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Abstract
The aerodynamic performance of propellers strongly depends on their geometry and, consequently, on aeroelastic deforma-
tions. Knowledge of the extent of the impact is crucial for overall aircraft performance. An integrated simulation environment 
for steady aeroelastic propeller simulations is presented. The simulation environment is applied to determine the impact 
of elastic deformations on the aerodynamic propeller performance. The aerodynamic module includes a blade element 
momentum approach to calculate aerodynamic loads. The structural module is based on finite beam elements, according 
to Timoshenko theory, including moderate deflections. Several fixed-pitch propellers with thin-walled cross sections made 
of both isotropic and non-isotropic materials are investigated. The essential parameters are varied: diameter, disc loading, 
sweep, material, rotational, and flight velocity. The relative change of thrust between rigid and elastic blades quantifies the 
impact of propeller elasticity. Swept propellers of large diameters or low disc loadings can decrease the thrust significantly. 
High flight velocities and low material stiffness amplify this tendency. Performance calculations without consideration of 
propeller elasticity can lead to decreased efficiency. To avoid cost- and time-intense redesigns, propeller elasticity should be 
considered for swept planforms and low disc loadings.
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List of symbols
a  Speed of sound
A  Cross-sectional area
E  Young’s modulus
D  Propeller diameter
DL  Disc loading
Iyy, Izz  Second moments of area
Jx  Torsional constant
J  Advance ratio
L  Element length
Mtip  Mach-number blade tip
n  Rotations per second
R  Propeller radius
T  Thrust
TS  Blade tip shift
vinf  Flight velocity
xp, yp, zp  Propeller fixed coordinate system
xe, ye, ze  Element coordinate system

u  Nodal displacements
r  Nodal coordinates undeformed state
F  Nodal loads vector
Faero  Nodal aerodynamic loads vector
Fmass  Nodal mass loads vector
K  Stiffness matrix
KG  Geometric stiffness matrix
KL  Linear elastic stiffness matrix
KS  Spin softening matrix
M  Mass matrix
N  Shape functions matrix
�  Poisson’s ratio
�  Density
�y,z  Shear parameter in the y- and z-direction
�  Rotational matrix
Ω  Rotational velocity around z-axis

1 Introduction

The possibility of electrifying the powertrain of aircraft 
renewed the interest in propeller-based propulsion systems, 
e.g., for urban air mobility solutions (UAM) or unmanned 
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aerial vehicles (UAV). Moreover, propellers are applied in 
General and Civil Aviation for light to heavy transport air-
craft. The aerodynamic optimization of propellers has been 
under investigation since the early days of flight, e.g., by 
Betz [1], followed by other researchers. Larrabee described 
a practical method to design propellers according to the 
minimum induced loss condition [2]. Multiple propeller 
design or simulation tools were developed and published, 
e.g., XROTOR [3], QPROP [4], and JavaProp [5], to name 
only the most prominent. However, loads during operation 
can lead to significant deformations, impacting aerodynamic 
performance, as shown by Sodja et al. [6] or Yamamoto and 
August [7]. Elastic deformations can reduce (or increase) the 
thrust at a given rotational speed. Propeller manufacturers 
deliver a required thrust at specific design points, i.e., flight 
velocity and rotational speed. Consequently, a change in the 
aerodynamic performance will lead to a shift in the operat-
ing conditions or reduced overall efficiency.

To determine the aeroelastic performance of propel-
lers, coupled aeroelastic simulation codes were developed 
by several researchers or industrial groups, e.g., Kosmatka 
and Friedmann [8], Gur and Rosen [9], or Billmann et al. 
at Hamilton Standard [10]. Gur and Rosen additionally 
demonstrated that implementing geometric and structural 
constraints regarding stress limits within a propeller opti-
mization routine impacts the optimized propeller layout and 
operating conditions [11]. Modern approaches include struc-
tural or aeroelastic constraints in multidisciplinary optimiza-
tion schemes [12].

Especially aircraft with VTOL capability require large 
propeller diameters to reduce power requirements in hover 
[13]. With increasing size, structural–mechanical effects and 
aeroelastic phenomena will play a decisive role within the 
design process, as already known from the development of 
helicopter rotors [14]. VTOL propellers expire significant 
transverse flow with no ability to adjust pitch angles within 
each rotation by a swashplate, impacting dynamic loads, 
vibrations, and performance. Modern propellers in civil and 
general aviation are swept in many cases to increase aero-
dynamic performance at high flight velocities or rotational 
speeds or to reduce acoustic emissions [15, 16]. As already 
known from fixed-wing aircraft, swept planforms result in 
geometric torsion bending coupling [17]. Although these 
phenomena are well known, adequate coupled simulations 
or optimizations require both time and expertise. Contra-
rotating or ducted fans and propellers are recently investi-
gated for new applications [18, 19] and may require further 
simulation effort.

Established propeller manufacturers in General Avia-
tion see the opportunity to expand their product range and 
exploit new markets with propeller designs for UAM or 
UAV. However, due to the large variety of engines (both 
electric and combustion) and aircraft, the simulation of 

many specific propeller types would lead to an unattractive 
simulation effort for small- or medium-sized companies. 
Due to a lack of knowledge or ease of design, many of the 
available propeller models were not designed, optimized, or 
validated with high-fidelity coupled aeroelastic simulations 
but by basic aerodynamic calculations, empirical engineer-
ing judgment, and experimental tests. This paper shows that 
static ground tests cannot assess the aerodynamic impact 
of elasticity during take-off or cruise. Reliable experiments 
regarding cruise performance require flying testbeds or large 
wind tunnels. Furthermore, there are no general estimation 
procedures or guidelines to approximate the impact of pro-
peller elasticity on the aerodynamic performance for differ-
ent parameter settings.

This paper aims to point out and quantify general trends 
regarding the impact of propeller elasticity on aerodynamic 
performance and to identify parameter regions where the 
elasticity of propellers has a significant effect on aerody-
namic performance. To assess the impact of propeller elas-
ticity, the absolute and relative change of thrust will be 
calculated for different parameter variations. Knowledge 
of the relevance of diameter, disc loading, sweep, material 
stiffness, or operating conditions on the elastic deformations 
will enable propeller manufacturers to judge whether cou-
pled aeroelastic or non-coupled aerodynamic simulations are 
advisable for preliminary design purposes. Consequently, 
the awareness of the aerodynamic impact of elasticity shall 
be increased for new propeller designs. With the help of 
this awareness, propeller manufacturers can avoid cost- and 
time-intensive experiments, redesigns, and insufficient per-
formance characteristics.

Chapter 2 presents the general and numerical approach to 
investigate the impact of propeller elasticity on aerodynamic 
performance, including the structural and aerodynamic 
model description, their restrictions, and two validation test 
cases. Chapter 3 presents and discusses the results of param-
eter variations, which are concluded in chapter 4.

2  Methodology

2.1  General approach

Coupled aeroelastic simulations of different propeller 
designs will be processed under consideration of parameter 
variations to evaluate the aerodynamic impact of propeller 
elasticity. Aerodynamic performance by means of the thrust 
T  is calculated for different inputs. The relative change of 
thrust ΔT∕T  between a rigid propeller blade and an elas-
tic one quantifies the impact of elasticity. Even though this 
paper only discusses the relative change of thrust, elastic 
deformations also impact the power consumption of the 
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propeller in a similar manner, resulting in negligible changes 
of the propulsive efficiency.

Varied parameters are diameter, disc loading, sweep, 
material, flight velocity, and rotational speed. This study 
focuses on steady equilibrium states. For this purpose, one-
dimensional finite beam elements are coupled with a blade 
element momentum theory within an in-house design envi-
ronment called PropCODE (Propeller Comprehensive Opti-
mization and Design Environment).

2.2  Numerical approach: PropCODE

Fig. 1 presents an overview of the numerical approach. The 
simulation environment generates a propeller design 
based on predefined boundary conditions and other inputs. 
Required inputs are diameter, aerodynamic airfoils, desired 
thrust at an optimum design point, sweep distribution, mate-
rial, and skin thickness. The propeller design is determined 
according to Betz’s minimum induced loss condition at a 
predefined flight velocity and rotational speed [1]. The pre-
processor of PropCODE also includes the determination 
of the two-dimensional aerodynamic coefficients of each 
airfoil. Additionally, the stiffness of each structural cross 
section is determined within a separate two-dimensional 
analysis. The following chapters provide further references 
and detailed explanations of each method.

In the first step, the aerodynamic module determines 
the aerodynamic loads. These loads are transferred to the 
structure module to calculate the mass loads and resulting 
deformations. The deformed geometry is used to iteratively 

compute the aerodynamic loads until the solution has con-
verged, which requires only a few iterations in most cases. 
Generated thrust for both the rigid and the elastic calculation 
are prompted and assessed to evaluate the impact of elastic-
ity. The results of the initial aerodynamic load determination 
of the undeformed geometry are referred to as rigid propeller 
performance.

Restrictions This study is restricted to hollow, thin-
walled cross sections. Propeller blades are fixed pitch and 
solely operated in steady flight. Variable pitch propellers are 
outside the scope of this study. Dynamic effects or aeroelas-
tic stability are also not considered. Due to the beam element 
approach, general restrictions of this method apply, i.e., only 
long and slender blades can be adequately modeled.

Geometry designer Each geometry is individually deter-
mined according to the minimum induced loss condition 
for a specific design point, referring to the algorithm of 
Adkins and Liebeck [20]. All propellers in this study have 
a ClarkY airfoil. The geometry is internally described and 
manipulated with the help of the parametric geometry rep-
resentation method published by Kulfan [21]. The paramet-
ric description allows the calculation of arbitrarily oriented 
cross sections. The material thickness of isotropic materi-
als is determined according to static strength and buckling 
constraints. The limit stress regarding buckling is calculated 
with a modified semi-empirical formula originally published 
by Amatt [22].

Since carbon-fiber composites offer high strength, the 
required skin thickness regarding static strength would be 
very low, resulting in an inferior buckling behavior. Instead 
of increasing the skin thickness, the insertion of honeycomb 
structures, foam, or the application of integrally woven sand-
wich panels is more weight and cost-efficient. In this study, 
buckling stability is ensured by inserting integrally woven 
glass fiber sandwich preforms. Due to differing stiffnesses 
and masses, foam or honeycomb inserts may yield different 
results.

Different blade planforms exist, e.g., backward sweep, 
forward–backward sweep, or straight blades with partial tip 
sweep. For better comparability, the planforms of the quarter 
chord lines of all investigated propellers within this study 
have a 1-cosine shape:

with  (xp,  yp,  zp) representing the propeller fixed, rotating 
coordinate system and the subscript tip indexing the coor-
dinates of the blade tip, see Fig. 2. With R as the radius, the 
dimensionless blade tip shift TS quantifies the magnitude of 
sweep in the negative circumferential direction, i.e., a posi-
tive sweep is defined as backward.
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Compared to the local sweep angle in degree, this 
dimensionless definition is more comparable to other blade 
planforms from a structural point of view since torsional 
moments depend on the lever arm.

Aerodynamic model The aerodynamic model is based on 
the blade element momentum theory. This approach requires 
pre-calculated airfoil data for broad Reynolds- and Mach-
number regions. The airfoil data are calculated with XFOIL, 
published by Drela [23]. The nonlinear momentum approach 
also incorporates corrections for tip and root losses, sweep, 
and post-stall behavior. Further information on the model 
can be found in [24].

Structural model The structural model is based on 
Timoshenko beam theory and is adapted from [25]. The 
elastic axis of the geometry is represented by straight lines 
between the shear centers of each cross section, see Fig. 3. 
The determination of shear centers and the corresponding 
orthogonal cross sections is processed iteratively within the 
preprocessor before entering the coupled aeroelastic solver. 
The approach is based on Saint–Venant torsion. The cross-
sectional stiffness determination is valid for thin-walled 
single-cell cross sections. The skin is modeled by classical 
laminate theory. Analytical formulations are used to deter-
mine the cross-sectional stiffness and the position of the 
shear center, tension center, and center of gravity [26].

The applied beam elements have two nodes with six 
degrees of freedom each as shown in Fig. 4. The transversal 

(2)TS = −
yp,tip

R
.

and rotational deformations are interpolated within each ele-
ment according to

with N containing the shape functions and u describing the 
12 nodal DoF of an element.

Cubic shape functions are applied for transverse deflec-
tions, and quadratic shape functions are included for nodal 
rotations around the y- and z-axis. The shape functions are 
adopted from [27]. Linear shape functions are added for 
longitudinal and torsional deformations. The isoparametric 
forms are listed in the appendix. The resulting linear stiff-
ness and mass matrix agree with those developed by Przemi-
niecki [25]. The nonlinear static equilibrium equation in its 
discretized form is

where K is the global stiffness matrix, u are the nodal defor-
mations, and F represents the nodal loads.

Centrifugal loads stiffen rotating beams due to stress 
stiffening, sometimes called centrifugal stiffening. The geo-
metrical stiffness matrix KG captures this effect:

where KL is the linear elastic stiffness matrix. KG is a func-
tion of the elemental longitudinal loads, which are internally 
computed with the nodal deformations. A complete descrip-
tion of the matrices is presented in [25]. They are also listed 
in the appendix. Implementing the geometric bending stiff-
ness matrix allows for considering the centrifugal stiffening 
of rotating beams. Nonetheless, propellers and rotors are 
initially twisted beams and experience further couplings 
between extension, bending, and twist, even for isotropic 
materials. Hodges and Dowell derived analytical expres-
sions describing the coupling effects according to moderate 

(3)
{
u, v,w, �x, �y, �z
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= Nu
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deflections theory [28]. As presented in the validation sec-
tion, neglecting this effect can lead to errors for large defor-
mations. Composite materials impose further couplings and 
the ability to tailor the elastic behavior [29], but both are not 
considered in this study.

The nodal loads are differentiated into mass loads and 
aerodynamic loads:

The aerodynamic loads are determined with the previ-
ously described blade element momentum theory. Akima’s 
spline interpolation method [30] approximates both the 
elastic and the aerodynamic axis as well as section loads 
and deformations between the coordinates of each grid. 
Orthogonal projections connect both grids and enable load 
and deformation transfer, as described in [31]. In steady sim-
ulations, mass loads can be determined in matrix form as.

where� represents the matrix of rotational velocities, M the 
translational mass matrix, and r the nodal coordinates in the 
undeformed state. The impact of deformations on centrifugal 
loads is also referred to as spin softening. To account for 
spin softening, the translational nodal deformations have to 
be included in centrifugal loads determination [32]. Insert-
ing equations (6) and (7) in (4) results in the linearized equi-
librium state and can be written as

Inserting equation (5) in (8) and rearranging yields the 
nonlinear static equilibrium equation, which has to be solved 
iteratively:

Validation The aerodynamic module was previously 
compared to other available methods, including approaches 
based on potential flow theory, commercial CFD tools apply-
ing RANS simulations, and experimental test data. The aero-
dynamic module agrees well with experimental and CFD 
data in most investigated cases, even though aeroelastic 
deformations were not considered [24].

Two comparisons are presented to validate the structural 
module described in this paper. First, a generic geometry is 
simulated with PropCODE and the commercial FEM soft-
ware ANSYS Mechanical to illustrate the validity and limita-
tions of the modeling approach. Second, steady aeroelastic 
simulation results are compared to experimental test data 
provided by the propeller manufacturer.

The rotating generic tube illustrated in Fig. 5 is loaded by 
a single force at the tip. The geometry is modeled with Prop-
CODE (beam elements incorporating moderate deflection 

(6)F = F
aero(u) + F

mass(u).

(7)F
mass

= �
2
M(r + u),

(8)K(u) ⋅ u = F
aero(u) + �

2
M(r + u).

(9)
(
K

L + K
G(u) − �

2
M
)
⋅ u = F

aero(u) + �
2
Mr.

theory, referred to as 2nd order) and ANSYS. The simula-
tions in ANSYS were performed with three different mod-
eling approaches:

1. Linear beam elements (referred to as 1D linear)
2. Beam elements, incl. large deflections theory (referred 

to as 1D nonlinear)
3. Shell elements, incl. large deflections theory (referred to 

as 2D nonlinear)

The elliptical cross section has a width of 50 mm and a 
height of 16 mm. The aluminum skin (E = 71,000 MPa, �
=0.33) has a thickness of 1 mm. An arc describes the elastic 
axis in the x/y-plane. The arc has a radius of 3,000 mm and 
a length of 1,000 mm, measured from the origin to the tip 
in the global x-direction, resulting in a representative radius 
of R = 1,015 mm. The rotational speed for all load cases is 
2,000RPM. The ratio of  Fy/Fz is -10 = constant, i.e.,  Fy is 
pointing in the negative circumferential direction.

The tip deformations in the z-direction  uz,tip are normal-
ized by the radius R and plotted versus the tip load F normal-
ized by the centrifugal load  Fmass at the bearing in Fig. 6. 
The linear approach is not suitable to represent the elastic 
behavior of rotating beams since the centrifugal stiffening 
effect is not considered in this theory. The other three meth-
ods yield nearly similar results up to a load of 7% ( ≈ 500N) 
with deviations below 2%. With the load further increasing, 
the results diverge due to the limitations of the moderate 
deflection theory and cross-sectional deformations. The out-
of-plane deformations of typical propeller designs during 
operation are unlikely to exceed 15% of the radius. There-
fore, the moderate deflections theory is considered adequate 
to determine transversal deflections.

Figure 7 illustrates the normalized tip deformation in the 
y-direction with increasing tip load. Centrifugal forces ini-
tially elongate the pipe into a more straight line, thus leading 
to positive deformations in the circumferential direction for 
zero external forces. This deformation reduces with increas-
ing tip load due to the force component in the negative 
y-direction. Deformations in the y-direction impact the cen-
trifugal loads. Since the linear approach does not consider 
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Fig. 5  Spatial bending of a rotating elliptical tube
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this effect, it has errors even if no external loads are applied. 
The spin softening matrix incorporated in PropCODE repre-
sents this effect. It provides results similar to the nonlinear 
beam and shell elements with deviations below 2% (com-
pared to beams) up to a tip load of 3% ( ≈ 200N). Higher 
loads lead to a nonlinear bending deformation which is only 
captured by 3rd-order theory.

Deformations in the y- and z-direction combined with 
the centrifugal or external loads lead to torsional loads and 
rotations. The rotation also changes the deformed structure’s 
stiffness and leads to nonlinear behavior. The large deforma-
tion theory captures these effects, but the linear or moderate 
deflection theories do not. This issue is also evident when 
considering elastic rotations in the next section.

Elastic rotations, i.e., the change of angle of attack, is 
the most critical parameter for steady propeller simulations 
connecting the structural deformations and the aerodynamic 
performance. Figure 8 shows the elastic tip rotation of the 
tube versus the tip load. Nonlinear one- and two-dimensional 
FE approaches show excellent agreement. The linear FE 
approach deviates significantly due to the neglections men-
tioned above. The linear torsional deformations are solely 
based on the kinematic torsion bending coupling known 
from swept wings. PropCODE also shows deviations of up 
to 0.7° at all load cases. Even though the values are sub-
stantially closer to the nonlinear approaches than the linear 
approach, this deviation would lead to severe changes in 
aerodynamic loads.

This discrepancy is due to the torsional loads induced by 
the combination of transversal loads and transversal defor-
mations. Due to transversal deformations, forces in the y- or 
z-direction get a lever arm and lead to torsional loads. The 
applied geometric stiffness matrix couples longitudinal loads 
and bending stiffness but does not connect the transversal 
and torsional loads within the deformed state. This neglec-
tion is also recognizable by the assignment of the elemental 
geometric stiffness matrix in the appendix. The torsional 
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deformations are represented relatively well, but this cou-
pling effect should be implemented for further refinement 
concerning its high impact on aerodynamic loads.

All three modeling approaches of 2nd- and 3rd-order 
represent the elastic behavior relatively similar for small 
and moderate deflections. However, the limitations of Prop-
CODE are present. The tip load of 15% (1,000N) exceeds the 
yield limit but is still presented here to illustrate the range 
of validity. With increasing loads, cross-sectional distortions 
impact the elastic behavior, i.e., the assumption underlying 
the Timoshenko beam theory of plane and undistorted cross 
sections is violated, even though the Saint–Venant warping 
function is included in ANSYS 1D. Nevertheless, the non-
linear one-dimensional approach can predict the structural 
behavior with neglectable errors. PropCODE suffers from 
errors regarding the torsional deflections but still represents 
the elastic behavior reasonably well for preliminary design 
purposes. Further improvements should include the coupling 
of transversal and torsional loads. The geometric extension 
twist coupling, also known as the trapeze effect, does not 
significantly contribute to the torsional stiffness of hollow 
cross sections, as shown by Popescu and Hodges [33], and 
was, therefore, considered to have no significant impact on 
the aerodynamic performance.

In the next step, simulation data are compared to experi-
mental test data provided by the propeller manufacturer. One 
blade of the three-bladed propeller with a diameter of 1.6 m 
is shown in Fig. 9.

The propeller is made of glass and carbon-fiber-reinforced 
epoxy. The cross-sectional position of the shear center, ten-
sion center, and center of gravity do not coincide. The solid 
root region is reinforced. Laboratory tests proved that no 
significant deformations occur at the bearing and the root 
region of up to 10% of the radius. Bending and torsional 
stiffnesses are, therefore, artificially increased in this region.

Previously published experimental test data are compared 
to aeroelastic and aerodynamic simulations, i.e., the propel-
ler geometry is considered either elastic or rigid.

As indicated in Fig. 10, the rigid propeller performance 
overshoots the experimental test data. Including the elastic 
deformations reduces the calculated thrust due to aerody-
namic torsional loads decreasing the pitch. The occurring 
deviations are a combination of manufacturing uncertainties, 
errors regarding the torsional deformation, and errors within 

the aerodynamic module. However, the simulation matches 
the test data relatively well. Further improvements to the 
structural model regarding bending torsion coupling might 
improve the fitting.

Parameter space The varied design parameters are 
listed in Table 1 with the corresponding range of values. 
The investigated materials include high tenacity (HT) 
and high modulus (HM) carbon-fiber-reinforced polymer 
(CFRP), both with epoxy resin. The blade tip Mach number 
is Mtip = ΩR∕a with a as the speed of sound. The impact of 
varying rotational speeds on torque and, thus, blade reten-
tion, shaft, gearbox, and the engine is neglected. The pro-
pellers considered in the following section have two blades.

3  Results

Figure 11 plots the relative change of thrust versus blade tip 
shift (sweep magnitude) for diameters D between one and 
four meters. Advance ratio J, disc loading DL, blade tip Mach 
number Mtip, flight velocity vinf, and the material type are 
constant for all simulation points in this figure, but not the 
material thickness. The disc loading is adjusted within the 
geometry designer via the chord length and pitch distribu-
tion. The operating condition is comparable to take-off/climb.

The impact of diameter variations on unswept blades is 
not very pronounced, but a combination of large diameters 
and high blade sweep results in severe geometric torsion 
bending coupling known from swept wings due to large 
absolute lever arms.

Fig. 9  Propeller geometry used for validation
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Figure 12 illustrates the relative change of thrust versus 
the blade tip shift for different materials. Propeller geom-
etry and operating conditions are constant. Aluminum and 
carbon-fiber composites show similar results. The applica-
tion of a steel alloy significantly reduces the impact of elas-
ticity. The density, yield strength, and Young’s modulus of 
the applied steel alloy are about two to three times higher 
compared to Al 2025 T6. The skin thickness is not reducing 
to the same extent due to buckling constraints. The weight 
of the steel blade is about two times the weight of the alu-
minum blade. Since centrifugal forces significantly impact 
the stiffness of the propeller, which is also stiffer due to the 
increased Young’s modulus, the impact of elasticity severely 
reduces.

HM-CFRP offer high specific strength and stiffness. The 
absolute stiffness and strength are also higher compared to 
aluminum. Consequently, the determined skin thicknesses 
according to static strength are very low and result in bend-
ing stiffnesses comparable to those of the aluminum propel-
lers. Buckling constraints additionally require the applica-
tion of integrally woven sandwich panels or other inserts. 
These inserts result in additional weight, eliminating large 
portions of the theoretical weight savings. Finally, the results 
of quasi-isotropic HM-CFRP are comparable to those of Al 
2025. Applying HT-fibers with reduced stiffness and higher 
strength further reduces the overall stiffness and results in 
an additional thrust decrease.

The authors want to emphasize that the different impacts 
of elasticity of the materials do not constitute an assessment 
of their suitability. Even though steel alloys are a feasible way 
of significantly reducing the aerodynamic impact of elastic-
ity, they suffer from increased weight. Similarly, the impact of 
elasticity can be considerably reduced for aluminum alloys or 
composites by increasing the skin thickness, and thus weight 
and cost. Especially composite propellers offer high design 
flexibility to alter structural–mechanical properties. Propeller 
manufacturers or designers can trade off weight, cost, and per-
formance if they know the corresponding effects.

The extent of the impact of elasticity also strongly 
depends on the propeller geometry. Figure 13 demonstrates 
the impact of different disc loadings. All considered propel-
lers have a diameter of 2 m and are made of aluminum alloy. 
The operating point is the cruise flight with a freestream 

Table 1  Parameter space

*quasi-isotropic [0/ ± 45/90]s laminate with 60% fiber content

Parameter Value

Diameter D 1.0 m–4.0 m
Blade tip shift TS 0%–33%
Material Al 2025T6, St 4340,

HT-CFRP*, HM-CFRP*
Flight velocity vinf 0 m/s–40 m/s
Tip Mach number Mtip  < 0.65
Disc loading 60N/m2–600N/m2
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velocity of 40 m/s. The design disc loading the propeller 
shall deliver at its design point varies between 60N/m2 and 
380N/m2. PropCODE realizes different disc loadings by var-
ying the pitch and chord length distribution. The geometry 
corresponding to the disc loading of 220N/m2 was previ-
ously investigated at a reduced flight speed of 20 m/s.

Low disc loadings severely impact aerodynamic perfor-
mance. The contribution of the blade sweep to the overall 
relative thrust change is less pronounced at cruise than at 
climb compared to the impact of disc loading (the reason 
will be discussed at the end of this chapter). For constant 
diameters, chord length and pitch variations adjust the disc 
loading. Correspondingly, a higher disc loading results in 
an increased chord length and activity factor, i.e., reduced 
aspect ratio. Since the relative thickness is constant, propel-
lers with lower aspect ratios are inherently stiffer, and the 
impact of elasticity on aerodynamic performance reduces 
significantly.

The results discussed so far indicate trends regarding 
the impact of geometry, sweep, and material on the relative 
change of thrust. Nevertheless, the results cannot be general-
ized quantitatively. Besides geometric parameters like airfoil 
or chord length distribution, the operating condition sig-
nificantly influences the impact of propeller elasticity. Fig-
ure 14 plots the relative change of thrust versus the advance 
ratio at different operating points (0 m/s ≤  vinf ≤ 40 m/s; 
1,200RPM–1,800RPM). Geometry and material thickness 
are constant for all design points. The dotted line indicates 

the advance ratio of zero thrust at J = 0.9, indicating the limit 
of the operational range.

A clear but noisy trend shows that increasing advance ratios 
decrease the thrust due to elastic deformations. As indicated by 
Sodja et al., the advance ratio is no longer a valid measure of 
similarity with changing operating conditions due to the non-
linearity of loads and stiffnesses [34]. Increasing flight speed 
reduces the local angle of attack at each blade section. This 
effect reduces the overall thrust, primarily at the inner parts 
of the blade, due to the lower circumferential velocity. While 
the overall thrust decreases with increasing flight speed, the 
thrust distribution shifts outwards to the weaker regions of the 
propeller. The absolute change of thrust ΔT due to deforma-
tions is less affected than the total thrust T. Accordingly, the 
relative change of thrust increases significantly in magnitude 
with increasing advance ratio. The experimental investigation 
of aeroelastic coupling within static ground tests is, therefore, 
rather unsuited to quantify the impact during cruise.

4  Conclusions

The design and simulation environment PropCODE is capable 
of performing coupled aeroelastic simulations of propellers 
within the preliminary design. Due to the incorporated meth-
ods, the code is limited to thin-walled hollow cross sections, 
long and slender beams, moderate deflections, and constant 
induced velocities within each annulus.

Steady aeroelastic propeller simulations illustrate the 
impact of propeller elasticity on aerodynamic performance. 
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Large diameters, low disc loadings, and blade sweep result 
in deformations, decreasing aerodynamic performance sig-
nificantly. High flight velocities can amplify, and a high blade 
stiffness or mass can reduce this effect. Stiffness and aerody-
namic performance strongly depend on multiple parameters 
like the applied airfoils, sweep planform, and others, which 
were not investigated within this study. Therefore, the pre-
sented results only indicate general trends that quantitatively 
vary for different designs, materials, or operating conditions.

As a basic guide, aeroelastic simulations are advisable to 
determine aerodynamic performance for large-diameter pro-
pellers with swept planforms or low disc loadings. Unconven-
tional designs or cross-sectional layouts deviating from those 
investigated here or soft materials like glass-fiber-reinforced 
polymers may show increased aeroelastic coupling. Applying 
other laminate layups or different types of reinforcement like 
foam or honeycomb may alter the results. To assess the impact 
of these effects, additional research in this field is required.

Appendix

Form functions

Longitudinal and torsional degrees of freedom 

u(�) =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

u

v

w

�x

�y

�z

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

N1 0 0 0 0 0 N2 0 0 0 0 0

0 N3 0 0 0 N4 0 N5 0 0 0 N6

0 0 N7 0 N8 0 0 0 N9 0 N10 0

0 0 0 N11 0 0 0 0 0 N12 0 0

0 0 N13 0 N14 0 0 0 N15 0 N16 0

0 N17 0 0 0 N18 0 N19 0 0 0 N20

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

⋅

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

u1

u2

u3

u4

u5

u6

u7

u8

u9

u10

u11

u12

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

.

N1(�) = N11(�) =
1 − �

2
,

N2(�) = N12(�) =
1 + �

2
,

where� is the dimensionless coordinate in the longitudinal 
direction (−1 ≤ � ≤ +1)

Bending degrees of freedom 

�y =
1

1+12
EIzz

GAsy
L2

,�z =
1

1+12
EIyy

GAsz
L2

 with GAsy∕z
 representing the 

cross-sectional shear stiffness in the y- and z-direction�y 
applies to the second and sixth row while �z applies to the 
third and fifth row of the form function matrix

Stiffness matrices

The stiffness matrix K consists of a linear, geometric, and 
spin softening matrix: K = K

L + K
G + K

S

Linear stiffness matrix 

N3(�) = N7(�) =
1

2
(1 − �) −

1

4
�
(
� − �3

)
,

N4(�) = −N8(�) =
l

8

{
1 − �2 − �

(
� − �3

)}
,

N5(�) = N9(�) =
1

2
(1 + �) +

1

4
�
(
� − �3

)
,

N6(�) = −N10(�) = −
l

8

{
1 − �2 + �

(
� − �3

)}
,

N13(�) = −N17(�) =
3

2l
�
(
1 − �2

)
,

N14(�) = N18(�) =
1

2
(1 − �) −

3

4
�
(
1 − �2

)
,

N15(�) = −N19(�) = −
3

2l
�
(
1 − �2

)
,

N16(�) = N20(�) =
1

2
(1 + �) −

3

4
�
(
1 − �2

)
,



321On the influence of elasticity on propeller performance: a parametric study  

1 3

with A =
EA

L
,B =

GJx

L
,C =

EIyy

L3
,D =

EIzz

L3

Geometrical stiffness matrix

with F(L)
x

 as the normal load within the Lth element.
Spin softening matrix The spin softening matrix is 

defined as KS(Ω) = −�M.

The consistent mass matrix incorporates two submatrices 
associated with the translational and rotational mass. Only 
the translational mass matrix is applied to determine the 
centrifugal loads and the spin softening matrix.

KL =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

A 0 0 0 0 0 −A 0 0 0 0 0

12�yD 0 0 0 6�yDL 0 −12�yD 0 0 0 6�yDL

12�zC 0 −6�zCL 0 0 0 −12�zC 0 −6�zCL 0

B 0 0 0 0 0 −B 0 0
(

1 + 3�z
)

CL2 0 0 0 6�zCL 0
(

−1 + 3�z
)

CL2 0
(

1 + 3�y
)

DL2 0 −6�yDL 0 0 0
(

−1 + 3�y

)

DL2

A 0 0 0 0 0

12�zD 0 0 0 −6�zDL

12�yC 0 6�zCL 0

B 0 0

sym.
(

1 + 3�z
)

CL2 0
(

1 + 3�y
)

DL2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

KG =
F(L)
x

60L

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0 0 0 0 0 0 0 0 0 0 0 0

60 + 12�y 0 0 0 6�2
y L 0 −60 − 12�2

y 0 0 0 6�2
y L

60 + 12�z 0 −6�2
z L 0 0 0 −60 − 12�2

z 0 −6�2
z L 0

0 0 0 0 0 0 0 0 0
(

5 + 3�2
z
)

L2 0 0 0 6�2
z L 0

(

−5 + 3�2
z
)

L2 0
(

5 + 3�2
y

)

L2 0 −6�2
y L 0 0 0

(

−5 + 3�2
y

)

L2

0 0 0 0 0 0

60 + 12�y 0 0 0 −6�2
y L

60 + 12�z 0 6�2
z L 0

0 0 0

sym.
(

5 + 3�2
z
)

L2 0
(

5 + 3�2
y

)

L2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

where � is the rotational matrix associated with the angular 
velocity Ω around the z-axis.

M = �AL ⋅

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1
3 0 0 0 0 0 1

6 0 0 0 0 0
13
35 0 0 0 11

210 L 0 9
70 0 0 0 − 13

420 L
13
35 0 − 11

210 L 0 0 0 9
70 0 13

420 L 0

0 0 0 0 0 0 0 0 0
L2

105 0 0 0 − 13
420 L 0 − 1

140 L
2 0

L2

105 0 13
420 L 0 0 0 − 1

140 L
2

1
3 0 0 0 0 0

13
35 0 0 0 − 11

210 L
13
35 0 11

210 L 0

0 0 0

sym. L2

105 0
L2

105

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦



322 F. Möhren et al.

1 3

Funding Open Access funding enabled and organized by Projekt 
DEAL. The authors acknowledge the financial support by the Federal 
Ministry of Education and Research of Germany in the framework of 
IngenieurNachwuchs 2016 (project “DEFANA–Ducted Electric Fans 
for Novel Aircraft”, project number 13FH638IX6).

Data availability The software PropCODE might become open-source 
in the future, but is currently a research code and neither commercially 
nor freely available.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Betz, A., Prandtl, L.: Vier abhandlungen zur hydrodynamik und 
aerodynamik, vol. 3. Universitätsverlag Göttingen, Göttingen 
(1919)

 2. Larrabee, E.E.: Practical design of minimum induced loss propel-
lers. MIT Massa Insti Technol. 33, 5422 (1980)

 3. Drela, M., Youngren, H.: Axisymmetric Analysis and Design of 
Ducted Rotors. DFDC Software manual (2005)

 4. Drela, M.: QPROP Formulation. MIT Massachusetts Institude of 
Technology (2006)

 5. Hepperle, M.: Inverse aerodynamic design procedure for propel-
lers having a prescribed chord-length distribution. J Aircraft 47, 
1867–1872 (2010)

 6. Sodja, J., Breuker, R., Nozak, D., Drazumeric, R., Marzocca, P.: 
High- and low-fidelity investigations of flexible propeller blades. 
Aerosp Sci Meet (2014). https:// doi. org/ 10. 2514/6. 2014- 0410

� =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ω2 0 0 0 0 0 0 0 0 0 0 0

Ω2 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

Ω2 0 0 0 0 0 0 0 0

Ω2 0 0 0 0 0 0 0

0 0 0 0 0 0 0

Ω2 0 0 0 0 0

Ω2 0 0 0 0

0 0 0 0

Ω2 0 0

sym. Ω2 0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

 7. Yamamoto, O., August, R.: Structural and aerodynamic analy-
sis of a large-scale advanced propeller blade. J. Propul. Power 8, 
367–373 (1992)

 8. Kosmatka, J.B., Friedmann, P.P.: Structural dynamic modeling 
of advanced composite propellers by the finite element method. 
Struct Structural Dynam Mater Confer. 740, 272 (1987)

 9. Gur, O., Rosen, A.: Optimization of propeller based propulsion 
system. J. Aircr. (2009). https:// doi. org/ 10. 2514/1. 36055

 10. Billman, L.C., Gruska, C.J., Ladden, R.M., Leishman, D.K., 
Turnberg, J.E.: Large scale prop-fan structural design study. 2: 
Preliminary design of SR-7. NASA CR 174993 (1988)

 11. Gur, O., Rosen, A.: Optimizing electric propulsion systems for 
unmanned aerial vehicles. J. Aircr. (2009). https:// doi. org/ 10. 
2514/1. 41027

 12. Vlastuin, J., Dejeu, C., Louet, A., Talbotec, J., Lepot, I., Lonfils, 
T., Leborgne, M.: Open rotor design strategy: from wind tunnel 
tests to full scale multidisciplinary design. Turbo Expo: Power 
Land. 2, 45016 (2015)

 13. Finger, D.F., Braun, C., Bil, C.: A Review of Configuration Design 
for Distributed Propulsion Transitioning VTOL Aircraft. In: Asia 
Pacific International Symposium on Aerospace Technology API-
SAT (2017)

 14. Friedmann, P.P.: Rotory-wing aeroelasticity-current status and 
future trends. AIAA Aerospace Sci Meet Exhibit 39, 677 (2001)

 15. Sullivan, J.P.: The effect of blade sweep on propeller performance. 
AIAA 10th Fluid & Plasmadynamics Conference (1977)

 16. Marinus, B.G.: Comparative Study of the Effects of Sweep and 
Humps on High-Speed Propeller Blades. AIAA/CEAS Aeroa-
coustics Conference 2012 (2012)

 17. Lottati, I.: Flutter and divergence aeroelastic characteristics for 
composite forward swept cantilevered wing. J. Aircr. 22, 1001–
1007 (1985)

 18. Ebus, T., Dietz, M., Hupfer, A.: Experimental and numerical stud-
ies on small contra-rotating electrical ducted fan engines. CEAS 
Aeronaut J 87, 1–13 (2021)

 19. Stürmer, A., Akkermans, R.A.: Multidisciplinary analysis of 
CROR propulsion systems: DLR activities in the JTI SFWA pro-
ject. CEAS Aeronaut J 5, 265–277 (2014)

 20. Adkins, C.N., Liebeck, R.H.: Design of optimum propellers. J 
Propul Power 10, 676–682 (1994)

 21. Kulfan, B.M.: Universal parametric geometry representation 
method // universal parametric geometry representation method. 
J. Aircr. (2008). https:// doi. org/ 10. 2514/1. 29958

 22. Amatt, W., Bates, W.E., Borst, H.V.: Summary of propeller design 
procedures and data. volume II. structural analysis and blade 
design. USAAMRDL technical report. 11, 73–34B (1973)

 23. Drela, M.: XFOIL: An analysis and design system for low reyn-
olds number airfoils. Low Reynold num aerodynam. 54, 12 (1989)

 24. Bergmann, O., Götten, F., Braun, C., Janser, F.: Comparison and 
Evaluation of Blade Element Methods against RANS Simulations 
and Test Data. DLRK 2020 - Deutscher Luft- und Raumfahrtkon-
gress (2020)

 25. Przemieniecki, J.S.: Theory of matrix structural analysis. Courier 
Corporation (1985)

 26. Bauchau, O.A., Craig, J.I.: Structural analysis: With applications 
to aerospace structures (2009)

 27. Friedman, Z., Kosmatka, J.B.: An improved two-node timoshenko 
beam finite element. Comput. Struct. 47, 473–481 (1993)

 28. Hodges, D.H., Dowell, E.H.: Nonlinear equations of motion for 
the elastic bending and torsion of twisted nonuniform rotor blades. 
NASA TN D-7818 (1974)

 29. Mansfield, E.H., Sobey, A.J.: The fibre composite helicopter 
blade: part i: stiffness properties: part ii: prospects for aeroelastic 
tailoring. Aeronaut. Q. 30, 413–449 (1979)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2514/6.2014-0410
https://doi.org/10.2514/1.36055
https://doi.org/10.2514/1.41027
https://doi.org/10.2514/1.41027
https://doi.org/10.2514/1.29958


323On the influence of elasticity on propeller performance: a parametric study  

1 3

 30. Akima, H.: A new method of interpolation and smooth curve fit-
ting based on local procedures. Journal of the ACM (JACM) 17, 
589–602 (1970)

 31. Braun, C.: Ein modulares Verfahren für die numerische aeroe-
lastische Analyse von Luftfahrzeugen. Doctoral thesis, RWTH 
Aachen, Germany (2007)

 32. Carnegie, W.: Vibrations of rotating cantilever blading: theoretical 
approaches to the frequency problem based on energy methods. J. 
Mech. Eng. Sci. 1, 235–240 (1959)

 33. Popescu, B., Hodges, D.H.: Asymptotic treatment of the trapeze 
effect in finite element cross-sectional analysis of composite 
beams. Int. J. Non-Linear Mech. 34, 709–721 (1999)

 34. Sodja, J., Breuker, R., Nozak, D., Drazumeric, R., Marzocca, P.: 
Assessment of low-fidelity fluid–structure interaction model for 
flexible propeller blades. Aerosp. Sci. Technol. (2018). https:// doi. 
org/ 10. 1016/j. ast. 2018. 03. 044

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ast.2018.03.044
https://doi.org/10.1016/j.ast.2018.03.044

	On the influence of elasticity on propeller performance: a parametric study
	Abstract
	1 Introduction
	2 Methodology
	2.1 General approach
	2.2 Numerical approach: PropCODE

	3 Results
	4 Conclusions
	Appendix
	Form functions
	Stiffness matrices

	References




