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Abstract
The present work aims to extend the capabilities of DUST, a mid-fidelity aerodynamic solver developed at Politecnico
di Milano, for the aerodynamic simulation of flight conditions characterised by flow separations. With this aim, a novel
numerical element was implemented in the solver obtained by a coupling between the potential unsteady vortex lattice
method and viscous aerodynamic data of airfoil sections available from two-dimensional high-fidelity CFD simulations or
experimental wind-tunnel tests. The paper describes the mathematical formulation of the method and the results of a
comprehensive validation of the novel numerical element performed by comparison with both high-fidelity CFD simulations
results and experimental data. In particular the validation test cases included the evaluation of the airloads of a fixed rigid
wing, the flutter speed of a wedged wing and the aerodynamic performance of the full scale proprotor of the XV-15 tiltrotor
operating in hover condition, forward flight in helicopter mode and airplane mode.

1 Introduction

The study of the complex aerodynamics characterising the
novel concept of electric take-off and landing aircraft (eV-
TOL) for Advanced Air Mobility (AAM) represents a chal-
lenge for computational fluid dynamics (CFD) tools. These
kinds of flying machines experience a wide variety of flight
conditions in which the rotor works with a high disk load-
ing in helicopter mode, while a lower disk loading is experi-
enced in airplane mode, where the rotor behave as a pro-
peller. Currently, to obtain appreciable performance for both
these flight conditions, the optimal design of eVTOL rotors
leads to the use of highly twisted blades. Consequently,
blades’ airfoil sections experience a wide range of angles of
attack that could overcome the stall condition, particularly in
hovering.

In the preliminary design phase of innovative rotorcraft
concepts as eVTOLs, a key aspect is to obtain a fast and
accurate evaluation of aeroelastic loads on rotors and lift-
ing surfaces. Indeed, as previously cited, the flight mis-
sion of these novel aircraft is characterised by different con-
figurations, from hover to conversion phase and airplane
mode. Thus, a huge number of simulations are required
during their design phase to cover the entire aircraft flight
envelope. Consequently, in recent years, the interest of in-
dustrial and scientific communities concerning the use of
mid-fidelity aerodynamic solvers, based on vortex-particle
method (VPM) for wake modelling [1, 2], has grown in the
field of rotorcraft simulations. This interest was finalised
to obtain fast and accurate numerical tools to be used in
the preliminary design phase of novel rotorcraft architec-
tures. Due to the lower computational costs required by

mid-fidelity numerical methods with respect to high-fidelity
CFD simulations based on Navier-Stokes solvers, these
tools were also suitable to be coupled with structural solvers
aimed to obtain a fast and accurate aeroelastic solution
for rotorcraft configurations [3]. Nevertheless, the numer-
ical approach implemented in such aerodynamic solvers
presents some limitations, particularly concerning the eval-
uation of the aerodynamic performance in flight conditions
characterised by consistent flow separations.

The present work describes a novel numerical element
implemented in DUST [4], a mid-fidelity aerodynamic solver
developed at Politecnico di Milano, to extend the code ca-
pabilities for the simulation of flight conditions characterised
by important viscous effects. In particular, the novel numer-
ical element is based on a coupling between the potential
unsteady vortex lattice method and viscous aerodynamic
data of airfoil sections available from two-dimensional high-
fidelity CFD simulations (RANS) or experimental data. The
paper includes a brief description of the state-of-the-art nu-
merical elements implemented in DUST followed by the de-
scription of the mathematical formulation of the novel non-
linear vortex lattice method (NL-VL). Moreover, the paper
presents the validation of the novel method based on com-
parison of DUST simulations results with high-fidelity CFD
and experimental data obtained over both fixed-wing and
rotary-wing test cases.

2 Formulation of the DUST code

The mid-fidelity open-source software DUST has been de-
veloped from Politecnico di Milano since 2017 for the sim-
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ulation of the interactional aerodynamics of rotorcraft and
unconventional aircraft configurations [4]. The code is re-
leased under the open source MIT license (https://www.
dust-project.org/). The capabilities of the code have
been quite extended in recent years and DUST has been
also coupled to the open-source multibody solver MBDyn
[3], also developed at Politecnico di Milano, enabling to per-
form aeroelastic analysis of complete rotorcraft configura-
tions. The mathematical formulation of DUST relies on an
integral boundary element formulation of the aerodynamic
problem and vortex-particle modelling [1, 2] of the wakes.
This choice naturally fits the Helmholtz decomposition of the
velocity field from a mathematical point of view and avoids
the numerical instabilities occurring with connected models
of the wake. A model can be composed of several compo-
nents, connected to user-defined reference frames, whose
position and motion can be defined in a hierarchical way.
The presence of different aerodynamic elements allows for
different levels of fidelity in the model, ranging from lifting
line elements to zero-thickness lifting surfaces and surface
panels for thick solid bodies.

The lifting line (LL) element implemented in DUST is
a 1-D model of thin slender lifting bodies, whose sectional
aerodynamic coefficients of lift, drag, and pitching moment,
i.e. cl , cd , cm, are provided as a function of the local an-

gle of attack α, the local Reynolds number Re and the local
Mach number M. This allows taking into account the airfoil
camber and thickness and both viscous and compressibility
effects on aerodynamic loads computation. However, since
the problem is stated in explicit form, numerical instability
may occur during aerodynamic or aeroelastic analysis. The
vortex lattice (VL) method provides the aerodynamic ele-
ments for the discrete representation of the mean surface
of thin lifting bodies, modeled as a sheet of vortex rings of
intensity Γ equivalent to a piecewise-uniform surface dou-
blet distribution. The compressibility effects are taken into
consideration by applying a Prandtl-Glauert correction on
the loads, while the element is not able to capture the non-
linear behavior of the aerodynamic loads. The element re-
lies on a fully implicit numerical scheme that provides nu-
merical stability. The surface panels (SP) are formulated as
a Morino-like problem [5] in implicit form. With this element,
the real shape of the component can be described by apply-
ing the non-penetration boundary condition in the physical
position. However, this element is not able to capture the
nonlinear effect on the aerodynamic loads.

The main peculiarities of the aerodynamic elements im-
plemented in DUST are reported in Table 1, while the com-
plete mathematical formulation of the code is described in
[4].

Lifting Line (LL) Vortex Lattice (VL) Non-Linear VL (NL-VL) Surface Panel (SP)
3D Unsteady Yes Yes Yes Yes
Thickness Yes (Via database) No Yes (Via database) Yes
Camber Yes (Via database) Yes Yes Yes
Viscous effects Yes (Via database) No Yes (Via database) No
Compressibility Yes (Via database) Yes (Via correction) Yes (Via database) Yes (Via correction)
Physical shape No No No Yes
Numerical scheme Explicit Implicit Implicit Implicit
Computational cost Low Low Medium High

Table 1: Summary of DUST available components and their characteristics

2.1 Non-Linear Vortex Lattice method

To overcome both limitations of LL (due to numerical
scheme) and VL (related to viscous effects capturing), the
two elements were joined together providing a new non-
linear vortex lattice element. In the first step, the potential
solution of the linear vortex lattice is calculated, by solving
the linear system that impose the non penetration boundary
condition on the vortex lattice panel:

(1) n̂ ·uφ = n̂ ·
(
ub −U∞ −uψ

)
where uφ is the potential velocity, ub is the body velocity,
U∞ is the free-stream velocity uψ is the rotational pertur-
bation velocity. In the vortex lattice method, the surface is
discretized as sheet of vortex wing of intensity Γiv , equiva-
lent to a piecewise-uniform surface doublet distribution with
the same intensity µiv . The boundary condition is written for
each panel collocation point and we can rewrite the problem

in a linear system form:

(2) AΓ = RHS

Where each term ai j of matrix A is defined as the velocity
component induced by unit strength Γi, normal to the sur-
face at collocation point i. After the solution of the system, it
is possible to calculate the angle of attack of each stripe in
the component as for the lifting line case. Then, a fixed point
iterative problem is solved, as for the LL case, by imposing
a convergence between the lift coefficient derived from the
aerodynamic look-up table and the one calculated from the
stripe intensity. For each iteration, the vortex lattice linear
system is solved by modifying only the right-hand side and
taking as results the updated circulations. To numerically
stabilize the method two kind of relaxation are available:

• Constant relaxation, where the updated right-hand
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side of the system is:

(3) RHSi = RHSi−1 +α · r

where α is the constant relaxation factor, and r is the
residual vector, defined as the difference between the
lift coefficient solved from the linear system and the
one obtained for the aerodynamic look-up table at it-
eration i.

• Aitken acceleration [6], where the updated right-hand
side of the system is

(4) αi =−αi−1
ri−1 ·∆ri

∆ri ·∆ri

where αi is the Aitken relaxation factor for iteration i,
and r is the residual vector and ∆ri is the difference
the residuals at iteration i and i−1. Then the RHS is
updated as described in eq. 3.

3 Results and Discussion

The present section describes the results of the validation
of the novel numerical approach tested on both fixed-wing
and rotary-wing benchmark cases available from literature
for aerodynamic and aeroelastic problems.

3.1 Rigid Fixed-Wing

Firstly, a simple finite wing benchmark case is considered to
test the correct implementation of the method. In particular,
the test case consists of a rectangular wing with an aspect
ratio equal to 12, a constant chord of 1 m and a constant
NACA 4415 airfoil section. Figure 1 shows the comparison
of the wing lift coefficient as a function of the angle of at-
tack computed by high-fidelity CFD simulations from Hosan-
gadi et al. [7]) and by DUST using both the already imple-
mented LL and VL elements and the novel non-linear vortex
lattice method (NL-VL). The effectiveness of the non-linear
vortex-lattice method is evident, as shown by the remark-
able agreement with the curves obtained using the lifting-
line approach implemented in DUST and with high-fidelity
CFD simulations, both considering viscous contributions for
airloads evaluation. This result confirms the correctness of
the novel implementation based on the integration of the
viscous aerodynamic 2D data and shows the capabilities
of the method to capture stalled and post-stalled conditions
with respect to the purely potential VL model.

Figure 1: Comparison of the NACA 4415 wing lift coefficient (CL)
as function of angle of attack: high-fidelity CFD simulations results
from [7] (CFD), DUST vortex lattice (VL), lifting line (LL) and non-
linear vortex lattice (NL-VL) simulations results.

3.2 Goland’s Wing Flutter

Secondly, an aeroelastic benchmark test is considered, i.e.
the Goland’s wing [8]. This test case was widely used in
literature to validate aeroelastic codes. The study of this
low-aspect-ratio wedged wing with aspect ratio ≈ 3.33 is
also of interest because it highlights the effect of using a
2D or a 3D aerodynamic model on flutter computation. This
aeroelastic model was investigated in a previous work by
Savino et al. [3] by using the coupled DUST-MBDyn code,
extended in the present activity including the use of the non-
linear vortex lattice method for the evaluation of the wing
flutter. In particular, to study the flutter instability, a non-
zero angle of attack of 0.05° was introduced as a pertur-
bation, as done in [9]. The frequency and damping of the
model response were identified from the time history of the
wing-tip deflection using the matrix pencil estimation (MPE)
method [10]. Table 2 reports a comparison of the flutter
speed and frequency computed by several authors for this
test case. Results from the coupled DUST-MBDyn code
are in quite good agreement with those obtained by similar
codes using 3D aerodynamic models [11, 12, 9], confirming
the suitability of the novel approach for aeroelastic simula-
tions. In details, the discrepancy with the results obtained
with the same multibody structural model, but using its built-
in aerodynamic model based on two-dimensional unsteady
strip theory, indicates the higher capability of the coupled
code for the investigation of aeroelastic problems.
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Author Model Vf [ms−1] f f [Hz]
Goland [8] Analytical (2D) 137.2 11.25
Patil et al. [11] Strip Theory 135.6 11.17
Wang et al. [12] ZAERO 174.3 -
Wang et al. [12] UVLM 163.8 -
Murua et al. [9] SHARP UVLM 165 10.98
Savino et al. [3] MBDyn’s strip theory 135.1 11.07
Savino et al. [3] DUST (VL)-MBDyn 168.2 10.84
Savino et al. [3] DUST (SP)-MBDyn 174.2 11.06
Present work DUST (NL-VL)-MBDyn 171.4 10.97

Table 2: Comparison of flutter speed and frequency computed for
Goland’s wing.

In order to evaluate the capabilities of the coupled code
DUST-MBDyn using the different aerodynamic models in-
cluding the novel NL-VL approach, Fig. 3 presents the com-
puted damping of the first beam torsional mode of the wing
as functions of the free-stream speed.

Figure 2: Frequency f of the first torsional modes vs speed U∞

for Goland’s wing. Coupled DUST-MBDyn simulations results (VL,
NL-VL and SP mesh) and MBDyn results with 2D strip theory aero-
dynamic model.

Figure 3: Damping (ξ) of the first torsional modes vs speed U∞

for Goland’s wing. Coupled DUST-MBDyn simulations results (VL,
NL-VL and SP mesh) and MBDyn results with 2D strip theory aero-
dynamic model.

Numerical results of the coupled simulations obtained

using a panel mesh (SP) show a slightly higher aerody-
namic damping than those obtained using both VL ap-
proaches. An increase in the predicted flutter speed of ap-
proximately 3.7 % is observed. Given these minor differ-
ences in the results obtained with the two models, a vortex
lattice mesh appears to be more convenient than a surface
panel one, as the computational cost reduces significantly
with no loss in accuracy, at least for simple configurations
without complex aerodynamic interaction between bodies.

3.3 XV-15 Proprotor

A third benchmark case, this time in rotorcraft field, is con-
sidered in the present work, consisting in the simulation of
the proprotor of the XV-15 tiltrotor with metal blades in dif-
ferent flight conditions, i.e. hover condition, forward flight in
helicopter mode, and airplane mode.

For the present test case, the three propeller blades
were modeled as rigid blades using non-linear vortex lattice
elements only. The tabulated aerodynamic performances
of the propeller airfoils were taken from [13]. DUST sim-
ulations were performed considering a length of 10 pro-
peller revolutions with a time discretisation of 5° of blade
azimuthal angle. The computational time required to com-
plete the simulation of the rotor configuration was about 8
minutes using a workstation with a Dual Intel Xeon Gold
6230R @2.10Ghz with 104 cores processor.

In the following, DUST simulations results obtained us-
ing the NL-VL approach are compared to the recent high-
fidelity numerical simulations results obtained by Jia et
al. [14] using a Detached Eddy Simulation (DES) approach
and to the experimental data collected in the test campaigns
described by Felker et al. [13] and Betzina [15].

3.3.1 Hover flight condition

Figures 4 and 5 show the comparison of the rotor thrust co-
efficient (CT ) as a function, respectively, of the blade collec-
tive angle and of the rotor torque coefficient(CQ), while Fig.
6 shows the comparison of the rotor figure of merit (FM).

Figure 4: Comparison of the CT /σ vs collective angle for the XV-
15 proprotor in hover. Experimental data taken from [13] (Exp),
numerical data from [14] (CFD) and DUST (NL-VL).
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Figure 5: Comparison of the CQ/σ vs CT /σ for the XV-15 propro-
tor in hover. Experimental data taken from [13] (Exp), numerical
data from [14] (CFD) and DUST (NL-VL).

Figure 6: Comparison of the FM vs CT /σ for the XV-15 proprotor
in hover. Experimental data taken from [13] (Exp), numerical data
from [14] (CFD) and DUST (NL-VL).

The performance curves obtained with DUST resume
quite well the behaviour of the experimental data in the
whole range of blade collective angles tested. Moreover, the
curves comparison shows that DUST approach provides
similar capabilities to a DES approach in terms of aerody-
namic performance evaluation for such a case, but requiring
a quite lower amount of computational effort. In particular,
the rotor figure of merit comparison shown in Fig. 6, clearly
indicates the very good agreement with experiments of the
overall rotor performance in hover calculated by DUST, par-
ticularly at low CT/σ. Moreover, the quite lower computa-
tional cost required by DUST approach enabled to perform
a quite higher amount of simulations with respect to high-
fidelity CFD, thus covering with a finer step of collective an-
gle the whole operational range described by the experi-
mental curve.

0.0

0.2

0.1

M
ac

h
Figure 7: Wake visualization of the XV-15 proprotor in hover by
means of iso-surfaces of Q-criterion computed by DUST colored
by Mach number.

A flow field representation of the present test condition
is presented in Fig. 7, showing the helical vortical structure
of the proprotor wake in hover computed by DUST high-
lighted by the iso-surfaces of Q-criterion.

3.3.2 Forward flight condition

In forward flight condition, helicopter mode configurations of
the XV-15 proprotor were investigated with DUST consider-
ing three shaft angle attitudes, i.e. α = −5◦, α = 0◦ and
α = 5◦, at advance ratio 0.17. This choice enabled, analo-
gously to what done in [14], to investigate DUST capabilities
in both propulsive and descending forward flight conditions.

Figures 8 and 9 show the comparison of the rotor torque
coefficient (CQ) as a function, respectively, of the rotor thrust
coefficient(CT ) and of the lift coefficient (CL).
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Figure 8: Comparison of the CQ/σ vs CT /σ for the XV-15 pro-
protor in forward flight. Experimental data taken from [15] (Exp),
numerical data from [14] (CFD) and DUST (NL-VL).

Figure 9: Comparison of the CQ/σ vs CL/σ for the XV-15 pro-
protor in forward flight. Experimental data taken from [15] (Exp),
numerical data from [14] (CFD) and DUST (NL-VL).

A quite good agreement with experiments is found
also for this flight condition for the proprotor aerodynamic
performance calculated by DUST. In particular, DUST re-
sults slightly underestimate the experimental performance
curves in the whole range of collective blade angles con-
sidered. Nevertheless, the discrepancies of DUST results
from experimental data are relatively lower with respect to
CFD simulations results, particularly in the lower range of
collective angles tested. On the other hand, at higher thrust
or lift coefficient range, larger discrepancies with respect to
experimental data are found for DUST representation of the
proprotor aerodynamic performance. This behaviour could
be related to the limitation of DUST approach to reproduce
accurately high blade loading conditions characterised by
more important viscous effects and separated flow regions.

0.1 0.20.15
Mach

Figure 10: Wake visualization of the XV-15 proprotor in advanced
flight at 5° collective, and α =5° by means of iso-surfaces of Q-
criterion computed by DUST colored by Mach number.

Indeed, these flight conditions are also characterised by
consistent aerodynamic interactional effects, as shown by
the flow visualization presented in Fig. 10 highlighting the
interaction of the tip vortices with the downstream blades.

3.3.3 Airplane Mode flight condition

Airplane mode configurations of the XV-15 proprotor were
simulated using DUST at advance ratio 0.337 for different
collective blade pitch angles. The capabilities of DUST to
reproduce the aerodynamic performance of the proprotor in
this flight condition is evaluated by comparing the torque co-
efficient (CQ) and propulsive efficiency (η) as function of the
thrust coefficient (CT ), see respectively Figs. 11 and 12.

Figure 11: Comparison of the CQ/σ vs CT /σ for the XV-15 pro-
protor in airplane mode flight. Experimental data taken from [15]
(Exp), numerical data from [14] (CFD) and DUST (NL-VL).
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Figure 12: Comparison of the propulsive efficiency eta vs CT /σ

for the XV-15 proprotor in airplane mode flight. Experimental data
taken from [15] (Exp), numerical data from [14] (CFD) and DUST
(NL-VL).

A very good agreement between DUST simulations re-
sults and experimental data is found for this flight conditions.
In particular, the discrepancies with respect to experimental
curves exposed by DUST simulations results are quite lower
with respect to the ones obtained by high-fidelity CFD sim-
ulations, thus confirming the suitability of DUST approach
for an accurate evaluation of propellers aerodynamic per-
formance. Indeed, a slight overestimation of the propulsive
efficiency evaluated by experiments can be observed from
DUST simulation results over almost the whole range of ro-
tor thrust conditions tested, while a higher discrepancy in
the order of 20% is found only for the lowest blade loading
condition tested.

0.17 0.280.2 0.25
Mach

Figure 13: Wake visualization of the XV-15 proprotor in airplane
mode by means of iso-surfaces of Q-criterion computed by DUST
colored by Mach number.

The flow field representation of an airplane mode flight
condition computed by DUST is shown in Fig. 13 by means

of iso-surfaces of Q-criterion, highlighting a quite coherent
helical vortical structure of the proprotor wake without inter-
actions due to the free-stream velocity dragging character-
ising this flight condition.

4 Conclusions

A novel non-linear vortex lattice element was implemented
in the mid-fidelity aerodynamic code DUST. The aim of the
novel method is to overcome the limitations of the state-of-
the-art already implemented numerical elements, i.e. lift-
ing lines and classical vortex lattice elements, related, re-
spectively, to the occurrence of numerical instabilities and
to the inability to capture viscous effects. The novel numer-
ical method was validated and tested against different test
cases ranging from fixed-wing to rotorcraft applications.

The comparison with experimental results obtained for
a steady fixed-wing test case showed that DUST simula-
tions performed using this novel approach allowed great
accuracy in capturing the wing aerodynamic performance,
also for stalled conditions. Moreover, aeroelastic simula-
tions performed with DUST over a wedged fixed-wing con-
firmed the capabilities of the novel approach to capture flut-
ter speed without any loss of accuracy with respect to clas-
sical surface panels or vortex lattice methods.

DUST simulations results performed over the XV-15
proprotor showed a very good agreement with experimen-
tal data for different flight conditions ranging from hover
to airplane mode. In particular, DUST simulations results
showed the capability to obtain a similar degree of accuracy
in terms of rotor aerodynamic performance with respect to
high-fidelity CFD approach, but at a quite lower computa-
tional cost. This result further highlighted the potentialities
of the implemented approach for the design and investiga-
tion of rotorcraft configurations.
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