Wing Box Optimization under Combined Shear and Bending

J. AIRCRAFT

Doxarp H. EMErO* AND LEONARD SPUNTT
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A method is presented for determining the oplimum proportions of a minimum weight
multirib or multiweb wing box structure subjected to vertical shear and unidirectional bending
moment. The optimization expressions are presented in general form to encompass any
combination of cover and support structure for which individual efficiency equations are
available. The optimum wing box design is determined by minimizing total structure weight,
including the compression cover panel and appropriate substructure. The influence of
minimum gage and fastening material can be included for the support structure. It is shown
that the effect of vertical shear on the spacing of the webs is equally as important as the
moment load in determining the minimum box weight. In a design example, three cover
configurations are compared for both the multirib and multiweb structural concepts for a
typical high aspect ratio wing. A table of 23 optimized wide column and compression panel
cover concepts is presented, including the necessary design equations and graphs for any de-
sired structural efliciency. An analysis for corrugated shear webs, optimized for simultaneous
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shear buckling, is included.

Nomenclature
A = former cap area
a, I. = rib spacing
b = panel width
¢ = structural chord (Fig. 1)
C = HCi+ Co)
C, = stiffness coefficient
d = section depth
d = Hdi + diy1)
D = rigidity/ in.
E = modulus of elasticity
h = former depth
1 = moment of inertia
K = buckling coeflicient or Kth web in the interval
Kg = wide column shape factor
M = applied moment
n = number of stations ¢
n = grid aspect ratio
N = number of spars or number of stringers
N, = flexure induced crushing load
N, = normal distributed load
N., = shear flow
P = Kuler critical load
Pbw = ratio of by/bs
Tiw = ratio of /s
R = radius of corrugation
Sk = length of Kth web
i = effective cover thickness defined such that area/panel
= I.-b
lrw = thickness of former web
Lo = effective web thickness defined such that area/web =
tod
ir = effective rib thickness defined such that area/rib = 74-C
14 = applied shear load
W = cover weight in the ¢th interval
Wg: = rib weight in the 7th interval
Wi = web weight in the 7th interval
W, = total weight of compression cover, webs, and ribs
W; = interval weight of compression cover, webs, and ribs
(X.); = X coordinate of the Kth web, station ¢ intercept
Y; = length of the 7th station interval
« = web efficiency equation exponent, or wide column di-

mensionless coefficient
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B8 = cover efficiency equation exponent (pauel failure), or
wide column dimensionless coefficient

v = cover efficiency equation exponent (wide column fail-
ure) or wide column dimensionless coefficient

Yo = {aper angle as defined in Fig. 1

€ = efficiency factor

oc = cover compressive stress

ow = web shear stress

N = tangent modulus ratio

78 = secant modulus ratio

7, m = general plasticity correction

0 = material density

PG = radius of gyration

A = compression panel dimensionless coefficient

Q = compression panel dimensionless coefficient

i = Poisson’s ratio

¢ = corrugation angle

Subscripts

¢ = cover

er = critical load

7 = station interval

R = rib

w = web

m = referring to minimum gage

opt = optimum

a = load carrying

Introduction

HE determination of an optimum structural arrangement

of material to serve a required load-carrying function is
generally considered an cxercise in theoretical mechanies
which produces the desired minimum weight configuration.
In reality, the configuration ultimately seleeted as optimum
for a given requirement is chosen only after due consideration
of other factors, such as cost, producibility, inspectability, and
the like. The goal of the struetures engineer is to have avail-
able a means of evaluating many structurally optimized cross
sections together with their respective cost-producibility-
fabricability values. This would greatly facilitate early
selection of & minimum number of candidate configurations
in preliminary design situations, and narrow the foeus of
follow-on efforts to only those concepts that can reasonably
be expected to result in an optimum design. In this regard,
the objective of this report is to provide the fundamental
optimization capabilities for multirib or multiweb wing box
structures subjected to vertical shear and wunidirectional
bending moment.
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Structural Weight Minimization
General Weight Equation
Web weight

From Fig. 1, the length of the A'th web, in the ith interval,
can be expressed as follows:

Se = (V24 [(Xp): — (N2 qy
where

(Np)y = (K — 1)b;

2
XN = (K — )b + 1, tany,
However, {or evenly spaced wehs
b, =C/(N; = 1) (3)

combining Eqs. (1-3) and summing Sk for K = 1 to N, the
total web weight for the station interval is as follows:

| N
W= polus <d ° dﬁi) Sk €h)
2 K=1
where
i K—1) ) 211/2
Sk=dves l:(—— Ci — Ciy) — Y tan ]
7Y v= ' : w ] f

Cover weight

11 it is axsumed that wing depth will taper gradually, Se can
be approximated by Vi, therefore

Weo = pei[(Ci + Ciyn) /211 (5)

where thix represents the weight of the compression cover
only.

Rib weight

Since chord and depth taper linearly, the rib weight is com-
puted ax the average weight times their total number as
follows:

(H'lf.)\:nu» = [(Cz + C,+1>//2H(di + d,+|)/2]p1\-im (6)

The number of ribs are Y;/a,, where a; is the rib separation in
the ¢th interval.  Therefore,

We = ip1ﬂ<c1 + CH—I)(dr' + dz‘+1)(Yi/'/Ch)t_/ef (7)

where, if £z is properly defined, Eq. (7) will hold for formers
as well ax for full depth ribs. The total weight ol spars, ribs,
and compression cover in the 7th interval now can be written
as the sum of Eqs. (4,5, and 7)

X . YN !
W= potdtn Z Sk + pY.Clo: + ppC’d (*) tei (8)
K=1 @i
where, for convenienee, the following notation has been in-
troduced :

C=(Ci+ Cip)/2 d= (di + di;1)/2

Optimum Weight
Load and geometry

Lquation (8) is derived from purely geometric considera-
tions and makes no assumption as to the functional relation
between geometry and load. In order to consider the varia-
tion of weight with N or a;, relations must be found for Z.;,
r:, and ., in terms of load, substructure placement, and given
geometry. The orientation of structure and load will be as
shown in Fig. 1, where C;, d;, V;, and 37; are assumed as fixed
parameters at any given station.
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Fig. 1 'Fypical station interval and loads.

Multiweb Structures
Function of substructure

The webs will be designed on the basis of shear buckling
with a minimum gage constraint as a lower bound on web
thickness. In the past, stiffness and resistance to flexure-in-
duced crushing has served as failure eriteria in a purc moment
analysis. In such analyses, however, the conclusion is that
web gages computed from cither strength of stiffness are too
low to be considercd practical,! and, as a consequence, shear
load will be the governing factor in an actual web design. 1t
has been found that, even when shear is low, a practical mini-
mum gage requirement is several orders of magnitude larger
than gages predicted from stiffness or strength.? Hence,
shear buckling or minimum gage appears to be the most
reasonable failure eriterion in 2 minimum weight analysis.

In the multiweb analysis, the cover will {ail as a simply-
supported panel of high aspect ratio. It will be assumed that
ribs, if any, have a fixed separation (@) and exist for reasons
other than cover support. Tacit here, is the assumption that
at optimum proportions the number of webs iz sufficiently
large, so that rib support can be neglected.

Web failure
The shear load V; is assumed to divide uniformly to the V;
cqually spaced webs, where
Noy = Vi/(Nd)) ©
as the applied shear flow. The allowable shear flow can be
related to effective thickness by assuming a generalized ef-
ficiency equation of the form
Noy/dmelie) = eun(lei/d)* (10)
where such an equation results from a minimum weight
analysis of the particular clement as shown in the appendix

for the circular corrugated web.  Combining Igs. (9) and (10)
and solving for Z.;, we have

iwt = [(T’rz‘dia - 2)/(1”-]2'105”) ](1/[1)3\?!_ (/e (1 1)
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Fig. 2 Example weight vs substructure spacing graphs.

Cover failure

The cover will be assumed to carry the entire spanwise
moment with bending stresses neglected in the webs. Ob-
viously, this assumption is more reasonable for corrugated
webs than for other types of constructions. The applied
moment can therefore be split into the following equal and
opposite cover loads:

N. = M./dC) (12)

Again, a gencralized efficiency equation is written for simul-
taneous buckling mode occurrence at the applied load

‘\rx/(bfncEJ = Ec<ic1'/bi)5 (13)

Combining Eqgs. (12) and (13) and recognizing that b, =
C:/(N; — 1) yields

= [(CF=2)/ (. Bed) VBN, — )= (60761 (14)

Optimum web placement

Substituting the expressions for f,; and Z; into the general
weight equation, the interval weight becomes

] V™ 2 Ni
— e 7. {(1/a) .
W: = pud [ .y ] N, K; Sk +

TM.CS—2V8
“C[%] (N = D7 UB=DA 4 e (15)

Since rib separation is assumed constant, Eq. (15) is a fune-

tion of N, only, and, consequently, for given materials, load
and over-all geometry can be evaluated for any N,. Two
modes of variation on N will be considered. In the first,
Nope will be determined for cach station interval indepen-
dently, and, secondly, the total weight of all intervals will be
minimized under the arbitrary constraint that N, will be the
same for all station intervals. The implication here is that
the weight penalty associated with a fixed optimum number
of webs for all intervals is small by virtue of the fact that in-
terval welght is relatively insensitive to N (see Fig. 2). Dif-
ferentiating the interval weight, Eq. (15), with respect to N,
and alter some algebraic manipulation, vields for N, the
following implicit relation

(¥ - 1><25‘1>/’?:| _ a8 = 1)Cp
;‘7\“71‘,1’/‘1 opt Bla — 1>d'Pu7

MOB=ANVE(V ;a2\~ (/e
<"77L-Ececdg ) ( Nodl o > (16)

where NY, has been substituted for ZSg. Such a substitu-
tion is tantamount to assuming all webs in the interval have
the same length, equal to the interval length. This is done in
order to simplify mathematical optimization; however, in a
machine program this simplification is not needed since the
program could compute weight for a range of N’s and select
the minimum. The mathematical optimization is presented
here to show general trends. One fact, immediately evident
from Eq. (16), is that the optimum number of webs depends
in some manner on the ratio of moment to shear. This rela-
tion becomes clear if it is assumed that (VN — 1) can be ap-
proximated by N, whereby

(N ops ~ (M )V $) 1/ Ced=a=p) an

and, consequently, it can be seen that shear, as well as moment,
plays a critical role in the determination of the number of
webs which minimize the total structural weight. In order to
consider the case where Ny, 1s independent of station interval,
the subseript on N in Eq. (15) is dropped, and W, is sunumed
over the n intervals, whereby total weight is obtained as
follows:

=2

n
i=1

{ [ V d a—2 ]l/tx (1/0) N _
Putl N—e Sk + pJC X
Nollwew KZ:: 1

M.oB—2711/8
[‘”'? y :| (N — 1)~ Us=n/8l 1 Wm} (18)
Nel o€l )

Forming dIW,/dN we arrive at an cxpression similar to Eq.
(16), except here a single value of N has been found such that
total weight (for all intervals) is minimized.

ﬁ;gﬂ%*“/ﬂ} _ alB = Dp. Y,
[ opt 6(& - ] p“ ’Lzl C

\'l/a

M CEm2NE Vidie—27!
[ : ¥y, (19)

nellced, = 1l? e
where, again, NV, has replaced ZSx for mathematical ex-
pediency. Unlike Xq. (16), (19) also is independent on the
station interval lengths as might be expected. This results
from the fact that, by requiring a constant N, certain intervals
must assume suboptimum N’s; consequently, the size of
these intervals plays an important role in the compromise

between the interval N, and the entire wing N, The
critical dependence on shear again is noted.

Multirib Structures
Function of substructure

In the multirib analysis, rib separation is considered the
optimized variable. The ribs themseclves exist for support of
the wide column cover and are designed to meet both stiffness
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and strength requirements. In addition, a minimum gage
constraint can be established as a lower bound on rib thick-
ness. There will be N webs, where N is considered a parame-
ter and not an optimized variable. The webs are assumed to
he placed such that they contribute negligible support to the
wide column cover and exist to carry shear joads.

Cover failure

The same assumptions as stated in the multiweb analysis
apply here, except that the cover is assumed to fail as a wide
column, simply supported at the rib attachments. The ap-
plied cover Joads again are given by Eq. (12), and the follow-
ing generalized efficiency equation is assumed to predict the
simultancous mode wide column failure

i\rz/(a-x"?cEc) = 64‘@'”""0”') ¥ (20)
Combining with Eq. (12) yields
T = | M/(diCmedie) V7 a, iy =077 (21)

as the required effective thickness in terms of vib spacing.

Rib failure

The applicd loads, which the ribs must vesist, arve the flexure-
induced crushing loads imposed by virtue ol spanwise bending
curvature. Secide and Eppler® showed that, in addition, cer-
tain stiffness requirements must be met in order that the
idealized column strength of the compression panel can be
attained. The ribs, therefore, must be designed for either
strength or stiffness, whichever is critical.

Stiffness

The stiffness of an idealized rvib (which neglects the effects
of flanges) can be expressed in terms of rib effective thickness
as?

ll/rib = (Elfilfr) ”d/ <22:)

The required stiffness, necessary to enforee nodes for wide
column failure of the compression cover is

Veea = Cr[(Bd )/ (Coi®) ] (23)

where C, is a stiffness parameter depending upon the ratio of
of the flexural rigidity of the tension and compression panels.
Assuming these to be equal, €, = 67.5. For other values,
refer to Ref. 4. The /.1, of the wide column cover panel can
be found in terms of applied moment as follows:

Pu = (72F.1.)/a? (24)
bug
P = ,/d (25)
therefore
EJd. = (Ma?)/(md;) (26)

combining this with Egs. (22) and (23) we find ., for suf-
ficient stiffness

t_]f[ = 107’//(7T2E1¢) ]J[ Z‘/(Cx(,t/) (27)

Strength

The ribs must possess sufficient strength to withstand wide
column buckling under the applied crushing load, which can
be easily shown to be

N, = QaN.D/(gsEA:L) (28)

Assume that an cfficiency equation existis for the wide column
rib configuration and predicts the allowable crushing load as
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follows:
N/ ([deBr) = en(fpi/d)® (29)
substituting Fgs. (20) and (21) for N, and L, respectively,

mmto L. (28) and equating applied to allowable load yields
tr: for sufficient strength.

] 2UnJie)Vr P AN Gv-Dseal
i = "“i’ll"z_’a) o /’“* s
YISE(-di ‘f]fel"uf,ék d.C;

{30
The required rib effective thickness must be the larger of
Eqs. (27) and (30) to ensure sufficient stiffness and strength
for the applied moment. It should be noted that any of the
wide column concepts in Table 1 can be employed as full
depth ribs, since all have the [orm of Eq. (29).

Partial depth ribs (formers)

The formers are designed to provide the stiffness required
to create a simply-supported condition for the wide column
cover panel. It is shown® that the required flexural rigidity
can be expressed by

Eply = 4 (b,‘/ﬂ') W,/ a; \31)‘
Substituting Eq. (12) for N, the required inertia is
Te = 4/E b/ m) M/ (a,Cids)] (32)

If it iz assumed that the former geometry can be represented
by two cap areas separated by a web of depth A, the inertia
provided will be

I = (AR*/2) + (trwh®/12) (33)
Equating Eqs. (32) and (33) gives the required cap arca
A, = @/M{A/ER) (bi/m) M/ (aCid))] —
LS g ) 12]5 (34

H tpp 18 constrained at minimum gage, a stationary value of
the total former cross seetion can be found by virtue of the
stiffness constraining relation, Eq. (34), and results in

Nopt, = 148/ (b p) 10/ m) M i/ (@, Cid) ] — 1(hPpy /12) ]
(35)

Since b must be bounded, as previously shown, by one-hall the
scetion depth, Ay 1s seldom realistic, and, in general, a cap
area A, will be required. For use in weight calculations, an
effective thickness can be defined for the former configuration
as follows:

fri = [(24,)/d:] + [htew)/di] (36)

Web failure

Fquation (11) will dictate web effective thickness where N
is now treated as a preassigned constant.  Use of Eq. (11)
also implics that any additional support supplied by rib
attachment is ignored.

Optimum rib placement

For full depth 1ibs, the interval weight must be examined
for a stationary value with respect to both stiffness and
strength as ¥ib design criteria.  For any given @, the larger of
1ib effective thicknesses computed from strength or stiffness
must be used in the final weight figure. With this in mind, we
first write the total interval weight with stiffness dictating rib
weight. By combining Fgs. (8, 21, and 27), it follows that

v = o] T e
Ffo= 5 VO e YD/
PR [n(-]?,,-e(;dlci:\ . +

-~ C.M,; . -
rAg ety T
prY 7(/d7r2ERCg a7t + W 37)
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Table 1 Wide column concepts

THE FOLLOWING RELATIONS HOLD FOR ALL WIDE COLUMN
CONFIGURATIONS EXCEPT AS NOTED IN THE TABLE,

J. ATRCRAFT

N (1)2
LypE L
- 12 12
T+ rbz) N, L a g2
t = b = X p = b ‘y - —
a
S o S ”2 1 g2 S
nT Y- o o
by = Ty O b Ty
1/2
E E
| R = 34
L ( E ) T E "6 m= oy
DESlGlﬂ OPTIMUM | AUXILIARY |  DIMENSIONLESS
CONFIGURATION ICURVE VALES | ReLaTioNs [ SERRETRIC
j——l‘\" HDT ‘ l——l_ max 0. 6561 "oz =0 a=1 t o Tw
f Ref |, - 065 g= .51 2
frt—— b oy *ts 1 bw bw 3tW
=2, r= .33
Integrally Stiffened "tw 2.5 333 rlM' Ftw
e by j ] ]
J max 0.911 Fof 0.3rb~ a=1 + 1.6rbwrtw
] b b Ref - _ - 2
h | 1  ow 0.87 Fie 1.0rtW B .8rbW Fow
b— b 3
’ r.. = LO06|r =0 7= .63
Zee Stiffened tw 06 bz 3 er rtw
*1""} ' e s LB = 03r Jas 1+ 130, re
b, b Fig. . . . 2
”——: ! * 3 ow 1.0 My 1.0rtw B .8rbw r3tw
* b by r,= L0 [r,_=0 v= 6331 "t
Integral Zee tW bZ b” tW
i Y - - -
T T max 1.00 rbf 0.6rbW a=1+ 1'6rbwrtw
by \~ Fig. . . . 2
h | 3 o 0.80 i l.OrtW B l.lrbw 3rtw
X —t 1y (=070 =0 - 9331 Ot
Integral Tee tW bZ UN tW
and, forming dW,/da; = 0, yields int.erval wcight. wit}h st1"011gth governing rib .t‘hickness re-
(@)os = [M ) 1_/zj|«,/(3y71> « quires the combination of Eqs. (8, 21, and 30) with the result
i)op 2y — p. Er —_— ppY,-C*[ M, :IL/«/ D/ 4
(Ml.dil/u—1>>[<~/—1>/(37—1>1 ) ' n L ced.C; '
Cs [ 2Bty AL M@=/l
as the optimum rib spacing if stiffness is critical. Writing the P RY{Cd[nsEcdiz—‘*nR ER:R:] <(,Td—l ) + W (39)
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Table 1 econtinued

DESIGN| OPTIMUM | AUXILIARY DIMENSIONLESS
CONFIGURATION GEOMETRIC
CURVES] VALUES RELATIONS EXPRESSIONS
—— By f— B ~ .
T y €hax 0-793] Tpf - 0.3rbW a=1+ 1’9rbwrtw
b
~ Fig- L= 085 | 1y Lo | - T
[ b 3
o * re. = r.=0 -
"F" Stiffened tw 0.79 bz v = .63 rbW rtw
M= .938r
Loy p - DA™ " owl o141, 45.17r, 1
Pk hel (1, “ma’ -2y, Lo6r, bz bw W
N AN Rsef "o~ 0.90fTee <348 | B amr Pr
S — }
b BRD foy - 0.90 " <2125t Yoy 3
Straight Y-Tee Stiffened rbZ =104 rbN ’ rbN l"[w
t r,o=.346t
- = bh wl o -
% by y;u €nax- 079 - L o a l+rbz+3.06 o T
NS /%\4“ R;’ Moo 0960, _ s, | B-12r %t
po by —ofe——— B ———] hs 1 bf ° bw DN3 tw
Straight Y-Stiffened rtw = 0.9 rbZ =1.04 I‘bw Y= 865 I’bw rtW
rbh =.938 Fow
By —f = =
f }nh max: 1.23 rth 1. 125 rtW a 1+rbz +5. 31 rbN rtw
“i - ret |r - 0.00] 0t 8 Ty B=513r 2y
= bw e, =215 T lw tw
V4 b e b oy 8 tf tw
o~ 090 Y RERELLI A 7.58rbw3 ™~
urved Y-Tee Stiffened
Curved Foz = 1.04 ow
a b 4 :/ % € max” 685 12 Jo-1+ m+1
e — s QZ m = by/b, =] "tc (KA> "od Klll2 {m + cos ¢ )2
=0,18
= . o - (m +1)sin¢
Trap. Corr. Semisandwich F'g- ¢ =70 hd 1 12 3
} IR 4 € =686 —_— B=4Kl {m +cos &)
: s : max._ 2(m +cos ¢)
& /) m= bb, =
t f )
{ /“ - g by y =(m + .667)sin2¢
Truss Core Semisandwich ¢ = 650 Kl (Ref 8) 8 K11/2 {m +cos ¢ )4

and, forming dW;/da; = 0, we arrvive at

((lg)om = [(57 __Dﬂ? X

(2)1/2d(p, 1) 15/ @1] [(v8)/ @=35-D)]
(nsEudi2 el per) 1/8

(40)

as the optimum rib spacing if strength is ervitical. The larger

of the x’s using Eq. (27) and (30), will dictate the final design.
In such a comparison, the rib thickness also can be con-
veniently checked against a minimum gage requirement.
Optimum rib spacing also can be counsidered for the case
where formers are used. By combining Eqgs. (34) and (36), the
former effective thickness can be expressed as

ijff = U6/(dl}l2h'/?> ](b,‘/ﬂ')4[.]'},/((1/(1,0;)] + (2]),//3d,>t/«|v (41)

and substituting into Eq. (8)
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Table 1 continued
DIMENS IONLESS
CONFIGURATION DESIGN | OPTIMUM | AUXILIARY
CURVES | VALUES | RELATIONS |  pxpReoa s
r<__bs__\r_,i ‘ émax=0 72 4 1/2 a=1+ 2{m +2)
/\/(c . f f o |m= by - tc'<?1> Tod Kil2im +2 cose)?
>\ / vl Rl | | —2imrlsing
3 4 ) 0'25 "d™ 777 cosd K11/2(m+2cos¢>)3
T =750 | 0 MO ) i+ .667)sin2s
Semitrap. Corr. Semisandwich Kl (Ref 7) rbz= = K]. 1/2 (m+2 COS¢)4
=.928 by
o S W X "of " h. T =
bw bw Ja=2+r_ (1+2r +¢ )
N ' ! IRTICHN  L - 1.0 2?1-rbf) tw : bw " "t
) -y BESH IS N 8 s L B D
T | Bt 03], K )
w th= " w =r, fr. (1-r _+.67r_ )
Ha ection iffened UN tw bf : bw
¢ Seerion Stie K (Ref 8) |"pz=1.0
\ rt\ ] “max ™ 160
a -
M LRRTN L O L R
\J /W 2 .
] % by |— = 0.8 1 B= T (m +1sing
Trapezoidal Corrugation Flg- ¢ = 60° rbd=m 3 2
- 4 N = +.667) sin"¢
=" - € =1.15 Fod {m +.
t /\ ma r =0
¢ b _ | bz
~_ m= bf/bd =
4 %
Truss Core Corrugation ¢ = 450
i " | R a= 1 + 157
= —_ = = . ¥
4 ’ €max - 7100 b, 0.50 tc
tS R Ig. =
/ \J & 4 rtC 0.23 tsl'l fr "tc
t bS =5.45 'r_t: = ,196 rtc
Semicircle Corr. Semisandwich
*EXCEPTIONS TO BASIC EQUATIONS
€ o =605 n
B naline s " 2 (rdcos @)
r,. = 0.92 tc
! YA /\ Ref ['tc ™ Tk, n, V2g |12
/ ’ Vi //\ 1 o= 62° bS = 0.95 tS I:—-——l%—— *
T
b 2.y 3I2\112
X b, = S 7 —m] =
Truss Core Sandwich d 2 cos ¢ 1+ n I
~ M; U _ formers suggest Itiple spars, since the stiffness require-
e A B fornor suggls mulpl spas ine tho
. Tables of optimized wide column and compression panel
orCd Y [i}_ <£) M + 2h tm,] G W (42) concepts are presented in this paper. Each concept has
a; Ldd2Er \ 7 ) diC.a. been optimized for simultaneous local and general instability

A minimum in Eq. (42) cannot be readily found through dif-
It is recommended that a computer solution
ntilizine a digerataly varvine rih anacine he nsed.

ferentiation.

The nse of

failure, using the established methods of optimum design.t-8

The efficiency equations shown in the tables are of the same
format as Egs. (13) and (20), and can be used directly in the
wine box ontimization analvsis.
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Sample Solution Lo
p 08 _ SEFFICIENCY 10N
A high aspeci ratio wing box has been analyzed lor opti- &~ EFFICIENCY) 0.7 53 0.9
mum ecometry under the imposed shear and moment loads 0.7 U om b '01707/ 7
noted in Table 2. The station interval was 100 in., shear webs L o8 e

were 60° are corrugations, i.e., ¢ = 60°, ¢, = 1.05, and the
material was titanium 8Al-1Mo-1V at room temperature.

Multirib Wing Box

The following cover configurations were employed: 1)
v-tee stiffened skin, 2) integral zee stiffened skin, and 3)
trapezoidal corrugation stiffened skin. The rib configuration
wax trapezoidal corrugation (no skin).  The efficiency values
(maximum) were taken directly from Table 1. Figure 2
shows interval weight as a function ol ¥ib separation fora two-
spar configuration.  Note that, at optimum proportions, wide
column analysis for the cover is justificd.  In fact, the cover
aspeel ratio also would be small for a three- or four-spar con-
figuration. In particular, the aspect ratio at all stalions s
approximately 0.5 {or a four-spar box. A minimum gage con-
straint. of 0.015 in. was employed for both the spar and rib,
and cap weight alco was included.  This had the effect of
ereating a steeper ascent, to the right of optimum spacing,
than that which would be predicted from Eqs. (37) and (39),
Noie that the three concepts of each station converge toward
a common weight at the lower rib spacing values, where cover
stresses are approaching compressive yield.

Multiweb Wing Box (No Ribs)

The following cover configurations were cmployed: 1)
truss core sandwich, 2) 0°-90° tee-flanged grid, and 3) 0-790°
unflanged grid.  The efficiency values were taken direetly
from Table 3. A graphical representation of the solution for
minimum weight is shown in Tig. 2, where station weight has
been plotted vs the number of webs. A minimum gage
constraint for the shear webs of 0.015 in. was employed, and
spar cap material was added to provide a more realistic
appraisal.  The graphs for each station are scen to present a
wide range ol spar spacings for which the station weight is
minimum. The inclusion of fastener clip weights, ete., would
narrow thix range somewhat, but the analysis, ax shown, pro-
vides a good preliminary design comparison among the
concepts selected. The analysis for the optimum wing weight
for a fixed number of spars along the wing length, 15q. (19),
indicated the arrangements shown in Table 4. An inspection
of Kig. 2 at each station for a particular structural concept
will reveal that the station N optimum does not significantly
differ from the optimum fixed number of spars. The graphs
also indicate that, as spars arce spaced closer together, the
three concepts converge toward a common weight value at
cach station. This vesults from the high stress levels at which
the concepts are operating, i.c., al or near compressive vield
{or the material.

Also noteworthy in this example is that the lightest of cach
of the configurations, multiweh and multirib, at any station
indicates weights that are comparable. In this regard, a
selection can be based on a cost-producibility comparizon of
the concepts, or other practical design considerations.

Figures 3--5 present efficiency curves associated with Tables
1 and 2.

Table 2 Analysis of a high aspect wing box under the
imposed shear and moment loads

Moment,
Sta- n.-1b Shear, N, Chord, Depth,
tion X 108 b X 10% Ib/in. . in.
1 52.5 184 .0 14,100 120.0 31.0
2 20.9 128.0 9,500 92.0 24.0
3 3.0 48.0 2,720 65.0 17.0
4 0 0 0 37.0 10.0

) 100 .
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Fig. 3 Wide column efficiency curves.

Conclusions

The weight minimization expressions and  optimization
tables presented will provide the analytical means for deter-
mining favorable structural concepts for preliminary wing box
designs. 1t has been shown that shear asx well as moment plays
a critical role in the determination ol the number of webs that
minimize total structural weight.  The formulation for opti-
mization of cover panel concepts and substructure, and for
total weight minimization, has been presented in general form
for simplicity in programming for digital computer solution.
In the example solution, graphical representations ol computer
data have been presented {o illustrate the analytical results.
The relative flatness of the graphs indicates that some latitude
in substructure spacing to meet practical design considera-
tions s entirely feasible.  The inclusion of minimum gage
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Fig. 4 Wide column eflicieney curves.
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Table 3 Compression panel concepts

exp.
EQUATIONS APPLICABLE T
TO CONCEPTS 1, 2 b+ E = € <_b_> 7= 3/4
b. = bN _ T
S b &/b) N e
By * oy s T, = W Y2 s
i C1 (N-1) Fow -
by = Ty L+ v 7 Ty
€ = 0.97
g P max
' ﬂ ‘;w | I Ref exp. = 2.38
1 C,=C,=22828
}<_bs___> ? ts 1 2
1. Integrally Stiffened rbf =0 rtf =0
€ = 1,03
b — t max
1 . ; Ref exp = 2.36
— sl "3 vl j 1 C, = 1.707 C, = L0
= by 1 tts fop " .3535er
2. Zee Stiffened rtf = rDN
EQUATIONS APPLICABLE Ne (i_)z
TO CONCEPTS 3,4 bn E b
TK 1 1/2E 12 t T
x ' T :
bS = 0'95’(5 -————N—‘— S C]. + (rtC/COS¢)
X oy 2 1\ 14
b, = b_/2cos ¢ 7 - T t o=
d s T+ n, c tcs
€ = 0.59
e — max
! e g 7 Ref fy Optimum) = 0.49
W/\% 1 ¢ f(optimum) = 47.5°
, . c, = 1.0
3 Truss Core Semisandwich 1
€ = 1.108
| ‘<_ bs“’} max
A\ Ref i =
M//\ \ Fic (optimum) = 0.83
e \> R o)
f ¢ (optimum) = 60
M Truss Core Sandwich Cl = 2 0
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Table 3 econtinued

EQUATIONS APPLICABLE
TO CONCEPTS 5, 6, 7

€

(5)

2

1/2

- Et A
t o=t _ nT
s Q b 190t N,
ta ) )\tS
tw ) rtw'(s bw i rbw t)s
s s be = Tyt O
1/2
i (1 0my
4
CONFIGURATION DESIGN| OPTIMUM | AuxiLiARy | DIMERSIGNLESS
CURVES|  VALUES | RELATIONS EXPRESS IONS
- .2
“max 502 rtw—|\A}/2er A= 1+ I‘bl’t
Fig. . .
5 Fow = 00 T 0 1 n +1
Q= +r.r
= = bt n
nI 4 rtf 0 |
cmac B "W Tw  |acl+ Lo,
Fig. _ _
5 rbW =175 rbf 0.6er n|+1
T h I P @=1+Lér, 1, —
: | o tw |
6 00 - 900 Tee-Flanged Grid
>~ ~
> 1.39,
ST e = .628| gy ="172 bW
= . r
}@@@ o, |F™ 5 SR T N
T =.15 |r
| 5 | "ow bf = 0 Q-1+2r 1t
el bw " tw
7 ¥ 45° Unflanged Grid rtf =0

constramts and cap material for the substructure provides a
more realistic appraisal of the optimum substructure spacing.

Appendix
Corrugated Shear Web

Since bending stresses in the webs have been assumed
negligible throughout this study, the corrugated shear web
adheres to this assumption while providing inherent stability
for flexure-induced crushing loads.  The geometry and load
are as shown in Fig. 6.\ simply-supported condition will be
asswned for both local and general modes, where simultaneous
occeurrenee of these modes will be taken as the eviterion for
mininuumn weight.

General Stability

Timoshenko? presents the following expression for the
eritical buckling load:

(Nope = AN (DD /d?) (Al)
The buckling coeflicient K depends on 6 and ¢, where
0 = (DD Dy Y= (d/a)(Dy/D)?

For an infinitely long plate, ¢ = 0, and since normally

(DiD)V2>> Dy it can be considered that 1/6 is approximately
zero.  Under these conditions K 8.0.  (For other values
of K, sce Ref. 9.) Since the value of K does not enter into the
optimization of the corrugation angle, it will be left unspeci-
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Fig. 5 Walfile grid efficiency curves.

fied. D, and D» can be expressed as follows:

Dy = {(Lt5)/ 11200 — pow,) ]} (sing/ ) (A2)
Dy = (EL)/ (1 — pou,) (A3)

Where, in Eq. (A2), (sing)/¢ is a reduction lactor that ac-
counts for curvature.’® I, can be written in terms of R, , and
¢ as follows:

Iy = pa*t (A4)
where radius of gyration pe, can be expressed as
1 3 sin2 12
pPu = R <_; - Z \H:i)d? -+ C()S2¢> (4\5)
and
= (¢/sind)t (A6)
Combining Eqs. (A1-A6) yields
] (3l2R 312
Noe = 0.7T6mKE ———
(1 — petiy)

¢\ 1 3 sin2¢ " 34
[Gre) (= 5752w come) [

Table 4 Analysis for the optimum wing weight for a fixed
number of spars along the wing length

Configuration N optimum
Truss core sandwich 7
0°-90° tee-flanged grid 9
0°-90° unflanged grid 12

J. AIRCRAFT
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Fig. 6 Corrugated shear web curves.

m = 0.83ns + 0.179r (Stowell' inclastic correction factor).
Dividing by ¢ and assuming that p.u, = 0 yields

2/OR\ 3/?
v = 0.T6mKE (2) <2f>3 ) (AS)

where

) _ ZLHE’ 2/3 I, _ i,\‘inz? o 3/4
"(‘i’)“[( ¢> <2 e +(‘)”¢>:]

Local stability

The expression used to predict the local shear buckling will
be a semicmpirical equation developed at North American
Aviation, Los Angeles Division. Exhaustive testing has
shown that this expression closely fits available test data and
can be considered independent of ¢ for the range 20° < ¢ <
90°

oen = 15507 2l (t/2R) 3 (A9)

Opiimum corrugation angle

JEquating the expression for general and local instability,
Egs. (A8) and (A9), and after some algebraic manipulation
vields the following efficiency equation representation :

(Noy)/ (uEd) = [1OSSKY2(sing/¢)? {f ()} /2](I/d)?
(A10)

1/2,

e = it iptlt

where 1t can be scen that

¢ = LOSSK'2(sing/ )2 [ /() ]2 (A11)

is a function of ¢ only. Tigure 6 shows that efficiency attains
a maximum for ¢ = 80°, where, if K is taken as equal to 8.0,
emax = 1.17. In the sample solution presented, 60° arc
corrugated webs were employed because of fabrication con-
siderations that render it a more desirable structure. At ¢ =
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60° the efficieney is reduced to € = 1.05 with a corresponding
weight inerease of 2.09, over the optimum.

By combining Eqgs. (A9) and (A10) the corrugation radius
index, for K = 8.0 can be expressed as follows:

(2R/d) = 1.34\sin/ (')} 3nr Vi, (N, / Ed)'S  (A12)

The skin thickness can be obtained from Iqg. (A6).

Optimum angle under minimum gage consirainl
Tt was previously shown that efficiency can be maximized
independently of load intensity. This is only true, however, il
the skin gage 1s an open variable, ie., frec to assume any
positive real number. If it is assumed that ¢ is constrained
at L, ¥q. (A10) becomes
(N (molid) = [LOSSKY2{[(@) }12](k./d)?  (A13)
and, consequently
{112 = 0.92{ 1N,/ (n.Ed) 1/ K21, /d)*] (A14)
is load dependent if the efficiency equation is still to be satis-
fied. Iquation (AJ4) can be evaluated graphically as a fune-
tion of load index with ¢,,/d as a parameter. Figure 6 shows
a typical parametric curve with percentage weight savings
indicated over the 80° configuration with ¢ constrained at ¢,,.
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An Investigation of Catalytic Ignition

of JP-5 and Air Mixtures

STErEEN [0, GRENLESKI® AXD PELix Fauki
Applied Physics Laboratory, The Johns Hopkins Unaversity, Silver Spring, Md.

An experimenlal investigation of theignition of JI’-5 and air mixtlures by platinum catalysis
was made using sectional and large-scale ramjet engine bafile combustors. lgnition delay
data are presented for combustion chamber stalic pressures of 0.5 Lo 9.0 atm, inlet air total
temperatures of 380° to 1280°F, and fuel-air ratios of 0.007 10 0.09. A thermal model is used to

explain the igniler operation.

Introduction

I(;Nl'l‘mN of the fuel-air mixtures at various pressures and
temperatures is one of many problem areas encountered in
ramjet combustor development. Ixperiments conducted by
the General Electric Company,! in which platinum was used
as an igniter in the afterburner of gas turbine engines, aroused
interest in the application of platinum igniters to ramjet en-
gines.

The purpose of this paper is to present the results of an in-
vestigation which applies the catalysis of JI>-5 and air mix-
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tures by platinum (for ignition and oxidation) to ramjet engine
baffle combustors and test conditions.

Experimental Results

This investigation ol catalytic ignition of JI’-5 and air mix-
tures was carried out in two distinet phases: first as sectional
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Fig. 1 Schemalic sketch of catalytic igniter scctional
test setup.



