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Abstract. The Authors of this research developed an analytical calculation method to estimate the strength
of nose cone structures made of orthotropic materials, which were crucial components in aircraft and space-
craft. Strength analysis of nose cones had been comprehensively addressed for isotropic materials; however,
the lack of efficient approaches for orthotropic materials presented a challenge. In this research, a new analytical
method was proposed, combining membrane stress theory for isotropic materials with classical laminate theory
for orthotropic materials. This approach enabled the determination of stresses on the nose cone shell structure
in both meridional and circumferential directions in an efficient and straightforward manner. The analysis results
indicated that the developed analytical method exhibited stress distribution trends similar to those obtained us-
ing the Finite Element Method. Stresses in the +45° and —45° direction, as well as in-plane shear stress and Tsai-
Wau failure indices, showed trend similarity between the two methods. Despite specific numerical differences in
the calculation results, these consistent trends suggested that the analytical method could serve as a tool for the

preliminary design of a nose cone structure with a similar configuration analyzed in this study.
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1. Introduction

A nose cone is a shell structure with a doubly curved sur-
face rotated about its axis, i.e., shells of revolution. Posi-
tioned at the foremost part of flight vehicles, the nose
cone is subjected to various flight loads, including aero-
dynamic and thermal loads, as well as gravitational forc-
es. The drag, which becomes main aerodynamic load in
nose cone, consist of three types, i.e. skin friction drag,
pressure drag, and wave drag (Mathew et al.,, 2021). Hence,
the nose cone design has been driven by requirement of
aerodynamic drag minimization, from which some shapes
are designed such as conical, ogive, and Power series.
Some of these nose cone shapes are regarded as optimal
designs depending on the mach region and the resulting
heating characteristics (Ukirde & Rathod, 2023). In some
cases, nose cones contain antenna for signal transmission
of their payload, therefore radio-transparent properties
must also be considered (Purwoko et al., 2023).

CFD is a numerical method commonly used to study
aerodynamic phenomena in aerospace engineering. It is
used to solve the Navier-Stokes equation, which is derived
from three fundamental laws, i.e., continuity, momentum,
and energy conservation law, governing the fluid behavior
passing a rigid body (Zawawi et al., 2018). Several works

in CFD simulation are presented. Iranmanesh et al. (2023)
and Shi et al. (2023) performed a CFD simulation to in-
vestigate coolant jet flow in a nose cone, each with differ-
ent geometry and configuration, during hypersonic flight.
They successfully identified the optimum jet position to
provide adequate protection from aerodynamic heating
for the nose cone. In structural applications, CFD is utilized
to calculate the flight load of aircraft and launch vehicles.
Kuitche and Botez (2017) performed a CFD simulation
along with the Vortex Lattice Method and DATCOM proce-
dure to obtain various aerodynamic coefficients, including
the drag coefficient, as a function of the angle of attack
and angle of sideslip. The drag coefficient is a quantity
to express the quasi-steady drag force nondimensionally
(Loth et al,, 2021).

In aerospace engineering, laminated composite ma-
terial has been extensively used due to its superior me-
chanical characteristics, e.g., lightweight, high strength
and stiffness, and corrosion resistance, compared to tra-
ditional materials such as metals and alloys (George et al.,
2021). For example, the laminated composite material can
be found in helicopter rotor blades (Ahmad et al., 2020),
aircraft fuselage (Aribowo et al., 2023), and nose cones
of the launch vehicles (Kurdianto et al., 2023). Laminat-
ed composite can also be combined with foam, such as
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extruded polystyrene, to form a sandwich structure and be
used in UAV-fixed wings (Karpenko et al., 2023). In more
advanced applications, a multifunctional wing that allows
active actuation and energy harvesting to be performed
simultaneously has been developed using laminated com-
posite material (Tsushima & Su, 2017). In simple structures
such as cylindrical tubes, the composite material has been
utilized in hydraulic actuators. A thorough review of the
development of composite hydraulic actuators, includ-
ing manufacturing, testing, and modeling, is carried out
by Lubecki et al. (2022). Various actuator designs have
been employed, such as steel liners and nanocomposite
coating, which are manufactured by filament winding.
Analytical modeling was included in calculating the stress
distribution given the axial force, internal pressure, and
temperature. Besides hydraulic actuators, composite cylin-
der tubes are widely incorporated in rocket motor casing
design, as can be found in research works by Srivastava
et al. (2022a, 2022b) and Davies et al. (2022).

Discussions on methods to predict the mechanical be-
havior of composite materials have been extensively cov-
ered in previous studies. Tita et al. (2011) delved into a
theoretical framework aiming to estimate the mechanical
behavior of thick composites by outlining analytical for-
mulations and influential parameters. For relatively simple
structures, the CLT approach combined with numerical
analysis such as FEM can yield predictions of composite
material characteristics with reasonable results. Gheshlaghi
et al. (2006) analyzed composite cylindrical shells using
CLT combined with shell elasticity equation theory. It was
concluded that CLT and FEA can produce consistent re-
sults for simple models like cylindrical tubes. In addition
to shell theory, the development of analytical equations
for calculating stress and deformation in composite tube
laminates was pioneered by Logan and Widera (1989). The
authors developed equations to calculate the structure of
nonhomogeneous anisotropic shells of revolution through
the Hellinger-Reissner variational principle and asymptotic
expansion technique.

Strength analysis of isotropic nose cone structures
has been thoroughly discussed in several engineering
textbooks under the doubly-curved shell of the rotation
section (Reddy, 2007; Ugural, 2017; Ventsel & Krautham-
mer, 2001). The equations are relatively straightforward
and can be implemented with minimum effort. Mean-
while, analytical solutions for determining the strength of
doubly-curved composite structures can be less efficient
and pose a greater challenge due to the complex for-
mula derivations. Sayyad and Gugal (2019) proposed an
analytical formulation to evaluate static bending and free
vibration response of spherical orthotropic shells using
the Higher-order Shear Deformation Theory. However, the
formulation only works with simply supported boundary
conditions. For the general case, Aghdam et al. (2011) de-
veloped an analytical formulation for static bending of the
thick functionally-graded orthotropic conical shell using
the first-order shear deformation theory combined with
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the extended Kantorovich numerical method. Further ex-
ploring shell behavior, Guo et al. (2021) conducted a free
vibration analysis of composite conical shells employing
the Walsh series method. Based on the first-order shear
deformation theory, their model transforms complex mul-
tivariable differential equations into simpler linear algebra-
ic equations, enhancing solvability and accuracy. Similarly,
Shadmehri et al. (2012) used a semi-analytical approach to
study the buckling of conical composite shells under ax-
ial compression. Employing first-order shear deformation
shell theory and linear strain-displacement relationships,
they resolved the equations using the Ritz method and
concluded that critical buckling loads decrease with in-
creasing semi-cone angles, especially beyond 20 degrees,
and with increased fiber orientation in angle-ply shells.

In order to address this issue, this study proposed
a simpler and more efficient analytical calculation method
for nose cones made of orthotropic materials. This method
integrates membrane stress theory for isotropic materials
with CLT for orthotropic materials. The membrane stress
theory is used to determine the stress resultants in the
shell structure in both the meridional and parallel direc-
tions. Subsequently, based on the obtained stress result-
ants values, the stresses occurring in the laminates in both
directions of the shell structure are evaluated using CLT.
The analytical procedure is validated using FEM afterward
with a more realistic model, incorporating glued contact
and bolt holes. The approach taken is expected to con-
tribute to the development of more efficient analytical
methods for shells of revolution structures, particularly
nose cones.

2. Analytical method

2.1. Stress resultant on a thin shell

In the thin elastic shell, the bending and twisting moments
can be neglected, provided that suitable boundary and
loading conditions are given. This implies that the forces
on the thin shells only act within the surface plane, i.e.,
in-plane loading. Due to this, the thin elastic shell falls
into a membrane state, allowing only membrane stress
to act on the structure, hence the name membrane stress
theory. However, the theory is not valid for structural com-
ponents with geometric discontinuities, such as changes
in radius or thickness and sharp inclinations. The bending
stress theory of thin shells is utilized instead in such struc-
tures. Nevertheless, the membrane stress theory is con-
sidered adequate for analyzing stress in most thin shell
structures.

A nose cone is a doubly-curved shell of revolution
structure defined by the midsurface geometrical param-
eters, e.g. rq, rp, and ¢. As the shell of revolution is sub-
jected to an axisymmetric external pressure load, mem-
brane stress resultants N, and Ny are generated as shown
in Figure 1. The membrane stress resultant is another term
for force per unit length of meridian or parallel curve. The
relationship between the two stress resultants and the
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Figure 1. Force analysis on shell of revolution structure:
a - front view; b — top view
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Figure 2. llustration of forces on nose cone

external pressure load is described as follows (Zingoni &
Enoma, 2020):

Ny, N
= p,. ™
L n
Meanwhile, the stress resultant N, is evaluated using
Equation (2).

N, —— D
¢ 2nry sing
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The force Fp, as shown in Figure 2 represents the
external pressure p, acting on the nose cone surface. In
this study, Fp is equivalent to the aerodynamic drag force
generated by the static pressure. Hence, by knowing the
value of Ny, the stress resultant N is calculated using
Equation (1).

2.2. Classical laminate theory (CLT)

The CLT is commonly used to analyze stress in fiber com-
posite laminates. This theory assumes that the thickness
of the laminate is much smaller than its other dimensions,
hence Kirchoff's hypothesis applies. The hypothesis states
that the cross-section of a laminate remains perpendicu-
lar to the laminate midplane when subjected to bending
loads. This implies that transverse shear strains are ne-
glected, and thus transverse shear stresses are not taken
into account in the calculation.

Laminate analysis using CLT begins with evaluating
the midplane strains and global curvature. The relationt-
ship between the force per unit length N ={NX,Ny,NXy}

t
and moments per unit length M :{MX,My,MXy} to the

t
strains in the midplane g, :{SXO’SyO’SxyO} and curva-

t
tures in global coordinates « Z{KX,Ky,KXy} is expressed

in Equation (3) (Casavola et al., 2016):
N A B
=[5 olfel
where matrix [A] [BJ and [D] is expressed as follows:
[AB,D]= ;o,. [(z-2:4).

S(#-22). 5z -2)) @

Subscript i indicates i-th layer starting from the neu-
tral axes of the laminate. Then, by using {so} and {K}
obtained from Equation (3), the laminate strains at each
z-position in global coordinates is determined using Equa-
tion (5).

{e} ={eo} +2{x}. )

The global strains are then transformed into local co-
ordinates using Equation (6), which are then used as the
basis for calculating the local stresses of each lamina in
Equation (7). Each lamina’s strain and stress values are
subsequently used to determine failure indices.

{er} =[] {e: 6)

{o} =1Q{e}- ™

2.3. Nose cone geometry

The nose cone design is based on the Power series shape,
which is described using Equation (8) (Crowell, 1996):

x n
Y—R[LJ / 8

for 0 < n < 1. All variables in Equation (8) are shown in
Figure 3 with y = rg in case of shell of revolution structure.
Meanwhile, n = 3/4 is used in this study, representing the
Three-Quarter Power series type.

In calculation, it is convenient to express the
Equation (8) as a function of y, i.e. f(y), hence a manipula-
tion is needed to match the equation with Figure 3. This
manipulation leads to Equation (9).

L3
=Ll
x_L[RJ . )

The second derivatives of x with respect to ry from
Equation (9) are then computed to obtain the radius r;.

Figure 3. Nose cone geometry



2.4. Discretization and calculation procedure

The analytical calculation is performed by discretizing the
nose cone into several small segments. This method en-
sures minimum calculation error under sufficiently small
segments, resulting in comparable results to those ob-
tained through CAE software. The precision of this method
is critical for validating design parameters and ensuring
the structural integrity of the nose cone under various
loading conditions.

By knowing the pressure distribution on the nose
cone’s outer surface, the aerodynamic drag force can be
estimated analytically by discretization. The pressure dis-
tribution is obtained through CFD analysis as outlined in
Section 3.4. The resultant force F,, as shown in Figure 4a,
is the product of static pressure at k-th segment and the
corresponding segment'’s surface area. The resultant force
F, is decomposed into two force components, i.e., F,sine,
and F,coso,, as illustrated in Figure 4b. Drag force at k-th
segment, Fp, is then defined by Equation (10):

k
Fox = D FrCOS®,. (10)
n=1

The obtained Fp, , value is then substituted into Equa-
tion (2) to obtain Ny, , which is then used to calculate Ny
in Equation (1). These two stress resultant evaluated for
each k-th segment is substituted into Equation (3), i.e.
Ny = Ny and N, = Ny ;. The stress is subsequently com-
puted through the procedure described in Section 2.2. The
results of stress calculations are then evaluated using the
Tsai-Wu laminate failure criteria found in literature, e.g.
a research work by Kolios and Proia (2012).

a) X b)

F

n sin @n

Ax

y Fr cos Pn

Figure 4. Force analysis on nose cone structure: a — force
loading on segments; b — decomposition of force F,

3. Finite element method (FEM)

3.1. Overview

In order to determine the reliability and accuracy of the
calculation method applied in this study, an evaluation is
carried out by comparing the analytical calculation with
FEM results. The software used for FEM analysis is MSC
Patran as a pre-processor and MSC Laminate Modeler for
composite laminate modeling. Laminate Modeler provides
advantages in modeling the draping process during manu-
facturing stages, allowing fibre direction distortions to be
considered in stress analysis, thus improving the accura-
cy of the analysis results. Furthermore, the MSC Nastran
SOL 101, which is a linear static analysis solver, is used to
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handle the analysis assuming the absence of geometry,
material, and contact nonlinearities.

3.2. Mathematical formulation

The formulation of Finite Element Method for 3D element
model is expressed by Equation (11):

[t ¢TcTle, Javi -
j JINE {X}dV + I INF{T}ds, (11)

while for multilayered 2D shell element in composite mod-
eling is defined by Equation (12):

(15T [AT0Ea] 202, T T8
[ [ol[ ()~

§, ([ 2

Gl A

@A [N]qdA. (12)

Equation (11) and (12) can be rewritten in a Hooke's
Law form as follows:

[k J{u}={F}. (13)

Equation (11) and (12) are solved by performing
Gaussian quadrature integration to obtain the stiffness
matrix and nodal force vector. Once these two quantities
are acquired, the displacement is computed through stiff-
ness matrix inversion in Equation (13).

In general, the stress in Finite Element Method is evalu-
ated by employing the following constitutive relation

fo} =€t 04

In term of nodal displacement, nodal strain is ex-
pressed by Equation (15)

{e} =]B, ]{U}- (15)
The nodal stress both in 3D element FEM and 2D shell

element model is obtained by substituting Equation (15)
to Equation (14), leading to Equation (16) as follows:

{of=[c][Bn iU}, (16)

where [BmJ
Equation (17):

(8, 1-[8]+7[8] (17)

3.3. Geometrical modeling and meshing

for 2D shell element model is defined by

The nose cone assembly consists of two main compo-
nents: the nose cone tip and the nose cone body, both
of which are made of steel and S-glass/epoxy composite,
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a) b)

Figure 5. FEM model: a — the nose cone body; b — the nose
cone tip

respectively. In the modeling process, the nose cone body
is modeled in 2D surface format as required by Laminate
Modeler. This 2D modeling approach allows for accurate
simulation of layered composite structure while reducing
the computational time and cost. Meanwhile, the nose
cone tip is represented in 3D solid body to capture the
geometrical complexity of the component. This compre-
hensive modeling approach ensures that both compo-
nents are accurately represented without introducing un-
necessary complication to the entire model.

The nose cone body is represented in the FEM model
using hybrid 2D elements, which incorporate both Quad
and Tria elements with a GEL of 8 mm as shown in Fig-
ure 5a. Meanwhile, the nose cone tip is modeled using 3D
elements as illustrated in Figure 5b. Due to the sufficiently
small GEL, both 2D and 3D element used are linear ele-
ment type.

3.4. Load and boundary condition

The external force acting on the nose cone during flight
results from the surrounding static air pressure during
flight. A CFD analysis was performed on the nose cone
to determine this pressure distribution accurately. The
analysis provides a detailed map of the static air pressure
acting on the entire surface of the nose cone, as shown
in Figure 6. The load assumes that the pressure varies
only along the longitudinal axis, with maximum pressure
of 612.8 kPa occurs at the nose cone tip area. This pres-
sure distribution will be used as the loading in the FEM as
well as the analytical analysis, applied to the entire outer
surface of the nose cone including the tip and body. This
load application allows the assessment of the nose cone
structural response under realistic flight conditions.

7 xwof

Static pressure (Pa)
LS w -~ o (=]

NEE

0 -
0 01 02 03 04 05 06 07 08 09 1 11 12 13
Position in x-direction (m)

Figure 6. Load from static air pressure

Figure 7. MPC in the form of RBE2

The nose cone body includes bolt holes as a means of
structural connection to other structural components. Bolt
connection modeling is done by applying boundary con-
ditions to the bolt holes using MPC in the form of RBE2.
Dependent nodes are applied to nodes around the holes,
while independent nodes are applied to nodes in the mid-
dle of the bolt holes, as shown by magenta coloured enti-
ties in Figure 7. The complete RBE2 modeling for all holes
is shown in Figure 5a. Boundary conditions that restrict
displacement are applied to independent nodes by locking
nodal movement in the translational direction (UX = UY =
UZ = 0). Applying this MPC creates stress concentrations
that are more realistic than those in fully fixed constraint
boundary conditions.

3.5. Contact modeling

Adhesive contact between nose cone components is mod-
eled by assuming the nose cone tip and body as the mas-
ter and slave surface, respectively. The nose cone body,
primarily those close to the tip, cannot be modeled with
the same precision as in the 3D CAD model, resulting
in an overlap of approximately 7.3 mm, as illustrated in
Figure 8. A tolerance setting of about 8 mm addresses
this issue and ensures adequate contact between the two
components, with approximately 95% of elements of both
components touching each other.

Figure 8. Overlap between the body and tip of the nose
cone

3.6. Draping simulation

Laminate Modeler has the capability of modeling compos-
ite materials in the form of UD fiber and weave. The nose
cone composite material consists of woven fiber oriented
at +45/-45° with respect to the longitudinal axis. The ar-
rangement of the weave composite is created using the
Scissor Drape method. In the Laminate Modeler, a suc-
cessful draping simulation is followed by the generation
of flat patterns of composite fabric, as shown in Figure 9.



Figure 9. Single ply flat pattern of nose cone
composite

The figure shows a slight distortion in the fiber orientation
angle, indicated by the minimum and maximum strains of
-7.57° and 2.41°, respectively.

Assuming a female mold is used, the arrangement of
92 laminates starts from the mold’s interior surface to-
wards the midpoint of the parallel circle. Therefore, the
first laminate represents the outer radius of the nose
cone while the last laminate, i.e. the 92nd layer, repre-
sents the inner radius of the nose cone.

3.7. Mechanical properties

Common mechanical characteristics of steel are used in
this analysis with an E of 200 GPa, p of 7700 kg/m3, and v
of 0.3. Meanwhile, the nose cone body made of S-glass/
epoxy composite has a +45/-45 woven ply thickness of
0.25 mm with a total of 92 plies. The mechanical charac-
teristics of S-glass/epoxy composite are taken from the
literature with E; and E, of 28 GPa each, v;, = v, of 0.15,
G4, of 12 GPa, Gy3 and G,3 of 6 GPa each, and maximum
tensile stress 61y, G1o Oyt Oz and maximum shear stress
11, each of 480 MPa, 440 MPa, 480 MPa, 440 MPa, and
320 MPa (Guan et al.,, 2014).

3.8. Solver

In this study, linear static solver is utilised to compute
stress and deformation of the nose cone FEM model. Lin-
ear static solver computes the effect of static loading con-
ditions on a structure, ignoring the damping and inertia
effect caused by the time dependent load. The static load-
ing assumptions are valid for most structural design prob-
lem, including the nose cone. Therefore, linear static solver
is deemed sufficient to solve the FEM model of nose cone.

In Finite Element Method, the analysis involves solving
large linear system of Equation (13), which requires ma-
trix decomposition to minimize the computational time.
Subsequently, forward-backward substitution is applied to
obtain the direct solution of linear system. MSC Nastran
employs sparse algorithm to execute the calculation of
forward-backward substitution, which is essential to gain
efficient computational process.
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4. Result and discussion

4.1. FEM analysis

FEM displacement and stress results were thoroughly in-
vestigated to ensure their validity as a benchmark against
the analytical method. Overall, FEM results are deemed
sensible and consistent with the expected theoretical out-
comes. Therefore, the FEM results remain reliable and can
be confidently used as a baseline for comparison with the
analytical method.

The nose cone deformation is depicted in Figure 10a
and 10b. The red net in the Figure represents the unde-
formed configuration of the nose cone assembly. The de-
formation has been upscaled 20 times to obtain better
visualization since the maximum deformation is minuscule,
measuring only 0.00386 mm. As expected, axisymmetric
deformation is observed in the nose cone body due to
the applied load varying only along the longitudinal axis.
Additionally, the maximum deformation occurs at the nose
cone tip, which is reasonable due to the largest static pres-
sure arising in the same area.

Meanwhile, the axisymmetric stress results in the nose
cone body, as shown in Figure 11a, 11b, and 11c, are also
reasonable since the deformation is directly proportional
to the stress. To maintain the report’s conciseness, the
figures only display stresses for the 15t layer. Addition-
ally, as expected, the compressive stress for local 1- and
2-direction increases as the x-position increases, indicated
by smooth element colour transition toward darker shade.
This increase in stress is attributed to the rising stress re-
sultant along the longitudinal axis. Upon reaching the bolt
hole section, the stress becomes concentrated at a sin-
gle point, leading to stress relief in the surrounding area.
Meanwhile, in-plane shear stress tends to remain constant
in the nose cone body. However, some regions show a
transition from tensile to compressive stress due to the
split line formation during the drape simulation. Lastly,
similar to the local 1- and 2-direction, the stress concen-
tration occurs at a point on the bolt hole and relieves in-
plane shear stress in its vicinity.

a)

b)

Figure 10. FEM deformation results: a — isometric view;
b - front view
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b)

Figure 11. FEM stress results for the 1%t layer: a — local axis 1-direction; b — local axis 2-direction; ¢ — in-plane shear

4.2. Analytical approach analysis

The stress resultants are a matter of concern as they de-
termine the accuracy of analytical computation of the
stress distribution in the nose cone. The analytical cal-
culations show that the compressive stress resultant in
the parallel direction is higher than that in the merid-
ian direction at all observation points, as seen in Fig-
ure 12. However, since the stress resultant is force per
unit length of the meridional and parallel curve, the force
in both directions is similar owing to the geometry of
the nose cone, wherein the cross-sectional area expands
towards the base. This results in similar stress distribu-
tion along the x-axis for +45° and —45° fiber directions,
as shown in Figure 13a and Figure 13b. Additionally, both
compressive stress resultants in the meridional and paral-
lel directions escalate due to increased drag force along
the x-axis. Due to its aerodynamic shape, the drag force

-500

Stress resultant in meridional direction, N,

Stress resultant in parallel direciton, N

-1000 |

-1500 |
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~4000 L . . . . . . L . . L . .
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14

Position in x-direction (meter)

Figure 12. Stress resultants in the meridional and parallel
directions obtained from the analytical calculation

is small at the fore section and reaches a maximum at
the aft section of the nose cone. Therefore, based on this
observation, the stress resultant results are considered
reasonable.

The stress and Tsai-Wu failure indices observation for
both analytical and FEM methods are performed along the
central axis. The comparison of two results is shown in Fig-
ure 13a, Figure 13b, Figure 13¢, and Figure 13d, in which
the FEM results are presented for three different layers, i.e.,
the 1st, 46th, and 92nd layers, while analytical calculations
are only performed in the middle layer. Overall, the analyt-
ical method depicts satisfactory consistency in the result-
ing trend, primarily in stress-concentration-free areas, i.e.,
between two vertical dotted lines in the figures. In areas
near the nose cone tip and base, i.e.,, areas beyond the
first and second vertical line, significant deviation between
analytical and FEM is apparent due to stress concentration.
Adhesive contacts and bolt holes are the primary sources
of stress concentration, which are not included in the ana-
lytical modeling. After exiting the bonded joint area, the
stress concentration does not relieve, which explains the
substantial discrepancy between analytical and FEM results
for three stresses up to approximately 0.65 meters. Mean-
while, shear stress in analytical shows notable deviation
with FEM, both in magnitude and sign value, along the
x-axis. The FEM curve starts from a negative shear value
and decreases towards zero as it approaches approximate-
ly 0.48 meters, and eventually, the positive shear starts
to build up. However, this does not pose an issue since
the sign of the shear stress is irrelevant when calculat-
ing the Tsai-Wu failure indices. Additionally, the Tsai-Wu
failure indices are not sensitive to shear stress, as shown
by the Tsai-Wu relative error in Figure 14, therefore the
shear stress magnitude deviation has little impact on the
Tsai-Wu indices.
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a)

<)

b)

d)

Figure 13. Distribution along the longitudinal axis: a — stress in +45°; b — stress in —=45°; ¢ — in-

plane shear stress; d — Tsai-Wu failure indices

4.3. Relative error analysis

The relative error distribution of the analytical method
with respect to FEM result in +45°, -45°, and shear as well
as Tsai-Wu failure indices is presented only for the stress-
concentration-free area in Figure 14. The figure reveals
that the relative error for all stresses and Tsai-Wu indices
are significant at the fore section, after which the rela-
tive error gradually reduces as the position progresses in
the x-direction. As expected, the relative error of stresses
in the +45° and —45° direction are closely aligned, which
is consistent with the similarity in their magnitude trends
depicted in Figure 13a and Figure 13b. Meanwhile, the
relative error for shear stress diverges considerably from
the other two stresses without reaching zero value. How-
ever, shear stress contribution to Tsai-Wu failure indices is
minuscule, resulting in the Tsai-Wu relative error virtually
resembling that of the +45° and —-45° curves.

Figure 14. Relative error distribution along
the longitudinal axis

The maximum relative error for Tsai-Wu failure indices
in the zone unaffected by stress concentration is nota-
ble, i.e., approximately 35%. However, considering the trend
similarities in stresses and failure indices, the analytical
method is deemed an adequate tool to evaluate the com-
posite nose cone integrity in the section with slight stress
concentration. For preliminary design purposes of similar
nose cone configuration with varying thickness and fiber
composite layup, the proposed method provides a good
approximation of stress distribution before proceeding into
the FEM modeling to obtain more precise stress data.

4.4. Fibre distortion compensation analysis

A trial was conducted to investigate the effect of fibre dis-
tortion compensation in the analytical model. Woven lay-
ups of +48.8° and +43.8° are introduced in the analytical
method to simulate FEM models” maximum and minimum
fibre distortion of —7.57° and 2.41°, respectively. The new
layups are applied homogeneously to all nose cone body
sections. The relative errors of stresses and Tsai-Wu failure
indices produced by both new layups are subsequently
compared with the relative error of the original +45° layup.

The deviation of relative error is observed in the local 1-
and 2-direction results. The relative error of stress in the lo-
cal 1-direction of three layups, i.e. +45°, +48.8°, and +43.8°
direction, is depicted in Figure 15a. In the figure, the rela-
tive error of stress in the +43.8° direction shows an almost
negligible deviation from the +45° direction for all x-posi-
tions in the nose cone body. On the contrary, +48.8° layup
exhibits significant relative error improvement between the
onset of a stress-concentration-free area and a location
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approximately 0.8 meters away before showing a decline.
Meanwhile, Figure 15b shows the relative error of stress
in the local 2-direction of the identical three layups, i.e.,
45°, -48.8°, and —43.8° direction. Similar to the finding in
Figure 15a, the relative error of the —43.8° direction is also
closely matched with the —45° direction. However, the rela-
tive error of —-48.8° direction behaves oppositely to that
of +48.8°, worsening along the nose cone'’s longitudinal
axis. These findings suggest that larger distortions will have
a greater impact on the relative error in the stress of local
1- and 2-direction, either improving or worsening it.

Unlike local 1- and 2-directions, the deviation trend is
not seen in the relative error of in-plane shear and Tsai-
Wu failure indices. Figure 15c illustrates the comparison of
relative error of in-plane shear for all three layups, show-
ing that £48.8° and +43.8° layup deviates slightly from the
+45° layup. This finding suggests that the fibre distortion
of —=7.57° and 2.41° are insignificant enough to affect the
shear stress generation in the layup. Similarly, Figure 15d
shows that the +48.8° and +43.8° layups have a negligible
deviation of Tsai-Wu failure indices with +45° layup. The
significant deviation in local 1- and 2-direction of +48.8°
layup does not impact the relative error of Tsai-Wu failure
indices, attributed to the nonlinear relationship between
stresses and failure indices.

In conclusion, the introduction of fibre distortion of
-7.57° and 2.41° in the analytical method does not pro-
vide any meaningful improvement to the relative error of
each stress and Tsai-Wu failure indices. This finding in-
dicates that the variations in fibre orientation within this
range do not substantially affect the accuracy or reliabil-
ity of the method. Therefore, for the future application of

a)

<)
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this analytical method, user need not be concerned about
potential fiber distortion to some extent. The method re-
mains valid for use with designed fiber direction, allowing
fast design process of the nose cone structure.

4.5. Remarks on fiber distortion

Fiber distortion is a common issue in the manufacturing
of doubly-curved composite structures. As the layup is
draped onto a curved surface, the fiber in woven material
is subjected to in-plane shear. Hence, the material deforms
and fiber distortion occurs due to intra-ply shear. The
stress estimation, particularly using the analytical method,
becomes unreliable in case of large fiber distortion. In this
study, the analytical approach generates results compa-
rable to those of the FEM model due to the insignificant
fiber distortion effect in the FEM model. Care must be
taken when dealing with fiber distortion exceeding 15 de-
grees since the analytical model might not be valid in such
circumstances.

5. Conclusions

The analytical method for estimating the strength of nose
cone structures with orthotropic materials has been suc-
cessfully formulated based on membrane stress theory in
thin shells and CLT. Membrane stress theory for a shell of
revolution structures calculates stress resultants in meridi-
onal and parallel, which acts as inputs to CLT for evalu-
ating the stress and Tsai-Wu failure indices. Nose cone
geometry, which is based on a Power series shape, is dis-
cretized into small segments to compute the drag load

b)

d)

Figure 15. Relative error distribution for +45°, +48.8° and +43.8° layup: a — stress in local
1-direction; b — stress in local 2-direction; ¢ — in-plane shear stress; d — Tsai-Wu failure indices
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analytically from static air pressure data obtained from
CFD. The FEM model of nose cone structure, which con-
sists of the nose cone tip and body, has been developed
to validate the analytical formulation. The nose cone tip is
constructed from steel material, while the nose cone body
is fabricated from +45/-45 woven S-glass / epoxy com-
posite. The model includes bonded joints and bolt holes
on the fore and aft sections, respectively. The FEM model
is solved using a linear static analysis solver by applying
the static air pressure on the whole nose cone surface.
The FEM model provides reasonable results, allowing
the model to be utilised as a benchmark against the ana-
lytical model result. Meanwhile, the analytical model find-
ings indicate that the stress resultant results are sensible,
both in meridional and parallel directions. The stresses and
Tsai-Wu failure indices distribution generated by the ana-
lytical method exhibit similar trends to the values obtained
through the FEM method with notable magnitude and
relative error discrepancy in the area close to the bonded
joint at the front section. Shear stress, compared to the
other stresses, shows substantial relative error. However, it
does not raise concern since shear stress has a limited in-
fluence on Tsai-Wu failure indices calculation. Even though
inaccuracies are present to some extent, the trend similari-
ties suggest that the analytical method developed can be
used as a tool for the initial design of the nose cone struc-
ture with a similar configuration used in this research. The
potential fibre distortion can be ignored to some degree
when employing the analytical model since the introduc-
tion of fibre distortion insignificantly improved or worsen
the relative error result. However, it is essential to proceed
with caution in the presence of significant fiber distortion,
as the analytical approach may no longer be applicable.
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G,3 — the shear modulus of the composite in the 2 and
3 planes direction, GPa;

L — the length of the nose cone, m;

M,s M, — edge bending moment on a plate element, N.m;
M, — bending stress resultant in global laminate x-direc-
tion, N/m;

M,, — twist moment stress resultant in global xy-plane of
laminate, N/m;
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M, - bending stress resultant in global laminate x-direc-
tion, N/m;

n — exponent value of the Power series nose cone design'’s
formula;

Ny — membrane stress resultant along the shell of revolu-
tion’s meridian curve, N/m;

Ny — membrane stress resultant along the shell of revolu-
tion’s parallel curve, N/m;

N, — normal stress resultant in global laminate x-direction,
N/m;

N,y — shear stress resultant in global xy-plane of laminate,
N/m;

N, — normal stress resultant in global laminate y-direction,
N/m;

p, — the axisymmetric pressure distribution on the shell
structure, Pa;

q — distribution load on a plate element, N/m;

Q - the laminate stiffness matrix in global coordinates,
GPa;

Q — the local laminate stiffness matrix, GPa;

R — the base radius of the nose cone, m;

ro — the radius of the circle on the parallel plane, m;

rqy — radii of curvature in the meridian direction, m;

r, — radii of curvature in the parallel direction, m;

s—sin 6;

s;— limit of integration for element line integral;

T — the transformation matrix;

T, — transverse force acting on a plate element, N;

V, — limit of integration for element volume integral;

x = f(y) — contour function of the shell of revolution with
respect to its axis, m;

y — radius of the parallel circle for each value of x, m;

z — distance between the neutral axis of the laminate
cross-section to the i-th laminae, m;

¢ - edge rotation angle of a plate element, rad;

6 — fibre orientation angle, deg;

v — Poisson’s ratio;

p — the density of steel, kg/m?3

V12 = V¢ — In-plane Poisson’s ratio;

Ax — small shell surface segment, m;

&,0 — Midplane normal strain in global laminate x-direction,
m/m;

Yxy0 — Midplane shear strain in global xy-plane of laminate,
m/m;

€,0 — Midplane normal strain in global laminate y-direction,
m/m.
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