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Abstract

We size the shell thickness of a pressurised ellipticallaggeand analyse the weight gains or savings compared tewalazir
fuselage. Three fuselage construction cases are analysednolithic construction, a symmetric sandwich with twoefsheets of
equal thicknesses separated by a lightweight core, andgmmmetric sandwich with two facesheets dfelient thicknesses. We
develop a proper dimensionless analysis comparing theopeapelliptical fuselage with a circular one for twdfdrent scenarios:
equivalent cross-section areas and enclosing a similtainmgalar box. We apply a semi-analytical thin shell theargdmpute
the loading due to pressurisation around the circumferefites fuselage cross-section. We select the faceshekhtgses above
and below the sandwich core at every location to minimiseghtei The goal is to compute the structural weight gain or figna
that is incurred by replacing a circular fuselage with aipgtial one to resist internal pressurisation in functidrihee scenario,
eccentricity, fuselage diameter, and sandwich core tlesknWe find that an elliptical cross-section incurs a sicauifi penalty in
terms of necessary facesheet thickness even with an optimissymmetric sandwich construction. This penalty canib@msed
by keeping the eccentricity low, the loading intensity londdhe core thick.
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1. Introduction section or even a blended wing body (BWB), with the associ-
ated generation of bending moments upon pressurisatioa. Th

It is now well known that the use of composite materials infselage construction must then be adaptedfectvely resist
aircraft structures leads to weight and cost savings. Yet, t {hese bending moments.

aerospace industry does not take full advantage of these Ma- composite materials, used in a sandwich construction, may
terials as composite structures are often manufactureedbasye an &ective solution to this problem. In a composite sand-

on their metallic counterpart designs. The composite @fes yjch construction, the dfi carbon fibre facesheets are sepa-

stacked up to make symmetric and balanced lay-ups in ordggted by a lightweight core, increasing the moment of iner-

to avoid coupling between bending and twisting loadings angig of the cross-section and thus, the bendinfjretss of the

in-plane deformations. In addition, most composite stiés  sirycture. Rectangular fuselage cross-sections with dedin
look very much like the metallic structures that were seeéhén  grners are considered in Ref. [7, 8, 9]. A high order sand-

past. This is the case for pressurised fuselages. Althcugh tyich theory formulation for two composite facesheets sepa-
manufacturing processes aréeient for composites, the struc- rated by a core is used. The formulation takes into accoent th
ture obtained looks the same as a metallic structure: akimin s bending-stretching coupling of a facesheet in the caseavher
reinforced by frames and stringers [1]. . non-symmetric lay-up is used and also includes the trassver
To use composites in a thin skin construction makes sense f@xibility of the core material. Formulations are presente
structures subjected to in-plane loadings, like a circpt@s-  for the flat panels of the rectangular cross-section as wwell t
surised fuselage. Inflect, in a circular fuselage, the internal roynded corners. The considered load case is an interrsd pre
pressure is balanced by purely tensile loading of the mengbra gyre. When assuming constant core and facesheet thicknesse
Although this circular cross-section geometry is ideal p&s&-  40ng the fuselage perimeter, peak stresses are found in the
surised vessel, aircraft designers must consider oth@&T&mn  |onger side of the rectangle and important shear and trasesve
the selection of a fuselage geometry: maximised interiacep normal stresses are developed in the core of the curvedrcorne
for passengers comfort, below-floor space for system wiringregions. A BWB subjected to internal pressurisation is istid
aerodynamic conmdergtlons, etc. [2, 3, 4, 5, 6]. Theseraait by finite element modelling (FEM) in Refs [2, 3, 4]. A fixed
may lead to the selection of an oval shape as a fuselage crosgsometry with diferent constructions is considered: a double-
skin ribbed shell versus a sandwich with honeycomb core, and
“Corresponding author a vaulted versus a flat design. An optimisation is performad v
email: frederick.gosselin@polymtl.ca FEM to (_avqluate thg weight of filerent fuselage concepts (cir-
fax: (514) 340-4176 cular, elliptical, multibubble). The results presenteel muostly
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qualitative.

Elliptical pressurised vessels are also the subject of arfew
vestigations. Expressions for the normal and shear forses a
well as the bending moment along the perimeter of an ellipti-
cal pressurised vessel are developed in [10]. Strains are co
puted along the perimeter of an ellipse made of a symmetric,
non-sandwich, composite material. The computed straias ar
then validated experimentally [11]. In a comparative stiid}, (b)
the frames of an elliptical and a circular fuselage are sfeed
given fuselage width, internal pressure and floor loadinige T Figure 1: Schematics of the two comparison scenariajthe circle and the
considered construction is a standard monolithic strifigene ellipse have thsame area(b) the circle and the ellipse enclose theme rect-
reinforced skin. It is found that a significant weight pepagt ~ 2ngleof dimensionsix L.
incurred for the frames of the elliptical shape, especiatlyey
are assumed to be made of aluminium.

Some authors use FEM to compute the stresses in ellipsggoposed elliptical fuselage with a circular one fdfelient sce-
made of an isotropic material for various values of eccentri narios is developed. We systematically analyse ffeceof the
ity and thickness [13]. Ref [14] develops a superelement t@lipse eccentricity on the facesheet thickness and volarie
efficiently compute the loads in a frame-stringeffstied ellip-  ations. The possibility of having an elliptical cross-seathat

tical fuselage. The developed methodology is interestimy b would provide more space for the passengers while limitieg t
little calculations for a limited number of parameter vaage  weight penalty compared to a circle is discussed.

shown. Patents were also obtained in relation with ellgtic
pressurised vessels. Ref. [15] proposes a non-circulaldge
composed of a sandwich structure in which the core thicknesa M ethodology

varies with the polar angle to follow the bending moment dis-

tribution. The bending moment generated by the internad-pre  We consider a non-reinforced thin shell fuselage of ettgti
sure is known to vary with the polar angle, creating a positiv Cross-section defined by its semi-major ajsind semi-minor
(tensile) stress on one side of the shell and a negative (congXisb. This ellipse traces the mean position through the thick-
presgive) stress on the other side. At a certain po|ar aﬂ‘g}e, ness of the shell. Itis compared with a circular cross-eaaif
bending moment is reversed and the sides of the shell sebjectradiusrc. The radius of the elliptical cross-section with respect
to tensile and compressive stresses are also reversed.uThe # the polar anglé (see Fig. 1) is defined by

thor proposes to use two materials for the facesheetspne., b

material good at bearing tensile stresses and another atk go le = a )
at bearing compressive stresses. More recently, in Ref, if16 Va2sint 6 + b2co ¢
is proposed to tailor structural attributes over the petémef a
near elliptical fuselage in order to minimise the weight.wHo
ever, no calculations or results are presented beyond trergle

1)

The radius of curvature of an ellipse in polar coordinates is
given by [18]

concept. _ 32
What must be highlighted from this brief literature review b= 1 (a'sif 6 +b*cog 6 @)
is that although non-circular fuselages have often beesiden ab\a2sir? 6 + b2 cog #

ered, there is no published study which parametrically cmap
a non-circular fuselage to a circular one. There are mard stu
ies onrevolutionaryBWB aircraft designs, but what about an 2.1. Comparison scenarios
evolutionarychange away from the conventional circular fuse-  The shell thickness is sized to carry only the load due to in-
lage? Considering an existing circular fuselage desigmeif  ternal pressurisation of the fuselage. To compare thetietip
incrementally move away from its circular shape, how much dross-section to a circular one, two comparison scenares a
the internal loads vary? How much structural weight must bgjefined (Fig. 1): same inner area, and same enclosed rectan-
added or subtracted to keep the maximum stresses constant?fle. The ellipse and circle of Fig. 1 (a) have ts@me area
other words, what's the marginal cost of ellipticity of aéus j e rab= r2. Thus, their large semi-major axis and radius are
lage? In the present paper, we seek a simple demonstration Rfjated by
the structural benefit or cost in terms of weight of having an a
elliptical fuselage instead of a circular one. =l =45 3)
. .. . I |same b

We consider an elliptical fuselage cross-section made of area
a composite sandwich construction and develop a theoreticahe ellipse and circle of Fig. 1 (b) have tlsame enclosed
analysis to minimize its facesheet thickness in functiothef  rectangleof dimensiond. by W. The smallest circle enclosing
polar angle, pressure loading, and ellipse eccentricityeii-  the rectangle obeys the relation
analytical thin shell theory is applied [17] to compute thad-
ing due to the pressurisation of the shell. A comparison ef th L2 + W2 = 4r2, (4)
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An infinity of ellipses enclose the same rectangle, they dbey tangential stress in the elliptical shell at positibabout the cir-

relation cumference and at distaneérom the centre of curvature is due
(bW)? + (aL)? = 4 (ab)?. (5) tothe tangential force and the bending moment:
ini i i-major axi N M (o - R
By combining Egs. 4 and 5, the ratio of the semi-major axis of oe(0.p) = ™ ©-R (10)

e (hi+h)(@-Rp’

whereR s the distance from the centre of curvature to the neu-

the ellipse to the corresponding circle radius is expresstd
respect to the rectangle aspect ratjaV

5 5 tral surface, and whepeis the distance from the centre of cur-
al (WL)" + (a/b)" (6)  vature to the centroid of the section. The radius of curegiur
le ferl‘ig)ﬁ&g (W/L)? + 1 is defined in Eq. 2, and the radiRxan be evaluated with [19]

B [dh

R - i)
fp*ldh
Assuming a small shell thickness compared to the circle ra-

dius (or to the ellipse semi-minor axis), we can evaluate thgvhgre th is' an infinitesimal thickness of facesheet. .Upon'evalj
loads due to an internal pressurisat®nAn elliptical shell at uating the integrals of Eq. 11 based on the dimensions given |

equilibrium carries a tangential force per unit widthvarying Fig. 2, we obtain

2.2. Loads and construction (11)

hi +h
with 6 [10, 17]: SpALLL ) (12)
In oo
N = PVa2cog g + b2 sir? 6, (7)  where the radii drawn on Fig. 2 can be expressed as
The pressurisation gives rise to a distribution of bendirggy m 0i=p— Hho _ hi + ho, (13)
ment per unit width. Upon integration of the equilibrium egu hi + ho 2
tions, the following distribution is obtained =~ Hhy hi-h,
pi=p— T (14)
hi + he 2
P& P2p? Hh  hi—h
M=—[|D-= , e} _ = i i lo]
2( Nz) © =P R e T T2 (15)
_ Hhi hi + ho
whereD = 0.6592281(b/a - 0.26)>'* + 0.653908is a fit of the Po=P+ it T (16)

integration constant obtained numerically for variousreal of
the ratiob/a [10]. At four points around the circumference of ~ Pressurisation always induces a positive tengibim the
the ellipse, the bending moment changes sign. The angleawheghell. The maximum stress is reached at the innermost point
the bending moment is null depends only on the geometry:  in the inner facesheet = p; for a positive bending moment
or at the outermost point of the outer facesheet p, if the
1-D\( (b/a)? bending moment is negative.
D )(1 _ (b/a)z)' ©) For the sake of comparison, in a pressurised circular shell,
the bending moment is neglected and the hoop stress is adsume
To design the elliptical shell, three composite constnmgi ~ constant through the thickness:
are considered: monolithic, symmetric sandwich, and ursym Pr
metric sandwich (Fig. 2). In the monolithic constructiome t e = —.
skin thickness of the ellipske varies with the polar anglé he
and iS Sized to bear a” Circumferential |OadS. For bOth com- For a” three ConstructionS, the tota' Vo|ume of materiahm
posite sandwich constructions, a core of uniform thickit¢ss facesheets can be evaluated as
is inserted between the facesheets. For the symmetric sand-
wich construction, the facesheet thicknes§d@)/2 on each

coS(6)|,,_ = (
(7)

/2

side of the core. For the unsymmetric sandwich construction Ve=4 f rehedo, (18)
the outer facesheet thicknesshigd) and the inner facesheet 0
thickness ishi(6). The total facesheet thickness in this case is Ve = 2arche, (19)

he(6) = ho(6) + hi(6).

To keep this analysis simple, we consider only the tanfor the ellipse and the circle, respectively. In our anaysie
gential stresses developing in the facesheets. We developuge the total volume of facesheet as a proxy for the weigleof t
curved beam stress formulation for an unsymmetric sandwicfuselage section. This is true if we assume a constant faeésh
for which the symmetric and monolithic cases representiapec density and if we neglect the weight of the core in a sandwich.
cases. We assume that the facesheets behave according to ffiem a comparison standpoint, we consider that both the el-
Euler-Bernoulli assumption, the core transvers@rass is in-  liptical and the circular fuselages have the same core. Thus
finite, and the core has negligible in-planefsiess [19]. The neglecting its weight in the comparison is reasonable.
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Figure 2: Schematic of the stress through the thicknesshfeetelliptical shell constructionsa)(monolithic material; ) symmetric sandwich;cf unsymmetric
sandwich. Distance from from the centre of curvature to thenal surface (--) and to the centroid of the surfaeg. (-

2.3. Dimensionless quantities 2.4. Design criterion

To propose a systematic cfmnefit analysis in terms of For all three constructions considered, we define a design cr

weight for having an elliptical fuselage, proper dimentgss ~ €rion: we impose that for every polar anglethe maximum
numbers are sought. We define the ellipse eccentricity as ~ Stress of the elliptical shell is equal to the constant stodshe
circular shell, i.e.,

8= /1- (b/a). (20) Gel0.p)ss =1 ifM>0
- PP oo~ v 6. (27)
O'e(e,p)b:ﬁo =1 ifM<O
We define the dimensionless internal loads as follows

N M The criterion is always applied at the extreme fibre of thdl she

N=—, - (21)  where the tension due to the momahiadds to the tensioN.
Pa Pa?
To scale the loading we define the loading intensity 2.5. Numerical Solution
- . For each of the two comparison scenarios (Egs 3 and 6), and
s = FC = h_° (22) forthe three construction cases, we seek to find the disimitu
C

alongd of the facesheet thickness. For the monolithic and sym-
metric sandwich constructions, we impose that h, = he/2.
The core thicknes$i is null for the monolithic construction
only. Then, we seek the facesheet thickrieswhich satisfies
- . . Eq. 27 within the acceptable tolerance. A Newton-Raphson al
he’ hy = he . he’ p= he’ R= he’ (23) gorithmis implemented in Mrag to iteratively converge to the
right value ofhe. This iterative loop is included in a continu-
The ratio of the ellipse semi-major axis to the circle radiusation scheme im. Starting from the angle where the bending
varies according to the comparison scenario moment is null (Eqg. 9), the value @fis incremented and the
solutionhe from the previous angle is used as a guess for the
a=—, fo= E. (24) next one.
e le For the unsymmetric sandwich construction, solution isenor
By combining Egs. 10 and 17, and by making use OfComplicated to obtain because both fagesheet thickneﬁsses
. ! . . andh, must be solved for. So, for a positive bending moment
the quantities of Eqs 20-24, the dimensionless stress in thﬁl > 0, a value for the outer facesheet thicknBgis guessed
facesheets of the ellipse can be written as ’ . :
and the Newton-Raphson procedure is used to find the corre-
. S CAn (A B spondingh; value which insures that the criterion in Eq. 27 is
s _Te _ Na Mxa (p_ R) (25) met. This procedure is then included in a loop usingfthim-
+ searchfunction of MarLas to vary the thicknesh, to find the
value which minimises the total cost function

The circular shell facesheet thickndgsis used to scale the
dimensions of the elliptical fuselage

ﬁe:E

QD

The relative volume of facesheet material required to aesig o
an elliptical shell with respect to a circular one is obtalitsy F =hi + hg + Wy [0 + 1] X {
dividing Eq. 18 by Eq. 19

1 if |(’J\'e|';):/30 <-1
0 if |(’J\'e|';):/30 >-1"

(28)

/2 whereW; is a constant penalty weight. In the cost function,

Vo 2 (. 1 = the first two terms on the RHS insure that the total thicknéss o
Ve 7 fre(hi + hO) do (26) facesheets is minimised, whereas the third term enfore¢bth
0 is suficiently thick to avoid the compressive stresg at p, to
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Figure 3: Polar distribution of the thickness r_alﬁ'@betwgerj the elliptical and  Figure 4: Polar distribution of the thickness ratipbetween the elliptical and
circular fuselages for the same area scenario, monolitimisteuction, eccen-  circular fuselages for the same area scenario, symmetritnseh construction,
tricity & = 0.6, and varying loading intensity. eccentricitye’= 0.6, loading intensity: = 300, and varying core thicknesk

become larger in magnitude than the uniform tensile stress i3.2. Symmetric sandwich construction
the benchmark circular shell. The constélvit is set arbitrar-

) o We now analyse a symmetric sandwich construction where
ily at a large enough value &%; = 100 which insures that the

! ) o o ) the outer and inner facesheets have the same thicknesseand ar

function” will only be minimised if|Gel;_5, > ~1. Changing  genarated by a core. We assume that the stress due to the pres-
the value oW, to 200 does not influence the final result appre-g ;g js hore by the facesheets only and that the core has neg-

C'ab,ly' The DESted l\!ewtqn-Raphson and mlr!lmlsatlon IOOpﬁgible weight compared to the facesheets. The variaticth wi

are included in a continuation procgdure fstarting frpm the "ot the relative thickness of the elliptical shell with respto

angle where the bending moment is null (Eq. 9) similarly aspe gircylar shell is shown in Fig. 4. Note that the scale ef th

for the previous constructions. For a negative bending nmme , inate in Fig. 4 is dierent from that in Fig. 3. The results

M <0, the thickness valuds andh,, and the extreme fibrgs * ¢ i 4 are presented for fourfirent core thicknesses,

andp, are inverted in the algorithm. __and for the same area scenario. Without a ctte<( 0), the
Once the th"?k”ess d|str|but|o'n alom&gfor the elllpsg IS curve is identical to that of monolithic construction of FRyas
found, Eqg. 26 is integrated numerically to find the volumérat expected. For a thin cordl(= 1), the elliptical shell is up to
14 times the thickness of the circular shell. With a thickecor
3. Results (H = 100), the elliptical shell has a thickness varying between
0.98 and 1.9 that of the circle. Therefore, even for the thick
We present comparisons between the elliptical and circulacore, the skin of the elliptical shape is mostly thicker tltfaat
shell thicknesses for the three construction cases anddero s of the circular shell. Again, all four curves have a discouity
narios developed. Various values of eccentricity, corekitiess  and a minimum af =~ 53°.
and loading intensity are selected and a case study withalypi  As the maximum stress equivalent to the circle hoop stress

business jet dimensions is discussed. is found at the outeor inner edge of the sandwich, the oppos-
ing facesheet is underused, therefore the symmetric sahdwi
3.1. Monolithic construction construction is not optimal. So we turn our attention to an un

We first analyse the results of the same area scenario. F&YMMetric sandwich construction.
the monolithic construction, the variation withof the ellip- . ] .
tical shell thickness in comparison with the constant ¢acu 3-3- Unsymmetric sandwich construction
shell thickness is shown in Fig. 3. The results are presented The facesheet thicknesses of the unsymmetric sandwich con-
for three diferent loading intensities. The relative thicknBss ~ struction with the same area scenario are shown on Fig. 5 for
increases with the loading intensiy With a large loading in-  an eccentricitye™= 0.6, loading intensityz = 300 and core
tensity € = 1000), the thickness of the ellipse varies betweerthicknessH = 15. The total facesheet thicknebs is ob-
1 and 27 times that of the circle. For a small loading intgnsit tained by summing the inner and outer facesheet thicknesses
(& = 100), the thickness of the ellipse varies between 1 antﬁﬁi + ﬁo). For 6 varying between 0 and 53the outer facesheet
9 times that of the circle. The polar angle where the ellipséds thicker than the inner facesheet as the bending moment is
skin thickness is minimum and equal to that of the circle (Eqnegative and gives rise to tensile loads in the outer fagtshe
9) isOy-—o =~ 53 for the eccentricity selected here € 0.6). For 53 < 6 < 90°, the bending moment is positive and the
Even for small loading intensity(= 100), the thickness ratio inner facesheet is thicker than the outer facesheet. Campar
is well above 1, i.e., the thickness of the elliptical sheliuch  son with the symmetric sandwich construction reveals ahteig
greater than that of the circular one. Because of théigiency  saving of the order of 11% for the selected set of parameters.
of monolithic thin shells to carry bending moments, we do notBut, the relative thickness, is mostly larger than .0, varying
consider monolithic constructions any further. between M8 and 52.
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Figure 5: Polar distribution of the thickness rafipbetween the elliptical and 0 . . . .
circular fuselages for the symmetric and unsymmetric satdaonstructions 0 0.1 0.2 0.3 0.4 0.5 0.6
for the same area design scenario, with eccentrieity 0.6, loading intensity )

$ =300, and core thickneds = 15.

Figure 7: Isolines of the elliptical shell facesheet voluneemalised by the
circular shell volumeVe/V;) for the same enclosed rectangle scenario and un-
symmetric sandwich construction, with loading intenéty 300 and rectangle
aspect ratid_/W = 0.7.

same
enclosed
rectangle

3.4. Case study on a typical business jet

We consider a typical circular fuselage of a business jdt wit
a diameter of 2 m. We assume a sandwich construction with a
total skin thickness dfi. = 3 mm. So the loading intensityis
calculated as/h. = 300.
A rectangle of widthw = 1.7 m and heigh. = 1.2 m
is inserted in the circular fuselage (rectangle aspeco riati
Figure 6: Polar distribution of the thickness rafipbetween the elliptical and L/W = 0.7). We replace the circular shell for an elliptical one
circular fuselages for the same area and same enclosedglectiesign sce-  Of unsymmetric sandwich construction. .
_nari_os Wit_h unsymmetric san'dwich construction, ecceityrié = 0.6, load- _ We look at Fig. 7 for a rectangle/W = 0.7 andX = 300.
ng\llniegls%lltyz = 300, core thicknessl = 15 and a rectangle of aspect ratio :An eIIipticaI'shape with a core ¢d = 10 and an eC(':entri.city of
& = 0.4, which corresponds to a ratiga = 0.92, will inflict a
weight penalty of around 70% as compared to a circular shape.
If we consider a thicker corél = 15 and a smaller eccentricity
The unsymmetric sandwich construction with the same enef & = 0.15, then we can readfoof Fig. 7 that the volume ratio
closed rectangle scenario is considered (Fig. 6). A ret¢éangis 11, i.e., a weight penalty of 10% as compared to a circle.
aspect ratioL/W = 0.7 is selected and comparison with the
same inner area scenario is shown. The same enclosed rectan-- onclusion
gle scenario presents some benefits compared to the same inne
area with a relative thickness varying betwee®60and 49, as We considered a pressurised aircraft fuselage and analysed
compared to ®8 and 51 for the same area. Once again, thethe benefits or costs of moving away from a circular to an el-
relative thickness is mostly larger than 1.0, which repmésa  liptical cross-section. The considered load case was amiak
weight penalty compared to the circular shell. pressure and we looked at the cross-section of the fusefdge o
To better evaluate this penalty, the volume of the facesheemeaning that longitudinal loads were not accounted for. The
of the ellipse normalised by that of the circle is evaluatsidg  structure was assumed to be made of a composite material in
Eq. 26. This normalised volume is shown in Fig. 7 as a contouthe form of a monolithic or sandwich construction in whiclotw
plotin function of the core thickness and the ellipse eateity  facesheets are separated by a lightweight core. A curved bea
for the same enclosed rectangle scenario. Note that foathe s = stress formulation was developed for an unsymmetric sastdwi
area scenario (not shown), the graph is similar but therissli  construction in which the outer and inner facesheets hdkerdi
are slightly shifted left. In Fig. 7, for the range of parasrst ent thicknesses. The monolithic and symmetric sandwich con
tested, the volume of the skin of the elliptical shape is gbva structions (i.e. a sandwich with the same facesheets tagskn
larger than that of the circular shape. However, for smdlles  on both sides of the core) represented special cases ofrthe fo
of eccentricity, there is a contour line ¥f/V; = 1.01 beyond mulation. The elliptical shell made of a monolithic constian
which the elliptical shape is less than 1% heavier than the ci proved disadvantageous compared to a circle as the edliptic
cular shape. If the elliptical cross section design brinteno  shell needs to be much thicker than the circular shell to thear
benefits, a small weight gain could be acceptable. same internal pressure. The symmetric sandwich consiructi
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reduced the weight penalty compared to the monolithic conReferences
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Modern multidisciplinary design optimisation makes exten [16]
sive use of computational models including the finite eleimen
method to optimise structures in such a way that they meet
number of metrics [20]. In order to speed up the optimisation
scheme, we have developed a simple methodology that can be
easily implemented to define the boundaries of the geonaétric [1€!
parameters to be optimised. The presented results areajener
and do not focus on any particular fuselage dimension; thergig)
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Future work should explore the ply stacking sequence of thé&O!

elliptical sandwich when the longitudinal stresses agdinth

from pressurisation and from longitudinal bending are @bns
ered. The core in the sandwich which must bear the brunt of the
shear force [10, 17] should be sized and its weight evaluated
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