the Aeronautical Sciences | Florence  September 9-13

-
o & "I F

{ / £

LOW ENERGY CONSUMPTION DESIGN METHOD AND STRATEGY
FOR HIGH-ALTITUDE PROPELLERS BASED ON FLIGHT PROFILE

Miao Zhang®?34, Jun Jiao!, Jian Zhang?, Zijian Zhang?

1 Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing 100190, China 1
2 School of Aeronautics and Astronautics, University of Chinese Academy of Sciences, Beijing 100049, China 2
3 National Key Laboratory of Science and Technology on Advanced Light-duty Gas-turbine, Beijing 100190, China 3
4 Key Laboratory of UAV Emergency Rescue Technology, Ministry of Emergency Management, Beijing 102202, China 4

Abstract

The flight profile of solar-powered unmanned aerial vehicles (UAVS) typically includes various stages to
achieve day-night energy cycling, which results in a large number of design points for the flight strategy.
Therefore, it is necessary to conduct multi-point design optimization for high-altitude propellers to take full
advantage of the motor power and reduce energy consumption. In the present study, the Co-Kriging model is
used to conduct multi-point design optimization of high-altitude propellers to minimize the energy consumption
of the propeller electric propulsion system throughout the entire flight profile. In addition, two design strategies
for high-altitude propellers are presented. One strategy aims to maximize the combined efficiency of the
propeller during climbing, high-altitude cruising, and low-altitude circling, and the other is to minimize the
combined energy consumption of the propeller in these three stages. The results of these two design
optimization strategies demonstrate a significant reduction in total energy consumption across the entire flight
profile compared to the design optimization for a single design point. The strategy of minimizing the total energy
consumption is more effective in reducing the overall energy consumption of the solar-powered UAVS
throughout the entire flight profile, achieving a reduction of 10.39%.
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1. Introduction

Solar-powered unmanned aerial vehicles (UAVS) rely on solar energy to stay in near space for days
or longer [1]. However, constrained by the efficiency of battery packs and photovoltaic cells, solar-
powered UAVs need to undergo various stages, including climbing, high-altitude cruising, descent,
and low-altitude circling, to convert a portion of solar energy into gravitational potential energy,
thereby enabling powered flight with day-night energy cycling. This flight strategy results in a larger
range of design points for solar-powered UAVs [2, 3]. To maximize motor power utilization and
minimize propeller energy consumption across the entire flight profile, it is necessary to conduct
multi-point design optimization for high-altitude propellers.

In terms of design optimization of high-altitude propellers, D’Angelo S et al. [4] proposed a method
for designing efficient propellers under given operating conditions. Danielle et al. [5] used the strip
theory to design the high-altitude propeller for an aircraft cruising at 0.4 Mach (Ma) and an altitude
of 25.9 km. Morgado et al. [6] developed the blade design software JBLADE based on the blade
element momentum theory (BEMT) and incorporated a 3-D flow equilibrium condition to design the
airship propeller. Park et al. [7] adopted the BEMT in conjunction with minimum induced loss and
designed a solar-powered UAV propeller. Mourousias et al. [8] utilized various surrogate models and
the vortex theory to optimize the propeller under a specific operating condition. However, these
methods aim to ensure the propeller achieves maximum efficiency under specific operating
conditions, which do not consider the attainment of overall maximum efficiency throughout the entire
flight profile. Catana Razvan-Marius et.al [9] proposed a technical method that combined variable
diameter and pitch to enhance the efficiency of propellers under different power modes. Wang et.al
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[10] used the variation of pitch to maintain high efficiency over a wide range of rotational speeds for
high-altitude propellers, thereby increasing the operational adaptability of these propellers. It is worth
noting that adopting variable diameter and pitch can maintain high efficiency for high-altitude
propellers even at off-design points, but this approach increases the weight of solar-powered UAVs
and affects the overall reliability.

The objective of this work is to propose a strategy to minimize the energy consumption of the entire
flight profile for the propeller electric propulsion system, along with a high-altitude propeller multi-
point design method that considers both accuracy and efficiency. In this study, Co-Kriging surrogate
model is used to conduct multi-point design optimization of high-altitude propellers to ensure that the
energy consumption of high-altitude propellers is minimized throughout the flight profile. The high-
and low-fidelity sample points are obtained using the optimal Latin hypercube sampling (OLHS)
design method. The low-fidelity calculation method is based on blade element momentum theory
(BEMT), while the high-fidelity calculation method relies on computational fluid dynamics (CFD)
numerical simulation. Combining high- and low-fidelity calculation methods through a Co-Kriging
surrogate model, using genetic algorithms (GA) to conduct multi-point optimization of the high-
altitude propellers. Additionally, using the expected improvement (El) infill-sampling criterion to judge
the convergence of the objective function. Finally, the optimized results are subjected to CFD
simulation analysis to assess the aerodynamic performance at various stages of the flight profile for
solar-powered UAVs. In addition, two design strategies are presented, one aims to maximize the
combined efficiency of the propeller during climbing, high-altitude cruising, and low-altitude circling,
and the other aims to minimize the combined power consumption of the propeller in these three flight
stages.
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Figure 1 — Optimization process for high-altitude propeller.

2. METHOD
2.1 Blade element momentum theory

The BEMT uses radial discretization of the propeller blade into a finite number of sections. It
accumulates the aerodynamic forces on each blade element along the radial direction to determine
the overall aerodynamic force on the blade [11]. Figure 2 shows the principle of BEMT.
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Figure 2 — Section forces and velocities acting on a rotating propeller blade [12].

The radius of the blade element is r, the geometric blade pitch angle is 6, and the angle of the total
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velocity W is @. The rotational speed and freestream velocity are w, and V-; ¢ is the induced angle;
V. is the combined velocity of the axial and tangential induced velocities; and the axial and tangential
induction factors are defined as a and b. Then the axial and tangential velocities of the blade element
areV,, +V, and wr — V,,. The total velocity W relative to the blade is determined as

2
w :\/(V +av ) +(a)r—ba)r)2 1)
Q0 o0
The angle of attack a of W relative to the blade element is given by
V. _+aVv
a=0-¢=0-arctan| =>—= 2)
wr —bar
Therefore, the thrust dT and torque dQ on a single blade element can be calculated by
dT=chos¢)—stingr§=%p\N2c(CI COS¢—Cd sin¢)Bdr (3)
dQ =r(dLsing+dDcosg) :%p\Nzc(CI sin¢5+Cd cos¢)Brdr (4)

Introducing the assumption of the propeller momentum theorem and the Bernoulli equation, the air
in the plane of the propeller disk where the blade element dr is located satisfies the conservation of
axial and radial momentum, leading to

_ 2
dT = AV a(l+a)rFdr (5)

dQ = 47zpvooa)b (1+a) r3Fdr (6)
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Where F is the Prandtl tip loss coefficient obtained considering the tip loss, and R, is the propeller
radius, B is the number of blades.

2.2 Computational fluid dynamics method

A multi-block structured grid is used to divide the spatial flow field around the propeller. The entire
computational domain is divided into a stationary domain and a rotating domain. To simulate the
rotation of the propeller, the Multiple Reference Frame (MRF) method is used, eliminating the need
for transient calculations [13]. The rotational domain has a width of 1.5 times the diameter of the
propeller and a length of 3 times the diameter of the propeller. The stationary domain has a width of
30 times the diameter of the propeller and a length of 60 times the diameter of the propeller. The
inlet domain is defined with a speed far-field boundary condition, the outlet domain with a pressure
far-field boundary condition, and the far domain with a pressure far-field boundary condition. The
pressure and temperature values are set according to the real altitude. The blade surface is defined
as a stationary, no-slip wall in relation to the adjacent zone. The number of propeller chordwise
elements is 80, spanwise elements is 250, and the number of inflation layers is set to 50 layers.

Far Boundary: Pressure T T T T T T T ———————— 1
Inlet Boundary: / T — Rotational Zone
Speed Farfield |
_ ad

|

I

| Front ‘ !

B Qutlet Boundary: | Interface :

Rear Interface
~~~~~~ .. Pressure Farfield |
~~~~~ | ' lade Boundary: :

Wall

Stationary Zone e e 1

(a) — Representation of the calculation domain and its boundary conditions



(b) — Distribution of the cells and boundary layer grid on the surface of the blade

Figure 3 — Meshing and boundary condition settings.
2.3 Co-Kriging surrogate model methods
The Co-Kriging fusion method is a self-regression model based on Bayesian theory, which can
effectively consider the correlation among multiple credibility data. It utilizes cross-covariance to
measure the correlation between different fidelity levels and integrates data of different accuracies.
The purpose is to enhance predictive accuracy while achieving the best approximation of high-fidelity
data across the expanse of the design space [14,15]. Furthermore, the Co-Kriging model inherits the
inherent advantages of the Kriging model and can evaluate the uncertainty of the prediction points.
While maintaining equivalent levels of approximate accuracy, it has the capacity to significantly
enhance the efficiency of constructing a surrogate model [16].
The Co-Kriging model considers two sets of samples, Xc = {Xc!,...,Xc"°} and Xe = {Xe,...,xe"}, with
dimension d obtained from the Ilow-fidelity and high-fidelity simulator, respectively. The
corresponding function values are represented by yc = {yc,...,yc"} and ye = {yel,...,ye"¢}. The
predicted values of the Co-Kriging model are defined as

o _ T, _ T T
yl(x)—/l ys_ﬂ‘l yc+/12 Ye- (8)
In the equation (8), A1 and 4> represent the weighted coefficients for the responses to high- and low-

fidelity, respectively. Assuming the existence of two static stochastic processes corresponding to y.
and ye,

Yc(x)=ﬂ1+Zl(x)
Y (X)=B,+Z,(x)

The covariance and cross-covariance between random variables are defined as

Cov| Z| x (i)),z(xl(j)jjza ZR(ll)(Xl(i)’xl(j)j

(9)

1 1

Cov| Z| x (i)j,z(xz(j)nzo 2R(22)(x2(i),x2(j)} (20)

2 2

Cov| Z x(i)),z(xz(j)jjzag R(lz)(x(i),xz(l'))
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In the equation (10), 012 and o,? represent the process variance of the stochastic processes Yi(x)
and Y2(x), respectively. The estimated values of the Co-Kriging model are given by
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3. High-altitude propeller design method and strategy

Figure 4 shows the flight profile during the task cycle of a solar-powered UAV. The solar-powered
UAVs primarily contain four parts, including climbing, high-altitude cruising, descent, and low-altitude
circling segments within a mission cycle. The descent stage primarily utilizes the potential energy
difference resulting from changes in altitude to convert it into the energy required for the flight,
therefore, it is not considered as a design point in the analysis. The single-point design is optimized
with the goal of maximizing efficiency during the low-speed cruising stage of the solar-powered UAV.
Considering the specific flight profile of a solar-powered UAV model, points A, B, and C are chosen
as design points for multi-point design optimization. Throughout the entire design process, the
weights of the three design points are allocated based on the proportion of the duration of each stage
to the total duration of the three stages. In order to minimize the energy consumption of the entire
flight profile for the propeller electric propulsion system, two design strategies are proposed for high-
altitude propellers. One focuses on maximizing the overall efficiency of three points A, B, and C,
while the other aims to minimize the total power consumption of the three points. Table — 1 shows
the parameters of design points at each stage. The geometry of the blade is mainly determined by
the distribution of chord and twist angle. To make the blade smooth and continuous, the cubic Bézier
curve is used to describe the blade chord and the pitch angle distribution. This means that there are
eight design variables, c1, €2, Cs, C4, B1, B2, f3, f2. The rotation speed, ns, varies throughout the design
process, and thus, ns is considered as the ninth design variable. The required thrust, Tmin, under the
flight condition and the rated power, Praed, absorbed from the motor are both restricted based on the
task requirement and energy system. The aerodynamic optimization problem for the two high-altitude
propeller design optimization strategies is presented through equation (17) and equation (18).
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Figure 4 — Flight profile during the task cycle.

Table — 1 Different design point parameters.

flight speed / Design thrust / Air density / Dynamic viscosity /

Stage (m s7) (N) (kg m?) [kg(m )] Weighted values
A — Climbing 33 100 0.08891 1.42161*10° 0.143
B — High-altitude cruising 45 50 0.04008 1.44842*10° 0.238
C — low-altitude circling 24 42 0.19476 1.42161*10° 0.619

maximize W, -7, +Wg 175 + W, - 77¢
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The propeller has two blades, utilizing the Eppler 387 airfoil, and the diameter of the propeller is 2.5
meters. Each design point employs 1000 low-fidelity sample points and 200 high-fidelity sample
points to construct the surrogate model. Figure 5 presents the design optimization results based on
maximizing the overall efficiency, while Figure 6 shows the design optimization results based on
minimizing the total power consumption.
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Figure 5 — The design optimization results based on maximizing the overall efficiency.
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Figure 6 — The design optimization results based on minimizing the total power consumption.
The CFD method is used to perform numerical simulations on the two design optimization results,
and the energy consumption of the two high-altitude propellers throughout the entire flight profile is

calculated. The results are shown in Figure 7.
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Figure 7 —Energy consumption across different task stages.
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As shown in Figure 7, Although the single-point design consumes less energy at the design point,
considering the entire flight profile, the total energy consumption of the multi-point design is lower
than that of the single-point design. Compared to the single-point design results, strategy 1 reduces
energy consumption by 5.38% over one flight cycle, while strategy 2 reduces energy consumption
by 10.39%. Regarding the multi-point design, Under the premise of meeting the thrust requirements
of the solar-powered UAV at various flight stages, the design strategy 2 is more advantageous.
Compared to the design strategy 1, the strategy 2 demonstrates lower energy usage across all
stages of the flight profile. Notably, during the climb phase, the high-altitude propeller designed with
strategy 2 exhibits a significant advantage, consuming 9.62% less energy than strategy 1. Over the
entire flight cycle, strategy 2 achieves an 5.290% reduction in energy consumption. Overall, for solar-
powered UAVS, the design strategy based on minimizing flight profile energy consumption can save
more energy.

4. Conclusions and discussions

The Co-Kriging surrogate model is used to perform multi-point design optimization of high-altitude
propellers. Two design optimization strategies are proposed based on the flight profiles of solar-
powered drones. One goal is to maximize the overall efficiency of the high-altitude propeller, and the
other goal is to minimize the total energy consumption of the high-altitude propeller. The CFD
numerical simulation method is used to compare the aerodynamic performance across various
mission stages for solar-powered UAVs and the total energy consumption of the flight profile between
the multi-point design results and the single-point design results. Compared to the single-point
design results, the strategy of maximizing overall efficiency reduces energy consumption by 5.38%
over one flight cycle, while the strategy of minimizing total energy consumption reduces energy
consumption by 10.39%. Furthermore, when comparing the two high-altitude propeller design
optimization strategies proposed in this paper, the strategy focused on minimizing the total energy
consumption throughout the flight profile is more effective in reducing the overall energy consumption
of the solar-powered UAVS, achieving an additional 5.29% reduction in energy consumption.
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