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RAPID AEROACOUSTIC PLANFORM DESIGN OPTIMIZATION OF
INSTALLED PROPELLERS

Tomas Sinnige1, Wouter de Gruijl1, Wouter de Haan1 & Georg Eitelberg1

1Delft University of Technology, Faculty of Aerospace Engineering, Flight Performance and Propulsion Section,
Kluyverweg 1, 2629 HS Delft, the Netherlands.

Abstract

Novel aircraft designs with (distributed) propellers often feature a close coupling between propellers and air-
frame, leading to unsteady blade loading which impacts propeller efficiency, noise emissions, and vibrations.
The goal of this paper is to study the impact of such installation effects on propeller design optimization. A
combination of existing, rapid analysis models is used to compute the installed aerodynamic and acoustic
propeller performance. These analysis models are coupled to a gradient-based optimization scheme for the
design studies. Comparisons are made between optimizations performed with and without taking installation
effects into account, analyzing a 5-deg angle-of-attack case and a boundary-layer-ingestion case. The results
show that increasing the blade count improves aerodynamic and acoustic performance both for isolated and
installed configurations. Furthermore, the acoustic performance is improved significantly by decreasing the
blade tip Mach number, albeit with associated efficiency penalty. For the nonuniform inflow fields considered,
accounting for installation effects inside the optimization procedure did not lead to large benefits in terms of
aerodynamic and acoustic performance compared to the isolated design. For the 5-deg angle-of-attack case,
the installed design was similar to the design for symmetric inflow, with negligible change in propeller efficiency
and at most 0.5 dB noise reduction. For the boundary-layer-ingestion case, the installed design featured in-
creased solidity and decreased twist, resulting in 0.4% lower energy consumption compared to the design for
symmetric inflow. Acoustic performance was not evaluated for this case. Future work will focus on the sensi-
tivity of the results to the blade tip Mach number, the impact of sweep and airfoil design on installed propeller
performance, and acoustic optimization of installed configurations with more complex nonuniform inflow fields.

Keywords: Propeller design, propeller performance, propeller noise, propeller-airframe interaction

1. Introduction
Propellers can provide aircraft propulsion with exceptionally high aerodynamic efficiency. The need
for more sustainable aviation and an increasing demand for short-range passenger transportation
has led to a renewed interest in propellers by the research community. However, as opposed to the
high aerodynamic efficiency, the acoustic performance of propellers is not as favorable. Therefore, in
order to make propellers more attractive for application on future aircraft, their noise emissions need
to be minimized by improving blade design and propeller operating conditions while maintaining high
aerodynamic efficiency.
The acoustic emissions from aircraft propellers are dominated by tonal noise due to blade volume
and loading (thrust and torque) [1]. For isolated propellers in uniform inflow (i.e. zero degree angle
of attack and sideslip), these sources are constant in the circumferential direction. However, when
installed on the aircaft, the propeller experiences a nonuniform inflow which results in unsteady blade
loading. This unsteady blade loading is responsible for an additional noise source and thus modifies
the acoustic emissions. The directivity pattern becomes more complex than for the isolated pro-
peller, featuring lobes in the circumferential direction and increased noise levels especially around
the propeller axis [1].
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Traditional propeller design studies have focused on isolated propellers in uniform inflow. Multi-
objective optimizations for minimum sound-pressure level and maximum aerodynamic efficiency have
been performed by Marinus [2] using RANS simulations coupled with a time-domain acoustic solver.
Others [3, 4, 5, 6] have taken a similar approach with lower-fidelity aerodynamic analysis tools cou-
pled to comparable acoustic solvers, either in time-domain or frequency domain. These studies
have identified planform design and operational variables that are dominant for achieving maximum
aeroacoustic performance, such as blade count, rotational frequency, diameter, and radial chord dis-
tribution. However, the optimum design for an isolated propeller in uniform inflow does not necessarily
provide the best performance for a realistic installed configuration. A notable exception is the work
by Pagano et al. [7], which describes an aeroacoustic optimization of a propeller installed in a pusher
configuration downstream of a wing. By including the installation effects into the optimization routine,
a significant noise reduction was achieved in the installed configuration through planform modifica-
tions (mostly sweep) in the outboard segment of the blade. However, this work was done with codes
with relatively high computational cost, which makes it less suitable for preliminary design studies.
The goal of the present paper is to present a rapid design method for aeroacoustic optimization of the
planform of installed propellers, and apply it to test whether performance enhancements are achieved
by accounting for installation effects during the preliminary planform design of propellers. Different
cases of nonuniform inflow are considered, and the resulting impact on optimum propeller design and
performance is assessed. For simplicity, structural modeling is ignored in this work, but bounds on
design variables are imposed such as to achieve realistic blade shapes. The results provide insight
into the potential value of planform optimization for prescribed nonuniform inflow conditions, and its
impact on the installed aerodynamic and acoustic performance of the propeller.

2. Optimization Framework
Optimizations were performed to assess the tradeoff between aerodynamic and acoustic propeller
performance, and the impact of installation effects on resulting optimal designs. Since initial work
showed that the aerodynamic and acoustic objectives were conflicting, a two-stage approach was
taken. First, a purely aerodynamic optimum was searched: the planform design that led to minimum
energy consumption (based on shaft power) for given operational conditions. Subsequently, optimal
designs were defined that featured minimum noise emissions for predefined accepted penalties in
energy consumption with respect to the aerodynamic optimum. This approach was expected to
provide more insight into the tradeoff between aerodynamic and acoustic performance than when
using a single objective function with weighted aerodynamic and acoustic performance metrics.

2.1 Test Case
The optimizations were done for a hypothetical test case with operational conditions derived from
a small two-seat aircraft. Only the climb and cruise parts of the mission were considered, with
corresponding operational conditions and constraints listed in Table 1. For the selected operational
conditions, the tip Mach number is limited to about 0.50. Compared to representative turboprop
passenger aircraft, this is a relatively low value. However, for the purpose of this paper this was
considered acceptable, since the main goal is to test whether accounting for installation effects during
the design is beneficial or not. The optimization methodology would be equally applicable to cases
with higher tip Mach numbers. For such cases, the aerodynamic analysis model may need to be
revised to improve the modeling of compressibility effects.
Using the selected mission definition, three different cases were studied to assess the impact of
installation effects on the optimal propeller designs:

1. Uniform inflow: constant velocity in the streamwise direction and zero velocity in lateral and
vertical directions. This condition is representative of the isolated propeller in undisturbed inflow
and is used as baseline.

2. Nonzero angle of attack: inflow field corresponding to a reference nacelle without propeller at
an angle of attack of 5 deg.
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Table 1 – Operational conditions and constraints.

Parameter Climb (cl) Cruise (cr)
Altitude [m] 100 1000

Freestream velocity [m/s] 38 50
Thrust [N] 830 480
Time [min] 6 30

Max. engine power [kW] 45 30
RPM range [1/min] 1000-2000

Max. propeller diameter [m] 1.5

3. Boundary-layer ingestion: fuselage boundary layer with approximate size of the propeller disk
resulting in a velocity deficit in the streamwise direction with associated nonzero lateral and
vertical velocity components. Vertical-tailplane wake is also included, resulting in an additional
nonuniformity in the circumferential direction .

2.2 Objective Functions and Constraints
Different objective functions were used in the optimization studies. A distinction is made between the
aerodynamic and acoustic optimization studies.

2.2.1 Aerodynamic Optimization
Baseline optimizations were performed with an objective function focused on aerodynamic perfor-
mance. In order to describe the performance over the entire mission, the objective for the optimiza-
tion was based on the sum of the energy consumption E (based on shaft power P) during each of the
considered mission segments:

E =
N

∑
i=1

Ei =
N

∑
i=1

Piti, (1)

with index i referring to the mission segment, N to the number of mission segments considered (N = 2
in the present study), and t to the time of each mission segment. Note that only the propeller is
considered, hence all quantities are defined at the shaft. Any other losses in the power train (engine,
transmission, etc.) are not accounted for. Constant operational conditions and propeller performance
were assumed per mission segment, as listed in Table 1.
The objective function faero of the optimization problem was defined by scaling this energy consump-
tion with the value obtained with the initial design:

faero =
E
E0

. (2)

Equality constraints were defined to make sure the propellers delivered the required thrust in both
climb and cruise segments (Table 1):

~gaero =

[ Tcl
Tclreq

−1
Tcr

Tcrreq
−1

]
= 0. (3)

Inequality constraints were defined to limit the total shaft power requested from the engine:

~haero =

[
Pcl

Pclmax
−1

Pcr
Pcrmax

−1

]
≤ 0. (4)

2.2.2 Acoustic Optimization
The acoustic optimizations were performed with an objective function focused on the propeller noise
emissions, defined in terms of the thrust-scaled sound pressure level T SSP [9]:

T SSP = 20log10

(
prmsD2

T

)
(5)
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The T SSP scales the acoustic pressure at the observer location with the pressure jump across the
propeller disk (in the actuator-disk approximation) and was used to guarantee a physics-based scal-
ing of the propeller noise [9]. Since the thrust levels were constrained during the optimization and it
was decided to fix the diameter to the maximum possible value (D = 1.5m), the T SSP values were at
a fixed offset from the conventionally used sound pressure level SPL for the two mission segments
considered (SPLcl = T SSPcl +145.3 dB, SPLcr = T SSPcr +140.6 dB).
The objective function of the acoustic optimization problem was to minimize the thrust-scaled sound
pressure level in the climb phase, since this mission segment was considered critical for community
noise hindrance. The results were scaled with respect to the initial condition:

facoustic =
T SSPcl

T SSPcl0
. (6)

The T SSP level was obtained as an average over a surface positioned at vertical offset h = 100 m
below the propeller. In axial direction, samples were taken at axial directivity angles θ = 60,90,120
deg, while in the circumferential direction, samples were taken at circumferential directivity angles
φ = 150,160,170,180,190,200,210 deg. Therefore, acoustic pressures were obtained at 21 grid points,
which were averaged before converting to the T SSP metric. The variation in circumferential direction
was only considered for the installed configurations.
The same constraints were used as for the aerodynamic optimization to match the requirements in
terms of thrust per mission segment (Eq. 3) and maximum shaft power (Eq. 4). To also account for
the aerodynamic performance in the acoustic optimization, an inequality constraint was added that
limited the energy consumption over the mission. This inequality constraint was defined based on a
fraction of energy increase ∆Etol defined with respect to the lowest possible energy consumption as
obtained from the aerodynamic optimization E∗

aero. The complete set of constraints for the acoustic
optimization then became:

~gacoustic =

[ Tcl
Tclreq

−1
Tcr

Tcrreq
−1

]
= 0, (7)

~hacoustic =


Pcl

Pclmax
−1

Pcr
Pcrmax

−1
E−E∗

aero
∆Etol

−1

≤ 0. (8)

2.3 Design Variables & Geometry Parameterization
Design variables were considered related to the propeller operating conditions and geometry. In
terms of operating conditions, the collective pitch angle and advance ratio in the two different flight
conditions were included:

• Pitch setting at blade tip in climb: β
tip
cl

• Pitch setting at blade tip in cruise: β
tip
cr

• Advance ratio in climb: Jcl =
Vcl

nclD

• Advance ratio in cruise: Jcr =
Vcr

ncrD

In the optimization procedure, the pitch settings were defined at the blade tip to simplify the definition
of the parameterized radial twist distribution (which could now be set to 0 at the tip). In the analysis
and presentation of the results, the pitch and twist distributions were shifted to the more conventional
definition with the collective pitch setting defined at r/R = 0.7 and thus zero blade twist at r/R = 0.7.
The propeller geometry was defined by the following parameters:

• Diameter: D

• Number of blades: NB

• Radial chord distribution: c(r)
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• Radial twist distribution: θ(r)

• Radial mid-chord-alignment distribution: MCA(r)

• Radial face-alignment distribution: FA(r)

• Radial airfoil distribution

The radial distributions of planform design parameters were parameterized to limit the number of
design variables and guarantee smooth distributions. Bézier curves were used with 4 control points,
with the first one fixed at the blade root and the last one at the blade tip, as shown in Fig. 1. Because
of the fixed spanwise positions of the first and last control points, the radial distribution of blade chord
was defined by 6 variables. For twist only 5 variables were required because the value at the blade
tip was fixed to 0.
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Figure 1 – Example parameterization with Bézier curve with 4 control points.

To limit the number of design variables and complexity of the optimization problem, simplifications
were introduced:

• The diameter was fixed to the maximum accepted value of 1.5 m (Table 1) because minimum
disk loading is beneficial for aerodynamic efficiency.

• The number of blades was not included inside the optimization. Instead, separate optimizations
were performed for each blade count considered: 3, 4, 5, and 6. A blade count of 2 was also
used, but it was found that the thrust requirements were too high to obtain a feasible solution
for this condition within the bounds on the design variables.

• Blade sweep (mid-chord alignment) and lean (face alignment) were set to zero along the blade
span and not modified. Sweep is known to be an effective design variable to reduce noise
emissions of isolated propellers [6] and for the installed configuration the potential beneficial
impact of sweep can be expected to be even more pronounced. However, the performance
predictions for swept propeller blades obtained from the selected aerodynamic analysis model
were considered insufficiently accurate at this stage of the work.

• The airfoils were not modified with respect to the baseline design for simplicity. The baseline
propeller featured modified ARA-D airfoils with maximum thickness of about 15-20% on the
inboard part of the blade, down to 5% near the tip. The camber was about 2-3% on the inboard
part of the blade, increasing up to 5% near the sections with highest loading.

The result was an optimization problem with 15 design variables, performed for each individual value
of blade count considered. Bounds were defined based on the information provided in Table 1 and
considerations regarding structural feasibility of the blade planforms, such as the lower bound on the
chord distribution. Table 2 provides an overview.
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Table 2 – Bounds on the design variables.

Parameter Lower Upper
β

tip
cl [deg] 0 60

β
tip
cr [deg] 0 60

Jcl 0.76 1.52
Jcr 1.00 2.00

(c/R)c(r)
CP1 0.066 0.200

(c/R)c(r)
CP2 0.066 0.200

(c/R)c(r)
CP3 0.066 0.200

(c/R)c(r)
CP4 0.066 0.200

(r/R)c(r)
CP2 0.23 1.00

(r/R)c(r)
CP3 0.23 1.00

θ
θ(r)
CP1 [deg] 0 60

θ
θ(r)
CP2 [deg] 0 60

θ
θ(r)
CP3 [deg] 0 60
(r/R)θ(r)

CP2 0.23 1.00
(r/R)θ(r)

CP3 0.23 1.00

2.4 Initial Condition
A random initial point was used for each optimization. Random numbers were generated in the range
from 0 to 1. These numbers were then used as the scaled (from lower to upper bound) value of the
design variables. For each condition, multiple optimizations were run with different (random) initial
points to check for local optima. It was verified that these solutions were similar in terms of both
objective function and design variables. The converged solution with the lowest value of the objective
function was considered as the final design for each condition.

2.5 Optimization Algorithm and Tolerances
Gradient-based optimization was performed using a sequential quadratic programming method. Tol-
erances on the objective function convergence, maximum constraint violation, and minimum change
in design variables were set to 10−4, 10−4, and 10−5, respectively.

3. Analysis Methods
The aeroacoustic optimization of installed propellers requires analysis models that predict the pro-
peller performance and noise emissions for a given blade planform design and operational conditions.
The aerodynamic and acoustic analysis models are discussed separately.

3.1 Propeller Aerodynamics
The propeller blade loads were computed using the method described in Ref. [8]. This method con-
sists of three steps: definition of the nonuniform inflow field, computation of the propeller performance
in undisturbed inflow (isolated propeller), and computation of the installed propeller performance.

3.1.1 Inflow Fields
The inflow fields to the propeller are defined in terms of the spatial distributions of the three velocity
components in a Cartesian coordinate system at the position of the propeller disk. As mentioned be-
fore, three different cases are considered: uniform inflow, 5 deg angle of attack, and boundary-layer-
ingestion inflow. The nonuniform inflow fields were obtained from RANS simulations without power
effects that were performed as part of earlier work. Since for this paper only the differences between
designs for installed and uninstalled configurations are of interest, these inflow fields should only be
considered as examples that are used to test the design methodology. Therefore, the specifics of
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the numerical simulations that led to these inflow fields are not discussed in the paper. The simu-
lations were performed with slightly different hub geometries than considered in this work. Missing
data inside the hub region was replaced by the freestream velocity for the axial component, and zero
velocity for the lateral and vertical components. Considering the low blade loading on the inboard
parts of the blades, this choice will have had minimal impact on the results.
Figure 2 plots the resulting three inflow fields in terms of the axial, lateral, and vertical velocity compo-
nents. Note that the inflow fields are assumed to be constant in time. The time-dependent loading of
the propeller is thus solely due to the movement of the blades through the steady spatially nonuniform
inflow field.
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(b) Case 2: nonzero angle of
attack (α = 5 deg)
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Figure 2 – Inflow fields considered in this study.

3.1.2 Isolated Performance
The isolated propeller performance was computed using the blade-element-momentum method de-
scribed in Ref. [9]. This is a classical implementation of the blade-element momentum method with
a simple sweep correction to have a first-order sensitivity to the modified performance when applying
blade sweep. In the present work all analyzed blade planforms were unswept.
The computation of the installed performance requires a performance map of the isolated pro-
peller over a range of rotational speeds (evaluated at constant freestream velocity) and a range of
freestream velocities (evaluated at constant rotational speed). Examples are provided in Ref. [8]. For
the optimizations including installation effects, such propeller performance map had to be obtained
inside the optimization loop, for each considered propeller design.

3.1.3 Installed Performance
The installed performance is obtained by combining the inflow field with the isolated propeller perfor-
mance map. The complete procedure is described in Ref. [8]. The inflow velocity field is recast into
polar coordinates, after which effective changes in advance ratio are defined for each circumferential
position of each radial blade segment due to the local changes in axial and circumferential velocity
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components throughout the rotation. These changes in effective advance ratio are then used to pre-
dict the local change in performance due to the nonuniform inflow field. This is done based on the
derivatives of the propeller performance maps computed for the isolated propeller with respect to the
local effective advance ratio. The resulting quasi-steady blade loading is then transformed into the
frequency domain and corrected for unsteady effects using the Sears function. The results are then
transformed back into the time domain to obtain the final time-dependent blade loading throughout
the rotation. The time-averaged performance is obtained by averaging over the circumferential co-
ordinate, and is expressed in terms of installed thrust, torque, normal force, and side force on the
propeller.

3.2 Propeller Acoustics
The acoustic emissions are computed using the frequency-domain method by Hanson [10], account-
ing for tonal-noise sources due to blade volume, steady blade loading, and unsteady blade loading.
Broadband noise and tonal noise due to quadrupole sources are ignored. The acoustic analysis
was focused on the propeller only; acoustic interference with surrounding airframe components and
atmospheric propagation effects were not modeled.

4. Results
The analysis of the results is split into three parts. First, the optimization results for the isolated
configuration in uniform inflow (Case 1) are discussed. Then, aerodynamic and acoustic optimiza-
tions for the installed configuration with 5-deg angle of attack (Case 2) are presented. Finally, the
boundary-layer-ingestion configuration (case 3) is considered.

4.1 Isolated Propeller Optimization: Uniform Inflow (Case 1)
Optimizations were performed for the isolated propeller as a baseline for comparison with the results
obtained from the optimizations including installation effects.

4.1.1 Aerodynamic Optimization
The aerodynamic optimizations were performed with the objective function defined by Eq. 2 and
constraints defined by Eqs. 3 and 4. The objective was thus to minimize total energy consumption
(based on propeller shaft power) over the climb and cruise phases of the reference mission. Figure
3 compares the optimized performance in terms of energy consumption over the reference mission
and propeller efficiency for the different blade counts considered. The energy-consumption data are
normalized with the results obtained with a blade count of NB = 3 to highlight the relative impact of
blade count on propeller performance. Figure 4 plots the corresponding optimized solidity, advance
ratios in climb and cruise, and pitch settings in climb and cruise. Figure 5 plots top views of the
untwisted planforms for the different cases considered.
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Figure 3 – Performance results for aerodynamic optimization in symmetric inflow. Energy
normalized with optimal result obtained with 3 blades.
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Figure 5 – Top view of untwisted planforms for aerodynamic optimization in symmetric inflow.

Figure 3 shows that the overall mission energy consumption (based on shaft power for given thrust
requirement) was decreased by up to 2% by increasing the number of blades from 3 to 6. This
reduction in energy consumption is the direct result of an increase in propeller efficiency. Although
the overall disk loading was the same for all cases (due to the fixed thrust constraints and diameter),
the blade loading was different due to the differences in solidity, advance ratio, and pitch setting
(Fig. 4). The performance improvements obtained by increasing blade count were larger in the climb
condition than in the cruise condition, because the blade loading is highest in the climb condition,
and thus the blade count has the highest impact on the performance in that condition. For all cases,
losses in the climb phase were minimized by minimizing the advance ratio. This maximizes the
effective dynamic pressure at the blade sections, thereby enabling minimum lift coefficient of those
blade sections for a given thrust. For the higher blade counts, the advance ratio was increased in the
cruise phase in order to satisfy the thrust requirement. The pitch angle follows from a combination of
thrust requirement and solidity, which define the total loading and sectional loading per blade.
The increase in performance with increasing blade count was mostly due to a reduction in induced
losses. By increasing the number of blades, the absolute loading per blade decreases for a given disk
loading. This is confirmed by Fig. 6, which displays the radial distributions of sectional lift loading. The
applied scaling accounts for the differences in chord length and effective dynamic pressure between
the designs. Combined with the increase in aspect ratio with increasing number of blades (Fig. 5),
the reduction in lift loading leads to a reduction of induced losses. This is shown in Fig. 7, which
displays the induced efficiency of the blade sections, defined as:

ηi =
1− vt

Ωr
1+ va

V∞

, (9)

with r the local radial coordinate, va and vt the propeller-induced velocities in the axial and tangential
directions, respectively, V∞ the freestream velocity, and Ω the angular frequency of the propeller.

9



Rapid Aeroacoustic Planform Design Optimization of Installed Propellers

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Radial coordinate r/R

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Se

ct
io

na
l l

ift
 c

l q
ef

f c
 / 

q
 D

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Radial coordinate r/R

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Se
ct

io
na

l l
ift

 c
l q

ef
f c

 / 
q

 D NB = 3

NB = 4
NB = 5

NB = 6

a) Climb                                                                              b) Cruise                        

Figure 6 – Radial distributions of scaled sectional lift loading for aerodynamic optimization in
symmetric inflow.
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Figure 7 – Radial distributions of induced efficiency for aerodynamic optimization in symmetric
inflow.

The induced efficiency accounts for induction losses due to swirl and axial acceleration. For a
minimum-induced-loss design, the radial distribution of induced losses should be flat, and it can be
seen that the optimizer approximately followed this requirement to optimize propeller performance.
The induced losses are higher in the climb condition than in the cruise condition due to the higher
blade loading in the climb condition. The induced efficiency, however, does not account for profile
losses due to airfoil drag. For this reason, a profile efficiency was defined as:

ηp =
1− cd

cl

V∞+va
Ωr−vt

1+ cd
cl

Ωr−vt
V∞+va

, (10)

with cd and cl the local sectional drag and lift coefficients, respectively.
Figure 8 displays the radial distributions of profile efficiency for the different optimal designs. It can
be seen that the profile efficiency was approximately constant for the different designs, irrespective
of blade count. Furthermore, the profile losses were about 4-5 times (climb) and 2.5 times (cruise)
smaller than the induced losses (Fig. 7), and thus were not the dominant loss mechanism.
The constant profile efficiency with increasing blade count is due to a compromise between two
opposing mechanisms: profile efficiency increased with decreasing solidity while it decreased with
decreasing blade chord length due to a reduction in local Reynolds number. The reduction in in-
duced losses with increasing blade count changes the ratio between induced and profile losses.
Consequently, better performance can be achieved at higher blade count with lower solidity (see Fig.
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Figure 8 – Radial distributions of profile efficiency for aerodynamic optimization in symmetric inflow.

4, limited at NB = 5 and NB = 6 due to lower bound on chord), while at low blade count the solidity
needs to be sufficiently high to limit the sectional lift coefficients and thereby the induced losses. A
decrease in solidity enables an increase in local lift coefficient of the blade profiles for a given thrust
requirement, which for the selected profiles led to an increase in profile efficiency. This means that
the reference airfoils were designed for higher blade loading conditions than achieved at the thrust
requirement considered in the present study. When also including airfoil optimization into the de-
sign loop, the performance increase with increasing blade count would reduce because at low blade
count the blade profiles could be optimized to perform better at lower sectional lift coefficient. On the
other hand, this increase in profile efficiency with increasing blade count was offset by a reduction
in sectional Reynolds number, due to the reduction in sectional blade chord. As a result, the profile
efficiency was approximately constant for all designs.

4.1.2 Acoustic Optimization
The acoustic optimizations were performed with the objective function defined by Eq. 6 and con-
straints defined by Eqs. 7 and 8. The objective was thus to minimize thrust-scaled noise emissions
in the climb phase, accounting for the thrust requirements in both cruise and climb. The trade-
off between aerodynamic and acoustic performance was studied by imposing a variable inequality
constraint on the energy consumption, which was specified as a fraction of increased energy con-
sumption with respect to the aerodynamic optima discussed in the previous subsection.
Simulations were only performed for the cases with 3 and 4 blades, since the results for the cases
with 5 and 6 blades were considered biased due to the active lower bound on the chord distribution.
Figure 9 displays the change in thrust-scaled noise level compared to the baseline aerodynamic
optimum with 3 blades, as a function of accepted energy penalty and blade count. The resulting
impact on propeller efficiency is also included. The corresponding optimized values of the key design
variables are displayed in Fig. 10, while Fig. 11 provides top views of the untwisted blade planforms.
Figure 9 highlights the tradeoff between aerodynamic and acoustic propeller performance. For a
given blade count, the optimized thrust-scaled noise levels decrease with increasing accepted en-
ergy penalty. This means that the accepted energy penalty is exploited to define a blade shape and
operating conditions that result in lower propeller efficiency, but also lower noise levels at constant
thrust requirement. Figure 10 shows that the significant reduction in noise levels with increasing ac-
cepted energy penalty is achieved by increasing the solidity, advance ratio, and collective pitch angle
compared to the aerodynamic optimum. The increase in advance ratio at constant freestream veloc-
ity leads to a reduction in the helicoidal tip Mach number, as confirmed by Fig. 12. This is beneficial
for the acoustic performance of the propeller [1], while disadvantageous for propeller efficiency. The
increase in advance ratio is compensated for by an increase in solidity and pitch angle (Fig. 10)
in order to still match the thrust requirements in climb and cruise. The increase in solidity can be
recognized in the blade planform designs (Fig. 11) by the increase in chord length with increasing
accepted energy penalty.
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Figure 9 – Performance results for acoustic optimization in symmetric inflow.

0 1 2 3 4 5
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22

So
lid

ity
 

NB = 3

NB = 4

0 1 2 3 4 5
Energy penalty (E*-E*aero) / E*aero [%]

0.6

0.8

1.0

1.2

1.4

1.6

A
dv

an
ce

 ra
tio

 J

NB = 3, climb

NB = 3, cruise

NB = 4, climb

NB = 4, cruise

0 1 2 3 4 5
25

30

35

40

45

50

Pi
tc

h 
se

tti
ng

 
r/

R=
0.

7 [d
eg

] NB = 3, climb

NB = 3, cruise

NB = 4, climb

NB = 4, cruise

Figure 10 – Optimized solidity, advance ratios, and pitch settings for acoustic optimization in
symmetric inflow.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Radial coordinate r/R

-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20C

ho
rd

w
is

e 
co

or
di

na
te

 x
/R

E*aero = 0%
E*aero = 1%

E*aero = 2%
E*aero = 5%

Figure 11 – Top view of untwisted planforms for acoustic optimization of the 4-bladed propeller in
symmetric inflow.

Figure 13 shows how the increase in advance ratio to achieve increasing noise reduction requires
an increase in relative blade loading, which penalizes induced efficiency. The acoustic optimization
did not lead to a significant inboard shift of the loading distribution. The profile efficiency (not shown
here) again was less affected, and even slightly increased in the climb condition because the original
airfoil sections performed better at higher relative loading condition than achieved at the aerodynamic
optimum. Earlier sensitivity studies such as the one presented in Ref. [6] have shown similar trends. It
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optimization in symmetric inflow.

should be noted that in the present study the sensitivity to the tip Mach number is especially high due
to the low freestream Mach number of the reference aircraft considered. For applications operating
at higher freestream Mach number, the acoustic benefit of reducing tip Mach number will be smaller
because the baseline tip Mach number will be higher.
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Figure 13 – Radial distributions of scaled sectional lift loading and induced efficiency versus allowed
energy penalty for acoustic optimization of the 4-bladed propeller in climb in symmetric inflow.

The impact of blade count on the noise levels is two-fold. First, by increasing blade count from 3
to 4, the advance ratio can be further reduced while avoiding too high sectional blade loading. This
allows a further reduction of tip Mach number (Fig. 12), thus lower noise. Furthermore, the increased
blade count leads to increased acoustic interference between the pressure signals from the individual
propeller blades [1]. An increase in blade count is thus beneficial for the noise levels both for aero-
dynamic and acoustic reasons. The increase in aerodynamic efficiency with increasing blade count
is also observed for the acoustically optimized designs. For the considered design requirements,
the 4-bladed propeller thus shows better performance than the 3-bladed design for both disciplines.
Compared to the 3-bladed design, the 4-bladed propeller operates with about 6.5% lower energy
consumption at equal noise level, or about 10 dB lower noise at equal energy consumption. For ap-
plications operating at higher freestream Mach number, the acoustic benefit of increasing the number
of blades can be expected to be smaller than shown here, because the acoustic benefit of increasing
advance ratio will be smaller.
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4.2 Installed Propeller Optimization: 5-deg Angle of Attack (Case 2)
When operating in nonuniform inflow, the propeller performance and noise emissions change. There-
fore, it was expected that accounting for this nonuniform inflow during the optimization process would
enhance performance and reduce noise. This section presents the results for the propeller at 5-deg
angle-of-attack (case 2, Fig. 2b).
The installed optimizations were performed with the same objective functions and constraints as for
the isolated propeller. However, now the time-dependent loading was included in the aerodynamic
and acoustic analysis. The resulting designs are referred to as ‘installed designs’. The performance
of the installed designs was compared to that obtained for the isolated propeller designs (optimized
for performance in symmetric inflow). In this comparison, 3 different cases will be considered:

1. Isolated propeller design evaluated at 0-deg angle of attack;
2. Isolated propeller design evaluated at 5-deg angle of attack;
3. Installed propeller design evaluated at 5-deg angle of attack;

4.2.1 Aerodynamic Optimization
The aerodynamic optimizations were again performed with the objective function defined by Eq. 2
and constraints defined by Eqs. 3 and 4. In this case, the results were time-averaged over 1 rotation.
Figure 14 compares the optimized performance in terms of propeller efficiency for the different blade
counts. Figure 15 presents the corresponding values of the design variables. Figure 16 plots top
views of the untwisted planforms for the cases with 3 and 4 blades. The results for 5 and 6 blades
are omitted from this figure because all chord values were at the lower bound.
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Figure 14 – Impact of 5-deg angle of attack on propeller efficiency in climb and cruise from
aerodynamic optimization.
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Figure 15 – Impact of 5-deg angle of attack on propeller design variables from aerodynamic
optimization.
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Figure 16 – Impact of 5-deg angle of attack on top view of untwisted planforms from aerodynamic
optimization.

The operation at nonzero angle of attack modifies the thrust produced by the propeller. Consequently,
the isolated propeller at 5-deg angle of attack produced higher than required thrust by about 0.5% for
cruise and 1% for climb. For this reason, the comparison of aerodynamic performance of the different
designs is not based on energy consumption, but on propeller efficiency instead. As expected, the
impact of the 5-deg angle of attack on the propeller efficiency is small, and this is confirmed by
Fig. 14. When taking the design obtained for symmetric inflow, and evaluating it at this nonuniform
inflow condition, the propeller efficiency increased by 0.2-0.3% for all blade counts. This is due to the
beneficial upwash experienced by the blade on the downgoing blade side. Note that the efficiency
is defined here in the propeller reference system, hence thrust and torque are defined with respect
to the propeller axis. When taking the forward force component in the flight direction, the remaining
efficiency benefit would be negligible.
The ‘installed design’ is obtained by accounting for this installation effect inside the optimization loop.
Considering the small impact of the 5-deg angle of attack on the propeller efficiency, this installed
design performs about the same in terms of time-averaged propeller performance as the design ob-
tained for symmetric inflow, with differences within ±0.1%. This suggests that the difference between
the performance of the isolated and installed designs is within the resolution of the analysis and op-
timization routine used. This is also reflected in the design variables and planform designs (Fig. 15,
Fig. 16), which are similar between the two cases. For the cases with 3 and 4 blades, the blade
solidity is 1-3% lower for the installed design than for the isolated design, while the cruise advance
ratio is somewhat higher.
The blade planforms show that the reduction in solidity for the installed design is mostly due to a
reduction in chord length on the inboard part of the blade, where the impact of the angle of attack
on the local inflow to the blade sections is the largest due to the low tangential velocity associated
with the rotation of the blade. A reduction in chord in this region would lead to an increase in relative
loading, which is possible without induced-drag penalty due to the favorable upwash mechanism
introduced by the operation at nonzero angle of attack. The advance ratio in climb remains at the
lower bound to minimize swirl losses in that high-loading condition.
The difference in aerodynamic performance between the cases with and without flow nonuniformity
considered in the design process naturally depends on the type of flow nonuniformity considered,
and also on the objective function. By accounting for the unsteady effects inside the optimization,
also time-dependent properties such as amplitude of unsteady blade loading could be minimized.
This was not attempted in the present study.

4.2.2 Acoustic Optimization
The operation of the propeller in nonuniform inflow introduces unsteady blade loading, which rep-
resents an additional noise source. The acoustic optimization was performed for the installed case
to quantify the opportunity to minimize this installation noise through dedicated planform design. As
mentioned before, the isolated designs evaluated at nonzero angle of attack did no longer match the
original thrust equality constraint. To still be able to assess noise levels versus combined energy
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consumption over the climb and cruise parts of the mission, the energy ratios for the isolated de-
signs were defined here by assuming that the propeller efficiency in installed conditions could also
be achieved at the exact value of the thrust requirement. Therefore, a linear scaling based on thrust
ratio was applied to the energy values of the isolated design evaluated in installed conditions. For
this purpose, the climb and cruise phases of the mission were considered separately, and the energy
consumption for these two flight phases was scaled with the ratio of required to installed thrust.
Figure 17 provides an overview of the change in thrust-scaled sound pressure level versus energy
ratio obtained by including the installation effects in the design optimization. All results are evaluated
at an angle of attack of 5 degrees, and are presented with respect to the aerodynamic optimum with
3 blades obtained without accounting for installation effects. The corresponding operational variables
for the 4-bladed optima are provided in Fig. 18, while the planforms are plotted in Fig. 19. The results
for the 3-bladed and 4-bladed cases were similar, and hence the 3-bladed cases are omitted from
Figs. 18 and 19 for clarity of presentation.
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Figure 17 – Impact of 5-deg angle of attack on performance results from acoustic optimization.
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Figure 18 – Impact of 5-deg angle of attack on optimized solidity, advance ratios, and pitch settings
from acoustic optimization of the 4-bladed propeller.

Figure 17 shows a negligible difference between the performance of the isolated and installed designs
evaluated for the same 5-deg angle of attack case. Despite relatively large changes in planform
design (Fig. 19), the performance of the isolated and installed designs is comparable. For the
case with 3 blades, the installed design provides a minor noise reduction compared to the isolated
design of around 0.5 dB at the maximum energy penalty considered. However, for the other energy
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Figure 19 – Impact of 5-deg angle of attack on top view of untwisted planforms from acoustic
optimization of the 4-bladed propeller.

penalties and all cases with 4 blades, the performance of the isolated and installed designs is within
the resolution of the analysis and optimization chain. Similarly as for the aerodynamic optimization,
compared to the isolated designs the solidity was decreased for the installed designs (only significant
at the highest accepted energy penalty), while the advance ratio was increased. Figure 19 shows that
the reduction in solidity again was due to a reduction in chord length on the inboard part of the blade,
where the relative impact of the nonzero angle of attack on the inflow conditions is the largest. It is
expected that the optimizer attempted to reduce the absolute loading in this region to reduce the noise
due to unsteady blade loading. However, the overall impact on the noise levels is negligible because
an increase in loading is required on the outboard part of the blade to still match the thrust constraint,
which increases the noise associated with the steady loading. Overall, for the 5-deg angle-of-attack
case, including installation effects inside the optimization did not lead to a significant aerodynamic or
acoustic benefit compared to the isolated blade design.

4.3 Installed Propeller Optimization: Boundary-Layer-Ingestion (Case 3)
The nonuniform inflow representative of a boundary-layer-ingesting propeller at the rear fuselage
(case 3, Fig. 2c) was only considered for aerodynamic optimization of the 3-bladed propeller. For
this case, because the impact of the flow nonuniformity on the propeller thrust was much larger
than for the angle-of-attack case (case 2), the operational conditions (advance ratios, pitch settings)
of the isolated design were optimized in a separate step to achieve maximum performance in the
nonuniform inflow field while adhering to the thrust requirements in climb and cruise. In this step,
the planform design remained unchanged. The installed design was again obtained by including the
installation effects into the full optimization procedure and thus resulted in different chord and twist
distributions than for the isolated design, as well as different advance ratios and pitch settings.
Table 3 compares the change in aerodynamic performance obtained by including the installation
effects into the planform design optimization, while Table 4 compares the resulting values of the
design variables. Top views of the untwisted blade planforms are provided in Fig. 20, while Fig. 21
plots the radial distributions of chord and twist for both designs.

Table 3 – Impact of boundary-layer-ingestion inflow on performance from aerodynamic optimization
of the 3-bladed propeller.

Parameter Iso. design Inst. design (Inst.-Iso.)/Iso.

Energy
Etotal [MJ] 59.7 59.4 -0.4%
Eclimb [MJ] 14.0 13.8 -1.5%
Ecruise [MJ] 45.7 45.6 -0.1%

Prop. efficiency
ηcl 0.81 0.82 +1.5%
ηcr 0.95 0.95 +0.0%
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Table 4 – Impact of boundary-layer-ingestion inflow on propeller design variables from aerodynamic
optimization of the 3-bladed propeller.

Parameter Iso. design Inst. design (Inst.-Iso.)/Iso.

Advance ratio
Jcl 0.76 0.76 +0.0%
Jcr 1.0 1.0 +0.0%

Collective pitch
βcl [deg] 31.6 30.0 -5.0%
βcr [deg] 28.1 27.7 -1.6%

Solidity σ 0.078 0.098 +26.0%
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Figure 20 – Impact of boundary-layer-ingestion inflow on top view of untwisted planforms for
aerodynamic optimization of the 3-bladed propeller.
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Figure 21 – Impact of boundary-layer-ingestion inflow on radial distributions of chord and twist for
aerodynamic optimization of the 3-bladed propeller.

Table 3 shows that for this installation case, accounting for installation effects in the optimization
resulted in a 0.4% reduction in energy consumption over the mission compared to the isolated design.
This was mostly due to an increase in propeller efficiency of 1.5% in the climb phase. Note that the
definition of propeller efficiency was based on freestream conditions, which partially explains the high
values compared to installation cases 1 and 2.
From Table 4 it is concluded that the increase in efficiency of the installed design was obtained
through an increase in blade solidity. This increase in solidity was focused on the inboard part of the
blade as shown by the blade planforms (Fig. 20) and chord distributions (Fig. 21). In this region, the
low axial velocity led to a reduction in effective advance ratio, which was exploited by the optimizer
to improve performance. At the same time, the twist on the inboard part of the blade was decreased
compared to the isolated design (Fig. 21) in order to limit the resulting angles of attack at the blade
sections. Future work will assess the acoustic benefits of accounting for installation effects for a
complicated nonuniform inflow field like the one considered here.
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5. Conclusions
This paper has presented the results of aerodynamic and acoustic propeller optimizations for sym-
metric and nonuniform inflow conditions. Based on the results, the following conclusions are drawn:

• An increase in the blade count increases aerodynamic and acoustic propeller performance, both
for isolated and installed conditions. Aerodynamic performance is improved due to reduced
induced losses, while acoustic performance is improved due to the larger potential to reduce tip
Mach number for a given induced loss.

• For a given blade count and the freestream Mach number considered in this paper, noise is
most effectively reduced by decreasing the tip Mach number, through an increase in propeller
advance ratio at given freestream conditions. This results in a reduction of induced efficiency.
Therefore, the aerodynamic and acoustic performance of a propeller are conflicting objectives.
The reduction in noise obtained for a given reduction in energy efficiency depends on the blade
count, with higher potential for noise reduction at higher blade count.

• Accounting for installation effects in the aerodynamic design of a propeller for maximum time-
averaged energy efficiency does not significantly change the performance and design for a
simple nonuniform inflow case like a 5-deg angle of attack. For the more complex case of
a boundary-layer-ingestion configuration performance benefits can be obtained, with a 0.4%
reduction in energy consumption compared to the design for symmetric inflow conditions, and
a maximum efficiency benefit of 1.5% in the climb phase.

• Accounting for installation effects in the acoustic design of a propeller for minimum noise emis-
sions at a given energy-efficiency level only leads to minor noise reductions of at most 0.5 dB
for a simple nonuniform inflow case like a 5-deg angle of attack. The blade planform design
and operational variables were not significantly modified for this case compared to the design
for symmetric inflow conditions.

Future work will assess the potential for improved aerodynamic and acoustic performance of installed
propellers for more complex interaction cases, including an evaluation of the impact of blade sweep
and airfoil design and the sensitivity of the results to the tip Mach number. Such results will help to
decide whether installation effects need to be accounted for during the preliminary design stage to
achieve low-noise, high-efficiency propellers for future sustainable aircraft.
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