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ABSTRACT

A time-stepping, lifting-line solution algorithm, designed to predict the unsteady aerodynamics of rotorcraft blades,
is presented. This method extends recently developed lifting-line techniques —originally applied to prescribed-wake
and free-wake wing problems— to the realm of rotary-wing applications. The approach leverages an intrinsic time-
stepping description paired with a free wake model, making it a natural fit for generic rotary-wing configurations.
A key aspect of this work is the excellent correlation achieved against a fully three-dimensional Boundary Element
Method for potential flows. The work presents a comprehensive validation dataset. This dataset will span a variety
of applications with unsteady harmonic motions for rotors in hovering conditions and extend to airplane mode axial
flight conditions of proprotors, detailing the enhancements that have been briefly outlined here.

NOTATION

ES

Symbols

b Airfoil semi-chord, m
¢ Airfoil chord, m

k Reduced frequency
M, Torque, Nm

N, Number of blades

R Rotor radius, m

T Rotor thrust, N

V Velocity, m/s

6,59, Pitch angle at 75% of blade radius
p Air density, kg/m?

@ Pulsation

Q Rotor angular velocity, rad /s
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Acronyms

BEM Boundary Element Method
KJ Kutta-Joukowski (Theorem)

KS Kiissner-Schwarz (Model)

LL Lifting Line (Model)

ULLT Unsteady Lifting Line Theory

USLL Unsteady Lifting Line (Model)

INTRODUCTION

The significant influence of interactional aerodynamics on air-
craft performance underscores the necessity for efficient aero-
dynamic modeling. This requirement is particularly critical
in rotary-wing aircraft, where the inherently unsteady nature
of rotor operation demands the use of specialized modeling
tools.

Rotor blades, typically characterized as slender lifting sur-
faces optimized for hover, are often analyzed using aero-
dynamic models based on two-dimensional theories. These
models permit extensive exploration of the design space while
substantially reducing computational costs. In particular, by
integrating a spanwise distribution of sectional properties with
a lifting-line approach, engineers can effectively assess var-
ious configurations without resorting to complex geometry
processing or meshing.

However, the traditional lifting-line theory (Refs. 1, 2) re-
lies on assumptions that become questionable when applied



to blades experiencing highly unsteady and non-uniform flow
fields. As a result, there is a compelling need to reformulate
the aerodynamic models to more accurately capture the dy-
namic interactions inherent in such conditions.

Most foundational work in unsteady aerodynamics, such as
the theories developed by Theodorsen (Ref. 3) and Wagner
(Ref. 4), was originally intended for fixed wings in idealized
flow conditions. While these models provide analytical pre-
dictions of lift and pitching moment in unsteady flows, their
assumptions are not suitable for rotor applications.

This study presents the development and application of a time-
domain Unsteady Lifting-Line Theory (ULLT) for rotor anal-
ysis. The numerical investigation evaluates the model’s pre-
dictions of generalized aerodynamic forces across various ax-
ial flight regimes. These results are compared with those ob-
tained from a validated boundary element method (BEM) for
three-dimensional potential flow (Refs. 5—12). A detailed de-
scription of the BEM tool and its validation as a benchmarking
reference can be found in (Ref. 13).

METHOD DESCRIPTION

The model presented here is a fully unsteady lifting-line ap-
proach that considers the dynamic evolution of a vortex-lattice
wake, based on its own self-induced velocity field. Sectional
aerodynamic loads are computed using Kiissner-Schwarz’s
model, with full dynamic adaptation. To complete the lifting-
line formulation, the model incorporates a fourth-order repre-
sentation of the unsteady Kutta-Joukowski theorem (Ref. 14).

Kiissner-Schwarz Sectional Theory

To compute the aerodynamic forces on each section of the lift-
ing body, the only formulation valid regardless of the motion
of the body and the inflow distribution of the incoming wind,
is the solution derived by Kiissner-Schwarz (Refs. 15, 16).
Other existing models are based on specific assumptions about
downwash profiles, such as constant or linear distributions
(Ref. 3), or hypothesize about the gust shapes encountered
by the airfoil (Refs. 17-19).

To describe the Kiissner-Schwarz’s model, let V denote the
undisturbed flow speed, and consider a coordinate system
(x,z) where the origin is at the midpoint of the airfoil, the
x-axis is aligned with the unperturbed flow and the airfoil, di-
rected from the leading to the trailing edge, whereas the z-axis
is positive upwards. Additionally, let b represent the airfoil’s
semichord and ® the angular frequency, with the key non-
dimensional parameter k = wb/V, which is the reduced fre-
quency.

Assuming the physical downwash velocity, v, as that produced
by the vertical displacement, w, of the airfoil we have
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with the displacement expressed as a linear combination of M
shape functions

v=VZ" 4 (1)

M=

Y ()C) dm (t) (2)

w(x,1) =

m

where g, represents the m-th generalized Lagrangian coor-
dinate (downwash description aimed at aeroelastic applica-
tions). Rewriting Eq. (1) in the frequency domain and com-
bining it with Eq. (2) yields
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where & = x/b is the non-dimensional chordwise coordinate,
with the leading and trailing edges of the airfoil corresponding
to & = —1and & = 1, respectively.

Next, for 6 = arccos(§) the downwash is expressed through
the following cosine-series (for N — o)

N
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Then, it is demonstrated (Refs. 15, 10) that the corresponding
pressure jump distribution along the chord is given by
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where p denotes the air density and the &, coefficients depend
on the downwash cosine-series coefficients
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The pressure jump distribution can be separated into circu-
latory and non-circulatory components. The non-circulatory
part is
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where S,( k) is given by
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where C(k) is the lift deficiency function formulated by
Theodorsen (Ref. 3), and Q is defined as:

O=P+ B (10)

For a finite-state representation of the problem (useful for sta-
bility analysis and for its time-domain description for aeroser-
voelastic applications) a second-order rational approximation
of the lift deficiency function is provided (Ref. 20)
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Ck) = (12)
where z1, z and 07, 0, denote zeros and poles, respectively.
This leads to the following description of the circulatory loads
component
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where 7 represents an additional aerodynamic state introduced
by the poles of the rational approximation of C(k).
The sectional generalized aerodynamic loads, fm, to be con-
sidered in aeroelastic applications are then obtained by pro-
jecting the pressure jump onto the set of shape functions used
to express the displacement
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where f< and f"¢ denote the circulatory and non-circulatory
parts of the generalized aerodynamic loads, respectively.
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Combining Egs. (14), (13), (10) and rearranging them in vec-
tor form yields the following expression for the circuclatory
loads
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where g, h, 1 are [M x 1] vectors, whose component are ex-
pressed as
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In the same way, the non-circulatory part of the generalized
aerodynamic loads is obtained by the combination of Egs.
(14), (7) and (4), that provides, after rearranging in vector
form

' =2bpV? [-k*CB+ik(CA+DB)+DA]qg  (17)

where the matrices D and C have dimensions [M x N], while
A and B are [N x M], and their components are defined as
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Finally, combining Eqs. (15) and (17) and performing the
inverse Fourier transform we get the following definition in
the time domain

f(t) = 2bpV?[CB§ + (CA+DB)q+DAq
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where 7T is the non-dimensional time variable, defined as
T =1tV /b. This expression of the aerodynamic loads is the
key element of the proposed approach, which derives from
the rational approximation of the lift deficiency function in
Eq. (12) and represents a time-domain, state-space formula-
tion applicable to free-wake, aeroelastic applications.

Note that, the velocity coefficients B, in Eq. (4) can be de-
termined for arbitrary distributions of downwash, not neces-
sarily produced by body motion. Thus, this formulation is
well suited for the analysis of rotorcraft configurations where
a fundamental contribution to downwash is typically given by
the wake inflow.

Unsteady Kutta-Joukowski Theorem

The canonical formulation for lifting-line models exploits the
widely-known Glauert formulation and Kutta-Joukowski the-
orem (Refs. 1,21). Using this formulation in a time-stepping
simulation tool including wake effects would result in a quasi-
steady approach. In this case, to achieve the balance between
circulatory lift and released vorticity, there is the need to it-
eratively modify the bound circulation, I, until appropriate
matching is reached. To take into account the unsteady ef-
fects in this approach, the Kutta-Joukowski theorem extended
to unsteady linear aerodynamics must be used (Ref. 14). In-
deed, for each section of the wing, the following relation holds

=

(20)



where H (k) represents the reciprocal of the Kutta-Joukowski
frequency response function, which is given in terms of tran-
scendental functions (namely Bessel functions) of the reduced
frequency (Ref. 14), making it unsuitable for deriving state-
space time-domain formulations. To achieve this objective, it
is convenient to express it through an approximated rational
form. Since H(k) — 0 as k — oo, for the bound circulation
frequency response function this expression can be used (con-
sidering Ny > Mpy)

H%L(ik*zm)
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where the constant Hy, the Ny poles p,, and the My zeroes
z;m are determined to obtain an adequate accuracy. Combining
Eq. (21) with (20) and performing the inverse Fourier trans-
form yields the following expression (Ref. 14)

H(k) = Hy 1)

(22)
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which provides, in nondimensional time 7, the bound circu-
lation as a function of the circulatory lift time history (with
the coefficients ¢, obtained from the partial fraction decom-
position). The added states r,, are introduced by the poles of
the rational approximation. In the method developed for this
study, My = 3 and Ny = 4 showed a satisfactory correlation
with the exact solution through the entire range of application
of the reduced frequency k. Note that the application of
lower-order rational forms for the description of the function
H (k) would decrease the quality of the approximation, while
not reducing significantly the computational cost of the
proposed formulation. It is worth noting that a finite-state
approximation of unsteady aerodynamic formulations can
be found since the work of (Ref. 22). Thereafter, several
approaches have been developed for the finite-state modeling
of airfoil unsteady aerodynamics, many of which are outlined
and compared in (Ref. 23). From that study can be gathered
that the number of states introduced by this present finite-state
approximation of the Kutta—Joukowski theorem is in line with
the number of states typically introduced for lift response
modeling.

Three-Dimensional Formulation

To include three-dimensional effects into the sectional solu-
tion via Kiissner-Schwarz’s model, it becomes necessary to
take into account the effects of the velocity induced by the
wake vorticity. Specifically, this contribution is included by
numerically evaluating its chordwise distribution due to the
trailing vortices (the effects from the shed vortices are already
taken into account by the Kiissner-Schwarz’s theory). Divid-
ing the wing into a prescribed number, Np, of finite sections,
discretizing the wake into Ny streamwise elements (eventu-
ally corresponding to the number of timesteps of the simu-
lation), and evaluating the normal component of the induced

velocity, v;, at N¢ collocation points along the chord of each
section, it is possible to extend Eq. (1) as
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thus extending correspondingly the definition of the coeffi-
cients P, in Eq. (4), the pressure jump distribution, and the
generalized aerodynamic loads. Overall, the contribution of
the induced velocity modifies Eq. (19) as
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where t is a N—component vector and 7y is a scalar whose
expressions are given by
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The suitable integration of sectional loads given in Eq. (24)
along the span gives the total (generalized) loads acting over
the body (to be used, eventually, for aeroelastic analysis).

Time-stepping Formulation

In time-marching algorithms for unsteady aerodynamic
simulations, each temporal increment necessitates itera-
tive convergence prior to advancing the simulation time
coordinate. Convergence is herein defined based on the
sectional circulation: specifically, the iterative update process
continues until the change in circulation, attributed to the
lift contribution of newly shed wake elements during the
iteration, is reduced below a predetermined tolerance.

At the onset of each time step, sectional aerodynamic forces
are computed employing the Kiissner-Schwarz’s model.
These forces incorporate contributions from freestream,
kinematic, and induced velocities. Initially, the induced ve-
locity field is reconstructed exclusively from wake elements
released during previous time steps. The computations are
performed independently for each airfoil section.
Subsequently, the updated sectional circulatory lift is input
into an unsteady Kutta—Joukowsky augmented-state model,
which produces an updated distribution of bound circulation
along the wing span. Once the bound circulation is deter-
mined across all sections, a new wake line is released. Since
the introduction of this new wake elements modifies the flow
field responsible for its generation, the induced velocity field
must be corrected accordingly.

This correction of induced velocities initiates a renewed
evaluation of sectional aerodynamic forces, bound circu-
lation, and wake shedding (as shown in 1). The iterative



Time =0

ion of time dependent variables and

updating time history

v

Updating induced velocities based on newly
releasing vortex chunks

Temporal advancement loop
Time = Time + At

Convergence Loop
(tolerance criterion
based on highest
sectional

Compute wing sections aerodynamic forces (via
KS model)

circulation
difference —
iterative
convergence)

Compute new circulation based on sectional forces
(via unsteady KJ)

Update wake vorticity and evaluate convergence
of subiterations

Save final value of aerodynamic force and
increment simulation timestep

Time End

Figure 1. Temporal Advancement Scheme

cycle, comprising the recomputation of aerodynamic forces,
the update of the bound circulation, the release of the wake
and the induced velocity correction, is repeated until the
normalized variation in the sectional circulation between suc-
cessive iterations falls below the convergence criterion. Upon
achieving convergence, the simulation time is incremented,
the wake is convected downstream, and the procedure is
reiterated for the subsequent time step.

Extension to Rotary Wing Aerodynamics

The formulation described above can be directly applied for
the simulation of unsteady aerodynamics of translating wings.
Note that, in the case of a non-rectangular planform, atten-
tion must be paid to the spanwise variation of reduced fre-
quency. Indeed, in that case, once defined a global reduced
frequency through which the wing dynamic is described, dif-
ferent local sectional reduced frequency require an appropri-
ate re-scaling of the sectional aerodynamic formulations, in-
cluding re-scaling of zeroes and poles of the rational approxi-
mations of lift deficiency function and Kutta-Joukowski trans-
fer function (Ref. 24).

However, the application of the presented unsteady aerody-
namic formulation can be also extended to rotors in hovering
or axial flight. In this case, the spanwise variation of the sec-
tional reduced frequency occurs regardless of the blade plan-
form, and is due to the radial variation of the undisturbed flow
velocity (for instance, V = Qr in hovering flight, with Q and r
denoting, respectively, rotor angular speed and radial position
of the section). Therefore, a global reduced frequency is intro-
duced and local re-scaling of the reduced frequency is applied
as already mentioned for the fixed wing case. In addition, for
rotor configurations, the shape of the wake is assigned a priori
(for instance, as a simple helical surface, or through the ap-
plication of a semi-empirical model) with the pitch defined in

terms of the thrust coefficient, or evaluated as a result of the
self-induced velocity in a free-wake solution mode (Ref. 24).

NUMERICAL RESULTS

This section begins by evaluating the accuracy of the pro-
posed ULLT formulation for estimating integral unsteady ro-
tor loads produced by blade motion. The assessment is made
through a comparison with predictions from a BEM computa-
tional tool, which models three-dimensional lifting bodies in
arbitrary motion. It is important to note that this tool has been
thoroughly validated against both experimental and numerical
data from literature, covering fixed and rotary wing configu-
rations (Refs. 5-12).

The numerical results presented consider the thrust time his-
tory induced by both blade pitch and flap deflections, de-
rived through time-marching simulations. The impact of wake
modeling on load predictions is examined.

In the main results presented hereafter, the performances
of three aerodynamic simulation codes will be compared:
the proposed ULLT formulation (USLL), the aforementioned
BEM, and a standard lifting line formulation (LL), based on
Prandtl-Glauert model, with a full panel wake. It is important
also to point out the latter does feature the inclusion of added
mass terms for noncirculatory lift, and it is introduced to show
the increase in accuracy given by the enhancements developed
in the proposed ULLT.

Each code can model the rotor’s wake as a fixed helical sur-
face, with the spiral length explicitly determined by the inflow
parameters. This ensures that the wake, which strongly af-
fects rotor aerodynamics, maintains the same influence across
all simulations. Indeed, by employing an identical fixed wake
configuration, any observed differences in the simulation out-
comes can be attributed solely to the intrinsic aerodynamic
formulation of the respective codes, thereby enabling a fair
and rigorous comparative analysis.

Before data acquisition, the different solvers were brought to
convergence to obtain the best possible results with reference
to the data available for the rotor studied (Ref. 25). In par-
ticular, the rotor considered is a 40% scaled version of the
BOI105 main rotor. It is a four-bladed rotor with a radius of
R = 2.0 m and rectangular blades. Such blades are built using
a NACA23012 airfoil and a linear twist of 6 = —4.0 deg/m.
This preliminary test helped assess the basic functionality of
the codes in steady conditions, set the proper number of wake
spirals to achieve convergence and establish the spanwise and
chordwise discretization required.

The reference thrust and torque value from the experimental
reference are 3254 N and 457 Nm, respectively; the BEM re-
sults achieves 3280 N of thrust and 451 Nm of torque, while
the ULLT method achieves 3246 N of thrust and 456 Nm of
torque - same values achieved with the LL model (which is
to be expected in steady conditions). All codes have the ad-
ditional contribution of the parasite drag mediated by the es-
timation of the rotor airfoil via XFOIL simulations in viscous
mode at dedicated Mach numbers.
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Table 1. Reference Rotor Characteristics

Radius 20m
Chord 0.121 m
Twist Ratio 4.0 deg/m
Null Twist @0.75R
Cutout 0.25R
Airfoil NACA0012
Rotational Speed 1041 RPM
Reference Collective Pitch 5.0 deg

The rotor used for the harmonic hover tests listed afterwards
is described in 1.

The blade discretization plays a fundamental role in the
aerodynamic loads prediction. The spanwise discretization,
namely the number of aerodynamic sections considered,
achieved convergence at ~ 30 sections for all three solvers.
On the other hand, the chordwise discretization is naturally
different for all solvers; the BEM solver achieved con-
vergence at ~ 60 panels along the airfoil line, while the
USLL required ~ 80 nodes to converge on the unsteady
loads (in steady cases, ideally one point is sufficient and the
solution reduces to a Theodorsen-like formulation). The LL
solver naturally does not feature this possibility. It is worth
reminding that the USLL chordwise discretization is simply
a series of spatial probes for induced velocity, spaced across
the airfoil mean line, and do not play a role in the potential
solution as they would, for instance, in a lifting surface model.

The temporal convergence achieved optimal results for a
timestep equal to 2.5° of azimuthal step. The most critical
situation for the simulations was the passage of the following
blade over the wake released by the preceding one: a reduced
length of the vortex chunks with respect to the mean blade
chord helps stabilize the induced velocity contribution and
achieving solution stability.

Analysis of Blade Harmonic Pitching in Hovering

The rotor setup is now investigated under unsteady conditions
to evaluate the accuracy of the newly developed solver in com-
parison with the benchmark BEM solver and the reference LL

implementation. From an average collective pitch value of 5°,
the blades are then subjected to a collective pitch sinusoidal
variation of 1° of amplitude.

For the blade pitching frequency @, = 2/rev and rotor in
hovering condition, Fig. 3 shows the temporal histories of
rotor thrust predicted by the proposed USLL, the BEM solver
and the standard LL. model.

Harmonic Pitching Time History Comparison
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Figure 3. Thrust due to 2/rev harmonic pitching. Hovering
flight.

It is immediate to notice the staggering enhancements of the
USLL solution with respect to the canonical lifting line. The
average thrust magnitude is better captured, but most impor-
tantly the phase of the load peaks are better resembling the
ones in the BEM solution. This results is especially meaning-
ful keeping in mind that lifting line solvers are mainly devel-
oped for multiphysics simulations, where the frequency re-
sponse becomes fundamental to evaluate the aeroelastic sta-
bility of the system.

Next, Figs. 4 and 5 illustrate the comparisons among thrust
predictions given by USLL, BEM and LL solvers, respec-
tively for @, = l/rev and @, = 4/rev. These demonstrate
that the newly developed model maintains its performance
superiority over the standard LL formulation even for lower
and higher pitching frequencies.
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Figure 4. Thrust due to 1/rev harmonic pitching. Hovering
flight.
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Figure 5. Thrust due to 4/rev harmonic pitching. Hovering
flight.

This consistent behavior indicates that the innovations of
the USLL model make it able to capture accurately a wide
unsteady aerodynamics frequency range.

Analysis of Blade Harmonic Flapping in Hovering

The investigation on the rotor under unsteady conditions pro-
ceeds also for flapping motion. Still considering an average
collective pitch value of 5°, the blades are then subjected
to a sinusoidal collective rigid flapping motion with tip dis-
placement amplitude equal to 0.01 m, and frequency equal
@y = 2/rev.

Temporal histories of rotor thrust for a whole revolution given
by USLL, BEM and LL solvers are depicted in Fig. 6. Also in
this case the USLL solution is in good agreement with BEM
ones, significantly improving the predictions provided by the
standard LL. model.
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Figure 6. Thrust due to 2/rev harmonic flapping. Hovering
flight.

Free Wake Analysis

Free wake simulation offers significant advantages over fixed
wake approaches by dynamically capturing the evolution of
the rotor wake’s vortex structures. Unlike fixed wake models,
which assume a stationary wake configuration, free wake for-
mulations account for the convective and deformable nature

of the vortical flow, revealing intricate wake topologies, in-
herent asymmetries, and evolving patterns that a static model
would overlook (see Fig. 7). While the predictions of overall
loads integrals, such as thrust and moment, is marginally
affected by the adoption of free-wake solution, the detailed
wake characterization provided by the free wake model is
critical. It qualitatively demonstrates that a body interacting
with the wake could experience highly non-uniform and
localized load distributions. Such insights are essential for
understanding complex rotor-body interactions, enabling
more accurate assessments of aerodynamic performance and
structural responses in realistic operating conditions (like
those with BVI occurrence).

%
i
Vertoxing clrculaton

Figure 7. Wake topologies for blade harmonic pitching in
hovering flight (colored with circulation).

Figure 7 represents the wake structures after 5 revolutions,
where it is possible to observe the secondary flow patterns,
such as the fountain effect at the rotor center.

Axial Flight

The proprotor operating in a predominantly axial-flow regime
— typical of high advance ratio forward flight — provides
an ideal validation case for tilt-rotor aerodynamic solvers
by introducing the key physical phenomena that complicate
tilt-rotor aerodynamics. In this regime, wake behavior is
characterized by significant skewing and contraction, neces-
sitating accurate prediction of wake tip vortices. Unlike hover
conditions where freestream velocity is negligible, axial-flow
forward flight challenges solvers to correctly superimpose
freestream and induced flows, providing a transitional bench-
mark between hover and airplane-mode simulations.

The proprotor described in 2 is the subject of this last set of
results, where the application test case changes from hover
conditions to forward axial flight condition, when most of the
inflow velocity is provided by the advancing motion of the
aircraft.

Just like the rotor case, the propeller geometry was at first
evaluated in steady conditions to assess the numerical conver-
gence of space and time discretization, and then verified in



Table 2. Reference Proprotor Characteristics

Radius 3.6m
Chord 0.250 m
Twist Ratio 7.64 deg/m
Null Twist @0.75R
Cutout 0.25R
Airfoil NACAO0012
Rotational Speed 300 RPM
Reference Cruise Speed 200 keas
Reference Collective Pitch 55.0 deg

-4.6e+00

Vortex fing circulation

Figure 8. Proprotor reference wake topology (colored with
circulation).

unsteady applications. The latter consists of blade harmonic
pitching around a reference collective pitch value of 55°, with
amplitude equal to 1° and frequency equal to w, = 2/rev.
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Figure 9. Proprotor thrust due to 2/rev harmonic pitching.

In Fig. 9 the harmonic thrust curves clearly demonstrate
the unsteady nature of the propeller loading, as all three
models oscillate in time. However, the newly developed
USLL model tracks the BEM benchmark almost exactly —
in both amplitude and phase — whereas the standard LL
solution significantly underestimates the peak-to-peak thrust
and exhibits a pronounced phase lag. This close alignment

of USLL with the BEM reference underscores its superior
capability to capture the true unsteady thrust dynamics.

It is worth reminding that one of the principal distinctions
between an axial-flight propeller and a hovering rotor
emerges when their dynamics are formulated in terms of
generalized Lagrangian coordinates. In the hovering case, the
undisturbed flow velocity is effectively zero, which simplifies
the mapping between the blade-fixed reference frame and the
inertial frame. By contrast, an axial-flight propeller operates
in a nonzero freestream, so its generalized coordinates must
be defined with respect to the undisturbed inflow velocity.
Hence, explicitly accounting for the axial flight speed within
the coordinate definition is essential for accurately capturing
the coupling between blade motion and incoming flow in
forward flight.

CONCLUSIONS

The newly developed unsteady lifting line method presented
here is capable of providing reliable results for unsteady ro-
tor flight conditions, enhancing the capabilities of standard
lifting-line formulations. Exploiting a frequency-domain sec-
tional analytical solution suitable for arbitrary airfoil motion,
and reformulating it in time domain by proper scaling of re-
duced frequency, it is possible to simulate rotary wings with
an unprecedented accuracy for this kind of modeling, making
it suitable for multiphysics applications. For proprotors ap-
plications, the proposed USLL accurately captures transient
aerodynamic loads encountered during mode transitions. This
fidelity is critical for potential realistic drivetrain torque es-
timation, gearbox fatigue analysis, and control system tun-
ing. Furthermore, USLL’s ability to resolve unsteady thrust
spikes improves predictions of blade vibration and acoustic
emissions. In aero-servo-elastic simulations, USLL’s accurate
phase and amplitude alignment ensures more reliable flutter
assessments and informed control-law development. Addi-
tionally, its computational efficiency makes it well-suited for
real-time simulation environments and hardware-in-the-loop
testing, positioning it as a robust tool for future digital twin
and advanced flight control architectures. In terms of compu-
tational performance, in fact, the USLL model is also in this
case ~10 times faster to perform this kind of analysis on the
same hardware architecture used for a BEM simulation, with
arisible increment with respect to the standard LL simulation.
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