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Unmanned aerial vehicles (UAVs) have seen widespread usage in commercial and military
applications because they can significantly reduce the cost and human risk in a mission. The
propeller is a crucial component for UAVs and its aerodynamic efficiency impacts the vehicle’s
overall performance. Aerodynamic optimization is a powerful technique that can use computer
simulations to find the best possible design for UAV propellers automatically. However, existing
propeller aerodynamic optimization commonly uses low-fidelity models, e.g., blade element
momentum, and it is not clear to what extent high-fidelity optimization can benefit the UAV
propeller design. In this paper, we develop the capability to conduct high-fidelity aerodynamic
and aerostructural optimization for UAV propellers. We use finite-volume computational fluid
dynamics and finite-element structural dynamics solvers to simulate the fluid and solid domains,
respectively. We then use the discrete adjoint approach to compute the derivatives, which allows
us to conduct gradient-based optimization with a large number of design variables. To consider
fluid-structure interaction and its derivative computation, we utilize OpenMDAO/MPhys, an
open-source framework that facilitates high-fidelity multidisciplinary design optimization. We
conduct aerodynamic and aerostructural optimizations with shape and planform variables
(e.g., span and chord). The objective function is the propeller shaft power, and the constraints
include propeller thrust, mass, von-mises stress, and propeller geometry (e.g., thickness and
curvature). Compared with the baseline design, the shape-only aerodynamic, shape+planform
aerodynamic, and shape+planform aerostructural optimizations exhibit 7.4%, 12.8%, and
11.8% power reduction, respectively, and all the constraints are satisfied. This study has the

potential to significantly reduce the time period for designing high-performance UAV propellers.

I. Introduction

Unmanned aerial vehicles (UAVs) have been widely used for commercial and military applications, such as delivery,
surveillance, reconnaissance, and scientific research because they can significantly reduce the cost and human risk in a
mission [1]. UAVs are typically powered by propellers, and the propeller aerodynamic performance directly impacts the
UAV’s power consumption and flight range. Multidisciplinary design optimization (MDO) [2] is a promising technique
for maximizing the UAV propeller performance. It uses multiphysics computer simulations to find the best possible
design automatically and has the potential to significantly reduce the design period. To allow large design freedom,
we need a large number of design variables to fully describe the complex UAV propeller design surface geometry.
Therefore, a gradient-based optimization algorithm coupled with the adjoint gradient computation approach [3-6]
forms a powerful combination. The gradient-based optimization approach has been widely used for optimizing various
aerospace engineering problems, including aircraft [7-9], wind turbine [10, 11], and gas turbines [12—14]. It has also
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been used in propeller designs; however, existing gradient-based propeller designs typically replied on low-fidelity
models [15, 16], e.g., blade element momentum (BEM). It is not clear to what extent high-fidelity MDO can benefit the
UAV propeller designs.

In this study, we demonstrate a high-fidelity MDO framework for optimizing UAV propeller performance based on
the OpenMDAO/MPhys framework. OpenMDAO [17] is an open-source multidisciplinary design, analysis, and
optimization framework developed by NASA. OpenMDAO has been widely used for large-scale design optimization in
aerospace engineering applications. MPhys [18] is a recently developed derivative of OpenMDAO. MPhys facilitates
the coupling of high-fidelity solvers with various disciplines. We have recently coupled our open-source discrete adjoint
solver called DAFoam [19, 20] into the OpenMDAO/MPhys framework. We will demonstrate high-fidelity aerodynamic
and aerostructural optimizations for UAV propeller blades. The aerodynamic and structural analysis will be conducted
by using computational fluid dynamics and finite-element solvers.

The rest of this paper is organized as follows. In Section II, we elaborate on the aerodynamic and aerostructural analysis
and optimization framework, followed by the detailed aerodynamic and optimization results in Section III. Finally in
Section IV conclusions are drawn and perspectives and future improvements are provided.

I1. Method
In this section, we elaborate on the mathematical background of our aerodynamic and aerostructural analysis and
optimization framework.

A. Aerodynamic Analysis using CFD

We use OpenFOAM’s rhoSimpleFoam solver [21] to simulate the flow over UAV propeller blades. It solves 3D, steady-
state turbulent flows governed by the compressible Navier-Stokes (NS) equations written in the multiple-reference-frame
(MRF) format.

V- (pU,) =0, (1)
V- (pUUy) + 0 XUy +Vp =V - peg(VU, + VUL) = 0, )
V- (peUa) +V - (0.5p|U[3Uq + pUs) — etV - (Ve) =0, 3)

where U, and U, are the absolute and relative velocities, respectively, and they are related through U, = U, + w X x,
with w being the rotational speed vector and x. being the cell-center coordinate vector. The above governing equations
are solved using the compressible form of the SIMPLE algorithm based on the absolute velocity in the stationary frame;
however, the flux for the convective term in the momentum equation (2) is computed using the relative velocity in the
rotating frame.

The Spalart-Allmaras model is used to connect the turbulent eddy viscosity to the mean flow variables, the details of
this formulation and description of the terms can be found in their paper [22]:
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B. Structural Analysis using FEM

We use TACS [23], an open-source finite-element solver, to simulate the propeller blade structure. TACS has linear and
geometrically nonlinear simulation capabilities; however, only linear analysis is used in this paper. The linear elastic
governing equation is as follows:

Ku—-F=0 )

where K is the structural stiffness matrix, u is the structural displacement vector, and F is the load vector.

C. Aerostructural Analysis with Coupled CFD and FEM

The aerostructural coupling is implemented in the OpenMDAO/MPhys framework. As mentioned above, OpenM-
DAO [17] is an open-source multidisciplinary design, analysis, and optimization framework developed by NASA.
MPhys [18] is a recently developed derivative of OpenMDAO with a flexible interface that allows the multidisciplinary
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Fig. 1 Schematic of aerostructural analysis using OpenMDAQO/MPhys [18]. Here we use the XDSM representa-
tion. The diagonal blocks are the components and the off-diagonal blocks are data transfer. The CFD and FEM
solvers are OpenFOAM and TACS, respectively.
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coupling of various high-fidelity solvers, such as finite-volume computational fluid dynamics and finite-element
computational structural dynamics.

Figure 1 shows the aerostructural analysis using the OpenFOAM and TACS solvers. The inputs are the latest design
surface geometry (i.e., propeller blade geometry) in the optimization loop, baseline CFD and FEM meshes, and CFD
and FEM design variables (e.g., blade rotation speed). The outputs are the converged aerostructural state variables (e.g.,
velocity, pressure, and structural displacement) and objective and constraint functions (e.g., propeller power and thrust).
The "Aerostructural analysis" (main driver) starts by computing the "Updated CFD surface mesh" based on the "Design
surface" geometry and the "CFD surface mesh displacement” computed from the "Displacement transfer" component (in
the first iteration, the displacement will be zero). Then, the "Mesh deformation" component will use the "Updated CFD
surface mesh" to compute the "Updated CFD volume mesh". Next, the "CFD solver" component receives the "Updated
CFD volume mesh", simulates the flow fields, extracts the "CFD surface force", and passes it to the "Load transfer"
component. The "Load transfer" component will interpolate the "CFD surface force" to the "FEM surface force" and
pass the force to the "FEM solver". Then, the "FEM solver" component will compute the structural displacement and
extract the "FEM surface displacement” and pass it to the "Displacement transfer" component. The "Displacement
transfer" component will then interpolate the "FEM surface displacement"” to the "CFD surface displacement”, and then
pass it to the "Aerostructural analysis" main driver to start the next iteration. The above process will repeat until the
residuals for both the CFD and FEM solvers are small than the prescribed tolerances.

MPhys provides a general aerostructural template called "Scenario” to facilitate the above coupling between CFD and
FEM solvers. MPhys currently supports solvers such as ADflow [24], FUN3D [25, 26], OpenAeroStruct [27], and
TACS. We have developed a Python interface called mphys_dafoam to extend the aerostructural scenario so it can use
OpenFOAM and DAFoam as the CFD and adjoint solvers (the adjoint will be elaborated on in the next section). The
mesh deformation component uses IDWarp [28], an open-source inverse distance weighted mesh deformation code. The
load and displacement transfer components are based on the Meld approach from a generic aeroelastic analysis and
adjoint-based gradient evaluation tool called FUNtoFEM [29]. TACS is used as the FEM solver. The CFD and FEM
iteration is conducted using the nonlinear block Gauss—Seidel solver in OpenMDAO with an Aitken relaxation approach.

D. Discrete Adjoint Computation
We use the discrete adjoint method to compute the derivatives for optimization. The function of interest is the function
of both the design and the state variables:
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f=rf(x.w) (6)

where x € R"~ is the design vector, and w” € R™ is the flow state variable vector. n, and n,, are the numbers of design
and state variables, respectively. The chain rule is applied to compute d f/dx:

S R VN B K dw
dx Ixny ox IXny ow 1 xn,, dx

The partial derivatives in Eq. (7) are relatively cheap to evaluate because they only involve explicit computations.
However, the total derivative dw /dx is expensive because both terms are determined implicitly.

Similarly, the chain rule is applied to the flow residual vector, R € R™, to solve the dw /dx term. Because the governing
equations have to be satisfied regardless of the values of design variables x, the total derivative dR /dx must be zero:

)
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Substituting Eq. (8) into Eq. (7):
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where  is the adjoint vector. Transposing the Jacobian and solving with [df /dw]T
adjoint equations:

as the right-hand side yields the
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Substituting Eq. (10) into Eq. (7), we can compute the total derivatives:
d 0 OR
dr _9f _,rIR (11)

dx  ox ox
Since the design variable is not explicitly present in Eq. (11), the adjoint equations are needed to solve only once for each
function of interest. Therefore, its computational cost is independent of the number of design variables but proportional
to the number of objective functions. This approach is also known as the adjoint method, and it is advantageous for
aerodynamic design. Because typically, there are only a few functions of interest, but several hundred design variables
can be used.

E. Aerostructural Adjoint Coupling

The above adjoint formulation assumes the CFD and FEM state variables are combined into one and solved in a coupled
manner. However, this will increase the size of the Jacobian matrix and the corresponding memory cost. We use a
segregated method (block Gauss-Seidel) to solve the coupled aerostructural adjoint, as shown below.

ORcrp” ORpem” - af '

Owcep  Owcrp crp _ | 9wcrp (12)
ORcrp” ORm” Yo af T

OWFEM  OWEFEM WFEM

where the subscript CFD and FEM denote the residual and state variables for the CFD and FEM solvers, respectively.
We use DAFoam [19, 20, 30] to solve the CFD adjoint equation:

ORcrp T\l, _of T
CFD =
Owcrp OwWCFD

13)

DAFoam is an open-source discrete adjoint implementation for OpenFOAM. DAFoam uses a Jacobian-free adjoint
approach, in which the partial derivatives and matrix-vector products are computed using the automatic differentiation
method, as detailed in Kenway et al. [31]. DAFoam uses the generalized minimal residual (GMRES), an iterative linear
equation solver in the PETSc [32] library to solve the adjoint equation. A nested preconditioning strategy with the
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additive Schwartz method is used as the global preconditioner and the incomplete lower and upper (ILU) factorization
approach with one level of fill-in for the local preconditioning. The preconditioner matrix [0 R/ 6w]£c is constructed
by approximating the residuals and their linearizations [19] to improve convergence. The construction of [0R/ 8w]£c
is only done for the first time instance and then is reused for the adjoint equation. This treatment significantly reduces
the adjoint runtime because the constructing [0R/ 6w]£c consists of about 30% of the adjoint runtime.

We use TACS to solve the adjoint equation for the FEM part:

6RFEMTTFEM: of T
OWFEM Owrem

(14)

The matrix-vector product for the off-diagonal components is computed by using a matrix-free manner through automatic
differentiation.

Traditionally, the above aerostructural coupling is implemented in a solver-specific manner and is hard to extend. By
leveraging the flexibility of OpenMDAO and MPhys, the aerostructural is implemented in a modular manner. In MPhys,
we need to implement the methods to compute the output based on the input for the components shown in Fig. 1, as well
as the product of the state Jacobian matrix with a given vector. OpenMADO will then use the MAUD algorithm [33]
to unify the adjoint total derivative computation. The CFD and FEM coupled adjoint is solved using the linear block
Gauss—Seidel solver with Aitken relaxation in OpenMDAO.

F. Aerodynamic and Aerostructural Optimization Framework

Figure 2 shows the schematic of the aerodynamic optimization framework under the OpenMDAO/MPhys [18] framework.
In the "Preprocessing” step, we generate the "CFD mesh" for the "Baseline design surface" geometry. We also generate
the free-form deformation (FFD) control points for geometry parameterization. Then, the "Optimizer" will pass the
initial "Geometric design variables" (FFD points displacement) to the "Geometry parameterization" module pyGeo.
pyGeo [34] is an open-source FFD tool to parameterize the design surface geometry. pyGeo can embed a set of point
clouds into the prescribed FFD box and can then deform the point cloud by moving the FFD coordinates. pyGeo works
for structured and unstructured meshes. The FFD box generated in the preprocessing step will fully contain the CFD
design surface and surface mesh. Next, the "Updated design surface" is passed to the "Mesh deformation" module
IDWarp. IDWarp is an open-source mesh deformation tool that uses an inverse-distance weighting approach [28] to
deform high-quality volume mesh based on the new design surface. We use IDWarp to deform the volume mesh
because it is smooth and can avoid numerical noise compared with re-generating the volume mesh. IDWarp will pass
the "Updated volume mesh" to the "CFD solver" (OpenFOAM). OpenFOAM will then solve the flow and send the
"Converged CFD state variables" to the "Adjoint solver" component. OpenFOAM also computes the aerodynamic
"Objective and constraint functions" (e.g., power, thrust). Finally, the "Adjoint solver" computes the total derivatives of
the objective and constraint functions and passes them back to the "Optimizer". The "Optimizer" will use the function
values and derivatives to update the design variables for the next optimization iteration. The above process will repeat
until the optimization converges.

Figure 3 shows the schematic of the aerostructural optimization framework using OpenMDAO/MPhys [18]. The
aerostructural optimization framework is similar to the aerodynamic-only one, except that: (1). The FFD box will
fully contain the CFD design surface and the entire FEM mesh. Therefore, pyGeo will deform the CFD surface
mesh and the FEM mesh to ensure a consistent fluid-structure interface. (2). The mesh deformation module is
embedded in the aerostructural analysis module (Fig. 1). (3). Instead of single disciplinary analysis, the aerostructural
optimization performs coupled aerostructural analysis and adjoint, each requiring solving the CFD and FEM systems
using block Gauss—Seidel methods. (4). The objective and constraint functions passed back to the optimizer contain
both aerodynamic and structural variables, e.g., power, thrust, aggregated von-mises stress, and structural mass.

I1I. Results and Discussion
In this section, we show the aerodynamic and aerostructural optimization results. We conduct three optimization cases:
(1) aerodynamic optimization with only the shape variable, (2) aerodynamic optimization with the shape and planform
variables, and (3) aerostructural optimization.
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Fig. 2 Schematic of aerodynamic optimization using OpenMDAQO/MPhys [18]. Here we use the XDSM
representation. The diagonal blocks are the components and the off-diagonal blocks are data transfer. The CFD
and adjoint solvers are OpenFOAM and DAFoam, respectively.
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Fig. 3 Schematic of aerostructural optimization using OpenMDAO/MPhys [18]. Here we use the XDSM
representation. The diagonal blocks are the components and the off-diagonal blocks are data transfer. The
aerostructural analysis component is detailed in Fig. 1, and the aerostructural coupled adjoint is elaborated on in
Sec. ILE.

A. Model Setup and Validation

We use a UAV propeller from our previous studies [35, 36] as the benchmark for aerostructural analysis and optimization.
Figure 4 shows the CFD and FEM meshes for the propeller blades. We use Pointwise to generate an unstructured
mesh with 850,000 cells (Fig. 4 right and mid). For structural consideration, we mesh both the propeller blade and the
spinner. In addition, we add a rounded fillet at the root of the blade to avoid stress concentration. The propeller has two
blades; however, we simulate only one of them with periodic boundary faces. For structural simulations, we generate an
unstructured triangulated mesh with 239,000 cells (Fig. 4 right) using ICEM CFD. We use the CTETRA linear solid
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Fig.4 Propeller meshes and FFD points. Left: CFD meshes at the root and tip sections. Mid: CFD surface mesh
for the propeller blade. Right: FEM mesh for the propeller blade. The CFD and FEM meshes are generated
using Pointwise and ICEM-CFD, respectively. The red squares are the FFD points.

element type. We plan to 3D print the designs for experimental validation and use the VeroWhite as the blade material,
and its properties are density 1170 kg/m?, elastic modulus 2.5x10° Pa, Poisson’s ratio 0.3, and yield stress 7x10 Pa.
We impose zero displacement and rotation conditions on the inner and periodic faces of the spinner.

The far-field velocity is 5 m/s and the propeller is rotating at 4000 RPM. The propeller has a radius of 0.12 m and the tip
speed is 52.8 m/s. The Reynolds number, which is based on the chord and blade rotation speed at 75% span, is 44,000.
As mentioned above, we use OpenFOAM’s rhoSimpleFoam solver with the MRF approach to simulate the steady-state
turbulent flow with rotation. The turbulence model is Spalart—Allmaras. The simulation domain is a cylinder with a
radius of 0.25 m, which mimics a wind tunnel flow setting. We select mesh cells that are close to the propeller as the
rotation domain, while the rest of the cells in the simulation domain is stationary (w = 0). We find that this setting
improves the convergence of the flow simulations.

We measure the aerodynamic performance of the baseline propeller design in the Iowa State University low-speed wind
tunnel (Fig. 5). We 3D print the baseline propeller design and install it in the close-looped wind tunnel. The propeller is
driven by a brushless motor (920Kv) powered by a DC power supply (VOLTEQ HY3050EX). The rotational speed
of the propeller is measured by a tachometer (Monarch PLT200), which generates a pulse signal for each propeller’s
rotation. To mitigate the disturbance (changes in RPM), an automatic rotational speed correction is formulated into the
system using a proportional-integral-derivative algorithm (PID). A force measurement (ATI-IA Mini 45) analysis has
been performed on the 3D-printed baseline design. The measured thrust at 4000 RPM is 1.18 N. The simulated thrusts
with aerodynamic-only (rigid propeller) and aerostructural settings are 1.37 and 1.41 N, respectively. The simulations
overpredict the thrust by 16% to 19%. We suspect this may be caused by the idealized working conditions in CFD
simulations, e.g., the nacelle was not included in CFD and we assume the electric motor has an efficiency of 100%. We
will report a more detailed comparison between the CFD simulations and experimental measurement for the baseline
and optimized designs in future work.
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Fig. 5 Schematic of the Iowa State low-speed wind tunnel and experimental setup for the propeller blades.

Table 1 Aerodynamic optimization problem configuration. We use 60 and 74 design variables for the (a)
shape-only and (b) shape and planform optimizations, respectively. We use 246 constraints. The subscript bl
denotes the baseline design.

Function/Variable

Minimize P

Description Quantity

Propeller shaft power

with respect to 0.0l m < Ax 0.0l m Propeller shape change 60
-10° <y < 10° Propeller twist for each FFD section 6

-20% < As < 20% Propeller span change 1

—20% < Ac < 20% Propeller chord change for each FFD section 6

-20% < Aw < 20% Propeller rotation speed change 1

Total Design Variables 60°, 74"

subject to Vol £V <3-Wy Minimum volume constraint 1
0.8ty <t <31y Minimum thickness constraint 240

C < 1.5Cy Blade spanwise curvature constraint 2

T = Tiarger Thrust constraint 1

Ohon-ortho < 78° Mesh quality constraint (non-orthogonality) 1

Oskewness < 5.8 Mesh quality constraint (skewness) 1

Total Constraint Functions 246

B. Aerodynamic Optimization

Table 2 summarizes the aerodynamic optimization configuration. The objective function is the propeller shaft power
P. We set a body-fitted FFD box for the propeller blade, as shown in Fig. 4. To avoid poor mesh quality at the
propeller-spinner intersection in the optimization, we fix the FFD points near the root and allow only the top 6 layers of
FFD points to move in the axial (x) direction. In total, we have 60 shape variables for the blade. In addition to the local
shape, we set global design variables that allow a set of FFD points to move simultaneously. To be more specific, we
allow the FFD points to change the twist and chord of the blade at the top 6 FFD spanwise sections. We also allow the
FFD points to scale in the radial (z) direction to change the span. The chord and span change are within 20% of their
initial values. Finally, we allow the blade rotation speed to change +20% with respect to its initial value during the
optimization. We have 60 and 74 design variables for the shape-only and shape+planform cases.

To ensure a practical design, we impose various geometric and physical constraints. To be more specific, we impose a
minimal blade volume constraint so the blade volume does not decrease and cannot exceed three times its baseline
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Table 2 Summary of aerodynamic optimization cases. We obtain 7.4% and 12.8% power reduction for the
shape-only and shape+planform cases, respectively. w and s are the rotation speed and span, respectively. The
subscript bl denotes the baseline design.

Twist Change, degree

Optimization Iterations

Baseline Design  Optimized Design ~ Optimized Design
(Shape-Only) (Shape+Planform)
P,W 12.23 11.32 ({7.4%) 10.67 ({12.8%)
T,N 1.400 1.400 1.400
w, RPM 4042 4042 3233
5/ 8b1 1.0 1.0 1.2
1.60 1
12.2 4
1.55 4
12.0 1
1.50 4
11.8 4
1.45 4
11.6 A
=2
S 1141 w1407
11.2 4 1.351
11.04 1.30 1
10.8 A 1.25 4
10.6 T T T T 1 1.20 T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50
Optimization Iterations Optimization Iterations
AN 1.20 -
14 1.15 -
-2 ﬁ o 1
@ 1.05
34 = —— Section 1 —— Section 4
.F:: 1.00 +& —— Section 2 —— Section 5
4 - o \ —— Section 3 Section 6
o 0.95 A
<
@]
5 0.90 A
—— Section 1 —— Section 4
- i N i 0.85 A
-6 - Section 2 Section 5
—— Section 3 Section 6 0.80 /\ /\/h_
0 10 20 30 40 50 0 10 20 30 40 50

Optimization Iterations

Fig. 6 Aerodynamic optimization convergence history for the shape+planform setup. We obtain 12.8% power
reduction while the thrust constraint is satisfied.

volume. We also impose blade thickness constraints to prevent the blade thickness from being too thin. To this end,
we enforce the thickness at 240 blade locations to be within 0.8 to 3 of its baseline thickness. We impose an equality
constraint to fix the propeller thrust at 1.4 Newtons with the corresponding thrust coefficient of 0.078.

Our experience shows that the mesh deformation for the propeller blade is challenging and often results in poor mesh
quality, especially for the first few optimization iterations. Therefore, we impose two mesh quality constraints for the
volume mesh deformation. The maximal non-orthogonality and skewness are constrained to be less than 78° and 5.8,
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Fig.7 Comparison of airfoil profiles among the baseline (left), optimized shape-only (mid), and shape+planform
(right) designs at different spanwise sections.
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Fig. 8 Comparison of pressure contours among the baseline (left), optimized shape-only (mid), and
shape-+planform (right) cases.

respectively. The mesh quality values are computed using OpenFOAM'’s built-in checkMesh utility and DAFoam
has a flexible interface to compute the constraints’ derivatives with respect to the design variables through automatic
differentiation. Moreover, we impose a spanwise curvature constraint to prevent a wavy shape in the spanwise, similar
to what we used in the previous wing aerodynamic optimization study [37]. The spanwise curvature of the blade is
constrained to no more than 1.5 times of the baseline curvature.

Table 2 summarizes the aerodynamic optimization results. We obtain 7.4% and 12.8% power reduction for the shape-only
and shape+planform cases, respectively, and the thrust constraints are satisfied. We find that having the planform
variables, especially allowing the rotation speed and span to change, helps improve the propeller performance by

10
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Fig. 9 Comparison of pressure profiles at 10% (top left), 40% (top right), 70% (bot left), 90% (bot right)

spanwise locations.
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Fig. 10 Comparison of thrust distribution along the span among the baseline, optimized shape-only, and

shape+planform designs.
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Table 3 Aerostructural optimization problem configuration. We used 74 design variables and 245 constraints.

Function/Variable Description Quantity
Minimize P Propeller shaft power
with respect to -10° <y < 10° Propeller twist for each FFD section 6
—-0.0l m < Ax <0.01 m Propeller shape change 60
—20% < As < 20% Propeller span change 1
—20% < Ac < 20% Propeller chord change for each FFD section 6
—20% < Aw < 20% Propeller rotation speed change 1
Total Design Variables 74
subject to 0.8 -ty <t <3ty Minimum thickness constraint 240
C < 1.5Cy Blade spanwise curvature constraint 2
T = Trarget Thrust constraint
m < my] Propeller mass constraint 1
0 /0yield < 1 Max stress constraint 1
Total Constraint Functions 245

additionally 5.4%. In the shape+planform case, the optimizer chooses to reduce the rotation speed and increase the span
to reduce the propeller power.

Figure 6 shows the aerodynamic optimization convergence history for the shape+planform setup. The optimization
runs for 49 iterations. Generally, the power decreases in a monotonic manner with oscillation between the 5th to 15th
iterations. The oscillation is caused by the violation of thrust constraint (Fig. 6 top right). In addition, we observe that
the chord decreases at the 1st and 6th spanwise FFD sections, while the rest of the chord variables increase. Moreover,
the 1st and 6th spanwise FFD sections have the largest twists, compared with the other sections.

Figure 7 shows the comparison of airfoil profiles among the baseline, optimized shape-only, and shape+planform (right)
designs at different spanwise sections. Compared with the baseline design, the shape-only optimized design slightly tilts
the blade toward the leading edge, while the main blade planform remains unchanged. This can be seen more clearly in
Fig. 8, where the comparison of pressure contours among the baseline, optimized shape-only, and shape+planform
cases are plotted. For the shape+planform optimized design, the optimizer decreases the chord at the root and tip and
increases the chord at other spanwise locations, consistent with what we observed in Fig. 6.

Figure 9 shows the comparison of pressure profiles at 10%, 40%, 70%, and 90% spanwise locations. We find that the
blade loading is negligible at the root and increases with increasing the spanwise location. Also, we observe that the
shape+planform optimized design decreases the blade loading at all spanwise locations. So, to maintain the desired
thrust, the shape+planform design increases the span.

Figure 10 shows the comparison of thrust distribution along the span among the baseline, optimized shape-only, and
shape+planform designs. Compared with the baseline design, the shape-only optimized design decreases the peak
thrust and shifts it towards the root, while maintaining the same integrated thrust to satisfy the thrust constraint. The
shape+planform optimization’s peak thrust is also reduced compared with the baseline design, and it increases its span
to satisfy the thrust constraint.

C. Aerostructural Optimization

Table 3 shows the summary of the aerostructural optimization problem configuration. The aerostructural optimization
setup is similar to that used in the shape+planform aerodynamic optimization except that: (1) We do not impose a volume
constraint for the blade from the CFD side, instead we impose a mass constraint to the FEM side such that the blade
mass cannot increase during the optimization. (2) We do not impose mesh quality constraints because the extreme mesh
deformation is automatically filtered out by the structural solver. (3) We impose an aggregated von-mises stress constraint
to avoid structural failure. The aggregated stress constraint value is computed using the Kreisselmeier—Steinhauser (KS)
function and is an approximated maximal stress value. The stress constraint is normalized by the material yield stress.
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Table 4 Summary of aerostructural optimization cases. We obtain 11.8% power reduction, and the thrust,
mass, and stress constraints are satisfied. w and s are the rotation speed and span, respectively. The subscript bl
denotes the baseline design.

Baseline Design ~ Optimized Design

P, W 12.00 10.58 (| 11.8%)
T,N 1.400 1.400
m/mbl 1.0 0.97
0 /Oyield 0.064 0.068
w, RPM 4042 3286
s/sbl 1.0 1.2
gn#cturagy
Snicnrcty _bloge™

blade

Undeformed
blade
Undeformed
blade

Fig. 11 Comparison between the undeformed and structurally deformed blade geometries for the (left) baseline
and (right) optimized designs. The tip deformations are about 3% and 4% of the blade span for the baseline and
aerostructurally optimized designs, respectively.

Suction
Side

Normalized Aggregated von-Mises Stress
0.00 0.02 0.04 0.06 0.08 0.10

Pressure
Side

Fig. 12 Comparison of normalized aggregated von-mises stress between the (left) baseline and (right) aerostruc-
turally optimized designs.

In total, we have 246 constraints.

Table 4 shows the summary of the aerostructural optimization. We obtain 11.8% power reduction and the thrust, mass,
and stress constraints are satisfied. The thrust constraint is active while the mass and stress constraints are inactive.
Similar to what we found for the aerodynamic case, the optimized design decreases the rotation speed and increases the
span to reduce the power.

Figure 11 shows the comparison between the undeformed and structurally deformed blade geometries for the baseline and
optimized designs. As expected, the structural deformation increases along the spanwise direction. The tip deformations
are about 3% and 4% of the blade span for the baseline and optimized designs, respectively The blade deforms mostly in
the axial direction due to the pressure load and the corresponding axial force (thrust). We also observe that structural
deformation from the baseline design is smaller than that from the optimized design, especially at the blade tip. This is
primarily because the optimized design has a larger span, although the total axial force (thrust) is the same between the
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Fig. 13 Comparison of pressure contours between the (left) baseline and (right) aerostructurally optimized
designs.

baseline and optimized designs.

Figures 12 and 13 show the comparison of normalized aggregated von-mises stress and pressure between the baseline
and optimized designs. As expected, we observe a relatively high-stress concentration region near the blade root for
both baseline and optimized designs. However, the maximal stress is within 10% of the material’s yield stress. Similar
to the aerodynamic case, the optimized design’s pressure difference (load) is lower than the baseline design, as shown in
Fig. 13, which can be seen more clearly in Fig. 14. Figure 15 shows the comparison of thrust distribution along the span
between the baseline and aerostructurally optimized designs. Overall, we observe a similar trend as in the aerodynamic
case. The optimized design decreases the peak thrust near the tip but increases the span to maintain the total integrated
thrust.

IV. Conclusion

In this paper, we conduct aerodynamic and aerostructural optimizations for a UAV propeller running at a relatively
low Reynolds number (40,000). We use a high-fidelity CFD solver (OpenFOAM) to simulate the flow and a FEM
solver (TACS) to simulate the structure. We then use the discrete adjoint approach to compute the derivatives of
objective and constraint functions with respect to a large number of design variables and constraints using DAFoam
(fluid) and TACS (structure). The adjoint method allows us to have large design freedom for performance improvement.
The fluid-structure interaction and its derivative computation are conducted building on NASA’s OpenMDAO/MPhys
framework.

The objective function is the propeller shaft power, the design variables are the propeller shape, twist, span, chord,
and rotation speed, and the constraints are the thrust and geometry (e.g., blade thickness and surface curvature). Our
aerodynamic optimization results show that allowing both the shape, platform (i.e., span, and chord), and rotation
speed to change (shape+planform case) during the optimization provides 12.8% power reduction, and all constraints
are satisfied. The shape+planform case exhibits 5.4% more power reduction, compared with allowing only the shape
variables to change (shape-only case). Compared with the baseline design, the shape+planform optimized design
increases the span and decreases the rotation speed. The pressure load near the tip is lower in the shape+planform
optimized design; however, the span increases to ensure the constant integrated thrust force, enforced by the thrust
constraint in the optimization. The aerostructural optimization exhibits slightly lower power reduction (11.8%) compared
with the aerodynamic optimization. However, the overall optimized designs are similar between the aerodynamic and
aerostructural optimizations. We observe clear structural deformation near the blade tip, which justifies the need for
considering fluid-structure interaction in the optimization.

This study has the potential to significantly reduce the time period for designing high-performance UAV propellers. We
are currently testing the performance of the baseline and optimized designs in the Iowa State University low-speed wind
tunnel and will report more detailed results in future work.
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