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ABSTRACT

Free vortex wake (FVW) method is widely used for aerodynamic calculation of rotor systems, as it strikes a balance
between accuracy and efficiency in rotorcraft flight dynamics and handling qualities analysis. However, limitations
such as inaccuracy in the reverse flow region calculations in the FVW method prevents its application in variable RPM
(VRPM) rotors. In this paper, the authors introduce several improvements to the current FVW method, including
planar rigid near-wake reverse flow correction and improved far-wake generation method, enabling it for VRPM rotor
simulations. The results obtained with the improved FVW method are compared against experimental data and show

good agreement.

INTRODUCTION

Advanced air mobility (AAM) has drawn increased re-
search attention in recent years, and most AAMs are utilis-
ing electric-powered multi-rotor configurations (Refs. 1-4).
Thanks to modern electric motors having the capability of
rapid acceleration and deceleration, AAMs are capable of us-
ing differential thrust control strategies, in which the thrust of
each rotor on the vehicle is controlled independently by ad-
justing the rotational speed of the rotor. The variable RPM
(VRPM) feature of AAMs enables simplified rotor hub de-
sign, greatly reducing the chance of mechanical failure. On
the other hand, VRPM complicates the flight dynamics on
multiple scales. In dynamics, varying the rotational speed of
the rotor introduces additional torque to the vehicle due to the
acceleration of the rotor mass. In aerodynamics, the wake
structure created by VRPM rotors in forward flight would
change dramatically when the rotational speed of the rotor
changes, as the size of the reverse flow region is dependent
on the rotor rotational speed. The alterations in dynamics and
aerodynamics will be coupled, further complicating the flight
dynamics of the vehicle.

Flight dynamics simulation modelling is one of the keystones
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for the development of AAMs, and there are currently many
approaches to modelling the dynamics and aerodynamics of
AAMs. High-fidelity methods such as computational fluid dy-
namics (CFD) provide detailed insight into rotor aerodynam-
ics, but they are very computationally intensive (Refs. 5, 6).
Low-fidelity methods, such as potential flow methods, pri-
oritise computational efficiency and can achieve real-time
simulation capabilities (Ref. 7). However, these simplified
methods do not account for the aerodynamic interactions be-
tween blades and rotors. In the mid-fidelity range, various
vortex-based methods manage to strike a balance between ac-
curacy and efficiency. For example, ring-type vortex wake
methods can efficiently simulate rotor-rotor aerodynamic in-
teractions (Refs. 8, 9). However, they do not consider the
aerodynamic interactions between blades, and do not accu-
rately model the reverse flow region of the rotor during high-
speed forward flight. The vortex lattice method (VLM) of-
fers greater fidelity by having vortex generation from every
blade element, albeit with a significant increase in computa-
tion cost (Ref. 10). Free vortex wake (FVW) method finds
itself in between, simplifying the vortex generation to create
only one vortex at the blade tip, which greatly reduces the
computation cost compared with VLM, while having similar
fidelity (Refs. 11, 12). Ongoing research on the linearisation
of the FVW method is underway to achieve real-time simula-
tion capability (Ref. 13). The FVW method has the capability
to simulate aerodynamic interference between blades, and the
rotor wake created by the blades can freely develop and inter-
act with other wakes, rotor blades, and fuselages. However,
the reverse flow region remains inaccurate, due to the planar
rigid near-wake assumption and the neglect of the blade in-



bound vortex. In addition, very limited research is currently
being done on the aerodynamic interaction under VRPM con-
ditions, despite the strong requirement for such modelling
methods for flight analysis of AAMs.

In this article, the authors introduce several improvements to
the current FVW model.

1. A reverse flow correction method that applies to the pla-
nar rigid near-wake assumption in the FVW method,
aiming to fix the instability issue during iterations in the
calculation of the blade bound vortex strength, which can
greatly increase the accuracy of the reverse flow region
as well as reducing iteration count.

2. An improved far-wake generation method that takes into
consideration the potential influence of the far-wake gen-
erated, instead of being purely dependent on the maxi-
mum bound vortex strength.

Details of the improvements made to the FVW model are pro-
vided in the methodology section. Results obtained using the
proposed improved method are presented through case stud-
ies, which include available experimental results for valida-
tion.

METHODOLOGY

The methodology section describes the improvements to the
original FVW method introduced by Bagai (Ref. 11). These
improvements are made to allow the FVW method to be used
in VRPM conditions.

Planar rigid near-wake reverse flow correction

In the original FVW method, the near-wake is assumed to be
planar and rigid relative to the blade, where the influence of
the near-wake on the blade control point only needs to be
calculated once prior to simulation. It has the advantage of
reducing the computation cost while maintaining good accu-
racy in normal flight scenarios of the rotor, e.g. hover, low-
speed forward flight. However, its accuracy deteriorates when
the blade is in stall conditions or reverse flow conditions, e.g.
high-speed forward flight. This limitation is not addressed in
the original FVW method, as it assumed that the correlation
between lift coefficient and attack angle to be linear. This as-
sumption made the trim equation for bound vortex strength
linear and solvable using a linear equation solver (Ref. 11).
However, this assumption naturally neglected the effects of
blade stall and reverse flow phenomena that become signifi-
cant during high-speed forward flight and cannot be ignored.
In our improved FVW method, a lookup table for lift and drag
coefficients is utilised, making the bound vortex strength trim
equation non-linear and requiring iterative solutions. This in-
troduces a key issue with the planar rigid near-wake assump-
tion. As shown in Fig. 1, in the reverse flow region of the
blade, the inflow travels from the trailing edge to the lead-
ing edge, with angles of attack exceeding 90 degrees. Con-
sequently, the near-wake is generated from the trailing edge
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Figure 1. Near-wake distribution in forward flight

to the leading edge, reversing the induced velocity influence
at the blade control point. Without any correction, the trim
equation often requires more iterations and may converge to
incorrect results in the reverse flow region, or in some cases,
fail to converge at all. This instability compromises simu-
lation accuracy, especially under VRPM conditions during
high-speed forward flight, where the reverse flow region ex-
pands as the RPM decreases. To address this, a correction
method has been developed to resolve the reverse flow issue
associated with the planar rigid near-wake assumption. The
method improves the accuracy of bound vortex strength calcu-
lation within the reverse flow region and enhances both com-
putational efficiency and simulation stability when extensive
reverse flow occurs. Figs. 2a and 2b show the bound vor-
tex strength variation computed using the original and the im-
proved near-wake model, respectively. As demonstrated, the
improved near-wake model offers better stability and accuracy
in the reverse flow region compared to the original approach.

Prior to the simulation, the vortex to blade control point in-
duced velocity influence coefficient matrices for the bound
vorteX, Ip,,,q, and the trailed vortex, 1;,,;, must be calculated
using the Biot-Savart Law.
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where I, ; represents the induced velocity influence coeffi-

cient of the bound vortex segment created by j* blade section
on i'" blade control point, and I, ; represents the induced ve-
locity influence coefficient of the two trailed vortices created
by j* blade section on i blade control point, as shown in Fig.
3. The trailed vortices are assumed to be of infinite length.
Each blade section generates two trailed vortices, which ex-
tend from the segmentation points of the bound vortex. Each
trailed vortex shares its geometry with one of the trailed vor-
tices generated by adjacent blade sections. The two trailed
vortices produced by the same blade section have opposite
vorticity orientations.
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(b) Bound vortex strength variation for the improved
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Figure 2. Bound vortex strength variation comparison

During simulation, before accounting for the induced velocity
influence from the bound vortex and trailed vortex, a prelimi-
nary velocity V. for every blade control point with the con-
tribution from free-stream velocity and far-wake is calculated.
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where i represents the index of the local blade section, V., and
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Figure 3. Bound vortices and trailed vortices of the blade

Var represent the velocity contributions from free-stream and
far-wake, respectively, and both of them have the same data
structure as V.

On the retreating blade, at the boundary of the reverse flow
region, the local blade control point would experience a rapid
change in angle of attack, where the local trailed vortex influ-
ence would no longer be accurate. Thus, a diagonal matrix
M,,,;; is defined to modify the trailed vortex influence coeffi-
cient around the boundary of the reverse flow region.
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where i represents the index of the local blade section, pre;
represents the preliminary angle of attack of the local blade
control point, Uy, represents the local velocity magnitude, Q
represents the rotor speed, and ¢ represents the blade chord
length.

In addition, within the reverse flow region, since the airflow is
moving from the trailing edge to the leading edge, both the lo-
cal bound vortex and the near wake influence coefficient have
to be reversed.

The bound vortex strength to blade control point induced ve-
locity influence coefficient matrix I, and I, r, in the y-axis
and z-axis respectively is calculated as below.

Iy,l";, = I 0itM 1741

sin(Qpre, ) 0 0
0 sm((?cp,ez) . 0 ®)
0 0 sin((;cp,ei)
L., = (LiraitM irait + Tpouna)
cos(Apre, ) 0 0
0 cos((.xprez) e 0 ©)
0 0 cos((.xprei)



Within the iterative process in finding the bound vortex
strength, we start by calculating the effective velocity on every
blade control point.
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where V, . and V_ ¢ represent the effective velocity at ev-
ery blade control point in the y-axis and z-axis respectively,
I';, represents the bound vortex strength, and i represents the
index of the local blade control point.

We then calculate the angle of attack and effective velocity
magnitude for every blade control point.
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With the effective angle of attack for every blade control point,
we can find the lift coefficient using a lookup table and then
calculate lift per unit span for every blade section using

/
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where L' represents the lift per unit span, p represents air den-
sity, and Cy, represents the lift coefficient. Recalling the Kutta-
Joukowski theorem, lift per unit span can also be calculated by
the equation:

L' = pUyTy (15)
By combining equations (14) and (15), the following expres-
sion can be obtained:

1
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This equation must be expanded to its vector form, storing
the information of every blade section, and then solving the
equation for the values of I';, through iterations.
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Improved far-wake generation method

In the original FVW method, only one far-wake is generated
per blade, at the blade tip, and the strength of the far-wake
section depends on the maximum bound vortex strength. This
approach neglects the variation in the bound vortex strength
from the blade root to the maximum bound vortex strength.
In normal flight scenarios like hover or low-speed forward
flight, this far-wake generation method is sufficient to produce
an accurate simulation result, as the velocity experienced by
the blade tip is significantly higher than the blade root, mak-
ing the tip vortex dominant in far-wake contribution. How-
ever, during high rotor advance ratio or other extreme flight
scenarios, for example, when the rotor reduces its RPM tem-
porarily during high-speed forward flight, causing the advance
ratio to become very large, the velocity at the blade root be-
comes comparable to that at the tip. In such cases, the vor-
tex generated at the root may have a significant influence on
the far-wake that cannot be ignored. Furthermore, there may
be cases where the blade exhibits multiple local maxima in
bound vortex strength, such that the absolute maximum may
not occur near the tip. Generating the far-wake at the tip us-
ing this maximum value could therefore be inappropriate and
may lead to instability in the system. This limits the appli-
cability of the original FVW method to only a narrow range
of conditions and prevents it from reaching its full potential.
To address these limitations, an improved far-wake genera-
tion method has been developed in this paper. Rather than
solely depending on the maximum bound vortex strength, the
proposed method considers the potential influence of the far-
wake to be generated.

We first need to calculate the trailed vortex strength I'; from
the bound vortex strength I',.
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Note that the number of trailed vortices is always the number
of bound vortices plus one.

We can estimate the potential influence of each trailing vortex
with the equation below.
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where E; represents the potential influence of the trailed vor-
tices, U, represents the velocity magnitude at each trailed vor-
tex creation point, and dt represents the time interval to when
the previous far-wake node is created.

In this improved far-wake generation method, it is assumed
that adjacent trailed vortices with the same vorticity orienta-
tion will combine into a single vortex, as demonstrated in Fig.



(b) Retreating side blade

Figure 4. Vortex generation demonstration

4a. The resulting combined vortex will carry the cumulative
potential influence of the group of trailed vortices that formed
it. In some cases, such as a retreating side blade, shown in Fig.
4b, there may be more than two groups of trailed vortices. In
such instances, only the two groups of trailed vortices with
the highest potential influence are used to generate the vortex,
while the remaining groups are discarded. This is because the
two dominant groups typically contribute the most to the far
wake, and the others have minimal influence and can therefore
be ignored to improve overall computational efficiency.

Since there may be cases where trailed vortices, widely across
the blade span, are represented by a single vortex, the posi-
tion and initial core radius of that vortex must be determined
with great care. A weighting value is first calculated for each
trailed vortex within the same group.
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The weight values of the trailed vortices w;, describe the po-
tential influence distribution of the trailed vortices in the same
group and will be used for calculating the release point and
core radius of the far-wake.

(20)
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where x. represents the release point of the vortex, r. repre-
sents the vortex core radius, and x;, represents the position of
the individual trailed vortex.
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It is also important that the far-wake nodes created in the cur-
rent time step are connected to the correct nodes created in the
previous time step. For example, the far-wake node created at
the blade tip in the current time step has to be connected with
the node also at the blade tip in the previous time step. How-
ever, in some cases, the groups of trailed vortices used for

generating far-wake in the current time step are not the same
groups in the previous time step, due to the variation in the
spanwise bound vortex strength distribution across different
azimuths. This could not be avoided, and discontinuities in
the vortices created may be observed.

SIMULATION RESULT

The results obtained using the improved FVW method are
validated against existing wind tunnel experimental data from
(Ref. 14). The simulation model used for obtaining the results
combined the improved FVW method with the rotor dynam-
ics model introduced in the authors’ previous work (Ref. 15).
Fig. 5a illustrates the wake geometry of a rotor in forward
flight simulated with the improved FVW method. In addition
to tip vortices,the simulation captures additional vortices gen-
erated around the mid-span of the blade, accounting for the
variation in the bound vortex strength from the blade root to
maximum bound vortex strength. Fig. 5b and 5c show the
vertical induced velocity along two separate lateral axes be-
hind the rotor, where we may see that the results from the
improved FVW method are overall following closely to the
experimental results, indicating the good accuracy of the sim-
ulation model. However, it can be seen from Fig. 5c that at
the advancing side, between y/R = —0.5 and y/R = —1.0, the
induced velocity is not peaking as much as the experimental
results. This may be because of the vortex core assumption
used in the FVW method, where within the vortex core ra-
dius, the induced velocity becomes lower the closer to the
vortex core. This assumption is made to prevent numerical
instability problems.

To demonstrate the VRPM feature of the improved FVW
method, the simulation is initialised with a stationary two-
bladed rotor, and the wind velocity is set to 10m/s. After 1
second, a constant torque of 5Nm is applied to the rotor to
simulate rotor spool-up. Fig. 6a and Fig. 6b show the vari-
ation of RPM and rotor thrust over time, respectively. It can
be seen that at 1 second, as soon as the torque is applied, the
RPM begins to increase. The rotor thrust also begins to rise,
with oscillation appearing in the rotor thrust due to the rotor’s
exposure to the wind, resulting in an uneven load distribution
between the advancing and retreating sides. Fig. 7a and Fig.
7b show the variation of RPM and thrust with respect to az-
imuth once the rotor reaches unaccelerated rotation. It can be
seen that the RPM of the rotor is not a predefined controlled
input, but rather a state variable, updated through time-step
integration. This enables a more accurate simulation of the
aerodynamics-dynamics coupling behaviour of the rotors.

Fig. 8 shows a range of wake geometries created by the ro-
tor running at various advance ratios. It is worth noting that
the results are displayed for a broad range of advance ratios
to demonstrate the capability of the improved FVW method
simulating the rotor from non-rotating to its operating RPM.
This capability allows for the simulation of AAMs that have
separate lifting rotors and propelling rotors, where the lifting
rotors may experience a full stop during cruising flight and ac-
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Figure 5. Simulation results of the improved FVW method
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Figure 6. Rotor spool-up demonstration
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celerate back to operating RPM when transforming into hov-
ering flight.

CONCLUSION

With the aim of making it possible to use the FVW method
in VRPM conditions, the authors introduced several improve-
ments to the original FVW method, i.e., the planar rigid
near-wake reverse flow correction and the improved far-wake
generation method. The following points can be concluded
from the simulation results obtained with the improved FVW
method:

1. The simulation results closely match the experimental re-
sults, which indicates the high accuracy of the improved
FVW method.

2. Simulation performed with the rotor begin spool-up from
non-rotating all the way to operating RPM, highlights the
VRPM capability of the improved FVW method.

3. The simulations were able to capture the far-wake gener-
ation over a wide-range of advance ratios, even at some
extreme advance ratios, displaying the capability of the
improved FVW method.

At the time being, the simulation model only supports single-
rotor in VRPM conditions, and multi-rotor VRPM simulation
is currently under development. Additionally, extensive wind
tunnel experiments are planned to be performed in order to
validate the simulation model in VRPM conditions.
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