytical Investigation of Candidate

Thermal~Structural Concepts Applicable to Wing, Fuselage, and Inlet
Structure of a Manned Hypersonic Vehicle. AFFDL-TR-66-15, 1966 (conf).

4. Plank, P. P.: Hypersonic Thermal-Structural Concept Trends. SAE paper
660678, 1966,

5. NASA-SP-148 (Conf). Conference on Hypersonic Technology, Ames Research
Center, 1967,
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CIRCULAR-ARC CORRUGATION SHEAR WEBS
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SYMBOLS

b Width of panel

Dl’ D2 Stiffness coefficients of governing differentizl equation
of plate

E Modulus of elasticity

Eel Elastic modulus of aslasticity

k, ks Buckling coefficients in analyses of shear buckling

ny,cr Shear buckling force in xy coordinate system per unit
length of section

R Radius

t Thickness

tmin Minimum thickness

T Equivalent panel thickness

[38 Effective aspect ratio

€ Efficiency factor

n Plasticity reduction factor

Nsec Esec/E » secant plasticity reduction factor

Mian Etan/E , ‘tangent plasticity reduction factor

Stiffness parameter

11l~iii



Section 11

QETIMIZATION PROCEDURE FOR PANELS OF CIRCULAR-ARC
CORRUGATION SHEAR WEBS

To minimize thermal stresses, webs of circulare-arc corrugation (fig. 1l1-1)
are used for the ribs and sparse The 1lntensity of the buckling force of a
corrugated panel is expressed with equation (10-36) of Section 10 as

1/h
" 3 2
Ny op = KT (Dl D, ) //; (11-1)
where 3
n. E_t .
Dl = 1l el 5 Slg ¢ (11.'28.)
12 (1-v°)
R2 3 sin 2¢ 2 ¢
D,=n, E t-§-( 1-5 ==t 2 cos ¢) PEN) (11-2v)
in which
= 11-
ny =0.83n__ +0.17n. (11-3)

Substituting equations (11-2) into equation (11-1), neglecting the suall
effect of Poisson's ratio, and then dividing by the thickness t gives the
following expression of the buckling stress:

foop = 5029 KNy By (%)O (%)3/2 £ (s) (12
where 2 ,
3
w - [t (3o 2wy (1)

11-1



The local buckling stress is (ref. 11-1)

3/2
- 1/2 t
feor = 9097 Mpan Fea (R ) (11-6)

Multiplying equations (11-4) and (11-6) by t and then using the second
resulting expression to eliminate R in the first expression yields

N . 2 /2y, 2
e N R [¢(0)] ](%) (11-7a)
nE . b ¢
el
or
N —-\2
Xy ,Cr e(%) (11-7p)
nE.b
" %1
.n which ¢ is an efficiency coefficient and
- __1/2 1/ “
no= oS e (11-8a)
—__ q) on
te s (11-8b)
From equations (11-6), (11-7b) and (11-8b),
. 1/6
-5/6 . 5/3 [N
R _ . 1/3 = sing cr i
beoa s 7 () () w9

The optimum corrugation angle is obtained by maximizing the efficiency
factor. The radius and thickness are then determined with Equation (11-7Tb)
(11-8b) and (11-9).

For problems in which the thickness is constrained, equation (1l-Ta)
becomes

11-2



;7%3%— = 3 171 12 [f(,))] 1/22 (En%r_l)g (11-10)

from which

b \2
[f‘(¢)] /2 _ .58 (:'.—‘%59{) K2 (—"%—’-’-) (11-11)
el

In reference 11-1, the optimum angle for a design with an unrestrained
thickness is shown to be 80°. Because of manufacturing limitations, an angle
of 60° was used for all corraugation panels of the present investigation. Noting
that Bs =~ 0 end K=0, a vglue of 3.3 from fig. 10-8 of Section 10 was used for
the buckling coefficient k =Kk,

A-A ~ o
Enr iy
- ] ! A) ’ ~*Y
] !
| -

NN,}‘%,/
/

Figure 1. Corrugated shear web
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OPTIMIZATION PROCEDURE FOR PANELS
OF SEMIMONOCOQUE STRUCTURE

by
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SYMBOLS

Mean area enclosed by outer and inner boundaries

x and y distances between simply supported edges of
plate

Stiffness coefficients of governing differential equation

of plate
Width of diagonal element of trapezoidal corrugation
Elastic modulus of elasticity

Eccentricity (deflection) of center of panel due to
thermal bowing (subscript t) and difference between

end shear axis and centroidal distance (subscript y)
Bending, compressive, and shear stress

Bending, compressive, and shear buckling stress
Elastic shear modulus

Depth of cross section

Moment of inertia per unit length of section

Moments of inertia per unit length of sections associated

with x and y bending of orthotropic plate
Torsional stiffness per unit length of section

Buckling coefficients in analysis of compressive and

shear buckling
Length

Bending moments and twisting moments in Xy coordinate

system per unit length of section

12-v



Number of half waves in plate buckling equations

Extensional forces and shear forces in xy coordinates

per unit length of section

Pressure

Radius

Stress ratios for compression and shear
Thickness

Equivalent extensional thickness
Equivalent shear thickness
Utilization factor

Location of neutral surface of panel
Mean coefficient of thermal expansion
Effective aspect ratio

Shear and compressive strains corresponding to
thermal loads

Stowellfs plasticity reduction factor
Secant plasticity reduction factor
Tangent plasticity reduction factor
Poisson's ratio

Shear buckling stress as defined in reference 12-3

12-vi



Section 12

QPTIMIZATION PROCEDURE FOR PANELS OF
SEMIMONOCOQUE STRUCTURE

Equations of the Fortran computer programs which were used to determine
the minimum weight designs in the detail analysis of the four panel concepts
of the semimonocoque structure are presented in this section. The analyses,
formulated for the direct search method, are discussed in the following para-
graphs: (1) panel loading, (2) stress analysis, (3) analysis of local buckling,
(4) optimization procedure, snd (5) section properties and stiffnesses.

PANEL LOADING

The total inplane stress resultants acting on the stiffened panels
(fig. 12-1) are

N =N +¢€ t
vy Oy y,TEel

' (12-1)

N = v %
Xy ny M 'xy,TGelts

where N} and N!  are loading components in which themmal effects are
excluded, €T and?y%T are the compressive and shear strains corresponding

to themmal loads of the structural model, and Egt and Gejt, are the elastic
stiffness coefficients which are defined at the end of this section. The
procedure for calculating the thermal portion of the inplane loading is con-
sistent with the redundant-force used for calculating the internmal loads cf

the aircraft.

A conservative approximation of the bending moment at the center of the
panel in the 2zy plane is

M= M;/(l - Ugy) (12-2)

D,

*
where My is the moment based on small deflection theory. Ior Panels No. 1,
2, and 3

¥ qL2
My = S+ (e, +jop|+ 0,001 1) T, (12-3)

12-1



where q denobes unil'orm pressure which is always specitied with a positive
2ipn, 0,001 L is the initial detlection,

1.5 t for Panel No., 1
e = 0 for Panel No. 2
2t for Panel No. 3

and ep is the deflection due to thermal bowing., Assuming a linear temperature
gradient through the thickness, which is considered to be adequate tor the
present investigation, the deflection at the center of a simply supported
panel due to the thermal bowing can be approximated as

en = 8h (12"4-)

where o is the mean coefficient of thermal expansion and AT is the change in
temperature through the cross section of depth h. The temperature increment
is positive when the temperature of the outer surface of the panel i larger
than that of the inner surface.

For Panel No. L

o)
* .
- al - - (3 + -
My’0 5+ [max ( eT,O) (z tI) + 0.001 L] Ny (12-52)
and
M = gL + [win (e_,0) - 0.001 1] N (12-5b)
T T -5 Evln eT, - 0. ] v

in which the subscripts O and I denote moments for designing the outer and
inner portions of the panel. Note that the pressure is always specified with
a positive sign. The dimension Z, which is expressed in the last paragraph
of this section, is measured from the interface of the two portions of the
panel. Hence, it is a negative quantity.

Using the interaction equation

12-2



in wuich

R =N,N
c y yser

(12-6)

R_=0N_/N
S Xy’ xy,cr

the utilization factor of equation (12-2) for combined compressive and shear
loading is

1/2
R, + (£ + 1)
%1 = > (12-7)

Considering simply supported, wide column theory for compressive
buckling,

2]

2
N =
y,cr L2

(12-8a)

It is to be noted that the above equation significantly underestimates the
buckling loads of Panels No. 3 and 4, because of their relatively large twisting
stiffnesses. The shear huckling load intensity is expressed with simply sup-
ported, orthotropic plate theory as (ref. 12-1)

N = 46.8 (D2D3)l/§/L2 (12-9a)

XysCr

for the tubular concepte. The expresgsion, for “he corrugation concepts from
Section 10, is

1/h
. 3 /2 )
Ny op = 32:6 (Lloe) I (12-9b)

12-3



STRESS ANALYSIS

The stress at the centroid of the cross section
f, = Ny/t (12-10)
The bending stress for Panels No. 1, 2 and 3 is
£, =Mz/T -
p = M / . (12-11a)
and for Panel No. k4,
£ =M =z /T 0= 0,I -
b0 = W% Ty ,I) (12-11b)
Neglecting twisting due to edge eccentricities, the shear stresses of the

panels are as follows:

For Panels No. 1 and 2,

£ = ny/t (12-12a)

Fer Panel No. 3,
£, = ny/Et (12-12v)

For Panel No. L,
L0 = nyp/setS (g=0,I) (12-12¢)

ANALYSTS OF IOCAL BUCKLING
Panel No. 1, Beaded

Five modes of buckling of the beaded configuration (Fig. 12-1) are
considered as follows: (l) buckling of most or all of the poriion of the pancl
between centerlines of continuous arcs due to a uniform compressive stress,

(2) buckling of the circular arc due to bending, (3) buckling of the circular
arc due to shear, (k) buckling of the flat segment due to compression, and
(5) buckling of flat segment due to shear. Appropriaste interaction equations
are used for combined loading.

12-)



Simply supported, orthotropic plate theory is used to analyze the panel
for the first mode of initial buckling. Using the notation of figure 12-1 and
the compressive buckling theory of Section 10, the buckling stress can be
expressed as

WQDI \
fc,cr =k, e (12-13a)
IT L
where
2 It 2
X D B X
= L 3 2, Fe II -
kc =12 - Dy + m" + = ;E' (12-13b)
Ix I
in which
X D l/‘—l-
B, = = | 5= (12-13c)
II I

X7 is the bead (circular-arc) length. The stiffnesses and the average thick-
ness, ty, of esuations (12-13) are defined in the last paragraphs of this
section. The buckling stress is the minimum value of fc er with respect to
positive integers of m and the angle 6, (fig. 12-1). ?

In the anslysis of a test specimen, 6o = O and m = 2 gave the minimum
stress. However, 6 = 13° and m = 3 gave essentially the same results. The
theoretical buckling stress was in reasonably good agreement with the initial
buckling stres=: of the test panel. It is to be noted that 6, = O was used
for the desig,. of the beaded panels.

The initial buckling stress due to bending is approximated with an
expression that was suggested by NASA for compressive buckling of long cylinders
with an R/t range which is consistent with those of the circular arcs of Panels
No. 1, 3 and 4. The buckling stress expression is

t) 1.35

1/2
t = L7 (nsecntan) Eel (Tf

b, cr (12-1%)

12-5



where the plasticity coefficients, ng.. and n4,n, are based on the stresses
fo, fp, and fgywhich are given by equations ?12-10), (12-11) and (12-12). The
equivalent stress for evaluating the plasticity coefficients is determined
with the octahedral shear stress theory of reference 12-2.

The circular arc of the cross section was considered critical with
respect tc shear buckling, an ass.mption which needs to be verified by test.
Using buckling theory for curved plates of large aspect ratios, the initial shear
buckling stress is (ref. 12-3)

_ 1/2
fs,cr = 0.37 (zb) Tor (12-15)
where
2
w0 2,1/2
A (1 - "el) (12-16)
and from Section 10
n.E 2
= L4.Lo -Secel (E) (12-17)
cr 2 S
1 -ve1

in which § 1is the developed length of the arc. The plasticity coefficient is
evaluated the same as those of equation (12-14).

Using the interaction equation

in which

r = £ /f

eb T e t /L,

c,cr »Cr

Tg © fs/fs,cr

12-6



the utilization factor for combined stresses due to compression, bending,and
shear can be expressed as

w - Un-i' - =0 (12-18)

Since no test data were available to evaluate the exponent n of equation (12-18),
a value of 1,75, which is considered to be conservative, was used for the
design of' the panels.

T"e flat segment of the beaded configuration is analyzed for buckling
with long, simply supported, isotropic plate theory. The expression of the
utilization factor is

1/2
r v (24 0
UL’ o = 5 (12-19)

Using equations of Section 10, the stress ratios can be expressed as

Ngpler (1) 7 i
r,=f | 3.29 —= (-b—) (12-20a)
1- el
-1
n TE 2
ST el [t .
r = fs[h.ho — (g) ] (12-20p)
1- el

where gy is evaluated with equation (10-12a) of Section 10. M4, and Ngec
of the equation are bvased on the stresses fc and fg, which are given by
equations (12-10) and (12-122). The equivalent stress is determined with the
octahedral shear stress theory of reference 12-2. It is to be mted that
this mode of buckling was not encountered in the design of the beaded

skin panels, since b was fixed at 0.5 inche

12-7 ;



Panel No. 2, Trapezoidal Corrugation

The trapezoidal corrugation (fig. 12-1) is analyzed for: (1) simultaneous
buckling of the horizontal and diagonal elements due to compression, (2) simul-
tancous buckling of the elements due to shear, (3) compressive buckling of the
horizontal element due to bending of the pancl, and (4) buckling of Lhe diagonal
elcment due to bending of the panel. Appropriate interaction equations are used
for combined loading of the corrugation elements.

The compressive and shearing duckling stresscs which produce the first
two modes of buckling are (ref. 12-k)

2]

o n _’)
. _ h1 nSTEel (_'_b_ <
c,d,er - TCA 45 (9 %3) d (12-21a)
2
c _ T fsrlel t)° .
s,d,cr 5 15 () - %S) d (12-21v)

where the buckling coefficients, which pertain to the diagonal element of the
corrugation, are given in table 12-1,

TABLE 12-1
COMPRESSIVE AND SHEAR BUCKLING CORIFICIENTS

b/ad 0.2 0.3 0.h 0.5 0.6 0.7 0.8 0.9 1.0

k. 4 5.65 | 5.45 | 5,30 5.17 | 5.04 L.8 | 4,67 L, Lo L.00
b

Kk q 7.17 | 6.86 | 6.65 6.56 | 6.45 £.32 | 6.11 5.82 5.35
=9

Treating the diagonal element as a long, simply supported isotropic plate and
using the elastic theory of reference 12-1, the buckling stress due to bending
is approximated as

Ngp® 2
\ - ST el (t 100
ib,d,cr 19.74 1 2 ((i) (1 le)
~Vel
12-8




The plasticity coefficient of equations (12-21) is evaluated with equation (10-12)
of Section 10, Nyqp andn%e of which are then conservatively determined with the
same procedure as the plas%icity coefficients of equation (12-14) for the

beaded skin panel.

Uring the interaction equation
+r =1 (12
where

r =1 /r
c,d c/ c,d,cr

r = (12-23)

b,d lb/[b,d,cr

r =L /r
5,d s/ s,d,cr

the utilization tactor for combined loading ol the diagonal element can be
written as

- =0 (12-2L)

When ry, = 0, the above equation is equivalent to eguation (12-19). Also,
when rg = 0, the equation correlates well with the buckling theory of
reference 12-1 for long, simply supported isotropic plates subjected to com-
bined compression and bending. Compared to the theory of reference 12-1 for
buckling of plates due to combined bending and shear, the equation is con-
servative when r, = 0. It is considered to be adequate for the present
investigation.

Treating the horizontal element of the trapezoidal corrugation as a long,
simply supported plate, the ratio of the crupressive stress due to bending
divided by the initial buckling stress is

n TE 2] -1
_ ST el [t
o,h " fb[3'29 12 (F) ] (12-25)
e

12-9



Note Lhat the plasticily coefficient is again based -n the combined slress

slale,  Bince Lhe horivontal and diagonal olements buckle at the same com-
pressive sbross and shear stress,
r = I
c,h & Te,d
r = r
s,h 5,d

2
+(r
U - c,b,h c,b,h s,h (12-26)

wherc

e,boh ~ Teon T Tb,h

Panels No. 3, Tubular, and No. L, Convex-Beaded

The system of equations is formulated for the local buckling analyses of
Panels No. 3 and 4 (fig. 12-1). Using compressive buckling theory for bending,

) 6\ 1130 -1
) 12 (%
rc,ﬂ - (fc * fb,ﬂ) 1'75(nsec,2ntan,2) Eel(Rg)

(2 - 0,1) (12-27a)

vwhere [, and fy, g are given by equations (12-10) and (12-11b).
Curved plate theory, as used for the beaded configuration, is used to

determine the shear initial buckling stress of the circular arcs of Panels No. 3
and 4. Hence, the shear stress ratio can be expressed as

5,

-1
r [ = fS)B [0.37(Zb;2)l/2 TCT;Q] ( L= O,I) (12-2%)

12-10



where

55 5. 1/2
Zb,e = Rt (1 - Vel) (2= 0,1)
278
(12-28)
n E te
T - o -sect el 4 (2 = 0,1)
er,f 2 S
1- Vel 2
and fg is given by equation (12-12c). The plasticity coefficients of
equations (12-27) are based on the combined stress state.
The expression of the utilization factor is
'(2 12 )1/2
N ol ¥ Te, * Prs,ﬂ B (12-29)
U =2 (e - O’I)
L,¢ 2

Equations (12-27) through (12~29) are formulated for Panel No. 4. With the
subseript { removed, the eguations apply to Panel No. 3, the application for
which the stresses are given by equations (12-10), (12-11a) and (12-12Db).

OPTIMIZATION PROCEDURE

Equations for the stress and local buckling analyses of the Fortran
optimization programs which were used to determine the final wminimum weight
panels of thes semimonocoque structure have been presented. Variab.es of the
programs are as follovs:

b, R, t, 0, (Panel No. 1)
b/d, h, t,0 (Panel No. 2)
b, R, t, 6 (Panel No. 3)
o, Rps tr, b GI (Panel No. 4)

Note that the height/chord ratio of the outer arc of Panel No. L is fixed at
a specified value.

12-11



In the input data of the programs, upper and lower limits of the variables
and the increment for varying each variable between limits are specilied,
topether with the panel loading, thermal slrains, material properlics, a mini-
mum Y {0 26l olher problem constants.  The propgram: analyze all poussible
degipng from Lhe malrix of dimensions: Lhey pgenerabe and seleetl Lhose Lhal have
utitizvalion Cactors Uy near onc, which correiponds to a zero margin ol sal'ety.
Note thal Lhe scanningg process involves two ubllization Tuctors in Lhe desien
of Panels No. 1, sand h and only one facltor in Lhe design of Panel No. 3.

The prosrams have provisions for rejecling unacceptable desnigns before Lhe
analysis is compleled; for example, when Ug > “G,m:;.x and N, < 0.1,

For the present investigation of Panels No. 1, 3 and h, b was fixed at
0.Y inch because of practical considerations. The height/chord ralio of the
outer arc of Panel No. 4 was fixed at an upper limit of 0.2 because of aero-
dynamic requirements. In addition,0, of Panel No. 1, 6 of Panel No.3,.and @
of Panel No. It were fixed at an upper limit of 77a5° because of manufacturing
limitat ‘ons.

SECTION PROPERTIES AND STIFFNESSES
All section properties and stiffnesses which are used in the loads, stress,
and local buckling analysis of the panels of the semimonocogue structure are
presented in thi: section.

Panel No. 1, Beaded

The bending stiffness coefficients of the beaded skin panel

L VPR S
D] . see Ic)l ]W
.l_ - Vel e
(12-30)
D2 = ﬁEelIxx
where
T = 2 1‘3
yy s 12
(12-31)
I = £R (O 5 + cos® © )6 -« 0,75 sin 26 ]
XX a owe 1/71 ° 1
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in which

2 = R ain 01 + 0.0

(12-32)
8 = 0.9 +F 91R
and where
1/2
B 2, 2 1/2
(<)
or
M= M. (12-33p)

Equation (12-332) is used for computing the stress ratio R, and equation (12-33b),
for computing R;. The plasticity coefficicnts Ngun 20d Ngee are based on the
stresses f,, 1} and {y, the equivalent stress of which ig determined with
octahedral shear stress theory.

Additional properties which are required for the analyses of panel loading
and stresses are

T = st/a
Es = at/s (12-34)
z = 0.5h = R(1 - cos 6,)
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Stiffness coefficients which are required for the first mode o' loeal

buckling are

in which

L1,

T = "an,rFerl e,

i

n E 1 -
D - see,ls elI (12_35)

11 H] yy,h
1- Vel

D - 11sec,LEelf
3 (1 + vg3) “6y,L

2 . 2 .
— (Ixx,L cos Bg - IZZ,L sin Gg - Ixy,L sin 262)

- §2 t3

T o= 25 12-36

yy,L S, 12 (12-36)
Sp 43
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vhore

i : T 3 3 n2 i . - Loveyes
lxx,]. < al - tR [(O.b + cos 01)92 - sin 62(2(.03 0, - 0.bcon 0:,)]
I = t&°|a(sin @, - 5in @) - 0.5R[sin® 6. - sin” @
Xy,L 1 2 : 1 2
- R cos el(cos 6, - cos 02) --(el - 92) a cos el] (12-37)
I = tRJ(0 5R2 + a2)(0 -0, - 0.251%2 (sin 20, - sin 26,)
22,L ' 1 2 1 2

+ 2aR(cos 8, - cos 92)] + t.b3/2h

and

2 22 i
2 2

§2 =

0 -1 (2 12-38

g = <tan ;{—— ( "3)
2

s, = O.5b+R(91-92)

Expressionsof the dimensions x, and z, are

2

»
i

a-Rs1n02

N
i}

R(cos 0, - cos Gl)
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Plagticity cocfficients of equation (12-35) are based on the stresses f

and I , the cquivalent stress of which is determined with octahedral shear
strest theory.

The effective thickness ;i of equation (12-13a) is expressed as
* = 3 2-9

Panel No. 2, Trapezoidal Corrugation

The bending stiffness coefficients of the trapezoidal .orrugation are
given by equation (12-30) where

Tyy = g
-l
i‘xx = %[bt(o-‘jh)2 + E%E] (12-40)
in which
d = h/sin ©
p = 2(b +d cos 0) (1241)
s = b+d

The planlicity coeflicients are evaluated the same as those of Fanel No. 1.

Additional properties which are required for the analyses of panel loading
and stresses are

T = 2st/p
E; = pt/2s (12-42)
z = 0.5h
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Panel No. 3, Tubular

Stiflness cocellicionts of the tubular panel of symmetric cross
section are

Dl = 0
D, = WE,T (12-43)
n_E
- - _sec el =
D3 0.25 T+ ‘élJ
where
- HeR? 2
P . ) . "r_ - .'l" . ,}
Tex o [(o._) k cos” 0)6 = 0.75 sin 20
- )
J = MAQ//p(lEQ)
t
in which

p = b + 2R sin 0

A = R2(20 - sin 260)

The procedure for evaluating the plasticity coefficients of equation (12-43)
is the same as that for equation (12-30).

Additional properties which are required for the analysis of the panel are

t

il

2st/p

LI}

5y 2pt/s (12-4%)

z = R(1L - cos @)
where
8 = b + 2R@
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Panel No. L, Convex Beaded

Stiffness coefficients of the tubulary panel of unsymmetric
cross section are given by equation (12-43) in which (ref. 12-5)

roo ) _2 -2 ~F
Tex T P IO,arc T II,arc ¥ AO,arc‘O,arc * AlgarCZIa&rC ) AVZ
(12-45)
R.O 6
J = lLA2/2p<—-——2 O+R£I>
0 I
where
p = b + aRI sin 91
2,arc BRﬂthf (L=0,1)
Av O,aru I’u['( (l.() 3 ll)l)
ain ©
./'O,arc RO T(;— -0 90
(12-h0)
_ sin 9
“1,arc Ry <_—“I - cos © >
0 I
4= (AO,arCZO,aTC +AIaaTCZI’ar°)/Ay
] 2 sinaeg

A - i -9, : )‘ i
Tg,are = Bty \8g * sin 8y cos & % (s o)

- 2 3 1 I, 2 — ! ot r
A = RO(OO - 0.5 sin 260) I RI(OI 0.5 s.n BOI)
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and

2 on2) /.
Ry = |hg +0.25¢7) /[ 2n,

N (12-k7)
6, = sin (0——-13‘50)
Q
The expression of the chord dimension of equation (12-4T) is
. ’
€ = 2R, sin@, (12-48)

The plasticity coefficients are evaluated the same as those of' Panel No. 3.

Additional properties which are required for the analysis of the panel

are
T = A
o/ ®
_ P s, &
- a2,
I 0
(12-49)
ZO = ho -2
» oy = -RI(l - cos GI) - %
vhere
sp = b+ 2Ry6) (2 = 0,1)
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SECTION 13
PRIMARY-STRUCTURE WEIGHT ANALYSIS
by

C. C. Richie, G. W. Davis, W. A. Claus, D. G. Watson,
F. T. Bevan
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SYMBOLS

x and y distance between simply supported edges of pane';
b is also trapezoidal corrugation crest width and width of
flats of panels.

Area

Ares of nth element of a cross section

Area between ¢ and BL 120 of wing investigation area

Area between BL 120 and BL 212 of wing investigation area
Area between BL 212 and BL 350 of wing investigatiion area
Butt line

Width of flange of flanged waffle

Pitch

Distance from crest-to-crest of circular-arc, corrugated
shear webs

Width of nth element used in determining compression allowable
Panel aspect ratio

Geometric chord

Hole diameter

Width of diagonal element of trapezoidal corrugetion

decibels

Modulus of 2Jasticity

Panel edge eccentricity; elongation

Extensional eccentricity of waffle

Shear eccentricity of waffle
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Foe Allowable crippling stress

Fs,er Allowable shear stress

g Gravitational acceleration
Hz Hertz

h Height

hw Stiffener height of waffle
K Buckling coefficient

L Length

N Force per unit length

Nx, Ny, Nxy Extensional forces and shear force in xy coordinate system
per unit length of section

n Exponent of weight index used in wide-column curve

P Pitch

P Pressure

q Dynamic pressure

R Radius

Rl Radius of internal arc of convex-beaded configuration
Ry Radius of external arc of convex-beaded configuration
] Cell size of honeycomb-core

Smax Meximum cell size

Shin Minimum cell size

T Temperature

t Thickness

tg 1/2 (tg + to) for waffle single shear joint

1/2 (tg + tp, + t,) for waffle double shear joint
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ty Cap thickness

te 1/2 tg + e11; corrugation thickness; cap thickness; core foil
thickness for honeycomb- and truss-core panels

tg Skin thickness

Lw Stiffener thickness for waffle configuration

tﬂ Thickness of internal arc of convex-beaded configuration

ty Thickness of external arc of convex-beaded configuration

tl Skin thickness of internal face sheet of honeycomb- and

truss-core sandwich

to Skin thickness of external face sheet of honeycomb- and
truss-core sandwich

t Equivalent thi-~kness
EBasic Equivalent thickness of panel without nonoptimum factor

tHeat Shield Fauivalent thickness of heat shield

%panel Equivalent thickness of panel with nonoptimum factor inecluded
tootal Total equivalent thickness

W Unit weight

L Maximum panel deflection

Z Iocation of neutral surface from extreme fiber
o Semi-apex angle of beaded concepts

AT Temperature difference

At Fquivalent thickness difference

S “eflection

E Efficiency factor used in wide-coulumn equation
n Plasticity factor

13=xvii



Ratio of pitch to radius
Density of honeycomb-core

Summation

Semi-~apex angle of circular-ar - _orrugation
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Section 13

PRIMARY-STRUCTURE WEIGHT ANALYSIS

Data obtained from the analysis of trajectory, vehicle loads, aerodynamic
heating, and candidate materials were applied to a detailed weight analysis of
the primary structure (initial screening, intermediate screening, and final
structural sizing).

INITTAL WEIGHT SCREENING

Loads are shown in Table 8-1 and the design temperatures for the monocoque,
semimonocoque spanwise, and semimonocoque chordwise concepts used for the initial
panel-weight screening are shown in tables 13-1, 13-2, and 13-3. Selected-size
panels were designed and optimized.

Initial panel-screening results are shown for monocoque and semimonocogue
primary structures, (spanwise end chordwise-stiffined) using Rene’ 41 and Haynes
25 materials. Following this, certain panel configurations and the use of
Haynes 25 materials were eliminated because of their weight.

Monocoque

Initial screening of leading candidate panel configurations for the
monocoque primary structure concept was accomplished using the structural
synthesis optimization procedure presented in section 10. Optimum structural
configurations, within prescribed constraints and for multiple design condi-
tions, were determined for six different types of simply supported rectangular
panels as presented in table 13-1.

Constraints on minimum gages for the leading candidate panel configura-
tions were as follows:

1. Waffle grid (-45° x 45° and 0° x <0°)
skin thickness, tg = 0.020 in.
stiffener thickness, ty = 0.020 in.
2, Honeycomb sandwich
internal skin thickness, t1 = 0.010 in.
external skin thickmess (exposed), to = 0.015 in,
core foil thickness, t, = 0.002 in.
3., Truss-core sandwich
internal skin thickness, ty = 0.010 in.
external skin thickness (exposed), to = 0.015 in.
core web thickness, t, = C.010 in.
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Additional constraints for the honeyccmb-core sandwich were:

1. Maximum (square) cell size, Spgy = 0.375 in.
2. Minimum (square) cell size, S,;, = 0.125 in.

Additional constraints for the waffle grid (-45° x 45° and 0° x 90°)
wvere:

h
1. Max.: am stiffener height/thickness ratio,(fgﬂ) = 25
W

max
2. Maximum flange width/stiffener pitch ratio (flanged waffle grid

only), (bf)
—) =o0.5
P Jnax

3. Maximum stiffener spacing aspect ratio (0° x 90° waffle only)

Pmax
P, = 3.0
min

max

Typical spar ceps and edge closeouts, shown in figure 13-1, were used
to determine nonoptimum weight factors for the candidate panel concepts. Manu-
facturing processes used for the weight analysis of panel concepts are shown
in table 13-k.

Weight data presented in table 13-1 indicate that the least-weight pasnel
concept on the upper wing surface is the -45° x 45° unflanged waffle grid. On
the lower wing surface, the least-weight penel concept is the 0° x 90° flanged
vaflfle grid, with the 0° x 90° unflanged and 45° x 45° flanged and unflanged
waffle grids being slightly heavier. Based on the combined weight of the upper
and lower surfaces the two lower weight configurations, -45° x 45° (k.37 1b/ft2)
end 0° x 90° unflanged (4.56 1b/ft2) waffle grids were selected for further
screening. Also, since panel weights for Rene’ b1 are less than those for
Haynes 25 on both the upper and lower surface, Rene’ 41 wes selected as the
primary structural panel material.

Initially, only the waffle panel was retained for further analysis.
However, at the end of the final analysis, the waffle weight was found to
have increased significantly, primarily as a result of pressure loads and the
fact that the waffle panel is less efficient when applied to the complete wing
structure than other concept Thus, the final results did not present the
best choice for & monocogue . .icept, and the initial screening results were
reconsidered. Consequently, .oneycomb sandwich was chosen as the panel exhibit-
ing the greatest potential fr ' support of pressure and inplene loadings for
monocoque studies. The hone, ~omb sandvich was then selected for final detailed
analysis.
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Semimonocoque

Panel weight, closeout weight, minimw. gages, and typical hesat-shield
welipht were considered in the initial screening of all candidate semimonocoque
spunwise- end chordwise-stiffened panels. Nonoptimum factors were based on the
weipht of panel-edge closeout designs in which the fasterner shear force and
panel centroidal axis are aligned. The typical heat-shield weight was based
on a refurbishable corrugated skin with two transverse hat-section stiffeners
and four post supports. Table 4-5 of section 4 contains the manufacturable
minimum gage constraints imposed on the concepts.

Tne panels were analyzed using the general and local structural staebility
procedures as derived in section 12. Written in the general form, the wide-

column equation is
<\n
N (_%)
LEN

A plot of weight index (t/L) versus load index (N/LE %) is shown in
figure 13-2; this figure also contains the efficiency factors (€) and weight
index exponents (n) for the candidate concepts considered. Curves 1, 2, L,

6, and 9 were used for the initial panel-weight screening. Later, it was found
that the corrugation-stiffened configuration was limited by fabrication, as
represented by curve 3 of figure 13-2., The corrugation-stiffened configuration
had a 60-deg interior angle and & flat/slent height ratio of 0.80, which is
nonoptimum, as a result of the fabrication stretch-forming limitations. The
trapezoidal corrugation was analyzed for the optimum 60-deg interior angle and
a flat/slant height ratio of 0.85. Also, later in the study, the beaded and
tubular punel concepts were based on a constant semiapex augle of T77.5 deg,
reduced from the earlier 90-deg arc because of the elongation limitations of
fabricating these configurations by stretch-forming. During the intermediate
screening, the room-temperature beaded-panel column *est (presented in section
27) resulted in a failure at a lower stress than saticipated. The local insta-
bility allowable for the beaded penel was initially assumed to depend on the
radius-to-thickness vatio (R/t) of the arc; this was substantiated by local
buckling tests. However, on the basis of orthotropic plate theory, the column
panel test failure corresponded to an upper bound stress. Therefore, a new
optimization procedure (see section 12) was developed for the final structural
sizing of the beaded concept, as represented by curve 8 of figure 13-2.

Spanwise concepts. The results of the initial spanwise=-stiffened panel
screening given in table 13-4 indicate that all of the spanwise panel configura-
tions are of approximately the same efficlency. The heavirst is indicated to -
be the tubular panel however, this panel showed the potential for much greate -
efficiency at longer lengths then used. Therefore, all four configurations
were subjected to an additional detalled panel evaluation during the intermedi-
ate screening in which total wing cross-section welghts were considered.

Results showed that the Haynes 25 alloy panels were not competitive with the
Rene’ 41 panels.
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Chordwise concepts. — The results of the initial chordwise panel screen-
ing presented in table 13-5 show that the convex beaded version (unshielded
design) has the lowest weight, 3.20 lb/ft2 for combined upper and lower surfaces.
However, selection was not made until results of the intermediate analyses of
the spanwise concepts were known. This delay was to allow a better evaluation
of the weight of these primary-structure concepts as a function of panel size
and .0 allow selection of a concept identical to one of the spanwise concepts
in order to meke & direct comparison of panel orientcotion.

Statically Determinate

The statically determinate structure is spanwise sviffened. The minimum-
weight panel concept for the spanwise semimonocoque structure would also be
very efficient for the statically determinate panels, since the loading con-
ditions are similar, Thus, no screening was done for the statically determinote
structure, anu “he panel selection for final weight analycis of this type of
structure wes the least-weight spanwise semimonoc-.gque panel.

INTERMEDIATE WEIGHT SCREENINC

The intermediate screening considered normal pressure as well as inplane
loadings for total wing cross-section optimization; rib and spar spacing were
varied. Preliminary considerations for thermal protection (heat shield) were
included to keep the primary structure below 1600°F, Calculated weights were
based ~r Pene’ 4l material and included .ne following items: primary structure,
typical r-ut shields, spars and ribs, and penel closeouts. Heat-shield weight
was based on a refurbishable corrugated skin with two transverse hat-section
stiffeners and four post supports. In addition to the elimination of certain
panel constructions, the results of the intermediate screening provided the
ne~ussary structural date for input into the final redundant-model loads
analysis. For this intermediate screening analysis, the prelimicary redundant-
model internal loads shown in table 8-2 of section 8 were used.

A survey of the preliminary transient-temperature data for the three
fiight conditions (-0.5-g, +2.0-g, and cruise) and the loads of table 8-2 led
to the choice of the +2,0-g maneuver condition as the controlling design for
the intermediate screening. The thermal strains, rather than the thermal
loads of table 8-2, were combined with ihe air loads and the tempers ares of
the preliminary transient amnalysis for each concept. The semimonoroque
arrangements were optimized for bending and compression. The waffle and honey-
comb optimizations included shear, bending, and compression.

The results of the intermediate weight screening shown in teble 13-5

include temperatures, rib and spar spacings, and weights (1b/ft2) for the
primary structural concepts investigated.
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Monocoque HWaffle

A parametric aspect ratio study involving 45° x U45° and 0° x 90° waffle
panels indicated that a geometrical configuration in which a/b = 2.0, with rib
spacing b of 20 in., provides optimum weights. This 20-by-U40 in. size was then
used for the panel evaluations shown in table 13-6. Since the 45° x U5° grid
was more efficient, waffle weights and shapes (including substructure) were
determined for the 45° grid to provide input data for obtaining final redundant
analysis loads. The details of the monocoque waffle intermediate screening are
presented below.

Initial panel aspect ratio and panel dimension investigation — The
initial panel aspect ratio and panel dimension investigation encompassed the
follewing main areas:

e Turther assessment of the -45° x 45° and 0° x 90° waffle grid
was made to provide additional substantiating data for the waffle
grid selection (see initial panel screening).

® Aerodynamic pressure effects were considered for designing
unflanged -45° x 45° and 0° x 90° waffle plates subjected to
2ombined inplane and out-of-plane loading.

The evaluation matrix for the unflenged -45° x 45° and 0° x Q0° waffle
grid using inplane loads is shown in table 13-6. As a conservative design
approach, only compression loads were considered in the panel sizing. By
neglecting the beneficial effects of tension on panel general instability,

a small weight penalty was incurred, Panels are located between BL 120 and
220 without heat shields. Assumed temperatures for the comparison were 1400°F
and 1600°F for the upper and lower surface panels, respectively. Rene K1
material properties were used. Aspect ratios of 1 and 2 were assumed for
panel widths of 20, 40, and 60 in., considering both chordwise and spanwise
orientation. A summary of unit weights for this aspect ratio study is shown
in table 13-7. The conclusions of the waffle assessment are:

e The 45° x 45° waffle results in lower weight for plate applications
(lower surface spanwise orientation).

e The 0° x 90° waffle is lower weight for wide column applications
(lower surface spanwise orientation).

e The effective rib cap area (spanwise joint plus rib cap) for both
the 45° x 45° and 0° x 90° panels is essentially the same because
the distance from the outer pannel surface to the neutral axis is
approximately the same.
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e The effective spar cap area (chordwise joint plus spar cap) for
the 45° x U5° waffle is less then the 0° x 90° waffle since the
distance from the outer panel surface to the neutral axis is
less for the U45° x 45° waffle.

e Chordwise panel orientation is the most appropriate approach with
ribs being placed closer than spars.

The evaluation of normal pressure effects (internal, venting) on the
-45° x 45° and 0° x 90° waffle panels is shown in table 13-8. The comparison
was based on design loads shown in table 8-2 for the 2g maneuver condition.
Panels are between BL 120 - 220 without heat shields. Chordwise panel orienta-
tion, aspect ratio of 2.0, and width of 20 in. were considered. Rene k1
material properties and panel temperature of 1400°F was used. Limit wing
pressure data are taken from section 2.

The results of the upper surface panel evaluation are presented in
table 13-8. The comparison indicates that upper surface panel weights (for
the particular panel size considered) increase approximately 32 percent for
both the -45° x 45° and 0° x 90° waffle grids when normal pressures are con-
sidered. On the upper surface, unit panel weights of the 0° x 90° waffle grid
are slightly less than those for the -45° x 45° waffle grid. Since the upper
surface loads are higher in the short panel direction, the weight difference
between the waffle grids indicates that the 0° x 90° waffle is also more
efficient as a wide column when the effects of pressure are included.

The results of the lower surface panel evaluation shown in table 13-8
indicate that pressure has a significant effect on panel weights. For the
-45° x 45° waffle grid, unit panel weights increase 33.5 percent and 49 percent
for panel widths of 20 in. and 40 in., respectively. For the 0° x 90° waffle
grid, unit panel weights increase 34 percent and 43 percent for panel widths
of 20 in. and 40 in., respectively. Thus, the increase in unit panel weight
due to pressure is approximately the same for both the -45° x 15° and 0° x 90°
waffle grids.

On the lower surface, unit panel weights of the -45° x U5° waffle grid
are considerably less than those of the 0° x 90° waffle grid. Since the lower
surface loads are higher in the long panel direction, the weight difference
between the waffle grids indicates that the -45° x 45° waffle is also more
efficient as a plate when the effects of pressure are included.

Since total panel weights for the -45° x U5° waftle grid are less than
those for the 0° x 90° waffle grid (see table 13-8), the -45° x 45° waffle
grid was selected for the monocoque waffle primasry-structure panel concept.

Initial wing geometry (rib and spar spacing). — Initial wing geometry
was determined to provide more refined redundant model input data for the
monocoque waffle primary-structure concept. The initial rib and spar spacing
was determined by the following optimization procedure:
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e The panel width was optimized for a chordwise panel orientation
and panel aspect ratio of 2.0. These initial assumptions were
supported by the comparison of various panel configurations
shown in table 13-7.

o The panel aspect ratio was optimized using the panel width deter-
mined in the first step.

Panel design for the initial rib and spar spacing was based on constant
airloads and thermal strains. Thus, panel thermal loads were proportional to
the panel stiffness. This design procedure ensures consistency between re-
dendant model and panel loads. Redundant model airloads depend mainly on
equilibrium and, therefore, were assumed to be constant with changes in panel
stiffness. Similarly, redundant model thermal strains depend mainly on com-
patibility conditions and were also assumed to be constant with changes in
panel stiffness.

The procedure of section 10 was used for optimization of the -45° x 45°
unflanged waffle grid panels subjected to combined inplane and out-of-plane
loading. In addition to the initial inplane and pressure loads, an edge
eccentricity of *0.02 inch and an initial deflection due to bowing of 0.00L x b
was assumed. Although all three loading conditions were considered, the 2g
maneuver condition was the only active design condition.

The panel width optimizati..a matrix is shown in table 13-9. Optimum
panel widths were determined for the inboard area between BL 120 - 220 and
the outboard area between BL 220 - 350. Iower surface thermal protection for
the panel width study consists of heat shields in the outboard area. To select
an optimum thermal protection arrangement for the monocoque waffle primary-
structure concept, further assessment of the effects of heat shields (with and
without insulation) will be considered in the final evaluation. Temperatures
are based on preliminary thermal analysis data. A total of 16 panels were
optimized for widths of 10, 20, 30 and 40 in. The results of this optimiza-
tion, including panel weights, dimensions, eccentricities, and maximum deflec-
tions, are shown in tables 13-12 and 13-13 for the lnboard and outboard ereas
of the wing, respectively. Notation for the panel dimwensions 1s presented in
figure 13-3.

Based on extensional eccentricities from tables 13-10 and 13-11, incre-
mental weights for typical single and double shear joints (figure 13-4) are
shown in tables 13-12 and 13-13. Small weight differences between the two
joint concepts result. TFor the determination of the rib and spar requirements,
the single shear joint is selected because of design simplicity.

A summary of component wing weights including panels, closeouts, rib/spar
webs and caps, and heat shields, is shown in tables 13-14 and 13-15 for the
inboard and outboard areas of the wing, Cirecular-arc corrugated webs of 0.015 in.
(minimum gage) analyzed for local instebility, general instebility, stiffness,

S 13-7



and resistance to flexure-induced crushing are used for both ribs and spers.
A minimum gage (0.010-in.) cirecular-arc corrugated post-supported heat shield
is also considered.

Optimization of the rib and spar requirements is shown in figures 13-5
and 13-6. Based on an aspect ratio of 2, the optimum panel width is 20 in. for
both the inboard and outboard areas as indicated. Based on the foregoing panel
-izes, the corresponding unit wing weights are 8.9 lb/ft2 for the inboard ares
and 8.5 1b/ft2 for the outboard area.

The panel aspect ratio optimization matrix is shown in table 13-16.
Optimum panel aspect ratio was determined only for the inbcard area. Lower
surface heat shields are assumed. Temperatures are based on preliminary
thermal analysis data. Eight panels vere optimized for a panel width of
20 in. and panel aspect ratios of 1.0, 1.5, 2.0, and 2.5. A summary of com-
ponent wing weights including panels, closeouts, rib/spar webs and caps and
heat shields, is shown in table 13-17. Figure.13-T indicates that the optimum
aspect ratio is approximately 2.5. However, the difference in wing weight for
panel aspect ratios between 2.0 and 3.0 is small, i.e., less than one percent.

Monocoque Honeycomb-Core Sandwich

As indicated in the initial panel-weight screening, honeycomb-core sand-
wich was selected for the final structural analysis. Weights for this panel
are not presented in the intermediate screening data of table 13-5. However,
an intermediate screening was conducted to determine input for the redundant
loads analysis, required for the final structural amnalysis.

The intermediate screening of the honeycomb-core sandwich concept was
accomplished after the final structural sizing of the lightest-weight waffle
arrangement and could, therefore, use the final waffle redundant model loads.
The honeycomb inboard wing data (teble 13-18) includes both smooth and recessed
closeouts and indicates that the recessed closeout design results in lower
weight. The recessed closecut requires that both face sheets be curved to
orient the psnel centroidal axis with the substructure fastener, resulting in
increased drag and increased local thermal stresses from uneven heating, as
well as increased manufacturing complexity.

The most important decision factor, in addition to panel weight, was
increased drag. Therefore, total wing aerodynsmic performance analysis (drag)
was conducted for the two closeout approaches, in terms of fuel increment
(as compared to an all-smooth wing). The resulting fuel increments were
9 790 1b for the recessed and 126 1b for the smooth closeout design.

The entire wing weights and the drag penalties are summarized in
table 13-18, which shows a vehicle weight advantage of TWl6 1b for the smooth
closeout design, which was therefore chosen for detail sizing. However, a
more gradual recess geometry than that selected would lessen the drag, and
since the recessed design has less weight than the smooth design, the recessed
design may offer lower wing weight and lower total system cost.
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An initial panel aspect ratio (figure 13-7) and panel dimension investi-
gation was conducted (figure 13-8), resulting in minimum-weight geometry of
a/b = 2, with a rib spacing b of 40 in. The honeycomb thermal protection was

lovwer surface outboard heat shields and insulation. The geometry for the honey-

comb sandwich panels are shown in table 13-19. These panel stiffnesses along
with the substructure stiffness were used for input date for obtaining final
redundant. anelysis loads. Table 13-20 indicates weipght results for the ceunter
(G, to BL 120), inboard (BL 120 to 212), and outboard (BL 212 to 350) areas of
the wing invesltipgation section. A honeycomb sandwich averapge weight of

6.4h 1b/Tt° was obtained for the total wing investigation section.

Semimonocoque Spanwise

A1l semimonocoque spanwise-stiffened structures, except the smooth
corrugation-stiffened panels, employed heat shields on all exposed surfaces
to reduce temperatures and provide aerodynamic smoothness,

The surface panels for each of the spanwise candidetes were sized for
the inplane and normal loads. The typical results of this analysis are pre-
sented in figures 13-9 through 13-15 for panels between BL 120 and 212.

The beaded and tubular panel concepts were based on a constant semiapex
angle of T7.5 . This angle was required for fabrication reasons. The elonge-
tion, efficiency, and geometry versus semiapex angle are presented in figures
13-16 and 13-17. These calculations were based on s 30.0 in. long panel car-
rying an inplane load of 2000 1b/in.

The corrugation-stiffened skin panel weight is for the upper surface
between BL 120 and 212. The constant geometry parameters used for this
section were a 60° interior angle and a flat/slemt height ratio of 0.80 as
required for fabrication. The trapezoidal corrugation was analyzed for a
60° interior angle and a flat/slant height ratio of 0.85.

During this intermediate structural screening, the corrugation-stiffened
skin was eliminated, since it was found to be considerably heavier than the
other three candidates. TFor example, for a 30-in. rib spacing, the upper
surface corrugation-stiffened skin panel is 2-1/2 times as heavy as the upper
surface trapezoidal corrugation, as shown in table 13-5.

Weight optimization of the tubular concept is presented in figures 13-18
and 13-19 for the representative areas of the wing., The optimum rib spacing
is approximately 40 in.; however, definition of the minimum of the curve
indicates that the rib spacing can be varied from 38 to U8 in. without appre-
ciably increasing total cross-sectional weights.

Results of weight optimizetion of the beaded concept are presented in
figures 13-20 snd 13-21. The optimum rib spacing is approximstely 48 in. for
the inboard area and 50 in. for the outboard areas. However, as in the case
for the tubular penels, rib spacing between 43 and 52 in. can be used without
apprecieble weight increase. For a 48-in. rib spacing, 0.016-in. gage
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thickness panels are required for the upper surface and minimum gage (0.015-in.)
for the lower surface. A radius of 1.50 in. is required to provide adequate
stiffness and strength to transmit the design loads for the respective panel
designs. For a rib spacing of 46 in. minimum-gage panels can be used for both
the upper and lower surface panel deslgns,

Weight optimization of the trapezoidal-corrugation concept is presented
in figures 13-22 and 13-23, indicating both wing component and total cross-
sectional equivalent thickness. The results indicate rib spacing requirements
of approximately 30 in. for both the inboard and outboard areas of the wing.
Both upper and lower surface thickness requirements exceed the minimum gage
criteria established, with 0.024-in. and 0.020-in. material thickness required,
respectively.

The goal of the intermediate screening was the selection of the two
lightest-weight semimonocoque spanwise structures for final sizing. These are
the tubular and beaded-skin concepts (table 13-5). The trapezoidal corrugation
is seen to be about 30 percent heavier than the beaded skin and about 13 per-
cent heavier than the tubular concept. However, a further intermediate screen-
ing of the trapezoidal-corrugation concept was conducted using the final semi-
monocoque spanwise loads presented in section 8. The results were compared
with the final beaded and tubular weights (presented later), and the trapezoidal-
corrugation concept was still heavier then the other two spanwise concepts. The
details of the further intermediate screening of the trapezoidal corrugation are
presented below.

The trapezoidal-corrugation primary structure with heat shields on both
upper and lower surfaces was assessed on the basis of combined loadings (com-
pression, shear, and bending), meterial capability (Rene' 41), practicality of
design for the given wing cross-section, and detailed thermal analyses. Thermal-
protection arrangements with no insulation and with insulation at the lower
surface outboard of the one-third wing chord were considered. (Insulation
reduces the spanwise thermal gradients and enables a better match between the
gradient through the depth of the wing and the fuselage.)

Tnsulation was placed so as to maintain the 1600°F material limit and to
minimize thermsl gradients in the spanwise direction and to provide gradient
matching between the wing and fuselage, thereby reducing thermal stresses.
Figure 8-18 of section 8 shows typical reductions in thermal stresses resulting
from proper insulation placement.

Optimum rib and spar spacings were determined by considering surface
pan¢1ls, rib and spar caps and webs, heat shields, closeouts, fasteners, in-
sulation, oxidetion penetration, and vertical posts. The surface panels were
analyzed for their most criticael flight condition, the +2.0-g maneuver.

The 60° circular-arc (sine wave) sper webs were snalyzed for total
minimum T across the three wing areas (A, B, C) for critical shear stability.
An optimum spar spacing of 90 in. allowed minimum-gage webg of 0,015~in
Rene’ 4l in the center (A) and outboard (C) wing areas and 0.018 in. in the
inboard (B) section.
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From the optimum 90-in. spar spacing, total wing cross-section and various
winy: element effective thicknesses were determined as a function of rib spacing.
The opt.imization results for the center ares (A) for the insulated arrangement
are summarized in figure 13-24 and indicate an optimum rib spacing of 30 in.

This same type of rib spacing optimization was accomplished for the re-
maining areas (B and C) of the insulated arrangement and for the three areas
for the uninsulated arrangement, as shown in figures 13-25 to 13-29, 1In all
cases, the rib spacing for minimum wing T was low enough for minimum-gage
(0.015-in.) rib webs.

As a result of the heat-shield evaluation {described later), the refurbish-
able corrugated heat shield with multiple supports was used in this analysis.
Oxidation weight was based on a depth of oxide penetration commensurate with the
exvosure time and temperature. The fastener weight represents the head, or nut,
section of the fastener.

The summary of optimum rib spacing and unit weights shown in table 13-21
indicates that the insulated arrangement (lower surface outboard) is of least
weight as well as being the minimum thermal stress design.

A summary of the trapezoidal-corrugation panel geometrics is presented in
tables 13-22 and 13-23.

The comprnent thicknesses and weights for the minimum weight trapezoidal
corrugation (insulation outboard) are shown in table 13-2k.

Semimonocoque Chordwise

The results for spanwise stiffening eliminated both corrugation-stiffened
skin and trapezoidal-corrugation concepts. Of the remaining semimonocoque panel
concepts, tubular and beaded, only the tubular buckling analysis had been veri-
fied by tests at the time the selection of a panel concept was made for the
chordwise weight analysis. Therefore, the tubular concept was selected for
intermediate weight analys.s. A variation of the tubular concept (convex-beaded)
that does not require an aerodynamic faliring on the upper surface and thet
reduces the exposed bead depth to provide a smoother surface was also considered.
This variation permitted a comparison of the least-weight chordwise tubular
concept with the least-weight spanwise tubular concept. As a result of the
lateral pressure loads and excessive temperatures when unshielded, tubular
panels instead of convex-beaded panels were necessary on the lower surface.

The rib-spar spacing weight results, including the substructure, are shown in
table 13-6. On the basis of these results, the lightest~-weight structure con-
sists of tubular lower surface and convex-beaded upper=-surface panels, and
this construction was selected for final chordwlse evaluation. However, a
further intermediate screening of chordwise concepts was conducted to evalu-
ate thermal-protection arrangements.
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The following tubular and convex-beaded primary-structure and thermal-
protection arrangements were assessed on the basis of combined loadings, material
capability (Rene’ 1), pr .cticality of design for the wing cross-section, and
detailed thermal ahalysis data.

Primary structure and Insulation

heat-shield arrangement(a) Arrangement Remarks
Upper: tubular o Heat shields required
Lower: tubular
Yes(b) (e)
Jpper: convex beaded Yo Upper surface structural temp
Lower: tubular increased
Yes () (¢)
Upper: convex beaded o Excessive struectural temp
Iower: convex beaded
Upper: convex beaded No Heat shields reduced structural
Inboard lower: convex bead.d
Outboard lower: tubular
Yes(b) (c)

(2) Tubular upper surface under fuselage for all arrangements.
Convex beaded: no heat shields.
Tubular: heat shields required.

(b) Insulation on lower surface outboard.
(¢) Iower outboard insulation reduced the spanwise thermal gradient.

Since the chordwise-stiffened panels are oriented in the direction of
the airflow, the convex-beaded primary structure was used without heat shields.

Therefore, thermal gradients for the arrangements investigated varied from
small to very large.
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The chordwise redundant-model internal loads shown in Lable 8-17 of
section 8 were used for evaluaeting the various configurations; however, a plane-
strain analysis as presented in section 8 was conducted to determine thermal
loads for each arrangement.

Optimum rib and spar spacings were determined from data on the surface
pa.els, rib and spar caps and webs, heat shields, closeouts, fasteners, insula-
tion, oxidation penetration, and vertical posts. The surface panels were
analyzed for their most critical flight condition.

The 60° circular-arc (sine wave) rib webs were analyzed for the total
minimum T across the three wing areas (A, B, C) for vertical shear stability.
A rib spacing of 60 in. in the center (one-half fuselage) and 75 in. in the
inboard (B) and outboard (C) areas allowed minimum-gage webs of 0.015-in. Rene’
11 to be used.

From the optimum rib spacing, total wing cross-section and various wing-
element effective thicknesses were determined as a function of spar spacing
(figures 13-30 to 13-50). The optimization results for inboard area B (BL 120=-
212) summarized in figure 13-40 indicate an optimum spar spacing of 24 to 28 in.
for the arrangement with a convex upper surface and a tubular lower surface and
with lower surface insulation outboard. The minimum-weight spar spacing for
wing areas A, B, and C was 24 in. for this concept. Identical spar spacing
optimization was accomplished for all chordwise arrangements and for the three
areas (A, B, C) of the wing investigation section as shown in figures 13-30 to
13-50. In all cases, the spar spacing for minimum wing T was low enough for
minimum-gage (0.015 in) spar webs to be used.

The tubular semiapex angle and the convex-beaded inner semiapex angle
were held constant at 77.5°. The bead height-to-width ratio for the unshielded
convex-beaded surfaces was held constent at 0.10 to reduce performance (aero-
dynamic drag) penalties. A summary of the panel geometrics for the various
chordvise arrangements is presented in tables 13-25 to 13-31.

As a result of the heat-shield evaluation described lster, the refurbish-
able corrugated heat shield with multiple supports was used in this analysis
instead of the corrugated-skin, hat stiffened, clip-supported heat shield
design that was used on most of the other intermediate weights. Oxidation
weight was based on a depth of oxide penetration commensurate with the exposure
time and temperature. The fastener weight represents the head, or nut, section
of the fastener.

The summary of optimum spar spacing and unit weights for the chordwise
candidates, shown in table 13-32, indicates the importance of insulation
placement. The reduced thermal gradients and thermal stresses resulted in
weight savings of 10 percent or more for the two minimum-weight arrangements.
Also, table 13~32 indicates that the unshielded and uninsulated convex-beaded
arrangement is the heaviest. Since the convex-beaded upper surface and tubular
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lower surface arrangement (with lower surface insulation outboard) was of the
least weight (6.89 1b/ft2), it was selected for the final structural analysis.

However, at this point in the chordwise investigation, the stiffnesses
resulting from the least-weight chordwise structural arrangement were observed
to differ from .he stiffnesses us~d for the redundant-model analysis. The
primary differences encompassed the shear stiffnesses, the extensional stiff-
nesses for the upper and lower surface spanwise direction (affecting spar cap
geometry), and the extensional stiffnesses for the upper surface chordwise
direction (affecting upper surface pasnel shape). Therefore, a new redundant
analysis was conducted with the actual stiffnesses of the least-weight chord-
wise structural arrangement of table 13-32, and these results were used for
the final structural anaiysis.

FINAL STRUCTURAL WEIGHTS

During final structural sizing of the Rene’ M1 primary struecture, various
thermal-protection arrangements were considered to determine the most compatible
arrangement of wing-fuselage temperatures and temperature gradients and to
determine the structure with the lowest weight. With respect to the heat shields
and insulation, the major objective was to minimize weight and to reduce thermal
stregs Ey limiting ~hermal-stress primary-structural temperatures to a maximum
of 1600°F.

Monocoque Waffle Concept

Thermal-protection arrangements for the 45° x U5° waffle primary structure
werc assessed on the basis of lowest weight, practicality of design for the
given wing cross-sention, and detailed th- rmal analysis data. These arrange-
ments were for (1) no heat shields and no insulation, (2) lower surface heat
shields outboard of one-third wing chord with and without insulation and, (3)
heat shields on entire lower surface with irsulation outboard of one-third
chord and without insulation.

Final redundant-analysis average internal loads and thermal strains are
shown in table 8-4 of section 8 for the thermal-protection arrangement with
lower surface heat shields outboard and no insulation. The redundant-model
airloads were used for all the thermal-protection arrangements; however, the
thermal loads were obtained for other arrangements by plane~strain analyses,
which, for the same thermal-protection arrangement, indicated generally good
agreement with the redundant-model results of table 8-4, as shown in section 8.

The thermal-anslysis data included transient effects on structural tem-
peratures and isotherms generated for the candidate thermal-protection arrange-
ments as presented in section 9. The ‘transient effects were based on a general
thermal model, which included effects of heat-shield placement, lower surface
insulation, and spar and rib size.
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Optimum rib and spar spacing for wing inboard area B (BL 120 to BL 212)
was determined for the thermal-protection arrangement with outboard lower
surface heat shield and insulation. Forty upper and lower surface panels were
optimized for panel-aspect ratios of 0.5, 1.0, 2.0, 3.0, and «.0 and panel
widths of 10, 20, 30, and 40 in. As shown in figure 13-51, the optimum pan-=l
width in the inboard area was 20.0 in. and the optimum panel aspect ratio was
1.0 for wing area B. However, final selection of optimum rib and spar spacing
was based on a comparison of average unit weights for the entire wing investi-
gation section, in which a panel spanwise width of 20 in. and panel aspect
ratios of 1.0 and 2.0 were considered. Average unit weight for aspect ratios
of 1.0 was 10.764 1b/ft2 and for 2.C was 10.494 1b/ft2. Consequently, a waffle
panel spanwise width of 20 in. and panel aspect ratioc of 2.0 (20 in. x 40 in.)
was selected for final sizing of the five waffle arrangements.

A summary of average unit weights for the various arrangements of lower
surface thermal protection is shown in table 13-33. The arrangement with the
lowest weight has heat shields with insulation on the lovwer surface outboard
of the wing one-third chordline. Deleting the outboard insulation resulis in
a 3 percent weight penalty and decreasing the panel aspect ratio from 2 to 1
causes a 2.6 percent weight penalty. BExtending the heat shield over the entire
lower surface results in a 5.6 percent weight penalty (higher without outboard
insulation). Deleting both heat sh’ 1d and insulation rasults in an 11 percent
weight penalty. The lovest-weight wing was achieved when the thermal-protection
arrangement imposed temperatures that resulted in a temperature gradient “hrough
the depth of the wing that nearly matched the temperature gradient through the
fuselage depth, both at the same station.

A summary of the wafile panel configuration geometrics for the various
thermal protection arrangements is presented in tables 13-3k to 13-37 for the
center, inboard, and outboard areas of the wing section investigated. Notation
for the panel dimensions is presented in figure 13-52. The waffle-cuncept
component weights shown in tables 13-39 to 13-43 include those of panels, single
shear cap and closeouts, rib and spar webs, web intersection, Dynaflex~insulated
corrugated heat shield, oxidation losses, and fasteners. A spanwise weight
distribution was used to cbtain an average unit weight for the entire wing
cross-section. The waffle panels are seen to represent approximately 55 percent
of the total wing weight for the minimum-weight arrangement of table 13-kO.

The final structural design offering the lowert weight waffle thermal-
protection arrangement are shown in figures 13-53A and B. Center, inboard,
and cutboard areas (designated A, B, and C) were used for determining total
wing weight and cost. A rib spacing of 22.30 in. (in area B) and a spar spacing
of 41.05 in. was used so that the one-third wing chord lies along the panel
diagonal. This arrangement provides maximum uniformity of panel design.

Out-of-plane loads at the one-~-third chordline were resisted by full-depth
webs along the panel diagonal. A minimum gage (0.015 in.) 60° circular-arc
corrugation was used for rib and spar webs. Flush Hi-Iok fasteners were used
to attach the upper surface panels to the rib and spar caps. TFor attachment
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of lower surface panels, countersunk screws and nut plates were used. (Removal
of the upper surface primary structural panels is accomplished by first removing
the lower surface panels.)

At web intersections, combinations of bentup flanges and separate angles
were joined by resistance spotwelding. Dynaflex insulation, varying from
0.25 in. in thickness near the leading edge to 0.125 in. inboard, was packaged
in Inconel X-750 foil.

Leading edges and heat shields were attached by externally accessible
flush screws. Cross-sections of the corrugated heat shield with multiple
supports and the segmented leading edge are shown in figure 13-53.

Monocoque Honeycomb-Core Sendwich Concept

The honeycomb-core sandwich primary structure was evaluated with lower
surface heat shields and insulation outboard of the one-third wing chord, since
this arrangement has the lowest weight for the monocoque waffle -oncept.

After detailed evaluation, it was determined that Rene’ 41 honeycomb-core
sandwich could not be adequately brazed by using existing techniques. Therefore,
resistance spotwelding was selected for welding the cellular-shaped foil-ribbon
core to the face sheets.

The honeycomb-core venting problem was approached in two ways: (1) com-
plete venting to the atmosphere, and (2) sealed panels, evacuated to a low
pressure, and filled with helium. Honeycomb-core vented to the atmosphere
simplifies heat-shield attachment and fabrication. However, this approach
permits oxidation and corrosion (from condensation of water vapor) of core
and interior-skin surfaces. Honeycomb-core sealed, evacuated, and filled
with helium at 2 psia eliminates oxidation and corrosion of the panel interior,
but using existing fabrication techniques the panel pressure sesl is extremely
difficult to achieve (adequate welding of closeouts). However, since honeycomb
sandwich offers a low weight potential and adequate sealing techniques may be
developed for future application, the sealed approach was used for this
investigation.

Table 8-8 of section 8 shows the final internal loads, resulting from
the redundant-model analysis, used for the final structural sizing.

Optimum rib and spar spacing were determined as shown in figure 13-5k,
considering surface panels, rib and spar caps and webs, heat shields, closeouts,
fasteners, insulation, oxidation penetration, and vertical posts. To assure
that no weight decrease occurs due to the relieving effect of local thermal
gradients, weights were determined with and without thermal gradients. Fifty-
four panels were optimized for panel aspect ratios of 1.0, 1.5 and 2.0. Panel
widths of 40, 50, and 60 in. were considered. The effective design condition
for the center and outboard upper surface pansls was cruise and —l/2g maneuver,
respectively. All other psnels were designed by the +2.0-g maneuver condition.
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As indicated in figure 13-54 and table 13-4k, a panel aspect ratio of
2.0 and panel width ol 40 in. (40 in. x 80 in.) provides minimum weight. This
is in agreement with the panel size selected for final redundant-model loads
and thermal analysis. A comparison between the shear and extensional thickness
used for Lhe honeycomb redundant-model load analysis and the final panel stiff-
nesses indicated excellent agreement.

A summary of the honeycoub sandwich panel design temperatures and geom-
etry is presented in table 13-45 indicating that the height h varies from 0.7l
to 0.96 in. with internal face thicknesses varying from 0.012 to 0.015 in. and
external face thicknesses varying from 0.015 to 0,019 in. The maximum face
sheet temperatures of table 13-45 were conservatively used to determine mate-
rial properties for both face sheets and the core. The honeycomb-sandwich
component weights shown in table 13-46 include weights of panels, closeouts,
caps, webs, web intersection, Dynaflex insulation, corrugated heat shield,
oxidation losses, and fasteners. A spanwise weight distribution was used to
obtain an average unit weight of 6.47 1b/ft° for the entire wing cross-section.
The panels represent approximately 59 percent of the wing weight.

A drawing of the final honeycomb-sandwich structural arrangement is shown
in figures 13-55 A and B. Center, inboard, and outboard areas (designated A,
B, and C) were used for determining total wing weight and cost. Rib spacing
of 0 in. and spar spacing of 80 in. were used. A minimum gage (0.015 in.) 60°
circular-arc corrugation was used for the rib and spar webs. Flush Hi-Lok
fasteners were used to attach the upper surface panels to the rib and spar
caps. TPor attachment of lower surface panels, countersunk screws and nut
plates were used. Removal of the upper surface primary structural panels is
accompl ished by lUirslt removing the lower surface panels. At web intersections,
combinal.ions ol benlup flanges and separate angles were Jjoined by resistance
spotwelding.

Dynaflex insulation, varying from 0.25 in. in thickness near the leading
edge to 0.125 in. inboard, was packaged in Tnconel 750 foil. Heat shields
and leading edges were attached by externally accessible flush screws.

Semimonocoque Spanwise Concepts

Two spanwise primery-structure concepts were considered during the final
structural sizing. Tubular and beaded-skin primary structures with heat shields
on both upper and lower surfaces were assessed on the basis of combined loadings,
material capability (Rene’ k1), practicality of design for the given wing cross-
section, and detailed thermal analyses. Thermal-protection arrangements with
no insulation and with insulation at the lower surface outboard of the one-third
wing chord were considered. (Insulation reduces the spanwise thermal gradients.)

Tubular. — The internal loads resulting from the spanwise redundant-model
analysis are shown in table 8~9 of section 8. These loads were used for eval-
uating both spanwise structures. Good agreement between assumed and actual
stiffenesses were noted. Plane-strain analyses were conducted to determine
thermal loads for each thermal-protection arrangement.
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Insulation was placed so as to maintain the 1600°F material limit and to
minimize thermal gradients in the spanwise direction and to provide a match
between gradients through the wing and the fuselage depth, thereby reducing
thermal stresses.

Optimum rib and spar spacings were determined by considering surface panels,
rib and spar caps and webs, heat shields, closeouts, fasteners, insulation, oxi-
dation penetration, and vertical posts. The surface panels were analyzed for
their most critical flight condition, the +2.0-g maneuver.

The 60° circular-arc (sine wave) spar webs were snalyzed for total mini-
mun t across the three wing areas (A, B, C) for critical shear stability. An
optimum spar spacing of 90 in. allowed minimum-gage webs of 0.015-in. Rene’ 41
in the center (A) and outboard (C) wing areas and 0.018-in. in the inboard (B)
section. The redundant-model shear loads were used for sizing the webs., The
determination of the web shear strength was based on the optimization procedure
presented in section 11, and subjected to the stated manufacturing constraints
in that section. Shear allowables are presented in figures 13-56, 13-57, and
13-58 for temperatures of 1300°F, 1L00°F, and 1500°F. The rib and spar cap
weights were determined from figures 13-59 and 13-60. TFigure 13-60 also in-
cludes the basic geometry of the caps.

From the optimum 90-in. spar spacing, total wing cross-section and various
wing-element effective thicknesses were determined as a function of rib spacing.
The optimization results for center area (A), summarized in figure 13-61, indi-
ce.se an optimum rib spacing of 50 in. for the tubular concept with insulation.
This same type of rib spacing optimization was accomplished for all three areas
(A, B, and C) of the wing investigation section and for both thermal protection
arrangements as shown in figures 13-61 to 13-66. TIn all cases, the rib spacing
for minimum wing T was low enough for miriaum-gage (0.015-in.) rib webs.

To provide heat-shield support-cliy attachment surfaces, the flats between
tubes were set at 0.50 in. The tubular panel semiapex angle was held constant
at 77.5°, as in the intermediate sizing.

As a result of the heat-shield evaluation (described later), the refurbish-
able corrugated heat shield with mulbtiple supports was used in this analysis.
Oxidation weight was based on a depth of xide penetration commensurate with
the exposure time and temperature.

The summary of optimum rib spacing and unit weights shown in table 13-47
for the tubular concepts with and without insulation indicates that the insulated
arrangement (lower surface outboard) is the lower weight and lower thermal-stress
design.

A summary of the panel geometry cf the final tubular structure is pre-
sented in table 13-48 for the center, inboard, and outboard areas of the wing
sect.on investigated. As indicated in table 13-48, the panel geometry is near
minimum gage (t = 0,010 in.) for the tkree wing areas.
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The component thicknesses and weights are shown in table 13-49 for primary
structural panels, panel closeouts, rib and spar caps, webs, and posts, Dynaflex
insulation, corruvgated heat shields, oxidation losses, and fasteners. A span-
wise weight distribution was used to obtain an average unit weight for the entire
wing cross-section. The primary-structure panels are approximately 45 percent
of the total wing weight.

The final structural design of the tubular concept is shown in figures
13-67 A & B. The tubular concept has panel dimensions of 90 by 48 in., 90 by
40 in., and 90 by kO in., respectively, for the three sections from center to
outboard.

The vertical rib and spar webs are of 60° circular-arc corrugation full-
depth Rene’ll construction melt-through-welded to the rib and spar caps. The
caps are of sheetmetal with flanged edges (channels). At the web intersections,
the posts are formed from cowbinations of angles and bentup flanges, joined by
resistance spotwelding.

The heat=-shield attachment clips are spotwelded to the shield and panel on
both surfaces. Since the heat shield is slightly smaller than the structural
panel, corrugated cover strips are attached mechanically to the spars. Foil-
packaged Dynaflex insulation placememt and thickness are indicated in figure 13-67.

Beaded Skin. = Thermal protection arrangements with and without insulstion
at the lower surface outboard of the one-third chordline were considered to eval-
uvate thermal stresses. The loads of table 8-9 of section 8 were used to evalu-
ate the beaded structure. The tubular structure's optimum 90-in. spar spacing
was used to determine total wing cross-section and optimization results for the
center area (A), summarized in figure 13-68, indicate an optimum rib spacing of
50 ine. for the beaded concept with insulation.

This same type of rib spacing optimization, as shown in figu.ces 13-68 to
13-73, was accomplished for all the three areas (A, B, and C) of the wing inves-
tigation section and both thermal-protection arrangements. In all cases, the
rib spacing for minimum wing t was low enough for minimum-gage (0.015-in.) rib
webs.

To provide heat~-shield support-clip attachment surfaces, the flats between
beads were set at 0.50 in. The beaded-panel semiapex angle was held constant
at TT.SO, as in the intermediate sizing.

The refurbishable corrugated heat shield with multiple supports was used

in this analysis. Oxidation weight was based on a depth of oxide penetration
commensurate with the exposure time and temperature.
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The summary of optimum rib spacing and unit weights shown in table 13-50
for the spanwise candidates indicates that the insulated arrangement (lower
surface outboard) is the lower-weight and lower-thermal-stress design.

A summary of the final beaded-panel geometry is presented in table 13-51
for the center, inboard, and outboard areas of the wing section investigated.
The panel gages shown in table 13-51 range from o wminimum gage of t+ = 0.015
tot = 0.022; that is, although lower weight than the other concepts, mini-
mum gage is not required.

The component thicknesses and weights are shown in table 13-52 for primary
structural panels, panel closeouts, rib and spar caps, webs, and posts, Dynaflex
insulation, corrugated heat shields, oxidation losses, and fasteners. A span-
wise welight distribution was used to obtain an average wnit weight for the en-
tire wing cross-section. The primary-structure panels are approximately 45 per-
cent of the total wing weight.

The final structural design for the beaded concept is shown in figures
13-Th A and B. The panel dimensions are 90 by 50 in., 90 by 50 in., and 90 by
40 in., respectively, for the three sections from center to outboard. Other
design aspects of figure 13=7T4 for the beaded concept are the same as discussed
earlier for the tubular concept.

Semimonocoque Chordwise Concept

The weight of the semimonocoque chordwise concept, consisting of tubular
panel with heat shields on the lower surface and convex-beaded upper surface
without heat shields, was determined with insulation on the lower surface out-
board of the one~third chordline. The chordwise redundant-model internal loads
shown in table 8-39 of section 8 were used. Detailed transient thermal analyses
were conducted to determine local stresses and deflections caused by temperature
gradients through the panel structure as presented in section 9.

The 60° circular-arc (sine wave) rib webs were analyzed for the total mini-
mun t across the three wing areas (A, B, C) for vertical shear stability. A
rib spacing of 60 in. in the center (one-half fuselage) and 75 in. in the inboard
(B) and outboard (C) areas allowed minimum-gage webs of 0.015-in. Rene’ 41 to be
used.

From the optimum rib spacing, total wing cross-section and various wing-
element effective thicknesses were determined as a function of spar spacing as
presented in figures 13~75 to 13-7T7. The optimization results for center area
A (¢ to BL 120), summarized in figure 13-75, indicate an optimum spar spacing of
25 in., The minimum-weight spar spacing for wing areas A, B, and C was 2 in.
for this concept. In all cases, the spar specing for minimum wing welght was
low enough for minimum-gage (0.015-in.) spar webs to be used.
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The tubular semiapex angle and the convex-beaded imner semiapex angle
were held constant at T7.5% The bead height-to-~width ratio for the unshielded
convex~beaded upper surface panels wa' Leld constant at 0.10 to reduce perform-
ence (aerodynamic drag) penalties.

As a result of the heat-shield evaluation described later, the refurbish-
able corrugated heat shield with multiple supports was used in this analysis.
Oxidation weight was based on a depth of oxide penetration commensurate with
the exposure time and temperature.

A summery of the final panel configuration is presented in table 13-53
for the center, inboard, and outboard areas of the wing-sectlon investigated.
As indicated, the tubular-panel configuration for the lower surface and upper
surface under the fuselage is near minimum gage (t = 0.010 in.) for the
three wing areas. The convex=beaded panel gages are also near minimum gage
(t upper = 0.015 in. and t lower = 0,010 in.).

The convex-beaded tubular concept component thicknesses and weights are
shown in table 13-54 for primary-structure panels, end closeouts, rib and spar
caps, webs, and posts, Dynaflex insulation, corrugated heat shield, oxidation
losses, and tasteners. A spanwise weight distribution was used to obtain an
average unit weight for the entire wing cross-section. The primary-structure
penals are seen to represent approximately 4O percent of the total wing weight.

The final structural design for the chordwise concept shown in figures
13-78 A and B has panel dimensions of 60 by 24 in. and 75 by 24 in. Figure
13-78 also shows panel cross-section for each wing area. The vertical rib and
spar webs and caps are identical to those of the spanwise concept.

The lower surface, which is the only surface requiring thermal protection,
is shielded from aecrodynamic heating by a corrugated heat shield supported on
multiple truss-type clips. Dynaflex insulastion, packaged in foill, is located
on the lower outboard wing surface.

Statically Determinate Concept

The statically determinate structure is a series of spanwlse-stiffened
beams, decoupled at the chordwise-rib intersections. The slip jolnts at the
beam~-rib intersections provide vertical shear continuity only, thereby main-
taining the wing contour (shape) but providing neither bending nor axial load
paths. Thus, the least-weight semimonocoque spanwise=-stiffened panel construc-
tion was the logical choice for the detail statically determinste analysis.
The least-weight beaded primary structure was evaluated on the basis of com-
bined loadings, weight, practicality of design for the specified wing cross-
section, and detalled thermal analyses. Heat shields covered all exposed
surfaces and three thermal~-protection arrangements wore considered: (1) no
insulation, (2) insulation on the lower surface at the center and inboard
areas, and (3) insulation at the lower surface outboard of the one-third wing
chordline.
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The second thermal-protection arrangement (insulation on the center and
inboard areas) was to investigate structural temperatures even lower than
1600°F to provide minimum-gage panel designs, since the spanwise loads were
low. Because of noncentinuous ribs and the allowable wing rotation at the
fuselage, wing~to-fuselage temperature and temperature gradient compatibility
i~ not importent in this concept.

Internal loads were used, as shown In table 8-40 of section 8, for the
no-insulation arrangement. Good agreemeni between the assumed and the actual
final stiffnesses calculated were noted. Because the ribs are discontinuous
for this concept, the chordwise airloads and thermal loads are zero, as indi-
cated in table 8-40. Also, the spanwise thermal loads are small, providing
a minimum~thermal-stress wing concepte.

Detailed transient thermal analyses were conducted for the thermal-
protection arrangements to determine local stresses and deflections from
temperature gradients through the peanel structure, as presented in section 9.

In determining optimum rib and spar spaecings, surface panels, caps, we ,
heat shields, closeouts, fasteners, oxidation penetration, vertical posts, an.
slip joint assemblies at each rib and spar intersection were considered. Sur~
face panels were snalyzed for the most criticel condition, the +2.0-g maneuver.
A spar spacing of 90 in. wes used, with minimum-gage webs of 0.015-in. thick-
ness. However, the spar spacing could be increased since twice as many spars
are used to carry the shear as the semimonocogue concept, thus allowing a
lover wing weight.

With spar spacing fixed, the rib spacings were varied to determine el--
ment sizes and wing weights (figures 13~79 to 13-81). The optimization results
for the inboard area (BL 120 - 212) shown in figure 13-80, indicate an optimum
rib spacing of 50 in. for the beaded concept with no insulation. This same
type of rib-spacing optimization was accomplished for the insulated arrange-
ments and for the three areas (center, inboard, and outboard) of the wing in-
vestigation section. All rib spacings resulted in the use of minimum-gage
rib webs (0.015 in.).

The beaded-panel semiapex angle was held at 77.5° s the same as for the
spanwlse concept. To provide heat-shield support-clip attachment surfaces, the
flats between beads were set at 0.50 in. The refurbishable heat shield with
multiple supports and Dynaflex insulation packeged in foil was used in this
analysis.
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Structural sizing was not conducted for the third thermal-proteciion
arrangement, with insulation only on the lower surface outboard area, since
the outboard panels for the no=-insulation arrangement were minimum gage
(t = 0.015 in.) for the lower surface and near minimum gage (0.016 in.) for
the upper surface. Therefore, the use of insulation, with its required packaging,
would inecrease the wing weight above the saving of 0.001 in. on the upper surface.

A summary of unit weights for no-insulation and two thicknesses of insula-
tion inboard, presented in table 13-55, indicates a slight welght advantage for
the no-insulation arrangement. Therefore, the fully shielded statically deter-
minate concept with no insulation was selected for detail cost, performance,
and reliability evaluation.

A summary for the selected configuration is presented in table 13-56 for
the center, inboard, and outboard areas of the wing-investigation section. As
indicated, the beaded panel is minimum gage except for the center (A) and inboard
(B) upper surface panels. These are not minimum gage because of larger compres-
sion airloads.

The statically determinate component thicknesses sre shown in table 13-57
for primary structural panels, panel closeouts, rib and spar caps, webs, and
posts, corrugated heat shield, exidation losses, and fasteners. A spanwise
weight distribution was used to obtain an average unit weight for the entire
wing cross=-section. As indicated, the average unit weight of this configuration
is 5.55 lb/ft2, and the primary=-structure panels represent approximately 35 per-
cent of the total wing weight. The statically determinate fuselage weight in-
curs a 10 percent penalty over the semimonocoque and monocoque concepts due to
additional fuselage skin, local fittings, and concentrated loads. The details
of the total fuselage weight penalty are presented in section 22.

The final structural design for the statically determinate beaded concept
is shown in figures 13-82 A and B. Panel dimensions are 90 by 60 in. from
centerline to BL 120, and 90 by 40 in. from BL 120 outboard. A ball slip joint,
providing wing-surface continuity, is located at each spar-rib intersection, with
adequate tolerance to permit unrestrained thermal expansion in the chordwilse
direction. :

Rib and spar webs are of 60° circular-arc corrugation (sine-wave) con-
struction, fabricated from Rene hl., The sheetmetal flanged rib and spar caps,
which are alsc fabricated from Rene 41, are melt-through welded to the vertical
webs,
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Primary-Structure Weight Summary

Table 13-58 presents a summary of the concept weights and associated mar-
gins of safety established for each of the six structural concepts. As indicated
in the table, the margins of safety were determined for the critical ultimate
flight-load condition, panel flutter, vehicle flutter, sonic fatigue, load fatigue,
and creep.

Ultimate load analysis. - The margins of safety for the ultimate flight load
are zero or near zero for minimum-weight design. However, as shown in table 13-58,
the load margin of safety for the beaded concept is as high as 0.30 because of the
use of minimum-gege materials.

Panel flutter., = A detailed panel-flutter analysis of the concepts indicates
that the panels are stable and substantially exceed the flutter factor-~of-safety
requirement of 1l.3. The panel-flulter margins of safety are shown in table 13-58,

Vehicle flutter analysis. - Vehicle flutter was investigated by applying
the results of the redundant analyses to the maximum-weight climb and acceleration
region of the trajectory. The investigation showed that an adequate margin on
airspeed and dynamic pressure (beyond the required 1.3 factor) is available over
the design flight path and that the concepts are not critical in flutter. The
margins of safety for vehicle flutter are large, as presented in table 13-58.

Sonic fatigue analysis. = Analyses conducted to determine the effects of
random sound pressures on the six concepts indicate that the allowable sound-
pressure level (dB/Hz) is greater than the waximum predicted sound-pressure
level of the 0.,007-q criterion for upper and lower surfaces for both concepts.
The application of the 0.002~g criterion on the lower surface during cruise
also results in root-mean-square stresses less than fatigue-limit allowable
stress. The resulting margins for sonic fatigue are shown in table 13-58.
This analysis provides an interim basis for determining the fatigue resistance
of the structure on an empirically derived nominal vibratory stress of typical
flight hardware. However, for the primary structures of this study, further
sonic-fatigue testing is necessary to determine the actual boundary conditions
and the detailed design vefinements for the primary structure and its attachments.

Fatigue analysis. -~ Fatigue analysis was conducted to establish allowable
design stress levels for primary structures to meet the life requirements speci=-
fied. The load-fatigue margins of safety are presented in table 13-58 for the
tension load surfaces,
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Creep analysis. - Creep margins of safety were established for the most
critical area for ecach concept. The effect of compressive therr.ul strains on
creep buckling and tensile thermal strains on total plastic deformation can be
neglected, due to stress relaxation. Thus, only airluads were used to determine
applicd stresses for creep at elevated temperatures. The allowable compressive
stresses under crecp conditions were determined by using isochronous stress-
strain curves. The resulting margins of eafety are shown in table 13-58. The
critical failure mode for all concepts is creep buckling.

Primary-structure weight comparison. - The wing-section weight investiga-
tion resulted in the following ranking of structural concerts: semimonocogue
spanwise beaded, semimonocogque spanwise tubular, statically determinate monocoque
honeycomb sandwich spanwise beaded, semimonocoque chordwise *+ubular, and mono-
coque waffle. However, when the total wing welght is considered (as presented
in section 22), the honeyconmb sandwich is lower in weight than the statically
determinate concept. This is because the honeycomb sandwich has better efficiency
in the high-load area of the aft wing.

The double-sheet tubular concept is heavier in weight than the single-sheet
beaded concept for the upper surface where bending (Jue to normal pressure) and
inplane compression loads are critical. On the lower surface, where bending due
to normal pressure and tension are the design modes, the beaded concept (minimum
goge or near minimum gage) is considerably lower in weight than the tubular con-
cept. Therefore, it is concliuded that caution should be applied in using onlv
inplane compression weight/strength data for concept selection, since such
data shows the tubular panel to be lighter than the beaded panels which is not
the case for combined loads.

The spanwise-stiffened concepts are lower in weight than the chordwise,
because the thermal stress are highest in the chordwise direction, and the
principal airloads act spanwise and added spar cap material is required for
chordwise stiffened panel concepts. The high thermal stresses are imposed on
the panels of the chordwise concept, whereas only the rib caps of the sponwise
concepts are designed for chordwise thermal stresses. When the spanwise tubular
concept was compared to the chordwise tubular concept, it was found that a convex-
beaded upper surface for chordwise stiffening was lighter than a tubular upper

surface. While panel configurations are about equal in weight for the °- .4 con-
ditions, the convex-beaded concept does not involve the weight of heat “+1de
as does the tubular concept. The net result is that the convex-beaded .. r surface

is lighter.

In comparing the statically determinate and chordwise concepts, the statically
determinate design permits a different gradient and a different mean temperature
between the wing and fuselage without thermel stress. This concept provides no
resistance to thermal bowing in the chordwise direction and no resistance to dif-
ferential expansion between wing and fuselage. While the statically determinate
concept requires additional fuselage and fitting weights, the weight is still less
than the chordwise-stiffened concept because of spanwise stiffening and tharmsl-
stress alleviation provided by *he statically determinate concept. However, the

13-25



statically determinate concept is not 1owest in weight because the semimono-
cogue spanwise concepts also have low thermal stress, require no fittings,
and require no added fuselage stiffening.

Results show the waffle to be about 4.0 lb/i‘t2 heavier than loneycomb
structures, Initial screening (see table 13-1) indicated honeycomb to be
heavier than waffle. However, the initial sereening was based only on inplane
compressive loads for an arbitrarily selected panel size. 'These factors ylelded
minimum gage for both waffle and honeycomb panels with total honeycord weight
less favorabl. »recause of more edge-member weight. Moreover, waffle is con~
sidered to be ' more state~-of-the-art construction. Therefore waffle was
considered for detail analysis. However, later analysis with optimum=-size
panels (including effects of pressure) » show that the honeycomb structure has
half the substructure weight of the waffle~panel structure. In addition,
when air-pressure loads were included in the analysis, the waffle panels were
shown to be less efficient than honeycomb. Consequently, the honeycomb-core
sandwich structure is considerably lighter than the waffle monocoque structure,
This result indicates that initial screening should iuclude effects of sub-
structure and pressure loads.

Since monocoque panels support biaxial loads, they might be expected to
be of minimum weight. However, two factors result in the spanwise semimono-
coque structures having less weight than the monocogue suructures. The span-
wise semimonocoque besded ard tubular concepts are new and were found to be
more efficient than the honeycomb=-sandwich concept., Another reason that semi-
monocoque structure is lighter than the monocoque is that chordwise thermal
loads are imposed only on the rib caps ~" the spanwise concept. Monocoque
structure, however, provides chordwise .ciffening (like the chordwise-stiffened
semimonocogue structure) which offers bending resistance to the moment derived
from mismatched temperaiure gradients through the wing and fuselage. A better
matceh of temperatures and gradients might be achieved by using thermal pro-
tection on the upper surface, but this would negate the smooth surface offered
by monocoque concepts. Also, based on semimonocoque chordwise stiffening re-
sults, the reduction in primary-structure weight mway be less than the added
thermal-protection system weight. The two spanwise semimonocoque concepts
each require shields to provide a relatively smooth surface, so the beneficial
thermal effects of shields are inherent in the concepts.
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TABLE 13-1

INITTAL PANEL WEIGHT SCREENING
OF MONOCOQUE PRIMARY STRUCTURE 2

andidate Win Material Panel |3 lNon - = - -
anel A surface & height, Basic® | optimum t‘Pane).' tHel’lh ’ t'rot;ul s w‘rot.nl *
onfigurationg panel temp. factor, shield

7 (‘:) n NOF n. U EESTY IRTY/Y
Waffle grid | Upper, Rene L1 ) .0308 1.2, § .0382 0 012 ] ek
unflanged - | (1300 F) [ Haynes 25 R W) 03N 1.24 .0382 0 02 1.83
450 x L0
Waffle grid Rene b1 RN .0354 1.30 | .ou60 ) L0460 | 1.97
<langed - Haynes 25 243 0356 1.30 ] .0u62 ] L0462 | 2.20
459 x 45
Waffle «cid Rene 41 547 .0310 1.38 | .ok28 0 L0428 | 1.8
unflanged ~ Haynes 25 .530 0310 1.38 .0u28 (1] L0628 | 2.04
0° x 90°
Waffle 8rid Rene 1 L312 .0370 1.40 [ .0518 0 .0518 { 2.22
flanged - Haynes 25 321 .0370 1.50 .0518 0 .0518 | 2.46
0% x 90°
Honeycomb Rene 41 2197 .0308 1.80 | -0555 0 .0555 1 2.38
sandwich Haynes 25 .197 .0308 1.80 .0555 0 0555 2.6
Truss-core Rene i1 -193 0362 1.5 |} .0542 (o] L0542 | 2.33
sandwich Haynes 25 .193 .0362 1.50 § .osk2 0 L0542 | 2.58
Waffle grid | Lower Rene 1 701 -051% 1.2+ § .0637 0 L0637 | 2.13
unflanged - (1600°F) Hiaynes 25 .859 .1040 1.24 «1290 0 .1290 } 6.13
L50 x u5°
waffle grid Rene 1 .85 0490 1.30 { .0636 0 L0636 1 2.73
flanged - Haynes 25 (N4) (ta) 1.30 | (Na) 0 (Na) (Na)
450 x 45°
Waffle grid Rene 1 .73 .0459 1.38 | .0634 0 L0634 [ 2.72
unflanged - Haynes 25 1.01 .1018 1.38 <1404 0 150k | 6.68
0° x 90°
Waffle grid Rene 41 643 .04%0 1.5 | .0615 2 L0615 | 2.6%
flanged - Haynes 25 973 +0970 1.40 <1360 0 «1360 6.ub
0° x 90°
Honeycomb Rene ™ 709 .0363 1.80 [ .0654 | o .0581 | 2.80
sandwich Haynes 25 2755 .0953 1.80 1710 4] L1650 | 7.80
Truss—core Rene’ a1 51k .0606 1.50 [ .0910 0 .0910 § 3.80
sandwich Haynes 25 678 .0978 1,50 L1470 0 «1L70 7.00

o Compression penel; aspect ratio, afb = 2, b = 20 in.
IO Ay
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TABIE 13-k

MANUFACTURING PROCESSES FOR CANDIDATE MONOCOQUE
PANEL CONFIGURATIONS

Panei configuration

Manufacturing process

Unfl :nged waffle grid

Flanged waffle grid

Honéycomb sandwich

Truss-core sandwich

Electro-chem-milled waffle grid

Electro-chem-milled waffle grid

Diffusion bonded flanges

Brazed face sheets and core

Resistance welded core

Diffusion-bonded face sheets

and core

13-30




*ATuo staued aoejans .3%59

*SIN0ISOID pue ‘sqia pue saeds ‘spa;is jyeay .mﬁmﬁw&d

c6°g 0091 00%1 9% 06 q saoejans xaddn pepeaq
~X9AUOD IOMO] Je[ngny,
¥ 9 0081 00%1 244 06 g Jeinqngy,
9SIMP.IOYD anbooouocWITHIAS
9 °S 0091 00ST 06 18 0
95°9 0081 00%1 06 (1] g uorjEdnII00-TEpIozades],
vy 00%1 00sT 06 08 0
€6°¥ 00€T 0071 06 37 g unjs-papesg
I1°S 00¥%1 00¢1 06 44 o
0L°S 0081 0071 06 11l % a demany,
) 9z°¢ 00%1 06 0¢ q 1oued aorjans Jaddn
pouajIns uorjesniao)d
@om 1 00€1 06 0g g 1oued aorlans Jaddn
uclyesnixod jeprozadel],
asimueds anbooououwrtwag
26 0071 0091 0¥ 03 q apyem pasuegun 06 49 ,0
0G°8 00%1 0091 ov 02 o)
06 °8 0091 0091 (117 03Z g ayjyem paluepyun 0S¥ Aq oSV
anbooouoN
aoeLINS aogjans 2 . PoIE
mwwﬁ\mo__wa Jaddn A3MO'T edg a U010 aanjonajs Laewiiag

I ‘eameradura; udisoq

O

‘ut ‘Suroedg

STANVd TN ENEY ¥Qd SITINSTY DNINETMOS IHOTEM HIVICTMHEINT
S-€1 TIAVI

13.31



TABIE 13-6

EVALUATION OF MONOCOQUE WAFFLE GRID PIATE

Waffle grid = unflanged

| 45° x 45°

I 0°x90°

' Rend 41 ST 1950°F AGED 1400°F

Including tension

L (Same as without tension)

| Without tension

4 Aspect ratio ,u/b =1

_o=b=20

—{ lo=b=40

la=b=60 |

Aspect rofio,c/b‘=721ﬁ

. Spanwise pdnel orientation

Lower surface

. (Same as chordwise below)

Chordwise panel orientation ‘

L (Same as upper surface)

_ b=40

60 |
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TABLE 13-8

WEIGHT COMPARISON OF UPPER AND LOWER SURFACES OF MONOCOQUE WAFFLE DESIGNS

Panel orientation:

(a

chordwise
40 in., b = 20 in., a/b = 2,0)

Inplane loads pius

Unit penel Inplane loads only normalipressure
weight, 1b/ft%| -45° x Us® 0® x 90° -45° x 45° 0° x 90°
waffle waffle waffle waffle
Upper surface 1.68 1.59 2,23 2.13
Lower surface 1.94 2.26 2.59 3.03
Total 3.62 3.85 4,82 5.16
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TABIE 13-1h4

MONOCOQUE WAFFIE COMPONENT WING WEIGHTS, INBOARD AREA, a/b = 2.0

Panels Between BL 120-220, No Heat Shield

Equivalent panel thickness, t, in.

Ttem b =10 in.| b =20 in. | b = 30 in.| b = 4o in.
Upper surface| 0.03750 0.05294 0.06707 0.08093
Panels Lower surface| 0.04566 0.06211 0.08265 0.10537
Total 0.08316 0.12505 0.14972 0.18630
Caps and Upper surface 0.02351 0.01835 0,01750 0.01769
closeouts, Lower surfacel 0.03168 0.0194k 0.01763 0.01745
single chear { Total 0.05519 0.03779 0.03513 0.0351%
Rib and spar webs 0.109 0.0546 0.035k 0.0272
Total 0.247h 0.2074 0.2213 0.2486

a . .
60° Circular-arc corrugation:

thickness, t = 0.015 in.
average depth, h = 40 in.
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MONOCOQUE WAFFLE

Panels Between

TABLE 13-15

COMPONENT WING WEIGHTS, OUTBOARD AREA, a/b = 2.0

BL 220-350, Heat Shields on lower Surface Only

Equivalent panel thickness, t, in.

Item b=10in.,] b =20 in. ] b = 30 in.| b = 40 in.
Upper surface| 0.03789 0.05158 0,06606 0.08138
Panels Lower surface| 0.05489 0.06733 0.08589 0.11927
Total 0.09278 0.11891 0.15195 0.20065
Caps and Upper surface| 0.02379 0.01795 0.01718 0.01755
closeouts, Lower sufrace| 0.03164 0.,01878 0.01597 0.01838
single shear { motal 0.05543 0.03673 0.03315 0.03593
Rib and spar webs (2 0.0545 0.0270 0.0182 0.0136
Heat shield(b) 0.0157 0.0157 0.0157 0.0157
Total 0.2184 0.1983 0.2190 0.2659

a . .
600 Circular arc corrugation:

thickness, t = 0,015 in.
average depth, h = 20 in.

bCircular arc corrugation:
skin thickness, ts = 0,010 in,
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TABIE 13-16

MONOCOQUE WAFFLE PANEL ASPECT RATIO OPTIMIZATION MATRIX

Panel: -hSo x 45° waffie
Chordwise orientation: b = 20 in.

Condition: +2.0-g maneuver

Panels between BL 120 - 220

Heat shield on lower surface only

Upper surface

Lower surface
7 = 1400°F

T = 1450°F

a/b = 1.0, 1.5, 2.0, 2.5

a/b = 1,0, 1.5, 2.0, 2.5

Loads

Pressure and inplane loads
Edge eccentricity, e = + 0.02 in.
Initial deflection due to bowing, §ya, = 0.01 x b in.
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TABLE 13-1T7

MONOCOQUE WAFFIE COMPONENT WING WEIGHTS, TNBOARD AREA, b = 20 INCHES

Panels Between B.L. 120-220, Heat Shields on Lower Surface Only

Equivalent panel thickness, t, in.
Item a/b =1.0 |a/b=1.5 | a/b =2.0 | a/b = 2.5
Upper surface| 0.0422 0.0478 0.0522 0.0553
Panels Lower surface| 0.0547 0.0545 0.0530 0.0534
Total 0.0969 0.1023 0.1052 0.1087
Caps and Upper surface| 0.0206 0.0202 0.0207 0.0206
closeouts, Lower surface| 0.0246 0.0204 0.0175 0.0152
single shear { Total 0.0452 0.0406 0.0382 0.0358
Rib and spar webs 0.0726 0.0605 0.0545 0.0508
Heat shield ° 0.0157 0.0157 0.0157 0.0157
Total 0.2305 0.2191 0.2137 0.2110

8600 Circular arc corrugation:
thickness, t = 0,015 in.

average depth,

h = 40 in.

bCircular arc corrugation:
thickness, t = 0.010 in.
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TABLE 13-18

HONEYCOMB- CORE SANDWICH PANEL CLOSEOUT COMPARISON

Recessed.

Smooth

= ([ [

(o

==
@1 1%
1b/£t2 1b 1b/£t2 1b
Aero drag panalty 9 790 126
Str. wt. 6.L45 6.68
. o

Wing wt. (97Tk £t=) 63 oL2 65 290

Wt. 72 832 65 416
Weight saving 7 416
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TABLE 13-19

DESIGN DATA FOR MONOCOQUE HONEYCOMB-CORE SANDWICH PANELS®

Center Inboard Outboard

Teen Upper | Iower | Upper | Lower Upper | Lower

Temp, °F 1330 | 1500 | 1260 1530 1370 1450

W, 1b/ft3 1.78 | 1.88 | 1.89 2.2k 1.71 1.49

e, 1b/£t3 6.14 | 5.59 |6.13 5.49 5.90 6.02
t, in. 0.0415 | 0.438 | 0.04k0 | 0.0522 | 0.0400 | 0.0348
h, in. 1.007 | 0.998 | 1.258 1.010 0.986 0.672
ty, in. 0.015 | 0.0185|0.015 | 0.0234 | 0.015 | 0.015
tp, in. - 0.0148 | 0.0148 | 0.0139 | 0.0185 | 0.0138 | 0.0123
ta, in. 0.002 | 0.002 |0.002 | 0.002 | 0,002 | 0.002
S, in, 0.335 | 0.369 |0.3k2 0.375 0.349 0.3k42
Z, in. 0.499 | 0.446 | 0.59% | 0.437 0.437 0.302

Wo, in. -0.54 | 1.66 |-1.0 1.7h -0.90 ~-1.0

85 = 80 in, b = 40 in, a/b = 2.0
S 2
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TABLE 13-20

WING UNIT WEIGHTS FOR MONOCOQUE HONEYCOMB-CORE SANDWICH

PANELS, INCLUDING SMOOTH CLOSEOUT®

. Equivalent thickness, t, in.
tem
Center Inboard Outboard
Panels(b) Upper 0.0k415 0.0440 0.0400
Lower 0.0438 0.0522 0.0348
Total(c) 0.0893 0.1002 0.0788
Smooth cap and Upper, x 0.00793 0.00807 0.00787
closeout Upper, y 0.00397 0.00L403 0.00393
Total 0.0119 .0095 0.0118
Lower, x 0.00787 0.00787 0.00753
Iower, y 0.00393 0.00393 0.00377
Total 0.0118 0.01i8 0.0113
Total 0.0237 0.0198 0.0231
Rib and spar Rib web 0.0182 0.0182 0.0091
webs Spar web 0.0091 0.0091 0.0046
Total 0.0273 0.0273 0.0137
Webs intersection | Total 0.000563 | 0.000563 | 0.000281
Dynaflex Insulation — ———— 0.00146
insulation Packaging ———— ———— 0.00202
Total ——— A 0.00348
Corrugated heat Corrugation -———- ——— 0.01660
shield Clip - ———— 0.00485
Total ———— Soos 0.021h5
Oxidation Total 0.000k47 0.000498 0.005664
Fastener Total 0.00431 0.00453 0.00403
Total equivalent thickness, in. 0.14564 0.156991 | 0.150505
Total unit weight, 1b/ft® 6.250 6.737 6,458
Average unit weight, 1b/ft? 6.hl2

8Insulation and heat shield at outboard lower surface.

a =80 in,, b = 40 in., a/b = 2.

CIncludes brazing alloy (¥g = 0.002 in./panel).
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TABLE 13-2h

COMPONENTS WEIGHTS FOR SEMIMONOCOQUE SPANWISE-STIFFENED
TXAPEZOTIDAL~- CORRUGATION PANELS

Center Inboard Outboeard
Toem t, in. t, in. t, in.
Panels
Upper .0336 .0356 .02hh
Iower L0242 .0226 .0215
Caps
Spar
Upper .0011 .0011 .0011
Lower .0011 .0011 .0011
Rib
Upper .0042 .0031 .0059
Iower .00k5 . 0040 .0050
Closeouts .007k .0079 .0087
Webs
Spar . 0084 . 0096 .00LkT7
Rib .0252 . 0240 .0230
Posts .0007 . 0007 .0006
Insulation - - .00685
Heat shields .0131 . 0263 .0358
Festeners .0036 .0036 .0050
Oxidation .00234 . 00213 .00676
Tot»1 (in.) I P 1527 .1503
Unit wt. (1b/ft2) 5.55 6.55 6.45
Averege unit
wt. (1o/£12) 6.17
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TABIE 13-34

SHIELD AT OUTBOARD AREA IOWER SURFACE

DESIGII TEMPERATURES AND GEOMETRY FOR MONOCOQUE WAFFLE PANEIS, PARTTAL HEAT

Center Inboard Outboard
Upper Lower Upper Lover Upper Lower
Temp. ,

Item OF] 1330 1500 1260 1530 1385 | 1550
W, lb/ft2 3.159 2,425 3.519 3.313 3.084 2,859
%, in, 0.07360 | 0.05651 | 0.08200 | 0.07721 | 0.07186 | 0.06662
h, in, 0.7186 0.5797 0.7488 0,674 | 0.6622 | 0.59u4k

P, in, 1.036 0.9196 1.0143 1.023 1.087 1.051
tos in. 0.02043 | 0.02296 | 0.0200 0.02724 | 0.0200 0.02641
t,s in. 0.04025 | 0.02814 | 0.04i410 | 0.04030 | 0.0L4LB3 [ 0.03789
ey, in. 0.08653 | 0.04955 | 0.09842 | 0.06674 | 0.07957 | 0.05227
€335 in, 0.2275 ] 0.1423 ] 0.2520 | 0.1851 | 0.2093 ] 0.1k92
w,s in. 0.3021 0.2265 0.3307 0.2571 0.3276 0.2569

TABLE 13-35

DESIGN TEMPERATURES AND GEOMETRY FOR MONOCOQUE WAFFLE PANELS, PARTIAL HEAT

SHIELD AT OUTBOARD AREA IOWER SURFACE, WITH INSUIATTION
Center Inboard OQutboard
Upper Lower Upper Lower Upper Lower
e Temp.,

Item - OF| 1330 1500 1260 1530 1370 1450
W, 1b/1t2 3.039 | 2.821 |3.392 | 3.529 |2.935 |1.9u
%, in. 0.07082 | 0.06575 | 0.07904 | 0.08224 | 0.06840 - | 0.04525
h, in, 0.7078 0.6213 0.7259 0.7143 0.6436 0.46kh2
P, in. 1.076 0.7991 | 1.031 1,022 1.105 0.8305
tg, ine 0,0210 | 0.0200 |} 0.02015 | 0.02683 | 0.02001" | 0.0200
t, ine 0.03975 | 0.03097 | 0.04395 | 0.04205 | 0.0L4375 | 0,02395
e;;, in. 0.08106 | 0.06969 | 0.09274 | 0.07582 | 0.07457 | 0.03582
€335 in. 0.2162 } 0.1870 | 0.2395 | 0.2065 | 0.1982 | 0.1052
vy, in. 0.2877 | 0.2994% ] 0.3319 | o.254k | 0.3222 }0.1339
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TABLE 13-30

DESTCH TEMPERATURES AND GEOMETRY FOR MONOCOQUE WAFFIE PANEIS,
HEAT SHIELD ON ENTIRE ILOWER SURFACE

Center Inboard Outboard
Upper Lower Upper Lower Upper Lower
iempa »

Ttem F| 1075 1265 1200 1390 1385 1550
W, 1b/1t2 3.792 | 2.352 | 3.350 | 2.628 |2.728 | 3.905
%, in. 0.08836 | 0.05482 | 0,07806 | 0.06125 | 0.06357 } 0.09100
h, in, 0.7909 | 0.6235 1 0.7155 | 0.57h2 | 0.6222 | 0.8176
p, in. 1,008 1,10k 1,081 0.9755 | 1.18% 1,122
tg in. 0.02012 | 0.02708 | 0.02129 | 0.02585 | 0.0200 | 0.02538
t,» in. 0.04565 | 0.02810 § 0.0k514 | 0.,03200 | 0.04368 | 0.0uTHE
;> in. 0.1084 | o.0k150 | 0,08730 | 0.04T02 | 0.06801 | 0.09820
€33s in, 0.2740 | 0.1255 0.2286 1 0,136k | 0.1838 | 0.2584
wo? ine 0.3503 |-0.2328 | 0.3425 {-0.3088 | 0.3537 | 0.208

TABLE 13-37

DESIGN TEMPERATURES AND GEOMETRY FOR MONOCOQUE WAFFLE PANELS, HEAT SHIELD

ON ENTIRE IOWER SURFACE, WITH INSULATION AT OUTBOARD AREA

Center Inboard Outhoard
Upper Lower Upper Lower Upper Lower
Temp.,

Ttem OF1 1075 1265 1200 1390 1365 1hes5
W, lb/rt> 3.680 }2.120 {3.253 |2.792 }2.78 | 3.009
%, in. 0.08597 | o.ohgb1 | 0.07581 | 0.06507 | 0.06L478 | 0.070L1
h, in. 0.7668 | 0.5985 }0.7082 | 0.5927 | 0.6248 | 0.6269
P, in. 1.021 1,197 1,122 0.9779 | 1.184 1,054
tgs in. 0.02016 | 0.02597 | 0.02204 | 0,02619 | 0.0200 | 0.02597
b, ine 0.04605 | 0.02475 | 0.04487 | 0.03415 | 0.04467 | 0.03945
e,y in, 0.1033 | 0,03619 | 0.08243 | 0.05125 | 0.06938 | 0,05917
€33 in, 0.2625 | 0,1113 | 0.2188 | 0.1468 | 0.1866 | 0,1660
> in. 0.3743 }-0.2668 | 0.3186 ]-0.2563 | 0.3775 | 0.2851
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TABIE 13-38

DESIGN TEMPERATURES AND GEOMETRY FOR MONOCOQUE WAFFIE PANELS,
NO HEAT SHIELD AND NO INSULATION

Center Inboard Outboard
Upper Lower Upper Iower Upper Upper
Temp. , ~
Ttem op| 1325 150k 1261 1534 1420 1655
W, 1b/£t° 3.267 |2.295 [3.611 |{3.133 [2.964 | 5.208
%, in. 0.07614 | 0.05347 | 0.0814k | 0.07301 | 0.06908 | G.1218
h, in. 0.7303 0.5707 0.760k 0.6512 0.662kh 1.1177
D, in. 1,062 1.189 1,065 0.9582 1,15¢ 2.426
t.s in. 0.0212hk { 0,02817 | 0.02123 | 0.02563 | 0.,02104 | 0.06039
t s in. 0.04196 | 0.02807 | 0.04633 | 0.03701 | 0.04k10 | 0,07153
e ys in. 0.087€3 | 0,0344k | 0,09782 | 0.06472 | 0.07433 | 0.07418
€33 in. 0.2306 0.1060 0.2521 0,1793 0.1994 0,224k
W, in, 0.3106 |-0.2991 0.3455 0.2423 0.2822 0.1013
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TABIE 13-39
cov .y WEIGHTS FOR MONOCOQUE WAFFLE CONCEPT, PARTTAL HEAT
‘HIEID AT OUTBOARD AREA IOWER &°RFACE
Equivalent thickness, in.
Tten Center Inboard Outboard
Jpper 0.07360 0.08200 0.07186
Panels Lower 0.05651 0.07721 0.06662
Total 0.13011 0.15921 0.13848
Upper, ib 7
direction 0.01886 0.02052 0.01797
Cap and Upper, spar ,
closeout, divection 0.00943 0.01026 0.00898
single shear Total 0.02829 0.03078 0.02695
Lover, rib
direction 0.01319 0.01657 0.01440
Lower, spar
direction 0.00659 0.00829 0.00720
Total 0.01978 0.02486 0.02160
Total 0.04807 0.05564 0.04855
Rib angd R reb 0.0363 0.0363 0.0182
spar webs 5u... web 0.0182 0.0182 0.0091
Total 0.0545 0.0545 0.0273
i"eb Total 0.00225 0.00225 0.001125
inteirseciion
Dynaflex Insulation - - -
insuiation Packaging - - -
Total — —— -
Corrugated Corrugation - - 0.01660
heat shield ! Clip - - 0.00485
Total - - 0.021h45
Oxidation “Total 0.00097 0.000215 0.005552
Fastener Total _] o005k |  0.005h1 _0.005M1
Total equivalent thickness,
in, 0.2131 0.27723 0.24789
Total unit weight, 1b/ft° 10.355 11.896 10,637
Average unii w:ight, lb/f"t;2 10.811

|
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TABLE 13-40

BREAKDOWN OF WING WEIGHTS FOR MONOCOQUE WAFFLE PANELS
WITH LOWER SURFACE OUTBOARD HEAT SHIELD AND INSULATION®

Equivalent thickness T, in.

Item
Center, A Inboard, B Outboard, C

Upper 0.0708 0.0790 0.0684
Panels Lower 0. 0658 ¢. 0822 0.0452

Spar, upper 0.00173 6.00173 0.00173
Caps Spar, lower 0.00173 0.00173 0.00173
(";m;““m Rib, upper 0.00345 0.00345 0.00345
gag Rib, lower 0.00345 0. 00345 0.00345

Upper 0.0222 0.0245 0.0207
Closeouts

Lower 0.0180 0.0217 0.0108

Rib web 0.0363 0.0363 0.0182
Webs

Spar web 0.0182 0.9182 0.0091
Web
intersections Total 0.00225 0. 60225 0.00112
Insulation Total - - 0. 00348

Corrugation - - 0.0166
Heat shields .

Clip - - 0.00485
Oxidation Total 0.00047 0. 00050 0.00566
Fasteners Total 0.00541 0. 00541 0.00541
Total equivalent thickness, in. 0.2498 0.2804 0.2199
Total unit weight, lb/ft% 10.72 12. 03 0.44
Average unit weight, 1b/ft> 10.49

4 =40 in., b= 20 in., a/b = 2.
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TABLE 13-h1

COMPONENT WEIGHTS FOR MONOCOQUE WAFFLE CONCEFT, HEAT SHIELD
ON ENTIRE IOWER SURFACE

Ttem Equivalent thickness, in.
Center(A) Inboard (B) (Outboara (C)

Upper 0.08836 0.07806 0.06357
Panels Lowe. 0.05482 0.06125 0.09100

Total 0.14318 0.13931 0.15457

Uppei, rib

direction 0.02201 0.01927 0.01653

Uppe:, spar
Cap and direction 0.01101 0.0096k 0.00826
closeout, Total 0.03302 0.02891 0.02h79
single shear | TLower, rib

direction 0.01325 0.01330 0.02161

Lower, spar

direction 0.00662 0.00665 0.01080

Total ! 0.01987 0.01995 0.03241

Total b 0.05289 0.04886 0.05720
Rib and Rib web 0.0363 0.0363 0.0182
spar webs Spar web 0.0182 0.0182 0.0091

Total 0.0545 0.0545 0.0273
Web
intersection Total 0.00225 0.00225 0.001125
Dynaflex “asulation - - -
insulation Packaging - - —

Total - - -
Corrugated Corrugation 0.0105 0.0105 0.0166
heat shield Clip 0.00L48 0.00L448 0.00485

Total 0.01498 0.01498 0.02145
Oxidation ~ Total 0.00143 0.00098 0.005552
Fastener Total ~ 0,00541 0.00541 0.00541
Total equivalent thickness,
in. 0. 27h6h 0.26629 0.27261
Total unit weight, 1b/ft2 11,785 11.ka7 11.698
Average unit weights, lb/fb2 11.670
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TABLE 13-h2

COMPONENT WEIGHTS FOR MONOCOQUE WAFFIE CONCEPTS, HEAT SHIELD ON ENTIRE

LOWER SURFACE, WITH INSULATION AT OUTBOARD AREA®

Equivalent thickness, in.

Ttem Center \A) | Inboard (B) Outboard (C) |
Upper 0.08597 0.07581 0.06478
Panels Lower 0.0h9h1 0.06507 0.07011
Total 0.13538 0.14088 0.13489
Upper, rib
direction 0.02131 0.01878 0.0167h
Upper, spar
Cap anl direction 0.01065 0.00939 0.00837
closeout, Total 0.03196 0.02817 0.02511
single shear Lower, rib
direction 0.01229 0.01398 0.01541
Lower, spar
direction 0.0061L 0.00699 0.00770
Total 0.01843 0.02097 0.02311
Total 0.05039 0.04914 0.04822
Rib and Rib web 0.0363 0.0363 0.0182
spav webs Spar web 0.0182 0.0182 0.0091
Total 0.0545 0.0545 0.0273
Web
intersection| Total 0.00225 0.00225 0.001125
Dynafilex Insulation - - 0.00146
insulation Packaging - - 0.00202
Total - - 0.00348
Corrugated Corrugation 0.0105 0.0105 0.0166
heat shield Clip 0.00L48 0.00L48 0.00485
Total 0.01:98 0.01498 0.021h5
Oxidation Total 0.00143 0.00098 0.005346
Fostener | Total __0.00541 0.00541 0.00541
Total equivalent thickness,
in., 0.26434 0.26814h 0.2h723
Total unit weight, 1b/rt 11.343 11.506 10.609
Totel unit weight, lb/ft2 11,084

aa=h~Oin.,b=20in.
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TABLE 13-43

COMPONENT WEIGHTS FOR MONOCOQUE WAFFLE CONCEPT, NO HEAT SHIELDS
AND NO INSULATION®

«quivalent thickness, in.
Ttem Center Inboard Outboard

Upper 0.0761L 0.081h4 0.06908
Panels Lower 0.05347 0.07301 0.1218

Total 0.12961 0.154h5 0.19088

Upper, rib

dirvection 0.01923 0.02080 0.01753

Upper, spar
Cap and rection 0.00962 0.010k0 0.00877
closeout, Total 0.02885 0.03120 0.02360
single shear Lower, rib

direction 0.01225 0.01586 0.03188

Lower, spar

direction 0.00613 0.00793 0.0159

Total 0.01838 0.02379 0.04782

Total 0.04723 0.05499 0.07h12
Rib and Rib web 0.0363 0.0363 0.0182
spar webs Spar web 0.0182 0.0182 0.0091

Total 0.0545 0.0545 0.0273
Web
intersection Total 0.00225 0.00225 0.001125
Dynailex Insulation - - -
insulation Packoging - - -

Total - - -
Coirugated Cori;ugation - - -
heat shield Clip - .- -

Total - - -
Oxidation Total 0.000976 0.000224 0.001932 B
Fastener |  Total 0.00541 0.00541 0.00541
Total equivalent thickness,
in, 0.23998 0.27182 0.30077
Total wnit weight, 1b/£t2 10.298 11.66Y4 12.907
Average unit weighi, 1b/ £t2 11.652

8(a = 40 in., b = 20 in.)
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TABLE 13-44

AVERAGE WING UNIT WEIGHTS FOR VARIOUS PANEL WIDTHS AND ASPECT RATIOS,
MONOCOQUE HONEYCOMB-CORE SANDWICH PANELS

Average wing unit weight, 1b/ft®
Panel width,
b, in.

Aspect 30 ko 50 60
ratio, afb

1.0 - 6.959 6.782 6.822

1.5 - 6.608 6.576 6.805

2.0 6.712 6.473 6.508 -
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HONEYCOMB~CORE SANDWICH PANELS WITH OUTBOARD
LOWER SURFACE HEAT SHIELD AND INSULATION &,b

TABLE 13-45
FINAL TEMPERATURES AND GEOMETRY FOR MONOCOQUE

Center Inboard Quthoard

Upper Lower Upper Lower Upper Lower

Max. face -0.5-g 1003 1263 1313 1335 1595 1412

tf}r’l:;‘ +2.0-g 1026 1534 1245 1572 1408 1515

*

OF Cruise 1277 1327 1130 1340 1123 1315
w©), /e 1.820 | 1.800 1.760 | 1.970 | 1.99 1.520
ver /107 7.600 | 7.120 | 6.690 | 7.070 | 5.740 6.160
t, in. 0.042 | 0.042 0.041 | 0.046 0. 046 0.035
h, in. 0.935 | 0.898 0.950 | 0.937 | 0.963 0.714
g, in. 0.015 | 0.015 0.015 | 0.018 | 0.018 0.015
ty, in. 0.014 | 0.015 0.014 { 0.015 | 0.018 0.012
te» in. 0.002 | 0.002 0.002 | 0.002 | 0.002 0. 002
8, in. 0.271 | 0.201 0.308 | 0.204 | o0.358 0. 334
Z, in. 0.450 | 0.449 | o0.461 ] 0.420 | 0.492 0.319
w(fd), in. -0.910 | 1.610 | -0.820 | 0.230 | 1.160 | -0.950

Y 80in., b 40in., a/b 2.0.

]
YEffective design condition underlined.

(’Nominal, does not include core flanges and corrugations.

dMidpanc] deflection,

Chordwise
a

L

|

T

b Spanwise

|

&

1y (Exterior) —-—‘

b +
P o

H

i
z
'

N

¢4

¥
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TABLE 13-L6

BREAKDOWN OF WING WEIGHTS FOR MONOCOQUE
HONEYCOMB-CORE SANDWICH PANELS WITH LOWER
SURFACE OUTBOARD HEAT SHIELD AND INSULATION

Item

.quivalent thickness, t, in.

Centex:, A Inboard, B Outboard, C
b Upper? 0.0449 0.0434 0.0480
Panels a
Lower 0.0443 0.0482 0.0372
Caps Spar, upper 0.00097 0.00097 0.00097
{(minimum Spar, lower 0.00097 0.00097 0.00097
gage) Rib, upper 0.00195 0.00195 0.00195
Rib, lower 0.00195 0.00195 0.00195
Upper 0.00878 0.00888 0.00888
Closeouts
Lower 0.00868 0.00878 0.00848
Web Rib web 0.0182 0.0182 0.0091
ebs Spar web 0.0091 0. 0091 0.0046
Web
intersections Total 0. 00056 0.00056 0.00028
Insulation Total _ _ 0. 00348
. Corrugation - - 0.01660
Heat shields Clip - — 0.00485
Oxidation Total 0.00110 0.00077 0.00599
Fasteners Total 0.00417 0.00421 0.00404
Total equivalent thickness, in. 0.1456 0.1479 0.1573
Total unit weight, 1b/ft> 6.25 6.35 6.75
Average unit weight, 1b/ft> 6.47

2ncludes weight due to core corrugation and flanges.

S~
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TABLE 13-48

FINAL GEOMETRY FOR SEMIMONOCOQUE
SPANWISE~STIFFENED TUBULAR PANELS

\X.liu’: Surface t, in. t, in. R, in. L, in Pitch, in.

A <per 0. 0292 0.011 1.500 50 3.429

G, - 1200}  jower 0. 0258 0.010 0. 800 50 2. 062

B Upper 0. 0287 0.011 0. 950 40 2. 355

(120-212)  jower | 0.0284 0.011 0. 800 40 2. 062

C Upper 0. 0258 0.010 0.750 40 1. 964

(212-350)f  power 0. 0254 0.010 0.600 40 1.672
- b

{
L

Pitch

arcas

panel equivalent thickness.
panel length (rib spacing).

b - 0.5 in. flat.

- center-to-center of stiffener.
Critical flight condition all wing

12.0 g.
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TABLE 13-49

BREAKDOWN OF WING WEIGHTS FFOR SEMIMONOCOQUE SPANWISE
STIFFENED TUBULAR PANELS WITH FULL HEAT SHIELDS AND
LOWER SURFACE OUTBOARD INSUILATION2

Ttem Equivalent thickness, §, in.
o Center, A Inboard, B Outboard, C

Panels

Upper 0. 0292 0.0287 0. 0258

Lower 0.0258 0. 0284 0.0254
Caps Spar, upper 0.0011 0.0011 0.0011

Spar, lower 0.0011 0.0011 0.0011

Rib, upper 0.0027 0.0028 0.0032

Rib, lower 0.0032 0.0034 0. 0028
Closcouts Upper

0. 0020 0. 0025 0.0021

Webs Rib web

Spar web 0.0151 0.0180 0.0120

0.0084 0. 0096 0. 0047
Web Total
intersections 0. 00042 0.00050 0. 00029
Yasulation Total - - 0. 00685
Heat shields | Total 0.0131 0.0263 0. 0358
Oxidation Total 0. 00453 0. 00246 0.00633
Fasteners Total 0. 00254 0. 00294 0. 00294
Total equivalent thickness, in. 6.1124 0.1307 0.1328
Total unit weight, llu/ft2 4,82 5.61 5.70
'L Average unit weight, lb/ft2 5.38

2prea A: a =90, b=50 ab= 1.8

it

AreaBand C: 2 = 90, b = 40, a/b = 2.25.
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TABLE 13-51

FINAL GEOMETRY FOR SEMIMONOCOQUE SPAN-
WISE-GTIFFENED BEADEDR PANELS

Area Surface t, in. t, in. R, in. L, in. Pitch, in.
A Upper 0.0263 0. 020 1.150 50 5.491
G, - BL 120 N B 1 N — —
~ | Lower | 0.0196 0. 0}5 1. 050 50 5. 100
B Upper 0.0262 | 0.020 1.100 40 5.296
3L 120-212
Lower 0. 0224 0.017 1.250 40 5. 881
C Upper 0. 0221 0.017 | 0.900 40 4,515
BL 212-350 |
Lower 0.0197 0.015 1.150 40 5.491
T = panel equivalent thickness.
L = panel length (rib spacing).
b = 0.5 in. flat.
Pitch = center-to-center of stiffener.

Critical flight condition all wing
areas = +2.0 g.
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TABLE 13-52

DETATL BREAKDOWN OF WING WEIGHTS FOR SEMIMONOCOQUE SPAN-
WISE-STIFFENED BEADED PANELS WITH FULL HEAT SHIELDS AND
LOWER SURFACE OUTBOARD INSULATION®

Equivalent thickness, t , in.

Item — — —
Center, A 1 Inboard, B Outboard, C
Fl’ani:ls N D A )
Upper 0. 0263 0. 0262 0. 0221
Lower 0. 0196 0. 0224 0. 0197
Caps
Spar, Upper 0.0011 0. 0011 0.0011
Spar, Lower 0. 0011 0.0011 0. 0011
Rib, Upper 0. 0027 0. 0028 0. 0032
Rib, Lower 0. 0032 0. 0034 0. 0028
Closeouts
Upper 0. 0037 0.0038 0. 0030
Lower 0. 0040 0. 0053 0. 0036
Webs
Spar 0. 0084 0. 0096 0. 0047
Rib 0. 0151 0.0180 0. 0120
Posts 0. 00042 0. 00050 0. 00029
Insulation - - 0. 00685
Heat shield 0.0131 0. 0263 0. 0358
Oxidation 0. 00254 0.00173 0. 00602
Fasteners 0. 00254 0. 00294 0. 00294
Total, in. 0.1039 0.1253 0.1252
Unit wt. , 1b/ft? 4.46 5.38 5.37
Average unit
wt., Ib/ft2 5. 06
- I
qArea A: a=90in., b =50 in.

Area Band C: a =90 in., b =40 in,
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TABLE 13-5)4

DISTALL BREAKDOWN OF WING WEIGHTS FOR SEMTMONOCOQUE CHORDWISE-
STIFFENED TUBULAR/CONVEX-BEADED PANELS WITH FULL LOWER SURFACE

IEAT SHIELD AND OUTBOARD LOWER SURFACE INSUTLATION 2

R . T T T
Item Equivalent thickness, t, in.
Center, A Inboard, B Outboard, C
Panels
Upper 0. 0286 0. 0292 0. 0381 |
Lower 0. 0261 0. 0337 0. 0254
Caps
Spar, Upper 0. 0070 0. 0069 0. 0051
Spar, Lower 0. 0070 0. 0083 0. 0041
Rib, Upper 0. 00167 0. 00163 0. 00145
Rib, Lower 0. 00167 0. 00163 0. 00145
Closeouts
Upper 0. 00865 0. 00420 0. 00491
Lower 0. 00805 0.00613 0. 00348
Webs
Spar 0. 0329 0. 0300 0.0176
Rib 0.0150 0. 0155 0. 0056
Posts 0.00131 0. 0010 0. 00058
Insulation - - 0. 00685
Heat shields 0.0143 0. 0143 0. 0230
Oxidation 0.00525 0.00173 0. 00588
Fasteners 0. 0044 0. 0041 0. 0041
Total, in, 0.1619 0. 1584 0. 1476
Unit wt, 1b/ft> 6.95 6. 80 6.33
Average unit
wt, lb/ft2 6.67
3Area A: a=24in., b =60 in.

Area Band C: a =24in,, b =75 in.
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TABLE 13-56

FINAL GEOMETRY FOR LOWEST WEIGHT STATTCALLY
DETERMINATE PANELS

“l’:?gl Surfacce 1, in. t, in, R, in. L, in, Pitch, in.

A Upper 0.0314 0.024 1. 000 60 4.905
G,- 120

Lower 0,0211 0.016 1. 200 GO 5. 686

B Upper 0. 0291 0. 022 1.300 50 6. 077
Bl-l 120'

212 Lower 0. 0253 0.019 1.600 50 7.248

C Upper 0. 0206 0.016 0. 750 40 3. 929
BL 212-

350 Lower 0.0199 0,015 1. 350 40 6. 272

panel equivalent thickness.
panel length (rib spacing).
0.5 in. flat,

ritical flight condition on all wing
areas = +2.0-g

nnon

QF |
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TABLE 13-57

BREAKDOWN OF WING WEIGHTS FOR STATICALLY
DETERMINATE PANELS WITH FULL HEAT SHIELDS
AND NO INSULATION2

fem - Equivalent thickness, t, in. |
Center, A Inboard, B Outhoard, C
Panels -
Upper 0.0314 0.0291 0. 0206
Lower 0.0211 0. 0253 0.0199
A — B R - e d
Caps
Spar, upper 0.0022 0.0022 0. 0022
Spar, lower 0. 90022 0. 0022 0. 0022
Rib, upper 0.00155 0.0020 0. 0025
Rib, lower 0. 00165 0. 0020 0.0025
Closeouts
Upper 0. 00338 0. 00408 0. 0026
Lower (. 00387 0. 00482 0.0041
Webs
Rib webs 0.0126 0.0144 0.0120
Spar webs 0.0157 0.0147 0.0084
Web
intersections Total 0. 00039 0.00044 0.00032
Insulation
Total ~ -
I 2at shields 0.0131 0.0263 0.0359
Oxidation Total 0.00231 0.00162 0.00714
Fasteners Total 0. 00225 0.00254 0. 00294
Vertical shear
fittings 0.0076 0.00819 0.00594
Total, in. 0.1214 0.1399 0.1292
Unit wt, b/£t2 5.21 6.00 5. 54
Average unit wt, 1b/ft2 5,55

2Area A: a=90in., b =60 in.
Area B: a=90in., b=50in,
Area C: a=90in,, b = 40 in,
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Woffle grid

~~ Electro-chem-milled closeout ;

s e e

T = ~r-~»f; — ' =
. lr I 1

(W /“/

—

Honeycomb sandwich

/~— Chem-milled facing

' ]

[T LI

&= Sheet metal close=off zee

Truss~core sandwich

U [ j!; ~] - S— ‘i—/\f\ ":

N Y

Machined close~off Y~section
o S s o

Fiture 13-1. "J_;‘ypical edge closeouts for candidate monozogue panel configurations
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Average unit weight of wing setrip, lb/f‘t2

10

f‘(L

[ l ! !
?arﬁial heat shield at outbosrd ares lower surface
with insulation:
a/b = 1
La/'b = 1.5
a/b = 2
10 20 30 40 50 60 70

Spanwvise panel dimensions, b,

3
=0
23
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|
Material
Rene’ 41 S.T.A. @ 1400°F
A Iigd loads _{ .
p = 2.85psi (vlt) R=1.5
— ° ‘
= /
T = 1400°F :
R=1.0
Temperature = 1400°F
.028 P / 4
.024 '//
: /
- .020
v
2 /
£ /
L0
=
o .018
Rt
kT
N
N /
012 /
008 /// TN
Ian N _
N' \
.004 \u/
0 _
10 20 30 40 50 60
Length, L, in.

Figure 13-9. Efféctive thickness versus length of semimonocoque spanwise=-
stiffened beaded panels, lower surface, BL 120 - BL 220
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Material
Rene 41 SI.T.A_. @ 1400°F "

Applied loads

P = .975ps£(u|t)_
N, = 500 Ib/in (ult)

AT = 50°F
|
Temperature = 1300°F

o
&

R=.50 R=1.0 |'R=1.5] R=2.0

S
\-
~—_
—

TN
\
~~
N

Effective thickness, T, in
8
N
V\

.024, / 7

o6
7 /\\

0 20 40 60 80 100 120 140

Length, L, in.

Figure 13-10. Effective thickness versus length of semimonocoque spanwise-
stiffened beaded panels, upper surface, centerline to BL 220
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Material

Rene' 41 S.T.A. a2 1400°F

-
Applied loads
p = .975 psi (ult)

1

.08 |
Ny 500 lb/in (ult)

AT = 50°F /
07 F o

: R=2.0'_o
R=1.0] R=1.5
.06 +

£
|~
7
2
. 4
/
é .05 /
/ /
w .04 /]

.03 T ///
— — 7 2. _ Min. goge

.02

7 /_
0
0 20! 40 60 80 100 120

Length, L, in.

Figure 13-11. Effective thickness versus length of semlmonocogue spanwise-
stiffened tubular panels, upper surface, centerline to BL 220
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T T T

— Material
Ren€ 41 S.T. and aged (@ 1400%F

09
I

— Applied loads
08l P= 285psiult.) __ R =75 1.0 1.

AT IIOO°F / [ j

| /

N \\&‘m

oo;
] ! 1 /
V]

.06
[ [

) 17
| I/

/

Equivalent panel thickness, T, in.

.03

s S T Minimum gage

7 -
e

ol / A\

T o= 2.6
0 1 _ 1
0 20 40 60 80 100 120 140

Length, L, in.

Figure 13-12. Effective thickness versus length of scolwonocoqie spanwines
stiffered “kylar yarall, Lowoer porinee, Bl e Bl



Effective Thickness,

a

.10

.09

.08

.07

.06

.05

.04

Figure 13-13,

Effective thickness versus length

(Upper surface spanwise stiffened)

Material - Rene 41 (S.T.A. @ 1400%F)
| Applied loads:
| Ny = 500 lb/in (ult) /
p = 1.0psi(ult) /
|
w, = .001IL in,
| AT = 50°F / 1/
Temperature = 1400°F / ]
e 4
e d 0
> 7
. s
7
S|
< /
/ FF P
/ s
/\(,) ” \ 60° )
L
d 3 ;
bd C
—_— @%-J,— — | Minimum gage }'bf'l
/4 +
®
7 L o8
/ T = 4181,

{0

20

30

40

L, Length - in,

70

Bffective thickness versus length of semimonocoque spanwlse-

corrugation stiffencd panels, upper surfoce, BL 120 to BIL 710
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.14

.12

(in.)

.10

fective Thicxness, t

.08

.06

E=

.04

.02

Material
Rene 41 SI.T.A. (@ 1400°F

Applied loads

P = 2.85 psi(ult)
Ny = 0
AT = IOIO°F
Temperature = 1400°F - bd=.5 |bg=1.0bg=1.5 by 2.0

L/

/

ViV

/ /;/
Vi

\

]

/
7

/// T =137t
/ / /(\ P

7

7 d h fc_
e | Minimum, A 60°

T

/f gage o5 b _», 7

0 20 40 60 80 100 120 140

Length, L, in.

Figurc 13-1k. Bffective thickness versus length of semimonocogue gpanwlsc=

Lroperoidal corrugated pancls, lower surface, BL 120 to Bl 220
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o ] -
Rene_"4l S.T.A, 1400°F
Applied loads

p = 975 psi‘(ulf)
N, 500 ib/in (ult)

et
". .

'y - L [ '
AT 1300°F
Jd4
12
) vodi= 2
£ ld= ].5 /
= /
@
@ .10 /
£
Q
£
® d =1
= N
\;—8 008 /
w
e

06 i

04 /
/ \ d ]kfc
.02 T w

_T.
4

3
]

0 20 40 60 80 100 120
Length, L, in.

Figure 13-15, Effective thickness versus length of semimonocogue spanwise-
trapezoidal corrugated panels, upper surface, centerline to BL 220
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Quantity

2.0
Optimum beaded wide column panel
under constont load, N, = 2000 Ib/in.
5 //
1.6
1. Material: Rene 41 «w 1400°F,
1.4 aged 1400°, 7
2., Length, L=30in.
/ 3. Lombda, A = 1.25 7
1.2 i
' o
/ —‘A; Bama ! }[—'
/

/l Efficiency, € |
|

71

0.8 \ \ | /

oo A\

0.4

/ Elongation, e

0.2 /

[
{

Thar, T x ]0-], in

/

—— reT T
\& Thlscknelss, tx 10 ], in.

/Zw i«‘;aius,ﬁR X lb, ini

I

0 10 20 30 40

50 60 70 80 °9

Semi-central angle, «< , deg

Figure 13~16, Optimum semimonocoque spanwise-stiffencd beaded concept
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2.0 — T T T T T 1 |
| Optimum rubular wide column panel
1.8 | under constant load, Ny = 2000 1b/in.!
| 1. Material: René 41 @ 1400°F, aged 1400°F
6 2. Llength, L=30in.
1. 3. jLambdu,?x =1.25
1.4 \ & Sym
1.2 \\\ s
; \\ / Efficiency, €
1.0 4
5 /
g 0.8 /
| /
o | /
\ |\ 1/ |
,  Elongation, e
. \ \ /
\ -~ /
7 ~-Z ; —
>\ // Thar, t x 10 7, in
0.2 / ;/
\
/ i
- Rodivs, R x 10, in
0 L Thi¢kness, % 10, in. e [
0 10 20 30 40 50 60 70 80 90

Semi-central angle , o<, deg A

Figure 13=1Te Optlmpum semimonocoque spanwiss—st iffenecl tubular concept



Effective thickness, ¥, in.

AN

N Total

"~

Panel concept: tybular

\—'

A2 Aspect ratio (panel): o/b=2.0

Tbhar (panel): 2.61t

poems

Web height: 40 in.

A0
Material: René 41 S.T.A. 1400°F
-
t
.08 | |
Panels
.06 % =
Minimum gage
.04
Heat shields
\
\\
.02 et Web
e
— Rib caps
e - Nonoptimum factor-
Spar caps —mm T
ol | [ L1 T

30 34 38 42 46 50 54 58 62 66 70
Rib spacing, b, in.

Figure 13-18. Weight optimizetion of semimonocoque spanwise—stiffenéd tubular
panels, BL 120 to BI, 212
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Effective thickness, T, in

Total

/
\ |
12 I~~~ L—]
Panel concept: tubular o
{ Aspect ratio (panel): a/b=2.0
O} Thbar (panel): 2.61 t
Web height: 20 in.
[ Material: Rene’415.T.A. 1400°F
08¢ t
| Panels
//
06 ¢ /

/""

Minimum gage
R e A
//
.04 ]
Heat shields
.02 |— Web
| Rib caps
oL | _l l l - Nc;wptimu_m factor
0 I S A s
30 34 38 42 46 50 54 58 62 66 70

Rib spacing, b, in.

Figure 13-19. Weight optimization of semimonoqQue spanwise-stiffened tubulay
panels, BL 212 to BL 350
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Effective thickness, T, in.

Panel concept: beaded
Aspect ratio (panel): o/b=2.0 T
14 Thar (panel): 1.306 t _
Web height: 40 in.
Material: Rend 415.T.A. 1400°F ]
12 | P R N I
S N R S
I ' — VI" ) I I Total
|
.06 /P""e ® -
//
//
04 fro i 9900 |} ]
. Heat shields
\\
\
.02 - .ﬁ'ﬂ—"x—_,,__ Web =
F"\F_‘-
Rib caps
= S Spar caps
0 Nonoptimum factor i '

30

Figure 13-20,

34 38 42 46 50 54 58 62 66 70
b, Rib spacing, in.

Weight optimization of semimonocoque spanwise=-stiffened beaded
panels, BL 120 to BL 212
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Effective thickness, T, in.

Panel concept: Beaded 7
Aspect ratio {panel): a/b = 2.0
Tbar (panel): 1.306 t
Web height: 20 in,
- Material: Ren€ 41 S.T.A. 1400°F
N |
] [
10 Total
1
.08
t
.06 14
Panels
/k
04 Minimum gage /
R
»c::‘*'/’4
e Heat shields
.02 —
== - e ~ Spar caps Web
o L___Nonoptimun factor

30 34 38 42 46 50 54 58 62 66 70
b, Rib spacing, in.

Figure 13-21, Weight optimization of semimonocoque spanwilse-stiffencd beaded
panels, BL 212 to BL 350
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|Effective thickness, T, m\ |

.18

- Total
//
e
|~
e ]6 \\ /ﬁ,//
, Panel concept: itrapeyzﬁgiydql corrugation
M— Aspect ratio (panel): o/b = 2;07 |
|| Thar (panel): 1.37 te -
T Panels
Web height: 40 in.
L0 - N P 2 : ////,
I | Material: Rene' 41 S.T.A. 1400°F /

e

; l////////’

L~

M yd _\ ‘
nmm i
— = N y

.04 ™~

Low pdnél | S k
\\ Heat shields -
\
'022 \\E-— .
Rlb cqps
“'\,,__ . ;ongopfimum
0 T —

20 24 28 32 36 40 44 48 52 56 60
b, Rib spacing, in. .

Figure 13-22. Weight optimization of semimonocogue spahwise—'trapezoidal—
corrugated panels, BL 120 to BL 212
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. Effective thickness, 1, in.

.18

Total

14 - :;7(

Panel concept: trapezoidal corrugation

Panels
Aspect ratio (panel): a/b=2.0

<
A0 ~

Thor (panel): 1.37 t,

-| Web height: 20 in. L

Material: Rene 41 S.T.A. 1400°F

.08

]
06 /'
// «d fe

Minimum gage

T Y 60°

.04 ¢Low panel

1

Heat shields -
\\§ ) |

.02 —+—

N°"'°pf.i:’,f'f’f" Rib clapsr oy l

S e | ' ’ I ';L—_—

T e—— I o ___J» L l I Web
0 l | " Spar caps

20 24 28 32 36 40 44 48 52 56 60
b, Rib spacing, in.

‘ Figure 13-23. Weight bptimization of semimonocoque spanwise trapezoidal-

corrugated panels, BL 212 to BL 350
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14 L— ] Total
//
12
£
=10
4
g
O
-2
3 o
1]
L
w
06
Upper panel
‘ l
04 Rib webs ></ / Lower panel
Rib caps{ - -
FCle ¢ = e= Heat shields
Clossoute, e—— Spar webs
.Spar caps = "f" .
0 10 20 30 40 50
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Figure 13-2k, Weight optimization of wing area A (g to BL 120) of semimonocoque

spanwise trapezoidal-corrugated panels, insulation outboard lower
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Weight optimization of wing area A (¢ to BL 120) of semimonocoque
spanwise trapezoidal-corrugated panels, no insulation
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Figure 13-29. Weight optimization of wing C (BL 212 to BL 350) of semimono~-
coque spanwise trapezoidal-corrugated panels, no insulation
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Panel dimensions: (A1l dimensions in 1néhes)

(Spanwise)
Y

MR

i O~ —

x (Chordwise)

)

Waffle dimensions:

-~ ovarall waffle height

-~ pltech of stiffeners

— skin thickness

— stiffener thickness

— panel equivalent thickness

o 3
]

)

Miscellaneous:
€y ~ extensional eccentricity
e33 -~ ghear eccentricity

w_ = maximum panel deflection

Figure 13-52 Notation Ici» monocoque waffle paunel design data
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Average unit /: k¢ of wing strip, Ib/hz

30

igure 13-54 Honeycomb-core sandwich panel size requirements

40

50

Spanwise panel dimension, b, in,
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Shear allowable, Fs, cr ksi’
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Figure 13-56. Shear allowable versus R/t of vertical circular-arc webs at 13000
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Figure 13=57. SheagF allowable versus R/t of vertical circular-arc webs at
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Shear allowable, Fs cr, ksi
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Figure 13-58. She:a.gF allowable versus R/t of vertical circular-arc webs at
1500
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Figure 13-59. Allowable compression stress versus 'thickness of rib and spar caps
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Figure 13-60. Cap aree vs thickness of rib and spar cdps
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EFFECTIVE THICKNESS, T, IN
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Figure 13-61 Optimum rib spacing for center area of semimonocoque spanwise-
stiffened tubular panels with heat shields and partial insulation
outboard
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Figure 13-62 Optimum rib spacing for spanwise~sti*fened tubular panels with
partial insulation outboard
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Figure 13-63 Optimum rib spacing for outboard area of semimonocoque spanwise-
stiffened tubular panels with heat shields and partial insulation
outboard
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Figure 13-~65., Optimum rib spacing for inboard area of semimonocoque spanwise-
stiffened tubular panels with no insulation
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Figure 13-66. Optimum rib spacing for outdoard area of séﬁimonocoque spanwise-
‘stiffened tubular penels with no insulation
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EFFECTIVE THICKNESS, t, IN.
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Figure 13-68 Optimum rib spacing for center area of semimonocogque spanwise-
stiffened beaded panels with heat shields and partial insulation
outboard
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Figure 13-70 Optimum rib spacing for outboard area of semimonocoque spanwise-
stiffened beaded panels with heat shields and partial insulation
outhoard
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Figure 13-71, Optimum rid spacing for center area of semimonocogue spenvise-
stiffened beaded panels with no insulation
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Figure 13-72. Optimum rib spacing for inboard area of semimonocoque spanwise=
stiffened beaded panels with no insulation
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Figure 13~73. Optimum ridb spacing for outboard area of semimonocoque spanwise-
stiffened beaded panels with no insulation
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Figure 13-75

SPAR SPACING, IN.
Optimum spar spacing for center area of semimonocoque chordwise-

stiffened tubular lower surface and convex-beaded upper surface
with lower heat shields and partial insulation outboard
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Figure 13-76 Optimum spar spacing for semimoncoque chordwise stiffened
concept
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Figure 13-77 Optimum spar spacing for outboard area of' semimonocoque
chordwise-stittened tubular panels with lower surtace
heat shield and partial insulation outboard
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Section 14

PANEL FLUITER ANALYSIS
by
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Section 1k
PANEL FLUTTER ANALYSIS

The results of the analytical flutter investigation indicate all wing
surfaces exposed to the aerodynamic environment remain stable throughout the
entire flight trajectory.

CRITERIA

The surface panels were analyzed by use of the method presented by Bohon
and Anderson (ref. 1l4-1), which includes the influence of spring-supported
edges.

A factor of safety of l.3 on the dynamic pressure and a test correlation
factor of 2,0 is used. This results in the theoretical critical dynamic
pressure to cause flutter being greater than 2.6 times the actual dynamic
pressure at the critical point of the flight trajectory.

The critical pcint of the flight trajectory was evaluated from the
maximum value of the quE parameter, where

q = dynamic pressure, psi
B = |(monNo.)® - 1]1/2
E = Young's modulus of the structure at the temperature corresponding

to the point of the flight trajectory being evaluated

This parameter was evaluated at 7, 20.6, and 4O minutes into the flight,
and the critical point of the flight trajectory was determined to occur at
7 minutes into the flight. Consequently, the stiffness of the unshielded
primary structural panels was based on a temperature of SOOOF, and for the
shiglded areas the hegt shield, support clip, and panel temperatures were
500°F, 350°F, and 200°F, respectively,

Where refurbishable heat shields are used, the spring constants include
the flexibility of the heat shield edge closeout, the support ¢lip, and the
primary structural panel. The primary structural panel is regarded as shielded
from the aerodynamic enviromment when the refurbishable heat shield is employed.
However, where modular or permanently attached heat shields are used, both the
heat shield and the primary structural panel are required to be flutter free.
Unshielded primary structural panels are analyzed and required to be flutter
frec with edge spring supports based on the flexibility of the panel edge closeout
and the structure to which it is attached.
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PRIMARY STRUCTURAL PANELS
Monocoque Waffle

The waffle concept has heat shields on the lower outboard surface only.
In all other areas the structural panel is subjected to the aerodynamic
enviromment. The panels have an aspect ratio of 2 and dimensions of 20 inches
by LO inches, with the long dimension parallel to the airstream., The edge of
the panel is attached to the spar and rib flanges. The effective spring
constant of the unshielded panels is based on the flexibility of the spar/rib
flange, the panel edge thickness, and the panel edge closeout. A schematic
drawing for this closeout area is shown in table 1lj-1. The spar/rib flange
was assumed to be cantilevered from a point halfway between the centerline and
the edge of the corrugated web, with an inflection point occurring at the panel-
to-flange attachment point. The stiffness of the tapered panel edge closeout
was assumed to vary according to the square of the tapered length. On the basis
of these assumptions and by use of the strain energy of bending for this system,
the equation for the spring constant was determined. The spring constant
equation, spring constants, and related stiffnesses for the panel edge closeout
are sumarized in table 1h-l. It was assumed that the leading and trailing
edges were simply supported and the streamwise edges were elastically supported
with the aforementioned spring constant.

The heat shield on the lower surface of the outboard segment of the wing
is corrugated in the streamwise direction and is supported on hat-shaped clips
spaced at 1C inches in the streamwise direction. The effective spring constant
is based on the combined flexibility of the support clips and the waffle primary
structural panels. The equations for the spring constants, stiffnesses, and
geometry for the clips and the primary structural panels are shown in tables
14-2 and 1L1-3, respectively. The critical dynamic pressure parameter as defined
in the criteria section occurs at 7.0 minutes into the flight. At thls tlme
the temgerature of the heat shield, the clip, and the panel are 500 F, 350 F,
and 200°F, respectively.

A1l areas of the wing are stable and exceed the flutter factor of safety
requirements as defined in the criteria section, Table 1L-li summarizes the
principal flutter parameters and results. The minimum factor of safety of 6.77
occurs on the lower surface heat shield between BL 304 and 350.

Monocoque Honeycomb

The honeycomb concept has the identical thermal protection arrangement
as the waffle concept — heat shields on the lower surface outboard area of the
wing. The panels have an aspect ratio of 2 and dimensions of LhO inches by
80 inches, with the long direction parallel to the airstream. The panel has a
channel closeout stiffening the two face sheets, with an upper-surface splice
plate for load transfer between adjacent panels. The lower face sheet is
attached to the spar and rib flanges.
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The effective spring constants “or the unshielded panels are based on
the combined flexibility of the spar/rib flange, panel edge thicknesses, and
the panel closeout. The closeout geomsvury and the assumptions made for the
solution of the spring constant are shown in table 1L-5. The spring constants
for these unshielded areas are summarized in table 1h-6.

The heat shields on the lower surface of the outboard segment are
corrugated in the streamwise direction and attached to the primary structural
panels by clips spaced approximately 1l.li inches. The heat shield spring
constants, which are composed of the heat shield clip and primary structure
panels, are shown in tables 1L-2 and 1h4-3.

All areas of the wing are stable, with the minimum factor of safety of
531 occurring on the shielded lower surface between BL 212 and 304. The
principal flutter parameters and results are show. in table 1h-6.

Semimonocoque Spanwise

The tubular and beaded concepts have refurbishable heat shields on both
upper and lower surfaces, These heat shields are the corrugated concept with
mltiple supports. The shield is stiffened in the streamwise direction and
attached to the primary structural panels by clips spaced approximately
13.1 inches in the spanwise direction. The panel width is equal to the rib
spacing, which is 50 inches, LO inches, and Lj0 inches from center to outboard
areas, respectively, for both concepts.

Since these concepts are completely shielded, the spring constants are
based on the combined flexibility of the heat shield support clips and the
primary structure panels. These equations and spring constants are shown in
tables 14-2 and 14~3. The heat shields for all wing areas for both the tubular
and beaded concepts are stable and meet the required factor of safety. The
principal flutter parameters and results are shown in tables 14~7 and 14-8.

The minimum factor of safety for both concepts occurs on the lower surface heat
shield located between the centerline and BL 120, A.p/A = 2.69 for the tubular
and Aep/A = 3.0 for the beaded concept.

Semimonocogue Chordwise

The chordwise concept has tubular primir; svructure panels on the lower
surface and convex beaded panels on the upper surface. The lower surface
requires heat shield for thermal protectio =nd aerodynamic smoothness. The
shields, which are stiffened in the spanwise direction, are attached to the
primary structure by clips spaced 13.1 inches in the streamwise direction.

The panel dimensions for both upper and lower surface primary structure panels
are 75 inches by 25 inches spanwise and chordwise, respectively.



The spring constants on the lower surface heat shields are based on
the combined flexibility of the heat shield clip and tubular panel. The
c¢lip spring constants are summarized in table L4~2., The spring constant
equation and stiffnesses for the lower surface panels are shown in table
14-3,

The unshielded upper surface spring constants are based on the combined
flexibility of the spar flange thickness and panel closeout geometry. The
spar flange was assumed to be cantilevered from a point halfway between the
centerline and the edge of the corrugated web., The stiffness of the panel
edge closeout was assumed to vary according to the square of the tapered
length. The closeout spring constants for the upper exposed panels are
shown in table 14-9. The related dimensions and stiffnesses as well as the
spring constant equation are contained in this table.

Both upper and lower surfaces are stable and have factors of safety
against flutter, Acr/A , that exceed the required factor of safety of 2.6.
The minimum factor of safety of 12.4 occurs on the lower surface between the
centerline and BL 120. The prinecipal flutter parameters and results of the
analysis are summarized in table 14-10.

Staticelly Determinate

This concept has refurbishable heat shields on both upper and lower
surfaces with corrugations in the streamvise direction. The heat shields
are attached to the primary structural panels by clips spaced 13.1 inches in
the streamwise direction. The primary structural panels used on this concept
are the spanwise stiffened beaded configuration.

The panel widths are equal to the rib spacing and are 60, 50, and 40
inches from center to outboard area respectively. Since all surfrzes are
shielded, the effective spring constant was calculated from the combined
flexibility of the heat shield support elips and the primary structural
panels. These spring contar’ calculations are shown in tables 14-2 and 14-3

The heat shields are stable and have factors of safety egainst flutter
that exceed the required factor of safety of 2.6. The minimum factor of
safety occurs on the lower surface heat shield between the centerline and
BL 120, The principal flutter parameters and results are summariged in
table 14-11.

HEAT SHIELD CANDIDATE ANALYSIS

A detailed panel flutter analysis of each of the candidate heat shield
concepts was conducted by use of the method and eriteria discussed in the
criteria section. Both refurbishable and permanently attached heat shields
were analyzed. The heat shield designs investigated are described in Section
20, The effective spring constant is based on the combined flexibility of the
support c¢lips and the primary structural panel.

-l



A typical tubular panel was assummed with a radius of 1.0 inch, a
thickness of 0.010 inch and a pitch of 2.4526 inches. For the analysis of
the panel with permanently attached heat shields, the effective spring
constant was based on the combined flexibility of the rib flange, the
panel edge thickness (including doubler), and the tapered end closeout
of the tube. The critical dynamic pressure parameter occurs at 7.0 minutes
into the flight.

The refurbishable heat shields are stable and have factors of safety
against flutter, A;n/A , that exceed the required value of 2.6. However,
the primary structural panel of the permanently attached (modular) concepts
has an allowable flutter parameter that is less than the applied dynamic
pressurej consequently, it would flutter. The principal flutter parameters
and results are summarized in table 14-12.

1L-5
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TABLE 1L-l “

MONCCOQUE WAFFLE PANEL FLUTTER PARAMETERS

Location Center Inboard Outboard
Surface Lower Upper Lower Upper
D, = Dy, 1b-in. (2) 28 900 47 40O 47 100 32 350
Dy, lb-in. (b) 76 300 12l 500 12l 700 85 1,00
K, 1b/in./in. 7 6LO 10 2,0 8 920 6 8L0
X (c) 9649 68.8 72.1 70,1
C (a) 2.6L2 2.625 2.6L9 2.636
-K; (e) 21.1 21.0 21.2 21.1
NN (£) 3. 3. 3.4 3.0
(@/B),ps bsi 305 L95 1,98 340
(/) ./ (/B) (g) 83 135 135 92

(a) Flexural stiffness

(b) Twisting stiffness, D12 = D3 = Dy + 2D33
(c) X = K b3/n3D2, where b = 20 inches

- 1/2
(@) ¢ = D12/(D1D2)

- 2 - .
(e) -Ax = 2 (a/b) D12/D1, where a L0 inches

(£) (A;r)l/3 = (2qb3//3D1)1/3 (Dl/212)1/2; from figure L, reference 1l-1;
(C = 7.07and ~ K = 50)

(g) a/B = 3468 psi at 7.0 minutes
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TABLE 14-h4 (Concluded)

Lover Surface(¥?
i BL 212-30L | BL 304-350
(0 Jpane» b-ine (a) 10 660 10 680
Kot 10/inc/in. ) 51,2 51.2
()  Io-in (c) 2 316 1 560
(DIZ)HS’ 1b-in. (d) 6.100 k4.005
A (o) 3.098 h.72h
A 0 0.000142 0.000143
Kap? 1b/in./in. (@) 28,180 18,575
X, /in/ine  © (n) 511 51.07
I w 0.693 1.086
Ar ) 25 32
AN 8.07 6,77

@) ) pner = B @panert E = 3097 x 1% pat

(8W/S) (0)pan ®lg/®M o

E(T)g E = 29.7x10° pm

(®) ‘Pﬂnol
(c) (1)2)“s

1.0L7R + b

B =t -5 B

@) @plys

(&) A = 2 (@8) (O¥/D,)yg = 730 (/D)
- 2
(£) -A = 2 (b/alyg (By,/D,)yg
® gy, o 30,3 x 10° psi (René L1 clips @T = 350°F)s Bsp = 0% 1P pat
(ID NiCr clips @ T = 350°F)
1 1 1
) & I i on
K Kpanet  Foutp
i - K o3
(1) X 3 ©/D)yg
(35) Aoy from Figure 2, reference 1li-1,

(k) Heat shield panels and clips; Rens Ll between BL 212-30h; TD NiCr betwsen BL 30h=350,

1h-11



TABLE 1l;~5

MONOCOQU® HONEYCOMB SPRING CONSTANT EQUATIONS

(UNSHIELDED )

—e 43

{0.015
"N

1!

I

Assumptions

(1) Cap and closeout have

{ 1
? L} 0.0)3 ? ]]

same slope, @, due
to clamping by shoulder

No deformation

i P

bolt,. | v,
(2) Head of shoulder bolt . - —-37 -
8 H

permits inward movement l '

~

but resists outward 1 \E 4_1_
movement. r A ’
o 5"
4 4 IJ
- | —>
Closeout Panel
Closeout deflection equation: 8’1’01'-!1 =8 = 5 +4"
2
oo (L o Gen®
3 = =
3E I1 I2 LE Il 12 (Il + 12) 1
Panel deflection equation:
. Pe’ Co8 - g -
8 IZ(ET; + EL) ° ! Ho= 4
Spring constant:
1 _ 1 .1 whore Kt = P/§&
K X Kn K" = P/3

ih-12

-

4
2

8
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TABLE 1L-6

HONEYCOMB SANDWICH PANEL FLUTTER EVALUATION

Location Center Inboard Outboard
Surface Lower Upper Lower Upper
D = D, = Dy, in.-1b|(a) 193 530 | 209 770 231 900 265 000
K, 1b/in./in. (b) 1210.34 1210434 1210.3L 1210.34
X () 12.909 11.909 10.773 9.L27
C (a) 1.0 1.0 1.0 1.0
-A_ (e) 8.0 8.0 8.0 8.0
a2 €) bt b a7 be?
(Q/'B)cr 156.98 170.15 188.10 214,95
(v/B),,/ (/B) (g) L2.62 16420 51.07 58.36
(a) TFlexural and twisting stiffness
(b) Deflectional spring constant per unit width
(c) § = Koofm D,, where b = 40 in.
@ ¢ D12/(D1D2)1/2
(e) -Kx = 2 (a/b)2 Dlz/Dl’ where a = 80 in.
(£) (Aér)l/ 3 . (’L’qb:j/BD1 )1/3 (Dl/Dlz)l/ 2, from figure 5, reference 1lh-L,
(¥ = 10)
(g) o/B = 3.683 psiat t 7.0 minutes

1h-13



TABLE 14~-6 (Concluded)

Location Outboard(*)

Surface 212304 304-350
(03 )puners 1b-ine (2) 116 197 16 197
Roaner? 1b-in./in. (b) 39,809 39.6809
(0,)yg  bein . (0) 2328 3900
(0y,)yg  1b-in, @ 5.9768 8.638
A (e) k.ni2s 2,613
-I’ (r) 0.0004168 +000369
KClip" lbli?./in. () 1407.0 1119.0
K, 1b/1n./4n, r) 38,724 38,462
3 1) 0,7898 04737
Ap Q) ] 20
Ag/N 5.305 7.10

@ (0 )pna * B B - 0x 1 pa

®) Kppuaa W) (D) Gl
(e) (D)) = E()e B o 2.1x16pm
s B3 LOUTR + b g3

(@) (), )ye - (B‘; Za sy " ("—s';— 15.8
(e) A - 2 (/B O,y = 7.366 (53D, )y
0 K - 2 (v/a)fs (00,0
(g) Eeyp - 30,3 x 20° pai

1 1 1
h . .
») k R;anel gip

- s.cﬁ)
(1) X = w3\D; s
(3 .\‘,r from figure 2, reference l-1

(k) Heat shield material René ki, 212-304; TD MiCr, 304-350

?lh-lh




TABLE 1)4~7

PANEL FLUITER REQUIREMENTS — SEMIMONOCOQUE, TUBULAR

Surface Upper Lover
Location stations, BL 120-12 | 212350 ] g -120 ] 120-212 | zmze300 | 30u-35089
(s in. o1 om2| o0 0,010 0,014 0.019
®gyg ine 122 152 122 122 1.88 2.50
Ry in, o5 115 a9t 0,91 140 1.50
(®p)gg ine Y .39 0.3l 0.3 0.8 06l
(Thyg Y1, 22 x 10 [13 x 20 |22 %20 | 22 x 10 | 72 x 100 180 2 206
O,)us (8)  ibein. 63| 12m.1]  esab 653h | 2138 10,0
©y)s () 1bein. n9n a0 | 1.97m 191 5407 9,017
0/, 0,00292 | 0,00270 | 0.00292 | ©0.00292 | 0.00263 | 0.00257
b in. 130 13.1 10 131 131 131
A (c) 2532 129 | 2832 25,32 7,738 TN
. in, Lo Lo 50 ko ko ko
x, (a) 0,000626 | 0,000580 | 0.000401 | o0.000626 | 0,002 | o.000551
Ky (0)  W/in/in, o%.0| Wheo| 1086,0] 10860 | wore| 1ms.0
K)paner (#)  w/in/in. 82.4 43.8 20,9 8642 26,8 2.5
K (s) 16/1n./4n, 76,218 h2.511 20,L94 53, %60 26,010 25,087
X n) 8.47 2. 227 5.92 0,882 0,535
Ap ) 180 75 68 wo 30 20
Acljl T.11 Se79 2.6p 5453 3.88 L2k
@) b, © @Bl Tyg o SO, (Bl = 29.7 2105 put
©) 5, - (S‘s Tz'?f—'W tﬂﬁ%—.:&)%
(c) A ° 2B VD, = 736570, tine » 7.0 mtmutes, q = 1500 pf, M » 30
- o\ [0
@ K -2 (;) (DA:-)
(0 Tyyp = BCF By o« 303 x 1P pat
() Tppgq = 20°%%) Bp )« 209722 poty K, 3";“@1)%"°1 g/ ©fyny
® i . mi?fp . -mt.-l
(n) X N 4
o,

(1) Moy from reference -1, figure 2

(J) Heat anield material René L1; except lower surface Bl 304=350, TD NiCr

=15




TABLE 1,~8
PANEL FLUTTER REQUIREMENTS - SEMIMONOCOQUE, SPANWISE, BEADED

Surface ’ ) Upper - Lower
Locatdon otations, BL 120212 | 212-350 | g 120 | 120212 [ 212300  30u-350897

(L)ys 10, 0,010 0,012 0.000 0,010 0,01 0,019
(bglys 1 1,22 1.8 1.22 1,22 1.68 2,50
(Rlye in, .91 118 0u91 0.91 1.L0 1.90
(b‘ )Ra in, (%1 0,39 0,31 0,31 0,48 0,64
(Dys 1nb/1n, 22 £ 10 |13 x 10 | 22 x 10 |22 x 10676 | 72 x 10 | 180 x 10
By g (a)  1buin, 6534 | 121701 653 6534 21384 3510.0
NP . (b)  1b-tn, 157 3.450 1.9m 157 S.407 9,017
1,4/, 0.00292 | 0.00270 | o.00292 | 0.00292 | ©0,00253] 0.00257
b in. 13.1 13.1 13,1 131 131 131
A (c) 25.32 12,96 25.32 25,32 7,738 [W51A
2 in, 40.0 40,0 50,0 10,0 40,0 40.0
-iy [C})] 0,000626 | 0,000580 | 0,000401 § 0,000626 | 0,000542 | 0.000551
®ep (o)  1b/inin. 2035,0 | 1hk.0 1056,0 |  1086,0 2107.0 119.0
Vo (t)  W/in/in. 103.4 $6.47 z:a.va 6.1 85,0l 85,4
K (¢)  1b/in/in, 94,00 She35 |° 2796 204.6 80,55 79.38
S () 10.4 3.08 3,10 .61 273 1,84
Aer () 200 1 (] 220 (-] b6
Ao/A 790 s.7 3,00 8.69 8.19 9.76
o) o, o (il Ty = 500°7, (B = 2.7 x26° pat

1.0k7 R ¢ b) nl

o, - (&) ri (—T—" =z

e} A - 2 () »’/n2 * 736670, tine = T.0mimtes, g = 1500per, K = 30
- b’

& -2 (;)(%3)

© Ty, = XOF By 30,3 x 10° pat

() Tppy = 20 By, = 3097 x16pat

) 3 S 1
© g LI MO P—y
R SRR -

: 2

(1) Ay, from reference 141, figure 2

(3) Heat shield material Rend Llj exoept BL 304350, T0 Nicr
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PANEL FLUTTER REQUIREMENTS - SEMIMONOCOQUE, CHORDWISE

TABLE 14-10

Surface Upper Lower
Looation stations, BL 120-22 1 212350 § - 120 120-212 212-30 35008

(ths in. - - 0,012 0,012 0.015 0,019
‘hs’m [ - - 1,22 Le22 12 2460
(R)yg in. - - 0.9 0,91 k2 1.92
(5 )4a in, - A - 0.3 0,31 0.9 0.67
T 1n.4/4n, 1960 x 10 | 1000 x 108 | 23220 | 23x 20 | 60 x 206 | 200 x 1070
o, {s) 1b-in. 58 000 119 000 6631 6812 2316,0 3900,0
0, {v) 2b-in. 27 900 57 200 3505 2405 6,615 8.838
°u/°a 0.1481 0.8 0,004,958 0,008 0.00778 0,00227
b in, 2h.0 2.0 131 131 131 131
A (c) 14754 0.,685% A.22 2h.22 6,964 %~ %]
. in, % 75 60 ki3 75 ]
& (a) 0985 0988 L000L75 | 400030 L00M70 4000138
®gyp (8)  W/An/Ane - - ox. 1003,0 2016,0 2851,0
(Kpyna1 () 16/1n./1n, ket. -1 B $70.5 587.0 W 2047
® (g)  W/indin, L2 121 M.l 370,3 185.8 191.2
X (n) 3.3 L) %2 393 .67 3,58
Aoy (1) 90 s 300 a0 130 9%
A/n 51.% 538 2.4 12,8 16.7 A.2
@) 0, = (TEyg Ty = 50°, (E). = 207 x20% pm

s gl LT R +bN g3
®) o, - (s;)m s () B (fortmt suntel Dy, o Dy - 02 (wper surtace

primary structure)
c) A © 2 @B/, = 7B YD, tine © TOminites, q © 1500 pef, M~ 30

2 /0,
@) - - 22 (l‘l)
& (') D,

0 Ty, = BT By, o+ 03 x 16 pu
() Tpgy, = 200°T By, = 30,97 x 10° pot (ower we wovels Tppg ¢ SUTE B o 2907 %206 pa

(upper surface)
(¢) . -m—-l + -(g-;—--"

% Clip Panel

GV | . !-393

1 4 D2

(1) Ay, from refevence -1, figure 2

(3) Heat ahield material Rend’ hl; exoept BL 304-350, D NiCr
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TABLE 1L-11

PANEL FLUTTER REQUIREMENTS - STATICALLY DETERMINATE

Sarfage Wper Lover
Looatien stations, BL 120-212 212-350 £-120 | o2z | 2 3h-3504

(Lhys tn. 0,010 0,012 0,010 0,610 0,004 0.019
(bghig tn. 1.22 1.52 2" 1.22 1.88 2.50
(R)yg in, 0.91 118 (X1 0.91 140 1.90
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Section 15

VEHICLE_FLUITER

Flutter analysis of the hypersonic cruise vehicle was conducted to
assure that the structural concepts were not flutter critical. This inves-
tigation was limited to symmetrical modes in keeping with the redundant
analyses. Previous studies of flutter response of long, slender vehicles
have indicated that asymmetric flutter is not likely to be critical for the
overall vehicle (configurations having tip fins may require local stiffening
to avoid asymmetric flutter).

The critical flutter condition is expected to occur during the heavy
weight climb/acceleration phase of the trajectory as maximum G, q is
attained. The variation of the parameter Cf,,q with Mach number during
climb is shown in figure 15-1. Symmetric flutter response at Mach 2.75,

520 000 pounds vehicle gross weight, was analyzed using piston~theory
aerodynamics for the wing and slender-body aerodynamies for the forebody.

The level of aerodynamic forces was modified to give a QLoeq of 0.0215 1b/deg-
sq ft based on the wing reference area.

Using the computer program of reference 15-1, vehicle flutter analyses
were performed for the monocoque, semimonocoque spanwise, semimonocoque
chordwise, and statically determinate structural concepts. The resultant
damping coefficients and frequencies versus equivalent airspeed for the
first three modes are shown in figures 15-2 through 15-5. (Higher order
modes were included in the analyses but were determined to be of little
significance.) In general, the vehicle modes exhibit the low frequencies
typical of long slender configurations.

The first mode is comprised primarily of fuselage bending, while the
second mode principally indicates wing bending about the longitudinal axis.
Response frequencies of both flutter evaluations are similar. The third
mode shape, consisting of combined second fuselage bending and outer wing
bending, exhibits a slightly lower frequency than the third mode resulting
from the preliminary flutter analysis. This mode displays negative damping
throughout the velocity range investigated. No positive damping was indicated
throughout the speed range investigated. The speed range considered extends
well b vend the required 1.3 factor on dynamic pressure. Therefore, it is
conclu Shat high margin on airspeed and dynamic pressure is available
over t.. uesign flight path and that the structural concepts are not critical
in flutter. It was not required to conduct a vehicle flutter analysis for
the monocoque honeycomb sandwich concept. This concept was investigated
after the final analysis of all the other concepts was complete. Since the
wing stiffness of the honeycomb sandwich coneept was similar to the other
concepts, which provided high marging on airspeed and dynamic pressure, it
ves concluded that this concept was not critical in flutter.
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q Dynamic pressure

R Reynolds number; reduction factor rz2d in equation 16-5;
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t Thickness
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Section 16
SONIC FATIGUE ANALYSIS

Adequate resistance of the wing structure to the acoustic loading for the
life cycle span (10 000 hours) was determined by theoretical methods of analysis
supplemented by empirical data.

BOUNDARY LAYER AND NOISE CRITERTA

Boundary layer and engine noise levels are considered to establish acoustic
(sonic) fatigue effects. For the wing study area, the boundary layer noise is
the primary condition contributing to sonic fatigue for the wing structural
concepts.,

Estimated overall sound pressure levels (OASPL) for boundary layer noise
vere determined, based on the criterion (ref. 16-1) that overall root mean
square pressure is 0.7 percent of free stream dynamic pressure for laminar and
turbulent flow conditions. For transition from laminar to turbulent flow, the
criterion is based on an overall root mean square pressure that is 2.2 percent
of the freestream dynamic pressure. The resultant values, as shown in
figure 16-1, are found to be 1C Jb higher than those for 0.7 percent g. The
0.022 q criterion is based on recent flight test data from the X-15 program,
which indicated the pessibility that a higher relation between noise level and
dynamic pressure than found in reference 16-1 may exist.

Boundary layer thickness (A) is computed using an extension of the method
suggested in reference 16-2,

0.8
= 2 (16-1)
R .

all"2

where
X = the distance from the leading edge
M = the Mach number at the edge of the boundary layer
R = the local Reynolds number

Maximum octave . ad pressures occur in the 2400 -~ 480C Hz octave band for body

panels and in the 4800 - 9600 Hz octave band for wing panels. Since furdamental
panel frequencies were anticipated to fall within the 37.5 - 150 Hz octave band,
sound pressure levels within this range were determined as shown in figure 16-1.
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Sound pressure levels from engine noisé¢ were determined using the thrust
and flow relationships for the Pratt and Whitney STF-219 turbojet engine. An
overall power level (PWL) of 186 dB re 10713 watts is produced. The overall
sound pressure level (OASPL) is determined as:

OASPL = PWL + D -10 - , 2mX< (16-2)
where
D = a directivity correction, -15 dB at 150°F from the jet axis
¥ = the distance from the exhaust nozzle, 52 feet to the aft edge

of the wing study area

The most severe sonic environment on the wing study area due to engine noise
is thus defined by an OASPIL of 129 dB. The sound pressure level in the octave
band corresponding to fundamental panel frequency (37.5-150 Hz) is 122 dB at
takeoff. This decreases rapidly as speed is increased, with the influence at
stations forward of the exhaust disappearing as sonic speed is attained. The
variations of OASPL with time due to boundary layer noise indicate values in
excess of those due to engine noise (fig. 16-1). Therefore, the latter are
not considered critical for design, and the acoustic environment due to
boundary layer is used to dictate design requirements.

A comparison of acoustic fatigue effects due to boundary layer noise for
the 0.007 q and the 0.022 q criteria are contained in table 16-1. TFor ease of
computation, the vehicle life is conservatively considered to be composed of
three loading levels: one based on maximum pressure during the basic mission,
one at maximum dynamic pressure (2200 psf) during the positive maneuver, and
one at a nominal dynamic pressure (2000 psf) during the specific maneuver
excursion. Except for the lower outboard area, the win% is conservatively
analyzed for the maneuver (2200 psf) at an OASPL for 10 Y loading cycles.
Using the maneuver sonic criteria is conservative since the maneuver pertur-
bation requires only 16 hours of the 10 000-hour life. The 0.022 q criteria
is valid only during cruise, as discussed below. Root mean square (rms) pres-
sure and power spectral density (psd) in both the second and third octave bands
are included. Pressure increases by a factor of 3 are produced under the more
severe criterion and power spectral density levels are increased by a factor
of 10.
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TAMINAR~TJURBULENT TRANSITION CRITERIA

Transition from laminar to turbulent flow at the wing leading edge is
assumed to occur at a freestream Reynolds number of 130 000 based on leading
edge diameter. Flow over both the wing upper and lower surface is assumed
turbulent whenever the leading edge is turbulent. For laminar leading edge
{low, transition on the wing lower surfuce is assumed to begin when the ratio
of momentum thickness Reynolds number to local Mach number eguals 150. Trans-
ition on windward upper surfaces occurs under the same conditions as for the
lower surface. Flow over leeward upper surfaces is assumed turbulent for all
flight conditions.

Flow field analysis for the design trajectory indicated that leading edge
flow is turbulent throughout climb and through the trajectory perturbations.,
Tmmediately after the 2.0-g maneuver, the leading edge Reynolds number drops
below 130 000 and decreases until the end cf cruise. Flight angle of attack
remains above 80, however, so all wing upper surfaces are leeward and flow
there remains turbulent. Since turbulent flow is a stable condition and laminar
flow is unstable, it is impossible to predict exactly when flow at the leading
edge will shift from turbulent to laminar, if at all. If leading edge flow
does become laminar as soon as possible, a laminar-to-turbulent transition line
will occur on the lower surface within three feet of the leading edge, measured
along the wing chord line during the cruise portion of flight. The area of
applicability of this criteria is shown in figure 16-2, indicating only a small
region of the panel affected. The analyzed area is localized near the end
closeout cof the panels adjacent to the leading edge structure.

METHOD OF ANALYSIS

Fatigue effects of random sound pressure on the wing structure are
determined by analytical and empirical approaches of references 16-3, -4 and -5.

The following basic assumptions are postulated for the structural response,
resulting stress levels, and fatigue damage:

1. Stresses that contributed to the sonic fatigue damage are significant
only in the primary structural resonant modes.

2. Lightly damped structure will respond significantly in only one mode
when exposed vo random excitation.

3« The fatigue failure resulting from random sound pressure excitation
can be interpreted as a quasi-sinusoidal response whose frequency is
that 07 the significant mode and whose amplitude has a random
variation. The peak probability distribution is Rayleighian
(ref. 16-5).
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Lk, The randomness of the pressure input can be defined statistically as
the probability rate of occurrence of Iinstantaneous pressure. The
instantaneous distribution is Gaussian (ref. 16-5).

>. For single mode responze, the sound pressure correlation is unity;
i.e., the pressure everywhere on the surface under the random
pressure load is in phase.

6. TFatigu. amage is accumulated at a linear rate (ref. 16-5).
Structural Response

The response of the structure, when excited by random sound pressure,
may in many instances be complex and is due largely to the structural con-
figuration itself where the skin panels and support structure are dynamically
coupled. For these aralyses, it is assumed that the structure undsr study
will respond as a single degree-of-freedom system. Structural response to
random sound pressure levels can therefore be expressed by Miles' theory
(ref. 16-6). This assumption may not be realistic in many instances, but,
for more complex structural configurations it serves quite well in estimating
the lowest resonant frequencies. This approach has great practical value in
that the vibratory motion of a complex structure generally exhibits its
maximum displacement and stress amplitude at its lowest resonant frequency.
Miles' theory is dependent on structural damping ratios, response frequency,
and normalized stress response, which are discussed briefly in the following
paragraphs.

Structural Damping

The emplitude of the displacement and dynamic stress in the structure,
when excited at any resonant mode, is dependent on the damping ratio. Most
of the fatigue damage can he expected to accumulate when the response is in
the least damped mode. Damping ratio (8) in the range of 0.010 to 0.020 is
usually considered for these analyses; here, the conservative value of 0,010
is used.

Response Frequency

Determination of the structural response frequency is another important
consideration in sonic fatigue analyses. It is assumed that the maximum sonic
fatigue damage will be accumul 3:d in the lower frequency modes of the struc-
tural configuratior, and, ther ore, it is important to determine a close
approximation of these resonan frequencies. For analytical purposes, the
response frequency is determin- | and then the sound pressure level is chosen
to be the octave band level cc responding to this frequency. Due to the
complexity of the structure and the interaction between members, it is very
difficult in many instances to predict the exact resonant frequencies;
historical test data and/or response tests are required to betier define
~tructural response. For analytical purposes, response frequencies for the
various str.ctural members are determined from beam and plate theory (ref. 16-7).
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Normalized Stress

As noted previously, structural response to random pressure fluctuations
is expressed by Miles' theory with the rms .“ress as:

2
o~ T 2
g = ngoqsoo’o (16_3)
where:
G = rms stress
6 = the damping ratio
fo = resonant frequency of the system

%

root mean sqguare pressure density (psie/Hz)

i

Op = normalized stress

The normalized stress response to a unit pressure closely approximates the
static stress response to a unit pressure; therefore, basic plate and beam
theories are used in determining this parameter for structural sizing. In
addition, the normalized stress (00) is equel to 90 percent og, resulting from
a unit pressure loading. Bending stresses in plates and supports and axial
stresses in members sre determined from basic theories. Through Miles'
equation, rms stresses due to the various random conditions are determined for
fatigue life predictions.

Flange Stress

Adequate support structure sizing is essential, since the prying action
of the attach flange on its fasteners causes etresses in the flarce. This is
sometimes critical if the thickness of the flange is less than the skin thick-
ness or if the moment arm, A, as shown below, is out of proportion relative to
panel width, as may be the case with a large bend radius or overhang of the
cap flange due to corrugated webs (ref. 16-5).

- ui B —to! A |— 3
v%w N 11

Test Data

g Web

Corrugated Web
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The rms flange stress resulting from a unit load is determined from the
following cmpirical equation:

CBA [ £ 6,
0= ————— (16-4)
e

where:

Op = rms flange stress

B = panel width

A = effcelive moment arm

t. = flange thickness
‘JEZ;EE:= rms sound pressure, psi

C = empirical constant 21.3 for double flange

42.6 for single flange

in

Dout i

i

Fatigue Curves and Allowables

The René 41 random fatigue curves presented in figure 16-3 are used for
the sonic fatigue analyses. These datsa nre results of narrow-bagg " 1domn
amplitude bending fatigue tests conducted on sharply notched Rene 'l specimens.
Theoretical life predictions were made for the random loading tests by using
the Palmgren-Miner cumulative damage rule and two different peak stress
distributions, the distyibution determined from the tests and the classical
Rayleigh distribution. The data indicate that, for short lives, a progressive
loss of fatigue strength occurred with incresse in temperature. For lon,, lives,
fatigue strength decreased from room temperature to TOOOF, bul, did not. decrease
further at 1400°F. Tre Rend M1 heat suicld pancl glresccs wore compured Lo Lhe
10 000 psi fatigue allowable (cndurance limit ctrees).
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The lower outboard surface heat shield TD NiCr allowakles were based on
the analysis discussed in section 17 {fatigue). Figure 16-l shows a total
strain versus cycles to failure for TD NiCr from 1600° to 2400°F for three
factors of safety. The methods of reference 16-8 were employed to derive the
curves and a factor of safety (F.S.) of 1.5 is recommended (ref. 16-8) to
assure that all test results fall above the curve. Table 16-2 shous the
allowable stresses for factors of safety (on stress) of 1.0, 1.5, and 2.0,
The 953C psi allowable at F.S. = 1.5 is conservatively used in the analysis
for TD-NiCr shields and heat shield clips.

Scatter Factor and Design Life

A scatter factor of 2.0 is used to bracket the normal spread in fatigue
life. This factor accounts for scatter fatigue data, for tolerances in
manufacturing and materials, for unknowns in analysis techniques, and for
scatter in environment.

The analysis presented is based on a Rend k1 allowable rms stress of
10 000 psi at TO0° to 1400°F (fig. 16-3) which corresponds to an extrapolated
endurance limit greater than 101 cycles. Should a conversion from cycles to
time be desirable, the foliowing equation is appropriate.

RN

time (h]’.‘) = 3600 f (16-5)
0
where:
R = reduction factor = 0.50 (for scatter factor = 2.0)
N = cycles
fo = fundamental panel frequency, Hz
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Design Nomographs and Service Life Curves

Results of sonic fatigue development tests and full scale tests of
several types of aircraft structures are compiled and are used to produce
acoustic fatigue design charts for aluminum and titanium alloy (ref. 16-3
and 16-h). These data are combined with applicable thcory Lo derive the
rclationship that yiclds the capability of a panel to withstand sonic Tatligue
due to random acousiic cxcitation. This cmpirical rclationship relales Lhe
allowable spectrum level (dB/Hz) t0 the geometric and matcerial paramclors by
the following cguation:

Allovable dB/Hz = K + 20 log (¢ ) + 10 logé - % log (B/p) - Y log (g)
rnms

+ 20 log (A—l/iZI;ﬁ) (16-6)
vhere Rene’ 41 TD_NiCr
K = empirical constant = 187.61
Opps = @llowable rms stress (psi) 10,000 9530
6 = structural damping ratio (c/co) 0.01 0.01
E = modulus of elasticity (psi) 31.6x10° 21x100
9 = material density (1b/cu in.) 0.298 0.306

g = acceleration of gravity (in./sec?)

A = panel cross sectional area (in.2/in.)
I = penel moment of inertia (in.u/in.)

7 = distance to extreme fiber (in.)

L = panel length (in.)
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For both the René 41 and TD NiCr constants shown above, equation 16-6
becomes

/4 3/h
Allowable dB/Hz = 195 - 5 log K, + 20 log (A_/_Ei—/—) (16-7)

where

t E temp/ B RT

Validation of Analyses

Since a sonic fatigue prevention prec-ra= involves many variables difficult
to wmodel analytically, laboratory develepmer.t tests are necessary to complement
analyses. These development tests are required to support the detail design,
evaluate new design concepts and materials, and substantiate analytical fatiguc

life predictions; all of these are aimed at developing minimum weight and
minimum cost structures.
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FATIGUE ANALYSIS RESULTS

Margins of safety are shown for primary structural panels, rib and spar
caps, heat shield panels, and heat shield clips.

Monocoque Primary Structure

The monocoque primary structure results are shown for waffle and honey-
comb sandwich panels. The flexural rigidities, Dy, Do,y D3, and other constants
are discussed in reference 16-9.

Waffle - The natural frequency (fo) of the waffle panels is solved
using orthotropic plate theory (réf. 16-10). The basic differential
equation is

L L L
02 ¥4 8% ,p2¥ . (16-8)
Lk 3, 2 2 Y% T 4 -
ox 9x 9y 2y
where q = -Qg' W  (load term)
o0 o0
and the deflection, DI 9, Sin o= sin 2L
m=l n=1
the solution is ot o +A9 = 0
g m mn
b 2 2 Y
e = mmw mw nw + D nmw
e v - () s G ) b
leading to
L
1 A 2
£, 0= = [EAR gy (16-9)
4] on P:c.-

for the lowest frequency, and a = 20, b = LO in.:

1

L LI 8)5 (16-10)

f,. = ===|-— (17D + &D Hz 16-10
O " f|px Tt 3]
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The rms stress (cg. 16-3) is solved using 6 = 0.0l and the normalized stress
(o) equal to 90 percent of the maximum unit pressure stress GJS) in the skin
or the stiffencr.

The results are summarized in table 16-3, where margins of safety based
o: the 10 000 psi allowable are also shown. All margins are high, with the
lowest (1.16) based on the 2.2 percent q.

Honeycomb sandwich penels - The natural frequency (lowest mode) of
honeycomb sandwich panels are given by reference 16-11:

1
)
. Tfed)y (L 1 -
o = 3 (p{) (ag + bg) (16-11)
for a = 40, b = 80, René k1
L
p\2
fg = o.ohhl'((:) Hz (16-12)
t

RMS stress: The normalized stress (ob) is equal to 90 percent of the
unit pressure stress:

(0.9)M _ 1h46.h5
T ht

min min

(16-13)

-where
2
Mpax = 0+1017(40) = 162.72 in.-1b (ref. 16-12)
tpin = thinnest face thickness

RMS stress, ref eq. (16-3),

PO=
o

@) (o)

_ 1/2
for 6 = 0,01, 0 = 8.86 Go(fo¢b)
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The results arc summarized in table 16-h, where margins of safety are shown
for rms stress bascd on the 10 000 psi allowable. Margins of safety above
5.0 are sccen to exist cxcept on the lower outboard panels, where use of the
2.2 percent q criteria results in M.S. = 0.96, which is still large.

Semimonocoque and Statically Deternminate
Primary Structure

The sonic fatigue results for the spanwise and chordwise stiffened primary
structural penels are shown in table 16-5. The margins of safety are based on
rms stress predictions and the 10 000 psi endurance limit allowable. The
lowest margins for each construction occur on the lower surface outboard
where the high transition line souad pressure level (0.022 q) is considered
applicable. The minimum margin of 0.0 for the "sheet-metal" constructions
occurs on the tubular panels where minimum gages and low moments of inertia
(1ight static loads) make the designs more susceptible to fatigue damage.

The first mode bending frequency, fo, from reference 16-7 is:

L

c 2
K, Eig
i Hz (16~2k)

WLLl

where

(]
I

1.57 for pinned ends

a temperature correction = Etemp/ERT

7

-

tp

=
1

=
1}

panel width, in.
Rib and Spar Caps

The margins of safety for the rib and spar caps are shown for each
structural concept.

Monocogue waffle - The maximum rectangular panel reactions on the rib
and spar caps due to lateral pressure sonic loading are approximately ecqual on
the long and short side (ref. 16-12): .

(Rhugx = %E

where a is the short side of the panel. Equation (16-4) can then be used for
both spar and rib caps, provided the short side panel dimension is used for B
in equation (16-4). The results are shown in table 16~6. The outboard 8 inches
of the spar and the leading edge beam require 0.033-inch thicknesses to meet
the 0.022 q criteria.
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Monocogue honeycomb sandwich - The waffle methods are pertinent, using ithe
ho-inch ghori slide dimension Lor the honeycomb panels. The results arc also
shown in table 16-6, but here the last d inches of the spar and the leading
edge, beam thickness requirement is 0.04k3-inch to satisfy the 0.022 sonic
requirement .

Semimonocogque spanwise - For spanwvise stiffening, the sonic fatigue pres-
sure loadings are reacted by the rib caps. The rib cap designs are identical
for tle beaded and tubular and the resulting margins of safety are shown in
tables 16-~T and 16-8. The leading edge beam cap thickness is greater for the
beaded because the higher panel natural frequencies cause a higher rms stress.

Semimonoccogue chordwise - Chordwise sonic fatigue pressure loadings are
reacted by the wing spars. The spar cap margins are shown in table 16-9. Use
of the 0.022 q criteria results in large flange stress in the last 6 to 8 inches
outboard adjacent to the leading edge. A local 0.010-inch doubler is sufficient
to provide positive margins of safety.

Statically determinate - The critical rib cap margins of safety for the
spanwise stiffened, statically determinate concept are shown in table 16-10.
The leading edge beam cap requires a thickness of 0.049 to meet the 0.022 q
criterion.

Heat Shield Sonic Fatigue

Analyses were conducted to determine the effects of random sound pressures
on the multisupport corrugation heat shield and to define the requirements
imposed by the established criteria. The analytical approach presented in the
semimonocoque primary structure evaluation was used to determine estimated
allowable sound pressure levels (dB/Hz) and panel/clip stresses due to the
random sound pressures. The heat shield panel natural frequencies were based
on a T{-span beam analysis and stresses determined.

The heat shield is Rend L1 except for the BL 30k to 350 lower surface

which is fabricated of TD Nilr.
2

The waximum moment (M), due to a T-span beam is equal to 0.10 p for
calculating o, the normalized stress due to a unit of loading (L.0 psi).

The resulting margins of safety are shown in table 16-1l where the
following values were used for rms stress allowable (o).

Rend 41 10 000 psi
T NiCr 9 530 psi

Positive margins are noted throughout.
Heat Shield Clips

The heat shield clips are analyzed using the equation (16.4). The result-
ing margins of safety are shown in table 16-12 for the allowables noted above.
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TABLE 16-1

ACOUSTIC FATIGUE CRITERIA

10 000 HOUR LIFE
37.5< fo< 150 Hz

Loading

Overall Sound Pressure Level, OASPL

Lovel Time : )
P = 0.0073 P = 0.000
RMB PSD RMS PST
p (pst) seconds pressure, (psi)2/Hz pressuzre, (psi)g/Hz
psi psi
1500(P) | 35.98 x 106 | ©0.0080 1.707 x 100 | 0.0251 | 1.680 x 107
o000(e) | 10.92 x 103 | 0.0095 o.43 x 1070
2000(d) | 11.40 x 103 | 0.0100 2.67 x 1070

ayalid only during cruise.

bBased on maximun pressure during the basic mission.

c
Based on nominal pressure during maneuver excursion,

dBased on maximum dynamic pressure during positive maneuver.

Table 16-2

SONIC FATIGUE ALIOWABIES FOR TD NiCr — LOWER OUTBOARD HEAT SHIELD

£
Factor Temp Allow
of Ae(a) Ae/2 °p & psl
Safety (Cruise) 107 psi (1) (A€>
;)
1.0 0.00225 0.001125 1500 2.0 | 1h300
1.5 0.0015 0.00075 1500 12, 9430
2.0 0.00112 0.00056 1500 10, 110

%Total reversible strain for one cycle for 107 cycles (fig. 16-k4)

{
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c Distance from neutral axis to extreme fiber
CeEe Center of gravity
D Calculated life utilization ratio
E Modulus of elasticity
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Ff,u Fatigue allowable stress for ultimate load condition
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fa Alternating stress
fm Mean stress
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L Length
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MS

RT

N ctl

R

P
3

MM°

Margin of safety
NMumber of cycles

Number of loading cycles to failure for the ith stress level

from the relevant constent-life diagram

Extensional forces and shear force in xy coordinate system
per unit length

Cumulative number of occurrences

Number of loading cycles at the ith gtress level
Ioad factor in. z direction

Pressure

Dynamic pressure

Reduction coefficient used to assure a specified probability
of obtaining a test life equal to or greater than the
calculated life

Room temperature

Temperature

Time; thickness

Equivalent thickness

I/C section modulus

Angle of attach

Differential pressure

Strain

Summetions

Cumlative number of occurrences
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Section 17

FATIGUE ANALYSIS

Analyses were conducted to establish allowable design stress levels for
fatigue evaluation of primery structure and heat shield concepts to meet the
specified life requirements of 10 000 hours. The factors considered for
selection of the design stress levels included operational utilization,
corresponding loading spectra and envirommental conditions, temperature,
and structural fatigue quelity (ref. 17-1).

The loading spectra, including the ground-air-ground cycle effect, were
combined to obtain a total spectra for cumulative damage evaluation. Constant
life diagrams for Rene’ 41 at room temperature, and at various elevated tem-
peratures using a Ky = 4.0 (stress concentration factor) were used. Although
the design goal is to achieve the lowest practical fatigue quality index, a
minimum value of 4.0 was selected based on previous experience. Farly service
failures are characterized by K values greater than 4; whereas, parts which
have demonstrated adequate service life invariably give K values less than L.
Experimental evaluation of designs with reasonsble simulation of the loading
spectra is essentiel to demonstrate acceptable fatigue quality, in addition
to care given to details during design and fabrication of structural elements.

A fatigue scatter factor of 1.5 was used for the nominal vehicle design.
FATIGUE SPECTRA

A fatigue spectrum was established for determination of cyclic loadings
on the vehicle with the specified maneuver perturbation occurring every tenth
flight for the 10 000~hour vehicle life,

The altitude-Mach number schedule (fig. 17-1) was divided into seven
segments (teble 17-1) consisting of three during ascent, two during cruise,
end two during descent, so that typicael load levels could be defined within
each segment. A spectrum of load occurrence was developed for each segment.
The vehicle altitude within each segment wes related to load factor, thus
defining the frequency of exceedance of a given load level within each seg-
ment (fig, 17-2). These individuel spectras were summed to obtain a cumulative
frequency of exposure to cyclic loading.

A frequency of exceedance of c.g. load factor was esteblished for each
segment of the design trajectory as shown in figure 17-2., These spectra were
based on previous studies for a supersonic trensport (ref. 17-2) with an
initial ascent along & similar profile. Since the S8T airplane operates in
a lower Mach-altitude environment, extension of the load factor experience
to the hypersonic cruise vehicle 1s conservative,

17-1



The spectra for inflight cyclic loeding (fig. 17-2) was used to construct
a cumulative flight loading spectra (fig. 17-3). The spectra were obtained for
the three flight regimes (ascent, cruise (including meneuver), and descent)
s0 that pertinent temperature effects could be properly teken into account.
Cumulative frequencies in excess of the defined load factor excursions were
based on Maneuver Load Spectrum C of MIL-A-8866(ASG). Application of this
portion of the flight loading spectra for determination of the fatigue
strength is complicated by the requirement that the limit loed is considered
to occur 10 percent of the time, which precludes & single-occurrence load level.

A ground-handling cycle (taxi considerations) is included in figure 17-3,
to permit definition of forces on the vehicle throughout the contemplated
ground-air-ground cycle. Since design loads on the vehicle are defined by
flight loeding conditions at eruise altitudes, it was necessary to adjust
vehicle loads associated with groundphandling/landing criteria to satisfy
the limit load envelope.

Landing criteria were selected as 2-g acceleration at the nose gear for
a single occurrence per life and * 0,33-g for a single occurrence per flight.

The criteria set forth in the foregoing paresgraph were considered as
limit.

The cruise diagram of figure 17-3 includes the -0.5-g and the +2.0-g
maneuvers with 1.0-g cruise represented by the apex (i.e., M = =30 x 100 in.-1b
n = 100 000). The +2.0-g maneuver condition is represented by the point de-
scribed by the intersection of the ecruise line with the extreme left vertical
line (i.e., M = -60 x 10° in.-1b; n = 811)., The -0.5-g maneuver condition
is represented by the cruise-line intersection with 811 cumulative number of
occurrences which corresponds to =18 x 10° in.-1b of bending moment.

WING FATIGUE SPECTRA DEVELOPMENT

The spectra for fetigue evaluation of the wing was assumed to be similar
to that described for fuselege bendinz (figure 17-3). Initially, the assump-
tion was made that the wing stresses wege proportional to the bending moments
presented in figure 17-3 (i.e., 30 x 10° in.-1b = 30 000 psi for cruise).
Based on this proportionelity, maximum, minimum, and mean stresses were
established for ascent, cruise (including meneuver), descent, end taxi. The
corresponding applied cycles were compared with the allowable cycles using
the appropriate constant life diagrams and, through the theory of linear
cumulative damege, the service life was determined. The initial results
ylelded a calculated life greater than 10 000 hours (with a scatter factor
of 1.5); therefore, the stresses were increased until the specified life was
obtained. The cumulative spectrs used to determine the allowsble fatigue
design stress are presented in figure l?-h, indicating representetive values
of mean stress (fy) and elternating stress (fg) that result in 10 0CO hours
of life.

Applied stress reletionships (air plus thermal stresses) greater than

those specified, result in lese life end correspondingly smaller stresses
will result in increased life.
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ALTOWABLE DESIGN FATIGUE STRESS DETERMINATION

Discrete loading spectre were derived based on the established
cumulative loading spectre and used for cumuletive demege eveluation (fig.l7=-k;
teble 17-2). Constant life diagreme for Reue i &t room temperature, TOO°F,
1100°F, and 1400°F (figs. 17-5 through 17-8) and eppropriaste S-N curves
(fig. 17-9) for a K. = k.0 were used.

The Palmgren-Miner theory of lineer cumulative fatigue demage was used
to determine the required service life. The basic equation is expressed as
follows:

n n n n k n,
D o=ttty ity
1 2 i k i=1 "i
where D = calculated life utilization ratio
n; = number of loading cycles applied at the ith stress level
N. = number of loading cycles to faeilure for the ith stress

level from the relevant constant-life diagrem. The
relevant constent-life diegram is the one which applies
to the material and fatigue quality index of the sgection
under consideration

n,
Tfh = cycle ratio
i
k = number of stress levels considered

The method of analysis using the above equation as a basie is as follcws:

1. Select a fatigue quality index K for the section under
consideration (Ki = 4.0).

2. Obtain loading spectra end temperahures associated with
applicable phase of spectre.

3. Obtein constent-life diagress tor K = K for Rend 41 at
applicable temperatures (figw. 175 through 17-8).

4, Convert appiied limit loaeds to stresses (since constant-life
diagrams are presented as percent of room tempersture strength,
loads are converted to stresses as a percentage of the room-
temperature ultimaete tensile strength).

5. Calculate the cycle ratio of each loading case and add the

cycle ratios to obtain the life utilization ratio "D"
(table 17-~3).
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6. Cglculate the life in hours for the section under consideration

by
Lo
e D
where Lc = calculated life
L1 = the life span in hours represented in the spectra
used in the analysis
R = & reduction coefficient used to assure a specified

probability of obtaining a test life equal to or
greater than the calculated life

Using & reduction coefficient of 0.667 (which corresponds to a scatter
factor for nominal design equel to 1.5), a caelculated life of 10 000 hours
was determined (table 17-3). This life-~time corresponds to the total life
requirement of the vehicle and indicates that for the assumed alternating
stress levels and the number of spplied cycles and temperatures, the operating
lg stress level (fp) during cruise is 46 000 psi. The basic material allow-
ables, as well as allowable tengile stresses for fatigue for both cruise and
meneuver conditions are presented in table 17-4. The operational stresses
(Ffo) reflect allowables applicable for service life calculations. The
ultimate value for F is an equivalent value for comparative purposes,
with the minimum value (underlined) governing the design. Reduction of
degign stresses to the minimum velues provides a structural system which
meets the specified life requirement of 10 000 hours.

Monocogque Weffle

The 45° x 45° waffle panel limit eir and thermel loads are summarized
in table 17-5 for both the cruise and 2g maneuver conditions. Unit inplane
loads (N, and N,) vere input into the computer progrem (Section 10) to
determine unit internal stresses (table 17-6). Also, unit pressure (AP)
lateral loads were input end the resulting stresses are showr in table 17-6.
The tensile inplane loads and the limit preesure loads for the 2g end cruise
conditions are summarized in table 17-7 where they are multiplied by the unit
cases end summed to arrive at the predicted fatigue levels for the wing study
area. These stresses are compared to the appropriate fatigue allowables to
arrive at marging of safety. The minimum margins are tebuleted; the lowest
being 1.50 on the upper skin outboard for the cruise condition.

Monocogue Honeycomb Sendwich
The limit air and thermsl losds for the 2-g meneuver end cruise condition
are shown in table 17-8. Teble 17-9 summarizes the fatigue enslysis, including

mergins of safety. The stress resultents for unit ceses of pressure and inplane
loads for the 40 x 80 in. penels are given. These are multiplied by the tensile
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inplane loads and predicted pressures, also shown. The stresses are summed
and compared with the appropriate fatigue allowables to obtein margins of
safety. The minimum mergin (0.36) is seen to occur on the upper outboard
surface for the cruise condition.

Semimonocoque and Statically Determinate

The fatigue analysis results and mergins of safety for the four "sheet"
metal" wing constructions are shown in tebles 17-10 (cruise) and 17-11 (2-g
maneuver). The air load inplane loads, N, ere the eritical "x" or "y"
direction loads, as are the thermal strains. The three stress components

are:
inplene stress: f, = N/%

thermal stress: f

o €

. . _ Mz _ pL
bending stress: f3 =5 where M= E-e—-

The sum of these stresses are compared with the appropriate fatigue
allowables (table 17-4) to determine the margins of safety. The minimum
margin (0.003) occurs on the statically determinate center lower surface
(g to BL 120), for the 2-g condition. The 60-in. rib spacing ceusing large
bending stresses due to lateral pressures was the mejor stress contributor
in this enalysis.

Spar end Rib Cap Fetigue

The caps for spars and ribs are subject to fatigue analysis where they
must support primery thermal loads and air loads witvhout panel support. That
is, for the spanwise-stiffened concepts the rib caps are considered, and for
chordwise stilfening the spar caps are considered. The lowest mergins of
safety occur during cruise and are shown in tables 17-12 and 17-13. The
combined air and thermal stresses are not applicable when the net stress is
compression. Large margins, in excess of 1.0, exist for all concepts.
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TABLE 17-1

TIME SEGMENTS FOR SPECTRA DEFINITION

Time, | Altitude | Mach No., | Dyn Press, | Angle of attack,
Segment t, H, M q «
min ft pst degrees
0
1 38 000 1.6 600 4.3
6.0
Bl o 62 000 3.85 1500 2.8
@
< 13.0
3 8k 000 6.50 1500 k.35
1909 -1
. 4 111 000 8.00 630 9.31
B 36.0
&
5 115 000 8.00 530 9.6
52,2
6 112 500 7.15 k75 9.7
% 62.0
A 7 84 000 3.45 390 5.75
72.4
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TABLE 17-2

DISCRETE LOADING SPECTRA DERIVED FROM CUMULATIVE
LOADING SPECTRA FOR S, = CONSTANT

Given cumulative Derived discrete
loading spectrum loading spectryum
Alternating Cumulative Alternating Wo. of cycles
Condition stress level, No. of stress level, | applied at f,,
Tas eycles, o
psi Zn psi n
100 000
2 500 96 000
5 000 4 000
T 500 3 820
Taxi, 10 000 180
Room temp 15 000 8 12 500 172
16 750 T
18 500 1
0 10 000
Ascent, 5 000 350 2 500 9 650
TOO°F 10 000 13 T 500 337
14 000 1 12 000 12
0 100 000
2 500 67 000
5 000 33 000
T 500 21 500
10 000 11 500
. 12 500 T 500
Cruise, 15 000 4 000
1400°F 17 500 2 T00
2G 000 1 300
21 250 300
22 500 1 000
22 500 999
22 500 1
0 1 oo
2 500 1 250
5 000 150
Descent, T 500 133
o 10 000 17
1100°F 12 500 15
15 000 2
15 850 1
16 700 7 1
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TABLE 17-3

LIFE UTILIZATION RATIO FOR K = 4.0

Reference L ‘e Applied | Allowable | Cycle
. n
cycles, cycles, |ratio, | 3°+
No.| Condition| % Fiy at RT | % Fyi, at RT n N
1| Texi, 35.7 1.47 9.6x10% 107 .010
2| Room (60 TOO psi) bl 3.82x103 5%x102 | .008
3| Temp 7.35 1.72x102 5x10% -
I 9.85 7 3.6x104 - |.018
1| Ascent, 20.7 1.7 9.65x103 107 .001
2| TOOSF (35 200 psi) L.y 3.37x102 5x107 .001
3 T.06 12 107 - | .002
1| Cruise, 27.1 1.47 6.7x10% .007
2| 14009F | (46 000 psi) bl 2.15x10% | 1.3x105 | .165
3 7.35 7.5x103 | 4ot | .70
B 10.3 2.7x103] 1.8x10% | .150
5 12.5 3.0x102| 9.3x103 | .032 | .524.
6 | Maneuver 27.1 13.2 9.99x102| 8.2x103 Jd21 | .21
1| Descent, k.25 1.47 1.25x103] 107 -
2| 1100°F " | (24 200 psi) by 1.33x102| 2.3x107 | .oop
3 7.35 1.5x10 Tx10% -
A 9.3 1 h.5x10% - | .001
.666
René Ub1; Fyy = 170 000 1b/in.Z, room temp
R . 10 000
where
I, = calculated life (hours)
R = reduction coefficient = 0.667 (scatter factor = 1.5)
L, = life span represented in spectra (hours)
D = life utilization ratio
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ALTOWABIE TENSIIE STRESSES, RENE 41

TABIE 17-k

(Design life of 10 000 hours)

Temp Ultimate Limit Operational
Reference Cp Ftu:(a) Fpy Ftygb) 2/3 Fyys Ffogc)
psi psi psi psi psi
Basic Material | RT 170 000 130 000 | 113 333 46 000
Cruise 1400 129 000 90 000 | 108 000 86 000 46 000
Maneuver 1400 129 000 |133 400 | 108 00O 86 000 68 500
O = (0.76)(170 000) = 129 000 psi (min.)
1400°F
bRy = (0.83)(130 000) = 108 000 psi (min.)
1400°F
fatigue design allowable stress:
Can’= Operational stress.
For cruise, Fp, = [(27.1)(170 000) + (1oo)J = U6 000 psi

For maneuver, Fgqg

[(27.1 + 13.2)(270 000) | (100)

= 68 000 psi

Equivalent allowable ultimate stress:

Fe

u

1-3 X 1-5 Ffo
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TABLE 17-5

MONOCOQUE WAFFLE FATIGUE LIMIT LOADS, CRUISE AND +2,0-g CONDITIONS

Cruise Conditiona

Iocation Center Inboard Outboard
Direction Upper | Lower | Upper | lower | Upper | Iower
N, Air - 39 -120 - 36 -109 - 17 - 69
N, , Thermal -436 =415 440 -289 546 -226
ZNx -k75 -535 Lok -28 529 -295
Ny, Air -198 189 ~187 17h - 82 85
Ny, Thermal - 62 - bs -105 - 23 - 83 69
zﬂy -260 144 -292 151 =165 154
ny, Air - 10 1 | -9 73 | - 17 68
ny, Thermal - 38 - 26 82 -9 106 - 9
+2.0-g Maneuver Condition™
Location Center Inboard Outboard
Direction Upper | Lower | Upper | Lower | Upper | Lower
N, Air - T8 261 | -Th | -235 | - 13 | -116
Nx , Thermal 360 -289 616 -493 395 -437
sz 282 -550 542 -728 382 -553
Ny, Air -439 42 ~h1h 394 | -202 197
Ny, Thermel - 50 hs - 88 ho -152 98
ENy -189 457 -502 43k -355 -295
ny, Air - 29 10 -212 143 | =179 163
ny, Thermal 0 T 118 - 18 - 52 - 12
szy - 29 17 - 94 125 -231 151

8Limit loads
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TABLE 17-8

MONOCOQUE HONEYCOMB SANDWICH FATIGUE LIMIT LOADS, CRUISE AND +2.0g CONDITIONS

Cruise Conditiona’b
Location Center Inboard Outboard
Direction Upper | Iower | Upper | lower | Upper | Lower
N, Air - 96 - T3 - 78 - 95 - 22 -21
N, , Thermal -903 -506 | +688 | =305 +1058 | +429
f:Nk -999 -579 +610 -400 +1036 | +ho8
N&, Air -157 +146 -136 +132 - 57| +56
N&, Thermal -158 -177 - 99 -125 + 31| +109
Ny -315 -3 ~235 + 7 - 26| +165
N, o Air + b 1 -12 | -67 | +43 |+ W] 437
N#y, Thermal + 50 + 49 + 36 - T1 + 266 | +220
EZNky +54 |+ 37 - 31 + 28 + 310 | +257
+2.0g Conditiona"b
location Center Inboard Outboard

Direction Upper | Iower | Upper | lower | Upper | Lower
N, Air -205 -152 -170 -198 - 52 - 33
N , Thermal +518 -593 +692 -738 +348 -181
YN, +313 -T45 +522 -936 +206 -21l
N&, Air -334 +301 -302 +287 -124 +124
N&, Thermal - 65 + 57 -Th |+ 77 -120 +134
Z:Ny -399 353 -376 | +364 -2hL | 4258
Nky, Air + 13 + 2 -155 -9 | -98 - T6
ny, Thermal - 12 - 35 + 84 +139 - 98 +132
ny + 1 - 33 - T1 + 40 -196 + 56

8Limit loads

[ . . .
Positive value tension, negative value compression

{
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Hypersonic cruise airpler : design trajectory
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SYMBOLS
BL Butt line ®
b Width of panel flat
E Modulus of elasticity
Eel Elastic modulus of elasticity
F ey Conpressive yield strength
fc Compressive stress
fcc Compressive crippling stress
fc,cr Compressive buckling stress
fl, th Thermal stress for lower suwrface of center area
fu, th Thermal stress for upper surface of center aresa
fx, fy, fxy Fxtensional stresses and shear stress in xy coordinate system

g Gravitational acceleration
MS Margin of safety
N,N, N Extensional forces and shear force in xy coordinate system per

2
XV X unit length of section

n, n Material constants used in creep equations, also n is shape
parameter determined from stress-strain curve of the material

P Pressure

R Radius

T Temperature

t Time; material thickness

tc Cap thickness

€ Strain
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€x* Ey: Y
‘equiv.
o
%* %

n

S
Mo

Extensional strains and shear strain in xy coordinate system
Eguivalent uniaxial strain based on octahedral shear stress theory
Stress

Material constants

o=

» Secant plasticity factor

HOoM

ft-, Tangent plasticity factor
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Section 18
CREEP
CREEP DESIGN CRITERTA

Creep design criteria considered creep buckling and permenent deformetion
of 0.5 percent for a vehicle life of 10 000 hours. To evaluate creep effects,
the following assumptions were made:

1. The allowable compressive stresses under creep conditions can be
aprroximated by using the isochronous stress-strain curves as if
th' y were actual stress-strain curves (ref. 18-1).

2. ©Stress relaxation of thermal strains can be approximated using the
theory of total creep deformation presented in reference 18-2,

3. The creep material properties are based on the aversge temperature
during cruise and the total time at cruise (6680 hours, including
a scatter factor of 1.5) for a vehicle life of 10 000 hours.
The criteria used for evaluating stress relaxation is bhased on the theory
of total creep deformation presented in reference 18-2. In this theory, the
assumptions are as follows:

(1) Hlastic deformations are considered small compared with plastic or
creep deformations.

(2) Plastic (slip) deformation with strain hardening, measured by the

plastic strain € in the presence of stress o, cen be expressed in
the form:

where Go and no are material constants

(3) The viscous flow under constent uniaxial stress s 0, during the
secondary stage of creep can be represented in the form of a power law:

de o_
at o

c

where oc end n are material constants.
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Based on assumptions (l) through (3) , the total creep rate can be expressed in

the form:
n n
de d o o
at T at (0 ) + (G ) (18-1)
o c
Integration gives
n t n
o \° g
% s c
assunming
%
e=e(°)=(-g—) for t = O
o
ando > 0. For ¢ = constant, equation (18-2) can be expressed in the form:
€ =- G(o) + vt
- \2
where v = (—6_——-) is the corresponding creep rate in secondary creep.
c

Stress relaxation due to cereep of Ren€ 41 was evaluated by considering a
constant thermal strain and gradually diminishing thermal stresses. Based gn
creep data presented in reference 18-3 for Rene 41 at a temperature of 1300°F,
the material constants for the creep power law are:

n = n = 1-0

[
o, = i hh x 106 psi
o, = 9.615x 107 psi

Thus, from equation (18-1)

4 [o o3

0 = &(o ), (o
dlt((’ro) (Gc)
[¢7

0 = 239, a4
0'0 o
(o) g

0 = = m(gg) * (ty = )
% 1
(o)

byt = = 1n(33) (18-3)
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Stress relaxation for the chordwise semimonocoque concept is shown in
figure 18-1. Based on equation (18-3), these results show that the upper sur-
face panel thermal stress decays exponentially frc: o4 = -36 000 psi to
Op = -100 psi in 1360 hours and the lower surface panel thermel stress de-
creases from 0, = -29 000 psi +to Oy = =100 psi in 1320 hours. From this
example, the fo%lowing conclusions areé evident:

1. Thermal stress relaxation of Rene 4l at temperatures near 1300°F
is very significant.

2. Creep effects produce redistribution of thermal stress.

3. Residual stress buildup due to creep significantly reduces thermsl
stresses.

An exact determination of the redistribution of thermal stresses in
transient creep due to cyclic variation of stresses and temperature in a com-
plex redundant structure is beyond the scope of this study. Hence, the fore-
going simplified criteria was used for evaluation of creep effects.

CREEP EVALUATION RESULTS

Creep evaluation of primary structural concepts encompassed monocoque
panels and semimonocoque panels and rib/spar caps. Creep design criteria
included creer buckling and permanent deformation of 0.5 percent. Compressive
in-plane loads only were used to determine creep buckling mergins of safety.
Factors of safety were for limit loads and a scatter factor of 1.5 was applied
to creep design life. The wing location selected for creep evaluation was the
center area under the fuselage (BL 0-120). This area was selected because of
maximum compressive loads and temperastures during cruise. Equations used for
stress analysis of the monocoque and semimonocoque concepts are presented in
sections 10 and 11, respectively. Isochronous stress strain curves for the
average temperature under the fuselage during cruise, T = l300°F, were used
to determine creep buckling strengths and plastic creep deformation.

Since creep was essumed to occur predominantly during cruise, the cruise
in-plane loads, thermal strains, and pressure loads were selected for the (reep
evaluation.

Only steady-state aerodynamic pressures were considered for the creep
evaluation., Wing vent pressures are transient pressure loads occurring during
a small fraction of the vehicle life and, therefore, are not considered.

Because of thermal stress relaxetion, two eleapsed times were considered
f : the creep buckling criteria. All structural concepts were evaluated for
the time at cruise, ineluding the scatter factor of 1.5, t = 6680 hours, based
on s vehiele 1. .e of 10 000 hours, corresponding to the minimum difference
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between the isochronous yield strength and the time-dependent thermal stress
(see fig. 18-1). Typical stress-strain states for 30 hours and the design
creep life are shown in figure 18-2, Since thermal stress relexation produces
permanent creep deformation, figure 18-1 shows that maximum permanent deform-
ation and minimumn thermal stress occur at + = 6680 hours.

Results of the creep evaluation indicate that the monocoque and semi-
monocoque primary structural concepts are adequate with respect to creep buck-
ling analysis of monocoque and semimonocoque panels for the creep design life,
t = 6680 hours. The lower surface panel for the statically determinate concept
has the minimum panel mrgin of safety of 1.42. Results of the permanent creep
deformation analysis of the primary structural panel concepts for the creep
design life are shown in table 18-2., The minimum panel mergin of safety of
2.16 occurs for the upper surface panel of the semimonocoque chordwise concept.
Comparigson of tables 18-1 and 18-2 shows that creep buckling is the governing
panel criteria for all but the upper surface panel of the semimonocoque chord-~
wise concept at t = 6680 hours. Creep buckling and plastic strain analysis
results for the semimonocoque beam cap concepts are shown in tables 18-3 and
18-4, respectively. Minimum margin of safety of 0.37 occurs for the upper -
surface spar caps for the seiimonocoque chordwise concept. The statically
determinate concept has no chordwise stiffness and, therefore, no evaluation -
was required. Results of the creep buckling analysis of the semimonocoque
chordwise concept for a time of 30 hours, corresponding to the minimum differ-

ence between isochronous yleld strength and time-~dependent yield stress, are .
shown in table 18-5. Comparison of tables 18-1 and 18-5 shows that the mini-
mun creep buckling margin of safety for the chordwise semimonocoque concept -

occurs for a time of 30 hours.

Typical creep materials data and creep buckling allowebles reguired for -
the creep evaluation are shown in figures 18-3 through 18-9. Isochronous stress
strain curves for Ren€ 4l at the 1300°F design temperature are shown in -
figure 18-3. Isochronous plasticity reduction factors for the creep design
life and a time of 30 hours are shown in figures 18-4 and 18-5, respectively.

Iocal creep buckling strength of a circular-arc for times of 6680 hours and

30 hours is shown in figures 18-6 and 18-7, respectively. TFigure 18-8 presents
initiezl creep buckling of semimonocoque rib caps for the design temperature

of 1300°F and time of 6680 hours. A comparison of semimonocoque cap crippling
and initial buckling stresses is shown in figure 18-9. I-itial creep buckling
of the caps is seen to be the governing allowable compressive stress.

a—
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TABLE 18-3

BEAM CAP CREEP BUCKLING; v = 6680 HOURS

Wing ' f, f
Concept 1yeation Item c’ c,er MS
psi psi
Semimonocoque, @ - 120 Rib -1k 700 2l 000 +0.63
spanwise (upper) ceps
- 120 Rib -18 500 28 000 +0.51
lower) caps
Semimonocoque, G, - 120 Spar -21 200 29 000 +0. 37
chordwise (upper) caps
a, - 120 Spar -19 100 29 000 10.52
(1ower) caps
Statically a, - 120 Rib
determinate (upper) caps No chordwise cep stiffness ~
q - 120 Rib not critical in creep buckling
(1ower) caps

18-8




TABLE 18-k

CAP PLASTIC STRAIN ANALYSIS

b
€ 3
€rv s air € s
th f N . total €
~ Wing s air’ in./in. | .7 total’ c
N t . . X . .
v:oep location | % /fg psi (prastic)| ** /ig % M3
x 10 x 10-6° | - 10

Semimonocoque,| ¢f, - 120 | -1k90 -14 700 -200 -1690 -0.169 |1.97
spanwise® (upper)
(rib caps)

¢, - 120 | -1570 -18 500 r90 -1970 -0.197 |1.53

(Lover)
Semimonocoque,| G - 120 | -3L45 -21 200 ~550 -895 -0.0895{ k.60
chordwise (upper)
(spar ce,s)

G, -120 -302 -19 100 -450 752 -0.075 {5.65

(Lower)
Statically
determinete "NO CHORDWISE STIFFNESS"
(rib caps)

aSemimonocoque, spanwise: tubular & beaded have identicul caps and loads.

Ppiasiic strain.

CMS = €

max/etotal -

1

where

€ = 0

max

18-9
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TABLE 18-5
ANALYSIS OF CREEBP BUCKHDWba’b t = 30 HOURS

(Concept: semimonocoque, chordwise)

Surface

(BL 0-120) Upper Iower
T, °F 1345 1343
Ny ,Airload -915 -130

N, , Thermal -3 -663
N, , Total -988 -793

P, psil©) 0 -0.23
fyo psile) -3k 550 -l 105
fc’ or Th 000 69 000
MS 1.1k 0.68

®Material: Rene 41, sta 1hOO°F, T = 1300 °F, t = 30 hr

P5iresses based on limit in-plene and pressure loads for
cruise condition.

¢ Not including vent pressure.

dCompression only.
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Section 19
OPTIMIZATION PROCEDURE FOR HEAT SHIELDS
by
C. C. Richie
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SYMBOLS
Width of flat for corrugated heat shields; width of flat
plate for buckling analysis
Modulus of elasticity
Deflection; elongation
Stress corresponding to modulus of 0.7 Eel
Stress
Height
Moment of Inertia
Compressive bucking coefficient
Length
Bending moment
Extensional forces per unit of length
Shape parameter
Pitch
Radius
Radius of curvature
Thickness
Equivalent panel thickness
Rectangular cartesian coordinates
Panel deflection

Distance from neutral axis to extreme fiber.
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> 3

v
Subscripts
b

cr

el

sec
tan

th

XyYs2

Semi-apex angle for corrugation stiffened heat shields;

ratio of MO/MI

Parameter as defined by equation 19-25
Parameter as defined by equation 19-14
Plasticity factor

Ratio as defined by equation 19-17

Poissons ratio

Denotes bending

denotes critical or minimum value
Elastic

Denotes quantity at inner fiber
Denotes quantity at outer fiber
Denotes Secant values

Denotes tangent value
Abbreviation for thermal

Denotes direction in rectangular cartesian coordinates.
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SECTION 19

OPTIMIZATION PROCEDURE FCR HEAT SHIELDS

Equations of the computer programs which were used to determine ainimum
weight configurations in the evaluation of refurbishable and permanently
attached heat shields are presented in this section. The refurbishable heat
shield concepts are:

Corrugated skin, hat-section stiffened, elip supported
Corrugated skin, simply supported

Corrugated skin, multiple supports

Flat skin, dimple-stiffened, clip supported.

The permanently attached concepts which are of the corrugated skin con-
figuration are:

Modular, simply supported
Modular,; cantilevered

The heat shield panels are assumed to be separated by flexible joints
which alleviate inplane loading.

The function of the heat shields is to protect the primary structure in
a high-temperature environment due to asrodynamic heating and to provide a
smoother aerodynamic surface than afforded by some of the structural panel
concepts. Even though they are vented, the heat shields are subjected to
pressure loading due to fluctuation of the pressure.

The analysis, which is formulated for the closed-form method of opti-
mization, is discussed in four categories: (1) panel loading, (2) stress
analysis, (3) local buckling analysis, and (4) closed-form equations.

PANEL LOADING

The aerodynamic pressure is assumed to act positively and negatively on the
heat shields.

19-1



Corrugated Heat Shield

Bending moments of the corrugated skin heat shield, produced by the pressure
loading, are dependent on the type of supports and on the spacing of the supports.
The heat shield reaction, moment, and deflection indices due to pressure loading
are pre ented in table 19-1. These results can be obtained by using any one
of the muny methods available for calculating the loads and deflections of con-
tinuous beams; i.e., area-moment, moment distribution, etc. In addition, the
corrugated heat shield with multiple supports is subjected to bending moments
produced by nonuniform thermal deflection of the supports and bowing of the
stiffened panels of the primary structure under loading. The heat shield
bending moment due to nonuniform thermal deflection of the supports 1is
chown in table 19-2. These data, which are presented as a moment index,
are for heat shields with 3, 4, and 5 supports.

The bending moment on the corrugated heat shield with multiple support
due to bowing of the stiffened panels of the primary structure under loading
is as follows:

A conservative approximation of the primary-structure panel deflection
due to thermal bowing is

®th

= 19-1)
© @ - /W) (

«aere the deflection due to thermal bowing e,, is defined in section 12 by
equation 12-4, and as indicated in the above equation a beam column magni-
fication factor is used.

Assuming the heat shield is subjected to the same deflection as the
primary structure due to the continuous supports between shield and pri-
mary structure, the radius of the curvature r for the heat shield is

2
r = gg (19-2)

where the length L is measured in the heat-shield stiffened direction,
chordwise. The heat shield bending moment can then be written as

EI

M= = (19-3)
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Flat Skin, Dimple-Stiffened Heat Shield

The flat skin, dimple-stiffened heat shield (figure 19-1) has four
symmetrically located discrete supports (posts). Approximations of the
moments and deflections of the heat shield are determined with the finite
difference solution of reference 19-1. Moment and deflection indices due to
pressure loading are presented in the reference for various coordinates of the
plate (figure 19-2)., The deflection indices were used for evaluations of the
heat shield performance penalty.

STRESS ANALYSIS

The stresses of the corrugated skin heat shield (figure 19-3) are

M ZO
fy,O N T (19-4)
y
Ma
f = _u
y,I T
J

where the subscripts O and I denote quantities at the outer and inner ex-
tremities of the corrugation, neglecting the thickness t. The moment is
considered positive when it produces a compressive stress in the outer
surface of the heat shield.

The stresses for the hat-section stiffeners and support clips used
for the corrugated heat shield were determined as follows: The hat-section
stresses are evaluated by equation 19-4 at the maximum-moment location, mid-
way between support clips. The hat-section stiffener cross section is shown
in figure 19-4. The stress for the support clips is

£ = %I- (19-5)

and the maximum stress level occurs on the upright member of the clip. The
support clip geometry is shown in figure 19-4.

The stresses for the truss-type continuous clips used on both the simply

supported and multiple supported corrugated heat shield concepts are evaluated
by equations 19-4 and 19-5. This clip design is shown in figure 19-4.
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Ohpesses ol the lat skin, dimple stiffened heat shield are

Mz
" = XX
I

(2 =0,I) (194)
M ZQ

fy,ﬂ = _gf—

The moments are positive when they produce compressive stresses in the outer
skin. The stresses for the support clips used on the flat-skin, dimple-stiffen-
ed heat shield are evaluated by equation 19-5.

LOAD BUCKLING ANALYSIS

Corrugated Skin Heat Shield

The buckling stress of the circular-arc segment is approximated by
equation (12-14) of section 12, which is

Tosor = ¥ole,0 e (%)n (19-6)
in which

k, = 1.75, n = 1.35
and

)1/ 2 (1927)

nc,O = (Y1sec tan
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Treating the plate element as a long, simply supported plate, the expression
of the buckling stress is

W, E >
f =k —2ReL(E) (19-8)
l - Vel

where 7, =Tgp, which is given by equation (10-12a) of section 10.
Flat Skin, Dimple Stiffened Heat Shield

Spacing of the dimples, which are in the inner skin of the flat skin
dimple-stiffened heat shield,is the same in the x and y Jirections. The outer
and inner skins are then treated as square plates with post supports at the
four corners, and the heat shield is analyzed for local instability with the
buckling equation

2 2
kw1 E t
P _fc'___.f___;_(_g) (2 = 0,1) (19-9)
b b I -
12(1 - "el)

in which

n o= (r)tem)l/2

and with the interaction equation

\
(fx/f ) +(fy/fb,cr)ﬂ = 1 (2=0,I) (19-10)

b,cre

The plasticity coefficient nggn is based on the stresses fy and t, the
equivalent stress of which is determined with octahedral shear stress theory.
NASA stated that buckling coefficients obtained from some of their test data
ranged from 1.0 to 1.5. Illence, ko = ky = 1 was used lor the present
investigation.
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CLOSED FORM EQUAYIONS

Corrugated Skin Heat Shield

In the formulation of the closed-form equations of optimization for the
corrugated skin heat shield, the maximum moment (rbsolute value) is applied
positively and negatively and the local buckling stresses of the arc and the
flat are equal and ar> based on the extreme fiber stresses. The analysis i.
simplified by assumi, g that the stress gradient through *he cross section is
linear. 1In additior .he geometry is constrained so that the maximum stresses
at the top and bottom of the corrugation are equal; i.e., the centroid of the
cross section is at the mid-height of the corrugation. Hence, when b, R, and t

are eliminated from equations (19-6) and (19-8), an expression for the optimum
stress is obtained as

1

1 27]2m 1
n 2 - .n n
£ 5-n | (kon6) E
(w> R Fel (19411)
0.7 k1'y 0.7
in which
sina _ cos ¢
_ b _{,_ @ o L2
A= g = <" L - cosa ey (191R)
and

k. m

=1
li

2
12(1 - "el)
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The geometry of the corrugated “2at shield can now be defined as

where

in which

n-1 .
— - = \(-n) 1/2
( 1 ) n (1 + R)(klnc,]j) & )
2Asineo 1N kOqc,O iy,()pt
1 (l
- T - 2 2-'1’1) l/l_
P
_ ( 1 )(_ n(kl"lc,]) ( gl )
2hsinea koqc’o fy,Opt
1

)

1 - 2(2- 1/2
(#Asina ) " k____C_z_. I
1,1 v,0pt

. [(l - cos a)¢2 - ¢3]¢1

%1 2

2(1+\) sin «

1
6, = 1+
¢3 = §_i_2_a - cos @
¢, = @ -3 sinacos oo Ca

(19-14)
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The equation of the average thickness is

1

1 i M@/, 1/2
3 - 1 ( 2 + A) (2\ sin a)2-n 2 _c,0 L (19-16)
w/e  LrAlsina K e,1 'y, 0pt

Aerodynamic requirements require that a constraint be imposed on the
height/pitch ratio of the corrugation, (h/p) = 0.10. Hence, for a specified
value of (h/p), the angle of equations (19-11) through (19-16) can be
obtained from the expression

1-cosa -2 (sina + Asin a)(%) = 0

and equation (19-12). For a given moment and material, the dimensions of the
minimum weight design of the corrugated heat shield are now defined within the
constrained geometyy.

When the last of equations (19-13)yielded a stress which was less than
the minimum gage, the spacing of the supports was increased until the full
strength potential of the optimum configuration of minimum gage was utilized.

The allowable stress for the hat-section stiffener is based on the cross
section element that has the minimum erippling stress. The thickness of this
element was varied until crippling failure occurredat the same stress level as
the applied bending stress. The crippling stress was determined from Stress
Memo 80 of reference 19-2. The allowable stress for the support clips is
based on the column buckling stress of the upright member (see figure 19-4)
This stress is evaluated in section 12 by equation 12-8. The same procedure as
described for the hat section stiffener is utilized to attain minimum thickness
clips.

The weight of the truss-type support c¢lips, which are used on the simply
supported and multiple supported heat shield concepts was determined by varying
the shield-to-support attachment flange thickness until the allowable stress,
the bending moduius of rupture, is equal to the applied bending stress, equation
19-4. The upright member was analyzed for bending and compression stresses,
equations 19-4 and 19-5. In all cases, the designing element for the clip was
the attachment flange. The thickness determined from the flange analysis provided
sufficient clip stiffness for heat shield flutter analysis. The clip height
h is determined so that sufficient clearance is provided between the deflected
shield and the primary structure.

Flat Skin, Dimple Stiffened Heat Shield
In designing the flat skin, dimple-stiffened heat shield, a constraint

was imposed on the elongation due to dimpling of the inner skin. Assuming that
the dimple is a cone (r = 0), the elongation is defined as
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2 2
mR"/sin @ - 7R

e 5
np” /b
or
n\ %
3 h\” tana s _
c = h(p) o5 o (1 - sin @) (19-17)

To obtain expressions of the thickness and stress ratios of the two
faces, let

M, = max (ux’ M&)cr,o (19-18a)
Mpo= max (M), ] (19-18b)
a = MO/MI (19-18¢c)

where the quantities of equation (19-18a) are buckling moments of the outer
face and those of equation (19-18b), buckling moments of the inner face.

Using equations (19-9), (19-10), and (19-18), the thickness ratio can be
expressed as

Ky 7
A=t /t = Y =/ 19-19
o/ "1 E A, (19-19)
in which
k 1r2
ER = ——g—-g— (2 = 0,I) (19-20)
12(1 - »7)
From equations (19-8) and (19-18),
f
T -
A (19-21)
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firet eliminating Y and then \ from equations (19-19) and (19-R1) yields

T o= 1/2
t k.. f
A= 9 . <?I_—I. —Q) (19 -22)
t1 ko Mo Ty
and
1
'y ( )0/3( I)/3 (19-23)
= = T "23
Yo v koMo

Note that the stresses IO and fI are direct resultc of the moments Nb and MI‘

The expression for the average thickness is (r = 0)

- tana [h 2
t = tI[l +\N 4+ o5 s (5) (1 - sin.a)] (19-24)

Solving equation (19-17) for (h/p), substituting the resultiing equation and
equation (19-22) into equation (19-24) and then using equations 19«5, 19-9,

19-10,and 19-22 gives
= A\
1 o
ﬁ i (19-25)

O 1

thf1

e (K'WI el I) cos a

— 1/l
T [ h(1 ~ sin @) (1 + ﬁ) tana] [1 L

IELqE

MX
. ﬁ = wmin 'DT' ’
2 X

As already stated, the loading of the heat shields is applied positively and
negatively. Hence, Mo/Mp = ¥ = 1. The average thickness of the optimum con-
figuration is then determinéd by minimizing equation (19-25) with respect to fI'
Note that equa+1on (19-25) can be expressed in terms of My with the use of -
equation (19~ 18c).
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With the stresc {7 known, dimensions of' the minimum weight contiguration
are determined with the Pollowing equations:

1/h

1/2
h o (1+B) e cos o —
\l VAN (r )3/h h (L - sin @) tantrkInILoll
I I
1/k
o1+ 5)1/2 L4 (1 - sina) tan ay ] (19-26)
1/2 ~ . \3/4 e cos « 1'1%e1
MI (11)
t . 1/
I 1/2 {4 (1 - sine) tane 1 1
—7 = (1+p) [- L L
MIl 2 e cos a kInIEel fI

The weight of the clip supports for this heat shield is determined by

the same procedure as described for the hat-section skin-stiffened corrugated
heat shield concept.
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Figure 19-3 Cross section of corrugated skin heat shield
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Cross Section Properties
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Hot~section stiffener cross-section for the post-supported corrugated heat shield
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Support clip geometry for the post-supported corrugated and flat-skin
dimple-at!ffened heat shield ~oncepts

Figure 19-4 Heat shield svpport elip geometry
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Support clip geometry for the simply supported and multiple
supported corrugated heat shield

Figure 19-l, Heat shield support clip geometry (Concluded)
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Section 20

HEAT SHIEID WEIGHT ANALYSIS

by
W. A, Claus, C. C. Richie, ¥. T. Bevan
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SYMBOLS

x and y distances between simply supported edge of panels
Aspect ratio of the panel

Butt line

Flat width of heat shleld corrugation
Pitch

Diameter

Fuselage station

Gravitational acceleration

Height

Length of span

Pressure; pitch

Dynamic pressure

Radius

Temperature

Thickness

Thickness of corrugated heat shield
Equivalent panel thickness
Deflection

Summation of equivalent panel thickness
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Subscripts
chan Indicates quantity pertains to cap
clip Indicates quantity pertains to clip
corr Indicates quantity pertains to corrugated heat shield
hat Indicates quantity pertains to hat
hs Denotes quantity associated with heat shields
max Denotes maximum value
oxid Denotes quantity pertains to oxidation
panel Denotes quantity pertains to panel

truss Denotes quantity pertains to truss-type clips
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Section 20

HEAT-SHIELD WEIGHT ANALYSIS

The heat-shield weight anal&sis consisted of an initial weight investi-
gation (including cost, performance, and reliability) of several concepts and
a final structural sizing of the most promising heat-shield concept.

INITIAL WEIGHT EVALUATION

The initial heat-shield weight analysis for both refurbishable and per-
manently attached shields was made in terms of temperature reqQuirements, mate-
rials, aspect ratio, and width, and was based on a multiple of the overall
primary load-carrying dimensions of a typical semimonocogue spanwise tubular
panel.

The refurbishable heat-shield concepts considered were as follows:
(1) Ccorrugated skin, hat section stiffened with clip supports

(2) Corrugated skin with simple supports

(3) Corrugated skin with multiple supports

(4) Flat double skin, dimple stiffened with clip supports

The permanently attached heat-shield evaluatlons included the following
concepts:

(1) Modular, simply supported
(2) Modular, cantilevered

Figure 20-1 shows heat-shield temperature versus distance from the
leading edge along FS 2360 (wing investigation section). The data are for a
typical semimonocoque spanwise concept with insulation on the lower surface
outboard of the one-third chordline. The upper surface temperatures of figure
20-1 are for the -0.5-g condition. As indicated in the figure, the lower sur-
face temperature varies from l9h5° to 1555°F with a reduction to 1900°F after
5 inches. The upper surface heat-shield temperatures range from 17859 to
1280°F. 1In view of the temperature range, Haynes 25, Ren€ 41, and TD NiCr were
evaluated as candidate materials.
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Bquivalent thicknesses t or weights were determined for the corrugated
concept, using a maximum bending moment of 17 in._lb/in. These weights for
various temperatures are shown in figure 20-2 with the corresponding corruga-
tion geometry shown in table 20-l. The results indicate that Rene Ll is the
most suitable material for heat-shield application below 1800°F. Ren€ Ll was
selected for heat-shield applications below 1800°F and TD NiCr was selected
for temperatures above 1800°F. TD NiCr is used on the first Tl inches of the
lover surface., The welding of TD NiCr is difficult; therefore, riveted con-
struction was considered.

Using Ren€ 41, the evaluation of both refurbishable and permanently
attached heat shields was conducted by providing an arrangement of heat
shields to protect a typical spanwise tubular panel (46 inches by 92 inches).
The Gesign temperature was 1600°F for transient pressures of . 1.0 psi
(ultimate). However, in addition to the pressure loading, the corrugated
multiple=-support concept inecluded bending due to nonuniform thermal deflection
of the multiple supports and bowing of the panel due to thermal gradie.'ts,
pressure, and inplane loading.

Minimum gage for the corrugated and modular heat shields is 0.010 inch,
For the flat skin dimple stiffened heat shield, the minimum gage of the outer
skin is 0.015 inch and of the innerformed skin 0.010 inch.

_  The basic data obtained for each candidate heat shield included a plot
of t versus panel size, maximum deflection versus panel size, and drawings
showing structural arrangement and typical dimensions.

Refurbishable Heat Shield Concept

Corrugated hat section stiffened, clip supported heat shield. — The
heat shield shown in figures 20~3 and 20-4 is formed by a corrugated sheet
supported by a hat section stiffener at about one-tenth of the corrugation
length from each end of the shield. Corrugation amplitude is one-tenth the
corrugation pitch. A flat between corrugation arcs enables the hat sections
to be attached., The attachment is made by resistance spotwelding. The sup-
port clip is also attached to the hat section by resistance spotwelding.

Mounting of the shields is performed from outside the shield through
an access hole at each of the four attachments per shield. A flanged nut is
resistance spotwelded to the primary structural panel, & super mica washer is
used, the shield is installed, and a sccket head screw fastens the standoff
support clip to the nutplate. BEach access hole is located at the center of a
corrugation at about one~guarter span of the shield, and each hole is closed
after assembly with a pronged cap.

The effect of several support locations cn the waximum heat shield
bending moment is presented in section 19, The optimum support location for
equal magnitude of bending moment at the supports and mid span is 20.7 per-
cent of the span. However, to stiffen the corrugation near the "overhang"
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edges and prevent flattening of the ends, the support location selected was
10.0 percent of the span. This support location increases the maximum bending
moment by a factor of 3.5.

The support clips are rotated so as to place the plane of the web
normal to a line joining opposed attach points. This orientation of the
support clips allows for bidirectional thermal expansion and gives shear
stiffness to the supports in any direction.

A sumary of design data for the corrugation, hat section, and support
clip is shown in flgure 20~-3., The lowest weight shield has a minimum gage
corrugation thickness of 0.010 inch, aspect ratio of 1.0, and width of 15.3
inches. Minimum gage for the hat section stiffener is 0.020 inch. Figures
20-5 and 20-6 show panel size versus effective thickness and panel size
versus deflection, respectively. The deflection consists of corrugation and
hat section deflection and uoes not include thermnl deflections. For an
aspect ratio of 1.0 and width of 15.3 inches, the maximum deflection is
0.380 inch. Figure 20-7 shows & perametric study of effective thickness
versus temperature for a panel aspect ratio of 1.0 and width of 23.0 inches.

Corrugated heat shield with simple supports. — The short corrugated
heat shield shown in figure 20-8 consists of a corrugated sheet supported by
simple supports at about one-tenth of the corrugation length from each end of
each shield. Shields overlap at the trailing edge forming shingles. Cor=-
rugation amplitude is one-tenth the corrugation pitch. A flat is provided
between corrugation arcs to enable attachment of the truss-type support clip.
The attachment is made by at least two spotwelds at each flat. The support
clip is also attached to tbe primary-structure panel by resistance spot-
welding. The support clip is stamped from flat sheet and ribber formed. Sup-~
port clips at one end of a shield are stiffened by gussets in the shield length-
wise direction to transmit drag shear to the primary structure.

Mounting of the heat shields 1s performed before the primary structural
panel is installed. If necessary, removal of the shielis is accomplished by:
(1) removing cover plates between adjacent primary-structure panels, (2) re-
moving primary-structure panel, and (3) drilling out spotwelds attaching the
support clips and primary structure panel. To replace the heat shield, rivets
are installed in place of the drilled-out spotwelds.

Spanwise thermal expansion due to thermal gradlents between the heat
shield and primaery-structure panel is allowed by bending of the circular-arc
portion of the corrugated skin. Chordwise thermal expansion is permitted by
deflection of the support clips at one end of the shield. Gusset clips are
provided at the other end of the shield to resist inplane shear in the short
dimension of the yanel.

A summary of design data for the corrugastion and support clip is shown
in figure 20-8. The support clips are sized one the basis of eccentrically
applied compressive loads due to pressure. The lowest weight shield hi3 a
minimun gage corrugation thiclmess of 0.010 inch and length of 15.3 inches.
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Figure 20-9 shows heat shield length versus effective thickness and heat shield
length versus maximum deflection. For & length of 15.3 inches, the maximum de-
flection is 0.360 inch.

Corrugated heat shield with multiple supports. — The heat shield shown
in figures 20-10 and 20-11 consists of a corrugated skin supported by multiple
rows of truss-type supports. Tie corrugated skin is of the same size as the
primary=-structure panel. Spaiis between the supports are a multiple of the
primary-structure panel size. Other details of design end installstion are
similar to those for the simply suppoirted heat shield concept discussed in the
preceeding section.

In addition to pressure, loads for the multisupported heat shield include
bending due to nonuniform thermal deflection of the supports and bowing of panel
substructure due to thermal gradients, pressure, and inplone loading.

Provisions for differential inplane thermal expansion between the heat
shield and primary-structure panel are similar to those for the simply supported
heat shield concept discussed in the preceeding section, except that one row of
clips at the panel centerline is perpendicular to the others to resist inplane
shear in the long dimension of the panel.

A summary of design date for the corrugation and support clip is shown
in figure 20-10. Sizing of the support clips is based on eccentrically appliei
compressive loads due to pressure. The lowest weight shield has a minimum gage
corrugation thickness of 0.010 inch, a span of 13.1 inches, and 8 rows of sup-
port clips. Figures 20-12 and 20-13 show support span versus effective thick-
ness and support span versus maximum deflection, respectively. For a span of
13.1 inches, the maximum deflection is 0.242 inch.

Flat skin, dimple stiffened, clip supported heat shield. — The heat shield
shown in figures 20-14 and 20-15 consists of a flat skin stiffened isotropically
by a formed sheet. The formations in the sheet are truncated cones and each
cone is resistance spotwelded to the flat sheet. Support clips are located in
the flats of the primary structural penel and are near as possible to the loca-
tion for minimum “ent shield deflection (section 19).

Mounting of the shields is perforred from the outside by means of flush
socket head screws at each of the four attach points. The socket head screws
then fasten to flanged nuts which are resistance spotwelded to the support elips.
The support clips .re resistance spotwelde” .o the primary structural panel.

The support clips are rotated so as 1o place the plane of the web normal
to a line joining opposed attach poiants. This orientation of the support clips
allows for bidirectional thermal expansion and gives shear stiffness to the
supports in any direction.
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A summary of design data for the heat shield is shown in figure 20-1k4.
The lowest weight shield has a minimum gage flat skin thickness of 0.015 inch,
a minimum gage dimpled skin thickness of 0.010 inch, aspect ratio of 1.0, and
width of 15.3 inches. Figures 20-16 and 20-17 show penel size versus effective
thickness and panel size versus maximum deflection, respectively. For an aspect
ratio of 1.0 and width of 15.3 inches, the maximum deflection is 0.173 inch.

Permanently Attached Heat Shield Concept

Modular, simply supported, interlockiag joint heat shield. — The heat
shield shown in figures 20-18 and 20-19 consists of corrugated sheets that are
simply supported at the ends and shingled with rearward facing steps. On the
forwvard end of the corrugated sheet, a joggle is formed and finger slots are
cut. In the flats of the aft end of the corrugated sheet, standoff supports
are provided. Various types of standoff supports were considered, including:

(1) Truncated conical dimples drawn in the corrugated sheet
(2) Flanged cups spotwelded to the shield
(3) Spacers projection welded to the shield.

Truncated conical dimples were selected for the standoff supports.

The shield is mounted by sliding the joggled end under the adjacent
upstream shield and resistance spotwelding the dimpled end to the primary-
structure panel.

At joints between shields, the joggle minimizes aerodynamic drag. Fin-
ger slots on the joggled end permit chordwise differential thermal expansion
between the heat shield and primary-structure panel. Spanwise differential
thermal expansion is allowed by bending of the circular-arc portion of the
corrugated sheet.

A summary of design data for the corrugation is shown in figure 20-20.
The lowest weight heat shield has a minimum gage corrugation thickness of
0.010 inch and maximum allowable length of four times the piteh (i.e., 10.h4h
inches) of the primary-structure panel. The maximum allowable length is due
to high bending in the wing panel tube wall from reactions at the heat shield
simple supports. Figure 20-21 shows heat shield length versus effective thick-
ness, including the effect cf overlapping joints. Figure 20~22 shows heat shield
length versus maximum deflection. For a length of 10.4l4 inches, the maximum
deflection is 0.195 inch, not including thermal or support deflection,

Modular, cantilevered heat shield. = The heat shield shown in figures
20-23 and 20-19 consis:s of corrugated sheets that are cantilevered at the
forward end and shingled with rearward facing steps. The forward end of the
corrugated sheet is curved %o fit the circular-arc portion of the primary-
structure panel. The curved end of the heat shield is attached direetly to
the circular-arc portion of the primzry=-structure panel by at least two re-
sistance spot, 21ds located in the flats of the corrugated sheet.
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Spanwise differential thermal expansion due to thermal gradients between
the heat shield and primary-structure panel is allowed by deformation of the
circular-arc portion of the corrugated sheet. Since the shingled heat shield
is only attached at the forward end, chordwise thermal expansion is permitted
by the rearward facing overlapping joints.

A summary of design data for the corrugation is shown in figure 20-23.
The lowest weight heat shield has a minimum gage corrugation thickness of 0.010
inch and maximum alloweble length of one pitch (i.e., 2.61 inches) of the
primary-structure panel. The maximum allowable length is dve to high bending
in the wing panel tube wall from the cantilever moment and shear. Figure 20-2k
shows heat shield length versus effective thickness, including the effect of
overlapping joints. Figure 20-25 shows heat shield length versus maximum
deflection. For a length of 2.61 inch, the maximum deflection is 0.0073 inch,
not including thermal or support deflection.

Heat Shield Thermal Analysis

Heat shield isotherms at the three specified flight conditions (-0.5-g,
+2.,0-g, and cruise) have been shown in section 9 with the isotherm presentations
for the different primary-structure concepts. Mean temperatures for the heat
shields were derived assuming a single flat sheet with an equivalent mass thick-
ness t of 0.011 inch. The effect of corrugations was neglected but is assumed
small because boundary layer flow is nearly parallel to the corrugations. The
start of the corrugations at the leading edge experiences higher local heating
due to the ramp effect of the corrugation closeout. An estimate of 25-percent
increase in the local heat transfer coefficient duvue to 2 3-degree maximum chord-
wise slope yields a local temperature increase of 90°F at peak heating condi-
tions on the upper and lower surfaces.

Various heat shield attachment methods were examined to determine local
effects on heat shield and panel temperatures. Table 20-2 shows temperatures
derived for a direct attachment method in which the heat shield is spotwelded
or riveted directly to the circular-arc stiffened panel. The analysis was
performed at one wing location (FS 2366, BL 270) for upper and lower surfaces
without insulation. Panel and heat shield temperatures were found to be un-
affected except at the attachment point, where direct aerodynamic heating occurs
through the heat shield. A local "hot spot" of approximately 85°F ahove normal
panel temperature is shown for the upper panel at the -0.5~-g condition and for
the lower panel at the +2.0-g condition. TFor all conditions, the attachment
point temperature is between the panel and heat shield temperatures. Applica-
tion of these results to the modular heat shield concepts is direct; i.e.,
temperatures at the attachment points are between heat shield and penel
temperatures.

Two methods of attaching the heat shield to the panel with standoff clips
were also investigated. The first method holds the heat shield in place with
clips which connect a flat portion of the panel to a continuous hat section on
the inside surface of the heat shield. The lower wing surface with no insulation
was analyzed at one location (FS 2366, BL 270). Figure 20-26 shows temperatures

20-6



at the attachment point for three flight conditions for this first attachment
method. Temperature differences are 155°F across the hat &nd 115°F across the
clip at the +2.0-g condition. Differences are under 100°F for the other flight
conditions. Temperature for the section of heat shield enclosed by the hat is
seen to vary by less than 10°F from the temperature for the heat shield avay
from the hat. Where the hat section is attached to the shield, the higher ther-
mal capacity and conduction to the interior at these points cause temperature
lag during the transients and reduced temperature at cruise, compared to the
normal heat shield temperature. The higher inner structure temperatures shown
for the -0.5-g condition are caused by rapidly reduced heating rates, hence
lower temperatures, on the heat shield when the lower surface is at negative
angle of attack. Structural panel temperatures are unaffected by the presence
of the hat and clip, except during the +2.0-g condition, when reduced exposure
to the heat shield at peak temperature reduces local panel peak temperatures
by aknut 50°F.

The second clip attachment method examined assumes that the clip directly
cormects the heat shield to the flat portion of the panel, as with the multiple
support concept. The analysis was performed for upper and lower surfaces at an
inboard location (BL 166) and at an insulated outboard location (BL 300), and
for the lower surface under the fuselage (BL 60). Table 20-3 shows temperature
differences across the support clip derived for the three flight conditions rfor
this method of attachment. The 535°F differential shown for the outboard lower
surface at +2.0-g is due primarily to the insulation which isolates the primary
structure and forces the shield to high temperatures during the peak heating
condition. Thermal : sistance through the clip from shield to panel was cal-
culated to be about four times the normal thermal resistance through the insula-
tion and radiation air space at this location. Thus the effect of the clip on
local shield and panel temperatures is minor. This is evidenced by comparing
the derived differentials across the clip, shown in table 20-2, with the tem-
perature differences from heat shield to panel, based on the detailed panel
model, shown in table 20-k. Agreement is good, considering that the additional
thermal capacity and conduction path of the clip are not included in the detailed
panel analysis. The effect of the clip on the heat shield at these locations is
shown in table 20-5, which lists ...e temperature difference from the crest of a
corrugation on the heat shield to an adjacent clip attachment point. Except
for the surfaces experiencing peak heating during transients, the temperature
difference is not more than 50°F. The higher differentials at transient con-
ditions are caused by the thermal lag at the attachment point, due to a higher
mass per exposed area compared to the corrugation skin.

An analysis was also conducted to determine temperatures of the flat skin,
dimple stiffened heat shield concept for comparison with corrugated heat shield
temperatures. Table 20-6 shows teaperatures for the upper and lower heat shields
at four locations on the wing for three flight conditions. The outboard loca-
tions are shown with and without insulation on the lower surface. Temperatures
are presented for the external skin {m(1) for upper surfgce and T(6) for lover
surface], for the top of the dimple at the attachment point with the ex?ernal
skin [T(2) for upper surface and T(5) for lower surface], and for the 1gternal
skin [T(3) for upper surface and T(k) for lower surface]. Temperature differ-
ences from the top of the dimple to the inner skin, T(2) to T(3) and T(5) to
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T(4), are less than 10°F except during the transient conditions, when the
differences for surfaces undergoing peak heating (upper surface at -0.5-g,
lower surface at 2.0-g) are on the order of 50°F. Peak temperature differen-
tials from external to internal skin, T(1l) to T(3) and T(6) to T(4), for lo-
cations without lower surface insulation occur at the -0.5-g condition on the
upper surface (100° to 150°F); at +the +2.0-g condition on the lower surface
(110° to 160°F); and at the cruise condition on the upper surface (130°F).
With insulation, the peak temperature differential occurs on the upper surface
(220°F) at the -0.5-g condition. The peak differentials for all other condi-
tiggs, vpper c¢r = ser surface, with or without insulation, are not more than
TOVE.,

Temperatures for the corrugated heat shizld derived from the isotherm
analysis for structural panels are presented in table 20-T7 for direct compari-
son with the dimple stiffened heat shield temperatures in table 20-6.

Temperatures for the external skin of the dimple stiffened heat shield
are generally 0° to TOSF cooler than corrugated heat shield temperatures, ex-
cept for the lower surface at -0.5-g and cruise conditions. For these condi-
tions, the corrugated heat shield is up to 4OCPF cooler. A comparison of the
effects of both heat shield concepts on semimonocojue structural panels showed
that peak panel temperatures are about the same (within 100°F) with either heat
shield concept, except for the outboaru locations with insulation. At these
locations, peak panel temperatures are 150° to 200°F lower with the dimple
stiffened heat shield than with the corrugated heat shield.

Summary of Initial Weight Evaluation

A summary of heat shield data is presented in table 20-8. On the basis
of weight and deflection, the data show that the corrugated heat shizld with
multiple supports is the leading candidate for the refurbishable shield; for
the permanently attached shield, the simply supported modular shield is lower
in weight. Also, the multiple-supported shield is of large single-piece con-
struction and affords appreciable cost advantages.

For the refurbishable shield, the flat-skinned concept reduces the flow
disturbances and local heating due to cross flow from that of the corrugated
concepts, but it entails a weight penalty.

Panel flutter analyses of the heat shields were also conducted (as pre-
sented in section 14). When refurbishable heat shields were considered, the
spring constants included the flexibility of the heat-shield edge closeout,
the support clip, and the primary-structure panel. The primary-structure panel
is regarded as shielded from the aerodynamic environment when the refurbishable
heat shield is employed. However, when modular, or permanently attached heat
shields were considered, both the shield and the primary-structure panel were
required to be flutter free.
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The refurbishable shields are stable; they have panel flutter factors
of safé?y exceeding the required 1.3. On the other hand, the permanently
attached shields are flutter criticel, because the primary-structure panel
has an allowable flutter parameter that is less than the applied dynemic pres-
sure. This is because the chordwise stiffness of the spanwlse-oriented tubu-
lar concept is low. In decreasing the rib and spar spacing to overcome this
condition, the total wing substructure weight is increased significantly be-
yond that of the refurbishable shield (additionel t = 0.204 inch or 8.7 1b/fto.

Results of analyses to determine effects of random sound pressures indi-
cate that the upper surface and lower surface inboard heat shields and support
clips satisfy the 0.007-q and 0.022~q criteria as required.

Considering the weight results shown in table 20-8, and cost, perform-
ance, and reliability date presented in later sections, the corrugated heat
shield with multiple supports was selected for application to the several
primary-structure concepts.

FINAL HEAT SHIELD STRUCTURAL SIZING

The corrugated heat shield concept was applied to the various primery
structure concepts in obtaining total concept weight. Typical heat shield
design and weight date for the spanwise semimonocoque concept are shown in
tables 20-9 and 20-10, respectively. TFor the chordwise semimonocoque concept,
typical heat shield design and weight data are shown in tables 20-11 and 20-12,
respectively. For the monocoque concept, typical heat shield weight data are
shown in table 20-13. For each primery-structure concept, the effect of oxi-
dation is included in the total heat shield weight. TD NiCr is used on the
lover surface outboard area between BL 304 and BL 350, and Rene 41 is used on
the remaining upper and lower surface areas. Since a support spacing of
13.1 inches was determined least weight at a location where minimum gage Rene L1
shields were required for least weight, and since this spacing was used for
all concepts requiring shields, not all heat shields are minimum gage nor
least weight. For shields thicker than minimum gage, a weight reduction is
achievable by reducing the support spacing; actually all analyses conducted
indicate that support spacing should be reduced until the shield is minimum
gage to result in least weight. However, the reduction in spacing would hsve
to be in multiples of the pitch of the primary-structure panel configuration
(tubular and beaded) and hence maximum spacing for minimum gage shield (Least
weight) might not be attaineble. Also closer supports mean more fasteners,
welding, and lsbor, so fabrication cost must be considered; but total system
cost is not as sensitive to febrication cost as to weight, so in the final
analysis the meximum support spacing (compatible with the primary-structure
configuretion) in which a minimm gage shield can be utilized is probebly the
optimum weight design.
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TABLE 20-2

TEMPERATURES FOR DIRECT ATTACHMENT OF CORRUGATED HEAT SHIELD
TO SEMIMONOCOQUE TUBULAR PANELS

T(1)
~\\\\ ///,»——-\\\\ A_////—— Heat shield ..
—— A

Panel

T (k) ——-—/

Temperature,a O

Location Condition| -p,5¢ 2.0g | Cruise
Upper Heat shield?  T(1) | 1650 1350 965
surface|  pitach pint  T(2) | 1585 | 1375 1010
Panel exterior T(3) 1500 1400 1080
Panel interior T(4) 1420 1435 1190
Lower Panel interior T(4) 115 1485 1280
surface | pore1 exterior T(3) | 145 | 1600 1360
Attach point T(2) 1395 1630 1400
eat shield® T(1) | 1370 | 1715 1420

dTemperatures at FS 2366, BL 270.

bNb insulation.
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TABLE 20-3

PEMPFRATURE DIFFERENTIAL ACROSS MULLIPLE CLIP SUPPORT FOR
CORRUGAYRD IRAY SUIKLD

[\

T(1), shield at attachment point

‘Heat shield

[\ o

1Flat of panel

A
N\

?(2), panel at attachment point

Temperature differentisl, T(1) ~ T(2), °p

Condition Location BL 60° BL 166> BL 300%-°
-.5¢g Upper surface - 0 +275
Lower surface +115 + 85 +175
2.0g Upper surface - - <0 +110
] Lower surface +295 +280 +535
Cruise Upper surface - -250 -130
Lower surface -5 +130 +205

® Temperatures at FS 2366, semimonocoque primary structure, upper
and lower heat shield, no insulation.

b

With insulation at lower surface.
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TABLE 20-)

s
n, '4

TEMPERATURE DIFFERENTJAL FROM HEAT SUIELD TO
SEMIMONOCOQUE PANELS .

T(1), heat shield

?(2), flat of panel -

Temperature differential, T(1) — T(2), °F

Condition Location BL 60° BL 166% BL 300%7°
-0.5¢g Upper surface - +125 +260
Lower surface +135 - 20 + 80
2.0g Upper surface - -7 - 20
Lower surface +275 +225 +440
Cruise Upper surface - -165 - 90
Lower surface 0 + 90 +370
® Temperatures at FS 2366, igemimonocoque primery structure, upper

and lower heat shield, no insulation

b

With insulation at lower surface
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TABLE 20-5

CENMPRREUURE LTFFERENUTAL RRCM CREST OF COERUSATION O 'KAT SNTELD

A S
13 - - =
DA LJATEND UL TR OATTATRMT T oo

T(1), shield at corrugation

T(2), shield at attachment point

Heat shield

Clips

Flat of panel

) Temperature differential, ©(1) - T(2), °F
f a,b
Condition Location BL 60" BL 166™ BL 30077
-0.5¢g Upper surface - +115 +145
Lower surface -40 - 50 + 40
2.0g Upper surface - - 50 - ko
Lower surface +80 + 75 + 55
Cruise Upper surface - - 50 - 25
Lower surface 0 + 10 + 50
_4\ ——

& Temperatures st FS 2366, semimonocoque primary structure, upper and

lower heat shield, no insulation.

b With insulation at lower surface.
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TEMPERATURES FOR FIAT SKIN DIMPLE STIFFENED HEAT SHIELID CONCEPT

TABIE 20-6

T(3) —

S \_A:iiz
L R s W

.......

~ T(1) 1/r~——- 7(2)

. Lower panel
Insulation (if used)

Upper shield

Upper panel

Lower heat shield

a o
Temperatures, F

Location BL 60 | BL 166] BL 258 | BL 258 | BL 350 | BL 350
Condition Insulation None None None 25 1in. None 50 in.
-0.5g External skin, T(1) - 1305 1585 1550 1675 1640
Attach point, T(2) - 1220 1470 1370 1565 1475
Internal skin, T(3) - 1200 1435 1325 1530 1425
Internal skin, T(4) | 1190 | 1300 1400 1465 1480 1540
Attach point, T(5) 1195 1300 1400 1460 1480 1535
External skin, T(6) 1235 1300 1375 1405 1450 1475
2.Cs; External skin, T(1) - 1155 1355 1305 1420 1375
Attach point, T(2) ~ 1190 1380 1275 1460 1365
TInternal skin, T(3) - 1195 1385 1270 1465 1355
Internal skin, T(L) 134C 14ks5 1550 1640 1645 1725
Attach point, T(5) | 1385 1485 1590 1660 1690 1750
External skin, T(6) 1545 1605 1685 1710 1775 1795
Cruise External skin,T(1) - 885 950 835 1005 875
Attach point, T(2) - 1000 1065 860 1125 890
Int2rnal skin, T(3) - 1010 1075 860 1140 890
Internal skin, T(4) 1340 1285 1350 1hhs 1415 1525
Attach point, T(5) 13h45 1295 1365 1450 1435 1530
External skin, T(€) 1340 1340 1410 14hs5 1480 1520

a':lJempera‘cures at FS 2366 s Semimonocoque primary structure.
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TABLE 20-T

TEMPERATURES FOR CORRUGATED HEAT SHIEID DERIVED FROM SEMIMONOCOQUE
PRIMARY 3TRUCTURE ISOTHERM ANALYSIS

Upper heat shield
Upper panel

Lower panel
Insulation (if used)
Lower shield

Temperature,a °F
Location BL 60 | BL 166 | BL 258 | BL 258 | BL 350 | BL 350
Condition

Insulation none none none [.25 in. none |50 in.

-0.5g |Upper shield, T(1)] - 1370 1620 1590 1700 1675
Lover shield, T(2)| 1245 | 1280 1360 |, 1365 1430 1435

2.0g |Upper shield, T(1)] - 1180 1335 1320 1425 1380
Lower shield, T(2)| 1555 1600 1685 1745 1775 1845

Cruise |Upper shield, T(1)| - oLs 990 910 1050 935
Lower shield, T(2) 1340 { 1325 1385 1415 1455 1500

—— e

& Temperaturés at FS 2366,
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TABLE 20-9

TYPICAL HEAT SHIEID AND CLIP DESIGN DATA, SPANWISE SEMIMONOCOQUE CONCEPT

.06 in., min

3

b —

Surface| BL  |a, in.| £, in.; b, in.|Ps, indR, in. | ¢ | Te | Ps
Upper { 120-212 | .10 .31 1.362 1.22 .91 [.023 |.012 {.122
Upper | 212-350 | .15 .39 1.172 1.52 1.15 |.026 | .01k | .152
Lower 0-120 | .10 .31 1.l72 | 1.22 91 }.023 ;.012 |.122
Lower | 120-212 ] .10 .31 1.172 | 1l.22 91 |.023 }.012 | .122
Iower | 212-304 | .10 .48 1.172 1.88 1.0 |.023 }.014 |.188
Lower® | 304-350 | .10 .64 1.172 | 2.5 1.88 |.037 :.019 |.250

4D .NiCr heat shield and clips.
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TABLE 20-11

TYPICAL HEAT SHIEID AND CLIP DESIGN DATA, CHORDWISE SEMIMONOCOQUE CONCEPT

50 in,

Geometry:
Surface BL a, b, h, t, R, bg, b te
in. | in. in. in. in. | in. in. in.
Upper | 120-212 | .15 | k0 | 1.183 | .029 | .91 | 1.22 | .31 | .01l
Upper | 212-350 | .15 | .40 | 1.183 | .032 | 1.19 | 1.58 | .ko | .01k
Lower 0-120 | .30 | .66 |1.439 | .027 | 91| 1.22 | .31 | .012
Lower 120-212 | .30 | .66 | 1.k39 | .o027 91 | 1.22 | .31 | .012
Lower | 212-304 | .30 | .66 | 1.k39 | .036 | 1.42 | 1.92 | k9 | .015
Lover: | 304-350 | 3¢ | .66 | 1.439 | .ouk | 1.92 | 2.60 | 67 | .019

8D NiCr heat shield and clips.

20-20




"o3rIaA® DPOIUITOM D

‘sxsuLgsel Jurpniour s

*sd1To pum
PISTUS 38U IDIN-CL

‘06E ~ 4o€ 14 a

*HOE ~ 2T T4 o

1
86900 * 60%00 * 0120* noomﬂ o
H . . - K
el 0820 600" G0S00° en1o"’ 0511 0se - 212 TonoT
e
Ggo” L2810 70t00° £6000° ¢ot1o0* 0091 2z = 21 IBMOT
6£9° 6gH10" 170%00° $$000" £oto* 009T 02T - 0 a8807
18L° T2910° GEw00° 99000° 0cTO* 00LT 0%€ = 212 zaddn
129° QKTo’ €T700* G0000* ¢o10°* 0091 2Tz - 021 xeddn
BEN /at *ut ‘ut ‘ut ‘ut £ g o083 Ing
'4 [ [ 4
‘quSTeor 27un A mﬁaow nﬂxow msw ‘aanqerodmas
ugTssp
PTOTUS 329H

NO SUTHIHS IVEH TVOIJXL ‘XMVWANS IHOIEM IHMOJLINS ANV CIATHS IVaH

IJAINOD ESIMIEOHO HENDOIONOWIWAS

gl-0c Widvi

20-21



*oBeIoae DRIUSTOM [, ‘sdTTO pue PTATUS 389U IDIN-CL ‘0GE - {of 14 a

*saou9qsSBeI Jurpnroug *H0€ - 2Tc 19 .‘_moom: = aanjersdusq usTsaq e
o
5810T0*0 402000 €020°0 qO06T
LGT°T 6920°0 04t = 212 aanog
80700°0 $0500°0 é410°0 205LT
#789°0 166100 gth00°0 £6000°0 06T0°0 0091 2le - 21 IBMOT
999°0 £6610°0 8tt00°0 G6000°0 0410’0 0091 T = 2 I9H0T
13/41 ‘ut ‘ut ‘ut ‘ut ki 1g soeFIng
p ¢ ¢dr1o ‘pIxo fsy °
JUSTOaN 3TUN ‘4z " Y 1 ‘sangessdusg
- ugTsep
PTSTUS 3e8Y

SIIAONOD HNVODONOW
117 SATHIHE IVAEH TYOIAL ‘XMVWWANS IHOIHM I¥0ddNS ANV QTILHS IVTH

£€T-02 TIGVL

20-22



Temperature, °F

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

Start of heat shield

\V3 Chordline

Vselcige-wing juncture

£

]
wer surface (+2.0q)

| !
o

L.

t

Upper surface (-0.5q)

BL
120

5 10

15

20

25

Spanwise distance from leading edge, ft

Figure 20-l.
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30

Heat-shield temperature vs spanwise distance
from leading edge along station 2360
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.030 I T 1 |
]
O TD-NiCr Support spacing = 13.1 constant A]J
A Hoyn;s 25 T = corrugation only, no support clips ,
O Rene 41
’
J,é———_'m-Nacr
.020 7
/Kﬁ?
c f ¥
l:‘ A7, ll Haynes 25
d—— Rene 41
V4
.010 "O"“é!
0 L'/\ﬁmoo 1600 1800 2000 2200 2400 2500

Temperature, °F

Figure 20-2. Heat shield material comparison
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Clip: 1 at cach

support point

‘\.g_=-=-=-=-==3’/
7

. 1L (Support point,‘/ —'f'/ /‘" .207L (Support point}
fc bf
R | b ""l
hl Cortugation section
ot
Mot l*?_'::.l I fhat
L Hat section

t‘l‘h’{ \_ . .
at Lightening hole

D =3/16 in, Connect to wi |
p————— ONnect to wing pane
543 f;//' ;; v
D in, ]
D,.
D=1/2in, e clip

clip Clip

6 in, 7 Q Connect to hat

A 1L5i0n. —/

section (heat shield)

Pane! data H°°;:':°"°" Clip data Weight data | Deflectiun

Panel =

b a) |= -

Iengfh' R fl .bs' "C B’ 'l‘\df’ hhdf’ DC“P' hC“P' 'Clip' sti°|dl 'C"p' z'l Sm,
in. n, n, in, ine ] in, in, in. in. in. in. in. in. in,
15.3 .32 | 1.24].010| .910{ .020 | .250 | 1,30 | 1.31 ] .039 | .01511.0014].0165 380
23,0 A7 | 1.841.016 |1,360] .020] .320] 1,30} 1.49 | .044 | .0198 }.0008] .0206 557

ar e e e
Yshield = ‘panel * thay

Figure 20-3.

Corrugated heat shield concept, hat section
stiffened and clip suppc. ted (refurbishable)
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| 1 i I I

Design data:
o— a . —f Pressute: p = £ 1,0 psi
L—- ' [ T P ture: 16°°°F
b Moterial: Rono'q,S.T.A.
S at 1400°F
L /
S *
® =
b =46 in.
£ / /
o 04
" 4 b= 23 in.
£
™ //
é }é /‘)/{ b=15.3in,
w
0 -y /

——

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Panel aspect ratio, o/b

Figure 20-5. Panel size vs t For corrugated heat shields

with hat sections and clip support

1 | T L T
Design data:
Pressure: p = *0.5 psi
S __.‘
-f- 2 Temperature: 1600°F
20— N Material: Rene” 41 §.7.A.
i / b= 46 in. at 1400°F
Suppon-/
16— clip / h=230n.
£ /
: / /
§ / b=15.3 In,
e £ -
a / , ,/
4 /
“ %
] 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Panel aspect ratio, o/b
Figure 20-6. Panel size vs total deflectlon for corrugated heat

shields with hat section and clip supports
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] l LI T T
Dew.gn data:
Pressure: p = £1,0 psi
RO ] F- T Moterial: Rene” 41 S.T.A. -
at 1400°F
23 in. - Total
' /
020 |- 4 / -
p—2s i"'_" / Corrugation
Ra
. 7
£ 016 7~
e //
g L~
< —] :
£
0w
Hat section
.004
R
"
0 150 1250 1350 1450 1550 1650 1750

Temperature, F

Figure 20-T. Temperature vs t for corrugated heat s4lelds
with hat sections and clip supports
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Heat shield

Wing pone!

Geometry:
Panel - -
length !’f' I,s' *c' R, h, t, 'chan, *shicld' t, max,
in. in. in. in. in. in. in. in. in. in, in.
15.3 .32 1.25 010 0.910 1.172 023 0.0042 L0105 0.0147 360
23 .47 1.85 016 1.360 14362 023 0.00294 016 0.0189 .483

Figure 20-8. Corrugated heat shield concept with simply
supported ends (refurbishable)
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- 07 ‘[ r T ¥ v

Heat shield length, L, in,
Panel length vs deflection

Figure 20-9. Effective thickness and deflection for

corrugated heat shield with simple supports

20-30

Design datos
Pressure: p=+ 1.0 psi //
Ni Y Temperoture: 1600°¢
Moterial: Rene 41 5.T.A. /
@ 1K°F /
05} - 3¢
f— — /////
J
1o
a /
£ .0
% d
: v
3 A
3 o
& ra
-=}— 4"'— Mintmum goge
0
0 10 20 30 40 50 60 70 80 90 100
Heat shisld length, L, in.
Panel length vs ¢
LI [T T 1
Design dato:
— Pressure: p=+ 0.5 psi
Temperature: 1600°F
Moterial: Rene’ 41 S.T.A.
< 1400
2.0 -
o o —d
.~
= e /
-3
k-
e 2
=
o
o
£ /
]
§ 0.8
32 /
0.4 4/ goge
“—1— cutoff point
0 10 20 30 40 50 60 70 80 90 100

P v———

s
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Equivalent thickness, T, in.

.040

B [=— 92in. ———[

Design data:

-

Pressure: p = +1.0 psi

Shield temperature: 1600°F

Channel temperature: 1500°F

Material: Rene 41

|

Span length, L, in.

Figure 20-12. Span length vs t for multisupported
corruvgated heat shield

20-33

.032 l
Number of | Span length
spans in,
4 23.0
024 5 B4
4 6 15.3
7 13.1
.016
r—-Shleld
I— M inimum-gage shield
.008
— Supports
-D-D§4
0 B % 24 32 40 a8



Maximum deflection, 8 , in.

1.2

o 0
oo

(@]
n

}4—— 92 in.—>] l I

Design data:

Pressure: p = *0.5 psi

— Shield temperature: 1600°F
— Ia_ L Channel temperature: 1500°F
Number of | Span length) Material: Rene 41
spans in. /
— 2 46.0
3 30.7
4 23.0
5 18.4
6 15.3
V4 13.1

T

Figure 20-13.

16 24 32 40 48
Span length, L, in.

Span length vs deflection for multisupported
corrugated heat shield
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r—:’,,':‘.':"‘ —7/ 0.250 /4—

J/~
Geometry:
L, P, R, hy e o 8, | Toonelr | shield:
in. in. in. in, | in. in. in. in.
15.3 .250 .063 .063 010 .015 73 .0284 0298
23.0 310 .077 077 .017 017 .480 .035 .0353

e Material: Rene’ 41
e Design temperature: 1600°F
{(from corrugated concept)

® tshield = *paneliﬂg

Figure 20-1k. Flat skin dimple stiffened heat shield concept with
clip supports (refurbishable)
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—, l Design data:
je—— a -———-l Prossure: p = *1,0 psi
— TTe o Temperature; 1600°F
b Material: Rene” 41 5.T.A.
ile ? at 1400°F
5 rt
criipo
£ 12
e L/,//’qm=2o
§
£ ]
e -08
% / / o/b=1.0
04 ]
“1 === Minimum gage
0 8 16 24 32 40 43

Figure 20-16.

Panel width, b, in.

Panel size vs © for dimpled concept heat shields
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1 |
[ Design data:
Pressure: = £1.,0 psi

b— o —f Temperature: 1600°F

10— TTe ® |  —1 Material: Rene 4] S.T.A. ]

b . » at 1400°F

- B

.8 2-@0#/ / o/b=1.0 -
//

/ / a/b= 2.0

W% /
Minimum goge /
cutoff ]/ /

4 -
V
y
/

2 —

Deflection, &, in.

0 8 16 2 2 20 a8
Panel width, b, in,

Fignre 20-17. Deflection vs panel size for dimpled concept heat shields
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.032

.024

Effective thickness, t, in.

016

.008

Spotwelds S

L(

l“—bs - )

Section A-A
Geometry:
LOPV 'C' Rl bfi bs, ; . amm'
in. in. in. in. in. in. in.
10.44 | .010 210 320 | 1.24 0118 | .195

Figure 20-20.

(permanently attached)

Simply supported modular heat shield concept

7

S

\\-—L-—"‘"’/ Design data:
Minimum gage Pressure: p = +1,0 psi
Temperature: 1600°F -
Materiol: Rene 41 S, T.A.
at 1400°F
6 10 14 18 26 30 34

Figure 20-21.

Heat shield lenath, L, in,

Length vs t for modular heat shield concept
with simple supports

20-L1



I |

Design data

Pressure: p = +0.5 psi
Temperature: 1600°F
Material: Rene’ 41 S.T.A.

at 1400°F

.80 r///g/
. <60
£ /
<
§~ /
b .40
2
®
[

.20 Mini goge

cutoff point
0 4 8 12 16 20 24 28 32

Heat shield length, L, in.

Figure 20-22. Length vs § for modular heat shield concept
with simple supports

Formed ends with P =4 1.0 psi (ulf) > N A
2 spots/node . T= 16000;” Air flow Cantilevered
P heot shield

Spotweld
(typ.)

F—t— e
e

Section A <A,

Lopt, b R, | b | by nols
in, in. in. | in. in. in. in.
a ! b

2,61 010 910 .320 | 1.24 | 0123 |.0073

a,  Moximum allowable fength due to high bending in wing
panel tube wall from cantilever moment.

b. Does not include thermal deflection or support deflection.
Figure 20-23. Cantilevered modular heat shield (permanently attached)
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.048
! |
Dasign datc:
Pressure: p = % 1,0 psi
40 Tempsrature: 1600°F Z
Material: Rene’ 41 S.T.A.
£ at 1400°F
l‘: Moximum length allowed
8 032 b—10 2.61 in. due o high
£ * bending in wing ponel
K tube from cantilever
£ moment /
[ 3
2
°
024
£ L
.016 7
——
.008 Minimum goge
0 4 8 12 16 20 ¥

Heat shlsld length, L, In,

Figure 20-2k. Length vs t for centilevered modular heat shield
T 1

Design data:
Prassure: p 0.5 psi
1.0 Temperature: 1600°F
. Material: Rene’ 41 S.T.A.

at 1400°F /
0.8 /
Moximum length allowed /

<
< 0.6 | is 2.61 in. due to high
o bending in wing panel
> tube from cantilever
§ moment
E /////
&
& 0.4

/

0.2 <
—
/ Moo goue
e,

0 4 8 12 16 20 24 8 L?)
Heat shield length, L, in.

' Figure 20-25. Iength vs & for cantilevered modular heat shield
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1420

-0.5g Condition
1450
/ zfi: \\L—— 1420)
1385 1385
1445
2.0g Condition
\ 1560
/ f \\—— 1670 °
1710 1715
1315
Cruise condition

V1390

/ zfii ‘\\- 1410
\ 1425 1435

Note: Temperotures (F) ot FS 2366, BL 270, lower surface of

semu-monochue prlmary strucfure, w.fh upper and lower
DA A—

sh|e|ds, no insulation

Figure 20-26, Temperatux;es at lower surface attachment
point for corrugated heut shield with hat
sections and clip supports
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Section 21
LEADING EDGE WEIGHT ANALYSIS
by

C. C. Richie
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= 0.125 in., flat thickness = 0.06 in.

Spanwise semimonocoque leeding edge evaluation, segmented
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ILLUSTRATIONS

Wing leading edge pressure variati.ne during meneuver

Peak temperature at leading edg~e stagnation line vs
material thickness and emmittance

Monocoque leading edge evaluation, continuous hot load
cerrying concept, without leading edge spar

Monocoque leading edge evaluation, continuous hot load
carrying concept, including leading edge spar

Spanwise semimonocogue leading edge evaluation,
continuous heat shielded and insulaeted concept; leading
edge thickness = 0.120 in.

Spanwise semimonocoque leading edge evalusation,
continuous heat shielded and insulated concept; leading
edge thickness = 0.625 in., flat thickness = 0.060 in.

Spenwise semimonocoque leading edge evaluation, segmented
heat shielded and insulated concept; leading edge
thickness = 0.125 in.

Sign conventions end notation used in analysis of the
end effect for the segmented leading edge concept

Thermsal strein reduction factor et center of leading
edge segment, segmented heat shielded and insulated
concept

“yelic stress and strain pattern involving zero mean
suress and alternating plastic strain

Relaticn between total strain range and cyclic life
for TD Nilr

Deflection of segmented leading edge

Optimum length of segmented leading edge for monocoque
concept

21l-vii

Page

21-35

21-36

21-37

21-38

21-39

21-40

21-41

2l-h2

21-43

21

21-45
21-46

21-k47



21-1h

21-15

21-16

Optimum length of segmented leading edge, semimonocoque

concept

Leading edge nose section, continuous

Jegmented leading edge

2l-viii

Page

21-48
21-49

21-50



Fku

®
2 =2 & ‘0‘74 ot )

e

SYMBOLS

Cross section ares

Ductility

Modulus of elasticity

Ultimate tensile strength

Shear modulus

Gravitational acceleration

Number of stress levels considered
Fatigue quality index

Length

Material constant used in equetion 21-.1
Cyclic life

Number of loading cycles to failure at the ith stress level
Number of loading cycles applied at the ith stress level
Pressure

Shear flow

Reduction in area

Temperature

Thickness

Equivalent panel. thickness

Strain energy

Meterial constent uee? in equation 21-1

Linear coefficient of thermal ev ~-slown



Y Material constant used in equation 21-2

AT Temperature difference

Ae Total strain range

Ao Stress range corresponding to total strain range (A€)
€ Strain

g Stress

Subseripts

el Denotes elastic value

£ Denotes final value

o Denotes initial value

P Denotes plastic value

2l-x%



Section 21

LEADING~ EDGE WEIGHT ANALYSIS

The leading-edge analysis consisted of & parametric thermel analysis,
selection of the leading candidate materiasl, structural evaluation of the
candidate arrangements for the segmented end continuous ccncepts, design,
and weight data.

Plasma-jet test results (presented in section 4) indicated that although
the porous tantalum metal concept results in improvements by a factor of 2
over previously tested concepts, a sheetmetal concept with an oxidation-
resistant coating showed marked improvement snd therefore satisfies better
the leading-edge oxidation-protection requirement. The coated sheetmetal
concept was selected for detailed evaluation.

The leading-edge pressures used for the investigation are presented in
table 21-1 and the design pressures, which are based on the net difference
between internal and aserodynamic pressures, are shown in taeble 21-2. The
leading edge pressure variation dquring maneuver is presented in figure 21-1.

PARAMETRIC THERMAL ANALYSTS AND MATERIAL SELECTION

On the basis of radistion equilibrium temperatures, the tantelum alloy
Ta-10W was originally considered the leading candidate. However, & two-
dimensional thermal asnalysis, the lower curve in figure 21-2, indicated
lower temperatures which would allow use of the superalloy TD NiCr as
presented in detail later in the discussion. TFigure 21-2 is a plot of
temperature versus material thickness for Ta-10W (tentalum alloy), Cb-T52
(columbium alloy), and TD NiCr (dispersion-strengthened alloy). Initially,
only internal rediation effects were evaluated for a hot load carrying
leading edge (no insulation at the Rene 41 leading edge spar). lLater, conduc-
tion and internal radiation effects were determined using TD NiCr and an
insulated concept (insulation at the Rene Ul leading edge sper).

The traensient-temperature anelysis of figure 21-2 indicates that a
maximum of 2200°F is achieved by increasing the leading-edge thickness to
about 0.125 in., thus permitting the use of TD NiCr. TD NiCr does not
require an oxidation~-resistant coating. The detalls of this selection
are presented in the following discussion.

A preliminery thermal analysis of the wing leading edge was conducted
for three structursl errengements, which include two hot load cerrying concepts
(with and without & leading edge spar) and an insulated concept. Three leading
edge materials were considered: preoxidized TD NiCr, silicide coated Ta-1O0W,
and silicide coated Cb-752., Temperatures determined for the steagnation line
on the leading edge and for the attachment pointe of the leading edge section
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to the supporting structure are shown in tebles 21-3, 21-4, and 21-5 for the
+2.0-g condition. These temperatures were used to determine thermel strains
for the various material arrangements at the maximum dynemic pressure condi-
tion. A material thickness of 0.12 inch at the radius was assumed, and
radiation was the only mode of heat transfer accounted for within the struc-
ture. Table 21-3 srows temperatures for the hot load carrylng concept without
a leading edge spar (figure 21-2) for Te-10W and for TD NiCr. Table 21-L4
presents temperatures for the hot load cerrying concept with & leading edge
spar (fig. 21-L4). For this concept, the nose beam and the panels immedietely
behind it were TD N Cr,; with the leading edge shown for Ta-10W, TD NiCr, and
Cb~752. Temperstures for the iusulated concept (fig. 21-5) are presented in
table 21-8 for Tu-10W and Cb-752. The leading edge spar in this case was
protected by insuletion and was assumed to be made from Ren€ k1.

Temperatures ‘hown in Tables 21-3 and 21-k for TD NiCr at the stagnation
line are representative of temperature accounting for radiation, lateral con-
duction, and an erissivity of 0.75 (Section 5). The effect of lateral conduc-
tion at locations other than the stagnation line is much smaller because temper-
ature gradients aloug the structure become insignificant behind the leading edge
radius. The emittance value determined by test for TD NiCr was used in a later
analysis of the insulated leading edge concent.

The results of the preliminary analysis of the hot load carrying concept
are summarized to show the difference in peak temperature due to material and
thickness at the leading edge radius. Figure 21-1 shows peak temperatures at
the leading edge stagn:ticn line for the three materials and a range of
material thickness. XResults for TD NiCr are presented for surface emittances
cf 0.75 and 0.90. The temperature increase of 95°F for the lower emittance is
fairly constant over the range of material thickness shown (0.04 to 0.20 inch).
A change in emittance from 0.80 to 0.70 for Ta-10W results in a 65°F increase
in peak temperature. As the structure at the leading edge becomes thinner,
heat capacity effects diminish nand peak temperatures vary inversely with sur-
face emittance, regardless of material.

Tebles 21-6, 21-7, and 21-8 show results of the thermal analysis
of the insulated leading edge concept for TD NiCr, with material thicknesses
a2t the radius of 0.125, 0.375 and 0.625 inch, respectively. Temperatures are
showm st three flight conditions for three locations on the radius (including
the stagnstion line) and for the supporting structure behind the radius.
Conduction was included in the analysis, and the 0.75 emittance was used for
Th NiCr. The leading edge section immediately behind the radius was assumed
fist with an equivalent mass thickness (EFIAT) of either 0.03 or 0.06 inch.



Thickness of the section connecting the radius with the flat section is double
tprap- Peak temperatures at the stagnation line, T(4), are not more than
2200°t for any of the concepts shown. The effect of increasing material thick-
ness at the radiuc is minor for the flat sections of the leading edge, where
temperatures at all flight conditions change by less than 30°F as material
thickness is incressed from 0.125 to 0.625 inch. At the radius, temperatures
sre reduced by H0° to 100°F for the same thickness increase. Temperature
gradient through the material at the stagnation line (temperature difference
T(H) to 1(9)) is a maximum of 65°F at the 2.0g condition for the 0.625-inch
thickness. Differences at the stagnation line for the other flight conditions
and material thicknesses are under 50°F. Differences through other locations
on the radius, T(3) to T(8) and T(5) to T(10), are under 25°F for the three
material thicknesses at any flight condition.

EVALUATION OF CANDIDATE LEADING EDGE CONCEPTS
Continuous Concept

The continuous leading edge concepts consist of relatively long segments
that are attached to adjacent structure by sealed, nonslip joints. Cross
sections of the four structural arrangements used in the continuous leading
edge concepts evaluation are shown in figures 21-3, 21-h4, 21-5, and 21-6.

From the preceding parametric thermel analysis data involving four
structural arrangements, three materials and thicknesses ranging from 0.03
to 0.625 inch (the resulting eight variation of the continuous leading edge
concept given in table 21-9) were further evaluated. Included in the eval-
uation were:

Analysis of thermal strains
Reusebility requirements (refurbishment)
a. depth of oxide penetration
b. coating life
c. low cycle fatigue
Analysis of local buckling
Thermal strains were obtained based on & plane strain analysis (section T,
case three, bending sbout one axis) of the entire vehicle cross-section for
each leading edge concept. Idealizing the leading edge and vehicle cross-
section by discrete elements, the actual values of coefficient of expansion
(a), elastic modulus (E), and tempersture (T = 80°F) were used at each node
point. Results of the plane strain analysis are shown in tables 21-3, 21-h,
21-5, and 21-10. The plane strain results indicete that the failure mode for

the coated refractory metal systems (i.e., Ta-10W, Cb-752) is tension, due
to the lower aAT (i.e., product of the coefficient of thermal expansion and
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corresponding temperature of the refractory metal) in comparison with the ad-
Jjacent Rene 41 structure and its associated thermophysicel properties. For
the superalloy (TD NiCr) leading edge, compression is the failure criteria due
to ch higher AT of the TD NiCr in comparison to the Rene 4l structure and
its aAT.

Reusability requirements were evaluated as follows. For TD NiCr, depth
of oxide penetration was based on data teken from figure U4-18 of section L.
For coated Ta-10W, coating life data of section 5 were used. Low cycle fatigue
datae are presented later.

To analyze local buckling of the leading edge, the following procedure
was used. Using the elastic thermel strain from a plane strain analysis, the
corresponding stress level is obtained from the stress-strain curve for the
given temperature. The compressive buckling stress for the curved leading
edge nose is obtained using cylinder buckling theory from reference 21-1.
Buckling allowables for the stiffened leading edge flats are based on ortho-
tropic plate theory from reference 21-2.

A summary of results for the continuous leading edge concepts is pre-
sented in table 21-11 with the exception of weight and low cycle fatigue data
which are presented later.

For the tension critical coated refractory metal concepts, the local
buckling problem is eliminated; however, other problems exist. Coating life
for the Cb-752 concepts is 500 hours at cruise conditions (stagnation temp

2300°F and p = 1.00 psi). This coating life is based on a compilation of
test data for l-hour time cycles at pressures less than one atmosphere, see
section 4, fig. U4-19. Another reference, 21-3, reports a coating life for the
cruise condition enviromment of approximately 200 hours; these data represent
a more stringent environment of l-hour time cycles at a pressure of one atmos-
phere. It can be seen from either of these references that the columbium coet-
ing life is much less than the required coating life of 4460 hours. To repair
the coating of & refractory metal leading edge, the component must be removed
and recoated. No other practlcel means exists at present for repairing the
damaged disilicide coating. Also, to prevent eutectic reaction at the inter-
face between the coated refractory metals and the adjacent Rene 41 structure,
ceramic spacers are required. Thus, because of the unsatisfactory reusability
evaluation, the coated refractory metal leading edge concepts were excluded
from further consideration.

For the compression critical TD NiCr leading edge, the hot load carry-
ing concepts, I-A-2 and I-B-2, proved unsatisfactory because of local buckling.
However, further increase in thickness and corresponding reduction in tempera-
ture and thermal gradient were pursued. This approach led to the insulated
concept, II-B-1, which possesses adequate buckling strength. Local buckling is
precluded in the curved nose section because of the thickness and, in the flats,
corrugations relieve the compressive stresses. Also, meximum cxide penetration
for the TD NiCr concepts, based on stagnation point temperatures and a vehicle
life of 10 000 hours, is less than 2 mils. Thus, the insulated concept was
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selected as the best continuous leading edge concept and was further evaluated
as indicated in the material on low cycle fatigue.

Segmented Leading Edge Concept

The segmented leading edge evaluation metrix is shown in table 21-12.
Three concepts involving different nose and flat thiclmesses were evaluated.
A typical cross section is shown in figure 21-7. The superalloy, TD NiCr,
was selected as the leading candidate material for reasons given in the pre-
ceding discussion.

Evaluation procedure for the segmented leading edge is identical with
that for the continuous leading edge. Results of this evaluation are shown in
table 21-13 with the exception of low cycle fatigue and weight date which are
presented in subsequent secticas.

Thermal str..ins were obtained based on & pleme-strain analysis (sec-
tion 7, case two, bending about two axes). To accommodate thermal expansion
and bowing, the leading edge segment was attached to adjacent wing structure
in the manner of & simply supported beam. Thus, the segment is free to expand
in a direction parallel to the leading edge and is free to deflect in the plane
and normal to the plane of the main wing structure. A parametric analysis of
thermal deflections is shown in table 21-14. A summary of thermal strains from
the plane strain analysis is shown in tables 21-15, 21-16, and 21-17. Before
the plane-strein deta can be used for the evalustion of low cycle fatigue, it
is necessary to account for end effects which will be considered next.

To account for secondary thermal stress (or strain) near the stress free
end of the segmented leading edge, the procedure presented in reference 214 was
used. In this procedure, a self-equilibrating force group is applied to the end
of the structure to liquidate the elementary stresses (section T, case one,
bending about two axes and axial loading) end so satisfy the boundary conditions
for stress. The rate of decay of this force group is determined by a minimum
energy principle. The problem is made as simple as possible by assuming that
the temperature distribution over a cross-section does not vary along the length
of the leading edge segment and that the segment contains closely spaced rigid
ribs. The notations and sign conventions of figure 21-8 apply.

The force in any discrete element is assumed to be the product of a
function of the cross section times a function of x

(o8), 5 = (o) j0x)

The distribution of (crA)j is given by the elementary analysis.
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The shear flow around the section is

A3 = % %E [¢(X)]

where q. is the shear flow determined from an elementary analysis in which
the asstimption is made that

A(UA)X .
— % = (gn).
Ax dJ

The decay function ¢{x) can be determined from the principle of minimum comple-
mentary energy. The total strain energy can be expressed in terms of ¢ as
follows:

032 () [feee 1 ), [

J o

The variation of the strain energy is then determined and set equal to zero;
the result is

Bil « "Q ¢z (‘Lf_ﬂA)j —%2(%){1 5¢dx+az<%:ﬁ)j [—‘;—iéd)]i:o

‘o ]

The strain energy is a minimum if ¢ satisf’es the following differential
equation:

where



With the coordinete system of figure 21-8 and a segment of length 2f, the
following solution of the differential equations satisfies the boundary condi-
tions of ¢ = O when x = O and ¢ = 1 vhen x = £:

ax

cosh Kx
cosh K1

The reduction in thermal strain at the center of the leading edge seg-
ment is shown in figure 21-9 for concept I-A-1 of table 21-12., These results
show that thermal stresses for short segments are comnsiderably different from
those predicted by elementary theory. Experimental evidence supporting this
conclusion is given in reference 21-5 based on tests of ring stiffened cylinders.

The least weight insulated concept, I-A-1 of table 21-12 was selected
as the best segmented leading concept and was further evaluated as indicated
in the section on low cycle fatigue.

Iow Cycle Fatigue

The method of analysis presented in this section is based on the Manson
theory of low cycle fatigue (ref. 21-6). While it is recognized that this
method of analysis is not precise, it will yield reasonable estimates of cyclic
life based on very limited deta. In this method, the relation between total
strain and cyclic life is separated into plestic and elastic components which
can be represented as straight lines on log paper. Relations for the slopes
and intercepts of these lines are obtained by correlation with test data for
a relatively large number of materials.

The relation between plastic strain and cyclie life
Ne is related to the plastic strain per cycle €p by a power
lew in the form

€. = MN, (21-1)

where M and z are material constants.

The relation between elastic strain and cyclic life is:

S8 gy
el = F Vg (21-2)



where 1 ic the elastic-strain range per cycle corresponding to the cyclic
life NF,"E is the elastic modulus, and G and Yy are other material constants.

The relation between total strein renge and cyelic life is

= +
At = T (21-3)
_ Ao
= ep +.._._..E
A G
= 4 —— Y
MNe + 5 N

where Ao is the stress range corresponding to the total strain range Aec.

Tensile ductility (in this discussion, plastic strain is
taken as the "true" or "logarithmic" value, based on messurement
of reduction in area i1 the tensile test) is given as:

A
D = In-2 = - 1In (1 - R.A.) (21-4)

Af

where D is the ductility, Ay and A, are the initial and final areas ol the
fracture cross section in the tensile test, and R.A. is the conveational
reduction in area = (AO - Af)/Ao°

Tensile fra:ture stress is determined by dividing vhe

load just prior to fracture by the area measured just after
fracture. An approximete relation for the fracture stress is

oo x 0 (1+D) (21-5)

£

where v, is the ultimate tensile stress.
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The correlation between plastic strain at life of 10
cycles and duetility is

(e.) = 1/h p3/ (21-6)

The correlation of stress renge at 10° cycles with
ultimate tensile strength is

(80)
10 Tu
— 5 7 0.0 (21-7)

The correlation of stress range at l/h cycle with fracture
stress is

Ag (Tf
Y 2.5 & {21-8)

(Ac
el)1/4

The correlation of elastic and plastic strain components
4 -
at 107 cyecles is

0.0132 - Qseel) 3

(ep) ,L = 1.91 10 <2l'9)

10

Relations between total strein and cyelic life involving
duetii’ty, ultimate tensile strength, and fracture stress are pre-
sentud as follows: The two lines constituting elastic and plastic
components of strain range can be determined by using relations
involved in equations (21-1) through (21-9). The two components
then yield the total strein range in terms of cyclic life and pro-
perties determined from the uniaxial tensile test. These relations
for M, z, G and ¥ in terms of D, oy, and op are given as follows:

- = G ¥ z
€= ey tey = N Y rMN (21-10)
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where

0_ 009
G = 79]—% (—3) (21-11)
u
O’f
Y = =-0.083 - C.166 log( ) (21-12)
Ty
e\ {9 0.179 -1/3
M = 0.827D |1 - 8 (=)} (— (21-13)
EJ\oy
ou\ [og\ 0-179
z = -0.92 - 1/% log D + 1/3 log |1 - 82 = (—-—- (21-14)
Oy

Comparisons of predicted total strain to measurcd total
strain on a relatively large number of meterials, show that the
method cen be made predominantly conservative by dividiag the pre-
dicted strain by a scatter factor of 1.5.

The effect of mean strain is shown in figure 21-10 which
indicates the situation which develops whei the completely reversed
stress exceeds the yield strength, (ref. 21-6.) A mean strain de-
velops during the first cycle (or early cycles) and is followed by a
repetitive cyeclic-strain range Ae, of which €, 1s the plastic strain
per cycle. Since the plestic strain is cyclic, the mean stress be-
comes equal to zero, the megnitude of the tensile stress equal to the
compressive stress. Since o represents the stress for one occurrence,
it is evident that:

one cycle = 2 occurrences
The effect of complex loading is based on the Palmgren-

Miner theory of linesr cumulative fatigue demege (ref. 21-T).
The basic equation is

n n

1 2 Oy

_— o == e, L, . = = 1 (21_15)
Ni Né Nk
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where

i

|2

N

i
K

number of loading cycles applied at the ith stress level

number of loading cycles to failure for the ith strecs level
from the relevant conctant life diasram

cycle ratio

number of stress levels considered

Since che number of cycles ny, np, . . ., at each stress level is known, lhe
proporiicn @ of the total life that will be consumed at each stress level can
be determined. Thus, if N is the resultant life

n, =alN,n2 =02N,...,nk =akN
substitution in equation (21-15) gives
o o o
1 2 k 1
—_— F ==t L . e = = (21_16)
I
Nl J2 Nk N
This equation can be written (ref. 21-8)
1
N = (21-17)
o o an.
1 2 k
T}I—+ T + . . . .+cN—-
1 2 k

The relation between the total strain range and cyeclic life of TD NiCr
shown in figure 21-11 was obtained from computer program using equations (21-10
through (21-14). The figure shows that temperatures between 1600 to 2400OF
have practically no influence on the low cycle fatigue of TD NiCr. This be-
havior indicates that the plastic component of the total strain range has a
dominant effect on the low cycle fatigue strength of TD NiCr between 1 and

107 cycles.
constant (R.A. = 5 percent) in the range between 1600 to 2400CF for TD NiCr.

The plastic strain component depends on ductility, which is
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The results of the low cycle fatigue evaluation for the selected con-
tinuous and segmented leading edge concepts are shown in teble 21-18. A fatigue
equality index, Ky = 2.0, was applied to the limit elastic thermal strain. A
nominal scatter factor of 1.5 was applied to the low cycle fatigue strain allow-
able. For the cumulative fatigue demege esnalysis, -0.5-g and 2.0-g conditions
are assumed to occur for one of ten flights. Because of high thermal strains, the
low cycle fatigue life of the continuous leading edge concept is only 12 flights.
However, for a segment length of 20.0 inches (optimum length as discussed later)
the thermal strains for the segmented leading edge concept were reduced to very
low values. Thus, low cycle fatigue life for the segmented leading edge concept
is very large, and far exceeds the required vehicle life of 8110 flights or
10 000 hours.

’

Selection of leading Edge Geometry

Because of the high thermal strains of the continuous concept, the low-
cycle fatigue life was below the acceptable level, thereby requiring early re-
placement. However, the maximum thermal strains at the nose of the segmented
leading-edge segment are quite low, and fatigue life substantially exceeds the
requirement of 8110 flights. Therefore, the length of the segmented leading
edge was optimized by considering the weight, strength, performance, and
aerodynamic heating. Since proportions of the segmented leading-edge cross-
section (nose thickness of 0.125 inch and flat thickness of 0.030 inch) were
selected to enable use of TD NiCr rather than coated refractory metal to mini-
mize weight and thermal stresses, the optimum segment length was determined
by holding cross-section dimensions constant and varying only the length.

Maximum stresses and deflections due to pressure occur on the lower
surface of the leading edge segment at the aft edge support member. Attach-
ment fittings are located at 20.7 percent of the segment length to minimize
bending moments in the aft end of the leading edge segment. Maximum segment
length based on ultimate strength is 20.0 inches. Based on the pressure load-
ing for the +2.0-g condition, the maximum bending stress is 11 863 psi (ulti-
mate). The corresponding temperature T = 20000F and ultimate strength
Fty = 12 000 psi.

Performence evaluation of the segmented leading edge was based on fuel
increments due to the expansion joint between segments, attachment screws,
joint between leading edge segment and adjacent heat shields on wing panels,
and overall deflection of the leading edge segment under thermal and pressure
loading. TFor example, for a segment length of 20.0 inches, the maximum over-
all deflections (see fig. 21-12) on the upper and lower surfaces for the cruise
condition were 0.022 inch (inward) and 0.120 inch (inward), respectively.

At the nose of the leading edge segment, the overall outward deflection
was 0.053 inch. Difference in thermal expsnsion parallel to the leading edge
for the +2.0-g and cruise conditions leaves & net gap between segments of
0.075 inch during cruise (not considering deformation of adjacent wing
structure. )
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As shown in figures 21-13 and 21-14, the optimum lengths of the
leading-edge segments for the monocoque and semimonocogue concepts (based on
minimum structural weight and drag penalty) were 20.0 inches and 22.5 inches,
respectively. However, consideration of ultimate strength limits the semi-
monocoque segment length to 20.0 inches, and this length was selected. The
drag pensltiy {fuel increment due to deflections, joints, and fasteners) shown
is based on an equivalance between fuel and structure weight of 1.5 to 1.0,
respectively. This ratio was determined from resulits of the vehicle-
performance interaction evaluation. Since fewer attachment fittings are re-
quired, the vweight of the leading-edge segment decreases with increasing seg-
ment length.,

Additional aerodynamic heating occurs because of local changes in flow
angle resulting from the segmented leading-edge distortions. TFor example,
based on a leading edge segment length of 20.0 inches, forward deflection of
the segmented leading edge stagnation line increases stagnation temperature
by 15°F. Net inward deflection at the center of the lower surface aft edge
of the segment due to pressure and thermal effects for the +2.0-g condition
decreases the temperature 80CF. Corresponding net deflection of the extreme
ends of the aft lower surface of the loading edge is outward relative o the
wing reference surface, and the local temperature is increased T0°F.

SUMMARY OF DESIGN AND WEIGHT DATA

A summary of design and weight data for the selected continuous and
segmented leading-edge concepts is shown in table 21-19. Because of the high
thermal strains, the low cycle fatigue life of the continuous leading edge is
very deficient (only 12 flights). The selected segment length of 20 inches
leads to low strains and long life for the segmented leading edge. As shown,
unit weights for the continuous and segmented leading edges are 8.31 lb/ft2
and 4.89 1b/ft2, respectively. The unit weights include insulation and the
effects of oxidation.

The nose section of the continuous leading edge structures (figure
21-15) used in detailed analyses is machined from bar stock and the flats are
formed from sheet and attached to the nose section with flush rivets. The
nose assembly is attached to the main wing structure with brackets located
between the heat-shield beads. The atbtachment brackets are spotwelded to the
leading edge spar cap on one side and fastened to the removable leading edge
assembly with screws on the other side. ©Sesled, nonslip, overlapping Jjoints
are provided between the leading edge and heat shield and also between the
relatively long segments. Washout of the heat-shield corrugations, carried
into the flats of the leading edge to relieve compressive thermal strains, are
symmetrical about a median contour to minimize aerodynamic drag and local
heating.

The integrally stiffened nose section of the segmented leading edge,
shown in figure 21-16 is chem-milled from 0.125 inch sheet prior to forming.
The removable leading edge 1s screw-attached to the main wing structure hinges.
Overlapping joints are provided between the leading edge and heat shield and
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also between adjoining segments. Experiments to determine the effect of hot
air leskage through the lap joints are warrented. Heat-shield corrugations

are vashed out adjacent to the leading edge joint. This aspproach results in
maximum uniformity and also reduces the cost of the leading edge.

The segmented leading edge was selected for final design primarily
because it met the desired life requirements without refurbishment, assuming
hot air leakage proves to be insignificant. Additionally, it was lower in
weight than the continuous design, as shown in table 21-19.

The total weight of the leading edge for the entire wing is:

Primary structure Leading edge weight, 1b
Monocoque 1700
Semimonocogue 1956
Statically determinate 1956
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TABIE 21-~1

LEADING EDGE PRESSURES

Limit pressure, psi

Load
condition
Area -0.5g 2g Cruise
Nose 2.25 3.25 0.93
Internal 0.30 0.35 0.10
Upper surface 0.20¢ 0.08 0.02
Lower surface 0.0 0.88 0.54
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Ap Upper

Ap Lower

Positive pressure shown

TABLE 21-2

LEADING-EDGE DESIGN PRESSURES

Limit Ap, psi

Condition
Surfa& -0.5-g | 12.0-g Cruise
Ap Nose 1.95 2.9 0.83
Ap Upper ~0.1 -0.27 -0.08
Ap Lower ~-0.3 0.53 0.44
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TABLE 21-3

MONOCOQUE IEADING EDGE EVALUATION, CONTINUOUS HOT LOAD CARRYING
CONCEPT WITHOUT LEADING EDGE SPAR, +2.0-g MANEUVER CONDITION

1
]:I; No spar
o ) Sfcggnaﬁon
i 4 point
3 X
Megﬁ %iniar Limit | Limit
,,f,l.m? % elastic | elartic
Cgel Lelen . Elastic thermal | thermal
° exPanzlo 4 modulus, stress, | strain,
Node Material ¢ x 10 7, E x lO6 Tempezature, Gt’ et’
point| (a) in./in./°F psi F ksi |in./in.
1 Ta«10W 3.68 x 10'6 20,2 x 106 161.2 107 0.00530
2 Ta-10W 3.96 13.3 230L 28.6 0.00215
3 Ta~-10W 3.76 18.9 1789 85.8 | 0.00454
1 | Tp nicr | 8.6 11.8 1575 -18.8 |-0.00159
A TD NiCv | 8.72 5.0 o176 -79.1 |-0.00699
3 ™) NiCr | 8.65 10.0 1715 -28.5 |-0.00285

® Emigsivity of TD NiCr assumed to be 0.9
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MONOCOQUE ILEADING EDGE EVALUATION, CONTINUOUS HOT LOAD CARRYING
CONCEPT INCLUDING IEADING EDGE SPAR, +2.0-g MANEUVER CONDITION

TABIE 21-k

1

2
leading edge spar
— Stagnation
3 point
Mezﬁeiiziar Limit | Limit
PO elastic| elastic
ggegflggfggn Elastic thermal| theimal
P _é ? modulus, stress,| strain,
Node |Material]| ®*10 B x 100 | Temperature, | Oy €y
point (a) in./in,/ T psi T ksi ksi
1 | micr | 8.65 x107° | 10.0 x 106 1711 -29.8 | -0.00298
2 Ta-10W 3.73 19.6 1711 98.8 0.00504
3 Ta~-10W 3.97 13.2 2308 30.2 0.00229
b Ta-10W 3.81 17.9 1888 76.1 0.,00425
5 |TD NiCr | 8.65 8.0 1888 -36.0 | -0,00450
1 Td NiCr 8.65 10.5 1682 -27.0 | -0,00257
2 TD NiCr 8.65 10.5 1682 -27.0 | -0.00257
3 TD NiCr 8.73 5.4 2207 -39,3 | -0.00728
b TD NiCr 8.65 8.k 1863 -3h,7 | -0,00413
5 TD NiCr 8.65 8.L 1863 ~34.7 | -0.00413
1 TD NiCyr 8.65 10,2 1702 -29,1 | -0.00285
2 Co~752 L,33 12.1 1702 50,3 0.00416
3 Cb-752 4,53 104 2290 12,2 0.00117
L Cb-752 L, bo 11.9 1879 39.0 0.00328
5 TD NiC:r 8.65 8.2 1879 -35,8 | -0,00437

8 Emissivity

of TD NiCr assumed to be 0.9
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TABLE 21-5

SPANWISE SEMIMONOCOQUE LEADING EDGE EVALUATION, CONTINUOUS HEAT
SHIELDED AND INSULATED CONCEPT; NOSE THICKNESS = 0.12 IN.,
+2.0-g MANEUVER CONDITION

1

Primry
structure -~
9 Stagnation
" point
Heat shields .- 3 )
Mean linear
thermal Limit © Limit
coeiTicient elastic| elastic
of expansion, Elastic thermal| thermal
-6 modulus, stress,|{ strain,
Node | Material| % * 10 . E x 108 Tempezature’ Tg» €y
point in./in./"F psi F ksi in./in,
-6 6
1 Ta~10W 3.70 x 10 20,0 x 10 1654 88,2 0.004h1
2 Ta~10W 3.98 12,0 2339 16.2 0.,00125
3 Ta-10W 3.87 16.4 2025 Lh.5 0.00271
1 Cb-T752 L, 32 12,2 1648 Lho,1 0.00345
2 Cb~T752 L, 5k 10,2 2311 0.978] 0.0000959
3 Cb-T752 4, ub 1.7 2002 19.8 0.,00169
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TABLE 21-6

DETATL TEMPERATURES FOR HEAT-SHIEILDED AND INSULATED IEADING
EDGE CONCEPT; NOSE THICKNESS = 0.125 IN.

48°
—[ ‘ 0.125 in.
0
( = -
3 6 7 - ’
o
62 @, stagnation-line location
Material, TD NiCr (€=0.75)
Thermal model of cross-section normal to leading-edge sweep
Temperature, Op
Condition -0.5-g +2.0-g Cruise
Tem T FLAT,
loaation o1 0.03 { 0.06 | 0.0s | 0.06 | 0.03 | 0.06
T(1) 1925 1860 1795 1785 1340 1340
T(2) 1940 1890 1875 1865 1480 1495
T(3) 1975 | 1960 | 2005 [ 1985 | 1625 | 1615
T(4) 2055 2045 { 2200 2190 1795 1790
T(5) 1920 1910 2135 2115 1770 1760
T(6) 1845 1860 2065 2015 1630 1645
T(7) 1765 1770 2025 1985 1515 1515
T(3) — T(8) 5 5 0 0 0 0
T(4) — T(9) 10 10 10 10 5 5
T(5) — T(10) 0 0 5 5 5 5
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TABIE 21-7

DETAIL TEMPERATURES FOR HEAT-SHIEIDED AND INSULAYED IEADING
EDGE CONCEPT; NOSE THICKNESS = 0.375 IN.

Insulation
~ 8¢ leadiug
edge spar

.

"\ @ , stagnation line location

LN Material, TD NiCr (e = .75)

Cross section normal to leading edge sweep

L -

Temperature, °F
Condition -0.5g 2.0g Cruise

Temp . - -
ioCqu '03 ‘06 00\7 006 003 006
(1) 1920 | 855 | 1780 | 1775 | 1335 | 1335
1(2) 1935 | 1885 | 1860 | 1855 | 1495 | 1515
T(3) 1955 | 1940 | 1985 | 1970 | 1675 | 1660
T(4) 2000 | 1990 | 2100 | 2090 | 1770 | 1760
T(5) 1925 | 1915 | 2070 | 2055 | 1760 | 1750
T(6) 1840 | 1850 ' 2045 | 2000 | 1630 | 1440
1(7) 1760 | 1765 ¢ 015 | 1975 | 1515 | 1515
T(3) ~T(8) 10 51 0 0 -5 -5
T(4) = T(9) 25 25 40 40 20 20
T(5) - T(10) -5 -5 15 15 5 5
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TABIE 21-8

DETAIL TEMPERATURES FOR HEAT-SHIELDED AND INSULATED LEADING
EDGE CONCEPT; NOSE THICKNESS = 0.625 IN.

48° -
YELAT Insulation
- at leading
‘ 2%ty AT edge spar
g P 4
{ N
3 6 7
62°
@ , stognation line location
Material, TD NiCr (€ = .75)
Cross section norml to leading edg~ sweep
Temperature, °F
Condition -0.5g 2.0g Cruise
Temp Yeat] .03 | .06 03| .06 | .03 .06
lceation in
T(1) 1920 | 1850 | 1775 | 1770 | 1335 | 1335
T(2) 1930 | 1875 | 1850 | 1845 | 1500 | 1520
T(3) 1940 | 1925 | 1965 | 1950 | 1690 | 1680
T(4) 1970 | 1965 2060 | 2050 | 1765 1755
T(%) 1910 | 1900 | 2035 | 2020 | 1755 | 1745
T(6) 1835 | 1840 | 2035 | 1990 | 1630 | 1640
1(7) 1755 | 1765 | 2015 | 1975 | 1515 | 1515
T(3) - T(8) 15 15 0 0 -10 -10
T(4) -T(9) 40 45 65 65 30 30
T(5) -~ T(10) -5 5 25 25 10 10
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TABIE 21-9

CONTINUOUS LEADING EDGE EVALUATION MATRIX

I. Monocoque leading edge evaluation:

(Nose thickness = G.12 in.; Flat thiclness = 0.032 in.)

A. Hot load carrying concept without nose beam
1. DNose scction material: To-10W
2. WNose section material: TD NiCr

B. Hot load carrying concept with nose beam
1. Nose section material: Ta-10W
2. Nose section material: TD NiCr
5. DNose section material: Cb-T752

II. Spanwise semimonocoque leading edge evaluation:

A, Heat shielded and insulated concept
(Nose thickness = 0.06 in.; flat thickness = 0.06 in.)
1. Nose section material: Ta-10W
2. Nose scction material: Cb-T752

B. Heat shielded and insulated concept
(Nose thiclmess = 0.625 in.; flat thickness = 0.060 in.)
1. Nose section material: TID NiCrb

a .,
Emissivity = 0.0
Emissivity = 0.75
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TABIE 21-12

SEGMENTED LEADING EDGE EVALUATION MATRIX

T, Spanwise semimonocogue leading edge evaluation:

A. Heat shielded and insulated concept
(nose section material: TD NiCr2)

1. Nose thickness = 0.125 in.; flat thickness = 0.03 in.
2. Nose thickness = 0.125 in.; flat thickness = 0.06 in.
3. Nose thickness = 0.625 in.; flat thickness = 0.06 in.

aEmissivity = 0.75
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TABIE 21-1h

SUMMARY OF THERMAL DEFIECTIONS, SEGMENTED LEADING EDGE CONCEPT

82
o) ‘% a4
Sh
s .y,
/ 1
[/ /

Themmal deflection

t nose = ,125 in,, t flat = ,03 in,,| t nose = ,625 In,, t flat ~ .06 in.

Load condition 1, in,}] &y, (z), in. by (y), in. m:), in. iﬂl:(y)' in.
.59 10 .006 .007 002 .006
20 .026 028 .009 .025
30 .058 063 .020 .057
2g 10 016 006 013 007
20 064 037 .051 .028
30 . 144 ,084 115 062
Cruise 10 015 ,013 .014 014
20 .058 .053 Ni-% 057
30 . 131 119 126 129
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TABIE 21-18

10W CYCLE FATIGUE EVALUATION FOR SELECTED IEADING EDGE CONCEPTS

TlLom

Scatter Tactor = 1.9H

Continuous leading
edge concept

Segmented leading
edge concept

Main wing primary structure S1b Slb
concept
Nosc area material ™D NiCr TD NiCr
Nose thickness, in. 0.625 > Q.15
Flat thickness, in. 0.060 0.030
Scgment length, in, - 20.0
Iimit elastic{ -0.%g condition -0.006363 -0.000616
thermal 2g coadition ~0. 006170 0.000850
strain, ep, £ co . 0. p
in./in. cruise condition =0,005305 ~0.000539
e e >
Leading edge 0.5g condition 8 15.0 x 10
life at e, 2g cordition 6 2.4 x 10°
flights cruise condition 18 2.8 x 100
Yotal leading edge life, 12 11.9 x 10°
Tlights
a

Including end effect
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TABLE 21-19

LEADING~EDGE DESIGN AND WEIGHT DATA FOR SELECTED CONCEPTS

Item

Selected leading-edge concept

Continuous leading-
edge concept

Segmented leading-
edge concept

Nose area material
Nose thickness, in.
Flat thickness, in.
Segment length, in.

Maximum temperature, °F
(stagnation point, +2-g
condition)

Maximum limit elastic thermal
strain, € in. /in.

Maximum depth of oxidation,
6, in./side (stagnation point,
10, 000-hr vehicle life)

Local buckling margin of
safety

Low-cycle fatigue life,
flights

Unit weight, 1b/ft2

TD NiCr
0.625
0.060

2050

-0. 00647

0.00151

High
12

8.31

TD NiCr
0.125
0.030
20.0

2200
-0.000850

0.00165

0.43
11.9 x 10°

4.89
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Pressure, psi

Upper

) 7 ‘ , surfac?e g
Nose - - —Z—
N . ower
R = .75 in. .12 in. _-->l surface
3
Nose
2
1
\ -~ —t—— L—
Inter . /\— - ——

Upper surface

0 A —— e = e e~ — - —— e —

PRe
1 -
| -7 N
- R
- |
Lower surface E
0 12 16 20 24 28
Time, min

‘ Figure 2L-l. Wing leading edge pressure variations during maneuver
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€ = Emittance
- s e e == Silicide-coated Ta-10W
e oo b= Silicide-coated Cb-752

st Preoxidized TD NiCr

2500
Ta ~ 10W
2400 €= 070 —
-~ 71 _

. €=075 J_ / —————————
°s e=0s0 4 _ _ 4. Heat sink
5 S P o and radiation;
g €= 0.85 - - —_— “/‘i D S N no conductian,
a 2300 — H——N “T no insulation
& L I —
-t
2 €=0.75 4 -
K ] \ Cb - 752

2200 _V‘ \ Heot sink,
TD NiCr '\J radiation,

conduction,
and insulation
considered
2100
? |
4[ I J
0 .04 .08 a2 26 .20

Material thickness Gt stagnation line, in.

Figure 21-2. Pesk temperature at leading edge stagnation line vs
material thickness and emittance
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Figure 21-8. Sign conventions and notation used in analysis of the end
effect for the segmented leading edge concept
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Figure 21-10. Cyclic stress and strain pattern in\}olving zero mean stress
and alternatir -~ plastic strain
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Figure 21-12. Deflection ¢? segmented leading edge
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1700 Equivalence between fuel and structure
weight assumed 1.5 to 1.0

LpMAax = Maximum segment length based
on ultimate strength

W g = Leading-edge weight per vehicle

AWg = Fuel increment due to leading-
edge drag penalty, Ib per vehicle

100 — 1650

LMAX —{

Leading edge weight, W g, Ib

\7
./

50 |~ 1600

//

L \\\\\\\ NN N NS NN

Fuel increment, AWf/'l.S, Ib

oL 1550

10 14 18

N
N

26 30
Segment length, 4, in.

Figure 21-13. Optimum length of segmented leading edge for monocogque concept
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Notes:
1. Equivalence between fue! and structure weight assumed 1.5 to 1.0

2. LMAX = Maximum segment length based on yltimate strength
e el e

1900 100

—Wig * AW

Leading edge weight, wLE (Ib)

Fuel increment, AW;/1.5 (Ib)

\

1850} —-50
N I/
|
! ) K Aw‘/l 5
’/i//\
i
|'“'"_' Luax
1800 L.

10 14 18 22 26 30
Segment length, £ (in.)

Figure 21l-lh. Optimum length of segmented leading edge, semimonocogue concept
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Section 22
TOTAL WING AND BASELINE VEHICLE WEIGHT ANALYSIS
by

I. F. Sakata, R. D. Mijares

22-1






FRECEDING :PAGE BLANK NOT FILMED.

CONTENTS

Page
REDUNDANT MODEL LOADS 20-2
FORWARD DELTA WING STRUCTURE WEIGHTS 22-2
AFT DEITA WING STRUCTURE WEIGHTS 22-3
TOTAL WING WEIGHTS FOR BASELINE VEHICLE 22-4
BASELINE VEHICIE DATA 22-5
VEHICIE WEIGHT AND SIZING 22-6

22-iii






FPRECEDING PAGE BLANK NOT FILMED.

TABLES
Table
22-1 Wing forward delta weights
22-2 Nominal wing weights for baseline airplane
22-3 Statically determinate fuselage combined stresses,
"ultimate stresses," flight condition ~ +2g
22-h Fuselage temperature summary
22-5 Primary variables and coefficients for weight/sizing

procedure
22-6 Sample calculation of baseline vehicle data

22-=7 Input data for interaction analysis

28y

Page
22-8

22-9

22-10

22-11

22-12
22-15

22-17






22-11
22-12
22-13
22-1h4
22-15
22-16
22-17
22-18

22-19

22-20

22-21

e

25 CLANK NOT:FLEED.

ILLUSTRATIONS

wing geometry — baseline airplane

Redundant model loads - monocoque waffle concept (upper)

Redundant model loads
Redundant model loads
Redundant model loads
Redundant wodel loads
Redundant model loads
Redundant model loads

Redundant model loads

—

monocoqiie waffle concept (lower)
monocogue honeycomb concept (upper)
monocoque honeycomb concept (lower)
semimonocoque spanwise concept (upper)
semimonocoque spanwise concept (lower)
semimonocoque chordwise concept (upper)

semimonocoque chordwise concept (lower)

Redundant model loads — statically determinate concept (upper

and lower)

Forward delta geometry and weights

Wing forward del.. structure

Forward delta structure at various fuselage statlons

Wing scaling factors — monocogue concept

Wing scaling factors -~ spanwlse stiffened concepts

Wing scaling factors — chordwlse stiffened concept

Redundant model idealized fuselage

Corrugated stiffened concept

Decking and longitudinel stiffeners required for statically

determinant concept

Vehicle scaling

Wing scaling comparison

22-vii

P;ge
22-18
22-19
22-20
22-21
22-.22
22-23
22-2h
22-25

20-26

22-35
2-36
2237






. -
AN :{\ ﬂ:: VEY [“{z{: {,{GT.f\L'L.!A,LL D.

ORGP TSI

SYMBOIS
A Area
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CMR Fuel fraction designation used in vehicle weight and sizing
program.
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FS Fuselage station
T Stress
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NOF Nonoptimum factor for panels
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Section 22

TO. AL WING AND BASELINE VEHICIE WEIGHT ANALYSIS

Total wing weights for each of the six structural concepts were deter-
mined, as well as the component weights for the remaining portion of the bhase-~
line vehicle (550 000 pounds). These data were used s input for the interac-
tion analysis of section 26.

Comprehensive anslyses were conducted as poesented in section 13, to
determine final concept weights for the center area (centerline of vehicle to
the intersection of the wing and fuselage), inboard area (intersection of the
wing and fuselage to the wing one-third chordline), and outboard area (one-
third chordline to the wing leading edge) of the selected wing section of
figure 22-1.

To obtain the total wing weights for concept evaluation these unit
weights (of the sele~ted wing section) were related to the other areas of the
wing by a multiplier. These multipliers were based on the analysis of the
wing structural elements at selected locations using the internal loads datae
from the redundant analysis oOf each concept. The basic substructure arrange-
ment (rib and spar spacing) was maintained identical to the study area,
except for slight variation in the forward delta. In general, element welghts
vere related t0 the detailed weight summary for each concept, with incremental
changes determined through analysis of the structural elements (i.e., rib/spar
caps, webs). The analyses were in sufficient depth to provide material to
transmit the specified loads at acceptable stress levels. In areas where
loads are small, minimum gage caps and panels are used. The panel require-
ments are determined through comparison with aress of similer loading and
temperature.

The designated zones (A, B, and C) of the selected wing section are
shown in Tigure 22-1. This designation was carried to the balance of the
total wing, as indicated, uvsing the same philosophy that was used for the
detailed analysis area. By selection of the basic zones on the basis of
common~type structures, a multiplier could readily be determined.
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The zones include:

Location Zone General Type of Structure
Wing Center Section A Under-Fuselage
Wing Outboard Section C Heat Shielded or Insulated
Wing Inboard Section B Balance of Aft Delta (Basic Wing)
Wing Forward Section D Combined Under-Fuselage and Outboard

Section of the Forward Delta
Trailing Edge | Blevon
REDUNDANT MODEL IOADS

To provide a rational basis for determining the total wing weight for each
concept, the internal loads data from the redundant analysis were used. The aft
wing loads for each concept is presented in figures 22-2 through 22-10. The
lumped cap areas used as input to the redundant analyses are given with each
figure for the spanwise and chordwis~ elements. To obtain the distributed in-
plane loads and associated stresses, the extensional stiffness used for input
to the redundant model is also presented for each concept. The incrementel area
reguired to bring the stress level to design values of the selected wing arcea
is accomplished by direet ratio of the given value of extensional stiffness to
the required value.

FORWARD DEITA WING STRUCTURE WEIGHTS

A weight summary for the wing forward delta structure is presented in
table 22-1 and figure 22-11. Review of loads data and the requirements of
similar structural areas indicates that minimum gage panels and substructure
are adequate. Nonoptimum factors to account for panel edge-closeouts, attach-
ments, and oxidation effects are determined from the selected wing section
analysis. The unit weights vary between L4.12 and 6.1l psf between the minimum
weight semimonocogue, spanwise beaded-skin concept, and the monocoque waffle
concept, as indicated. These weights are used for determination of the total
wing weight for each concept.

The basic type of structure varies as shown in figure 22-12. Formed sheet
metal segments are used between Stations 790 and 1075; machined frame segments
are assumed between Stations 1075 and 1345; and spanwise wing beams that extend
under the fuselage with a fairing/heat shield structure is assumed from Sta-
tion 1345 aft to Station 1932. The type of structure is assumed constant for
all the concepts between Stations 790 and 1345. The average unit weight for
this area is 3.51 psf or 3779 pounds, as previously shown in figure 22-11. This
corresponds to a unit weight of 3.24 1bs/ft2 for the forward area (L8T square
feet) and 3.73 psf for the aft area (590 square feet). The unit weight of the
structure between Stations 1345 and 1932 varies with each concept. The

22-2



under-fuselage structure unit weight varies from 4.0k to 7.80 psf, and the
outboard area varies between 5.20 to T7.79 psf.

Station 790 to 1075. - The chine is attached to the body structure by
formed sheet metal bulkheads, as indicated in figure 22-13. The chine is
assumed non-structural in this area with respect to body bending loads and
transmits local pressure loads only. The skin is segmented to provide for
thermal expansion.

Station 1075 to 1210. - Machined frame segments are used to attach the
chine to the body structure and transmit the pressure loads to the body struc-~
ture (fig. 22~13). The fuselage in this area is essentially a barrel-section
with these frames externally attached. Sheet metal extensions are used to
make up the remaining structure. Radial and tangential loads are introduced to
the basic frame at the pinned attachment joint.

Station 1210 to 1375. - Machined frame segments with integral chine sup-
port elements are used in this area (fig. 22-13). Transition of the side shell
from a circular shell (forward) to vertical panels is made in this region. The
fitting at Station 1210 provides support for the resulting change in load paths
and introduces an additional moment loading on the frame. A sheet metal struc-
ture is provided between the machined frame and the leading edge attachment
points.,

Station 1345 to Station 1932. - The wing (forward delta) in this region
passes beneath the fuselage, as shown in figure 22-13. A separate fairing/heax
shield is assumed on the lower surface as indicated. The basic arrangement is
assumed similar to the study area. Minimum gage panels are used in all cases
with associated non-optimum factors. The fuselage frames terminate at the wing-
fuselage intersection; however, for bookkeeping purposes, the fairing weight is
assumed to be contained in the fuselage unit weight; thus, the calculated wing
unit weights are directly applicable for total wing weight determination.

AFT DEITA WING STRUCTURE WEIGHTS

Several areas of the aft delta wing structure were selected for analysis
to determine unit weight changes required to transmit the applied loads at
acceptable stress levels. Using the detailed welight-breakdown for each concept
as the basis, the incremental weight changes determined were added to the basic
values to obtain the unit weight of each area evaluated.

The center area (Zone A) weights increase aftward to accommodate the
increase in spanwise shears and bending moments. No increase in the chordwise
elemental weight is required, since the maximum loading in this direction occurs
in the study ares.

The inboard area (Zone B) weights also increase aftward to accommodate the

increase in spanwise shears and bending moments. The coubined effect of elevon
forces (chordwise bending) and increased spanwise bending moments in the aft area
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between FS 2800, and the control surfaces result in the highest unit weights on
the total wing.

The outboard area (Zone C) wing welilghts are assumed to be constant for each
concept except in the area of the elevons where the chordwise loads at BL 488
define these requirements. In addition, inerease in the spanwise stiffuness is
reqiired to transmit these loads inboard.

The elevons are assumed to weigh 10 psf for all concepts, with the calcu-
lated leading edge weights used with the appropriate concept.

The results of these analyses are presented in figures 22-14k through 22-16.
The monocoque concept scaling relationships are presented in figure 22-14. The
scaling relationship for the aft wing indicates that this concept results in the
least weight change, since panel stiffening (i.e., waffle grid, honeycomb core)
can be adjusted to accommodate the higher loading intensities without large weight
changes. ©Since the weight changes for the waffle grid plate and honeycomb core
sandwich were very similar (waffle slightly higher), the waffle concept scaling
relationships were used for both concepts. For the semimonocogue, spanwise
stiffened concepts and for the statically determinate, spanwise stiffened con-
cept, the distribution factors were essentially the same (semimonocogue slightly
higher). The wing of spanwise elements (i.e., panels and spars) were increased
to transmit the higher inplane loads. The higher spanwise loads in the aft wing
area are comparable to the chordwise (tubular) design data, and therefore were
used for determination of the wing weights in that area. The chordwise concept
requires an increase in spar weight to accommodate the increase in spanwise
bending moments and shears. Since the maximum chordwise loads occur in the
study area, panel designs are adequate to transmit the loads in this area.

TOTAL WING WEIGHTS FOR BASELINE VEHICLE

Total wing weights were determined for each concept, using the wing-section
welghts and the scaling relationships discussed previously. The wing average
weights (psf) for the baseline (550 000 1b) vehicle, including elevon and leading-
edge weights, are shown in table 22-2. The statically determinate concept incurs
a fuselage weight penalty, over the other concepts, of 3 685 pounds. This is
equivalent to a 0.365 psf of wing unit weight, based on the planform ares, and
must be added to the statically determinate weights to obtain a true weight com-~
parison.

The results of the total wing-weight investigation provided the following
ranking of structural concepts: semimonocoque spanwise beaded, semimonocoque
spanwise tubular, monocoque honeycomb sandwich, statically determinate spanwise
beaded, semimonocogque chordwise, and monocoque waffle. As indicated in
table 22-2, the total wing weight of the honeycomb sandwich concept is lower
than that for the statically determinate concept, which is & change from the wing
investigation section analysis ranking discussed earlier. Honeycomb is lighter
for the total wing because of better efficiency for the high biaxial load area
of the aft wing.
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BASELINE VEHICLE DATA

In addition to the wing weights, weights for all elements of the baseline
vehicle were determined and used in the interaction analysis of section 26.
Except for the statically determinate concept, which requires additional fuse-
lage weight, identical weights were used for the remaining portion of the
vehicle, for each structural concept.

Additional Fuselage Welght for Statically Determinate Concept

The statically determinate concept incurs a fuselage weight penalty over
the other structural concepts for fuselage skin, decking (reoquired to close out
lower portion of fuselage), longitudinal stiffeners, and frame members.

The assumed baseline vehicle fuselage primary structure weight is 36 850 1b
with an average mass distribution of 2.5 psf. This fuselage design uses bulk-~
heads, rings, and longitudinal stiffened Rene 41 panels with a panel t = 0.038 in.
and conventional fuselage to wing attachments. The statically determinate fuse-
lage has a weight of 3685 1b (10 percent) increase over the baseline vehicle
fuselage weight, as shown below.

Weight

Ttem (1v)

Skin panels (corrugation-stiffened) 1646
Decking (beaded skin) 13405
Longitudinal stiffeners 200
Frame members 320
Contingency (5%) (Fittings, fasteners, etc.) 179
Total Weight Penalty 3685

The weight increase of the staticslly d:terminate fuselage was based on
the redundant model loads (model elemenfs an- stresses are presented in
figure 22-17 and table 22-3, respectively) &4 temperatures (table 22-4). Using
these loads and temperatures, the increase iu skin panel weight over the base-
line vehicle, in which minimum gage (t = .038) corrugation stiffened panels
were adequate, was determined using the wide column curve presented in
figure 22-18.

To provide thermal protection for the tankage, fuselage decking was pro-
vided as shown in figure 22-19. This deciing (beaded concept) is stiffened in
the spanwise direction so that it is not strained with the fuselage body loads.
Longitli inal stiffeners of I~beam configuwration are provided to support the
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decking and carry the longitudinal body loads. Figure 22-19 indicates the
applicable planform area and support system (longitudinal stiffeners) for
the fuselage deck. The same type of I-beam utilized for the longitudinal
supports was used for connecting the framesg at the lower portion of the
fuselage.

VEHICLE WEIGHT AND SIZING

A weight sensitivity and vehicle sizing procedure (ref. 22-1) was used
to synthesize and compute vehicle size and weight for the interaction analysis
of section 26. While the procedure is used in the section 26 analysis, a sum-
mary of the primary variables and coefficients are given in table 22-5 of this
section so that the baseline vehicle weight input requirements may be provided.
Using the information of table 22-5, a sample calculation of weights for the
baseline vehicle was performed and is shown in table 22-6, using the mass frac-
tion data presented in section 1 (initially used for obtaining loads).

For the interaction analysis of section 26, all data of table 22-6 remains
the same except for the wing weight, fuel fraction and weight, payload weight,
and fuselage weight of the statically determinate concept. These inputs are
presented in table 22-7 for each wing structural concept and for the three
levels of reliability (low, nominal, and high). The statically determinate
concept payloads of table 22-7 include the effect of the additional fuselage
weight. The CWING values of table 22-T are the wign weight coefficients used
in the vehicle sizing procedure of reference 22-1, as presented in table 22-5.

A parametric investigation for the effect of scaling the baseline vehicle
(wing loading W/X = 66.8 psf) was conducted and is shown in figure 22-20 for
various wings (CWING), payloads and fuel fractions (CMR). The relationships
between the coefficients CWING for the baseline vehicle weight can be deter-
mined from figure 22-20, as shown in the tabulation below.

Baseline vehicle

CWING wing weight - 1lb
0.006 48 420
0.008 64 560
0.010 80 700
0.012 96 840

The diﬁference between scaling the wing using S (wing area) and gl.5
versus S1-% is shown in figure 22-21. Typically, the monoccque concept has

20 percent of its structure proportional to 8, which results in almost no
difference. The semimonocogue concept may run to about 30 percent, which could
result in a weight difference of only 3 percent. Therefore, the scaling factor
of 815 was used for the interaction evalustion of section 26.

22-6



REFERENCES

22-1 Jones, R.: Weight Synthesis and Sensitivity Programs, Lockheed-California
Company, LR 21205, 1967.

22-7



S3TTqsev Jutof

Find oslz =

TP PAJ) § O
TT8 sIpnTIUl g

QOTISPIXO ‘9I9UAEWF ANOISOTD SIPNTIUT ‘20309] unwtydo-ucy = JoN ©®

LI s2°s E1da | 68 % €5y my - (o3ed) (®T3P ) A QT

61611 60T 6EET 6802t 65net 62651 (QT) (®319P paz) M LI

6LLE 6LLE 6LIE 6LLE 6LLE 6LLE (at) (eas) ams 2 -91

ontg 0£501 095L o1£g 0998 0S0ET (ar) (We) mus I °ST

olgt ol 00EY [4%:] 00g¢ 096¢ 066E 0261 OtLE 0564 oons 049L (ar) A xug 91

£69 g6 €69 086 £69 086 £69 086 £69 0g6 £69 0%6 (z33) ws &1

0€°§ 95 o2 9 M9 [+ "0y 29°S 191 gE°s S0°S 6L°L 05°L (33/a1) & T80T 2T

nkz1'c | 29010 | ammrco | nosteo | oterco | €460°0 | ot€rto | €lotro | €s2T1c0 | slttco | €18T1°0 | 9IgI-O (-®r) 3 ™Mo °TT

gs€0°0 | TET0°0 | g620°0 | E410°0 | Lzno'o | 0£10°0 | lenoto | OET0'0 | %120°0 --- 1720°0 -- {-u1) ~TNSUT/PIATYS IWH -OI

@m20 0 | JE9E00 | 620°0 | T6%0°0 1 oltoo | 6E20°0 | olLto‘o | 6€20°0 | LETO*0 | £920°0 | %g20°0 | §950°0 (-u1) awds/qui-sees 6

05 2 ei 9 05 gn 05 g ot on €22 "2 (-ur) owds qux ‘q °g

06 ‘ 06 o€ [+.3 [« 06 06 06 06 06 sn &1 {-a7) ouds awds ‘8 L

Qo2 v qo2 0 o1°0 o1-o 010 ot-o ot*o ot'o oto ot-o ot°0 ot-o (gro1) avdsy = arzy -9

4600°0 8L00°0 G600°0 00T0°0 £500'0 2600°0 £900°0 %900°0 2L00°0 2L00°0 GE10°0 §21°0 g /qQuy - sde)  °¢

LT €21 gt o't £t 1 2 £2°1 0f 1 721 11 et ]

0200 020°0 620°0 920°0 020°0 020°0 S0 920°0 2€0°0 7€0°0 $70°0 $10°0 (-u1) aemcr %3 g

020°C 020°0 6200 9200 020°C 020°0 920°0 920°0 2€0°0 4#£0°0 $n0°0 Gn0°0 (-ur) addn ‘ng g

065070 | 0670°0 | 0100 | 0Llo‘o | 0s60°0 | o1$0°0 | 09900 | o490°0 | ofgo*o | ongoo | ogTro | c2rro spusd ‘1

1 £ n 3 x 1t L 3 L kN £ {TT-22 3an21i) auoy

oﬂnmm ha?uww:mwwﬂm.u popsag - < <BTnanG qUOSASTOR - - EEETA doouco
Mﬂﬂ”ﬂﬂwmn anbosouomTwIg anbooouoy Jimaanalg

SIHOTHM VITHQ dYvMdOd HNIM

T=2c dTIdVL

22-8



*qr 599t

FUITIIOUT IBe[a8ndy

popeeg
Li*g L 9t€ g9 | 9%6T | OTRE | 616 TT | 260 2T | 989 2 | £16 41 68°Y ocot | #E°'n | #5°S | 00'9 12°6 ‘ajvuTmIageq
(v)fTT®OTIEIS
PeURIIIIS
L €28 1L 966T | O3t | 604 4T | €30 4T | #9L %2 | 1o o1 684 00°0T | 26| €£°9 | 089 §6°9 9STAPIOY)
f CUOWIWIS
papusg
029 156 29 9G66T | OTet | 6E€ TT | 289 TI | 4€6 12 | 9th 2T 68°4 00°0T | 2T | LE°G | gE°S oy astamedg
‘ ouourtmeg
JBTRQDY,
£6°9 186 $9 9e6T | O12¢ j 6g0 2T | gon ST | Esg 22 | Tey €T 66 00°0T | 64| 0L°S | 19°S 28 sstauedg
¢ onowtweg
Yo IApURg
65°9 gle 99 QOLT | OT2t | 66n 2T | 960 6T | 2iq 02 | 6£¢ €T s2'q 00°0T | €S| LL9 | sE-g 62°9 quod£auog
¢anbooouoy
aLIIeM
GE°OT | 98L 70T | oolt | o12€ | 625 9T | w50 12 | 0gl ¢t | €12 €2 [~ 00°0T | TI'O | #h°6 | €021 | 2L-0T paduslyug
- ‘anbooouoy

A3/ (at) (33/ar) (g33/a)

T2
3T pwwmwz sw| 3| a | o | & | v a3t a | ol ol &l v 32000
Fay o vea] el ~pBaT 5508 TeIanIsg
9300 8391 mLIg
EGRET 3UITOM 31U

ENVIJYEIV INTTISVE H0d SIHOIHM ONIM TVNIWON

g-dc HIdVL

22.9



STATICALLY DETERMINATE FUSELAGE COMBINED STRESSES,

TABLE 22-3

"ULTIMATE STRESSES," FLIGHT CONDITION ~+2G

Fuselage station | Element no. { A (1n.2) \ Poomp (10) | Loomb (PSi)
1700 16 2.26 +62 38L 427 600
17 h.ht +122 953 +27 500
18 3.29 ~106 832 ~32 470
19 1.46 -78 585 ~53 800
2058 26 2.26 +61 000 +26 960
27 h.L6 +180 000 +40 415
28 3.29 ~120 000 -36 450
29 2.16 -121 000 -56 200
2320 51 2.38 +51 500 +21 580
52 b.72 +198 000 +41 960
53 3.T0 -89 000 -23 970
54 4.11 -161 000 -39 140
212 61 2.39 +48 500 +20 2h9
62 ho72 +180 000 +38 070
63 3.78 -64 000 -16 929
6L 3.71 -164 000 =i 270
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TABLE 22-5

PRIMARY VARIABLES AND COEFFICIENTS FOR WEIGHT/SIZING PRLCEDURE

Primery

Ttem Variable Coefficient
Aerodynamic Surfaces:
Wing Constant 500 ]
Wing wa.bsu.8 2,127 x cwing(a)
Vertical tail SvT 8.530
Body group:
Pressurized crew compartment Constant 2000
Body structure SBDY 2.2&56(b)
Tankage structure SBDY (SPYE)l/2 0.0810k4k
Induced environment protection:
Thermal protection (tankage
insulation) SBDY 1.129
Launch, recovery, and docking:
Landing gear WG 0.030
Main propulsion:
Main engine - airbreathing Constant -6132
Main engine - airbreathing TTOT 0.146826
Air induction system CSAP 201.3
Propellant distribution - fuel TTOT 0.0098
Orientation controls, separation
and ullage:
Reaction control system WG 0.0020
Aerodynamic control system Congtant, 6ho
Aerodynemic control system WG 0.010
Power conversion and distribution:
Electrical Constant 1400
Electrical WG 0.0040
Hydraulic and pneumatic WG 0.0050

]

Note: (a) varies with each wing

structural concept,

ewing = 1.239 x wing weight
(b) The value is 2.4702 for statically determinete concept
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TABLE 22-5

PRIMARY VARIABLES AND COEFFICIENTS FOR WEIGHT/SIZING PROCEDURE (Continued)

Primary
Item Variable Coefltficient

Guidance and navigation Constant 1060
Instrumentation Constant 1100
Communication Constant 240
Environmental <..trol:

ECS - personnel Constant 550

ECS - equipment Constant 1180
Personnel provisions Constant 2450
Crew station control and panels Constant 200
Design reserve zwi .020

Empty weight e WM
Crew NCREW(=3) 220
Payload (WPAY) Input --

Dry weight X= WDﬁ;
Residuals (unusable) WE'TOT 0.0050

Zero fuel weight T = WIF
Reserve WETOT 0.050

Landing weight Z= WIW
Inflight losses 3BDY 0.660
Loiter fuel WLW 0.007k55

Burnout weight 2= WIBO
Performance propellant WETOT -ZWhiSC fuel

Liftoff Weight == WLO
Texi fuel (WIF) Wet 0.00225
Run-up fuel (we - wir) 0.00765

Maximum gross welght Z= WG

£2-13




TABLE 22-5 — Concluded

PRIMARY VARIABLES AN. COEFFICIENTS FOR WEIGHT/SIZING PROCEDURE

Primary
Item Variable Coef'ficient

Volume (VTOT - required):

Available body (VBDY) s/ 2 0.096572

Fuel WETOT 0.23702

Crew compartment Constant 500

Cargo compartment (Variable

density) VBDY~VTOT

Equipment bay WG 0.0050

Structure and insulation SBDY 0.500

Miscellaneous VTOT 0.0620
Area:

Wing area (SW) WG 0.0149705

Vertical tail (SVT) SW 0.0995°

Body cross-section (SPY%) (VBDY)Z/3 0.1805

Inlet capture area (CSAP) Constant 222

Body wetted area (SBDY) (veoy)?/ 3 9.1480
Total thrust (TTOT) WG 0.510

A




TABLR 22-6

SAMPLE CALCULATION OF BASELINE VEHICLE DATA

VOLUMES (cu ft)

Fuel - 220 000 (0.23702)
Crew

Cargo - T2 088 to 68 073
Equipment - 550 000 (0.005) =

Structure and Insulation - 16 20 (0.50) =
Miscellaneous - 72 088 (0.062) =

1l

ARFAS (sq ft):

Wing - (550 000/66.7978) =

V.T. - 8234 (0.0995) =

Body C-S ~ (72 088)2/30.1805 =
Inlet

Body Wet - (72 088)2‘3 9.48 =

WEIGHTS (1b):

Wing - 500 + (550 ooo)o'6 (823&)0‘8 (0.01590729) =

Vertical Tail - (818.8) 8.54 =
Body and Insulation:
Crew Compartment
Body Structure (16 420) 2.25 =
Tankage (16 420) (312.6)2 0.08104% =
Insulation (16 420) 1.13 =
Landing Gear - (550 000) 0.030 =
Propulsion:

Main Engine - 550 000(0.510) 0.146826 - 6132 =

Inlet - (222) 201.3 =
Fuel System - 550 000 (0.510) 0.0098 =

Note: a varies with each wing structural concept

VIOT =

2 000
36 950
23 530
18 550

35 050
Ll 690
2 750

f increases 3 685 1b for statically determinate concept

22-15

52 14k

500
4 015
2 750
8 210
L 169

T2 088

8 234
818.8
312.6
222

16 420

60 500

6 9%
81 030

16 500
82 450



TABLE 22-6 — Concluded

SAMPLE CALCULATION OF BASELINE VEHICLE DATA

Orient. Controls - 640 + (550 000) 0.012 =
Power Conv/Dist - 1 400 + (550 000) 0.009 =
Miscellaneous System

Design Reserve (267 880) 0.02 =

Crew - 3 (220) =
Payload -
Residuals - 220 000) 0.005 =

Reserve - (220 000) 0.05 =

Inflight losses - (16 420) 0.66 =
Ioiter Tuel - (341 000) 0.007455 =

Performance Propellent - 220 000 - 29 050) =

Taxi Fuel - (550 000) 0.00225 =
Run-Up Fuel - (550 000 - 1240) 0.00765 =

22-16

Enpty Weight

Zero Fuel Weight

Landing Weight

Burnout Weight

Liftoff Weight

Maximum Gross Weight

2ho
350
780
360
273 2o
660

55 000(®)
1 100
330 000

vIoN Oy N

11 000

341 000
10 8uo(®)
o ShO(a)
354 380
190 950(®)
545 330
1 2h0
3 430
550 000



TABLE 22-7

INPUT DATA FOR INTERACTION ANALYSIS
(Baseline Vehicle - 550 000 pounds)

. CWING CMR WPAY
sz;;z:zze Reliability (1239 x 107
Concept Level x Wing nggiion) (Payload)
Weight)

Monocoque Low 0.01191 19 412
Unflanged Hormal 0.01298 0.399398 10 71k
Waffle High 0.01389 3 Lot
Monocogue L 0.00805 50 5%
Honeycomb N 0.00824 0.399824 49 023
Sandwich H 0.00848 b7 ohly
Semimono, L 0.00782 52 430
Spanwise N 0.00817 0.399504 k9 563
Tubular H 0.00860 k6 126
Semimono, L 0.007275 56 T9L
Spanwise N 0.007752 0.399518 52 9L3
Beaded H 0.008268 48 778
Semimono, L 0.008545 L6 5kl
Chordwise N 0.009272 0. ho2624 4o 677
Tubular H 0.009752 36 802
Statically L 0.008000 k7 250
Determinate, N 0.008468 0.399873 43 L7
Beaded H 0.008887 4o 09k

8Tncludes the effect of increased body weight.

For nominal relisbility (47162 - 3685) = 43 477 1b.
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Lumped cap areas
Spanwise Chordwise
. 2 - 2 — Redundant model r'd‘
A2730 2-76 . A48.5 = 2.40 in- 9 1
Agggo = 2:82in? A 20 = 1.64 in?
- . 2 - . 2
Ajpzg = 1Al Anz-a88 = ‘M/ / ..
27,345 28,400
g - BL 488
(14,980) (-1,419) .
>
-81,340 -33,700 { .
* ) - BL 396
~ | (40,055) | =i (20,670) & '
&l 213 3
Q1w 3 N N
Y - s )
"1L %2000 [~ 28,830
g - BL 304
(8] ,1660) (33,120)
. 36,750 -15,290 e
: — ' ~ BL 212
E ) (111,465) § g (53,§70) = g i
g ;: Lo ois
. <922 1| nse0 §IS
- 8L 120
(86,080) (43,775)
3,130 14,660 o
oo - BL 48,
(14,785) (5,855) BL48.5
l [ BLO
FS 2580 FS 2730 FS 2880 FS 3030
RKX = H
Notes: ® () - t?\:n!::ﬁouds Jultimate
o Condition: 2g maneuver
e t, extensional = 0.020 in.
Figure 22-2, Redundant model loads — monocoque waffle concept (upper)
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Lumped cap areas
Sponwise Chordwise
- . 2 - . 2
A2730 =  3.14 in! A48.5 3.00 in;
.2 - . 2
A2880 4.23 in! A]20 = 2.04 in
_ . 2 _ . 2
Az = 2:16in! Ana 2.30 in] /_,.r
_ . 2
A304-488 = 2.76 in. ///
6,220 9,410  BLags
/ (=12,820) (=10,880)
] 24,270 14,330 { — B 3%
~ N
o |(=107,240) . | (-37,450) )
BN (e
313 RIZ 2
3= 2|18 2|7
T 38,300 |7 20,740 < — L3t
(=71,850) (~27,430)
47,960 21,190 ' . 8L 212
_(=52,050)  |.(-22,670) 5 H
g RI8 |3
o | 9 oo NS
SIS o020 |8 e D= a2
" (=70,420) +(=45,930)
27,412 21,020 —BL 48.5
(~22,680) (-11,880)
BLO
1 ] l
FS 2580 FS 2730 FS 2880 FS 3030
, xxx = Air loods
Notes: ® (XXX) =fherm0| |°Qd$ tU'ﬁMQfe

e Condition: 2g maneuver
o t, extensional = 0.025-0.030 in.

Figure 22-.3.
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Lumped cap areas
Spanwise Chordwise
A2730 = 4,58 |N.2 A48.5 = 1,97 |N.2
Agggp = 4.81 IN2 A120 = 3.53 IN2 Redundont mode! grid
Aggzp = 48VINZ | Agy 304 = 3.24IN2
Asgs, 4g8 = 3.01IN2
-24,189 ~21,769 L_BL 488
(3,558) (-20,947)
- :
-94,803 -42,618 | BL396
~|= (14,332) = (19,722 o~
2|% SE 318
o o] 0 ol
%% 3e (e
— 94 694 ~» 42,899 ) 'r-—BL304
(81,227) (35,778) ’
86,597 40,042 ) F—BLzlz
~ |G (135,106) o (65151 ola&
313 2R &l8 -
E;:g 72,980 ..9;. § 7,104 gg
- - 6 L_
. L BL.120
(170,267) (88,759)
16,699 1,370 Y
(47,99) (19,416)
BLO
F$2580 F$2730 F$2880 F$3030
) xax = Air loads ,
Notes: @ (xxx) = Thermal loads}u“'mme

® Condition: 2g maneuver

Figure 22-}j, Redundant model loads = momocogue honeycomdb concept (upper)
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® Condition: 2g moneuver

22-22

Lumped cap areas )
Spanwise Chordwise
_ - 2
Agzap = 5.17 |N.§ (€ - 120) Aggs = 220N
6.49 IN2 (120 -212) Argo = 443IN2
4.28 IN.2 (212-0B) w2
2 Mgy = 37T Redundant model grid
= - edundant model gri
6.68 IN2 (120 - 212) 5
4.52 IN2 (212-0B) A96,488 = 3.07 IN.
Asgg = 5.38 |N.§ (€ - 120)
6.68 IN2 (120 - 212)
4.52 IN2 (212-08) / /
/ . :
19,038 10,035 | Bt ass
/ (5,358) (1,549)
-l [}
29, 134 17,266 . | BL39s
__ (-88,636) __ (~33,486) s
[» 3 =) [« 2382 ] 3 -
OO ONE P~ N
S|= A N
o | = > -
G 7m0 2SS 26458 0 | BL304
(~74,958) (=29,825) { X
80,782 38,667 ) [ BL212
g [z 10051 ol (-4338) Hlm X
NS =[o % (6
3% 2l R
< 123,884 68,398 0 BL1%
(=125,671) (-74,417)
75,135 42,727 b BL 48.5
(~£7 999 (-23,801)
BLO
F$2580 F$2730 F$2880 F$3030
xxx = Air loads )
Notes: ® (xxx) = Thermal |o¢:ds}“h'mure

Figure 22«5, Reduwndant model loads - monocoque honeyoomb concept (lower)



Lumped cap areas
Spanwise Chordwise
Arrao 4.07 in? Ags = 0.60n2
Mgy = 407 in? Ao = 0.41 in? :
N .2 ] 2 i j
A3030 = 2,06 in! A2]2-488 = 0.46 in! !
-26,495 -~28,340
. — BL 488
(=4 ,440) (=6,011) _
g |
-62,017 -24,750 { BL 39
ole 028 |z G0 | B
> § B RES B
14 N - - w0
(e 3|8 gla
VD 42,745 T ~20,280 ' S
— BL 304
(9,458) (6,335)
~22,450 ~7,790 '
(16,140) (9,743) oy L2
~ ’ — ' (%)
| HE e A
@ | % lo e
Nl X
1= 5208 1T 1,76 &
' BL 120
(21,225) (10,155)
1475 5140 BL 48.5
2,560) (210) |
| BLO
FS 2580 FS 2730 FS 2880 FS 3030
) = Airl .
Notes: o (xxx) = th;rmoc:’ld?mds :ulhmafe

o Condition: 29 maneuver

ot
s

Figure 22-6.

n = 0:028 in, tehord ~ 0.005 in.
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Lumped cap areas
Spanwise Chordwise
A = 4.07 in? A = 0.60 in2
2730 * : 48.5 * )
= . 2 - . 2
A2880 = 4-07 in, Alzo = 0041 n, .
= ., 2 - . 2
A3030 = 2.06in A2]2-488 = 0.46 in: .//
16,650 14,850 e
— BL 488
(-3,232) {~3,516)
7] 26,790 14,540 \/ L 3
— (=12,608) 1 (~3,138) 5/ - 6
NN (=) Q
¥R 218 glel |
© [=) , ~
317 w0 312 15,750 <
} — BL 304
(=9,271) (=4,157) {
t
31,790 14,730 A
- BL 212
_ (=10,870) ole (~6,288) '\ _ !
[l = .
3 SE 38
¥ {oo . > 2 Y
$IT 442 31T wemo 2T
~ - BL 120
(=14,136) ' (=13,418)
9,365
12,405 3 — BL48.5
(~1,536) (=1,061)
| | | e
FS 2580 FS 2730 FS 2880 £S 3030
Air | ’
XXX = A} d \
Notes: ® (x) - fh;rr::I sloads %ulhmate
o Condition: 2g maneuver
— _ 2 - _
° fspon = 0.028 in "fchord = 0.005in,

Figure 22-7. Redundant model loads — semimonocoque spanwise concept (1dwer)
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{.umped cap areas A
Spanwise Chordwise
Agzao = 2:02INZ(C - 120) Aggs = 0.92IN2
2.42 IN2 (120 - 212) A = 230 IN2 Redundant
2 120 ' ' model grid
1.87 IN2 (212-08) _ 2
A212-—488 = 2.86 IN.
A = 2.02 INZ(C - 120)
2880
2.42 IN2 (120~212)
1.87 IN2 (21208 -
Asgzp = 1.01IN2(€ - 120)
1.21 IN2 (120 - 212)
0.94 IN2 (212~0B)
/ -3, -
3,01 17,670 / BL 488
/ b (3,200) |
. /
-108,712 -43,643 : BL39%
ola (L33 _lg (569 | =
=15 3|3 8| R
S8 5| & §|s
94,897 -42,812 ; BL304
(35,810) (13,449)
- ~23,992 i
— S1,773 — 37'4,3 _ BL212
-g— § (70,482) 5 % (37,413) g E
g|= NE 819
8,207 15,875
(722.953) T-16.211 BL120
24,180 10,965 BLAR.S
(2,523) (~624)
8LO
FS$2580 FS$2730 F$2880 F$3030
xxx = Air loads ,
Notes: ® = Thermal loads}uhlmafe

® Condition: 2g maneuver

Figure 22-8,

(xxx)
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Lumped cap areas
Spanwise Chordwise
Agyap = 148IN2 (€ - 1200 [Aggs = 0.95IN2
2880 09512 126-212) |, = 2.45 IN2 ‘
0.82 IN2 (212-0B) 120 ) Redundant model grid
2 A2~|2 = 3.04 IN:
0.64IN2 120212 | P304 2488 = 260IN.
0.61 IN? (212 0B)
/ U
]
16,691 15,652 _BL488
(-19,490) (-12,471)
L}
-1
53,355 21,085 . BL396
< o8 | cema |
~ )
| S I8 '
Sk g7 ot
~ 57,451 ~ 29,794 te _B1 304
(-11,788) (-5,061) ?
50,126 25,165 R A
~ (-8,462) —~  (-4,541) —_
o] —
g2 213 2R !
3|9 o2 o ]
i e 48866 L 24,059 L BL120
(14,063) {11,931)
14,882 12,768 _BL48.5
(8,307) (3,680)
-BL0
F$2580 F$2730 £52880 F$3030
. xxx = Air loads .
Notes: ® (xxx) = Thermal Iouds}ummme

® Condition: 2g maneuvers

Figure 22-9,

concept (lower)
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Lumped cap areas
Spanwise Chordwise
_ . 2 - . 2
A2730 =  4.07 in? A48.5 0.60 in;
= . 2 = 2
A2880 = 4,07 in! AIZO = 0.41 in{
= . 2 - .2 )
A3030 = 2-% n, Azl 2-488 0.46 n, i
— BL 488
alg — | -— BL 396
218 5|8 818/
313 3is 8|S
t T 'l— . N -
i‘ - BL 304
— - BL 212
o - Qo™
813 215 212
Bl= gle JES
T : \
- BL120
- BL48.5
: BLO
i l l
FS 2580 FS 2730 FS 2880 FS 3030
Air loads )

Notes: e (:;‘(;) ultimate

thermal loads |

e Condition: 2g maneuver
® Upper surface shown, lower surface is opposite sign

Figure 22-10. Redundant model loads — statically determinate concept
(upper and lower) -
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(90

L—— 285 ——ra— 270

Sta
1075

Sta
1345

N

587 o

©

®© —t————F
®

Y

. Sn Wn %over I
one Remarks
(££2) | (psf) | (psf) (1b)
1 487 3.24 . Assume constant for all
- 3.5 3y concepts
2 590 3.73
3 980 - - - Varies as indicated on
24 ooy
)+ 693 _ _ _ ’..'/3. le 22-1
Z 2750 - - a Refer to table 22-1 for

weight varilation

Figure 22-11. Forward delte geometry and weights
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Upper ¢,

point

Horizontal tangency
point

Model lumped stringers
3rd point

Wing root
/— Wing
| bl \_f '7
- + -
g, BL 120
Model element numbers
Location FS 1700 FS 2058 FS 2320 FS 2472
Upper § 16 26 51 61
2nd point 17 27 52 62
3rd point 18 28 53 63
Wing root 19 29 54 6h

Figure 22-17.
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Redundant model idealized fuselage
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Figure 2-18. Wide column curve for sizing fuselage skin panels,
statically determinate concept
FS FS
1500 3000
| |
/////////////////////// e
4 __/
Spa.nwise -\

Deck

Longitudinal /

Figure 22-19. Decking and longitudinal stiffeners required for
statically determinate concept
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Figure 22-20. Vehicle scaling
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