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Impact of Installation Effects on Optimal Propeller Design:
Application to a Boundary-Layer-Ingesting Propeller

Daamanjyot Barara*, Martijn van Sluis’, and Tomas Sinnige*
Delft University of Technology, 2629 HS Delft, The Netherlands

Propellers have gained traction in recent years and are subsequently being integrated into
unconventional airframe configurations as part of conceptual designs for developing sustainable
aircraft. Close coupling of the propeller and airframe enhances the non-uniformity of the inflow
to the propeller. This non-uniform inflow introduces unsteady loading, affecting the propeller’s
performance. This paper investigates the impact of accounting for installation effects during
propeller blade design within an optimization toolchain. This toolchain is applied to a propeller
mounted at the rear of a fuselage utilizing Boundary Layer Ingestion (BLI). The proposed
design methodology utilizes existing analysis methods to assess the installed aerodynamic and
structural performance of the propeller. A gradient-based optimizer is coupled to these analysis
methods to design two distinct blades for a multi-segment mission with the objective to maximize
the aerodynamic performance. The geometry of the first propeller blade is optimized for the
uniform inflow and consequently optimized to operate in the non-uniform inflow. The second
blade is from the outset designed for the non-uniform inflow condition. The implementation of
the proposed design methodology captures the sensitivity of the inflow field within the design
loop, resulting in two distinct blade designs. Upon comparing these blades in BLI inflow
conditions to meet identical performance requirements, it was observed that the blade designed
to account for installation effects featured a higher inboard chord distribution and consumed
1.58% less energy compared to the blade optimized for uniform inflow for the considered mission
profile.

Nomenclature

= Chord, m

Propeller diameter, m

Energy consumption, J

Objective function

Equality constraint

Inequality constraint

Advance ratio; V/(nD)
Rotational speed, 1/s

Shaft power, W

Power coefficient; P/(pV3D?)

= Thrust, N

Thrust coefficient; T/(pV>D?)
Time, mins; and Sectional thickness, m
Velocity in Cartesian system, m/s
Velocity, m/s

Cartesian coordinates, m
Sectional camber, m

Blade pitch angle, deg

= Freestream air density, kg/m’
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o = Normal stress, MPa
Ty = Yield tensile strength, MPa
0 = Twist angle, deg

I. Introduction

GIVEN its good aerodynamic efficiency at moderate subsonic Mach number, propellers have garnered significant

interest amongst the research community as a step towards developing sustainable aircraft designs for short-range
air travel. Several studies have proposed airframe configurations that leverage the aerodynamic performance of the
propeller by strategically installing it in close proximity to the airframe to benefit in terms of aero-propulsive efficiency.
Wingtip-mounted propellers [1l], over-the-wing [2] and boundary-layer-ingestion (BLI) propellers [3] 4] are some
examples of such configurations employing propellers to enhance the aerodynamic performance of the aircraft at the
system level.

Installing a propeller in such an integrated configuration has a strong coupling with the airframe. Unlike an isolated
propeller operating in undisturbed freestream, a propeller operating in such an integrated configuration ingests a flow with
spatially varying velocity distribution at the propeller plane. Such a variation can impact the propeller’s performance,
potentially causing issues such as separation along the hub. Therefore, to reap the benefits of the configuration at
the system level, it is crucial to understand whether the propeller blade design needs to be adapted to its local inflow
field. The relative magnitude of the interaction between the propeller and the aircraft parts depends on the propeller’s
installation location [3].

To the author’s knowledge, limited studies have been performed on propeller optimization in installed conditions
compared to traditional propeller design research. Costa et al. introduced a design methodology for propeller
installed in BLI configuration. In their approach, the blade planform is modified for its aerodynamic performance
through an optimization routine coupled with high-fidelity CFD to account for the interaction effects. Similarly, Pagano
et al. [6]] included high-fidelity fluid dynamics and structural dynamics computations in their optimization design
routine to perform aeroacoustic optimization of a propeller blade installed in the pusher configuration downstream of a
wing. Both studies showed that the inclusion of non-uniform effects can significantly affect the optimal blade design and
propeller performance. However, using high-fidelity computations in the preliminary design study can be prohibitive
due to the high computational power and time required. Sinnige et al. [[7] presented a rapid blade design toolchain for
aeroacoustic optimization of propellers in installed conditions. For the case of BLI inflow, the inclusion of installation
effects within the optimization toolchain for aerodynamic performance resulted in a blade geometry with increased
solidity and lower energy consumption compared to the design optimized for uniform inflow. However, this study did
not include structural modeling in the design toolchain.

This work presents a rapid propeller blade optimization toolchain aimed at designing aerodynamically optimal
propeller blades operating in a non-uniform inflow while adhering to the structural constraints to obtain realistic blade
shapes. This toolchain is used to investigate the impact of including installation effects on both the optimal blade design
and performance of the propeller, which could be a relevant consideration during the preliminary design phase of a
propeller.

Fig.1 Model in the test section of TU Delft’s Low Turbulence Tunnel for which the propeller blades are being
designed in this study. The direction of the flow is from left to right.
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The proposed methodology is applied to design a propeller blade operating within the inflow of a fuselage boundary
layer. The blades are intended to be designed for future experimental wind tunnel tests involving a model featuring a
fuselage with a propeller in BLI configuration. Figure[I]shows the model of the fuselage used for the design studies.
The geometry of the fuselage represents that of a conventional passenger aircraft and is designed according to the
Engineering Science Data Unit (ESDU) guidelines. The designed propellers will be installed on the aft section of the
fuselage.

The remainder of the paper is organized as follows: Section[[I] briefly describes the aerodynamic and structural
analysis tools implemented in this design study. Section [[TI] presents the optimization framework, detailing the definition
of the objective function, design variables, and parameterization. This section also highlights the approach adopted for
performing optimization studies to obtain blade designs optimized for non-uniform inflow conditions. The definition of
the mission profile and performance requirements are presented in Section [[V] The proposed design methodology is
used to perform optimization studies and investigate the influence of including installation effects within the propeller
design loop, the results of which are presented and discussed in Section[V] Finally, Section [V presents the conclusions
drawn from the results of this study.

I1. Analysis Tools

The optimization routine utilizes aerodynamic and structural tools to compute the performance parameters, driving
the optimizer towards an optimal blade design to minimize the cost function while adhering to structural constraints. The
choice of analysis methods to be incorporated into the optimization routine is based on the following considerations —

* The method should be computationally efficient enough to be incorporated into optimization.

* The method should be sufficiently accurate in capturing the main sensitivities in aerodynamic performance as a

response to changes in the inflow.

The following section presents a brief discussion of the aerodynamic and structural models implemented in the current
design process for the performance prediction of the propeller, both in isolated and installed conditions.

A. Aerodynamics Model
The aerodynamic analysis model used in the current research is similar to the ones used by Sinnige et al. [7].

1. Aerodynamics Model for Isolated Propeller

The aerodynamic performance of the isolated propeller was computed using blade-element-momentum theory
(BEMT). The application of this model provides the radial distributions of the loads along the blade for given freestream
conditions and the propeller’s operational settings. These loads are further used to compute the thrust generated and
power required by the propeller in the isolated condition. Since these aerodynamic loads serve as input for predicting
both the installed performance of the propeller and the structural model, it is crucial for the model’s predictions to be
sufficiently accurate. As noted by Gur and Rosen [8]], the BEMT strikes a favorable balance between accuracy and
computational cost compared to other aerodynamic prediction models for propellers. This makes it an attractive choice
for inclusion in the current optimization study. Consequently, the BEMT model is used to compute the aerodynamic
performance of the propeller.

BEMT discretizes the propeller blade into radial sections, considering each section as an airfoil. It utilizes the
aerodynamic characteristics of 2-dimensional airfoils to predict blade loadings and overall propeller performance. The
aerodynamic database of the airfoils is constructed by determining their aerodynamic characteristics across a wide
range of angles of attack and Reynolds numbers using XFOIL [9]. The post-stall airfoil method developed by Viterna
[LO] is employed to predict the lift and drag coefficients of the airfoils beyond the stall angle and extend the range of
airfoil polars. Furthermore, the Prandtl-Glauert correction is applied to consider compressibility effects on the blade
sections, while Prandtl’s tip loss factor is used to account for root and tip losses.

2. Aerodynamics Model for Installed Propeller

In order to assess the propeller’s aerodynamic performance in installed condition, the aerodynamic analysis tool
is based on an engineering method coupling BEMT and non-uniform inflow field at the propeller plane. A detailed
explanation of this engineering method can be found in Ref.[4]. This approach for computing blade load distribution
due to non-uniform inflow relies on two inputs - a) Non-uniform inflow field at the propeller plane using CFD, and b)
Propeller’s performance in uniform condition.
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This approach is based on the assumption that, in the installed condition, non-uniformity of the inflow field would
induce a local disturbance in the propeller’s blade loading at its nominal operating condition, i.e., its performance in
undisturbed uniform inflow. The disturbance due to this induction would lead to a change in the local advance ratio AJ’
at a given radial position, which in turn causes variations in the thrust and torque loads. By imposing the inflow field
onto the propeller disk, the local change in advance ratio, AJ’, is determined at radial locations for different azimuthal
positions. Once the change in local advance ratio is determined, the loading distribution at different azimuthal positions
around the propeller disk is computed by interpolating over the performance maps of the isolated propeller that was
obtained using BEMT. After determining the load distribution for each azimuthal position, the integral propeller forces
are computed by integrating over the propeller disk.

In this method, the non-uniform inflow should be known a priori and is determined using CFD, accounting for the
interference effects that a propeller would encounter at the position of its operation due to the presence of the airframe.
The coupling between the propeller and inflow is neglected in this approach. Additionally, to evaluate the performance
of the installed propeller, performance maps of isolated propeller have to be generated for a range of advance ratios. In
the current implementation of the method, BEMT has been coupled directly into the aerodynamic solver. During the
optimization process, BEMT will be used for each function evaluation to compute performance maps for each blade
design and setting. This method computes the blade loading distribution in a quasi-steady manner, upon which the
unsteady effects are accounted for by applying the Sears function to the blade forces.

B. Structural Model

1. Aerostructural Model for Isolated Propeller

The structural model is crucial for imposing structural constraints within the optimization routine such as limits
on the allowable stress and maximum twist deflection. In the current tool, this aerostructural model is based on the
approach proposed by Sodja et al. [L1]. This approach uses Euler—Bernoulli beam theory and Saint—Venant theory of
torsion to account for bending and torsional deformations of the blades, respectively. This method treats the propeller
blades as slender, pre-twisted cantilever beams of variable cross-sections built out of homogenous and isotropic material.

The aerostructural solver combines aerodynamic loads from the aerodynamic solver with inertial loads to compute
moments along the local coordinate axis of the blade at various radial positions. Once the moments due to the
aerodynamic and inertial loads are calculated, the blade’s deformation and stresses are determined. In the current model,
blade deformation is contributed by - bending and torsion. Assuming that the blade cross section is solid, the warping
effects are neglected as they would be minimal.

2. Aerostructural Model for Installed Propeller

A quasi-steady approach has been used to extend Sodja et al.’s model [11] for predicting the structural loads
experienced by the blade during rotation around the disk in non-uniform inflow conditions. By determining the radial
aerodynamic load distributions at each azimuthal position around the propeller disk, the structural solver computes
moments and deflections at each of these positions. This results in the computation of the moments, stresses, in-plane
and out-of-plane deflections over the propeller disk due to the non-uniformity in the inflow field. These are further used
as a condition to be satisfied by the optimizer to obtain an optimal blade design that is structurally realizable. It must be
noted that the vibrations induced due to the unsteady effects of non-uniform inflow are neglected for the prediction of
structural loads of an installed propeller.

III. Optimization Framework

Optimizations are performed to assess the influence of installation effects on the optimal blade design, optimized
for aerodynamic performance while meeting performance and structural constraints, across a multi-segment mission
profile. A gradient-based method is used in combination with propeller analysis methods within the current framework
to design two blades: a) a blade optimized for isolated conditions, and b) a blade optimized for the installed condition.
Figure [2|depicts the workflow of the optimization framework along with its components. The same framework has been
utilized to optimize both blades, with the only difference being the replacement of the aerodynamic and aerostructural
models specific to each case.
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Fig.2 Workflow of the optimization framework and its components.

A. Definition of Objective Function and Constraints

In the current study, optimizations have been performed to achieve optimal aerodynamic performance of the propeller
blade, which translates to minimizing energy consumption over the entire mission. The energy consumption of the
propeller blade is derived from its shaft power P, and the total energy consumption E over each of the mission segments

can be defined as,
N
E=)E=

=1 i

M=

Pit; ()

1l
—

where, i indicates the mission segment, N refers to the number of mission segments, and 7 is the time duration of
each of the mission segments. To avoid scaling issues during the design search, the objective function f is defined by
normalizing the energy consumption with that of the initial design,

E
f=E—0 2

where, E( represents the energy consumption of initial design. Throughout the rest of this paper, subscript *0’ will
be used to denote the quantities of the initial design.

The optimization process is constrained by performance and structural requirements that the optimal blade design
must satisfy, and this is expressed through equality and inequality constraints within the optimization loop. To ensure
that the optimal blade design meets the thrust requirement for each of the mission segments, the equality constraint is
defined as,

T;
T; req

8i = -1=0 3
where, Tjreq is the thrust requirement from the blade for each mission segment i.
To prevent the blades from being too slender and experiencing high twist deflections, which could compromise both
the structural integrity and aerodynamic performance of the blades, inequality constraints were defined as,

F.Sxoi _ 1
hi=| A3 <0 “)
ABITIEX
where, o, is the yield stress of the material and F.S. is the structural factor of safety that is applied to the maximum
von Mises stress o; experienced by the blade during its operation in the mission segment i. AS; is the twist deflection
along the blade in the mission segment i and is limited by the maximum twist deflection ABn,x. The values of
performance and structural requirements specific to the test case under consideration are defined in Section [V}
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B. Design Variables and Geometry Parameterization
The definition of design parameters that dictate the propeller’s geometrical design plays a crucial role in the
optimization process. The propeller’s geometrical design and operational condition are used as variables in the current
study and can be categorized into the following -
* Operational Parameters - Rotational speed n and collective pitch setting at 70% radial position Bo 7r, for each of
the mission segments.
* Blade Planform Parameters - Radial chord distribution c¢(r), radial twist distribution 6(r), and propeller diameter
D.
* Sectional Parameters - Radial thickness/chord distribution #/c¢(r) and radial camber distribution z/c (7).

1. Airfoils and Sectional Parameters

The sectional parameters have been defined using the airfoil parameters, namely the thickness/chord ratio and
camber, which can influence the aerodynamic and structural performance of the propeller. Therefore, these sectional
variables are crucial for achieving optimal blade design, allowing for the exploration of a wide design space. Given its
exceptional performance for a wide range of flow conditions, the family of ARA-D airfoils has been chosen for the
propeller design [12]]. The 6-bladed TUD-XPROP, one of TU Delft’s reference propellers, uses airfoils derived from
the ARA-D family of airfoils. To generate a wide dataset of airfoils for use in the current study, the airfoil profiles at
different radial sections of TUD-XPROP were extracted and modified. Each of these airfoils can be defined based on
- thickness/chord ratio, camber, and chordwise position of maximum camber. Due to the marginal difference in the
chordwise position of maximum camber among the baseline airfoils, this parameter was omitted from modification.
The baseline airfoils were modified such that, for a given thickness/chord ratio, a range of profiles was generated by
varying the maximum camber as a percentage of the chord using XFOIL’s *Geometry Design Routine (GDES)’ [9]. The
maximum camber percentage for each thickness/chord ratio ranges from 1% to 5%. In this way, a new set of airfoils is
generated by modifying baseline ARA-D profiles solely based on two parameters: thickness/chord ratio and camber.
The final airfoil dataset includes sections with thickness/chord ratios ranging from 5% to 23% and camber ranging from
1% to 5%.

2. Geometry Parameterization
To mathematically define the planform of the propeller blade while guaranteeing smooth distribution, cubic Bezier
curve parameterization is used to describe the chord, twist, thickness, and camber distribution along the span.

35

30 y P2

Design Variable

0 . . . . . .
0 0.1 02 03 04 05 06 07 08 09 1CP4

Radial Coordinate r/R

Fig.3 Representation of a cubic Bezier curve.

To describe the radial distribution of the blade’s planform and sectional parameters, the position of control points is
defined by two dimensions: parameter value and radial position. The radial positions of the first and last control points,
at the root and tip respectively, are fixed, while the intermediate control points have the freedom to move within the
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design space in two dimensions. Alongside fixing the first and last control points in the radial direction, the last control
point for twist distribution, which represents the twist at the blade tip, is fixed to 0. Therefore, only 5 design variables
are required to define the blade’s twist distribution, while 6 design variables are needed to define the radial distribution
of chord, thickness/chord ratio, and camber along the blade. The bounds on these parameters for the current case will be
defined in Section [Vl

C. Design Approach
In this design study, optimizations have been performed for propellers operating in different inflow conditions. For
clarity, Table[I| presents an overview of the configurations of interest that have been used in this paper.

Table 1 Overview of propeller geometries and conditions in which they are assessed in this design study.

Parameter Description
is0-iso Propeller optimized for isolated condition and operating in isolated condition.
iso-ins Propeller optimized for isolated condition and operating in installed condition.
ins-ins Propeller optimized for installed condition and operating in installed condition.

1. Isolated Propeller Design

In the case of isolated propeller optimization, a two-step approach has been adopted which dictates the definition of
the objective function and constraints. As a first step for the isolated propeller design, the blade is optimized for the
undisturbed uniform flow condition. The optimization problem for this step can be formulated as,

minimize £ = f(n;, Bo7r,, > <(r), 0(r), 1/c(r), 2/c(r), D)

subject to T; = Tireq
F.S. 0, <0y

Aﬁ i < Aﬂ max

To study the impact of the installation effects on the blade design optimization and to draw a fair comparison with
the installed design, the isolated blade design must meet the performance requirements under installed conditions. Since
the performance of the isolated blade would vary in the installed condition, a second optimization step was required to
determine the optimal operational parameters of the isolated blade design in the flowfield associated with the installed
condition. The blade design remains unchanged for this step. The optimization problem for this step can be formulated
as,

minimize £ = f(n;, Bo.1R,,,)

iso-insQ P1
subject to T; = Tireq

FS.xo0y <0y
A,Bi < Aﬂmax

2. Installed Propeller Design

In the case of installed propeller design, the effects of non-uniform inflow have been included within the optimization
loop. To initiate this optimization, optimal geometric parameters derived from the blade design of the isolated propeller
and its optimal operational parameters in the non-uniform inflow were used as the starting point. The optimization
problem for installed propeller design can be formulated as,
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minimize £ = f(n;, Bo.7g,, . c(r), 6(r). 1/e(r). 2/c(r). D)

subject to Ti =Tireq
F.S. 0, <0y
Aﬁi < Aﬂmax

D. Optimization Algorithm and Tolerances

The gradient-based optimizations are performed using sequential quadratic programming (SQP) algorithm. The
gradients are estimated using the forward finite differences method during optimization. Tolerances imposed on the
first-order optimality, maximum constraint violation, and minimum change in the design variables are 1074, 1079, and
1073, respectively.

IV. Problem Definition

The proposed methodology has been applied to derive optimal blade designs for propellers operating in the boundary
layer of a fuselage. The resulting blades will be manufactured and used in experimental tests as part of ongoing research.
Therefore, the inflow fields, operating conditions, and performance criteria considered in this study are devised in
accordance with future experimental tests.

The simplified mission profile comprises three segments: take-off, climb, and cruise. The operational conditions and
performance requirements for these mission segments are listed in Table 2] Thrust requirements for the three mission
segments are defined such that the resulting thrust coefficients are representative of those of a turboprop passenger
aircraft. The values of thrust presented in Table[2]have been calculated to match the corresponding thrust coefficients
under wind tunnel conditions during the upcoming experiments.

Table 2 Operating conditions and performance requirements for optimization.

Parameter Take Off Climb Cruise
Freestream Velocity [m/s] 30 60 60
Time Duration [min] 2 10 40

Thrust requirement [N] 35.56 56.9 14.22

Table [3]lists the structural properties and requirements used in the optimization. It was decided to fix the number of
blades of the propeller to 6 blades due to the availability of a suitable hub for the experimental campaign. The sensitivity
of the results to the blade count has not been assessed in this study.

Table 3 Structural properties and constraints for optimization.

Parameter Value

Material Stainless Steel
Max yield tensile strength, o, 207 MPa
Structural factor of safety, F.S. 2.0
Max. twist deformation, ABax 0.1°

The inflow field of the boundary layer ingestion at the propeller plane was obtained from a time-averaged uRANS
solution modeling the wind tunnel setup. Figure ] shows the inflow fields of the axial, lateral, and vertical velocity
components at the propeller plane used in this study. From the inflow field contours at the propeller disk, it can be
inferred that the propeller ingesting the boundary layer would operate in a spatially varying region of the velocity field
in the axial, lateral, and vertical directions. The fuselage contraction, upsweep, boundary layer, and wake from the
upstream fairing contribute to the non-uniformity in the velocity fields. The interaction of such non-uniformity with the
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propeller blade gives rise to dynamic stresses. The presence of such dynamic loads emphasizes the need to account for
the structural performance of the blades in the preliminary design phase.

Vi /Voo V. /Veo
1 02 02
I 09 0.15 0.15
= o1 4 . = o1 = o1
B y \ tos A el
Y iz | \ N 01 0.1
/ Y \ \ 07
8 o005 [ \ 8 005 £ 005
< H X © 005 @ 0.05
El | \ 06 2 El
3 0 | | 0.5 5 0 0 3 0 0
3 \ N 3 3
2 (A A 04 2 0.05 9 0.05
< -005 \ S 005 S 005
g S / 05 § g
=l N ) E o1 B 0.1
S o N — 2 2 o4 S o1
— 015 015
0.1
-0.15 0 -0.15 02 015 02
045 01 -005 0 005 o1 015 01 005 0 005 01 015 01 005 0 005 01
Lateral Coordinate y [m] Lateral Coordinate y [m] Lateral Coordinate y [m]
(a) Axial Velocity Component (b) Lateral Velocity Component (c) Vertical Velocity Component

Fig. 4 Inflow fields of Boundary Layer Ingestion considered in this study.

Based on the problem definition, 30 design variables were used in the optimization. Table ] presents the design
variables and the bounds imposed on them. In the first step of the isolated propeller design optimization, which was
performed for uniform flow, 30 design variables were used. While, in the second step, 6 design variables defining the
propeller’s operational parameters were used to meet performance requirements in non-uniform inflow. The installed
propeller design optimization was performed with 30 design variables for non-uniform inflow.

Table 4 Bounds on the design variables.

Design Variable | Lower Bound Upper Bound Parameter | Lower Bound Upper Bound
nro [1/s] 40 157.48 r/RS) 0.44 0.80
ner [1/s] 40 157.48 (r/R)gg3 0.55 0.95
ner [1/s] 40 157.48 (t/c)llstr) 0.05 0.23

Bo1R, 7o [°] 0 60 (t/c)llst) 0.05 0.23
Boar, ¢y [°] 0 60 (t/c)lstr) 0.05 0.23
Bo1r, e [°] 0 60 (t/c)lst 0.05 0.23
e [m] 0.006 0.035 (r/R)LEY 0.4 0.80
ce) [m] 0.006 0.035 (r/R)LEY 0.55 0.95
&) [m] 0.006 0.035 (z/e)ds\" 0.01 0.05
S0 [m] 0.006 0.035 (z/e)sY 0.01 0.05
(r/R)EY) 0.44 0.80 (z/e)Es 0.01 0.05
(r/R)T) 0.55 0.95 (z/e)Es 0.01 0.05
020) [°] 10 40 (r/R)ZE 0.44 0.80
020) [°] 0 30 (r/RZEY 0.55 0.95
020) [°] -10 30 R [m] 0.102 0.152

Before initiating the optimization, the initial values of the design variables are scaled based on their bounds. This is
done to avoid scaling issues, as gradient-based methods are susceptible to these, which can reduce the effectiveness of
the optimization [[13]]. The optimizer uses the scaled version of the design variables, but for modeling purposes, the
design variables are scaled back to their original values.
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V. Results and Discussion
The proposed methodology is applied to the preceding problem definition, with the goal of designing blades that
minimize total energy consumption throughout the entire proposed mission profile. The optimization results of the
isolated propeller blade and installed propeller blade in the non-uniform inflow field are presented and discussed.
The discussion of results highlights how incorporating the interaction effects of boundary layer ingestion within the
optimization process of blade design impacts both the aerodynamic and structural performance of the propeller blade.

A. Overall Performance and Optimal Blade Designs

The optimized blade designs are shown in Fig. |5} As can be inferred from the figure, the two blades have distinct
geometric features but a marginal difference in tip radius. The isolated blade design features a slightly larger tip radius
of 152.2 mm, in contrast to the installed blade design with a tip radius of 151.8 mm. Based on volume, the installed
blade has 89.5% more volume than the isolated blade.

0.14 0.14
012 - 0.12
0.1+ 0.1
= 0.08 = 0084
0.06 - 0.06 -
0.04 0.04
0.02 . 0.02 .
-0.02 v -0.02 -0.02 \\// -0.02
0 0 0 0
0.02 0.02 0.02 0.02
z [m] z [m] z [m] x [1m]
(a) Optimized isolated propeller blade. (b) Optimized installed propeller blade.

Fig. 5 Optimized propeller blades.

Table [5] and [6] present a comparison between performance and the optimal operational parameters of the two
optimized blades for each mission segment when operating in the installed condition, respectively. Figure [6]shows the
radial distributions of the geometrical characteristics of the optimized blades.

Table 5 Impact of boundary layer ingestion inflow on the performance of the optimized blades.

Performance Parameter Isolated Opt. Installed Opt.  (Ins.-Iso.)/Iso.
Ero 0.152 0.151 -0.18%
Energy Consumption [MJ] Ecr 2.10 2.05 -2.18%
Ecr 1.75 1.73 -0.98%
Eiotal 4.01 3.94 -1.58%
Tc/Pcro 0.841 0.843 +0.19%
Figure of Merit [-] Tc/Pccr 0.974 0.996 +2.23%
Tc/Pccr 1.16 1.18 +0.99%
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Table 6 Impact of boundary layer ingestion inflow on the operational design parameters of the optimized blades.

Operational Parameter Isolated Opt. Installed Opt.  (Ins.-Iso.)/Iso.
nTo 146.54 137.23 -6.35%
Rotational Speed [1/s] ncer 157.48 157.48 +0.0%
nCR 110.95 114.97 +3.62%
Bo.1R, 10 23.8 25.9 +8.82%
Collective pitch [°] Bor, cL 37.2 36.2 -2.71%
Bo.R, ¢ 36.3 344 -5.21%
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Radial Coordinate r/R |[-] Radial Coordinate r/R [-]

(a) Radial Chord Distribution. (b) Radial Twist Distribution.
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018
0.035 |
0.16 [
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0.025 |
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0.08 1
0.02

0.06

0.04

. . . . . . . 0.015 . . . . . . .
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Radial Coordinate r/R [-] Radial Coordinate /R [-]

(c) Radial Thickness Distribution. (d) Radial Camber Distribution.

Fig. 6 Geometry of optimized blades.

It can be noted from Table[3]that the installed design consumes 1.58% less overall energy over the full mission profile
as compared to the isolated design. The largest difference in energy consumption between the two blades is observed
during the climb phase, where the installed design operates with 2.18% lower energy than the isolated design to produce
identical thrust. In contrast, the take-off phase shows the least difference, with the installed design consuming 0.18%
less energy compared to the isolated design. Table[5]also compares the two blades based on a figure of merit, 7¢ /Pc,
which is the ratio of the propeller’s thrust coefficient to its power coefficient, defined based on freestream conditions.
This figure of merit serves as a performance metric and is equivalent to the definition of propeller efficiency for an
isolated propeller operating in undisturbed uniform flow. Similar to the trends in energy consumption, the installed
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design exhibits relatively better performance with higher 7¢ / P¢ values in all mission phases compared to the isolated
design. The largest gain of 2.23% in T¢/ P¢ is observed in the climb phase.

From Table[6] it can be inferred that the installed design tends to operate at a lower pitch angle compared to the
isolated design, with differences of -2.71% in the climb phase and -5.21% in the cruise phase. This reduction in
collective pitch is accompanied by an increase in rotational speed for the installed design during cruise, with its rotational
speed being 3.62% higher than that of the isolated design. However, there is no difference in the rotational speeds of
the two designs during the climb phase, as both blades operate at the upper bound set on the rotational speed in the
optimization. Among all mission segments, the climb phase has the highest thrust requirement, potentially leading the
optimizer toward the upper bound of rotational speed. In contrast to the climb and cruise phase, the installed design
operates at 8.82% higher pitch angle and 6.35% lower rotational speed during the take-off phase when compared to the
isolated design.

As can be inferred from Fig. [6a] the inclusion of boundary layer ingestion inflow within the optimization loop leads
to a wider chord distribution along the inboard part of the installed design compared to the isolated design. Whereas,
the outboard portion of the installed blade exhibits a relatively slender chord distribution. Because the inboard section
of the blade encounters low axial velocity due to boundary layer ingestion inflow, the optimizer takes advantage of
the BLI" benefit. This involves improving the performance by adding higher energy into the slower-moving flow.
Therefore, in this region of reduced flow, higher loading is attained in the inboard portion by having a longer chord.
Such a trend in the blade designs is also observed in the works of Sinnige et al. [[7]] and Lv and Rao [14]] focusing on
boundary layer ingestion blade designs. Consequently, from Fig. [6b]it can be inferred that the two blades have a varying
radial twist distribution as the installed design has a lower twist angle in the inboard portion, which can be attributed
to the reduction in the effective angles of attack in this portion. Figures[6c|and [6d|show marginal differences in the
distribution of thickness/chord ratio and camber along the blade span between the two designs.

B. Aerodynamic Performance in Installed Condition

Figure[7] shows the contours and plots of loading distributions of the two optimized propeller blades in terms of
thrust coefficient 7c when operating at the design point during the climb phase. Since the climb segment had the highest
thrust requirement, it represented the limiting case in the current study. Therefore, the performance of the propellers
during the climb phase is shown here. The radial distribution of the thrust coefficient is depicted along the azimuthal
position where the largest value of T¢ occurs on the propeller disk, as shown in the contours of Fig[7] Figure [7]suggests
that the installed blade has higher loading towards the inboard portion compared to the isolated design. This difference
in loading distribution can be attributed to the increased chord distribution on the inboard section of the installed design.

dT¢ - Climb - Isolated Opt. dT¢ - Climb - Installed Opt. dTCO[;} o dTh - Climb at ¢ — 330°
.35 .
0.3 0.35
0.25 03
0.25
- 02
= o 0.2
B o1s S
0.15
0.1
01 ——Isolated Opt.
005 0.5 ——Installed Opt.
0 0
0.2 0.4 0.6 0.8 1
y/R [ /R I A

Fig.7 Impact of the installation effects on the distribution of thrust coefficient of the optimized blades during
the climb phase.

The distributions of T¢ /P at the propeller disk for the climb segment of the two optimized propeller blades are
shown in Figl8] The survey line traces across the azimuthal position, passing through the region of high ¢ /P¢ values
on the propeller disk. From the contours of two blades in Fig[8] it can be inferred that the magnitude of 7¢ /P is higher
in the inboard section of the propeller disk and reduces towards the tip. On comparing the radial distributions of T¢ /P¢
for the two blades, the installed blade shows lower sectional values in the inboard section compared to the isolated
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design. However, the sectional values of T¢ /P¢ are higher for the installed design towards the outboard section. Such
a difference between the distribution of 7¢ /P¢ can mainly be attributed to the differences in the solidity of the two
blades, wherein a higher inboard chord distribution of the installed blade translates to a lower T¢ /P value and vice
versa. The variation in the chord distribution, and hence solidity, impacts the sectional efficiency [[15]. Note that this
conclusion is drawn by using T¢/P¢ as a performance metric, which is equivalent to the propeller efficiency of an
isolated propeller in uniform flow.

dTc/dPo []

dT¢/dPe - Climb - Isolated Opt. dT¢/dPe - Climb - Installed Opt. s dT¢/dPc - Climb at ¢ = 240°
.25
1.3
1.15
1.2
- 1.05 E 11
& =
X S
0.95 %
0.9
0.85
0.8 ——Isolated Opt.
——Installed Opt.
0.75 0.7
0.2 0.4 0.6 0.8 1
y/R -] r/R[

Fig. 8 Impact of the installation effects on the distribution of figure of merit, d7¢/dPc, of the optimized blades
during the climb phase.

C. Structural Performance in Installed Condition

Figure 0] shows the structural performance of the two optimized propeller blades in terms of radial distribution of
stress normalized by the yield strength of the material, when operating at the design point during the climb phase.
The survey line highlights the azimuthal position passing through the region of highest stress experienced by the two
propeller blades. From Figure[9] it can be inferred that the two propeller blades differ significantly in terms of structural
performance, as the isolated design experiences higher stresses in the inboard portion of the blade compared to the
installed design. The variation in structural stresses can mainly be attributed to differences in chord and twist distribution
between the two blades. The installed design exhibits increased solidity and decreased twist in the inboard section,
resulting in lower inboard stresses. However, towards the outboard section (/R ~ 0.7), where the chord distribution is
lower, the installed design experiences relatively high stresses compared to the isolated design, as indicated by the radial
distribution. Both blades conform to the structural stress constraint, as the maximum structural stress experienced by
both remains below the normalized stress value of 0.5.

0/0maz - Climb - Isolated Opt. 0/Omae - Climb - Installed Opt. J/am“ H 05 0/Omaz - Climb at ¢ = 330°
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0.1 0.1
0 0
0.2 0.4 0.6 0.8 1
y/R -] r/R[-]

Fig. 9 Impact of the installation effects on the normalized stress distribution of the optimized blades in the
climb phase.
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The impact of installation effects on blade deflection during the climb phase is shown in Fig[I0} The survey line is
traced along the same azimuthal position where the highest stresses are encountered by both blades. It can be observed
from the contours that the installed design exhibits lower deflection in blade angle in the inboard portion compared to
the isolated design, attributed to its higher inboard solidity. The radial distribution shown in Fig. [I0|further indicates
that for the installed design, the deflection remains less than 0.02° up to the radial position »/R ~ 0.7. Both blades meet
the constraint of maximum twist deflection of 0.1°. It is crucial to monitor this parameter for a propeller experiencing
non-uniform inflow from the performance perspective, as significant deflection can alter the propeller’s aerodynamic
performance, deviating it from the intended performance.

AS - Climb - Tsolated Opt. AB - Climb - Tnstalled Opt. A8 [°] . AB - Climb at ¢ = 330°
_ 0 —
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- — 1
2 2 ‘ 3
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0.08 -0.08 \
-0.1 -0.1
0.2 0.4 0.6 0.8 1
y/R[-] y/R[-] r/R ||

Fig. 10 Impact of the installation effects on the variation in blade angle of the optimized blades in the climb
phase.

VI. Conclusions and Outlook
In this paper, we investigate the influence of incorporating installation effects within the design optimization loop
using a rapid propeller design toolchain, while considering structural performance. Based on the results obtained
regarding the inclusion of effects of boundary layer ingestion inflow during the optimal propeller blade design, the
following conclusions can be drawn:
 The design methodology effectively captures the sensitivities of the inflow field within the design loop, resulting in
two distinct blade designs. Incorporating the installation effects of BLI results in an installed design characterized
by a higher inboard chord distribution and lower twist on the inboard section compared to the isolated design.
This outcome is due to the optimizer leveraging the lower axial velocity in this region to enhance performance.

* Accounting for the installation effects of BLI inflow within the blade design optimization loop results in a 1.58%
reduction in the total energy consumption for the installed blade compared to the isolated blade operating under
the same inflow conditions. Maximum benefit in terms of lower energy consumption is achieved during the climb
phase of the mission.

* The variation in geometry between the optimized blades, designed to meet identical performance requirements in

BLI inflow conditions, leads to distinct aerodynamic and structural performances for a given mission segment.
The installed design exhibits higher inboard loading, while its increased solidity significantly reduces stresses in
the inboard portion compared to the isolated blade.

Following this study, future work plans on implementing the structural tools with improved fidelity, allowing for the
capability to model the structural loads for non-isotropic materials. An aeroacoustic model will be integrated into the
design toolchain to address the acoustic performance of the installed propellers. This approach could contribute to
the preliminary design of optimal blades that are both low-noise and highly efficient, while also ensuring structural
feasibility.
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