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Abstract

This study aims to improve the aerodynamic performance of a propeller for Mars exploration aircraft by applying multi-
objective shape optimization to its airfoils. To increase the accuracy of performance evaluation in the low-Reynolds-number
and high-subsonic flows condition on Mars, a Reynolds-averaged Navier—Stokes simulation using the y-Rey transition model,
which can predict the laminar separation bubble and the location of the laminar—turbulent transition with high accuracy, is
employed. Furthermore, multi-objective shape optimization is performed using a shape-definition method with a high degree
of freedom to enable the inclusion of a variety of airfoil shapes. A multi-objective genetic algorithm is used to determine the
optimal airfoil shape, and a Kriging model is used to reduce the computation time. The Adkins method is used to determine the
optimal shape of the propeller using the designed airfoil. Then, the performance and efficiency of the propeller are investigated.
Results demonstrate improvements in the power consumption and efficiency of the propeller using the designed airfoil over
those of the propellers using reference airfoils. Quantitative and qualitative correlations between the design variables and
airfoil performance are also analyzed using analysis of variance and self-organizing map methods to extract the geometric

features that affect airfoil performance.

Keywords Propeller design - Mars exploration aircraft - MOGA - Aerodynamics - Optimization - Data mining

1 Introduction

Mars is one of the most important targets for planetary explo-
ration, and a number of countries, including the United States,
Russia, and European countries, have sent satellites, lan-
ders, and rovers to the planet since the 1960s. Most of the
Mars exploration techniques attempted so far are of two
types: and orbital exploration using satellites and surface
exploration using landers and rovers. Orbital exploration
offers the advantage of observing a much wider area while
being limited by the acquisition of low-resolution data. Con-
versely, landers and rovers obtain high-resolution surface and
atmospheric data, but their range of exploration is relatively
limited because they are either fixed to one place or move
at slow speeds. In addition, landers and rovers experience
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difficulties in accessing rugged terrain. To overcome these
issue, the Mars rotorcraft was developed to compensate for
the low data resolution of orbital exploration vehicles and
for the narrow range of surface exploration devices [1-4]. In
April 2021, the NASA Ingenuity successfully completed its
first flight on Mars, strongly signaling the possibility of oper-
ating heavier-than-air flying vehicles in the Martian region
of Seitha, whose rugged terrain is known for difficulty to
access using rovers. Nevertheless, this rotorcraft has a lim-
ited power supply, which only permits a narrow range of
exploration with a small payload.

Another exploration method that can be used to overcome
the limitations of the aforementioned rotorcraft involves the
use of a fixed-wing aircraft. This vehicle has the advantage of
being able to explore rough terrain over a wide range of hun-
dreds to thousands of kilometers while acquiring data with a
relatively high resolution. For the development of fixed-wing
aircraft for this purpose, the United States launched the Air-
plane for Mars Exploration (AME) mission in 1996 [5]. This
was followed by various research projects, such as the Aerial
Regional-Scale Environmental Survey (ARES) project [6]
and the Preliminary Research Aerodynamic Design to Land
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of Mars (Prandtl-m) project. In Japan, as part of the Mars
Exploration of Lift Organism Search (MELOS) mission, the
research and development of a Mars exploration aircraft is
currently in progress [7]. The present author’s research group
is also conducting a study on the development of a Mars
exploration aircraft [8].

The most difficult aspect concerning the development of
a Mars exploration aircraft is that the density of the Martian
atmosphere is approximately 1% of that of the Earth’s atmo-
sphere. In addition, since the Martian atmosphere is primarily
composed of CO3, the air temperature and specific heat ratio
are lower than those of Earth, while the speed of sound is
approximately 0.7 times that of the Earth’s atmosphere. Due
to these properties, flight conditions on Mars are character-
ized by very low Reynolds numbers and high-subsonic flows.

In low-Reynolds-number flows, the magnitude of the lift
generated by the airfoil and wing is significantly reduced [9,
10]. As the maximum lift coefficient of the airfoil decreases
and the drag coefficient increases, the airfoil shape that
offers optimum aerodynamic performance becomes very
different from the corresponding shape observed in the
higher-Reynolds-number flows on Earth. Considering such
properties of low-Reynolds-number flows, several studies
have been conducted to develop airfoils that can generate
sufficient lift and propulsion for flight in the Martian atmo-
sphere. Smith et al. [11] evaluated the performance of a
family of airfoils using 2D and 3D Navier—Stokes simula-
tions to select an airfoil suitable for ARES aircraft while also
investigating their geometric characteristics. Oyama et al.
[12] designed the airfoils of Mars exploration aircraft using
2D Reynolds-averaged Navier—Stokes (RANS) simulations
and evolution algorithms. Anyoji et al. [13, 14] evaluated air-
foil performance in low-Reynolds-number flows using Mars
wind tunnel to simulate the Martian atmosphere. Datta et al.
used XFOIL to design a rotor-blade airfoil for a Martian
rotorcraft. However, even though XFOIL is widely used
for rotor and propeller design, it cannot accurately predict
airfoil performance considering the laminar separation bub-
ble and the location of the laminar—turbulent transition in
low-Reynolds-number flows; this is because it uses the eN
method, which determines this transition using the semi-
empirical parameter N.

A laminar separation bubble is created when the laminar
flow is separated in the region of an adverse pressure gradi-
ent on the airfoil. This separated free shear layer is unstable
and amplifies the Tollmien—Schlichting (TS) instabilities.
It generally transitions rapidly from laminar to turbulent
flow, after which it gets reattached to the airfoil. The sep-
aration bubble increases the drag and nonlinearity of the
lift curve. Therefore, it is essential to accurately predict
the formation of the laminar separation bubble to evaluate
the aerodynamic performance of airfoils in low-Reynolds-
number flows. Moreover, in such flows, the location of
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laminar—turbulent transition has a significant effect on the
skin friction. For example, moving the transition point in
the leading-edge direction by 20% increases the skin friction
by 24.5% [15]. Therefore, it is also essential to accurately
predict this location to achieve an accurate evaluation of the
airfoil drag in such flows. Towards this end, Koning et al.
[16] investigated the optimization of the lift-to-drag ratio of
a Martian rotor airfoil with a cambered thin-plate shape using
RANS simulations with the SA-AFT2017b transition model.
However, to achieve a stable and sustainable flight on Mars,
it is necessary to evaluate not only the lift-to-drag ratio but
also the stability of the airfoil performance. Furthermore,
acambered thin plate has alow degree of freedom; this neces-
sitates the exploration of other shapes for the airfoil. For this
purpose, a shape-definition method with a high degree of
freedom is required to consider airfoils of various shapes.

Recently, data mining [17-20] has attracted a great deal
of attention as a promising tool for analysis for data obtained
during the design process. Data mining is the process of
analyzing data and transforming it into useful information.
The information obtained by data mining can supply insight
into the design of complex systems and help define a suit-
able formulation of the design problem. It also gives a clue
of understanding why the solution obtained by optimization
design has an improved performance.

In this study, multi-objective shape optimization of the
airfoil for the propeller of Mars exploration aircraft is con-
ducted to design the propeller which has a good aerodynamic
performance under conditions of the low-Reynolds-number
and high-subsonic flow on Mars. To consider the various
shapes of an airfoil, a shaped-definition method with a high
degree of freedom is adopted. Airfoil shapes were explored,
and the optimal shape was determined using a multi-objective
genetic algorithm (MOGA), while a Kriging model was used
to reduce the computation time. To evaluate the performance
of propeller based on the designed airfoil, the Adkins method
was used to determine the propeller shape. The main contri-
butions of this study can be summarized as follows:

1. The compressible RANS-based computational flow
dynamics (CFD) simulation using y-Rey transition
model which can predict the laminar separation bub-
ble and the location of the laminar—turbulent transi-
tion is employed to evaluate the aerodynamic perfor-
mance under conditions of the low-Reynolds-number
high-subsonic flow on Mars accurately. The difference
between the efficiency (or required power) of propeller
designed by the database constructed using the high-
fidelity solver (RANS simulation using y-Reg transition
model) and that of propeller designed by the database
constructed using XFOIL is investigated.
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2. The quantitative and qualitative correlations between
the design variables and airfoil performance were ana-
lyzed using data mining tools (the analysis of variance
(ANOVA) [21] and self-organizing map (SOM) methods
[22])

This paper is organized as follows: In Sect. 2, the numer-
ical methods used for the RANS-based computational flow
dynamics (CFD) simulation using y-Reg transition model
is described. Section 3 presents the propeller design method
used to optimize the propeller shape based on the designed
airfoil. In Sect. 4, multi-objective optimization for the pro-
peller airfoil, results of the propeller design, and data mining
are presented. Finally, the conclusion of this study is given
in Sect. 5.

2 Numerical Method

In this study, the Tohoku University Aerodynamic Simulation
code—Parallel Unstructured Grid (TAS-PUG) code was used
to evaluate the aerodynamic performance of the airfoils [23].
TAS-PUG solves the compressible RANS equation using the
cell vertex finite-volume scheme. For numerical flux calcula-
tions, the Harten—Lax—van Leer—Einfeldt—Wada (HLLEW)
approximate Riemann solver is used. Second-order spa-
tial accuracy is realized with a linear reconstruction of the
primitive variables inside the control volume with Venkatakr-
ishnan’s limiter [24]. For time integration, the lower/upper
symmetric Gauss—Seidel (LU-SGS) implicit method [25] for
unstructured meshes is used.

The k—w shear stress transport (SST) and the y-Rep mod-
els [26-28] are used as the turbulence and transition models,
respectively. The y-Rey model uses two transport equations,
wherein each equation calculates the intermittency and tran-
sition onset momentum thickness Reynold number. If the
flow transitions from the laminar to the turbulent regime, the
y value at that position changes from 0 to 1; this can be used
to determine the location of transition.

Figure 1 shows the grid used for calculations in this study.
An unstructured hybrid grid was employed with 25 layers of
prism grids constructed near the wall to ensure the accurate
calculation of boundary layers on the wall of the airfoil. The
y+ value at 50% of the chord length is approximately 0.9.
In addition, the far-field boundary was constructed using a
length thatis 25 times that of the chord length, and the number
of grid points is approximately 40,000. Grid dependency was
analyzed by changing the grid size under flow conditions
corresponding to a Reynolds number of 100,000, a Mach
number of 0.2, and an angle of attack of 4°. As can be seen
in Fig. 2, the lift and drag coefficients converged to within
0.4%, relative to one utilizing a greater number of grid points.
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Fig. 1 Computational grid surrounding NACAO0012 airfoil

To validate the turbulence and transition models used in
this study, the flow field around the NACAO0012 airfoil at
Re = 100,000, M = 0.2, and o = 4° was calculated using
XFLRS5 with the ¢V method, the k—w SST model, and the y-
Rey transition model; the results of these calculations were
compared with those of direct numerical simulation (DNS)
[29, 30]. Figure 3 shows the Cp, and C¢ obtained from each
calculation. Table 1 summarizes the separation, transition,
and reattachment positions. The result of the y-Rey transi-
tion model is similar to that of the DNS, while the results
of the other models do not display such adequate predic-
tions. Thus, the RANS-based computational flow dynamics
(CFD) simulations using the y-Rey transition model is used
for the performance evaluation of airfoil operated under con-
ditions of the low-Reynolds-number and high-subsonic flows
on Mars in this study.

3 Propeller Design Method

In this study, the propeller design method suggested by
Adkins et al. [31] was used to optimize the propeller shape
based on the given airfoil. This method combines the use of
two theories. The first is the momentum theory [32], which
assumes the propeller to be a single disk and interprets its
performance in terms of the momentum difference gener-
ated in the flow passing over its surface. The second is the
blade element theory [33], which analyzes the performance
of the propeller by dividing it into small elements in the radial
direction while considering the force generated by each ele-
ment and the circulation due to them. With these theories,
the method finds the propeller shape inversely which satis-
fies the Betz condition for minimum energy loss [34] and
the required performance (Thrust or power) according to the
design procedure shown in Fig. 4. The detailed inverse design
procedure is as follows:

Step 1: The design is started with the given propeller spec-
ification such as free stream velocity (V), angular velocity
(2), propeller radius (R), number of blades (Ng), density of
air (p) and required Thrust (T') (or Power (P)).

Step 2: Select an initial value for the displacement velocity
ratio ¢ (usually, ¢ is set to zero.)
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Fig. 2 Grid dependency of C} and Cy4 for NACAO0012 airfoil

Step 3: Determine the values for the Prandtl momentum
loss factor (F) and the flow angle (¢) at each blade station
by following equations:

_ 2 1
F = ;cos (e ), (1)
N
f =5 (1=8)/sing. )
=+(1+3)
tang, = A1+ 2> ), 3)
2
tang = (tangy)/§&, @

where ¢;, A, & are flow angle at the tip, speed ratio (= V/Q2R)
and nondimensional radius (= r/R), respectively.

Step 4: Determine the product of local total velocity (W) and
blade chord length (c), and Reynolds number (Re) from the
following Equations.

We — A VzFxc0s¢sin¢C’ Q)
(C1NB2)
w
v

where x (= Qr/V)is nondimensional distance and C is blade
section lift coefficient. v is dynamic viscosity.

Step 5: Under the given flow condition (V and Re obtained
in step 4), find C; and angle of attack (), where the mini-
mum drag-to-lift ratio (¢) is obtained at each blade station
by using the aerodynamic database of a given airfoil. If C)
obtained is different from the Cj used in step 4, Re should be
adjusted. Repeat Step 4 and 5 until it is converged at each sta-
tion. Thus, basically, the propeller with a better lift-to-drag
performance airfoil has a better propeller performance in the
present method.

Step 6: Determine the axial interference factor (a) and the
rotational interference factor (a’), and W from the following
equations (See Fig. 5 for the flow geometry at blade station

@ Springer
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Table 1 Comparison of the separation, transition, and reattachment
positions

Model Separation Transition Reattachment
DNS [30] 0.20 0.63 0.68
XFLR5 0.26 0.52 0.54
k—w SST - - _
y-Rey 0.31 0.64 0.68
r):
_ 8ol
a= 5 cos” ¢(1 — etang), 7
¢ : €
a = —cos¢sing| 1+ —— |, 8
2x ¢ ¢< tan¢> ®
W = V(1 +a)/sing. O]

Step 7: Find the blade chord length (¢) from Eq. (5), and
the blade twist 8 = o + ¢.

Step 8: Determine the four derivatives in I and J from
the following Equations and integrate these from & = &
(propeller hub) to & = 1 (tip).

I, = 4G (1 — stang), (10)
Loa(h (1+i)- (11
) = 2% fang singcosg,
/ &
J - 45(;(1 . W)’ (12)
, A 5
J, = <?>(1 — etang) cos” ¢, (13)

where G = Fxcosgsing.
Step 9: When required thrust is given, calculate ¢ and the
power coefficient (P.) using the following equations:

e L\ T "
“=\)V\am) & ”
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Fig.4 Flowchart of the propeller design method in this study

Fig.5 Flow geometry at blade station r

P = Ji¢ + 1g?, (15)

where T, = 2T/(,0V271R2). Otherwise, when required
power is given, calculate ¢ and the thrust coefficient (7'¢)
using the following equations:

(4 I\ P
o=~(5)(5E) + 7 1o

Te = Ii¢ — ¢, (17)

where P, = 2P/(pV37 R?).

Step 10: If the difference between new ¢ and old ¢ is not
small enough, go to step 3.

Step 11: Calculate propeller efficiency (T'c/P.).

As described in Step 5, the performance of the propeller
in the present method largely depends on the aerodynamic
database of the adopted airfoil. Thus, it is important not only
to use an airfoil with a good performance but also to construct
an accurate aerodynamic database for the given airfoil. In

= CFD = CFD
—— Interpolated —— Interpolated

[ 2 4 6 0 2 4 6
Angle of attack [deg] Angle of attack [deg]

@G (b) Ca

Fig.6 Comparison of interpolated data with CFD result at M = 0.7 and
Re = 12,000 where the calculated date does not exist in database

Table 2 Power consumption for various propeller designs

Power (W) Efficiency (%)
Propeller Designer 387.6 774
Present (XFOIL) 393.6 76.2
Present (TAS-PUG) 410.9 73.0

this study, TAS-PUG was used to construct the aerodynamic
database of the airfoil used for the propeller design. The
aerodynamic data used were acquired at uniform intervals
over a specific range of Mach numbers, Reynolds numbers,
and angles of attack. The data at flow conditions that were
unavailable in the database were interpolated using the cubic
spline method. Figure 6 shows the interpolated data at Mach
and Reynolds numbers of 0.7 and 12,000, where the data do
not exist in the database, with the data at Reynolds numbers
of 10,000 and 14,000 and Mach numbers of 0.55 and 0.75 in
the aerodynamic database constructed using TAS—PUG. The
interpolated data show reasonable accuracy when compared
with the CFD results by TAS-PUG.

To verify the propeller design code used in this study, the
results were compared with those obtained using Propeller
Designer [35]. The 1 m diameter propeller using the DAE-
51 airfoil was designed to generate a thrust of 30 N at a
free-flow speed of 10 m/s with 1500 rpm. The airfoil aero-
dynamic database was constructed using both the XFOIL
and TAS-PUG. Table 2 and Fig. 7 depict the results of the
propeller designs. All three propellers had similar shapes in
terms of their chord length and twisting angle. The power
consumption and efficiency of the propellers designed with
XFOIL and Propeller Designer are predicted to be very simi-
lar. However, the propeller designed with the airfoil database
constructed by TAS-PUG with the y-Reg transition model
consumes approximately 6% more power than the aforemen-
tioned two propellers because the drag coefficient estimated
by TAS-PUG using the y-Rey transition model is larger than
that for the propeller designed with XFOIL. Because accu-
rate power prediction is essential for the propeller design of
Mars exploration aircraft, the database is constructed with

TAS-PUG using the y-Rey transition model in this study.
@ Springer
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Fig.7 Comparison of chord length and twist at each blade station of
propellers

4 Multi-objective Optimization Airfoils
for Propellers

4.1 Optimization Method

In this study, MOGA [36, 37] was used to determine the
optimal airfoil shape accounting for multiple aerodynamic
characteristics related to propeller performance of the Mars
exploration aircraft. The genetic algorithm requires a large
number of function calls as it involves population-based
searches. In particular, the fitness evaluation method, in
combination with the methods needing tremendous computa-
tional time, such as Navier—Stokes solver, leads to exorbitant
computational costs. Therefore, in this study, RANS-based
CFD simulation was used to evaluate the performance of
only a specified number of sample points (airfoils), and the
Kriging model that was constructed using this result was
combined with MOGA to reduce the computational time.

Figure 8 shows a flowchart of the optimal airfoil design
process used in this study. First, the 70 initial samples that
were uniformly distributed in the design space were extracted
using Latin hypercube sampling (LHS); these are depicted
in Fig. 9.

4.2 Definition of the Airfoil Optimization Problem

In this study, the propeller specifications for the Mars explo-
ration aircraft were determined based on a previous study
on the conceptual design of the Mars exploration aircraft, as
shown in Fig. 10 and Table 3. The rotation speed of the pro-
peller was set to 1400 rpm considering the aircraft cruising
speed and propeller tip speed, and its diameter of the pro-
peller was set to 1.9 m under the assumption that the aircraft
was mounted on a Viking shell [38] and transported to Mars.
Since operational reliability is vital for Martian missions and
the aerodynamic performance of such aircraft is apt to dete-
riorate in the Martian atmosphere, two fixed-pitch propellers
with four blades were selected as the design targets. The total
required thrust of the propeller was 18.208 N, which required
a thrust of 9.104 N per propeller.

@ Springer
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Fig. 10 Appearance of the Mars P
exploration aircraft A
y
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Table 3 Specifications of Mars exploration aircraft and its propeller 0.12 ARA-D 6%
—m— NURBS control points
Wing span of 7.75 m Cruise AoA 3° 0.10 P
aircraft 0.08 CP3(dv4,dv5) C.P5(dv8.dv9)
Weight of aircraft ~ 75.2 kg Cruise speed 111.1 m/s . sz(dw) CP4(dv6,dv7)
Overall length of ~ 4.582m  Mach number 0.48 o 006 CPB(dv10,dv11)
aircraft 2 8
. . 0.04 CP7(dv12,dv13)
Reynolds number 141,100 Propeller type Fixed pitch CP11(dv18,dv19) CP13(dv22,dv23)
=
(Re) 0.02 ¥cP1(0.dv1 )/' = .
Number of blades 4 Propeller 1400 rpm CP17(0.0) CP12(dv20,dv21)
rotational speed 0.00 g CP14(dv24,dv25)
) ) CP10(dv16,dv17) CP16(1.0v28)
Propeller diameter 1.9 m Required thrust 18.208 N -0.02 LcP9(0.dv15) . CP15(dv26,dv27) N
(T) 0.0 0.2 0.4 0.6 0.8 1.0
x/c

Since the propeller was designed with the same airfoil
across all blade stations, the flow conditions at the blade
station where the maximum thrust and power is obtained
was set as the conditions for airfoil optimization design.
Turbulence intensity was determined using the flow veloc-
ity in Valles Marineris [32] predicted by the Mars Regional
Atmospheric Modeling System (MRAMS), which predicts
the atmospheric conditions on Mars. Therefore, the flow con-
dition for airfoil design was characterized by a Mach number
of 0.7, Reynolds number of 12,000, and turbulence intensity
of 0.5%.

The airfoil shape was defined using a non-uniform rational
basis spline (NURBS) curve, as shown in Fig. 11, to allow for
ahigh degree of freedom. A total of 17 NURBS control points
were used, which were expressed using a total of 28 variables.
The ranges of the x-coordinate of control points (i.e., dv2,
dv4, dv6, and so on) were set to not overlap with that of the
neighbor control point to prevent unrealistic airfoil shapes,
and the ranges of the y-coordinate were set by referring to the
NURBS control points that represent ARA-D 6% airfoil. The
lower and upper bounds of design variables are described in
Table 4. Considering the structural strength of the propeller,
the maximum thickness of the airfoil is constrained to be
greater than 4% of the chord length.

Finally, the following three aerodynamic performances
are selected as objective functions:

Fig. 11 NURBS control points of an airfoil at the optimization

1. Maximization of the lift-to-drag ratio

2. Minimization of the drag coefficient at the angle of attack
where the maximum lift-to-drag ratio is obtained

3. Minimization of the standard deviation of (dCp)/da
between 1° and 6° angle of attack

The first objective function is selected because the pro-
peller design method used in this study finds the propeller
shape which has the maximum lift-to-drag ratio at each blade
station as described in Sect. 3. The second objective func-
tion is adopted to suppress the excessive increase of the
drag at the condition where the maximum lift-to-drag ratio is
obtained. The third objective function is selected to maintain
stable aerodynamic performance under the environmental
disturbances expected from the Martian atmosphere, which
is characterized by frequent wind gusts.

4.3 Optimization Results

During the design process, the performances of a total of
288 airfoils, composed of 70 initial and 218 additional sam-
ple airfoils, were evaluated by TAS—PUG using the y-Reg
transition model. Total 27 kriging model update was con-
ducted until the Pareto front of MOGA using Kriging model

@ Springer
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Table 4 The ranges of the design

variables for airfoil optimization Upper surface

Lower surface

Lower bound Upper bound Lower bound Upper bound
dvl 0.02032 0.02897 dvls —0.01501 —0.00117
dv2 0.00000 0.16000 dvlé 0.00000 0.16000
dv3 0.04129 0.06888 dvl7 —0.00933 —0.00150
dv4 0.16000 0.33000 dvls8 0.16000 0.33000
dvs 0.06949 0.07729 dvl19 0.00980 0.02584
dvb 0.33000 0.50000 dv20 0.33000 0.50000
dv7 0.05807 0.08143 dv21 0.00650 0.01894
dv8 0.50000 0.67000 dv22 0.50000 0.67000
dv9 0.07753 0.08159 dv23 0.02312 0.02688
dv10 0.67000 0.84000 dv24 0.67000 0.84000
dvll 0.03388 0.05032 dv25 0.00087 0.00936
dvl2 0.84000 1.00000 dv26 0.84000 1.00000
dvl3 0.01735 0.03359 dv27 0.00755 0.01182
dvl4 0.00000 0.00550 dv28 — 0.00550 0.00000
0.10 14 0.05
High-performance region .
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does not change anymore. With these results, the Kriging
model is constructed for each objective function. Figure 12
shows the results of leave one out cross-validation results
of the constructed Kriging models. In this figure, the hori-
zontal axis is the calculated value by TAS-PUG using the
y-Rey transition model; the vertical axis is the predicted
value by Kriging model. Even though there are some points
at which its accuracy is not enough, the constructed Krig-
ing model has a reliable accuracy as a whole. Especially,
the Kriging model shows a relatively good accuracy near
the high-performance region (high max. 1/d, low Cy, and
low dCj/da region) because additional sample points were
selected from the high-performance region in each iteration.

Figure 13 shows the results of plotting the objective func-
tion values of the 288 airfoils obtained through optimization.
Compared to the 70 initial airfoils selected by LHS, the addi-
tional ones obtained through optimization were located in
the areas of the improved objective functions. This indicates
that the optimization algorithm works properly. The Pareto
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12 Leave one cross-validation of the constructed Kriging model for each objective function

front formed by airfoils obtained from optimization shows
that there is a trade-off between each objective function. A
compromised solution (OPT airfoil) for the three objective
functions was selected among the Pareto solutions, and the
performance of this airfoil was compared with that of the
ARA-D 6% airfoil and the airfoil that was designed for the
main wing of a Mars exploration aircraft [8]. Figure 14 shows
the shape of each airfoil. OPT airfoil has a sharp leading edge
with a thinner airfoil thickness, a flatter maximum camber
shape which is located about mid-chord. These features cor-
respond to the shape characteristic of airfoils with a good
aerodynamic performance at low-Reynolds-flow conditions
[39].

Table 5 shows the objective function values obtained under
the design flow conditions. Figure 15 also compares the
aerodynamic performance of each airfoil at angles of attack
ranging from -3° to 20°. When compared over a wide range
of angles of attack as well as under the design flow condi-
tions, these results demonstrate the superior performance of
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Fig. 13 Plots of objective functions of 288 airfoils obtained through the optimization process
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3:1(2)_ —— Main wing airfoll Table 5 Objective functions of OPT and reference airfoils
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—OPT Max I/d Cq@Max I/d Stdev
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airfoil
S 0.6 0.8 1.0 ARA-D 6% 8.63851 0.07011 0.03471
c

OPT 12.83759 0.04923 0.01332

Fig. 14 Geometries of OPT and reference airfoils

the OPT airfoil obtained from optimization over the refer-
ence airfoils. Especially, it can be confirmed that OPT airfoil
and Main-wing airfoil show a constant Cy, at lower angle of
attack.

It can be confirmed that the optimization process increases
the maximum lift-to-drag ratio while decreasing the drag
coefficient at the corresponding angle of attack. Rather than
reducing the drag at a fixed angle of attack, the present opti-
mization makes that the maximum lift-to-drag ratio occurs at
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Fig. 15 Comparison of aerodynamic performances of the OPT and reference airfoils
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Fig. 16 Comparison of pressure coefficient of the OPT and reference
airfoils at the angle of attack where maximum 1/d occur for each airfoil

Table 6 Separation and transition position of OPT and reference airfoils

Separation Transition
Main-wing airfoil 0.545 Full laminar
ARA-D 6% 0.492 Full laminar
OPT 0.595 Full laminar

arelatively small angle of attack region where the drag is not
increased too much. Figure 16 compares the distribution of
the pressure coefficient of the OPT and reference airfoils at
the angle of attack where maximum lift-to-drag ratio occur
for each airfoil. OPT airfoil show a flat upper surface pressure
distribution which is the typical feature of laminar airfoil.
This feature contributes to delay the separation at this angle
of attack, as shown in Table 6. It is confirmed that the OPT
airfoil generates more lift at trailing-edge region because of
curved trailing-edge shape.

Next, propellers were designed with the ARA-D 6% air-
foil, the main wing airfoil of the Mars exploration aircraft,
and the OPT airfoil to investigate the performance of the pro-
pellers. The airfoil aerodynamic database used in the design
of the propellers was constructed by TAS-PUG using the
y-Rey model. Figure 17 shows the planform geometry and
twist angle distribution of the designed propellers.

| — Main wing airfoil

—— Main wing airfoil
—— ARAD 6%
80 ——OPk

Chord length, ¢, [m]
Twist angle, /3, [deg]

08 J 40
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
R R
(a) Planform geometry (b) Twist angle

Fig. 17 Planform geometry and twist angle distribution of the propellers
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Table 7 Power consumption and efficiency of the OPT and reference
airfoil propellers

Power (W) Efficiency (%)
Main-wing airfoil 1313.841 76.985
ARA-D 6% 1349.971 74.924
OPT 1248.049 81.043

Table 7 shows the required power and efficiency of the pro-
pellers designed using the OPT and reference airfoils. The
efficiency of the propeller with the OPT airfoil is improved
by approximately 3—5% compared to the propeller designed
using the two other reference airfoils. As shown in Fig. 17, the
propeller designed using the OPT airfoil has a smaller chord
length and twist angle compared to the propellers designed
using the comparative reference airfoils. The propeller using
the OPT airfoil produces the required thrust even with the
small volume size. This fact may also be merit when mount-
ing the Mars exploration airplane in the aero capsule.

4.4 Data Mining Using the Optimization Results

To extract those characteristics of the designed airfoil that are
related to its performance, such as its geometric features, the
design results were analyzed using data-mining techniques,
ANOVA and SOM.

4.4.1 Analysis of Variance (ANOVA)

ANOVA is a commonly used statistical analysis method,
which quantitatively identifies the degree of influence of an
input variable on an output variable using the ratio of the
variance due to each input variable to the total variance. The
ANOVA employed in this study decomposes the total vari-
ance of the model into the variance due to the design variables
on the Kriging model. Decomposition is performed by inte-
grating output variables of model (7). The total mean ({ota1)
and the variance (?ft%ml) of the model are follows:

fiotal = [+ [ Y(x1, -+, Xp)dxy -+ - dxpp, (18)

~ ~ ~ 2
at%tal =/ -f[y(xl, C Xm) — Mtotal] dxy---dx,. (19)

Herein, m is the number of design variables. The main
effect of variable x; is given as:

<y Xp)dxy - - doopdxgy - Ao — flotals
(20)

Lix)=[---[I(x1, -

1 (x;) quantify the effect of variable x; on the objective
function.
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(a)

Fig. 18 ANOVA results of the optimization process. a Max l/d;
b C4@max 1/d; ¢ stdev(dC)/dw)

The variance due to the design variable x; is given as:

62 = [ )] dxi. 2D

The proportion of the variance due to design variable x;
to total variance of the model can be calculated by dividing
Eq. (21) by Eq. (19):

~ ~ 2
6?7 _ Sl ()] dx 22)
8t%)tal f~~f[)7(x1, Cy Xm) —ﬂtotal]zdxl o dxy

This value indicates the effect of design variable x; on the
objective function.

Figure 18 shows the results obtained using ANOVA. The
top four design variables with a high degree of influence
on each objective function are shown. Each design variable
is expressed in a form such as CP-5x, which indicates the
x-coordinate of the NURBS control point No. 5. The four
design variables with the most significant effect on the maxi-
mum lift-to-drag ratio are CP-4y (34.14%), CP-7x (17.29%),
CP-2y (9.23%), and CP-3y (7.80%). The four design vari-
ables with the most significant effect on the drag coefficient
at the maximum lift-to-drag ratio are CP-4y (65.66%), CP-2y
(14.18%), CP-3x (6.32%), and CP-13x (3.90%). Finally, the
four design variables with the most significant effect on the
standard deviation of (dC})/(dw) are CP-7y (33.48%), CP-2x
(23.49%), and CP-3y (17.83%), and CP-11y (8.54%).

The arrows in Fig. 19 indicate the directions along which
the objective function varies. Here, “A-direction” refers to
the direction in which the objective function of the initial
70 airfoils improved to the objective function of the airfoils
located at the center of the Pareto front. B- and C-directions
are those in which the objective function of the airfoil located
at the center of the Pareto front shifts to that of the airfoils
located at both ends of the Pareto front (extreme solutions).
Table 8 shows the increases and decreases (green: increase;
orange: decrease) of the design variables that induce changes
in each direction.

4.4.2 Self-Organizing Map (SOM)

SOM is an unsupervised neural network technique that
projects high-dimensional data into a low-dimensional space.

It qualitatively represents the relationship between the input
and output variables or between the various input variables
by classifying, organizing, and visualizing a large amount of
data. The detailed learning algorithm of SOM can be referred
to [18].

Figure 20 shows the SOM results with the 288 airfoils
obtained during the optimization process. In this study, clus-
tering is performed based on the objective function values of
airfoils, and each map is colored by objective function value
or design variable value. Thus, for example, it can be said
that airfoils that have a small drag coefficient at the maxi-
mum lift-to-drag ratio and a large lift—drag ratio are located
in the bottom-left corner of the map, while the airfoils that
have a large drag coefficient at the maximum lift-to-drag
ratio, a small lift-to-drag and a small (dC})/(d«) are located
in the upper-right corner of the map. The qualitative relation-
ships between objective functions and design variables can
be investigated by comparing the color arrangement between
maps. For example, comparing the SOM of drag coefficients
obtained at the maximum lift ratio with that of CP-4y, the
color arrangement of these two maps is very similar. It means
that the drag coefficient is small (blue) when the value of
CP-4y is small (blue). The SOM of design variables that
show a similar color arrangement with the SOM of the drag
coefficient at the maximum lift-to-drag ratio were CP-4y, CP-
5x, CP-5y, CP-6x, CP-6y, and CP-16y. The design variables
that show a similar color arrangement with the SOM of the
maximum lift-to-drag ratio itself were CP-1y, CP-4x, CP-8y,
CP-9y, CP-14y, CP-15x, and CP-15y. Finally, the design vari-
able that shows a similar color arrangement with the SOM
of the standard deviation of the lift curve slope was CP-7y.
In this manner, it is possible to extract relationships between
objective functions and the design variables using SOM.

4.4.3 Summary of Geometric Features Obtained by Data
Mining

According to the ANOVA and SOM results, the key features
of the airfoil shape required to improve each objective func-
tion can be summarized as follows:

1. The airfoils with a high lift-to-drag ratio performance
have a sharp and large gradient leading edge, a thinner
thickness, and a large camber. These are typical fea-
tures of high-performance low-Reynolds-number airfoil.
A sharp leading edge generates a high adverse pressure
gradient at the leading edge, which results in flow sepa-
ration and vortex shedding.

2. The airfoil with a low drag coefficient at the maximum
lift-to-drag ratio have an increased gradient on the suction
surface, which results in the sharply curved trailing-
edge shape and reduction of thickness there. This feature
increases the adverse pressure gradient at the trailing
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edge and induces reattachment while reducing the pres-
sure drag.

3. The airfoil with a small standard deviation of (dC})/(da)
has a smooth curvature on the suction surface near the
trailing edge. This feature delays the nonlinearity of C;
as long as possible.

5 Conclusion

This study aims to improve the aerodynamic performance
of propellers for Mars exploration aircraft using multi-
objective shape optimization to design propeller airfoils.
To evaluate the performance of the airfoil operated in
low-Reynolds-number and high-subsonic flows condition
on Mars accurately, a Reynolds-averaged Navier—Stokes
(RANS) simulation using the y-Rey transition model were
utilized to evaluate airfoil performance and construct a
corresponding aerodynamic database for propeller design.
To increase the degrees of freedom for the airfoil shape,
the NURBS method was used to define the airfoil shape.
MOGA was used to find the optimal solution (airfoil), and
a Kriging model was used to reduce the computational
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time. The propeller with the designed airfoil was deter-
mined using the Adkins method. Compared to propellers
constructed using reference airfoils, the power consumption
and efficiency of propellers with the designed airfoil were sig-
nificantly improved. In addition, quantitative and qualitative
correlations between various design variables and airfoil per-
formance were analyzed using ANOVA and SOM to extract
the geometric features that affect airfoil performance in the
low Reynold number flow condition on Mars. The airfoils
with a high lift-to-drag ratio performance have a sharp and
large gradient leading edge, a thinner thickness, and a large
camber. The airfoils with a low drag coefficient at the max-
imum lift-to-drag ratio have an increased gradient of the
suction surface, which results in the sharply curved trailing-
edge shape and reduction of thickness there. The airfoil with
a small standard deviation of dC}/d« has a smooth curvature
at the suction surface near the trailing edge. These shape fea-
tures about the low-Reynolds-number airfoil will be helpful
to understand the physics around the airfoil.
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