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ABSTRACT

This paper presents a comprehensive investigation into the aerodynamic interaction mechanisms occurring in a Lift þ Cruise electric vertical
takeoff and landing aircraft aimed to establish comprehensive knowledge of the flow physics related to an open-geometry reference aircraft
and guide the preliminary design of novel Urban Air Mobility vehicle concepts. With this aim, a mid-fidelity aerodynamic solver was
employed to evaluate the performance of the isolated rotor and subsequently used to capture the complex interactions between the propulsion
system and the airframe at the full-vehicle level. Two Lift þ Cruise concepts, equipped with four and eight propellers arranged in three differ-
ent layouts, were investigated and compared in terms of both performance and flow fields for both hover and climb flight conditions. The
study reveals that vertical rotor staggering, specifically with front and rear rotor disks, respectively, below and above the wing, significantly
enhances thrust in both hover and climb flight conditions, leveraging beneficial wing-wake interactions. While mid-fidelity tools like DUST
effectively capture these complex aerodynamic trends, the eight-rotor configuration shows higher interference levels due to fuselage proxim-
ity. Ultimately, these performance gains come with a trade-off of increased flow unsteadiness, which poses potential structural and acoustic
challenges for Lift þ Cruise aircraft design.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0316657

I. INTRODUCTION

The design and development of electric Vertical Take-Off and
Landing (eVTOL) aircraft represent a key task for the future of Urban
Air Mobility (UAM),1 since faster point-to-point transportation and
less congested cities are expected in relation to population growth.
These aircraft exploit multiple rotors/propellers powered by electric-
battery technology, enabling vertical takeoff and landing in order to
reduce the dependence on traditional infrastructure (such as runways)
and to be environmentally friendly. Many different eVTOL architec-
tures have been conceptualized depending on different specific mission
profiles, though all the designs have common features and challenges
to overcome. Three concepts of eVTOL aircraft have been developed
in recent years,2 as depicted in Fig. 1. Multi-copter, wingless solutions
are concepts similar to classical helicopters or drones and are charac-
terized by no thrusters for cruise; they are used only for lift. They
exhibit almost the same limitations as classical helicopters in terms of
maximum speed achievable in cruise. The vectored-thrust concept

shares the main architectural features of tiltrotors and tiltwings that
use their thrusters for both lift and cruise. They are suited for higher
range and higher speed missions, but they require a more complex
design due to the necessity to tilt their propellers during the hover-to-
cruise transition maneuver. The Lift þ Cruise configuration features
completely independent thrusters for cruise and for lift without any
thrust vectoring, which allows the aircraft to takeoff and land vertically,
similarly to a helicopter, and to achieve high speed in the cruise phase
like a traditional aircraft, thanks to the use of classical lifting surfaces.
The LiftþCruise eVTOL configuration represents a quite appreciable
compromise in terms of performance for medium-range missions and
architectural degree of complication.

The main challenge related to all these concepts concerns the use
of multi-propellers and/or Distributed Electric Propulsion (DEP). In
particular, an essential aspect for these vehicles’ design is an accurate
evaluation of the interactional aerodynamic effects between the propel-
lers, as well as between the propellers, wing, and airframe during the
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different phases that characterize their flight envelope. These interac-
tions significantly influence thrust efficiency, stability, and noise pro-
files, this latter particularly critical related to the peculiar environment
of eVTOLs flight mission, i.e., urban overcrowded areas.

The effects of basic interactions characterizing eVTOL aircraft
architectures, i.e., rotor–rotor and rotor–wing, are strictly related to the
mutual distance between multiple rotors and lifting surfaces. In partic-
ular, rotor-to-rotor interactions vary based on the geometric arrange-
ment and flight phase (hover, transition, or cruise). For tandem rotor
configurations in cruise (or airplane mode), the front propeller’s slip-
stream directly impacts the rear propeller, causing the rear propeller to
experience significant thrust losses that increase by decreasing the lon-
gitudinal distances between the disk planes (Refs. 3–5). The degree of
disk overlap is also a critical driver of interference, providing the high-
est detrimental effects on rear rotor performance for coaxial-like con-
ditions in both hover and cruise flight conditions.3,6,7 In side-by-side
layouts, interaction effects are generally less severe than in tandem set-
ups. Studies show very slight performance losses on the order of few
percentages with respect to single rotor case obtained at the lowest lat-
eral distances between adjacent rotor blades.3,8,9 In addition, rotor–
rotor interactions were recently investigated with application to com-
plete multi-rotor aircraft configurations as quad-copters. In particular,
the recent work by Kostek et al.10 investigated the effects of vertical
and horizontal rotor spacing on aerodynamic efficiency of different
quad-copter layouts, particularly focusing attention on the variation of
the performance on front and rear rotors.

Concerning rotor–wing interaction effects in DEP systems, recent
studies have highlighted their leverage on aero-propulsive benefits for
the aircraft system. Sinnige et al.11 conducted a comprehensive com-
parative study between wingtip and inboard propeller configurations,
accounting for both directions of rotation. Specifically, an inboard-up
rotation regime was found to benefit the wing’s lift coefficient. In con-
trast, interaction with the propeller slipstream in an outboard-up rota-
tion regime caused a lift penalty compared to the prop-off condition.
For a similar layout, Zanotti et al.12 also investigated the sensitivity to
longitudinal positioning of the propeller disk with respect to the wing
founding that while the wing’s performance is relatively insensitive to
small changes in this offset, the propeller efficiency itself is significantly
affected by the proximity to the wing. Moreover, these experimental
data showed that a propeller mounted on the wing exhibits an
increased thrust coefficient that is highly dependent on the advance
ratio and the local flow field induced by the wing. In a broader design
space, Cole et al.13 numerically assessed the influence of propeller loca-
tion, diameter, and rotation direction. The authors noted that the

performance benefits expected from inboard-up propellers are not uni-
versal; rather, they are strictly dependent on the specific propeller-
wing design and the interplay between these parameters. Notably, the
required propeller power showed a correlation with vertical position-
ing due to the reduction of induced drag within the slipstream.
Furthermore, Schollenberger et al.14 investigated the influence of rota-
tional speed, blade count, and pitch angle. Their findings suggested
that slower-rotating propellers achieve higher drag reduction, while
increasing the number of blades or the pitch angle enhances overall
aerodynamic efficiency.

The aim of the present work is to enhance knowledge with
respect to basic mechanisms by providing insight into the complex
interactional aerodynamic features occurring for a complete Lift
þ Cruise eVTOL configuration. Due to the recent conceptualization of
this eVTOL configuration, a limited number of works employing
numerical and experimental approaches to study the main aerody-
namic features related to this concept are present in the literature.
Among experimental works, Bacchini et al.15 performed wind tunnel
tests aimed to quantify the drag penalty of high-lift propellers and their
impact on the performance of a Lift þ Cruise eVTOL aircraft, while
including potential benefits from retracting the propellers during
cruise. Westcott et al.16 performed experiments in an anechoic wind
tunnel over a wing with vertical lift propellers arranged in a
LiftþCruise layout, simulating the transition from hover to cruise
flight conditions.

Despite the complexity and effort related to the realization of an
experimental campaign over a Lift þ Cruise model, the numerical
approach was more often used to investigate the complex interaction
phenomena related to such aircraft configurations. As an example of
numerical studies, Marepally et al.17 investigated the aerodynamic
behavior of slowed-lift rotors at high advance ratios and fully stopped
rotors in a representative Lift þ Cruise eVTOL configuration using
high-fidelity Computational Fluid Dynamics (CFD) simulations.
Moreover, Liu et al.18 performed a high-fidelity multidisciplinary anal-
ysis for the National Aeronautics and Space Administration (NASA)
Liftþ Cruise eVTOL Urban Air Mobility concept aircraft2 by coupling
aeromechanics simulations to an unsteady Reynolds-Averaged
Navier–Stokes solver based on unstructured, overset grid systems.
Although the usage of high-fidelity CFD simulations represents an
effective tool for accurately studying complex interaction phenomena,
this approach still requires demanding computational effort to be
employed in a preliminary design phase of a complex eVTOL aircraft
like the Liftþ Cruise concept.

To overcome this limitation, mid-fidelity numerical methods
have been developed in order to enable faster simulations over a wide
design space and to account for the complexity of the interactional
flow field.19 In detail, vortex-lattice and lifting-line theories combined
with a Vortex Particle Method (VPM) to model the wakes represent
the most promising approaches, providing a quite good compromise
between accuracy and computational time with respect to high-fidelity
simulations.

Among the recent mid-fidelity aerodynamic solvers, the open-
source code DUST20 was developed by Politecnico di Milano. The
DUST code’s capabilities were assessed and fully validated against
experimental and high-fidelity CFD solutions for several interactional
problems, from basic propeller–propeller5,21 and propeller–wing con-
figurations22,23 to full eVTOL concepts. In particular, DUST was

FIG. 1. eVTOL concepts.
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employed in the aerodynamic analysis of the vectored-thrust concept
vehicle Vahana developed by Airbus,24 showing a strong correlation
between mid-fidelity predictions, flight test data, and high-fidelity
CFD results. More recently, DUST was used to investigate the NASA
quad-rotor concept vehicle,25 showing the capability to identify the
main interactional aerodynamic mechanisms exposed by this configu-
ration in both hover and cruise flight conditions, as well as their effects
on the aerodynamic performance of the front and rear rotors.

This work is, therefore, aimed to close the loop by investigating
the third family of eVTOL concept, i.e., the Lift þ Cruise, with DUST.
In particular, thanks to the low computational effort required to obtain
DUST solutions for a complete eVTOL aircraft, the novel aspect of
this work is the possibility to perform a comparative study of the inter-
actional aerodynamic mechanisms occurring on two Lift þ Cruise
eVTOL configurations with open geometry equipped with four and
eight rotors, respectively, each characterized by propellers arranged in
three positions with respect to the wing. Mid-fidelity simulation results
enabled a direct comparison of the flow fields and aerodynamic perfor-
mance of the different layouts, thus supporting insight regarding the
most promising configuration, particularly for hover and climb flight
conditions. The present work has been developed according to the
framework of DICUAM2026 (Delft International Conference on
Urban Air Mobility), which consists in a collaboration among univer-
sities and research institutes all over the world aimed at defining
knowledge regarding the design of UAM open-source common
models.26

This paper is organized as follows. Section II analyzes the numeri-
cal setup and the geometry definition inside DUST framework. Section
III discusses the comparison of the simulations results for the different
investigated configurations providing insight for the thrust capabilities
and the flow field. Conclusions are drawn in Sec. IV.

II. NUMERICAL MODEL
A. DUST solver

DUST is an open-source, MIT-licensed mid-fidelity aerodynamic
solver developed at Politecnico di Milano. It features a coupled formu-
lation integrating distinct aerodynamic models for solid bodies, specifi-
cally thick-surface panels, thin vortex-lattice elements, and lifting-line
elements. Wake dynamics are described via a Vortex Particle Method
(VPM),27,28 which furnishes a stable, grid-free Lagrangian representa-
tion of the free-vorticity flow field, particularly advantageous for simu-
lating configurations with intense aerodynamic interactions (e.g.,
rotary-wing applications). VPM differs from classical CFD approach
by shifting from an Eulerian (fixed grid) to a Lagrangian (moving par-
ticle) framework. In particular, VPM eliminates the need for a station-
ary numerical volumetric grid by solving the velocity-vorticity
formulation of the Navier–Stokes equations in a Lagrangian frame. In
this approach, the fluid’s state is discretized into discrete elements (par-
ticles) transporting vorticity by decomposing the velocity field into its
potential and rotational constituents, and the governing equations are
satisfied by evolving these particles’ positions and strengths in physical
space. Mathematically, the “domain-free” nature arises because the
velocity field is obtained through the Biot–Savart Law, which acts as a
fundamental solution to the Poisson equation for velocity, as will be
described in detail in the following. This allows the velocity at any
point to be calculated as an integral—or a summation over discrete
particles—of the vorticity distribution, removing the requirement for

artificial boundary conditions at the edges of a truncated computa-
tional box.

In this setup, a lifting body sheds a trailing wake from its trailing
edge, initially modeled as a series of vortex ring panels. After each tem-
poral integration step, these panels are advected, and a new row is gen-
erated. To enhance numerical stability in capturing wake dynamics,
these panels can subsequently be converted into vortex particles.

The governing equations implemented in DUST are founded on
the assumption of incompressible flow and the application of Stokes’
hypothesis to the Newtonian constitutive relation, resulting in the fol-
lowing Navier–Stokes formulation:

r � u ¼ 0; (1)

@u
@t

þ u � ru ¼ � 1
q
rpþ �r2u: (2)

Applying the Helmholtz decomposition theorem then yields the
velocity field as the sum of an irrotational vector field u/ and a solenoi-
dal vector field uw,

u/ ¼ r/; (3)

uw ¼ rw; (4)

where u/ is the potential velocity, uw is the rotational field, / is the
scalar potential, andw is the vector potential. As a consequence of their
definitions, applying the divergence and curl operators to the decom-
posed velocity field yields the Laplace equation and the Poisson equa-
tion as follows:

D/ ¼ 0; (5)

�Dw ¼ x; (6)

wherex is the vorticity vector field and, under the incompressible
fluid hypothesis, its form reads as

@x

@t
þ u � rx ¼ x � ruþ �r2x: (7)

In a Vortex Particle Method (VPM), the vorticity field is approxi-
mated by a Lagrangian discrete scheme and discretized via vortex par-
ticles with intensity aðtÞ at position rðtÞ. These Lagrangian elements
are called vortex particles, and the vorticity field approximation is

xðr; tÞ ¼
XNp

i¼1

aiðtÞnðr� riðtÞÞ; (8)

where nðrÞ is a cutoff function of the vorticity induced by the vortex
particles. The equations governing the evolution of the position and
intensity of a generic particle i can be derived by substituting Eq. (8)
into Eq. (7), yielding

dr
dt

¼ uðriðtÞ; tÞ; (9)

dai
dt

¼ ruðriðtÞ; tÞai þ �00Da00i : (10)

The first expression describes the convection of particles by the
local velocity uðriÞ, whereas the second governs the temporal evolu-
tion of their intensity ai, as dictated by diffusion and vortex
stretching-tilting. Collectively, Eq. (9) constitutes the governing equa-
tions for this problem.
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The rotational velocity component, uwðr; tÞ, arises from both the
vortex particles and the line vortices associated with the vortex panels.
By applying Green’s function method to Eqs. (9) and (6), this velocity
field can be derived from the vorticity distribution as follows:

uwðri; tÞ ¼
XNp

i¼1

Kn � aip : (11)

In this formulation, Kðr; r0Þ denotes the consistent velocity ker-
nel, derived from the Biot–Savart kernel through the integration of a
cutoff function nðrÞ. The primary role of this function is to regularize
the expression, removing the singularity that occurs in Kðr; r0Þ as r
approaches r0. This specific equation accounts for the velocity field
generated by the vortex particles.

A Lagrangian grid-free strategy bypasses the necessity for gener-
ating a volume mesh of the ambient flow. The vortex particle method,
in particular, is highly effective at capturing wake interactions from lift-
ing surfaces, a common challenge in rotary-wing vehicle simulations.
By enforcing vorticity conservation directly through the governing
equations, this method significantly curtails numerical dissipation. In
contrast, standard mesh-based CFD approaches require extensive grid
refinement to resolve wakes from lifting bodies accurately, especially
during the complex aerodynamic interactions typical of multi-rotor
systems.

To maintain computational efficiency for extensive VPM simula-
tions, a Cartesian Fast Multipole Method (FMM)29,30 is employed to
accelerate particle-interaction calculations. The evaluation of aerody-
namic loads depends on the specific element: lifting-line elements uti-
lize tabulated sectional coefficients, while surface panel loads are
derived from the unsteady Bernoulli’s theorem, including the flow’s
vorticity component. The exhaustive mathematical framework of the
solver is detailed in Tugnoli et al.20,31

B. Lift 1 Cruise DUST model

The layout of the Lift þ Cruise aircraft was built in the frame of
this project to define a reference open-geometry configuration for
common investigation of such eVTOL concepts. The aircraft
employed rotors exploiting a two-bladed propeller geometry exten-
sively tested by Deutsches Zentrum f€ur Luft- und Raumfahrt (DLR).
The propeller geometry, described in Yin et al.,32 was properly scaled
to fit the dimensions required to reproduce a full-scale eVTOL aircraft.
It is noted that the aerodynamic model adopted in this study is based
on a linear vortex lattice formulation coupled with a vortex particle
method, which assumes inviscid flow conditions. As a result, Reynolds
number effects are not explicitly accounted for, and the scaling is
intended to preserve geometric similarity rather than Reynolds

number similarity. A simple fuselage geometry was purposely designed
by the DICUAM2026 consortium, while the wing exploits the geome-
try of the NASA Lift þ Cruise eVTOL aircraft described in Leonard
and Litherland33 and Silva et al.34 The wing and fuselage are depicted
in Fig. 2, also showing their main dimensions. The wing incidence
angle with respect to the fuselage is 2�. Two aircraft configurations
were investigated in the present simulations, i.e., a four-rotor version
and an eight-rotor version. A fixed rotor diameter of R ¼ 2m and
R ¼ 1:5m was considered, respectively, for the four-rotor and eight-
rotor aircrafts. For both configurations, three versions were investi-
gated, characterized by different positioning of the rotors with respect
to the wing, i.e., the baseline, having the propeller disks aligned with
the wing chord, the rotors-up, with propeller disks positioned upward
with respect to the wing, and the rotors-downup, with front and rear
rotor disks, respectively, below and above the wing. The different air-
craft version layouts are shown in Fig. 3, where the indicated dimen-
sions are included in Tables I and II. The reference system used for the
activity is depicted in Figs. 2 and 3. The nacelles and the pylons of the
propellers were not considered in the numerical models. The complete
geometry of the aircraft components used to build the numerical mod-
els investigated in the present work will be released at the end of the
dissemination activities planned at DICUAM26 Conference https://
www.dicuam2026.org on the website of the project UAMOpen Source
Model.26

The rotor blades have been modeled as vortex lattice elements,
while the wing and the fuselage as surface panels. Each blade of the
rotors was modeled by a total number of 400 vortex lattice elements,
using a spanwise discretization of 40 elements and a chord-wise dis-
cretization of 10 elements. A half-cosine refinement was applied to
the elements in the chord-wise direction, similarly in the spanwise
direction a refinement is applied at the blade tip, as shown in the
mesh layout depicted in Fig. 4(a). The wing were modeled using a
total number of 500 surface elements, using a spanwise discretiza-
tion of 25 panels and a chord-wise discretization of 10 panels for
each of the half-wing, while the fuselage was discretized with a total
number of 852 surface panels [see Fig. 4(b)]. The numbers of ele-
ments used to build the numerical models for DUST simulations are
summarized in Table III.

FIG. 2. DUST model—Wing and fuselage main dimensions [m].

FIG. 3. DUST model—Definition of the
four- and eight-rotor Lift þ Cruise aircraft
configurations.
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The number of elements selected for each rotor blade was sug-
gested by the results of a sensitivity study performed against experi-
mental results available from Abergo et al.35 for the single rotor in
hover-flight condition. On the other hand, the selection of the number
and the discretization of the surface panels used to model the wing and
the fuselage was based on best practices achieved to model similar air-
craft configurations.24,36

In addition a combined spatial and temporal discretization sensi-
tivity study is performed on the complete vehicle. Simulations are car-
ried out in hover using the “4-rotor-up” configuration, while the
discretization of the wing and fuselage is kept unchanged. Two more
grid resolutions are considered, with 200 collocation points for the
coarse grid and 600 for the denser grid. On the reference (medium)
grid, both a larger and a smaller azimuthal time step are additionally
tested.

The results, summarized in Table IV, show that—consistently
with the findings obtained for the isolated rotor in hover—a time step
of 3� in azimuth on the medium grid provides a good compromise
between accuracy and computational cost. This configuration is,

therefore, adopted for all subsequent simulations, which are run for a
total of seven complete rotor revolutions. The models’ wake is simu-
lated by VPM using a maximum of 1 � 106 particles. Specifically,
DUST mid-fidelity simulations of each of the three different Lift þ
Cruise layouts previously described were performed in hover and
climb-flight conditions. The cruise-flight condition, characterized by
stopped lifting propellers for Lift þ Cruise aircraft configurations, was
not investigated in the present activity, thus leading to the choice not
to consider the pusher propeller in the numerical models. For both
hover and climb conditions, rotors’ rotational speed was set in order to
reproduce the same Mtip ¼ 0:3 for the four-rotor and eight-rotor
models, corresponding, respectively, to 492RPM and to 656RPM.
This Mach tip has been proved to provide a good compromise between

TABLE I. Four-rotors model—Geometrical parameters [m].

L1 L3 L4 dfront dback

Baseline 4 �4 4 0 0
Up 4 �2.5 2.5 0.7 0.7
Downup 4 �2 2 �0.35 0.35

TABLE II. Eight-rotors model—Geometrical parameters [m].

L1 L2 L3 L4 dfront dback

Baseline 2.7 6.85 �3 3 0 0
Up 2.7 6.85 �2 2 0.7 0.7
Downup 2.7 6.85 �1.5 1.5 �0.35 0.35

FIG. 4. DUST model surface mesh.

TABLE III. Summary of aircraft elements used to model the Lift þ Cruise aircraft in
DUST.

Spanwise Chordwise Tot.

Rotor blade 40 10 400
Left wing 25 10 250
Right wing 25 10 250
Fuselage � � � � � � 852

TABLE IV. Effect of grid resolution and time step size on vertical force statistics for
the four-rotor-up configuration in hover. Reported values are computed over the last
three rotor revolutions and correspond to the total contribution of all propellers.

Grid Time step Fz (N). Variation (%) Std Dev. Fz (N)

Coarse 3 deg 18052 �3:18 2.3
Denser 3 deg 18808 þ0:88 3.5
Medium 1 deg 18661 þ0:09 15.4
Medium 3 deg 18644 þ0:00 2.5
Medium 5 deg 18611 �0:18 9.8
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aerodynamic efficiency and tonal noise emission for a multi-propeller
configuration.8 For climb simulations, the aircraft velocity was equal to
26:7m=s associated with a climb angle of 20� with respect to the hori-
zontal direction [see Fig. 2(b)]. The flight conditions were chosen
inside the DICUAM consortium and used by all the partners to design
different type of eVTOL.

III. RESULTS AND DISCUSSION

Simulation results are now discussed separately for hover and
climb flight conditions. Due to the fact that the investigated Lift þ
Cruise aircraft geometries were novel and purposely developed by
the consortium for the present activity, a validation of the numerical
models built in this work against high-fidelity CFD results or experi-
ments cannot be performed. Nevertheless, the robustness of the pre-
sent models, built using the best practices acquired by the DUST
development research group, is supported by the several past activi-
ties from the same group finalized to a thorough validation of DUST
models for complete advanced rotorcraft configurations, such as til-
trotors and eVTOLs, showing accurate agreement with respect to
experiments and high-fidelity CFD simulations, as well as flight test
data.24,25,36

In this section, simulation results obtained over the different
investigated aircraft layouts are compared in terms of the produced
thrust (force normal to rotor disk) and torque (referred to the rotor
hub center) values (averaged over the last computed revolution) and
flow field topology. Specifically, Q-criterion three-dimensional visu-
alizations, vorticity field slices, and load distribution over the rotor
disk are employed to comprehensively highlight the interactional
effects occurring between propellers and due to the different investi-
gated installations with respect to the wing and fuselage.

A. Hover flight condition

As a first step of the aerodynamic performance analysis, the aver-
age integral thrust and torque generated by the installed rotors for the
different investigated aircraft layouts are compared with the perfor-
mance of the rotors considered as a single. With this aim, Tables V
and VI show the percentage variation of the installed rotors’ thrust
(Tinst) and torque (Qinst) with respect to the values generated by the
single rotor multiplied by the number of rotors considered for investi-
gated layouts (Trot or Qrot), i.e., four or eight. Figure 5 highlights the
thrust fluctuations around the mean value, allowing a comparison
among the different configurations, showing that the down–up

configuration exhibits the largest fluctuations that are related to higher
interactional mechanisms occurring between rotors wake and fuselage/
wing components, as will be discussed later on in the analysis of the
flow fields.

In hover conditions, a slight loss of the global thrust is observed
for the installed rotors for both the baseline and rotors-up configura-
tions, regardless of the number of rotors. On the other hand, a slight
increase in the generated thrust can be appreciated for the rotors-
downup configuration, indicating a favorable interactional effect
between the rotor wakes and the airframe in this arrangement that is
more evident for the four-rotor configuration, while it is quite negligi-
ble for the eight-rotor configuration. As a result of the same interac-
tional mechanisms, reduction of rotor torque is also generally
observed for the investigated configuration, except for the baseline and
downup cases with four rotors showing a quite negligible variation of
torque with respect to the case that considers rotors as single. This
favorable effect on torque is particularly occurring for both the rotors-
up configurations and for the downup layout with eight rotors, thus
confirming the promising performance improvement that could be
obtained for this latter configuration.

In order to investigate the correlation between performance vari-
ation and flow physics, in the following, the topology of the flow fields

TABLE V. Comparison of the variations of the average integral thrust generated by
the installed rotors for the different investigated aircraft layouts in hover condition.

ðTinst � TrotÞ=Trot ½%� Four rotors Eight rotors

Baseline �0.95 �0.48
Up �0.89 �1.23
Downup 2.8 0.16

TABLE VI. Comparison of the variations of the average integral torque generated by
the installed rotors for the different investigated aircraft layouts in hover condition.

ðQinst � QrotÞ=Qrot ½%� Four rotors Eight rotors

Baseline 0.26 �1.81
Up �1.83 �2.69
Downup �0.08 �3.84

FIG. 5. Hover flight, comparison of the
thrust time history, obtained by summing
the contributions of all rotors and averag-
ing over the last three simulated
revolutions.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 38, 036113 (2026); doi: 10.1063/5.0316657 38, 036113-6

VC Author(s) 2026

 
2
7
 
M
a
r
c
h
 
2
0
2
6
 
1
3
:
3
3
:
5
6

pubs.aip.org/aip/phf


is compared for the different aircraft layouts, including the single rotor
configuration. In Fig. 6, the hover case of the four-rotor configuration
is investigated by means of a three-dimensional visualization of the
Q-criterion colored by the vertical velocity component (Vz), which
highlights coherent vortical structures shed by the rotors.

For the single rotor case, the wake is allowed to fully develop and
the classical helical tip-vortex system is clearly visible [see Fig. 6(a)]. In
contrast, in the four-rotor baseline configuration the rotors are located
relatively far from the wing, such that neither rotor-to-rotor nor rotor-
to-wing interactions appear to be strongly manifested [see Fig. 6(b)];
effectively, each rotor behaves nearly independently and produces
thrust levels comparable to the isolated case.

When more compact or vertically-staggered layouts are consid-
ered, however, the rotor–airframe and rotor–rotor interference become
significant. In the “4-rotor-up” and “4-rotor-downup” configurations,
the previously coherent helical wakes degrade rapidly just below the
wing plane, giving rise to increased turbulence and flow unsteadiness
[see Figs. 6(c) and 6(d)]. Such breakdown of coherent tip-vortex struc-
tures has direct implications for the induced-velocity field at the rotor
disks and hence for the effective blade-angle-of-attack and thrust dis-
tribution along the blade span, as will be discussed later on.

To support a more quantitative assessment, Fig. 7 shows vortic-
ity magnitude contours extracted on the vertical plane cutting

through the hub centers of the front and rear rotors. Figure 7(b)
shows that for the baseline case, tip-vortices near the wing have suf-
ficient separation to fully develop and even intensify with respect to
the isolated case [see Fig. 7(a)]. Indeed, only slight mixing between
the wakes of the front and rear rotors occurs downward of the
disk plane for the baseline configuration. On the other hand, for the
“4-rotor-up” case, Fig. 7(c) shows that the vortices generated at
blade tips remote from the wing are drawn inward and downward,
resulting in a coalesced, single, more-intense wake structure beneath
the vehicle. This merged wake is especially pronounced in the rear
rotor region, thereby dominating the thrust distribution at that disk.
Conversely, when the rotor operates in close proximity to the wing
(as in the “4-rotor-downup” layout), the tip-vortex immediately
impacts the wing after separation and cannot fully develop. The con-
sequence is the formation of a high-vorticity zone on the wing’s
leading and trailing edges, which perturbs the thrust coefficient of
both front and rear rotor disks [clearly evident in Fig. 7(d)]. Such
rotor–wing interaction aligns with recent findings in the eVTOL lit-
erature, where wake deformation and induced-flow augmentation
due to closely spaced rotors or adjacent lifting surfaces lead to thrust
losses and altered performance.5,24,37 For completeness, the vertical
velocity contours on an X–Z vertical plane passing through the
rotors centerline are reported in Appendix (see Fig. 21).

FIG. 6. Hover flight, comparison of the
flow fields for the 4-rotors configurations,
and Q-criterion three-dimensional surfaces
contoured by vertical velocity.
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A quantitative confirmation of the wake-interaction effects previ-
ously discussed is provided by the comparison of the vertical velocity
component profiles extracted over a line placed at z ¼ �1½m� passing
through the frontal and rear rotor center (see Fig. 8) and through the
frontal rotors center (see Fig. 9). In the “4-rotor-baseline” configura-
tion [see Figs. 8(a) and 9(a)], the vertical velocity component distribu-
tion remains nearly symmetric with respect to both longitudinal and
lateral axis and exhibits full velocity recovery for both the front and
rear rotors, comparable to the single rotor case. The influence of the
airframe is evident in the positive vertical velocity at the center of the
curve. In the “4-rotor-up” layout [see Figs. 8(b) and 9(b)], the vertical
velocity profile becomes more perturbed with respect to single rotor
case, showing stronger variations immediately downstream of the front
rotor and over the fuselage area. The proximity of the rotors to the
wing promotes early interaction between the rotor wake and the wing
surface, which accelerates the flow locally and alters the induced veloc-
ity entering the rear rotor. Compared with the single rotor condition,
the vertical velocity beneath the front disk becomes less negative, indi-
cating a reduction of the downwash intensity and partial blockage of

the flow due to the wing proximity. This effect reduces the effective
inflow uniformity and modifies the local induced velocity distribution
at the rear rotor plane. A more complex trend is observed in the “4-
rotor-downup” configuration [see Figs. 8(c) and 9(c)]. Here, the front-
rotor wake is deflected downward by the wing and impinges directly
on the rear-rotor inflow. As a result, the velocity recovery between the
two disks nearly disappears, and the magnitude of the downward
velocity below the rear rotor increases significantly compared with the
single rotor case. On the other hand, the velocity profiles extracted
with respect to Y-axis keep a quite symmetrical behavior showing
slight differences with respect to the midspan plane of the fuselage due
to the fact that the two frontal rotors blades spin with the same sense
of rotation.

All the wake interaction phenomena described are reflected in the
distribution of the thrust generated by the rotor disks. The evolution of
the thrust coefficient along the azimuthal angle w during the last com-
puted revolution is analyzed for both the front and rear rotors, and
compared with the single rotor case in Fig. 10. The azimuthal angle
definition is depicted in Fig. 3.

FIG. 7. Hover flight, comparison of the flow fields for the 4-rotors configurations, and vorticity magnitude contours on a X � Z vertical plane passing though the rotors hubs
centerline.
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Figure 10(a) clearly shows that for the baseline configuration, the
CT distribution generated by the rotors remains nearly symmetric,
with overall intensity closely resembling that generated by the single
rotor case. Indeed, for the sake of consistency, only the rear rotor dis-
tribution is presented in Fig. 10(a), as for the baseline case, front and
rear rotors exhibit the same thrust distribution in hover-flight condi-
tion due to the fact that their installation does not provide apparent
interference with the wing. The behavior of the thrust distribution
resembles the mean integral thrust generated, respectively, by the two
front and rear rotors shown in Table VII. Indeed, in the baseline con-
figuration, the two front and rear rotors generate almost the same level
of integral thrust.

In the 4-rotor-up configuration [see Fig. 10(b)], a noticeable asym-
metric behavior appears in the CT distributions between the front and
rear rotor. Indeed, rotor interaction with the wing generates a loss of
thrust with respect to the single rotor configuration in the range between
240� < w < 300� for the front one and between 60� < w < 150� for

the rear rotor, which is also affected by the interaction with the fuselage
in the range between 350� < w < 60�. In addition, the rear rotor experi-
ences a thrust rise with respect to the baseline configuration over the
remaining disk area, in agreement with the observed local increase in ver-
tical velocity shown in Fig. 8(b), thus reflecting the variation of the rotor
induced velocity provided by the interactions with the airframe discussed
earlier. Generally, the rear rotor generates an integral thrust value that is
higher than the one provided by the front rotor in the same configuration
and than the one generated by the same rear rotor in the baseline config-
uration (see Table VII).

Concerning the 4-rotor-downup layout, this configuration shows
the largest interactional effects on rotors thrust generation due to the par-
tial overlap occurring with respect to the wing. In particular, thefront
rotor exhibits a larger increase in thrust in the region 0� < w < 180�

with respect to the “4-rotor-up” configuration. Moreover, the rear rotor
disk shows strong positive fluctuations in the region of passage of the
blades over the wing, i.e., 60� < w < 120�. This latter effect is mainly

FIG. 8. Comparison of the vertical velocity component profiles extracted over a line placed at z ¼ �1½m� passing through the frontal and rear rotor center, 4-rotors configura-
tions in hover.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 38, 036113 (2026); doi: 10.1063/5.0316657 38, 036113-9

VC Author(s) 2026

 
2
7
 
M
a
r
c
h
 
2
0
2
6
 
1
3
:
3
3
:
5
6

pubs.aip.org/aip/phf


responsible for the largest integral thrust generated by the rear rotor
in the “4-rotor-downup” configuration (see Table VII), even if
associated with loading overshoots that could be detrimental for struc-
tural or noise-signature issues. Nevertheless, the largest increase in the
integral thrust is also observed for the front rotor, thus confirming the
favorable effect in terms of aircraft performance provided by interactional
mechanisms occurring between rotors and the airframe for this latter
layout.

The focus now shifts to the eight-rotor configurations.
Analogously to what has been done for the four-rotor configura-
tions, Fig. 11 compares the three-dimensional flow fields calculated
for the different eight-rotor configurations by means of the
Q-criterion surfaces contoured by vertical velocity. Moreover, wake
interactions can be analyzed more quantitatively by the contours of
vorticity magnitude extracted over a vertical plane passing through
the rotor’s hub centreline, shown in Fig. 12. In addition, for 8-rotor
configurations, the vertical velocity contours on the other vertical

plane X–Z vertical plane are reported in Appendix but not com-
mented (see Fig. 22).

By analyzing the baseline case, the lateral view of the three-
dimensional flow field shows negligible interactions between the front
and rear rotors’ wakes [see Fig. 11(a)]. This behavior is confirmed by
the vorticity magnitude contours extracted over a lateral slice of the
domain [see Fig. 12(a)]. On the other hand, the front view representa-
tion of the three-dimensional flow field shown in Fig. 11(b) highlights
a more pronounced interaction between the side-by-side rotors, as well
as between the internal rotors and the fuselage. Generally, wake topol-
ogy becomes more complex with respect to the corresponding 4-rotor
case. Indeed, the frontal slice of the vorticity magnitude field shown in
Fig. 12(b) indicates that the tip vortices issued by the side-by-side
rotors tend to merge in the region between adjacent disks, thus sugges-
ting the onset of a strong wake interactional mechanism.

Both the 8-rotor-up and 8-rotor-downup layouts exhibit a
markedly more complex behavior of the flow field, related to the

FIG. 9. Comparison of the vertical velocity component profiles extracted over a line placed at z ¼ �1½m� passing through the frontal rotors center, 4-rotors configurations in
hover.
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occurrence of a stronger interaction between side-by-side and tan-
dem rotors and between rotors and the airframe, i.e., the wing and
fuselage [see Figs. 11(c) and 11(d)]. In both cases, the classical heli-
cal structure issued by the rotors fails to fully develop, and the vor-
tices lose coherence when reaching the region close to the wing
surface. Thus, also the symmetry of the vorticity field, clearly visi-
ble in the baseline configuration, is no longer preserved [see Figs.
12(c) and 12(d)]. Moreover, by comparing the vorticity magnitude
fields for the 4-rotor-downup and 8-rotor-downup configurations,
a distinctly different pattern in the vortex-core trajectories can be

FIG. 10. Comparison of the thrust coeffi-
cient CT distribution on the rotor disk eval-
uated during the last computed revolution,
4-rotor configurations in hover.

TABLE VII. Integral mean thrust generated by the front and rear rotors for the 4-rotor
configurations in hover and relative percentage variations with respect to baseline
configuration.

Configuration TFront [N] TRear [N] DTFront [%] DTRear [%]

4-base 4703 4696 � � � � � �
4-up 4675 4837 �0.6 3
4-downup 4789 4979 1.8 6
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FIG. 11. Hover flight, comparison of the
flow fields for the 8-rotors configurations,
and Q-criterion three-dimensional surfaces
contoured by vertical velocity.

FIG. 12. Hover flight, comparison of the flow fields for the 8-rotors configurations, and vorticity magnitude contours on a vertical plane passing through the rotor hub centerline.
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FIG. 13. Comparison of the thrust coefficient CT distribution on the rotor disk evaluated during the last computed revolution, 8-rotor configurations in hover.
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observed. Unlike in the four-rotor vehicle, the vortices issued in
the 8-rotor-downup configuration are deflected downward beneath
the wing, forming an intense mixing region in the area immedi-
ately below it. The remaining portion of the wake retains some
organized structure but rolls up closer to the disk plane, producing
a vorticity field more similar to that observed in the 8-rotor-up lay-
out. Analogously to the 4-rotors configurations analysis, the distri-
bution of the thrust coefficient CT over rotor disks is shown in
Fig. 13 for the 8-rotors configurations. In particular, the polar rep-
resentation of the loading is compared for the baseline and downup
models showing the greatest interactional effects both for the two
front and rear rotors placed on the left side of the aircraft fuselage.
For the 8-rotor-baseline configuration, the CT distributions of the
two front and rear adjacent rotors exhibit a symmetrical behavior
with respect to the longitudinal separation axis [see Fig. 13(b)].
Indeed, a decrease in the generated thrust can be observed in the
azimuthal regions corresponding to the sides of the rotors facing
each other, i.e., 300� < w < 60� and 120� < w < 240�, respec-
tively, for the left and right rotor. A smaller perturbation of the
disk loading is also visible in the range between 0� < w < 90�,
indicating a minor interaction between the inner front rotor and
the fuselage.

In the 8-rotor-downup configuration, the rotor-rotor effects
become significantly stronger than in the baseline case, particularly evi-
dent for the inner rear rotor showing high positive load fluctuations
within the range between 0� < w < 120� [see Fig. 13(b)]. Notably, for
the 8-rotor configurations, the strong positive thrust oscillations
observed for the rear rotors also in the 4-rotor-downup layout are con-
fined to the internal rotors only. Moreover, the rear rotors exhibit an
increase in generated thrust in the range between 120� < w < 300�

due to a favorable effect provided by the interaction with the wing. Due
to the opposite installation of the front rotor with respect to the wing,
they exhibit an increase in generated thrust in the range between

240� < w < 300�. Generally, the rear rotors generate a higher contri-
bution to the integral thrust that is most pronounced in the 8-rotor-
downup configuration. As reported in Tables VIII and IX, the inner or
outer rear rotors produce approximately an increase in 10% of the
mean thrust than the front ones, which experience only a mean 4%
reduction compared with the values obtained for the 8-rotor-baseline
configuration. On the other hand, in the baseline configuration, both
the front and back rotors generate a similar amount of integral thrust,
confirming the quite lower effect of interactional mechanisms on the
aircraft performance.

B. Climb flight condition

As done for the analysis of hover simulations results, a first
insight into aerodynamic performance discussion is given for climb
flight condition by comparing the average integral thrust generated
by the installed rotors with respect to the one provided by the rotors
considered as single. Figure 14 highlights the rotors thrust fluctua-
tions around the mean value; in climb conditions, unlike hover, the
fluctuations amplitude of the time-variant rotors load is very similar
for all configurations, even if for the downup configuration small
amplitude fluctuations superimposed the periodic thrust time his-
tory behavior are observed due to wake interactions.

The thrust and torque percentage variations shown in Table X
highlights that the downup configurations are the most promising in
terms of aircraft performance improvement also for climb flight condi-
tion. Indeed, for both the 4-rotors and 8-rotors layout, this installation
provides the highest increase in the generated thrust and the highest
reduction of torque coming from the same interactional mechanisms.
This outcome is aligned with the trends of the thrust variations observed
in Kostek et al.,10 where vertical staggering between the front and rear
rotors of a quad-copter in squared configuration at 10� tilt angle leads to
a general increase in the rotors’ thrust, particularly the rear ones, while
improving the overall efficiency of the system. As a matter of fact,

TABLE VIII. Integral mean thrust generated by the outer front and rear rotors for the
8-rotors configurations in hover.

OUTER Front [N] Rear [N]

8-base 2659 2658
8-downup 2546 2739

TABLE IX. Integral mean thrust generated by the inner front and rear rotors for the
8-rotor configurations in hover.

INNER Front [N] Rear [N]

8-base 2637 2623
8-downup 2520 2849

FIG. 14. Climb condition, comparison of
the thrust time history, obtained by sum-
ming the contributions of all rotors and
averaging over the last three simulated
revolutions.
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increasing vertical separation between front and rear rotors’ disk reduces
the aerodynamic interference on rear rotors blades due to the front
rotors’wake, as clearly shown later on in the flow field analysis.

Unfortunately, due to the limited number of layouts investigated
by DUST simulations, the present analysis cannot distinguish the
effects related to the vertical and horizontal staggering of the rotors, as
the up and downup configurations considered a combined variation of
these two parameters. On the other hand, the horizontal staggering
between the front and rear rotors could be considered quite less effec-
tive on the overall efficiency of the system, as evidently supported by
the results of Kostek et al.10 showing that the variation of the rotors
horizontal hub spacing only canceled proximity effects on the front
rotors efficiency.

Generally, all the rotors installation layouts investigated in the pre-
sent work show a slight variation of performance in terms of generated
thrust and torque reduction with respect to the rotors considered as sin-
gle. In particular, the baseline layout performs slightly better than the
4-up configuration in terms of thrust increase, where this latter configu-
ration only shows negligible performance variations with respect to single
rotor configuration. In addition, negligible variations in terms of torque
reduction are observed for the baseline and rotors-up configurations.

In order to better understand the interactional flow features that
influence the rotors performance, three-dimensional visualizations of
Q-criterion are used to describe the flow field around the investigated
configurations. A first analysis of the flow field is given in Fig. 15 con-
sidering the single rotor reproducing the rotational speed and dimen-
sions of the 4-rotors aircraft layout, i.e., 492RPM. As a matter of fact,

in climb flight condition due to the presence of a non-negligible inflow
velocity component, the rotor wake is strongly convected downstream
and loses coherence much farther from the disk plane with respect to
hover. Indeed, as shown in Fig. 15(a), the single rotor case displays a
quite coherent helical wake structure convected along the freestream
direction.

Nevertheless, the inclined inflow associated with the climb atti-
tude introduces a more complex interaction mechanism between

TABLE X. Comparison of the variations of the average integral thrust and torque
generated by the installed rotors for the different investigated aircraft layouts in climb
flight condition.

ðTinst � TrotÞ=Trot [%] 4-rotors 8-rotors

Base 2.22 1.59
Up 1.05 1.04
Downup 4.20 4.20

ðQinst � QrotÞ=Qrot [%] 4-rotors 8-rotors

Baseline �0.23 �0.73
Up �0.46 �0.84
Downup �2.01 �2.81

FIG. 15. Climb flight, comparison of the flow fields for the single rotor in the 4-rotors layout, and Q-criterion three-dimensional surfaces contoured by vertical velocity.

FIG. 16. Climb flight, comparison of the flow fields for the 4-rotors layout, and Q-
criterion three-dimensional surfaces contoured by vertical velocity.
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blades and their wakes. In particular, a strong blade-vortex interac-
tion occurs through the direct impingement of the tip vortex onto
the blade surface. It is worth noting that the tip of the retreating
blade encounters the tip vortex shed by the advancing blade at
w ¼ 0�, leading to the merging of the two helical filaments [see
Fig. 15(b)]. This impingement event marks the onset of strong
unsteady aerodynamic loads, which are characteristic of the climb
condition analyzed in this study.

Concerning the complete 4-rotor aircraft layouts, the 4-rotor-
baseline case [see Fig. 16(a)] does not show apparent interactions

between the rotors’ wakes and the airframe, as their helical structures
keep their coherence while being convected downstream. On the other
hand, evident interactions occur particularly between the front rotor
wake and the wing for the 4-rotor-up case [see Fig. 16(b)], also provid-
ing an alteration of the wing-tip vortex pattern. Moreover, the helical
structures issued by the front and rear rotors touch each other, gener-
ating a mixing of the wakes downstream.

The flow visualization for the 4-rotor-downup layout shows a
clear interaction of the rear rotor wake with the wing, while less appar-
ent interaction between the front and rear rotor can be observed with

FIG. 17. Comparison of the thrust coefficient CT distribution on the rotor disk evaluated during the last computed revolution, 4-rotor configurations in climb.
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respect to the 4-rotor-up case due to the different vertical installation
of the rotors [see Fig. 16(c)].

In order to correlate the flow physics phenomena with the rotors’
performance, as previously done for the hover simulations analysis,
the polar representation of the thrust coefficient CT distribution com-
puted over the last revolution is shown in Fig. 17 for both the front
and rear rotors in the 4-rotor layouts, compared with the single rotor
case in climb. All the CT polar plots evaluated for the different investi-
gated configurations highlight the classical behavior expected for a
rotor at incidence, showing higher loading on the advancing side21 and
a certain phase lag38 correlated with the amount of the tilting angle
(i.e., 20�) of the disk with respect to the freestream velocity vector char-
acterizing the climb flight condition. In particular, the comparison
between the polar CT distributions observed for the single rotor and
the front rotor in the 4-rotor-baseline layout clearly supports the
occurrence of negligible interference effects between rotors and air-
frame for this installation, even if slightly higher values of CT can be
observed between 0� < w < 70� in the 4-rotor-baseline case [see
Fig. 17(a)].

Concerning the 4-rotor-up layout, even in climb flight, the rear
rotor produces a higher thrust with respect to the frontal one, as
shown by the more intense loading characterizing the advancing
side of the rear rotor disk in the 4-rotor-up configuration [see
Fig. 17(b)].

On the other hand, when dealing with the 4-rotor-downup lay-
out, two main features are apparent. The first is related to the wider
azimuthal area characterized by higher loading observed for the
advancing side of the front rotor with respect to the corresponding
rotor in the 4-rotor-up and 4-rotor-baseline case. The second is
related to a similar increase in thrust generation occurring on the
rear rotor, this time characterized by high fluctuations of the loading
due to the interactional effect between the rotor wake and the wing,
in particular, in the azimuthal region between 60� < w < 100� [see
Fig. 17(c)].

Analogously to what was observed in hover, flow field analysis
for the 8-rotor configurations resembles quite more complicated fea-
tures. Thus, Q-criterion surface visualizations shown in Fig. 18 are
assisted by vorticity contours visualizations over two vertical planes
passing through the hubs centerline of the external and internal rotors
(see Fig. 19).

As observed for the 4-rotor layout, the 8-rotor-baseline three-
dimensional flow visualization does not show apparent interactions
between the front and rear rotors’ wakes, which naturally evolve down-
stream [see Fig. 18(a)]. In addition, due to the streamwise velocity
component characterizing climb flight, the wakes of the side-by-side
rotors also negligibly interact in the baseline configuration. Both these
features are supported by the vorticity contours visualizations,
highlighting no apparent superpositions of the wakes streamtube edges
for both the internal and external rotors [see Figs. 19(a) and 19(b)]. In
addition, particularly the slice cutting the internal rotor centerline does
not show any impingement of the rotors’ wakes with the wing, even if
a certain influence on the rear wake behavior could be observed due to
the interaction with the fuselage.

The 8-rotor-up layout visualization shows that, since all the
rotors are placed over the wing, the wake of the front external rotor
impinges partially on the wing tip, while the front internal rotor
wake interacts strongly with the wing upper surface [see Fig. 18(b)].
This latter event is apparently observed from the vorticity contours
visualizations on the internal rotors slice, showing the generation of
a region of intense vorticity in correspondence with the wing leading
edge [see Fig. 19(d)].

The 8-rotor-downup layout resembles a wake evolution similar
to the baseline case for the external rotors, since both the front and
rear external rotors’ wakes do not show any strong interactions with
the airframe components [see Fig. 18(c)]. On the other hand, as shown
by vorticity visualizations in Fig. 19(f), only the rear internal rotors’
wake tends to interact with the rear portion of the wing due to their
lower relative distance with respect to the 8-rotor-baseline layout.
Again, for completeness, the vertical velocity contours on the other
plane, namely the X–Z plane passing through the rotors centerline, are
reported in Appendix (see Fig. 23). As done for the 4-rotor configura-
tions, the distribution of the thrust coefficient CT over rotor disks is
shown in Fig. 20, particularly comparing the baseline and rotors-
downup models only, as they show the greatest differences for the
investigated front and rear rotors positioned on the left side of the
fuselage.

For the 8-rotor-baseline configuration, the thrust coefficient
distributions show a similar behavior for the front rotors and the
rear external one, while a slightly higher intensity of the CT can be
observed for the advancing blade of the rear internal rotor between
0� < w < 60� due to an interaction with the fuselage. Generally,

FIG. 18. Climb flight, comparison of the flow fields for the 8-rotors layout, and Q-
criterion three-dimensional surfaces contoured by vertical velocity.
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for the 8-rotor-downup layout, the rear rotors produce a higher
level of thrust than the frontal ones, particularly the internal one,
which also shows an intense interaction with the wing in the azi-
muthal range between 60� < w < 120�, characterized by large
thrust fluctuations.

IV. CONCLUSIONS

The present work described a comprehensive mid-fidelity
numerical investigation of the interactional aerodynamic mechanisms

occurring on two Lift þ Cruise eVTOL configurations equipped with
four and eight rotors. Using the open-source DUST solver, six distinct
layouts were simulated in hover and climb to examine how the verti-
cal placement of the rotors with respect to the wing influences wake
development, rotor–rotor interference, and rotor–airframe aerody-
namic performance. Across all configurations, the simulations dem-
onstrated that the interactional flow field is highly sensitive to the
relative distances between rotors and lifting surfaces. In hover, the
baseline layouts showed limited aerodynamic interference, with thrust

FIG. 19. Climb flight, comparison of the flow fields for the 8-rotors configurations, and vorticity magnitude contours on a X � Z vertical plane passing through the rotors hub
centerline.
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FIG. 20. Comparison of the thrust coefficient CT distribution on the rotor disk evaluated during the last computed revolution, 8-rotor configurations in climb.
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levels close to those of the isolated rotors. Conversely, the rotors-up
and rotors-downup layouts exhibited strong wake deformation,
loss of coherence of the helical structures, and significant perturba-
tions of the induced velocity field. These effects produced minor var-
iations of loads coefficient distributions and asymmetric loading
patterns. Among the investigated layouts, only the rotors-downup
configuration showed a valuable favorable performance improve-
ments particularly for the four-rotors configuration where an increase
in 2:8% of thrust is generated with respect to single rotor case
primarily due to the beneficial interaction between the rotor wakes
and the wing.

In climb flight, the inflow inclination and increased convective
transport of vorticity reduced the near-field wake interference com-
pared with hover, but stronger blade-vortex interactions were
observed. Also in this flight condition, minor variations of the perfor-
mance are observed among installed-rotor configurations, with the
rotors-downup layout only delivering a valuable improvement of 4:2%
generated thrust for both aircraft sizes. The eight-rotor variants dis-
played more complex wake behavior, particularly for the inner rotors,
where proximity to the fuselage and wing amplified load fluctuations
and induced velocity distortions.

Overall, the study confirms that mid-fidelity methods such as
DUST can provide valuable insights into the complex aerodynamic flow
mechanisms and wake interaction trends governing distributed-
propulsion eVTOL aircraft, enabling a fast evaluation of preliminary
design-level insights. Indeed, the comparative assessment of the flow fea-
tures characterizing rotor layouts provided interesting guidelines for the
preliminary investigation the interactional mechanisms of novel architec-
tures reproducing the Lift þ Cruise concept, widely investigated among
the eVTOL community. The results and modeling approach developed
in this work contribute to the definition of an open-geometry reference
Lift þ Cruise aircraft within the DICUAM2026 initiative and support
future investigations aimed at optimizing UAM vehicle performance
across the flight envelope. Future work could be focused on the use of
higher-fidelity CFD simulations to strengthen confidence in the predic-
tion of wake interactions and particularly to provide robustness to rotor
loading variations related to the architecture changes investigated in this
study to be considered as definitive design advantages for the aircraft.
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FIG. 21. Hover flight, comparison of the flow fields for the 4-rotors configurations, and vertical velocity contours on a X � Z vertical plane passing though the rotors centerline.
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NOMENCLATURE

CT thrust coefficient ¼ T=ðqpR4n2Þ [-]
d vertical distance of rotors

eVTOL electrical vertical take-off and landing aircraft
L lateral distance of rotors
n rotational speed (rad/s)
Q rotor torque (N m)
R rotor radius (m)

RPM revolution per minute
T rotor thrust (N)

UAM urban air mobility
velocity Z vertical velocity component (m s�1)
x � y � z reference system axis

q freestream air density (kg m�3)
w blade azimuthal position (deg)

APPENDIX: ADDITIONAL RESULTS

Hover flight, comparison of the flow fields for the 4-rotors
configurations, and vertical velocity contours on a X � Z verti-
cal plane passing though the rotors centerline. Hover flight,
comparison of the flow fields for the 8-rotors configurations,
and vertical velocity contours on a vertical plane passing
through the rotors hub centerline. Climb flight, comparison of

FIG. 22. Hover flight, comparison of the flow fields for the 8-rotors configurations, and vertical velocity contours on a vertical plane passing through the rotors hub centerline.
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the flow fields for the 8-rotors configurations, and vertical
velocity contours on a X � Z vertical plane passing through the
rotors hub centerline.
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