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Abstract

Advances in distributed electric propulsion and urban air mobility technologies have
spurred a surge of research on electric Vertical Take-Off and Landing (eVTOL) aircraft.
Distributed Multi-Propeller Tilting-Wing (DMT) eVTOL configurations offer higher forward
flight speed and efficiency. However, aerodynamic challenges during the transition phase
have limited their practical application. This study develops a high-fidelity body-fitted
mesh CFD numerical simulation method for flow field calculations of DMT aircraft. Using
the reverse overset assembly method and CPU-GPU collaborative acceleration technology,
the accuracy and efficiency of flow field simulations are enhanced. Using the established
method, the influence of dynamic tilting speeds on the flow field of this configuration
is investigated. This paper presents the variations in the aerodynamic characteristics
of the tandem propellers and tilt-wings throughout the full tilt process under different
tilting speeds, analyzes the mechanisms behind reductions in the propeller’s aerodynamic
performance and tilt-wing lift overshoot, and conducts a detailed comparison of flow field
distribution characteristics under fixed-angle tilting, slow tilting, and fast tilting conditions.
The study explores the influence mechanism of tilting speed on blade tip vortex-lifting
surface interactions and interference between tandem propellers and tilt-wings, providing
valuable conclusions for the aerodynamic design and safe transition implementation of
DMT aircraft.

Keywords: multi-propeller; tilting-wing aircraft; CFD; dynamic transition; unsteady aerodynamic
interaction

1. Introduction

In the field of low-altitude flight, rotorcraft have been widely used in various scenarios
due to their unique vertical take-off and landing capability, flexible maneuverability, and
broad adaptability to operational environments. However, the maximum forward flight
speed and efficiency of traditional rotorcraft, such as single-rotor helicopters with tail rotors,
are limited by their configurations. Efforts have been devoted to developing new high-
speed, high-efficiency rotorcraft configurations. Examples like the X2 coaxial rigid rotor
helicopter [1] and the V-22 tiltrotor [2] have improved maximum flight speeds; however,
drag from large rotors and power attenuation in transmission systems keep their forward
speed and cruise efficiency significantly lower than those of fixed-wing aircraft.

In recent years, advances in aviation electric drive technology have greatly enhanced
the flexibility of aircraft configuration design. eVTOL aircraft, which adopt Distributed
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Electric Propulsion (DEP) instead of carbon-based fuels, have become a key carrier of
the low-altitude economy [3]. By combining the vertical take-off and landing capability
of helicopters with the efficient cruising of electric aircraft, eVTOL aircraft demonstrate
advantages in environmental friendliness, comfort, and cost-effectiveness, making them
an important development direction for rotorcraft [4]. The Disturbed Multi-Propeller
Tilting-Wing (DMT) aircraft is a new evolution of the traditional tiltrotor configuration,
integrating DEP technology with a tilt-wing layout [5]. It features two tandem tiltable
wings, with multiple small motor-driven propellers mounted on the leading edges of both
wings, tilting synchronously with the wings. The wings of the DMT aircraft are positioned
in the wake of the multiple propellers, which increases the effective inflow velocity of the
wings and maintains high lift during low-speed flight. At large tilt angles/angles of attack,
the propeller slipstream reduces the wing angle of attack, delaying wing stall and ensuring
good flight stability. During the tilting process, the direction of the propeller wake remains
parallel to the wing chord line, minimizing propeller—-wing aerodynamic interference and
effectively reducing downwash loads. The DMT aircraft not only possesses vertical take-off,
landing, and hovering capabilities but also achieves faster forward flight speed and higher
flight efficiency [6].

However, the complex configuration, high-degree-of-freedom component motion,
and multi-flight modes of the DMT aircraft give rise to more severe aerodynamic inter-
ference challenges compared to traditional rotorcraft [7], specifically manifested in three
key aspects: (1) Strong aerodynamic interference among multiple static and dynamic com-
ponents, encompassing interactions between multiple propellers, between propellers and
tilting wings, and across the tandem tilting wings. (2) Severe wing stall occurs at large tilt
angles/angles of attack, and flow separation induces unsteady flow field development.
(3) During dynamic transition flight, the tilting speeds of propellers and wings introduced
by the tilting motion exacerbate unsteady aerodynamic effects, making the variation in
the overall aircraft’s aerodynamic characteristics difficult to predict. Without in-depth
research on the unsteady interference characteristics and flow mechanisms between com-
ponents across all flight modes, safe transition cannot be achieved, nor can the design
advantages of the new configuration be fully exploited. Thus, investigating the unsteady
aerodynamic characteristics of DMT aircraft holds significant academic significance and
practical application value.

With advances in computer technology and the increasing maturity of numerical
methods, numerical simulation has gradually replaced costly wind tunnel testing as the
primary approach for rotorcraft flow field research. Early flow field solution methods,
typically engineering-simplified blade element momentum theory and medium-accuracy
vortex methods, have commonly been used for performance evaluation [8] and overall
aircraft design [9]. However, the accuracy of these methods is limited by simplified
governing equations and a lack of spatial flow field details, making them inadequate for
calculating the aerodynamic characteristics of aircraft under complex interference and
highly unsteady conditions—especially dynamic tilting and post-stall states.

The high-fidelity CFD method based on the Reynolds-Averaged Navier-Stokes (RANS)
equations [10] can accurately capture detailed flow features from rotor tip vortices to bound-
ary layers. It has become a key tool for studying the aerodynamic interference mechanisms
of rotorcraft and has been effectively applied in simulating the rotor tip vortex wake flow
fields [11], full helicopter flow fields [12], and unsteady flow fields of modern complex-
configured rotors [13]. For simulating moving components, the overset mesh CFD method
enables unsteady numerical simulation by independently generating body-fitted meshes
for all components and transferring flow field variables through boundary interpolation. It
offers the advantages of accurate boundary description and precise capture of near-wall
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flow fields and has been widely applied in numerical simulations of rotor-wing aero-
dynamic interference for tiltrotor aircraft in hovering [14], transition [15], and forward
flight [16] phases, with its accuracy validated through wind tunnel tests [17]. Despite
these advances, few studies have focused on the aerodynamic interference characteristics
of tilt-wing aircraft during dynamic transition. The variation laws of the aerodynamic
characteristics of each component under different flight states have not been systemati-
cally analyzed, and an in-depth exploration of the interaction mechanisms between key
components remains to be carried out.

When traditional CFD methods are applied to DMT aircraft numerical simulations,
the unique aerodynamic characteristics—including unsteady component motion, complex
aerodynamic interference between parallel propellers/tandem wings, and highly unsteady
flow fields during transition—lead to issues such as inaccurate motion description, low
computational efficiency, and poor algorithm stability. The aerodynamic performance of
distributed multi-propellers was calculated using the vortex lattice method and the steady
momentum source CFD method, respectively [18]. However, the results for unsteady
rotating blades deviated by over 10% from ground test data [19]. In 2018, Droandi et al. [20]
from Airbus conducted an aerodynamic modeling and interference analysis of the Vahana
configuration under different flight states using a RANS solver with the Spalart-Allmaras
(S-A) turbulence model. Due to excessive computational resource consumption, only
steady-state simulations were performed. Stoll and Mikic [21] performed quasi-steady full-
aircraft numerical simulations of the Joby aircraft using the body-fitted mesh CFD method.
Given that high-fidelity simulations inherently require substantial mesh resources, precise
simulation of the aircraft’s numerous propellers demanded approximately 200 million
mesh cells—even with a symmetric plane boundary—resulting in enormous computational
resource consumption. Notably, few studies have employed high-fidelity CFD methods
to investigate the dynamic transition phase involving co-tilting wings and rotors, and the
interference mechanism between parallel propellers and serial wings during this critical
phase remains unclear.

In terms of flow field simulation acceleration technologies, as the growth rate of com-
putational demands has outpaced the improvement in the computing capacity of a single
Central Processing Unit (CPU), research in this field has focused on the design of parallel
algorithms capable of utilizing multiple processing units simultaneously. Duvigneau et al.
parallelized the UMS3SIS code using the Message Passing Interface (MPI) tool, achieving
multi-level parallel acceleration in the transonic airfoil optimization of commercial air-
craft and improving computational efficiency [22]. However, the speedup ratio gradually
decreased with the increase in the number of CPU cores. Currently, CPU parallel acceler-
ation methods are limited by inter-core communication processes, and their acceleration
effect has reached a growth bottleneck [23]. Therefore, it is necessary to develop Graphics
Processing Unit (GPU)-based acceleration technology and integrate it with the CPU for
heterogeneous parallel acceleration, thereby further improving the computational efficiency
of flow field simulations [24].

This study develops a high-fidelity overset mesh CFD method applicable to DMT
aircraft. It constructs an overset mesh system for distributed multi-propellers and tandem
tiltable wings and integrates CPU-GPU heterogeneous parallel acceleration technology.
This integration enables an accurate description of the full-aircraft multi-component motion
and an efficient numerical simulation of its flow fields. By using the established high-
fidelity method, in-depth numerical simulations of the unsteady flow field for DMT aircraft
during dynamic transition are carried out. This study captures the detailed flow features
during dynamic tilting. It clarifies the variation laws of propeller/wing aerodynamic
characteristics throughout the dynamic tilting process, analyzes the influence of different
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tilting speeds on the interference flow field between parallel propellers and tandem tilt-
wings, and reveals the interference mechanism between serial propellers/wings of DMT
aircraft in dynamic transition states.

2. Model and Numerical Method
2.1. Geometric Modeling of the DMT Aircraft

The DMT aircraft selected in this study is an eVTOL aircraft designated as the Vahana,
which is under development by the Advanced Projects Outpost of Airbus in Silicon Val-
ley [25]. This aircraft is configured with two tilt-wings, each equipped with four propellers
that can tilt synchronously with the tilt-wings. A dedicated computational model for the
aircraft was independently established based on the geometric dimensions of the Airbus A3
Vahana [26] and relevant data retrieved from evtol.news, as illustrated in Figure 1. It should
be noted that the core focus of this study is on the overall aerodynamic characteristics of
the tandem propellers and tilting wings during dynamic tilt transition maneuvers, as well
as the effects of the tilting rate on these characteristics. Therefore, complex components
such as landing gear, transmission mechanisms, and control flaps were simplified during
model establishment to avoid unnecessary computational complexity and ensure that the
analysis remains focused on the key research objectives. The front and rear tilting surfaces
are designated as the canard and wing, respectively. Each tilt-wing is equipped with two
parallel propellers rotating in opposite directions. The airfoils of the canard and wings
of the Vahana aircraft adopt the NACA 4415 airfoil. Both the canard and wing have an
installation angle, twist angle, and sweep angle of 0°. The half span of both the canard and
wing is equal, with L. = Ly, = 2.9 m. And the chord lengths of the canard and wing are
cc = 0.657 m and ¢, = 0.876 m, respectively. The tilt axes of both the canard and wing are
located at the 1/4 chord line of the root section airfoil. The horizontal distance between the
tilt axes of the canard and wing is 4.424 m, and the vertical distance is 1.1 m.

_;_ﬁ(

Distributed propellers

0.876 m

0.657 m

Figure 1. DMT aircraft model.

Since the aerodynamic profile of the propeller blades has not been publicly disclosed,
an alternative propeller blade configuration was adopted for the computational simula-
tions. In this study, the tiltrotor aircraft blades optimized by Droandi and Gibertini were
implemented for the DMT aircraft, as this configuration achieves a favorable balance of
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aerodynamic efficiency across the hovering, climbing, and cruising flight phases [27]. For
the present study, each individual propeller of the target aircraft is configured with three
blades, features a radius of R = 0.75 m, and operates at a rotational speed of 2000 rpm.
The planform of the blades is shown in Figure 2, and the specific parameters are given in
Table 1, where R denotes the propeller radius; r is the distance from a certain section to the
rotation axis; ¢ represents the chord length; 6 stands for the airfoil installation angle; and
indicates the 1/4 chord position.

03F Blade planform
—-—-~-1/4 chord line
02F - Characteristic airfoil section
0.1F
~
S 0.0
<
-0.1F
NACA 0030 NACA 23014  OA-213 VR-5
-02F
-03F

0.0 0.2 04 0.6 0.8 1.0
7/R

Figure 2. Planform of DMT aircraft propeller blades.

Table 1. Parameters of the DMT aircraft propeller blades.

r/IR ¢/R 0 () ATIR Airfoil
0.216 0.131 9.061 0.000 NACA 0030
0.270 0.133 8.351 0.000 NACA 0020
0.324 0.144 8.324 0.000 NACA 23014
0.487 0.168 5.217 0.003 VR-5
0.649 0.179 —0.005 0.017 0OA-213
0.757 0.155 —2.265 0.025 VR-7
0.865 0.154 —2.849 —0.003 VR-5
0.946 0.131 —3.540 —0.046 RC-510
1.000 0.108 —4.759 —0.077 RC-510

where R denotes the propeller radius; r is the distance from a certain section to the rotation axis; ¢ represents the
chord length; 6 stands for the airfoil installation angle; and ¢ indi-cates the 1/4 chord position.

In the motion simulation and flow field calculation of the full dynamic transition state,
considering the symmetry of the DMT aircraft configuration and flow field environment,
a single-sided tandem multi-propeller/wing is selected as the research object to improve
computational efficiency. To ensure the accuracy of the flow field simulation, the time
scale of the iterative time step is the azimuth angle of blade rotation. However, the entire
tilting process during actual flight is relatively long, making direct numerical simulation
impractical. Therefore, this study assumes that the dynamic tilting process is completed
when the propellers rotate 50 cycles and 25 cycles to investigate the influence of different
tilting speeds on the flow field.

The transition strategy is as follows: the airframe undergoes uniformly accelerated
motion while the tilting speed remains constant, with the speed accelerating from 0 m/s to
52.7 m/s as the tilt angle changes from 90° (hover) to 0° (forward flight); the canard and
wing tilt synchronously with the same propeller control inputs; and the angle of attack « is
maintained at 0°. Initially, the propellers rotate 5 cycles in hover to ensure the computational
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stability and accuracy of the flow field at the start of tilting. The computational model
and variation curves of tilting angle 7, forward flight speed Vo, and collective pitch 6
with computational time throughout the tilting process are shown in Figure 3. The ground
coordinate system, the tilt axes of the canard and wing, and the rotation direction of each
propeller are marked in Figure 3a.

4 nyd

R/ o
%%/

Slow tilting
90 \ L
- - - - Fast tilting 60
75+
Z 40t
o 60 \\E/
~ 45t X
200 ___._
30
15 Slow tilting| Slow tilting
r 0 L L
- - - - Fast tilting 10 - - - - Fast tilting
0 s AN L s s L s s L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
tls tls tls
(b) (c) (d)

Figure 3. Computational model and parameter variation curves of the tilting process. (a) Multi-
propellers and tilting-wings model; (b) Tilting angle 7; (c) Forward flight speed Voo; (d) Collective
pitCh 0p.

2.2. Construction of the Overset Mesh System

In the numerical simulation based on the overset mesh system, mesh quality and
overset assembly methods significantly affect the accuracy of unsteady flow field calcu-
lations. To improve the precision of blade tip vortex capture, the structured mesh of the
propeller blades in this study adopts the C-O type mesh generation method. The structured
mesh surrounding the 2D airfoil of the blades is generated using the elliptic equation
mesh generation method [28]. The 3D blade section mesh is obtained from the 2D airfoil
according to parameters such as twist angle, chord length, and 1/4 chord position distribu-
tion. The tip airfoil mesh is folded around the airfoil camber line to form the 3D propeller
blade mesh. Figure 4 presents the C-O type 3D mesh of the DMT aircraft propeller blades
generated in this study. Figure 4a presents the structured mesh of the two-dimensional
airfoil NACAOQ020, and the process of generating the blade mesh from each airfoil via the
folding method is illustrated in Figure 4b. Figure 4c shows the final generated C-O type
blade mesh.

When solving the dynamic boundary problem in the unsteady motion simulation of
the DMT aircraft, the traditional overset assembly method faces stability and efficiency
issues when dealing with complex oversets among multiple components. This study adopts
a reverse overset mesh method, which we developed previously, combining hole-cutting
and donor cell search in reverse order [29]. This approach first performs a donor cell
search to determine the existence and location of donor cells, then classifies the mesh
based on the classification criteria parameter, and finally defines the chimera boundary
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using the maximum hole method. Through the aforementioned method, it is ensured that
donor cells for boundary meshes always exist and are not the meshes themselves, thereby
avoiding the problem of isolated points in the interpolation boundary. Compared with the
potential multiple donor cell searches in traditional overset methods, this approach only
requires one hole-cutting operation to determine the accurate overset boundary, improving
the computational accuracy and efficiency of mesh overset assembly among the multiple
propellers, canard, wing, and background of the DMT aircraft.

(a)

i

& g
3

Boundary Cel |

Blade Root

(c)

Figure 4. C-O type 3D mesh of the DMT aircraft blades. (a) Airfoil structured mesh; (b) blade mesh
generation process; (c) blade mesh generated by the folding approach.

Based on the established C-O type blade meshes and the tilt-wing meshes generated
via ANSYS MESH 2023 R1, the overset mesh system for the DMT aircraft was established.
Table 2 presents the thrust coefficient (Cr) of the propeller and lift coefficient (C;) of the
canard calculated using the CFD method in this study across three distinct mesh resolutions.
The propeller was simulated under a hovering condition with 10 revolutions, while the
canard was calculated in a steady forward flight state (Ve = 52.7 m/s, a = 0°). The results
confirm mesh resolution convergence for the key aerodynamic coefficients. To balance
computational efficiency and accuracy, a medium-sized mesh was selected for this work.
Due to the similarity in structure and dimensions between the wing and the canard, the
wing mesh was generated using the same element size as that of the canard. Owing to the
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large chord length of the wing and the extended mesh refinement region, the total number
of mesh elements amounted to 13,515,746. Mesh quality was validated using the mesh
quality analysis module in ANSYS MESH. The results show that the average cell quality of
the canard and wing meshes is 0.8469 and 0.8434, respectively, both of which satisfy the
quality criteria for high-fidelity CFD simulations.

Table 2. The convergence of the mesh resolution.

Component Number of Blade Cells Cr Computational Time
290,304 0.0267 15.08 h
Propeller 653,184 0.0298 46.65 h
1,655,808 0.0302 52.38 h

Number of Canard Cells CL

4,422,370 0.0502 6.57h
Canard 9,446,643 0.0519 10.40 h
13,040,400 0.0519 12.48 h

where C7 denotes the thrust coefficient; C;, denotes the lift coefficient.

The multi-layer overset mesh system constructed for the DMT aircraft in this paper
is shown in Figure 5. Figure 5a illustrates the size of the computational domain and the
injtial position of the tandem tilt-wing. Given that the tilt-wings move forward during the
tilt transition, the longitudinal length of the computational domain is set to be relatively
large. Details of the initial mesh are presented in Figure 5b. It can be seen from the figure
that the propeller blade meshes are overset in the corresponding canard and wing meshes,
which are further overset in the outer background mesh. All overset blocks can be set with
unsteady motion to achieve the simulation of the full-aircraft dynamic tilt transition state.
To ensure computational accuracy, mesh refinement is performed at the overset boundaries
of the canard and wing, as well as in the propeller wake development regions. The total
number of mesh cells is approximately 37 million.

[24mx45mx58m )
Im E
Uy 2
2.6mx 4.5m x 4.4 m| 'y
!
75.5

50 M

Figure 5. Cont.
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Background mesh

|_anard mesh |

Blade mesh

(b)

Figure 5. Body-fitted mesh of tandem multi-propeller and tilt-wing (initial computational state).
(a) Computational domain and tilt-wings position; (b) Initial computational mesh details.

2.3. Flow Field Solver

To accurately simulate an unsteady flow field and investigate the interference mech-
anisms between components, this study employs the in-house Rotorcraft Aerodynamics
and Aeroacoustics Solver (RADAS) [30] for numerical simulation. Our research group has
extensively applied this solver to the aerodynamic characteristic calculation of coaxial rigid
rotors [31] and the unsteady flow field simulation of rotor blades during tiltrotor aircraft
transition flight [32].

The governing equations of the flow field adopt the three-dimensional unsteady
Reynolds-Averaged Navier-Stokes equations in the inertial coordinate system:

2 ([ wav + ] (Ee(w) ~ Eo(w))nds =0 M)
1% S

where V and S denote the volume and surface area of the control volume, respectively; n is
the unit vector of the outward normal to the cell surface; W denotes the vector of conserved
variables; F, denotes the vector of convective fluxes; and F, denotes the vector of viscous
fluxes, as follows:

P p(q9—4,) 0
pu pu(q - qw) + pi Taxl + Txyj + Tyzk Ny
W= |pv| Fe=| pv(g—q,)+tpi | Fo= |Tyxi+Tyyj+ k|, n=|ny| (2
pw pw(q - qw) + Pk Toxd + szj + Tk ny
pE H(q - 4q,) + P4 Oxi + Oyj + Ok

where p, p, E, and H, respectively, represent the density, pressure, total energy per unit
volume and total enthalpy per unit volume; g = [1, v, w] and g, = [1w, V0, W] denote the
absolute velocity and relative motion velocity of the cell; , j, k are the unit vectors in the x,
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y, and z directions of the coordinate system; Tjj (where i, j = x, y, z) is the viscous stresses
tensor; and Oy, Oy, ©, denotes the work of the viscous force and heat conduction on the
fluid. Based on Stokes” hypothesis for the bulk viscosity coefficient, Tij, Ox, Oy, and ©, can
be explicitly expressed as follows [33]:

__ 2 Ju Jv ow _ Ju Ju
Tex = 3#(25 — E)z) Try = Tyx —P‘(a+@)
_ 2 Jv Ju Jw Jv
Tyy = §V(2@*a - az) Tyz = Toy = V(WJf&)
_ 2 Jw Ju Jdv Jw Ju
Tzz—g,u(zg_ﬁ_a) sz—sz—]/l(*“rE) 3)
T

Oy = UTyy + VTyy + WTyz + Kg—x
@y = uTyx + UTyy + ZUTyZ + Kg%

®Z = UTyx + ’UTZ]/ + WTzz + Kaa%

where T is the temperature, and y and K represent the fluid viscosity and thermal conduc-
tivity, respectively, which can be derived from the turbulence model. This physical model
is a compressible model, which is suitable for the numerical simulation of aircraft operating
under high Mach and Reynolds number conditions.

The S-A turbulence model [34] was employed to account for turbulent flow effects.
This model required us to solve only one additional transport equation to capture the effects
of viscosity and wake vortices, representing a favorable trade-off between computational
accuracy and efficiency. Moreover, the S-A turbulence model has been widely validated
and applied to the flow field simulation of tiltrotor aircraft during their transition flight
states [17,35], confirming its suitability for unsteady rotor-wing interference problems. The
ROE-MUSCL spatial discretization scheme was adopted to obtain a high shock resolution,
and the implicit LU-SGS temporal discretization [36] was used to accelerate the convergence
step. The boundaries of the computational domain (background domain) in this study
adopt the pressure-far-field boundary conditions for subsonic flow, with non-reflecting
conditions considered to ensure the physical authenticity of the flow field. The propeller
blades and wings were assigned no-slip wall boundary conditions, enforcing zero relative
velocity between the fluid and solid surfaces. All simulations were conducted under
standard atmospheric pressure and sea-level environment, with no change in altitude
during the simulation.

For the simulation of rotating components, the solver implements the handling of
moving overset meshes based on the Arbitrary Lagrangian-Eulerian (ALE) equations [37].
The conservation equations with body forces neglected are given as follows:

%fpdV ~[p(U—q)nds =0
diJquV qull qndS—i—prdV-O @)
£ [ pEdV — pr u-gq) ndS+qundS—O
v
where U denotes the mesh surface velocity. In this manner, the additional flux generated
by the conservative variables during motion is calculated.

2.4. CPU-GPU Coordinated Acceleration Technology

In unsteady simulations of the dynamic tilting process of the DMT aircraft using the
overset mesh method, ensuring computational accuracy requires 180 time steps for one
propeller rotation, with each time step containing 20 pseudo-time steps. This results in a
large number of total iterations for the entire tilting process. Additionally, the overset mesh
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system contains over 37 million mesh cells, leading to substantial computational resource
consumption. Therefore, this study develops a CPU-GPU coordinated heterogeneous
acceleration technology to enhance CFD computational efficiency.

Parallel acceleration strategies on CPUs typically involve task parallelism, where
independent, large-scale task loads are distributed across different threads for parallel com-
putation to improve speed. Key methods include work task allocation, parallel algorithms
based on Open Multi-Processing (OpenMP) [38], and parallel communication via MPL.

e The work task allocation parallel method involves creating distinct task loads for
various work tasks and distributing them to different threads for parallel processing.
In this study, independent tasks within the three CFD solving processes—mesh motion
assembly, numerical flow field solving, and result post-processing—are parallelized
using work task allocation.

e  OpenMP is a multi-threaded programming model based on shared memory architec-
tures. The core principle underlying parallelization via OpenMP lies in the paralleliza-
tion of individual loop computations within the process. In the CFD solver program of
this study, the multi-loop structure in the flux calculation part of the flow field solving
process is processed in parallel using OpenMP.

e  MPlis a communication protocol standard for parallel computing. Using MPI-based
communication methods, meshes can be partitioned for parallel acceleration. By
distributing the number of mesh volume cells, the task load across each computing
node is balanced as much as possible. Independent point-to-point communication is
adopted for information transmission, which does not rely on forwarding via a central
node, thus improving communication efficiency.

While CPU parallelization has enhanced the computational speed of CFD numerical
simulations, its acceleration effect is constrained by inter-core communication processes,
which still fail to meet the computational efficiency requirements for simulating the dy-
namic transition of the DMT aircraft in this study. GPUs adopt a data-parallel model based
on a single-instruction-multiple-thread architecture (fine-grained thread-level parallelism),
which can decompose a single task into tens of thousands of threads, significantly en-
hancing the acceleration effect [39]. Therefore, this study further develops a CPU-GPU
coordinated heterogeneous parallel acceleration technology. The solver consists of C lan-
guage code for the CPU host port and CUDA C code [40] for the GPU device port, where the
CPU is responsible for logical control and the GPU handles data-parallel tasks. Cooperative
computing is achieved through mutual information transmission between CPU memory
and GPU memory.

Considering that the core algorithm of overset mesh assembly relies on logical judg-
ment and branch prediction, which yields poor performance when directly ported to the
GPU, this study executes mesh motion and overset assembly on the CPU, while flow field
simulations at given motion positions are computed on the GPU. Figure 6 presents the
CPU-GPU coordinated acceleration framework of the self-compiled solver in this study.
The computational processes involving GPU participation are marked with a blue back-
ground in the figure, while those without a background color are executed by the CPU.
Specifically, the GPU is primarily used for numerical flow field solving in each iteration
step, including the calculation of conservative variables, gradient solving, flux calculation,
and time discretization of pseudo-iteration steps; in contrast, mesh assembly, interpolation
processes, and logical judgments are executed on the CPU.

Based on the body-fitted CFD computational mesh of the DMT aircraft established
in this study, the computational times with and without GPU parallel acceleration were
compared. The computing hardware consists of an AMD EPYC 9554 64-Core Processor
(CPU) (Santa Clara, CA, USA) and NVIDIA GeForce RTX 4090 D (GPU) (Santa Clara,
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CA, USA). According to the number of overset mesh blocks and the memory limit of a
single GPU, the full-aircraft computational mesh was distributed across 4 GPUs for parallel
computing. In the same computational case, 50 time-step iterations were performed using
CPU-only computing and CPU-GPU coordinated acceleration computing, respectively. The
results are presented in Table 3. It can be observed that the CPU-only computing consumes
enormous amounts of time, making it difficult to implement numerical simulations of the
full transition state. In contrast, the coordinated acceleration method using multiple GPUs
requires significantly less runtime, achieving a speedup ratio of 14.37. This verifies that the
parallel acceleration method can substantially reduce the computational time.
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Figure 6. CPU-GPU coordinated acceleration framework.

Table 3. Comparison of computational time between CPU and CPU-GPU coordinated acceleration.

Device Type Computing Equipment Runtime Speedup Ratio
CPU AMD EPYC 9554 64-Core Processor 13.65 h 1
CPU-GPU AMD EPYC 9554 64-Core Processor 0.95h 14.37

+ NVIDIA GeForce RTX 4090 D x 4

2.5. Simulation Validation

Based on the numerical simulation methodology established in the preceding subsec-
tions, the in-house RADAS coupled with CPU-GPU acceleration technology was employed
to conduct case validations for propeller-wing interference under both hovering and
forward flight conditions, thereby verifying the effectiveness of the proposed computa-
tional approach.

Firstly, computational and experimental validations were conducted for the optimized
propellers of the DMT aircraft. The experimental model for propeller—tilt-wing interfer-
ence [41] is shown in Figure 7a. This model consists of two wing segments: an inner fixed
segment and an outer tiltable segment, which is placed vertically during the experiment.
The overset mesh CFD method established in this study is employed to calculate the aero-
dynamic performance of the isolated propeller and the propeller-tilt-wing interference
system in hover, respectively. Figure 7b presents the Q-criterion vorticity contour plot
(with Q = 50) obtained from numerical simulations under the interference flow condi-
tion. The computational results are compared with the experimental data, as presented
in Figure 7c,d. FM denotes the propeller figure of merit, and ¢ represents the propeller



Machines 2025, 13, 1130

13 of 27

solidity. In hover, the wing aerodynamic forces are induced by the downwash interference
of the propeller, including the axial force F, and vertical force F,. It can be observed from
the figures that the computational results agree well with the experimental data, both in
the isolated propeller state and the propeller—-wing interference state. According to the
specific data, the difference in the propeller figure of merit between the isolated state and
the interference state is minimal, indicating that the wing has little impact on the propeller
for this configuration. The wing generates a certain axial force under propeller interference,
while the vertical force is very small, demonstrating that the wing of this configuration is
subjected to minimal vertical loads from the propeller and the propeller-wing interference
is weak.

Vorticity

300
280
| 260

240
220
200
180
160
140
120
100
80
60
40
20
0

(a)

o Propeller under interference - Experimental data 03}
LOF| a Propeller under interference - CFD
0 Isolated propeller - Experimental data

O F_/T - Experimental data
A F./T-CFD
0 F,/T - Experimental data

Isolated propeller - CFD F_/T-CFD
08} 02}
[}
D €coa
=) gomol
E 0.6 F o® : 0.1F
P& I, o
de [= = D F gt 0 o ggo
0.4 S 00F o0 0c®0 a0 & oc@aco Q cooa
o
&
OA
021 01f

0.00 0.02 0.04 0.06 0.08 0.10
Crlo

0.00 0.02 0.04 0.06 0.08 0.10
Crlo

(c) (d)

Figure 7. Validation of the propeller—tilt-wing interference example. (a) Experimental model;
(b)Vorticity contours (Ct/c = 0.095, Q = 50); (c) Propeller FM; (d) Wing loads.

Then, for validating the unsteady flow field of axial-flow propeller-wing interference in
forward flight, the X-57 propeller-wing interference case [42] is selected, with the propeller
mounted at the mid-span of the wing. The CFD method established in this study is used
to calculate the propeller-wing interference flow field at different angles of attack. The
calculated lift L and drag D of the propeller and wing are compared with the data from the
literature [43], as shown in Figure 8. It can be observed from the figure that the calculated L
and D of the propeller and wing using the proposed method agree well with the literature
data, verifying the accurate prediction of the aerodynamic characteristics under propeller-
wing interference. Additionally, the results indicate that as the angle of attack increases,
the propeller lift increases slightly while the drag changes minimally. In contrast, both
the lift and drag of the wing increase, with the lift showing a significant increment. This
demonstrates that the wing is the primary lift-generating component in forward flight.
Meanwhile, the propeller thrust mainly serves to balance the drag.
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Figure 8. Validation of the X-57 propeller-wing interference example. (a) Propeller loads; (b) Wing loads.

3. Results and Discussion
3.1. Aerodynamic Characteristics of Multi-Propeller/Tilt-Wing During Dynamic Transition

The established numerical flow field simulation method is used to conduct unsteady
numerical simulations of the full dynamic transition process of the tandem tilt-wing with
parallel propellers from hover to cruise flight. The specific flight and control parameters of
the different tilt speeds have been provided in Section 2.1. The computational resources
employed in this study are consistent with the CPU-GPU heterogeneous acceleration
configuration described in Section 2.4, utilizing one AMD EPYC 9554 64-Core Processor
(CPU) and four NVIDIA GeForce RTX 4090 D (GPUs) for collaborative computing. For
the full transition process simulation, the total computational time under the slow tilting
condition is 196.6 h, while that for fast tilting is 105.9 h.

The vorticity contours of the flow field calculated during the slow dynamic tilt transi-
tion are shown in Figure 9. As the tilting proceeds, the cruise speed and propeller collective
pitch gradually increase. Specifically, Figure 9b—e present detailed Q-criterion vorticity
plots at different tilt angles, which characterize the flow evolution features throughout the
tilt process. It can be observed from the figures that, at large tilt angles, the propeller wake
exhibits sluggish development, and the aerodynamic interference between the fore and
aft propellers and the tilt-wing is negligible. However, the high angle of attack induced
by the large tilt angles generates substantial separation vortices on the tilt-wing, resulting
in degraded aerodynamic performance by the tilt-wing. As the tilt angle decreases, the
tilt-wing separation vortices attenuate, the aerodynamic performance of the tilt-wing re-
covers, and the interference of the wake from the front propeller on the rear tilting wing
intensifies. This amplifies the influence of the wake from the front propellers and canard
on the rear propellers and wing. The proposed numerical method can accurately simulate
the component motion and flow field characteristics during the full dynamic tilting pro-
cess, providing an effective tool for the analysis of the aerodynamic characteristics of the
multi-propeller and tilt-wings, as well as research on flow field evolution.

First, a detailed comparison is conducted on the aerodynamic performance variations
in the front and rear parallel propellers, canard, and wing at different tilting speeds during
the dynamic tilting transition. The average Cr variation curves of the parallel propellers
mounted on the canard and wing under different tilting speeds are shown in Figure 10 and
compared with the calculated values of fixed-angle tilting. It can be observed from the figure
that as the tilting transition proceeds, the propeller Cr exhibits a trend of first increasing
and then decreasing, eventually reducing to a relatively small value. The difference in
propeller thrust between the initial state and cruise flight stems from the distinct roles of
the propeller in different flight conditions. In hover, the aircraft’s lift is entirely provided by
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the propellers, whereas during cruise flight, the propeller thrust is mainly used to balance
the drag, and its magnitude is much smaller than the aircraft’s weight.
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Figure 9. Vorticity contours of flow field during slow dynamic tilting transition. (a) Entire tilt
transition process; (b) T = 90°, Q = 500; (c) T = 60°, Q = 200; (d) T = 30°, Q = 200; (e) Tilting angle
T=0°Q=100.
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Figure 10. Average Cr of parallel propellers during dynamic tilting transition.

A comparison of the parallel propellers on the canard and wing reveals consistent
Cr variation trends from Figure 10. However, in terms of numerical magnitude, the Cr
of the propellers on the main wing is slightly lower than that of the propellers on the
canard, which reflects the aerodynamic interference induced by the forward tilting wing.
Furthermore, during dynamic tilting, the Cr of the parallel propellers on both the canard
and wing is smaller than that under fixed-angle tilting conditions, with a more significant
reduction in Cr at higher tilting speeds. The superposition of the tilting speed increases the
inflow velocity of the propeller disk.

The variation curves of the lift and drag coefficients of the canard and wing under
different tilting speeds are presented in Figure 11. It can be observed that during the tilting
process, the Cr and drag coefficient (Cp) of the canard and wing undergo a trend of first
increasing and then decreasing. The initial state of the tilting process is hovering, wherein
the tilt-wings’ forces are induced by the interference of the parallel propellers, and the
vertical load is very small. Although the Cp exhibits the same variation trend as Cy, the
positions of its extreme points differ. In the hovering state, propeller interference generates
a certain axial force. The Cp undergoes significant unsteady fluctuations near its maximum
value, which indicates severe flow separation at this operating condition.

The tilting speed has a significant impact on the wing lift and drag coefficients, and
the impact varies across different wings and tilting angles. From Figure 11a, the Cy, of slow
tilting is greater than that of fast tilting for the canard at most tilting angles. In contrast, at
low flow separation and high incoming flow speed, the high tilting speed instead reduces
the aerodynamic force. To further contrast, Figure 11c illustrates that the tilting angle
corresponding to the maximum lift and the position of the most severe flow separation in
the wing differ from those of the canard due to the interference of the front propellers and
canard. This results in different tilting angle ranges where the lift of slow tilting is smaller
than that of fast tilting. Notably, the tilting angles corresponding to the maximum Cj, of the
wing during slow and fast tilting are different. This is because fast tilting has a significant
impact on the incoming flow speed and direction; coupled with the interference of the front
propellers and canard, the reduction in Cj caused by the decrease in the actual angle of
attack is smaller than the increase induced by the rise in incoming flow speed.
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Figure 11. Aerodynamic characteristics of tilt-wings during dynamic tilting transition. (a) Canard Cr;
(b) Canard Cp; (c) Wing Cr; (d) Wing Cp.

Figure 11b,d show that the Cp of tilt-wings during slow tilting is also greater than that
during fast tilting at most tilting angles, with the opposite trend only occurring in regions
where the Cp fluctuates significantly. In those regions, the tilt-wings are in a state of severe
flow separation, and the tilting speed exhibits a flow straightening effect.

3.2. Influence of Dynamic Tilting Speed on Flow Field Evolution

Building on the analysis of the aerodynamic characteristics of propellers and tilt-wings
during the transition process, this section elaborates on the flow field distributions and
aerodynamic performance of the parallel propellers, canard, and wing under different
tilting speeds. The primary objective of this analysis is to investigate the influence of
dynamic tilting speed on flow field evolution. The tilt angle directly determines the
contribution ratio of tilt-wing lift and propeller thrust to the total lift of the aircraft. Previous
studies on the transition state of tiltrotor aircraft have conducted flow simulations at a
fixed tilt angle of 30° [16], where the wing contributes a substantial portion of the total lift.
However, as the tilt angle increases, tilt-wing stall is initiated, and the propellers gradually
become the primary providers of lift. Meanwhile, existing research has shown that at a
tilt angle of 75°, the rear propellers experience minimal aerodynamic interference from
the front propellers [17]. Therefore, this study selects the flow fields at instantaneous tilt
angles of 60° and 30° for in-depth analysis. This selection not only covers the aerodynamic
phenomena dominated by two distinct components (tilting wings and propellers) but
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also includes scenarios with significant inter-component aerodynamic interactions [36],
ensuring comprehensive coverage of key transition-phase flow characteristics.

Different rotation directions of parallel propellers, radial load differences on the pro-
peller disk, and varying wake velocities at different positions result in distinct interference
effects on different spanwise positions of the wings. Four characteristic tilt-wing sections
were selected as the research objects, as shown in Figure 12. Due to the different rota-
tion directions of the propellers, the interference effects on the sections are opposite. By
analyzing the vorticity and velocity distributions of the four sections and conducting a
detailed comparison of the pressure coefficient distributions of the wing sections behind
the propellers, the detailed variations in propeller-wing interference during the dynamic
tilting transition state are explored.

—_ L+ —— L —— /1 =0254

A e - = - o
SR R N - l——-———‘———y/L(,:o‘soe

- e e

Figure 12. Four characteristic tilt-wing sections.

Figure 13 presents the flow field distribution diagrams of the tilt-wing’s characteristic
sections at a 60° tilting angle under different tilting speeds. From the comparison of
vorticity contours in Figure 13a, it can be observed that on each nacelle section, the higher
the tilting speed, the more the propeller wake vortices develop below the wing, with a
wider influence range. As the tilting speed increases, the vorticity of the canard y/L. = 0.254
sections decreases, reducing the favorable propeller-wing interference. In contrast, the
vorticity of the /L. = 0.806 sections increases, enhancing the impact of the propeller wake
on the canard, indicating that the tilting speed exerts opposite effects on the aerodynamic
performance of the canard behind propellers with different rotation directions. However,
the vorticity of the wing sections shows distinct variations: being affected by the front
multi-propellers and wings, the chordwise development area of the propeller vorticity on
the wing expands as the tilting speed increases.

A comparison of the velocity distributions and streamlines of the nacelle sections in
Figure 13b reveals that an increase in tilting speed intensifies the downward deflection
of the streamlines behind the nacelles and reduces the flow velocity along the incoming
flow direction. The high-velocity regions near the leading edges of the canard and wing
also diminish. For the y/L. = 0.254 sections of the canard, the front propellers rotate from
the upper to the lower surface of the canard, resulting in a small effective angle of attack
of the sections under propeller interference. The tilting speed deflects the streamlines at
the canard’s trailing edge toward the horizontal direction, increasing flow separation. In
contrast, the propellers ahead of the i/ L. = 0.806 sections rotate in the opposite direction,
increasing the effective angle of attack of the sections and leading to severe flow separation.
At this point, the tilting speed weakens the vortices at the wing trailing edge, and the
peak value of the low-velocity region increases and approaches the wing surface, reducing
flow separation. It can be clearly observed from the streamlines that the wake of the
front propellers and wings interferes with the rear wing. Flow separation occurs on both
sections of the wing under fixed-angle conditions, while the tilting speed mitigates this
flow separation.
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Figure 13. Flow field distribution diagrams of tilt-wing’s characteristic sections at 60° tilting angle
with different tilting speeds. (a) Vorticity Contours. (b) Velocity Streamlines.
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As can be observed from the wing section pressure coefficient (Cp) distribution dia-
grams presented in Figure 14, at a 60° tilting angle, the pressure difference between the two
tilt-wing sections is significant, indicating a strong interference effect of the propellers on
the tilt-wings. For the canard /L. = 0.254 section, the peak negative pressure is relatively
large. An increase in tilting speed reduces the negative pressure on the upper surface. In
contrast, the y/L. = 0.806 section exhibits a small pressure difference due to severe stall,
and dynamic tilting speed enhances the pressure difference between the upper and lower
surfaces. Especially during fast tilting, where the negative pressure at the wing trailing
edge increases substantially. The Cp variations in the two wing sections differ from those
of the canard. Tilting speed increases the maximum negative pressure coefficient of both
sections, with a greater increment observed under slow tilting compared to fast tilting.
Thus, tilting speed effectively improves the aerodynamic force of the wing in this section.
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Figure 14. Cp of tilt-wing’s characteristic sections at 60° tilting angle with different tilting speeds.

In transition flight, the aerodynamic performance of the rear propellers is jointly
influenced by the front propellers, canard, wings, and tilting speed. Taking the rear outer
propeller as an example, Figure 15 presents the variation curves of vertical load during one
rotation of different blade sections. In this figure, the ordinate M?C, = N/(1/2pMa’c) (N is
normal force; Ma denotes Mach number; ¢ is chord) denotes the normal force coefficient



Machines 2025, 13, 1130

21 of 27

of the propeller blade section. It can be observed from the figure that the load variation
law of each section with tilting speed is similar: tilting speed increases the load near
the azimuth angle range of 120-180°, while reducing the propeller disk load at all other
azimuth angles. The maximum propeller disk load increases significantly under fast tilting,
whereas the loads at other azimuth angles are basically the same as those under slow tilting.
The aerodynamic load on the blade’s near-tip cross-sections is notably substantial, and
among all operational parameters, the tilting speed exerts the most significant influence
on the variation in this load. As illustrated in Figure 15¢, the maximum aerodynamic load
on the blade’s near-tip cross-sections increases by more than 30% under specific tilting
speed conditions.
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Figure 15. Blade section load distribution at 60° tilting angle with different tilting speeds. (a) 7/R = 0.49;
(b) /R = 0.75; (c) /R = 0.99.

Then, Figure 16 presents the flow fields of each tilt-wing section under different tilting
speeds at a 30° tilting angle. From Figure 16a’s vorticity contours, it can be observed
that the propeller wake has developed relatively completely at a 30° tilting angle. Tilting
speed reduces the horizontal development of the wake while enhancing its chord-wise
development along the tilt-wings. On the sections behind the propellers, tilting speed
makes the wake vortex development direction closer to the tilt-wings, increasing the
propeller-wing interference. On the wing y/L. = 0.806 section, the vorticity of rapid
tilting concentrates at the wing trailing edge, leading to a slight decrease in aerodynamic
performance. As shown in Figure 16b, a comparison of the velocity distributions reveals
that tilting speed has a minor impact on the velocity streamlines of each section, mainly
increasing the flow velocity above the tilt-wings. At this tilting angle, the canard section
most affected by tilting speed is the y/L. = 0.806 section. This section experiences flow
separation due to propeller interference, while the canard with slow tilting exhibits the
smallest vorticity on the upper surface and the least flow separation. In contrast, no
significant flow separation is observed on all wing sections. Tilting speed also has a
relatively large impact on the y/L. = 0.806 section, with the trailing edge velocity of the
fast-tilting wing decreasing significantly.

As can be observed from the wing section Cp distribution diagrams at a 30° tilting
angle in Figure 17, the tilt-wing’s aerodynamic force has largely recovered at this angle, and
the propeller’s influence on the sections has weakened. However, the pressure difference
in the tilt-wing’s sections with a reduced angle of attack (due to propeller interference) is
still greater than that of the sections with an increased angle of attack. Dynamic tilting
speed has little impact on the pressure coefficient of /L. = 0.254 section, mainly altering
the negative pressure at the front part of the y/L. = 0.806 section. Notably, tilting speed
increases the negative pressure of the y/L. = 0.806 section on the canard, with a higher
negative pressure observed under slow tilting compared to fast tilting. For the wing, tilting
speed exerts distinct effects on the y7/L. = 0.806 section: slow tilting increases the maximum
negative pressure, while fast tilting reduces it.
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Figure 16. Flow field distribution diagrams of tilt-wing’s characteristic sections at 30° tilting angle

with different tilting speeds. (a) Vorticity Contours. (b) Velocity Streamlines.
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Figure 17. Cp of tilt-wings characteristic sections at 30° tilting angle with different tilting speeds.

Figure 18 presents the loads of different sections of the rear propeller at a 30° tilting
angle. It can be observed that tilting speed reduces the propeller load of each section, and
the reduction in propeller disk load increases with the increase in tilting speed. The load
variations in each section at different azimuth angles are similar, but the aerodynamic load
of the section near the propeller tip is relatively large. As shown in Figure 18c, fast tilting
reduces the load by 34% near the azimuth angle of 310°.
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Figure 18. Blade section load distribution at 30° tilting angle with different tilting speeds. (a) 7/R = 0.49;
(b) /R =0.75; (c) r/R = 0.99.

4. Conclusions

In the current study, a CFD numerical simulation method suitable for flow field

analysis during the dynamic tilting process of DMT aircraft is developed. The aerodynamic

characteristic variation laws and flow field evolution characteristics of multi-propellers and

tilt-wings during the dynamic tilting process are investigated, and the main conclusions

are drawn as follows:

1.

This paper establishes an overset mesh system and flow field numerical method
applicable to DMT aircraft. Case study validation demonstrates that the body-fitted
CFD method achieves high computational accuracy for aerodynamic characteristics
under various disturbances. The proposed method enables the simulation of unsteady
aerodynamic characteristics during the dynamic flight of DMT aircraft.

The developed CPU-GPU parallel acceleration method effectively improves the flow
field numerical simulation speed of the CFD method. It achieves a speedup ratio of
14.37 in the full-aircraft body-fitted mesh CFD calculation of DMT aircraft.

During the full dynamic tilting process, the aerodynamic force of the propellers
exhibits a trend of first increasing and then decreasing, gradually transitioning from
vertical force to forward force. The lift and drag of the tilt-wings also follow a similar
trend, but the tilting angles corresponding to their extreme points differ. In dynamic
tilt conditions, the CT of both the forward and aft propellers is lower than that in
fixed-angle conditions, and the value is similar. However, the tilting speed exerts
distinct positive or negative effects on the lift and drag of the canard and wing at
different tilting angles. Compared with fast tilting, the wing under slow tilting can
achieve a higher peak lift coefficient when the drag is similar.

Dynamic tilting speed affects the aerodynamic performance of multi-propeller and
tilt-wings by altering the local airflow velocity and vortex-lift surface interference. The
effect of tilt speed differs between the forward and rear sections of the tilting axis of the
canard and wing. It facilitates lift generation under significant flow separation, while
high tilting speed conversely reduces aerodynamic force when flow separation is
slight. Fast tilting greatly modifies the wake of the front propellers and canard, leading
to varying effects on the aerodynamic force of the wing at different tilting angles.

In the future, experimental research will be conducted on the aerodynamic characteris-

tics and flow mechanisms of this configuration of aircraft to further verify the computational

accuracy of the method proposed in this paper, and to conduct a more in-depth exploration

of the flow impacts caused by dynamic tilting.
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Abbreviations

The following abbreviations are used in this manuscript:

eVTOL electric Vertical Take-Off and Landing

DMT Distributed multi-propeller tilting-wing

CFD Computational fluid dynamics

CPU Central processing unit

GPU Graphics processing unit

DEP Distributed Electric Propulsion

RANS Reynolds-averaged Navier—Stokes

S-A Spalart-Allmaras

MPI Message passing interface

RADAS Rotorcraft Aerodynamics and Aeroacoustics Solver
LU-SGS Lower-Upper Symmetric Gauss-Seidel

OpenMP Open Multi-Processing

A = Propeller disk area, 7R? (m?)

o = Angle of Attack (°)

c = Chord length (m)

Cp = Drag coefficient, D/(1/2p VtiPZS) (non-dimensional)

CL = Lift coefficient, L/(1/ ZpVﬁp2 S) (non-dimensional)

Cr = Trust coefficient, Trust/(1/ 2th,-p2A) (non-dimensional)
Cp = Pressure coefficient, (p-pg)/(1/ Zthipz) (non-dimensional)
Cpower = Power coefficient, P/(1/ 2pVﬁp2AQ) (non-dimensional)
D = Drag (N)

™M = Figure of merit, C%/ 2/ (ﬁcpmr> (non-dimensional)
K = Thermal conductivity (W/(m-K))

L = Lift (N)

L¢ = Canard semi-span (m)

Ly = Wing semi-span (m)

M2C, = Normal force coefficient, N/(1/20Ma?c) (non-dimensional)

AN

= Mach number (non-dimensional)
= Normal force (N)

= Propeller rotational speed (rad/s)
=Power (W)

= Absolute pressure (Pa)

= Atmospheric pressure (Pa)

= Propeller Radius (m)

= Air density (kg/m3)

= Tilt-wings Reference Area (m?)

S e RIS vDZE

= Rotor solidity (non-dimensional)
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T = Temperature (K)
T = Tilting angle (°)
0 = Twist angle (°)
0o = Pitch angle (°)
U = Fluid viscosity (Pa-s)
Veo = Flight speed (m/s)
Viip = Propeller tip speed, QR (m/s)
AT = Local displaced section (m)
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