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ABSTRACT
This paper presents a rotor dynamics modeling framework developed to investigate the behavior of an experimental
rotor system. The framework integrates two in-house solvers: a Multibody Dynamics code and a GPU-accelerated
vortex particle method, enabling efficient and accurate simulation of coupled aeromechanical systems. The multibody
solver utilizes a rigid-body core formulation and employs blade element theory, along with airfoil lookup tables, to
compute aerodynamic loads. The vortex particle wake model incorporates the Fast Multipole Method for computa-
tional efficiency. The viscous diffusion is simulated using Particle Strength Exchange and Core Spreading techniques.
Simulation predictions show good agreement with UH-60 experimental data. The resulting framework provides a fast,
accurate, and scalable tool for mid-fidelity rotorcraft wake simulations.

NOTATION

R Rotor radius, m
u Velocity, m/s
x Position, m
CT Rotor thrust coefficient
CP Rotor power coefficient
Cl Airfoil section lift coefficient
Cd Airfoil section drag coefficient
croot Blade root chord length, m
ctip Blade root tip length, m
µ Advance ratio
σ Rotor solidity
ω Vorticity, s−1

∇ Gradient operator
α Particle strength
·̃ Filtered quantity
·⃗ Vectorial quantity
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INTRODUCTION
The unique demands of rotorcraft aeromechanics analysis,
which require interdisciplinary models incorporating geom-
etry, structure, dynamics, and aerodynamics, have been the
driving force behind the development of comprehensive anal-
ysis tools. As rotorcraft configurations grow more advanced,
their nonlinear and interconnected dynamic behavior neces-
sitates the use of Multibody Dynamics (MBD) codes, inte-
grated with various aerodynamic models. Advances in high-
performance computing have enabled the application of Com-
putational Fluid Dynamics (CFD) as an aerodynamic solver.
However, despite its accuracy, CFD-MBD coupling remains
limited as demonstrated in Ref. 1–3 due to the high compu-
tational cost and numerical diffusion inherent in conventional
grid-based CFD methods.
Low-fidelity aerodynamic models, such as dynamic inflow,
can effectively estimate induced flow, offering advantages in
speed and computational efficiency. However, they fail to cap-
ture unsteady aerodynamic phenomena in which fluid rotation
or simply vorticity plays a significant role. For instance, in-
accuracies can arise when a tip vortex generated by one rotor
blade moves near another blade. When the advance ratio µ

is below 0.2, it becomes especially important for rotor wake
models to accurately represent the dynamics of trailing and
shed vortices, as strong blade–vortex interactions are com-
mon in this low-speed flight regime, as indicated in Ref. 4.
Alvarez and Ning showed in Ref. 5 that in multirotor aerody-
namic interactions, the accentuated induced upwash between
the rotors is the main contributor to the drop in blade loading
during rotor-on-rotor interaction.
In such cases, accurate modeling of wake interactions be-
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comes critical, making mid-fidelity aerodynamic solvers such
as the Lattice Boltzmann Method (LBM) and free-wake meth-
ods compelling alternatives. LBM solves the Lattice Boltz-
mann equation, which is a special discretized form of the
Boltzmann equation. It resolves using particle distribution
functions, rather than macroscopic quantities like velocity or
density. The main disadvantages of the LBM are its sensi-
tivity to grid resolution and relaxation parameters. Unlike
grid-based approaches, freewake methods are Lagrangian and
mesh-free, allowing the resolution of vortex structures over
long distances without the numerical dissipation issues that
plague Eulerian approaches. Traditional free wake solvers use
vortex filaments to model wakes but face challenges in cap-
turing near-wake distortions, vortex core growth, and wake
mixing.
The Viscous Vortex Particle Method (VVPM) addresses these
limitations by discretizing wake vorticity into particles rather
than filaments, providing greater flexibility in modeling com-
plex wake interactions. With sufficient particle resolution,
VVPM can accurately capture both radial and azimuthal in-
flow variations, offering a level of fidelity beyond simplified
filament methods while remaining significantly more compu-
tationally efficient than full CFD, as demonstrated in Ref. 6.
The open-source code DUST in Ref. 7 has successfully im-
plemented an MBD-VVPM coupling. Several studies from
Ref. 8–10 report simulation runtimes ranging from hours to
days, reflecting a significant bottleneck to broader adoption.
These investigations consistently highlight the urgent need for
faster computational turnaround to support practical design
and analysis workflows.
This paper presents an enhanced rotor dynamics modeling
capability, enabled by a newly developed in-house GPU-
accelerated VVPM solver, VORTEX, introduced in Ref. 11,
and coupled with the in-house MBD solver, ARCS, previously
used by Reiser in Ref. 12 to investigate coaxial rotors coupled
with an in-house LBM solver. Predictions from the coupled
aeromechanics solver, including thrust and power, are com-
pared with experimental data from the literature to demon-
strate the framework’s ability to accurately model rotor and
wake dynamics.

METHODOLOGY

Viscous Vortex Particle Method (VVPM)

The Navier-Stokes equations describe the velocity field
around the rotor, assuming the flow is incompressible. In its
vorticity-velocity form, it can be written as:

∂ω⃗

∂ t
+(⃗u ·∇)ω⃗ − (ω⃗ ·∇)⃗u = ν∇

2
ω⃗ (1)

where ω⃗ = ∇× u⃗ is vorticity. The vorticity field can be ap-
proximated with N points in space that are represented by vor-
tex particles:

ω⃗ (⃗x, t)≈
N

∑
i

δ (⃗x− x⃗i(t))⃗αi(t) (2)

Here, δ () denotes the Dirac delta function, which introduces
singularities into the vorticity field. The vector α⃗ represents
the vorticity carried by each particle. To avoid these singulari-
ties in numerical simulations, a smoothing filter function ζσ ()
is applied, where σ is the filter width. Several filter functions
have been proposed in Ref. 13; in this study, a Gaussian fil-
ter is used. The filtered Navier-Stokes equation in material
derivative form is given as:

D ˜⃗ω
Dt

= ( ˜⃗ω ·∇) ˜⃗u+ν∇
2 ˜⃗ω − T⃗ (3)

where ·̃ is the filtered quantity, and T⃗ represents the truncation
error between the resolved and unresolved quantities due to
the filtering process from Ref. 9. A turbulent viscosity model
is used in this work to approximate this truncation error by
modeling the loss of enstrophy transferred to the small scales,
similar to Ref. 10:

T⃗ =−∇ · (νt(∇⊗ ˜⃗ω)+(∇⊗ ˜⃗ω)t) (4)

Hence, the LES-filtered vorticity equation becomes:

D ˜⃗ω
Dt

= ( ˜⃗ω ·∇) ˜⃗u+∇ ·
(
(ν +νt)

(
∇⊗ ˜⃗ω

))
, (5)

where νt is turbulent viscosity. While there are a variety of
turbulent viscosity models available, shown in Ref. 14–16, in
the current work, the Vreman model from Ref. 16 is imple-
mented

νt = c

√
Bβ

β11 +β22 +β33
, (6)

where Bβ = β11β22 − β 2
12 + β11β33 − β 2

13 + β22β33 − β 2
23,

and β =
(
∇t ⊗ ˜⃗u

)(
∇⊗ ˜⃗u

)
. The modeling coefficient c

in eq. (6), dynamically adjusted using the procedure described
by Valentin in Ref. 10. The velocity field induced by the par-
ticles can be approximated using the Biot-Savart law:

˜⃗u(x⃗i, t) =−∑
j

g(ρi j)

4πr3
i j

r⃗i j × α⃗ j (7)

where,

g(ρ) = erf
(

ρ√
2

)
− 2ρ√

2π
eρ2/2 (8)

for the Gaussian filter.

The time evaluation of the vortex particles follows the refor-
mulated formulation in Ref. 17.
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ARCS-VORTEX Coupling

An in-house Multibody Dynamics Code, ARCS, developed at
the Institute for Rotorcraft and Vertical Flight, is used for rotor
blade dynamics Ref. 12. The aerodynamics of the blades are
modeled with the Blade Element Method in ARCS. The pro-
vided inflow data and calculated blade dynamics are used for
calculating the local angle of attack and Mach number, then
using 2D airfoil tables, the aerodynamic coefficients are ob-
tained, such as Cl(α,M),Cd(α,M). The obtained lift is con-
verted to bound circulation using the Kutta–Joukowski theo-
rem described in Ref. 18.

L′ = ρV Γ (9)

The calculated bound circulation and its location are passed
to the particle solver, VORTEX. The new particles are created
using the bound circulation as a vorticity source,

γwake =−dΓ

dt
+Vb∇ ·Γ (10)

where the first term is shed vorticity and the second term is
trailed vorticity.

An inflow-bound circulation coupling is established in a
tightly coupled manner between the solvers. The wake dy-
namic is solved by the VVPM solver, and the resulting in-
duced inflow data is relayed back to ARCS. At every timestep,
the solvers exchange the inflow and bound circulation data as
shown in fig. 1.

All components, including the blades, are modeled as rigid
bodies with specified inertial properties. A swash plate mech-
anism is not included in the model; instead, the pitch angle is
directly defined at the blade root joint. Similarly, the rotor’s
angular velocity is prescribed at the rotor shaft.

The prediction of trimmed rotor forces demands long-duration
wake simulations with fine time discretization. ARCS in-
cludes a built-in trim algorithm described in Ref. 19. For
the VVPM simulation, the control variables obtained using
Dynamic-Inflow are used to initialize the trim algorithm.

RESULTS AND DISCUSSION

Reference Experiment & Rotor Model

The coupling framework is validated against experimental
data from the UH-60 rotor tests conducted in the NASA Ames
80×120 ft wind tunnel. The isolated full-scale main rotor
performance in this facility is documented by Shinoda et al.
in Ref. 20. For the forward flight simulation case, a zero-
degree shaft angle is taken and trimmed to have a constant
flapping angle and specified blade loading during the rotation.
The main rotor parameters and the simulation settings used
for modeling are given in table 1.

VORTEX

ARCS

Yes No

Solve BEM model and 
blade dynamics

Converged?

Calculate bound circulation
Adjust controls using 

autopilot

Create new particles

Advance the wake

Calculate induced velocity

Figure 1: Flow chart indicating the exchange of information
in the ARCS (Multibody) and VORTEX (VVPM) coupling
framework.

Table 1: Experimental Rotor and Simulation Parameters

Parameter Value
Rotor Parameters

Number of blades Nb 4
Rotor radius R 8.179 m
Reference Blade chord cre f 0.527 m
Nominal chord croot , ctip 0.54/046 m
Blade twist −18◦

Blade mass 116.53 kg
Rotational speed 25.13 rad s−1

Rotor solidity 0.0826
Airfoil SC1095/SC1094 R8

Simulation Parameters
Time step 1◦ per azimuth
Shaft angle 0◦

Number of blade elements 40
Air density 1.225 kg m−3

Time Integration Order 4
Advance ratio µ [0.0,0.2]
Blade loading CT/σ [0.06, 0.08, 0.09]

Hovering Rotor

Figure 2 compares the measured hover performance data
from wind tunnel tests with simulation results using two dif-
ferent inflow calculation methods. The first method em-
ploys VORTEX, as described in the preceding section. The
second method uses the Pitt–Peters dynamic inflow model
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from Ref. 21, a linear, unsteady formulation that captures the
transient behavior of the induced flow based on the global
rotor coefficients such as thrust, roll moment, and pitch mo-
ment. This model, however, does not account for wake pro-
gression. The simulation results show excellent agreement
with the experimental data across all blade loading conditions
for both approaches. The differences between the dynamic
inflow model and VVPM in hover are minimal due to the
limited interaction between the wake and rotor blades, since
the wake predominantly convected downward under the influ-
ence of induced inflow in hover. Beyond a blade loading of
CT/σ = 0.075, VVPM predicts higher hover power compared
to the dynamic inflow model, with the overprediction increas-
ing significantly at higher blade loadings. Although no exper-
imental data are available beyond CT/σ = 0.071, the VVPM
simulation appears to align more closely with the trend of the
existing experimental data when extrapolated.
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Figure 2: UH-60 rotor hover power comparison

Forward Flight

For the forward flight case, simulations were initially per-
formed using the Pitt-Peters Dynamic Inflow within ARCS.
The trimmed control angles obtained from the Dynamic In-
flow simulation were used to initialize the VVPM simula-
tions. This approach reduces computation time in the trim-
ming algorithm. The corresponding results are illustrated
in fig. 3. The simulation results using the Dynamic Inflow
model closely match the experimental data, with a slight un-
derprediction up until (µ ≤ 0.15) across all blade loadings.

Figure 4 presents the advance ratio sweep results and the
corresponding power required at different blade loadings us-
ing ARCS-VORTEX. In general, the simulation data closely
follow the experimental trends. As expected, for relatively
low advance ratios (µ ≤ 0.2), the required power decreases
with increasing µ for any given blade loading. This is primar-
ily due to a reduction in induced power resulting from lower
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Figure 3: Measured and calculated rotor power using Dy-
namic Inflow vs. advance ratio for various thrust conditions

induced velocity. The profile power, which arises from ro-
tor blade drag, increases more gradually within this interval.
When comparing different blade loadings at a given forward
flight speed, rotors with higher blade loading require more
power due to the greater thrust demand. At CT/σ = 0.06, the
coupled framework overpredicts CP/σ by maximum 17% for
advance ratios µ ≤ 0.08 and underpredicts CP/σ by maximum
21% for µ > 0.08. A closer match between the simulation and
experimental data is observed at higher blade loadings.

Although both the Dynamic-Inflow and VVPM predict global
rotor values accurately, the advantage of the VVPM solver
lies in its ability to more accurately capture local variation
caused by the rotor wake. Consequently, differences between
the two simulation frameworks are most likely to appear when
analyzing local blade parameters. As shown in figs. 5 and 6,
polar plots of induced inflow velocities and angle of attack are
presented for three different advance ratios. These correspond
to a thrust coefficient of CT/σ = 0.08, which is one of the cases
used for rotor power validation in the preceding section.

Simulations using the dynamic inflow model show a linear
variation of inflow in the longitudinal direction across all ad-
vance ratios. The upwash is concentrated in the frontal region
of the rotor disc, primarily between azimuth angles ψ = 135◦

and ψ = 225◦, with the highest values occurring near the
blade tip. In contrast, the VVPM simulations reveal a more
substantial upwash distributed over a broader frontal region.
Notably, at the blade tip region, specifically around ψ = 90◦

and ψ = 270◦, the interaction and merging of tip vortices
from multiple blades result in the formation of larger trail-
ing vortices. The vortices are convected by self-induced and
freestream velocity, which creates a skewed and contracted
wake structure. This skewed wake naturally generates upwash
in the frontal region and downwash in the aft portion of the ro-
tor disc.

Another notable feature is the presence of root vortices, which
predominantly interact near ψ = 0◦ due to the freestream air-

4



0.0
0

0.0
5

0.1
0

0.1
5

0.2
0

0.2
5

0.3
0

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

CT/σ = 0.06
CT/σ = 0.08
CT/σ = 0.09

µ

C
P /

σ

ARCS - VORTEX
Experiment Ref. 20

Figure 4: Measured and calculated rotor power using VVPM
vs. advance ratio for various thrust conditions

flow, creating localized pockets of upwash. The effects of
these root vortices are more clearly evident in the angle of
attack polar plot shown in fig. 6. The small reverse-flow re-
gion near the blade root, indicated by dark blue areas repre-
senting highly negative angles of attack, is entirely absent in
the VVPM simulations due to the influence of root vortices.
These observations are consistent with the overall rotor wake
structure shown in fig. 7, which is responsible for the observed
undulations in the induced velocity. It should be noted that
no blade root loss model was implemented, leading to much
stronger root vortices than expected in all cases. The signifi-
cantly higher vorticity at the blade root compared to the blade
tip is considered nonphysical.

Another comparison can be made using predictions from the
VVPM framework for two different blade loading conditions.
As shown in fig. 8, polar plots of induced inflow velocities
are presented for three different advance ratios at both low
and high blade loading. At the same advance ratio, the rotor
with higher blade loading exhibits a reduced influence from
root vortices, resulting in a larger downwash region. As the
forward flight speed increases, pockets of upwash expand in
the rear section of the rotor disc.

CONCLUSIONS

This work presented a coupled aeromechanics framework that
integrates a GPU-accelerated, viscous vortex particle method
(VORTEX) with a multibody dynamics solver (ARCS). Based
on comparison with experimental data from the UH-60 rotor
test campaign, the following conclusions can be drawn:

1. The developed coupling between ARCS and VORTEX
enables high-fidelity, time-accurate rotor wake modeling
while maintaining computational efficiency through GPU
parallelization.

2. The coupled solver accurately predicts global rotor perfor-
mance metrics, such as thrust and power, in both hover and

forward flight regimes, with good agreement across a wide
range of advance ratios and blade loading conditions.

3. Unlike dynamic inflow models, the VVPM-based frame-
work captures critical unsteady aerodynamic phenomena,
including upwash, root vortex effects, and localized varia-
tions in induced velocity and angle of attack.

4. The simulation results demonstrate that high-resolution
wake modeling can significantly enhance understanding of
blade–vortex interactions and non-uniform inflow patterns,
especially in low-speed and high blade loading flight con-
ditions.

These results validate the capability of the coupled framework
as a fast, scalable, and accurate tool for rotorcraft aerome-
chanics analysis, offering a promising alternative to conven-
tional CFD–CSD approaches.
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APPENDIX

(a) Dynamic Inflow.

(b) Vortex Particle Method.

Figure 5: Contour plots of inflow velocity z component for CT/σ = 0.08 using dynamic inflow and vortex particle wake.

(a) Dynamic Inflow.

(b) Vortex Particle Method.

Figure 6: Contour plots of angle of attack for CT/σ = 0.08 using dynamic inflow and vortex particle wake.
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Figure 7: Isosurface of Q-Criterion magnitude of 10 colored by vorticity magnitude at CT/σ = 0.80 at advance ratios µ = 0.10
(left), µ = 0.15 (middle), and µ = 0.20 (right).

(a) CT/σ = 0.06.

(b) CT/σ = 0.09.

Figure 8: Contour plots of inflow velocity z component at advance ratios µ = 0.10, µ = 0.15, and µ = 0.2 .
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