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Abstract. This paper presents a numerical analysis of the stress-strain state of a composite shell structure
of an aircraft engine nacelle using the finite element method (FEM). The central part of the nacelle, modeled as a
cylindrical sandwich shell with carbon fiber reinforced polymer (CFRP) laminates as face sheets and a Nomex
honeycomb core, is investigated under internal pressure to evaluate its static strength. Particular attention is paid
to the mechanical behavior of orthotropic layers and the application of the Tsai-Wu failure criterion for
determining the ultimate states. The analysis showed that the maximum values of the failure index (FI) for all
layers remain below 1, while the margin of safety (MS) is positive, which confirms the structural integrity and the
presence of a sufficient strength reserve under ultimate loading conditions.
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1. INTRODUCTION

The increasing use of composite materials in modern aerospace design is driven by their
high specific strength and stiffness. In engine nacelle structures, particularly in shell elements,
these materials are essential for reducing weight while maintaining reliability. Composite
sandwich panels with carbon fiber reinforced polymer (CFRP) face sheets and honeycomb core
are widely applied in nacelle design [8]. Considering the complex loading conditions during
operation, including static and aerodynamic loads, accurate stress analysis is critically
important to ensure the safety and integrity of the structure.

Among the various analytical approaches, the finite element method (FEM) has become the
most widely adopted tool for evaluating the behavior of thin-walled composite structures [7, 10, 12,
15]. FEM makes it possible to consider the orthotropic properties of the material, the stacking
sequence of laminates, and the interaction between the face sheets and the core, which is essential
for sandwich-type constructions. Furthermore, the application of advanced failure criteria, such as
the Tsai-Wu criterion, allows not only to predict the stress-strain state but also to assess the reserve
of structural strength under realistic operating conditions [6, 9, 11, 12]. This combination of
numerical modeling and progressive failure analysis forms the basis for reliable evaluation of the
load-bearing capacity of modern nacelle components.

2. OBJECTIVES

The main purpose of this study is to analyze the stress-strain state and to evaluate the
static strength of the composite shell structure of an aircraft nacelle using the finite element
method (FEM). FEM was selected as the principal research tool due to its ability to accurately
capture the orthotropic behavior of composite laminates, the geometry of the nacelle shell, and
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the interaction between face sheets and the honeycomb core. Achieving this goal is important
for enhancing the structural efficiency of nacelle components, which directly contributes to
weight reduction and operational safety in modern aircraft. To achieve this purpose, the
following objectives were formulated:

- to develop a finite element model of the nacelle sandwich shell with CFRP/Nomex
configuration;

- to evaluate the distribution of stresses and displacements under the action of internal
pressure;

- to verify the static strength of the structure using the Tsai-Wu failure criterion and
determine the margin of safety;

- to emphasize the influence of the composite material properties and laminate
stacking sequence on the structural efficiency.

3. METHODOLOGY

The numerical analysis of the composite nacelle shell was carried out using the
Patran/Nastran software package. In Patran, the geometric model was created, the composite
layup structure and material properties were defined, while Nastran was employed as the solver.
This approach made it possible to perform a realistic assessment of the shell behavior, considering
the theory of composite laminates within the finite element method framework [14].

3.1. Geometry

The geometry of the nacelle section (Fan Cowl) was modeled as a cylindrical shell
composed of three-layer sandwich panels. The model is based on the geometry of the fan cowl
structure of the Boeing 777 aircraft. According to industry-standard specifications and manufacturer
references, the fan cowl section is approximately 2000 mm in length and 4000 mm in diameter. The
composite layup configuration, including the [0/45/0] stacking sequence for CFRP laminates, was
chosen based on general industry practices and documented use in similar aerospace sandwich
structures. This approach ensures that the numerical model corresponds to real aerospace
structures (Fig. 1). The outer and inner face sheets are made of CFRP laminates with the [0/45/0]
stacking sequence, while the core is represented by Nomex honeycomb [2, 3].

Figure 1. Fan Cowl Geometry
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3.2. Material properties

Based on the previously defined sandwich structure, material properties for the
composite layers were specified by creating orthotropic material cards in the Patran
environment. The values of elastic modules, shear modules, and Poisson’s ratios for the CFRP
face sheets and the Nomex honeycomb core were selected from published aerospace composite
databases and previous simulation studies [2, 3]. The CFRP laminate stacking sequence
[0/45/0] was implemented through ply orientation definitions associated with the shell element
properties, with thicknesses corresponding to the specifications of the Boeing 777 nacelle.

Table 1

Mechanical properties

Property CFRP Nomex Honeycomb core
Longitudinal modulus, E1 (MPa) 135000 130
Transverse modulus, E2 (MPa) 8000 130
In-plane shear modulus, G12 (MPa) 5000 50
Out-of-plane shear modulus, G13 = G23 (MPa) 5000 50
Poisson's ratio, v12 0.3 0.25
Thickness per ply (mm) 0.25 10

The Nomex core was modeled as a homogenized orthotropic material, defined as the
central layer of the three-layer sandwich configuration. All material data were directly assigned
in Patran as composite properties and verified prior to meshing. The mechanical properties used
in the model are summarized in Table 1. These values are consistent with standard data for
CFRP and Nomex honeycomb used in the aerospace industry [2, 3].

3.3. Verification and Model Validation

From the perspective of the finite element method (FEM), shell elements are ideal for
structures in which one dimension (thickness) is significantly smaller than the others, and the
deformation occurs primarily in-plane and through bending. The use of quadrilateral elements
reduces numerical artifacts and improves the convergence of results, particularly when
modeling orthotropic layered materials such as composite laminates [1]. This makes them the
preferred choice in aerospace FEM analysis, provided that geometry allows it.

From a theoretical standpoint, quadrilateral shell elements — typically formulated based
on Kirchhoff-Love or Reissner-Mindlin plate theories [5] — provide a more accurate
interpolation of deformations compared to triangular elements. The stiffness matrix of a shell
element is expressed as:

K= fQ(BTD B)dQ (1)

where B is the strain-displacement matrix and D is the material stiffness matrix, which, for
orthotropic composite laminates, incorporates layer-wise anisotropy. For quadrilateral elements, the
interpolation functions in B allow for better representation of bending and membrane behavior
across each element, especially when the mesh quality is high (i.e., aspect ratios near 1:1).

Moreover, numerical studies demonstrate that quadrilateral elements reduce numerical
locking and improve solution convergence in thin-walled shell problems. This makes them
particularly suitable for modeling nacelle structures manufactured from thin-walled composite
laminates.
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3.4. Strength Verification Using the Tsai-Wu Criterion
3.4.1. Formulation at the ply level (lamina)

The verification is carried out at the level of each face-sheet ply in its local axes 1-2
(1 — along the fibers, 2 — transverse to the fibers). The required input data for each ply includes:

- Elastic constants E1 E> Gi2 vi2 (for UD/tape, identical for all plies, differing only by
the orientation angle ©).

- Ply thickness tx and orientation angle Ok.

- Strength allowables X; X, (tension/compression along 1), Yt Y. (tension/compression
along 2), and S (in-plane shear 1-2).

3.4.2. Computation of ply stresses

The global membrane forces {Nx Ny Nyxy} and moments {Mx My Myy} are related to the
mid-plane strains {€o} {k} through the laminate stiffness matrices:

{N}] _[A B [{80}]
[{M} B [B D! {k} 2)
The strain state of a ply located at a distance zx from the mid-plane is expressed as:

{e3¥ = (%) + 2k} (3)

The transformation into local ply axes is performed as:

{e}ly = T.(-0{}) @)

The local ply stresses are given by:

0}y = ofe}y, (5)
Qi1 @z O
Q = [Qu sz 0 l (6)
0 0 Qs
where
E E E E
U1 = V12 E_j A=1-vi3vy, Q11 = Xl: Q22 = XZ’ Q12 = V1Z 2, Q66 = G12

3.4.3. Tsai-Wu failure criterion for an orthotropic lamina
The failure index (FI) in the local axes 1-2 of the ply is expressed as:
FI = Flo'l + on_z + Fllo-lz + F220'22 + F66T%2 + 2F120-10_2 (7)

with the failure condition defined as FI < 1. The coefficients are determined from the material
allowables as follows:

1 1 1

Fio = e =55 Fee = 3 (®)
Fi=et—, F=ato 9
1_Xt Xcr Z_Yt; YC ()
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Here, 61, 62 and 112 are the local ply stresses in the 1-2 axes.

The relevance of applying the Tsai-Wu criterion to composite structural analysis is
confirmed by modern research [6, 11, 12, 13] in which an orthotropic damage model based on
a three-dimensional formulation of the criterion was proposed [6, 11].

3.5. Boundary Conditions and Applied Load

The boundary conditions were defined to simulate the realistic support of the nacelle
section. The upper edge was supported at four discrete hinge-type points corresponding to the
actual mounting system. At each of these points, all translational degrees of freedom (Ux, Uy,
Uz) and two rotational degrees of freedom (about the X and Y axes) were constrained, leaving
only the rotation about the Z-axis (Rz) free, in accordance with hinge support behavior (Fig. 2).

Translations <T1T2T3>
<0.,0.,0.>
Rotations <R1R2R3>

<,0.,0.>

Figure 2. Boundary conditions for the upper edge of the Fan Cowl

The lower edge was modeled as fully fixed, with all translational and rotational degrees
of freedom constrained. This corresponds to the rigid fastening provided by latches, which are
used in the actual operation of nacelles (Fig. 3).

Translations <T1T2T3>
<0.,0.,0.>
Rotations <R1R2R3>

<0.,0.,0.>

Figure 3. Boundary conditions for the lower edge of the Fan Cowl
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The internal pressure was uniformly applied to the inner surface of the shell, simulating
the aerodynamic loading. According to typical loading scenarios for fan cowls of wide-body
aircraft such as the Boeing 777, the internal pressure was set to 0.035MPa, representing the
pressure differential during takeoff and climb [4].

This value is consistent with the regulatory load levels for nacelle panels provided in
FAA advisory materials and Boeing structural design references [4, 5].

Prior to exporting the model to the Nastran solver for stress-strain analysis, the model
was checked for mesh quality, continuity of connections, and correctness of boundary
conditions. Visualization of the model is presented in Fig. 4.

Figure 4. Verification of element normals and boundaries

4. RESULTS

As a result of the analysis in the Patran/Nastran environment, the failure indices (FI)
were obtained for the plies of the composite sandwich shell according to the Tsai-Wu criterion.

- The FI distribution maps (Fig. 5) show that the maximum values are concentrated in the
plies with a [45] fiber orientation, which are the most sensitive to combined stress states [15].

- All calculated values satisfy the condition FI < 1, which indicates the absence of
failure under the applied load (internal pressure of 0.035MPa).

- The computed margins of safety (MS) for all monitored elements (Fig. 6) are
positive. The minimum value of MS=+0.25 was observed in the [45] oriented plies; however,
it remains above zero, ensuring a sufficient strength reserve.

Figure 5. Failure indices for the analyzed panel
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Figure 6. Margin of safety for the analyzed panel

Thus, the analysis demonstrated that the nacelle sandwich shell with [0/45/0] layup
provides the required strength reserve according to the Tsai-Wu criterion under operational
loading conditions.

5. CONCLUSIONS

1. The developed finite element model of the nacelle sandwich shell with CFRP/Nomex
composite material accurately represents its stress-strain state under internal pressure. The use
of quadrilateral shell elements allowed for both convergence and accuracy of the calculations.

2. The stress distribution in the face sheet plies confirmed that the highest loads are
carried by the [0] and [45] oriented plies, which corresponds to the expected behavior of an
orthotropic laminate under combined membrane and bending loads.

3. The static strength verification using the Tsai-Wu criterion showed that for all plies
the failure index (FI) values remain below unity, while the margin of safety (MS) is positive.
This indicates the presence of a strength reserve and the structural integrity of the nacelle under
the operational internal pressure of 0.035MPa.

4. The most loaded plies were those oriented at [45], however, even for them, the
minimum margin of safety remained above zero, ensuring safe operation of the shell.

5. The obtained results confirm the feasibility of using the selected stacking sequence
and materials for the nacelle structure. The proposed methodology can be applied for further
analysis and optimization of composite elements, particularly when considering the effects of
vibrational loads in future studies.
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YUCEJBbHUMN PO3PAXYHOK HANIPYKEHO-JIE®OOPMOBAHOI'O
CTAHY OBOJIOHKOBOI KOHCTPYKIII TOHJOJIN JITAKA

Muxaiino Ilpuxoasko; Cepriu Ilnckynos; Cepriit Tpyoaues

Hayionanvnuii mexniunuu ynieepcumem Ykpainu « Kuigcokuti nonimexniunuu
incmumym imeni leops Cikopcvkoeo», Kuis, Ykpaina

Peztome. [lpeocmasneno pesynomamu 4UCeIbHO0 AHANIZY HanpyoiceHo-Oepopmosanozo cmany (HIC)
KOMNO3UMHOI 000NOHKOB0I KOHCMPYKYII 20HOONU aBIAyiliHO20 O08USYHA 13 3ACMOCYBAHHAM MemOOy CKIHUEeHHUX
enemenmig (MCE). Modenv yenmpanehoi uacmunu 20HO0U NOOYO08AHO Y 8USIA0L YUITHOPUUHOT CEHOBIU-000I0HKU 3
obwmexkamu 3 gyeneniacmuxosux naminamie (CFRP) ma oceposm 3 com Nomex. Ompumarno po3nooinu HanpyiceHs i
nepemiujerb npu Oii 6HYMpPIUHbO20 MUCKY, WO IMIMYE eKCRIyamayitine HABAHMANCEHHS, Ma NOKA3AHO, WO HAUOLTbW
HABAHMAdICEHUMY € Wapu 3 opicnmayicio 6onokon +45° aAxi uymauei 0o KOMOIHOBAHO20 HANPYICEHO20 CMAMY.
Buxonano nepegipxy miynocmi ma pieni okpemux wapie 3a xpumepicm Llaui—By, wo epaxosye opmomponni
enacmugocmi mamepiany. Ompumaro, wo 015 6Cix wiapie 3navenns indexcy pyunyeanns (FI) sanuwaromoca menuwumu
3a 00UHUYIO, A MIHIMATbHI 3HaueHHs 3anacy miynocmi (MS) € dodammnumu, wo ciouums npo npaye30amuicmo
KoHempykyii npu enympiwnvomy mucky 0,035 Mlla. 3siocu sunmueae, wo po3eisiHyma Kou@ieypayis yKiaoKu
wapie [0/45/0]° 3abe3neuye HeoOXIOHUU piseHb cmamuyHoi MiyHOCMI ma 6I0N0I0AE 8UMOAM HAOIUHOCII Ol YMO8
excnayamayii. Tlokasano, wo 3acmocy8ants O0OONOHKOBUX HOMUPUKYMHUX CKIHUEHHUX eneMenmie 3abesnevye
aoexeamuy MoyHicmyb i 30IdCHICMb PO3PAXYHKY, A 6PAXYEAHHS OPMOMPONHUX XAPAKMEPUCTNUK Wapie 00360J5€
KOPEeKmHO NpOSHO3Y8aAmYU pobONty KOMROZUMHUX CeHO8Iu-nanenel y ckaadi agiayitnux KOHcmpykyii. Pezynbmamu
00CHI0HCEH ST NIOMBEPOANCYIOMb OOYLIbHICIb BUKOPUCIAHHS 00paHOi MemoouKku ma 00panux mamepianie oOis
no6y0osu mooeieti 20HOON, A MAKOIC MONHCYMb OYMU 3ACHOCO8AHI NPU NOOAILUALIT ONMUMI3AYIT KOHCMPYKYIll §
6pPaXy6anHI GIOPAYIIHUX HABAHMAICEHb Y NEPCREKMUGHUX JocaiodicenHax. [Ipakmuuna 3nauywicms pobomu noiseae
y cmeopenti 6azu 015 nodanvuioeo suxopucmants MCE-modeneil npu npoekmyeanti il cepmu)ikayitinux nepesgiprax
asiayitiHUX KOMROZUMHUX KoMnonenmis. Memoodonociuna nosuzna docniodcenns noaseae y noconanni ananizy HJ{C iz
Kkpumepiem Llaui-By 0na xomnnekcnoeo oyinio8aHHA Npaye30amHocmi, wo Moxce Oymu posuiupere Ha HWi munu
000I0HKOBUX eNleMeHMI8 TIMAIbHUX anapamis.

Knrwuoei cnosa: nanpyosiceno-oegpopmosanuii cmam, mMemoo CKiHYEHHUX eleMeHmis, 20HO0NA imaKd,
CEHOBIU-KOMNO3UM, YUCeIbHe MOOen08anHs, kpumepiu Llaii-By.
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