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1. INTRODUCTION

Modelling of a Composite Propeller
Blade with Complex Geometry and
Layered Structure

Reliable design of composite propeller blades requires integration of
geometric modelling, laminate definition, structural assessment, and
manufacturing preparation. Conventional CAD procedures employ
equivalent solid representations or simplified laminate descriptions, which
cannot capture ply continuity, local fibre orientation, or thickness
variations over twisted aerodynamic surfaces. This paper presents a
manufacturing oriented methodology for three-dimensional modelling and
structural analysis of a composite propeller blade with complex geometry
and an explicitly defined laminate architecture. Individual plies are
modelled while preserving the aerodynamic surface and accounting for
stacking sequence, ply thickness along the blade span. The CAD model
provides a geometric basis for finite element analysis under prescribed
loading  conditions, mass property evaluation, centre of mass
determination, and generation of ply geometries for manufacturing.
Application to a blade composed of fibre reinforced plies and a lightweight
core demonstrates that geometric and material fidelity can be maintained
across design, analysis, and manufacturing preparation without additional
geometric reconstruction.

Keywords: Propeller blade, composite materials, geometric modelling,
layered structure

aerodynamic surface while preserving the prescribed

The increasing complexity of modern engineering stru—
ctures requires the integration of advanced compu—
tational tools and modelling methodologies capable of
representing both geometric features and material
behaviour. This requirement is particularly relevant to
composite materials, which are widely used in the
aerospace and marine industries because of their high
specific strength and stiffness, as well as the possibility
of tailoring their mechanical properties through the
selection of suitable constituent materials and laminate
stacking sequences [1,2]. The structural response of
composite laminates is strongly influenced by fibre
orientation, ply thickness, stacking sequence, and mate—
rial distribution. Consequently, a detailed definition of
the laminate architecture is essential for reliable struc—
tural assessment and safe application of composite
components [3-6].

Propeller blades are geometrically demanding engi—
neering components characterized by varying cross-
sections, continuously changing curvature, and twist
along the blade span. Their design must simultaneously
satisfy aerodynamic, structural, mass, and manufac—
turing requirements. The use of composite materials
introduces further challenges because the laminate arc—
hitecture must be adapted to a curved and twisted
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stacking sequence, fibre orientation, and continuity of
individual plies. Previous studies have shown that lami—
nate configuration and geometric variations significantly
affect the stiffness, strength, deformation, and dynamic
response of composite propeller blades [6—8]. Structural
optimization and fluid—structure interaction analyses have
also been applied to evaluate blade beha—viour under
operational loading conditions and support the develop—
ment of efficient composite blade structures [9,10].

In many existing design procedures, aerodynamic
geometry, laminate definition, structural analysis, and
manufacturing preparation are treated as separate stages.
The transfer of data between independently developed
models may require additional geometric reconstruction
and manual adaptation of the laminate definition. Such
procedures can introduce inconsistencies in ply geo—
metry, fibre orientation, thickness distribution, and ma—
terial representation. Recent studies have therefore
emphasized the need for integrated design metho—
dologies that establish a consistent connection between
geometric modelling, numerical analysis, and manufac—
turing preparation [11-14]. Within such methodologies,
the finite element method provides an effective means
of assessing the structural response of anisotropic and
heterogeneous composite components while accounting
for the actual laminate configuration [15,16]. Despite
the progress achieved in composite modelling, the
development of a manufacturing oriented three-dimen—
sional model of a propeller blade remains challenging.
In particular, the representation of individual plies over
a twisted aerodynamic surface must be sufficiently
detailed to support both structural analysis and the
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generation of manufacturing data. Simplified equivalent
material models can be suitable for preliminary
structural calculations, but they do not provide the
individual ply geometries required for material cutting
and layup preparation. A unified model that preserves
the relationship between the aerodynamic surface, lami—
nate architecture, structural representation, and manu—
facturing geometry is therefore required.

This paper presents a methodology for the design,
three-dimensional modelling, structural analysis, and
manufacturing preparation of a composite propeller
blade with complex geometry and an explicitly defined
laminate architecture. The main objective is to establish
a consistent procedure for adapting individual compo—
site plies to the aerodynamic blade geometry while
preserving their thickness, stacking sequence, conti—
nuity, and fibre orientation. The methodology connects
the initial blade geometry with the laminate definition,
finite element model, mass property evaluation, and
generation of manufacturing data. In contrast to proce—
dures in which these activities are performed indepen—
dently, the proposed approach uses a common geomet—
ric basis throughout the development process. The
methodology is demonstrated through the development
and manufacture of a composite propeller blade com—
prising fibre reinforced plies and a lightweight core. The
resulting CAD model provides the individual ply
geometries required for cutting and layup operations
and enables the determination of laminate mass dis—
tribution and centre of mass location. The same lami—
nate configuration is used in the finite element model to
evaluate the static structural response under the pres—
cribed loading conditions. The scope of the present
research is limited to static structural analysis, manufac—
turing preparation, and demonstration of the proposed
design to manufacturing procedure.

2. MOTIVATION

The structural response of a composite propeller blade is
governed by the combined influence of its aecrodynamic
geometry and internal laminate architecture. Fibre ori—
entation, ply thickness, stacking sequence, material
distribution, and the mechanical properties of the con—
stituent materials determine the stiffness, strength, and
failure behaviour of the resulting structure [1-5]. In a
propeller blade, the relationship between the local
material axes and the applied loading directions changes
continuously along the span because of variations in
cross-sectional geometry, surface curvature, and twist.
Consequently, a laminate definition that does not ade—
quately follow the blade geometry may introduce
inconsistencies in the predicted structural response.
Several studies have investigated the influence of lami—
nate configuration and blade geometry on the behaviour
of composite marine propellers. Lin et al. [6] evaluated
the strength of a composite propeller blade using
nonlinear hydroelastic analysis and examined the
response of balanced and unbalanced stacking sequen—
ces. Ashok et al. [7] investigated the effect of stacking
sequence on propeller performance, whereas Kumar and
Rajagopalan [8] considered the combined influence of
geometric  variations and laminate configuration.
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Hussain et al. [9] employed coupled fluid—structure
interaction analysis and stacking sequence optimization
to assess the strength and deformation of thin composite
propeller blades. Although marine and aeronautical
propellers operate under different loading environments,
these studies demonstrate the importance of geometric—
material coupling and provide relevant evidence of the
sensitivity of blade response to laminate architecture.
Related investigations in aeronautical applications
have considered structural vibration, fluid-structure
interaction, bend—twist coupling, and torsional
deformation. Oliveira et al. [10] incorporated structural
vibration constraints into an aircraft propeller opti—
mization procedure. Park [17] combined aerodynamic
design, structural analysis, and fluid—structure interac—
tion to develop a composite turboprop blade with a skin
spar core configuration. Rokvam et al. [18] investigated
the elastic response and bend-twist deformation of a
composite propeller blade, while Mdhren et al. [19]
examined the structural mechanisms contributing to
torsional deformation in different propeller configu—
rations. These studies indicate that the structural beha—
viour of a propeller blade cannot be evaluated indepen—
dently of its geometric characteristics and operational
loading conditions. The finite element method remains
the principal numerical tool for evaluating composite
blade structures. Filippi et al. [15] developed an advan—
ced finite element representation for the static and
dynamic analysis of a double-swept composite rotor
blade. Garinis et al. [16] applied modal analysis to a
modified composite helicopter blade comprising a
composite spar, carbon-fibre face sheets, and a honey—
comb core. Detailed modelling of the core material was
addressed by Dinulovi¢ et al. [20], who developed a
meso-scale finite element model of Nomex honeycomb
composite plates. Structural optimization based on finite
element analysis was also employed by Svorcan et al.
[21] to determine suitable laminate configurations for
composite wind-turbine blades. Although these studies
address different blade configurations, they demonstrate
the importance of preserving material anisotropy and
laminate definition in numerical models of lightweight
composite structures. An increasing number of studies
have also considered the relationship between numerical
modelling and manufacturing. Kovacevi¢ et al. [11]
presented a complete propeller development process
comprising aerodynamic design, structural analysis,
manufacturing, and experimental testing. Radulovi¢ and
Mili¢ [12] applied numerical analysis and experimental
verification during the development of a composite
main rotor blade. Torpan and Zaharia [13] examined the
manufacture of composite tail rotor blades using 3D
printed moulds, demonstrating the influence of tooling
and production requirements on the design procedure.
Integrated numerical and experimental methodologies
have also been applied to other composite aerospace
components, including an optimized VTOL UAV en—
gine mount [14] and a composite multicopter arm [22].
Manufacturing oriented modelling has received further
attention in studies dealing with non-conventional blade
structures and thermoplastic composites. Malim et al.
[23] developed and experimentally validated a structural
methodology for a large scale 3D printed propeller. Ho-
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Nguyen-Tan et al. [24] presented a procedure for the
design and manufacture of a thermoplastic composite
fan blade that incorporated ply shape generation, fibre
draping analysis, and simulation of process induced
deformation. This study is particularly relevant because
it demonstrates that changes in fibre orientation caused
by draping over a curved and twisted surface can
influence both the manufactured geometry and the
resulting structural response. The reviewed literature
demonstrates substantial progress in composite blade
analysis, optimization, fluid—structure interaction, ex—
perimental assessment, and manufacturing technology.
However, the principal objectives of these studies are
generally directed toward aerodynamic or hydroelastic
performance, structural optimization, experimental
validation, or the simulation of individual manufac—
turing phenomena. Comparatively less attention has
been devoted to establishing a unified, manufacturing
oriented CAD model in which each composite ply is
represented as an individual three-dimensional entity
and adapted directly to the curved and twisted aero—
dynamic surface. In many existing workflows, the aero—
dynamic geometry, laminate definition, finite element
model, and manufacturing data are developed in sepa—
rate software environments or through successive geo—
metric reconstructions. Such procedures may introduce
discrepancies in ply boundaries, local fibre orientation,
thickness distribution, and material continuity. These
discrepancies are particularly relevant to propeller
blades because even moderate changes in ply geometry
or orientation can alter the local stiffness and defor—
mation characteristics of the laminate. The principal
research problem is therefore not limited to the appli—
cation of finite element analysis, but concerns the
preservation of geometric and material consistency
throughout the entire design to manufacturing process.
To address this issue, the present study introduces an
integrated CAD based methodology for the three-di—
mensional modelling, structural analysis, and manufac—
turing preparation of a composite propeller blade. The
procedure explicitly represents individual composite
plies and preserves their thickness, stacking sequence,
spatial extent, and fibre orientation over the blade
surface. A common geometric model is used to define
the laminate architecture, evaluate mass properties and
structural response, and generate the individual ply
geometries required for cutting and layup operations.
The methodology is demonstrated through the develop—
ment and manufacture of a composite propeller blade
with a fibre reinforced laminate and lightweight core.
The scope of the study comprises geometric and lami—
nate modelling, static finite element analysis, manu—
facturing preparation, and blade manufacture, while
experimental validation of the structural response is
outside the scope of the present research.

3. BLADE GEOMETRY

The external geometry of the propeller blade was defi—
ned according to the prescribed aerodynamic requi—
rements, including the airfoil distribution, chord vari—
ation, local design angle, and thickness distribution along
the blade span. The selected configuration was not
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subjected to aerodynamic optimization within the present
study. Instead, it was adopted as a representative
geometry for demonstrating the proposed methodology
for three-dimensional laminate modelling, structural
analysis, and manufacturing preparation. The total blade
length is 1000 mm. Three reference airfoil sections were
selected at characteristic spanwise locations to represent
the principal changes in chord, relative thickness, and
local design angle. Additional sections were generated
between these reference locations through aerodynamic
interpolation. This procedure preserved surface conti—
nuity and provided a gradual transition between adja—cent
profiles without abrupt changes in curvature or section
geometry. The resulting blade surface, together with the
reference and interpolated cross-sections, is shown in
Figure 1d. The spanwise coordinate z was measured from
the blade root reference plane. The local design angle
0(z), defined relative to the propeller rotational plane,
varies along the blade span according to Equation (1). Its
distribution is presented in Figure la. The variation in
cross-sectional geometry was additionally characterized
using the maximum and minimum principal second
moments of area, Imax(z) and Imin (z), calculated about
the centroidal principal axes of each section. The fitted
functions describing these distributions are given by
Equations (2) and (3), while the corresponding results are
presented in Figures 1b and 1c.

0(z)=1.23-2.61z+2.15z> —0.652> (1)

Ly (2) =2118.69—66416.682 +922580.407” ~7542445.692° +
407x107 2* —1.54x10° 2 +4.25x10° 2° —8.68x10°2” +
1.32x10°28 —1.50x10°2” +1.24x10° 210 —7.41x10% ! +

297x10°2% ~7.19x107 2 +7.96x10°2
Lyin (2) =963.09-32122.322+481456.012% —4279724.692°

nin

2

12.52x107 2% —1.04x108 2% +3.15%108 20 ~7.04x108 27 +
1.17x10° 22 —1.45%10°2° +1.32x10° 20 —8.57x10% 21 +
3.74x108 2% —9.88x107 21> +1.19x107 2

3

The adopted geometry contains continuous variati—
ons in twist, curvature, chord, and local thickness,
making it suitable for evaluating the ability of the pro—
posed modelling procedure to represent individual
composite plies over a non planar aerodynamic surface.
These geometric variations directly affect ply boun—
daries, local fibre directions, and the available thickness
for the face laminates and lightweight core. Conse—
quently, the geometric model provides the common
reference for laminate definition, finite element analysis,
mass property evaluation, and manufacturing preparation.

The structural design requirements derived from the
prescribed operational loading conditions were used to
define the material system and laminate architecture.
The selection procedure considered structural stiffness
and strength, mass reduction, geometric compatibility,
and manufacturing feasibility. Unidirectional carbon
fibre and glass fibre prepregs were selected as the face
laminate materials, while Rohacell structural foam was
used as the lightweight core.
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Figure 1. Geometric and design characteristics of the composite propeller blade: (a) spanwise variation in the local design
angle 6(z), described by Equation (1); (b) distribution of the maximum principal second moment of area Imax (z), described by
Equation (2); (c) distribution of the minimum principal second moment of area Imin (z), described by Equation (3); and (d)
complete blade geometry with the reference and interpolated airfoil sections.

The material data used in the model are summarized
in Table 1. The values reported for the prepregs rep—
resent areal mass rather than volumetric density. The
nominal cured ply thickness was used to define the
geometry of each composite layer within the CAD model.
The Rohacell core thickness varies along the blade span
according to the available internal section geometry.
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Table 1. Characterization of composite materials.

Material Density Thickness
UD glass-fibre 210 g/m’ 0.25 mm
prepreg
UD carbon-fibre 300 g/m’ 0.30 mm
prepreg
Rohacell 80kg/m’
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Each composite ply was represented as an individual
geometric entity and assigned its prescribed material,
nominal thickness, and fibre orientation. The orientation
angle was defined relative to a local reference direction
associated with the blade geometry. This local definition is
required because the spanwise and chordwise direc—tions
vary continuously over the twisted blade surface. It also
preserves the relationship between the intended stacking
sequence and the material coordinate system subsequently
employed in the finite element model. The spanwise
distributions of the blade thickness, core thick—ness, and
laminate thickness are presented in Table 2. The table
contains sections A—A' to R'—R’, positioned between 150
mm and 1000 mm. These sections should not be inter—
preted as additional reference airfoils. They represent
intermediate geo—metric stations generated from the three
original refe-rence profiles and used to define the local
thickness distribution. The laminate thickness decreases
toward the blade tip by terminating selected plies at
prescribed spanwise locations. Each ply termination was
introduced while maintaining geometric continuity and
avoiding abrupt variations in the external blade surface.

The elastic constants and strength parameters used in
the finite element analysis were obtained from the expe—
rimental material characterisation conducted as part of
the author’s doctoral dissertation [25]. The mechanical
properties were determined by testing representative
specimens manufactured from the corresponding com—
posite material system. These experimentally determi—
ned values were adopted in the numerical model, while
the manufacturers’ technical data sheets and relevant
literature were used as supplementary sources where
required. Since all unidirectional plies within each lami—
nate were oriented at 0° relative to the local spanwise
direction of the blade, the total laminate thickness is
reported for each cross-section.

Table 2. Spanwise distribution of blade, core, and laminate
thicknesses.

Following the definition of the external blade
surface and spanwise thickness distribution, the lami—
nate architecture was implemented in a CAD environ—
ment intended for composite structure modelling. The
individual plies were adapted to the curved blade sur—
face while preserving their nominal thickness, pres—
cribed boundaries, stacking order, and local fibre ori—
entation. The core geometry was defined from the
internal volume remaining after the face laminates and
other structural constituents had been introduced.

The resulting model enables visualization of the
complete laminate architecture and inspection of the
blade structure at any selected cross-section. Because
the individual plies are explicitly represented, the same
model can be used for structural model preparation,
evaluation of material distribution, calculation of blade
mass, and determination of the centre of mass location.
This common geometric basis reduces the need for
separate reconstruction of the blade geometry during the
transition from design to numerical analysis and
manufacturing.

Flattened ply geometries were generated from the
three-dimensional CAD model and used as nominal
cutting patterns for manual layup. Their correspondence
with the curved blade surface supports accurate material
placement and helps control manufacturing deviations
such as ply gaps, overlaps, wrinkles, and unintended
local thickness variations. The generated patterns also
preserve the identification of each ply and its intended
position within the stacking sequence.

The complete three-dimensional CAD model is
presented in Figure 2, while Figure 3 illustrates the
laminate and core arrangement at a representative blade
cross-section.

. Total
Spec1ﬁed local Rohacell Laminate
Cross-section | SPATWISC blade core thickness
position . thickness 1
[mm] thickness [mm] [mm]
[mm]

Section A'—A' 150 50.50 40.30 5.10

Section B—B' 200 46.17 35.97 5.10

Section C—-C 250 41.05 30.85 5.10 Figure 2. Developed CAD model of the blade.
Section D'-D’ 300 36.26 26.06 5.10

Section E'-E’ 350 32.22 22.02 5.10 .
Section F—F' 400 28.92 21.72 3.60 -
Section G'-G' 450 26.17 20.17 3.00 o~
Section H'-H’ 500 23.76 20.16 1.80 [

Section I'-I' 550 21.48 17.88 1.80 N

Section J'-J’ 600 19.20 16.20 1.50

Section K'-K' 650 16.89 13.89 1.50 —

Section L'-L’ 700 14.60 11.60 1.50 ‘ ‘
Section MM’ 750 12.39 10.59 0.90

Section N'-N' 800 10.35 8.55 0.90 Detail P

Section 0'-O' 850 8.61 7.41 0.60 Soate: 811 N
Section P—P’ 900 7.21 6.01 0.60

Section Q'—Q’ 950 6.17 5.57 0.30

Section R—R’ 1000 5.45 4.85 0.30

"' For each cross-section, the total laminate thickness per side,
comprising multiple composite-fibre plies, is shown. The
cross-sections are marked in Figure 1d.
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Figure 3. The blade structure in cross-section.
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4. METHODOLOGY

The proposed methodology was developed to create a
manufacturing-oriented three-dimensional CAD model of
a composite propeller blade with a defined laminate arc—
hitecture. The aerodynamic geometry and internal laminate
structure are represented within the same model, which is
then used for structural analysis, mass-property calcu—
lations, and manufacturing preparation. Unlike simplified
models in which the laminate is represented as an equi—
valent homogeneous solid or shell, the present model
includes the individual plies, their nominal thicknesses,
stacking sequence, and fibre orientations. The modelling
process starts with the aerodynamic definition of the bla—
de. The external surface, airfoil sections, chord distrib—
ution, and spanwise twist provide the reference geometry
for the laminate model. The materials, ply thicknesses,
stacking sequence, and core dimensions are specified
according to the structural and manufacturing require—
ments. In this study, unidirectional carbon-fibre and glass-
fibre prepregs were used as the main load carrying mate—
rials, while Rohacell foam was used for the light-weight
core. The basic material data are given in Table 1, and the
variation of the laminate and core thicknesses along the
blade span is presented in Table 2. Each ply is modelled as
a separate parametric entity based on the corresponding
blade surface. Its boundaries, nominal thickness, material,
and fibre direction are defined individually. Local coor—
dinate systems are used to control the fibre orientation over
the curved and twisted blade geometry. The plies and the
foam core are then assembled to form the complete blade
model. This makes it possible to inspect the stacking se—
quence, material distribution, and local laminate thickness
at any position along the blade.

The model was developed using the Shape Design
and Composite Design workbenches. Since all laminate
constituents are included in the CAD definition, the
model can be used directly to calculate the blade mass,
centre of mass, material volumes, and thickness
distribution. It also provides the geometry required for
the finite element model, allowing the structural
response of the prescribed laminate to be assessed under
representative operating loads.

Manufacturing preparation is based on the gene—
ration of flattened patterns for the individual plies.
These patterns retain the prescribed fibre direction and
provide the cutting geometry required for ply prepa—
ration and manual layup. Their use facilitates ply positi—
oning and reduces the risk of material gaps, overlaps,
and local accumulation during laminate assembly. For
plies applied to doubly curved regions, the flattened
geometry represents the nominal cutting pattern because
material draping and in plane deformation are not
simulated in the present model. The methodology assu—
mes that all laminate constituents conform ideally to the
aerodynamic surface. Manufacturing effects such as
fibre wrinkling, ply bridging, resin rich regions, voids,
cure induced thickness variations, and spring back are
not considered. The model therefore represents the no—
minal blade configuration and is used for structural
assessment, mass estimation, and manufacturing plan—
ning. The complete sequence of modelling and manu—
facturing preparation activities is shown in Figure 4.
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Aerodynamic blade geometry requirements

| |
\ 4

| Parametric 3D CAD model |

v

‘ Explicit laminate definition ‘

v

Ply thickness, orientation
and stacking sequence

v

‘ Complete 3D CAD blade model ‘

\ 4 % \ 4

Ply flattening and
cutting-pattern generation

v v v

Mass distribution and Numerical structural Ply cutting, lay-up
centre of mass response and curing

v

Manufactured composite
blade

‘ Materials and laminate

Mass-property evaluation Finite element analysis

Figure 4. Block diagram of the proposed methodology for
the design, CAD modelling, laminate definition, structural
analysis, tooling development, and manufacturing
preparation of the composite propeller blade.

4.1 Structural Analysis

A static finite element analysis was performed to assess
the structural response of the composite propeller blade
under centrifugal loading, which represents the domi—
nant load acting on the blade during rotation. The
analysis was based on a two-dimensional layered shell
formulation that retained the stacking sequence, ply
orientations, nominal ply thicknesses, and foam core
defined in the CAD model. This allowed the response of
the individual plies to be evaluated without replacing
the laminate with an equivalent homogeneous material.
The finite element model was generated from the deve—
loped blade geometry, maintaining consistency between
the geometric definition, laminate architecture, and
structural model. Orthotropic material properties were
assigned to the carbon and glass fibre plies, while the
Rohacell core was represented as an isotropic material.
The laminate configuration corresponded to the span—
wise thickness distribution summarized in Table 2.
Layered composite shell elements were used to calcu—
late the global deformation and evaluate the stresses and
failure indices in the individual plies. A mesh con—
vergence study was performed using maximum X-
direction deformation as the convergence parameter.
Element sizes of 2, 3, 4, 6, and 8 mm were considered,
as shown in Figure 5. Based on the small variation in
the calculated deformation and the balance between
numerical accuracy and computational cost, a nominal
element size of 4 mm was selected for the final model.
The mesh was refined near the blade root and in regions
with pronounced geometric transitions. The final finite
element mesh is shown in Figure 6.

The blade root was constrained in all translational
and rotational degrees of freedom to represent its
attachment to the propeller hub. The centrifugal action
was represented by an equivalent load with a resultant
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force of 54 kN, corresponding to a rotational speed of
2500 rpm. This load case was selected because cent—
rifugal force represents the dominant structural load
acting on the blade under the considered operating con—
dition. The calculated deformation increased gradually
from the constrained root towards the blade tip.

Mesh Convergence Study
0.3920

—O— Directional deformation X
® Selected mesh: 4 mm
=== 2 mm reference

039120

0.3910

0.3900

Directional Deformation X [mm]

0.3890 8890 0.38882

0.3880

8 6 4 3 2
Element Size [mm]

Figure 5. Mesh convergence study.

000 25000 50000 (mm)

12500 37500

Figure 6. FEM mesh.

Although the absolute maximum total deformation
of 0.39 mm was recorded locally at the contact surface,
this value was attributed to the idealized representation
of the attachment and the imposed boundary condition
and was therefore not considered representative of the
global blade response. Outside the boundary affected
contact region, the deformation increased along the
blade span and reached a maximum value of 0.304 mm
at the blade tip, as shown in Figure 7. This distribution
corresponds to the axial extension of the blade produced
by centrifugal loading. The smooth variation of defor—
mation along the span indicates continuous load transfer
through the laminate without abrupt changes associated
with local stiffness variations.

Xy
®
00 10000 20000 (v
— — L

5000 15000

Figure 7. Total deformation of the composite propeller
blade under centrifugal loading.

The laminate strength was evaluated using the Tsai—
Hill failure criterion, with the results expressed in terms
of the inverse reserve factor. A local maximum value of
1.6 was obtained in a small number of surface elements
located directly at the fully constrained blade
attachment. These isolated values were associated with
the stress concentration produced by the idealized fixed
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support boundary condition and were therefore not
considered representative of the laminate response
outside the immediate support region. Outside the
elements directly affected by the constraint, the
maximum inverse reserve factor was 0.8 and occurred
in the blade root region and near the sleeve exit. Since
this value remained below 1, no ply failure was
predicted outside the constrained region under the
centrifugal load corresponding to 2500 rpm. A more
detailed assessment of the attachment region would
require explicit modelling of the contact between the
blade root, sleeve, and propeller hub. The inverse
reserve factor distribution is shown in Figure 8.

Figure 8. Inverse reserve factor distribution based on the
Tsai-Hill failure criterion.

The laminate configuration was defined from the
structural and manufacturing requirements and was sub—
sequently assessed under centrifugal loading, laminate
optimization was not performed in the present study.

4.2 Manufacturing

After completion of the laminate model, the blade mass
was calculated using the material densities assigned to
the individual plies and the foam core. The resulting
mass was 1985 g. The centre of mass was located at
x=397.18 mm, y=0.66 mm, and z=97.05 mm relative to
the global coordinate system Oxyz. Its position is mar—
ked in green in Figure 9. These values represent the
nominal mass properties of the CAD model and depend
on the prescribed geometry and material data.

Figure 9. Blade geometry showing composite layers and
the center of gravity marked in green (397.18 x 0.66 x 97.05
mm relative to Ox, Oy, Oz).

A flattened cutting pattern was generated for each
composite ply. The patterns corresponding to the upper
and lower blade surfaces were prepared and cut sepa—
rately using an automated cutting machine, as shown in
Figure 10a. Their geometry was derived directly from
the laminate model, preserving the prescribed ply
boundaries and fibre directions. Accurate preparation of
the cutting patterns facilitates ply positioning during
layup and reduces the occurrence of gaps, overlaps,
wrinkles, and local material accumulation. After cutting,
the plies were placed in the mould in the prescribed
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order. The layup started from the lower blade surface
and continued towards the upper surface, following the
defined stacking sequence and fibre orientations. The
layup procedure is shown in Figure 10b, while Figure
10c presents the closed mould containing the complete
laminate before curing.

Figure 10. Manufacturing stages of the composite propeller
blade: (a) cutting of the flattened ply patterns; (b) placement
of the individual plies in the mould according to the presc—
ribed stacking sequence and fibre orientations; (c) closed
mould containing the complete laminate before curing.
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The laminate was cured in the closed mould using a
prescribed time—temperature—pressure cycle adapted to
the prepreg materials. The curing cycle is shown in
Figure 11. The controlled temperature increase reduced
the resin viscosity and initiated the curing reaction,
while the applied pressure promoted laminate
consolidation and reduced the amount of trapped air.
The dwell period was selected to achieve the required
degree of cure. After controlled cooling and
depressurization, the mould was opened and the blade
was removed for subsequent trimming and finishing.
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Figure 11. Time, temperature, and pressure gradients used
during the composite curing process, ensuring complete
polymerization and optimal fibre impregnation.

The manufactured blade is shown in Figure 12. Its
external surface followed the intended aerodynamic
form, while the upper and lower blade surfaces were
formed within the corresponding mould sections. The
completed component demonstrates that the laminate
definition, flattened ply patterns, and prescribed stac—
king sequence can be transferred from the CAD model
to the manufacturing process. Quantitative dimensional
inspection and mechanical testing of the manufactured
blade were not included in the present study.
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i

Figure 12. Final composite blade showing the completed
laminated structure and smooth aerodynamic surfaces.

5. DISCUSSION

The central outcome of this research is a ply resolved
geometric definition of a twisted composite propeller
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blade that can be used for structural analysis and manu—
facturing preparation without redefining the laminate
architecture. Ply boundaries, nominal thicknesses, ma—
terial assignments, fibre orientations, and core geometry
originate from the same CAD model and remain
consistent during their transfer to the layered finite ele—
ment model and the generation of cutting patterns. The
scientific contribution therefore lies in establishing
geometric continuity between laminate design, nume—
rical assessment, and manufacturing data for a compo—
site blade with continuously varying curvature and
twist. Such continuity is important because the local
material directions of a composite blade cannot be
described adequately by a single global coordinate
system. Changes in blade curvature and twist modify
the relationship between the prescribed fibre direction
and the structural load path. Defining each ply relative
to the local blade surface preserves the nominal orien—
tation field and thickness distribution throughout the
span. Equivalent homogeneous models may reproduce
global stiffness after suitable calibration, but they do not
retain the geometric information required to examine
individual plies or prepare manufacturing patterns. In
the adopted procedure, the surfaces used to define the
numerical plies also determine their flattened cutting
geometries, reducing inconsistencies between the la—
minate assumed in the analysis and the laminate pre—
pared for lay up.

The structural response obtained at 2500 rpm cor—
responds to the expected load transfer in a blade domi—
nated by centrifugal force. The resultant centrifugal load
of 54 kN produced a gradual increase in displacement
from the constrained root towards the tip. Ply stresses
reached their highest values near the root and decreased
along the span because each section carries the centri—
fugal action generated by the material located farther
from the axis of rotation. This response is mechanically
consistent with the radial tensile loading of a rotating
blade and indicates that the layered model preserves the
expected relationship between blade geometry, mass
distribution, and laminate stiffness. Assessment accor—
ding to the Tsai—Hill failure criterion requires particular
attention near the constrained boundary. An inverse
reserve factor of 1.6 occurred in a small number of
surface elements directly adjacent to the fully fixed
attachment. The abrupt suppression of all translational
and rotational degrees of freedom produces a localized
stress concentration whose magnitude is sensitive to the
boundary representation and mesh density. This peak
should therefore be interpreted as an indication of
boundary condition sensitivity rather than evidence of
general laminate failure. Outside the elements directly
influenced by the constraint, the highest inverse reserve
factor was 0.8 and occurred in the blade root region and
near the sleeve exit. The value remained below the
failure threshold, indicating that first ply failure was not
predicted in the structurally representative part of the
blade under the analysed centrifugal load. The local
result at the attachment cannot, however, be dismissed
without further examination. Reliable assessment of this
region would require explicit representation of the
sleeve, hub, contact interfaces, and load transfer through
the connection. The mesh convergence study estab—
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lished the stability of the global directional deformation
and supported the selection of a 4 mm element size, but
deformation convergence does not necessarily imply
convergence of local ply stresses at a fully constrained
boundary. In addition, the Tsai—Hill criterion identifies
the onset of failure through the interaction of ply stress
components but does not distinguish between failure
modes or describe damage evolution after first ply
failure. The calculated mass of 1985 g and centre of
mass coordinates of x=397.18 mm, y=0.66 mm, and
7z=97.05 mm were obtained from the spatial distribution
of the plies and foam core. These quantities are
particularly relevant to centrifugal loading, propeller
balancing, and subsequent dynamic assessment. They
remain nominal values because their accuracy depends
on the assigned densities and cured ply thicknesses.
Resin content variation, laminate compaction, and local
material accumulation during layup may alter both the
mass and its spatial distribution. Comparison with
measured mass properties would be required to quantify
the influence of these manufacturing deviations. The
practical applicability of the geometric model was
examined through the preparation and manufacture of
the blade. Flattened patterns generated from the ply
surfaces were used for automated cutting and placement
in the mould according to the prescribed stacking
sequence. The manufactured component demonstrates
that the ply definition can be transferred from the three-
dimensional model to the layup process without
preparing an independent set of cutting templates. This
represents an important engineering consequence of the
methodology because the manufacturing data remain
traceable to the laminate evaluated numerically.

The correspondence between the nominal and ma-—
nufactured laminate nevertheless cannot be established
from visual appearance alone. Flattening a ply located
on a doubly curved surface does not fully account for
prepreg deformation during placement. Draping may
produce local changes in fibre angle, ply boundaries,
and thickness, particularly in regions of pronounced
curvature. Ho-Nguyen-Tan et al. [24] demonstrated that
these effects can influence both the geometry and
structural response of composite blades. Dimensional
inspection and non-destructive examination would the—
refore be necessary to determine whether local wrink—
ling, bridging, gaps, or thickness variations occurred
during production. Previous investigations have combi—
ned different stages of propeller development, but their
principal research objectives differ from those of the
present work. Kovacevi¢ et al. [11] considered propeller
design, computation, manufacturing, and testing as a
broader development procedure. Park [17] addressed the
aeroelastic analysis of a turboprop blade, while Rokvam
et al. [18] focused on experimental verification of bend—
twist deformation. Malim et al. [23] examined structural
modelling and validation of an additively manufactured
propeller, whereas Ho-Nguyen-Tan et al. [24] investi—
gated fibre draping and process induced deformation in
a thermoplastic fan blade. In comparison, the specific
contribution of this research is the preservation of
detailed ply geometry as a common definition for CAD
modelling, layered finite element analysis, mass
property calculation, ply flattening, and manufacture of
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a conventionally laminated prepreg blade. The conc—
lusions are restricted to the dominant centrifugal load at
2500 rpm and should not be interpreted as a complete
assessment of operational behaviour. A rotating
propeller is also affected by bending, torsion, vibration,
and coupling associated with its initially twisted
geometry. Further development should therefore include
a more representative attachment model and combined
operational load cases, followed by progressive damage
and fatigue analyses. Experimental measurement of
blade mass, centre of mass, strain, and deformation
would provide the evidence required to determine the
predictive accuracy of the numerical model and support
subsequent operational qualification. No quantitative
reductions in production time, material consumption, or
cost were measured in this study. Therefore, such
benefits cannot yet be claimed. The procedure requires
composite oriented CAD expertise and appropriate
software and manufacturing equipment, which may
increase the initial implementation effort. The same
workflow can be transferred to other curved layered
aerospace components, provided that their geometry,
laminate architecture, loading, and manufacturing
constraints are redefined.

6. CONCLUSION

This study presented a method for developing a com—
posite propeller blade with complex curvature and twist
from a single three-dimensional CAD definition. Star—
ting from the aerodynamic surface, each ply was created
individually, with its material, thickness and fibre
direction retained throughout the formation of the
laminate. The resulting model provided the basis for fi—
nite element analysis and the determination of blade
mass properties. The ply surfaces were also flattened to
obtain the cutting patterns used during layup and
manufacture. Connecting these stages through a com—
mon laminate definition reduced the need for repeated
geometric reconstruction and the possibility of discre—
pancies between the blade configuration used in the
analysis and that prepared for production. The structural
analysis showed the response of the prescribed laminate
under the selected centrifugal load, while the manu—
facture of the blade demonstrated that the generated ply
geometry could be transferred to the chosen production
procedure. The methodology established a clear con—
nection between geometric modelling, structural asses—
sment and manufacturing preparation, while preserving
the origin and continuity of the ply data throughout the
process. Although it was demonstrated on a propeller
blade, the procedure can also be applied to other curved
composite structures whose geometry and laminate
architecture must be transferred consistently from
design to manufacture. Future research will focus on the
experimental validation of the developed model by
comparing  the  numerical predictions  with
measurements obtained from the manufactured blade.
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MOJEJOBAIE KOMIIO3UTHOI' KPAKA
EJINCE CJIOKEHE TEOMETPHJE "
JJAMUHATHE CTPYKTYPE

M. Muauh Jankosuh, P. Paaysosuh

3a NOy3/aHO IPOjeKTOBamE KOMIIO3UTHHUX JIOTIATHIA
eJICe HEOMXOJHO je IOBEe3aTH TEeOMETPHjCKO MOJe—
JoBamke, ACPHUHHCAEE CTPYKTYpe JlaMUHATa, IMpopa—
YyHCKY aHaJIU3y U NPUIPEMy 3a Ipou3Boamy. Konen—
uuoHanan CAD moctynuu Hajuenthe ce 3acHHBajy Ha
SKBHBAJICHTHUM 3alPEMUHCKUM MOJEINMAa WM I0jes—
HOCTaBJbEHUM OOJMLUMa JIAaMHHATa, KOjU HE OMO—
ryhaBajy mpeuusHO NpeACTaB/bakbeé KOHTHHYUTETa
CliojeBa, JIOKAJIHE OpHUjEHTAllMje BJaKaHa W IMPOMEHa
JeOJbMHE HA BUTONIEPEHNM aepOIMHAMUYKUM MOBPIIM—
Hama. Y pajy je mpeicTaBbeHa MPOU3BOJHO OPHUjeH—
THCaHa METOJI0JI0THja 32 TPOJANMEH3NOHAIHO MOJIENIO—
Balkbe U CTPYKTYpPHY aHAIW3y KOMIIO3UTHE JIOIATHLE
eJIACE CIIOKEHE TeOMETPHje W EKCIUITMIUTHO IeQHHU—
CaHE apXUTEKType IamuHaTa. [lojeMHAYHU CIIOjeBH
MOZIEIOBaHH Cy Y3 OUyBame acpOJAUHAMUYKE ITOBPIIMHE
U yBaXaBame peloCiiefa cilarama, AeOJbHHE CJojeBa
oyx pacnona somaruiie. CAD momen mnpezncraBiba
IEOMETPHUjCKY OCHOBY 3a aHAJIM3y METOJOM KOHAaYHHX
eJleMeHara IpH 33/1aTUM yclioBuMma onrtepehema, onpe—
huBame MaceHWX KapaKTepHCTHKA W ITI0JIOXKaja LIEHTpa
Mace, Kao U TeHEpUCame TeOMETpHje IOojeANHAYHUX
ciojeBa 3a norpede mpousBoame. [Ipumena meromo—
JOTHje Ha JIOMATHIIM CacTaBJBEHOj OJ BIAKHAMA
0jayaHMX CJI0jeBa W WCIyHE IMMOKa3ala je Ja ce TaYHOCT
MpHUKa3a TEOMETPHjCKUX M MaTepHjaHUX KapakTe—
PHCTHKA MOXKE OYyBaTH TOKOM IIPOjeKTOBamba, aHAIU3E
U IpHUIIpeMe 3a INPOM3BOIBY, 0€3 IOJaTHE PEKOH—
CTPYKILIHje TeOMETpH]e.
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