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Abstract: We investigate the aerodynamic performance and flow field synergy of an externally tilted hex-rotor unmanned aerial 
vehicle (UAV) in hovering mode, aiming to enhance its hovering efficiency through tailored flow interactions. Experimental 
measurements and computational fluid dynamics (CFD) simulations are combined to examine the effects of rotor spacing ratio 
(i=0.50–0.83) and tilt angle (θ=0°–40° ) on thrust, power consumption, figure of merit (FM), and power loading (PL), with 
particular emphasis on the underlying aerodynamic coupling mechanisms. The results demonstrate that the optimal configuration 
(i=0.56, θ=24° ) achieves a 5.43% thrust increase, a 2.73% power reduction, an 11.15% improvement in FM, and a 3.77% 
enhancement in PL compared to a conventional planar configuration. Flow field analyses reveal that moderate tilting (θ=24°) 
promotes downwash convergence and strengthens vortex coupling, thereby increasing the effective flow velocity while minimizing 
the inter-rotor turbulent interference. Furthermore, the spacing ratio of i=0.56 effectively balances the reduction of detrimental 
flow interference with the promotion of beneficial flow interactions, as evidenced by stabilized primary vortex structures and 
constrained recirculation zones in the CFD simulations. This work highlights how the aerodynamic optimization of non-planar 
rotor configurations is critically dependent on the synergistic control of tilt-induced flow deflection and spacing-dependent 
interference, and establishes a theoretical framework for understanding multi-rotor flow dynamics; as such, the findings may aid 
the design of efficient rotor systems for UAVs.

Key words: Unmanned aerial vehicle (UAV); Aerodynamic performance; Hover efficiency; Inter-rotor interference; Computational 
fluid dynamics (CFD)

1 Introduction 

In recent years, aerodynamic design of unmanned 
aerial vehicles (UAVs) has evolved from conventional 
co-planar rotor configurations to spatially distributed 
configurations. This shift is being driven by growing 
demands for enhanced payload capacity and mission-
adaptable maneuverability, where rotor flow interac‐
tions are now recognized as a critical factor governing 
the overall performance. UAVs are consequently find‐
ing widespread applications in forestry, agriculture, 

commerce, defense, and other fields (Marris, 2013; 
Jiang et al., 2023; Mu et al., 2023; Su et al., 2023; 
Frachetti et al., 2024; Prabhu et al., 2024; Wang et al., 
2024). Parallel advancements in manufacturing, such as 
combining additive manufacturing with generative de‐
sign, further support this trend by enabling lightweight 
and efficient structures (Maisto et al., 2025). However, 
conventional planar rotor configurations are inherently 
constrained by size limitations and suboptimal aerody‐
namic efficiency, which primarily arises from unregu‐
lated inter-rotor flow interference. This hinders opera‐
tional effectiveness in complex environments, thus high‐
lighting the need for innovative rotor configurations that 
can leverage controlled flow dynamics.

Prior research on hex-rotors has predominantly 
focused on control strategies. For instance, Yao et al. 
(2018) developed sliding mode controllers for tilted-
rotor systems, emphasizing disturbance rejection; Yang 
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and Yang (2017) proposed adaptive backstepping frame‐
works for trajectory tracking; Sina et al. (2021) inte‐
grated optimization with sliding mode control for path 
planning; Ibuki et al. (2022) leveraged Gaussian pro‐
cesses to compensate for modeling uncertainties. While 
these studies improved operational robustness, they 
largely treated aerodynamic forces as predetermined 
inputs, thereby overlooking the underlying flow mech‐
anisms that govern thrust and power.

Concurrently, efforts to characterize multirotor 
aerodynamics have yielded insights into specific con‐
figurations. Li et al. (2019) experimentally investigated 
the aerodynamic interference mechanisms in non-planar 
rotor pairs for a hexacopter, quantifying the coupled 
effects of tilt angle (10°–50°), rotor spacing (1.0D–
1.8D, where D denotes the rotor diameter), and wind 
speed (0–4 m/s); they identified optimal parameters that 
reduced parasitic power losses by 18.7%. Bohorquez 
et al. (2003) conducted an experimental aerodynamic 
analysis on four different rotor types for compact multi-
rotor aircraft. Moreover, Piccinini et al. (2020) per‐
formed numerical simulations to investigate rotor–rotor 
aerodynamic disturbances. Luo et al. (2015) presented 
a mathematical model for forward flight considering 
the interference of the rotor in hovering. Wang et al. 
(2019) experimentally demonstrated the influence of 
mounting configurations on a single rotor’s aerody‐
namic and acoustic characteristics. Lei et al. (2018, 
2021) studied the impact of rotor spacing on the aero‐
dynamic characteristics of multi-rotor UAVs using both 
experimental testing and computational fluid dynamics 
(CFD). Chen et al. (2019) focused on aerodynamic mea‐
surements of a non-planar configuration in hovering.

Notably, existing works on non-planar rotors lack 
detailed, validation analysis of how tilt-induced flow de‐
flection and spacing-dependent interference synergisti‐
cally modulate vortex dynamics, downwash coherence, 
and overall hovering efficiency. This gap hinders the ra‐
tional design of next-generation multirotor systems. To 
address this, we employ an integrated experimental and 
CFD simulation approach to dissect the synergistic ef‐
fects in an externally tilted hex-rotor. Beyond identify‐
ing optimal parameters, we provide detailed flow field 
analyses to uncover the underlying mechanisms of 
downwash convergence and vortex coupling, thus dis‐
tinguishing our work from previous parametric studies.

In particular, we aim to enhance the payload 
capacity and aerodynamic efficiency of externally tilted 

hex-rotor systems by fundamentally unraveling how 
flow interactions, as governed by rotor spacing and tilt 
angle, dictate hovering performance. We perform opti‐
mization across a broad parameter space, with the core 
objective of balancing the reduction of detrimental 
turbulent interference against the promotion of benefi‐
cial flow coupling. Through visualization and analysis 
of downwash patterns, vortex dynamics, and pressure 
distributions, we establish a cause-and-effect fluid-
mechanical framework. This framework helps identify 
optimal design configurations and provides actionable 
insights for bridging aerodynamic design with control 
strategies.

A conventional hex-rotor configuration aligns all 
rotors in a single horizontal plane, where flow interac‐
tions are dominated by unstructured downwash mixing 
and vortex interference. In contrast, an externally tilted 
configuration inclines rotors outward by an angle of θ, 
creating a spatially distributed architecture that actively 
reshapes the flow field. This fundamental difference 
highlights the tilted design’s potential to exploit con‐
trolled aerodynamic synergy, particularly through down‐
wash convergence and vortex coupling; these are the 
central investigative themes of this work.

Our investigation focuses on a prototype system 
with a rotor diameter D=240 mm and a rotational speed 
Ω=5500 r/min. While the fundamental fluid-mechanical 
principles revealed are general, the optimal configura‐
tion is system-specific.

This study makes three key contributions:
1. It reveals the fundamental fluid-dynamic mecha‐

nisms underlying the improved hovering efficiency of 
externally tilted hex-rotor designs relative to conven‐
tional planar designs. We demonstrate how downwash 
convergence, enhanced vortex coupling, and mitigated 
turbulent dissipation collectively augment aerodynamic 
performance through detailed flow field analyses.

2. It elucidates the synergistic interplay between 
the rotor spacing ratio i and the tilt angle θ in govern‐
ing thrust generation. We identify how this synergy 
balances the reduction of detrimental inter-rotor flow 
interference against the promotion of beneficial aero‐
dynamic interactions, with a specific focus on pres‐
sure gradient distributions and primary vortex struc‐
tural stability.

3. It identifies the optimal combination of rotor 
spacing ratio (i=0.56) and tilt angle (θ=24°) that maxi‐
mizes hovering efficiency. This optimization is validated 
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through integrated experimental measurements and 
CFD simulations; it leads to stabilized vortex dynam‐
ics, constrained recirculation zones, and enhanced 
downwash coherence.

2 Modeling and theory 

2.1 Model design

The structure of the externally tilted hex-rotor UAV 
analyzed in this study is illustrated in Fig. 1. The adjacent 
arms are spaced at 60° intervals with equal arm lengths, 
and each rotor is tilted at an angle of θ. The adjacent 
rotor spacing is denoted as L, and the rotor diameter 
is D (mm). The system is comprised of six rotors ar‐
ranged in an alternating configuration of P-N-P-N-P-N, 
where “P” denotes clockwise rotation (positive) and “N” 
counterclockwise rotation (negative); Ω is the rotor 
speed (r/min).

We utilize the DJI 9450 (D=240 mm) rotor, a size 
commonly adopted in multi-rotor UAV research (Luan 

and Lei, 2025). To improve the aerodynamic perfor‐
mance, the conventional plastic rotor is replaced with 
a carbon fiber version, which offers greater stiffness and 
a higher thrust coefficient (Deters et al., 2017; Garofano-
Soldado et al., 2023). Its geometric characteristics are 
detailed in Fig. S1 of the electronic supplementary 
materials (ESM).

The rotor operation is characterized by a low Reyn‐
olds number, given that the free stream speed is ne‐
glected (Garofano-Soldado et al., 2022; Jaroslawski 
et al., 2022). The relevant formulas are presented in 
Eq. (S1) of the ESM.

2.2 Aerodynamic analysis

Fig. 2 illustrates the details of the externally tilted 
hex-rotor configuration, revealing the complex coupling 
between the rotor geometry and the airflow trajectory. 
The left panel depicts the thrust arrangement, where Ti 
represents the thrust generated by the ith rotor. The 
right panel employs streamline visualization to clarify 
the paths of the incoming flow (upstream of the rotors) 

Fig. 1  Structure of the externally tilted hex-rotor UAV

Fig. 2  Thrust (a) and flow field (b) characteristics of the UAV
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and the outgoing wake (downstream), highlighting how 
tilt-induced deflection reorganizes the velocity field.

Notably, the externally tilted configuration orga‐
nizes downwash interactions by aligning the outflow 
from individual rotors toward a common central re‐
gion. This design promotes convergent downwash, 
which establishes a concentrated flow zone beneath the 
rotor system. The resulting flow convergence increases 
the axial velocity, enhancing thrust, while simultane‐
ously mitigating cross-stream turbulent mixing. During 
hovering, the resulting flow field produces a more uni‐
form lift distribution across the rotors, which sup‐
presses oscillations and improves stability. Collectively, 
these flow mechanisms demonstrate how geometric 
tilting converts inter-rotor interference into beneficial 
synergy, which is a central theme in our analysis.

An increase in rotor spacing reduces the overlap 
between downwash streams and adjacent rotors, there‐
by weakening the aerodynamic interference that arises 
from vortex interactions and turbulent mixing; however, 
excessive spacing compromises system compactness. 
This represents a critical design trade-off that balances 
the benefit of reduced flow interference against the 
penalties of increased size, both of which affect ma‐
neuverability and structural efficiency.

For explanation on how the rotor spacing and de‐
flection angle are selected, please refer to Section S1 
of the ESM. Also, note that a detailed description of 
the system is provided in Section S2 of the ESM.

3 Methods 

3.1 Experimental approach

3.1.1　Experimental setup

To evaluate the variation in the UAV’s aerody‐
namic performance under hovering conditions, an exper‐
imental test bench was constructed, inspired by multi-
rotor test benches used by NASA (Russell and Conley, 
2020). As shown in Fig. 3, the bench measures 1.5 m 
in length, 1.5 m in width, and 2.0 m in height. Its de‐
sign enables independent adjustment of the rotor pitch 
and tilt angles. The rotor was positioned 2 m above the 
floor to minimize ground effects. Furthermore, during 
formal testing, the setup was placed over 3 m from 
the laboratory walls to mitigate potential interference.

The rotor was powered by a brushless direct 
current (DC) motor (MSYS LRK 195.03, Yuanhang 
Technology Co., Ltd., China), which is driven by the 

Fig. 3  Experimental setup
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pulse width modulation (PWM) output module. The 
current and voltage were monitored via the DC power 
supply (RS Pro IPS 3202, Dexin Technology Co., Ltd., 
China). A Hall-effect sensor enables precise measure‐
ment of the revolutions per minute for evaluation of 
the speed control performance. For the hovering con‐
dition, a flexible rotor design was adopted due to the 
significant influence of rotor flexibility on the overall 
aerodynamic performance. Key sensor specifications 
are listed in Table S1 of the ESM.

The force transducers and torque sensors used in 
the experimental setup possess finite physical dimen‐
sions, which can disturb the rotor wake. Specifically, 
their structures may disrupt the downstream flow field 
of the rotors, leading to local flow separation and a 
slight distortion of the downwash pattern. To evaluate 
this effect, CFD simulations were performed explicitly 
including the geometry of the sensors. These simula‐
tions confirm that the primary vortex structures and 
axial velocity profiles, which are key to thrust genera‐
tion, remain largely unaffected. Only marginal flow per‐
turbations are observed in the near wake region, with‐
in 1D downstream of the rotors. While the sensor size 
introduces minor flow disturbances, they do not sig‐
nificantly affect the overall aerodynamic trends or in‐
validate the performance improvements observed in 
the study.

For each rotor speed, data were collected at a 
sampling rate of 1000 Hz over a 4-min duration, with 
mean values computed to mitigate unsteady effects. The 
experiments were conducted in a climate-controlled 
indoor facility under conditions of 25 °C temperature, 
53% relative humidity, and 101.3 kPa atmospheric 
pressure. Each test condition was replicated three times 
to ensure repeatability and reproducibility of the re‐
sults. Key experimental parameters are summarized 
in Table 1.

3.1.2　Variables and performance parameters

All measured variables and their corresponding 
units are listed in Table S2 of the ESM.

The rotor spacing ratio i is defined as

i =
D
L

. (1)

The rotor diameter D is 240 mm, and L is set 
within the range of 1.2D to 2.0D. Therefore, the rotor 
spacing ratio i is set to 0.50, 0.56, 0.63, 0.71, and 0.83.

The thrust and the induced velocity of the rotor 
are determined using the momentum theorem (Bangura 
et al., 2016):

T = 2πR2 ρv2
1 (2)

v1 =
T

2πR2 ρ
 (3)

where T is the thrust (N), R is the rotor radius (mm), ρ 
is the air density (kg/m3), and v1 is the induced velocity 
(m/s).

The power consumption associated with the in‐
duced velocity is (Arellano-Quintana et al., 2018)

P = Tv1. (4)

Additionally, the power consumption is calculated 
from the torque:

P =Qω = 2πnQ (5)

where n is the rotational speed (r/s), ω is the angular 
velocity (rad/s), and Q is the torque (N·m).

The dimensionless thrust coefficient CT and the 
power coefficient CP are defined as follows:

CT =
4T

ρAΩ2 D2
 CP =

8P
ρAΩ3 D3

, (6)

where A is the rotor disk area (m2) and P is the power 
consumption (W).

The figure of merit (FM, FM) is adopted to quan‐
tify the overall efficiency of the UAV system. To fur‐
ther evaluate the payload capacity under power con‐
straints, the concept of power loading (FL, FL) is in‐
troduced. Both metrics are influenced by thrust gener‐
ation and power consumption (Lei et al., 2018). FM 
and PL are defined as follows:

Table 1  Parameters in the experiments

Parameter

Rotor diameter, D (mm)

Number of blades

Weight (kg)

Material of blades

Rotor speed, Ω (r/min)

Rotor spacing ratio, i

Tilt angle, θ (°)

Description

240

2

0.025

Carbon fiber

5500

0.50, 0.56, 0.63, 0.71, 0.83

0, 8, 16, 24, 32, 40
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FM =
C

3
2

T

2 CP

  FL =
CT

ΩCP

. (7)

Combining Eq. (6) with Eq. (7) yields an alter‐
native form of the PL:

FL =
T
P

. (8)

According to Eq. (7), it is evident that a higher 
hovering efficiency and an enhanced payload capacity 
can be achieved through an increased FM and a higher 
PL, which necessitates either greater thrust generation 
or reduced power consumption. Consequently, thrust 
T and power consumption P are the key parameters to 
measure in our experiments. Identical conditions were 
employed for all configurations in both the experi‐
ments and simulations. Note that error and uncertainty 
analysis is provided in Section S3 of the ESM.

3.2 Simulation approach

3.2.1　Simulation setup

Numerical simulations were performed using the 
commercial CFD software ANSYS Fluent (version 
2021 R1). To simplify the computational model, non-
aerodynamic components such as the motor and sup‐
port arms were omitted. As illustrated in Fig. 4, the 
complete computational domain consists of three dis‐
tinct regions: a rotating domain, a stationary domain, 
and a body of influence (BOI) domain. The BOI was 
utilized to achieve local mesh refinement, thereby en‐
hancing the simulation accuracy. To minimize ground 

interference, the UAV was positioned in the upper sec‐
tion of the domain. The stationary domain was defined 
as a cylinder with a height of 3600 mm and a diame‐
ter of 2400 mm. Its top surface was set as a velocity 
inlet, the other external surfaces were set as pressure 
outlets, and the blade surfaces were defined as no-slip 
walls.

Given the presence of incompressible flow, a 
pressure-based solver was employed. The realizable k-ε 
model, while robust for broad external flow applica‐
tions, has a recognized deficiency in resolving flows 
dominated by strong streamline curvature and rotation. 
Therefore, the shear stress transport (SST) k-ω model 
was selected. Its established strengths in predicting ad‐
verse pressure gradient flows and separation, which 
are highly relevant to rotating machinery, make it par‐
ticularly appropriate for this study (Menter et al., 2003). 
The model’s validity is also supported by its successful 
application and strong correlation with experimental 
measurements in related works (Cerny and Breitsamter, 
2020; Rostami and Farajollahi, 2021).

The simulations consisted of two phases: a steady-
state initialization for 1200 iterations followed by a 
transient analysis for 1300 iterations, totaling 2500 phy‑
sical time steps. The physical time step size was set to 
Δt=9.09×10−5 s. At the operational speed of 5500 r/min 
(575.96 rad/s), this corresponds to an angular advance‐
ment of approximately 3.0° per time step, ensuring that 
the Courant–Friedrichs–Lewy (CFL) condition for nu‐
merical stability was satisfied. The sliding mesh inter‐
face was updated after every 60° of rotation to bal‐
ance accuracy and computational efficiency. The total 
simulated physical time was approximately 0.227 s 

Fig. 4  Computational domain and boundary conditions
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(equivalent to over 20 complete rotor revolutions), 
ensuring that the flow field reached a statistically sta‐
tionary state. This approach aligns with the method‐
ology of Sheidani et al. (2023), who emphasized the 
necessity of simulating enough rotational cycles to 
achieve statistical convergence in rotating machinery 
simulations.

3.2.2　Mesh generation and independence study

A hybrid computational approach was employed 
to simulate the rotor’s rotation. The multiple reference 
frame (MRF) model was first used to obtain an effi‐
cient steady-state solution for the flow field. This so‐
lution then served as the initial condition for a high-
fidelity transient analysis using the sliding mesh method 
(SMM), which accurately captures unsteady rotor–rotor 
aerodynamic interactions and wake development (Luo 
et al., 2023). The volume meshes for the stationary 
and rotating domains were generated separately within 
ANSYS Fluent using the Poly-Hexcore scheme. This 
method combines hexahedral elements in the core re‐
gion with polyhedral elements elsewhere, enhancing 
solution accuracy and numerical stability while main‐
taining computational efficiency.

Specifically, the computational domain was parti‐
tioned into three distinct subdomains: (1) the rotational 
domain, in which each rotor was enclosed within an in‐
dependent cylindrical sub-domain (diameter 260 mm, 
height 100 mm) rotating at 5500 r/min to accurately re‐
solve the flow field around the individual rotors; (2) BOI 
domain, configured as a cylindrical region encompass‐
ing all rotors (diameter 2240 mm, height 600 mm) and 

discretized using isotropic refinement with a nominal 
cell size of 4 mm to adequately capture vortex interac‐
tions among the rotors; (3) stationary domain, repre‐
senting the outer cylindrical region, which was meshed 
with structured hexahedral elements and a gradual ex‐
pansion ratio of 1.1 to ensure a smooth transition and 
minimize numerical dissipation. To satisfy the near-
wall resolution requirements of the SST k-ω turbulence 
model, for which the target y+ value was maintained 
below unity, high-quality prism layers were generated 
on the surrounding frame. The mesh generation process 
adhered to the best practices for complex flow simula‐
tions, as established in the recent work of Gerdroodbary 
et al. (2024).

Verification of the mesh independence is detailed 
in Section S4 of the ESM.

Based on our mesh independence study, mesh 4 
was ultimately selected for all subsequent simulations. 
Fig. 5 displays the final computational mesh, which 
incorporates local refinement near the rotor surface, 
blade edges, and wake interface.

The orthogonal quality for all meshes exceeds 
0.25, confirming acceptable mesh quality and reliabil‐
ity for the numerical simulations.

4 Results and discussion 

This section outlines the experimental and simu‐
lation results. Note that detailed validation analysis is 
provided in Section S5 of the ESM.

Fig. 5  Mesh distribution
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4.1 Experimental results

As illustrated in Fig. 6, the measured thrust and 
power consumption demonstrate clear dependencies on 
the rotor spacing ratio i and tilt angle θ. Thrust varies non-
monotonically with decreasing i, showing the modest 
improvements at intermediate tilt angles (16° and 24°) 
within certain spacing ranges. In contrast, power con‐
sumption generally decreases with decreasing i. Not‑
ably, the configuration with i=0.56 and θ=24° achieves 
the highest thrust of 22.31 N and the lowest power of 
202.75 W. This performance optimum results from a 
balanced interaction of flow mechanisms: spacing at 
this ratio mitigates cross-stream turbulent interference, 
while the 24° tilt promotes beneficial downwash con‐
vergence and vortex coupling. The synergy between 

reduced lateral disturbance and enhanced flow coordi‐
nation leads to increased thrust and reduced power 
consumption, highlighting the pivotal role of geomet‐
ric parameters in modulating aerodynamic efficiency.

Fig. 7 compares the thrust and power characteris‐
tics of the externally tilted hex-rotor with the conven‐
tional planar configuration, revealing key performance 
distinctions that are fundamentally rooted in different 
flow field patterns. Specifically, when operating at op‐
timized spacing ratios, the tilted design produces higher 
thrust than the planar design, an advantage attributed 
to its ability to harness constructive flow interactions. 
At the smallest spacing (i=0.83), configurations with 
large tilts (θ=40° and 32°) exhibit thrust reductions 
of 1.11% and 0.84%, respectively. This performance 
degradation is caused by intensified inter-rotor flow 

Fig. 7  Thrust variation (a) and power variation (b) relative to the baseline θ=0°

Fig. 6  Thrust and power with different rotor spacing ratios and tilt angles (error bands represent 95% confidence intervals 
based on triplicate measurements): (a) thrust; (b) power
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interference: the compact spacing accentuates cross-
stream flow perturbations, while extreme tilting redi‐
rects downwash away from the axial direction, thereby 
weakening the vertical thrust generation.

In contrast, the configuration with i=0.56 and θ=
24° achieves a 5.43% thrust increase relative to the 
planar design. This improvement arises because the 
0.56 spacing ratio mitigates direct flow interference, 
enabling the moderate 24° tilt to promote convergent 
downwash and coherent vortex coupling. These effects 
enhance the axial velocity (which is consistent with 
Eq. (2)) without compromising vertical lift. Correspond‐
ingly, power consumption varies with the flow charac‐
teristics: compared to the planar configuration, the con‐
figuration (i=0.56, θ=24°) reduces the power by 2.73%, 
while the configuration (i=0.63, θ=24°) increases it by 
0.82%. This power increase reflects amplified turbulent 
dissipation caused by unregulated interactions between 
rotors at extreme tilt angles, demonstrating how geomet‐
ric parameters govern the balance between constructive 
and destructive flow interference.

To quantify hovering efficiency and identify opti‐
mal configurations, Fig. 8 presents the variations in 
the FM, a metric that integrates thrust generation and 
power consumption. The results indicate that FM val‐
ues are consistently higher for the rotor spacing ratio 
i=0.56, reaching a peak of 0.637 at θ=24°. This con‐
firms that the externally tilted configuration achieves 
the maximum hovering efficiency under these specific 
conditions, and warrants a detailed numerical investi‐
gation of the underlying flow field dynamics for this 
optimal case. Furthermore, in this figure, we can see 

the contrasts between the FM trends of the tilted and 
conventional planar configurations, showing that the 
tilted design generally outperforms the planar design. 
The largest FM improvement of 11.15% occurs at i=
0.56 and θ=24° , which is attributed to constructive 
flow interactions: the selected spacing minimizes dis‐
ruptive turbulence, while the 24° tilt angle promotes 
downwash convergence and coherent vortex coupl‑
ing, thereby enhancing the overall energy conversion 
efficiency.

Conversely, at i=0.50 and θ =40° , the FM de‐
creases by 1.14% relative to the planar configuration. 
This decrease is attributed to aerodynamic disorgani‐
zation caused by excessive tilting: the extreme angles 
disrupt axial downwash, intensify inter-rotor turbulent 
mixing, and weaken vertical lift. These results under‐
score that tilt angles must be carefully balanced in order 
to promote, rather than impede, beneficial flow synergy.

Fig. 9 illustrates the variation of PL with the spac‐
ing ratio and tilt angle. At i=0.56 and θ=24°, the PL 
value is 4.821, which is 3.77% higher than that of the 
planar configuration, demonstrating the superior load-
carrying capability of this configuration. Notably, at i=
0.56 and θ=32°, the PL reaches 4.832, representing a 
4.02% increase over the planar configuration and a 
marginal 0.23% increase compared to the θ=24° case. 
Such a slight discrepancy may originate from a rela‐
tively favorable thrust–power balance that is specific 
to this regime. However, at θ=32°, the expansion of 
the central recirculation zone disrupts the coherence of 
the axial downwash, reducing the effective thrust com‐
ponent; compared to the 24° configuration, the thrust 

Fig. 8  FM (a) and FM variation (relative to the baseline θ=0°) (b) under different rotor spacing ratios and tilt angles. The 
error bands in (a) represent 95% confidence intervals based on triplicate measurements
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decreases by 3.46% to 3.85%. Although power con‐
sumption concurrently decreases due to flow separa‐
tion, leading to a slightly higher PL value, this trend 
does not correspond to the actual aerodynamic effi‐
ciency. The overall hovering performance remains su‐
perior at θ=24°. This is because the PL which reflects 
the thrust-to-power ratio does not fully capture the 
aerodynamic efficiency under hovering conditions.

Crucially, the FM, which is a unified efficiency 
metric integrating thrust and power, peaks at 0.637 for 
the 24° case, showing an 11.15% improvement over the 
baseline planar configuration (θ=0°). This confirms 
that FM, as opposed to PL alone, achieves synergis‐
tic optimization as it penalizes configurations where 
thrust loss is dominant. Consequently, the 24° config‐
uration represents the aerodynamic optimum in this 
case, as it maximizes the FM, stabilizes the vortex 
dynamics, and preserves the downwash coherence met‐
rics; these effects collectively outweigh the marginal 
PL advantage observed at 32°.

4.2 Simulation results

To characterize how tilt angles and inter-rotor in‐
teractions work together to govern the flow field, an 
analysis of downwash velocity distributions and stream‐
line topology is essential. In particular, we want to un‐
cover the specific mechanisms of aerodynamic opti‐
mization and rotor interference. The experimental re‐
sults showed that FM exhibits a pronounced increase 
and notable variation near a rotor spacing ratio of i=
0.56. Therefore, focused numerical simulations of down‐
wash velocity and streamline topology were performed 

for configurations adjacent to this spacing ratio, so as 
to investigate the fundamental flow mechanisms.

The flow field characteristics of the externally 
tilted hex-rotor configuration are presented in Fig. 10, 
providing detailed visualizations of velocity contours 
and streamlines for different angles at spacing ratios 
of i=0.50, 0.56, and 0.63. At θ=24°, the configuration 
gains a significant aerodynamic advantage because of 
a favorable balance between thrust efficiency and inter-
rotor flow interference, especially when i=0.56. Un‐
like the planar configuration (θ=0°), the 24° tilt pro‐
motes coordinated airflow interactions between the ro‐
tors, which strengthens vortex coupling. Moreover, flow 
field analysis indicates that although the primary vor‐
tex cores beneath the rotors undergo mild perturbation, 
the dominant axial orientation of effective downwash is 
maintained. This balance enables the downwash streams 
to converge, thereby enhancing thrust by amplifying the 
axial velocity, an effect stemming from constructive 
flow superposition. The resulting moderately perturbed 
flow attains a functional balance: it meets the attitude 
control requirements inherent to tilted rotors without 
inducing the excessive flow destabilization observed at 
larger tilt angles. Simultaneously, the recirculation zones 
(shown in blue/purple) remain spatially confined, with‐
out substantial flow reversal or energy-dissipating tur‐
bulence, indicating optimized aerodynamic efficiency 
where thrust losses due to interference are minimized.

In contrast, at tilt angles beyond this optimal range 
(32° and 40°), the central recirculation zones expand 
noticeably and are accompanied by increased velocity 
fluctuations. This expansion disrupts axial downwash, 

Fig. 9  PL (a) and PL variation (relative to the baseline θ=0°) (b) under different rotor spacing ratios and tilt angles. The 
error bands in (a) represent 95% confidence intervals based on triplicate measurements
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reducing the effective flow velocity and compromis‐
ing both thrust output and hovering efficiency. Over-
tilting destabilizes the overall flow structure, leading to 
a 3.46% to 3.85% reduction in total thrust relative to 
the 24° configuration at i=0.56. These results clearly 
indicate that extreme tilt angles shift the aerodynamic 
balance toward destructive flow interference.

Our analysis of Fig. 8, which is supported by the 
experimental results, confirms that the configuration 
exhibits excellent aerodynamic performance at i=0.56. 
Therefore, in subsequent simulation analyses, we focus 
on this spacing ratio to examine aerodynamic charac‐
teristics at different tilt angles.

Fig. 11 depicts the pressure distribution around 
the rotor units at various tilt angles, where red and blue 
regions correspond to high- and low-pressure zones, 
respectively. The pressure differentials, which govern 
aerodynamic force generation according to Bernoulli’s 
principle, make the effective spatial organization of 
these zones critical for rotor efficiency.

At θ=24°, the pressure field shows smooth, or‐
ganized streamwise gradients between high- and low-
pressure regions. This well-ordered distribution sig‐
nifies robust boundary layer attachment over the rotor 
surfaces and the absence of significant flow separa‐
tions or stalling. These are characteristics of controlled 
airflow that enable high aerodynamic efficiency. The 
stable pressure differential facilitates consistent mo‐
mentum transfer to the surrounding fluid, resulting in 
a 4.37% thrust increase compared to the planar con‐
figuration; this is consistent with the experimental 
measurements.

In contrast, at larger tilt angles (32° and 40°), the 
area of the high-pressure zone noticeably contracts. This 
contraction stems from flow detachment induced by 
excessive inclination: the excessive tilt disrupts the in‐
tegrity of the boundary layer, intensifies turbulent mix‐
ing, and weakens the effective pressure differential. 
The consequential impairment of momentum transfer 
directly reduces hovering efficiency, illustrating how 

Fig. 10  Velocity contours and streamlines at different angles on the zoy plane for i=0.50, 0.56, and 0.63
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geometric tilt critically influences pressure-driven flow 
attachment.

Figs. 12 and 13 depict the vorticity fields on the 
z-normal plane and across the rotor system, respec‐
tively, and illustrate how tilt angles modulate rotational 
flow structures and inter-rotor aerodynamic interac‐
tions. At the optimal configuration (i=0.56, θ=24°), both 
plots show concentrated and well-defined primary 

vortex cores with minimal diffusion, along with stable 
and symmetric vorticity patterns. This organized vortex 
structure signifies constructive vortex coupling, which 
acts to enhance downwash convergence and increase 
the effective axial velocity—these are findings that 
align with the 5.43% thrust increase and 11.15% FM 
improvement observed in Figs. 7 and 8, respectively. 
At θ=24°, the combination of constrained recirculation 

Fig. 12  Vorticity field visualization on the z-normal plane at i=0.56: (a) θ=0°; (b) θ=8°; (c) θ=16°; (d) θ=24°; (e) θ=32°; (f) θ=40°

Fig. 11  Pressure distribution at the cross-section located at 3/4R for i=0.56: (a) θ=0°; (b) θ=8°; (c) θ=16°; (d) θ=24°; (e) θ=
32°; (f) θ=40°
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zones and preserved vortex integrity minimizes turbu‐
lent energy dissipation while maintaining uniform pres‐
sure gradients (Fig. 11d) and consistent rotor tip veloc‐
ities (Fig. S4).

Conversely, larger tilt angles (32° and 40°) induce 
diffuse and chaotic vorticity fields characterized by the 
intensified flow separation and vortex breakdown. 
These flow disruptions enlarge regions of high vorticity, 
impair pressure differentials, and decrease thrust gen‐
eration by 3.46% to 3.85%. Meanwhile, the planar con‐
figuration (θ=0°) exhibits weak, symmetric vortices 
accompanied by limited downwash coherence, which 
accounts for its inferior performance.

These analyses confirm that moderate tilting com‐
bined with optimal spacing stabilizes vortex dynamics 
and accordingly leverages beneficial flow coupling, 
whereas excessive tilting disrupts vortex organization. 
This outcome highlights the critical role of vorticity 
structure in optimizing the aerodynamic performance 
of the externally tilted hex-rotor UAV.

In addition, we conducted simulations to analyze 
the velocity and pressure distributions on the rotor sur‐
face, which further validated the aerodynamic perfor‐
mance of the optimal configuration. For more details, 
please refer to Section S6 of the ESM.

Collectively, these findings confirm that the con‐
figuration with i=0.56 and θ=24° optimizes rotor per‐
formance by achieving coordinated velocity uniformity, 

stable pressure gradients, and controlled flow attach‐
ment; these are therefore key indicators of flow synergy 
in externally tilted hex-rotors.

5 Conclusions 

In this study, we systematically investigated the 
aerodynamic performance and flow field synergy of an 
externally tilted hex-rotor UAV in hovering.

1. An enhanced hovering efficiency stems from 
flow synergy under moderate tilting. At θ=24°, down‐
wash effects converge, amplifying the axial velocity 
and thrust. The tilt also strengthens the inter-rotor vor‐
tex coupling, stabilizing primary structures and reduc‐
ing turbulent loss. This organized flow suppresses cross-
stream disturbances and confines recirculation, driving 
net efficiency gains.

2. A synergistic interplay is revealed between the 
spacing ratio i and tilt angle θ. Optimal spacing (i=
0.56) minimizes detrimental flow overlap while en‐
abling constructive downwash coupling, stabilizing 
pressure gradients. When combined with θ=24°, this 
configuration promotes coherent vortices without flow 
separation. Larger angles disrupt this balance, caus‐
ing boundary layer detachment and performance loss, 
and thus highlighting the need for coordinated geomet‐
ric control.

Fig. 13  Vorticity structure across the rotor system at i=0.56: (a) θ=0°; (b) θ=8°; (c) θ=16°; (d) θ=24°; (e) θ=32°; (f) θ=40°
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3. The optimal configuration is identified as a spac‐
ing ratio of i=0.56 and a tilt angle of θ=24° . Com‐
pared to the conventional planar baseline configura‐
tion, this arrangement yielded a 5.43% increase in 
thrust, a 2.73% reduction in power consumption, an 
11.15% improvement in FM, and a 3.77% enhance‐
ment in PL. CFD simulations confirm that this opti‐
mum corresponds to stabilized vortex dynamics, con‐
strained recirculation, and coherent downwash, which 
are all manifestations of synergistic tilt- and spacing-
controlled flow.

The present study is confined to static hovering 
conditions with a specific rotor diameter (D=240 mm) 
and rotational speed (Ω=5500 r/min), which potentially 
limits the direct applicability of the identified optimal 
configuration to other multirotor designs. Future work 
should extend this framework to a broader parametric 
space in order to establish scaling laws relating optimal 
geometry to rotor size and speed; this would help en‐
hance generalizability. Furthermore, validation under 
dynamic flight conditions is essential to assess the ro‐
bustness of the observed flow synergy during maneu‐
vers and under disturbances. The introduced PL met‐
ric also suggests a promising direction for fixed-thrust 
optimization, in particular minimizing the power con‐
sumption for a given amount of lift. Lastly, by employ‐
ing continuous optimization algorithms, instead of a 
discrete parameter sweep, more efficient exploration 
of the design space could be achieved and potentially 
reveal non-intuitive optimal configurations.
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