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ABSTRACT
This paper presents a computational method that couples the Peters–He finite-state dynamic inflow model with both an
analytical and a prescribed wake model to predict the lateral and axial positions of roll-up and tip vortices, respectively,
during forward flight. The analytical wake model, originally developed for helicopter rotors, is extended to predict the
position and geometry of disc edge vortices in flight conditions with advance ratios above 0.15. The prescribed wake
model is based on the Beddoes formulation. Validation against high-fidelity CFD simulations shows good agreement
with the proposed approach. The results suggest that this method provides a reliable and computationally efficient
alternative to mid-fidelity techniques such as free-vortex wake models and can be readily integrated with dynamic
inflow models to simulate rotor–rotor aerodynamic interactions.

NOTATION

*

Symbols

αd disk angle of attack, rad

Nb number of blades

m number of harmonics

n highest power in the Legendre polynomials

R Rotor radius, m

Γ circulation, m2/s

x,y,z Cartesian coordinates, m

µ advance ratio;µ =V cosαd/Vt

µ∞ advance ratio;µ∞ =V/Vt

V free stream velocity, m/s

Vt tip velocity; Vt = ΩR, m/s
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ζ ,η Cartesian coordinates, meter

r,ϕ polar coordinates, m, rad

Z length of the vortex sheet that has rolled up into a disc edge
during time t, m

κ constant in circulation distribution, m3/2/s

ψ azimuth angle, rad

ψb blade azimuth angle, deg

ψ̄w wake age, deg

{X} inflow state vector

{Ẋ} azimuthal derivative of inflow state vector

[M] apparent mass matrix

[L] influence matrix

{τ} inflow forcing function

vd downward velocity at the trailing edge,m/s

[e] distance behind the rotor where a disc edge vortex is fully
formed, m

t time, s

vi rotor or wake induced velocity, m/s

rv normalized radial release point with respect to the rotor
radius

Ω rotational speed, rad/s

λi induced inflow ratio; λi = vi/ΩR
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INTRODUCTION

In recent years, advances in electric propulsion have opened
the door to a new era of air mobility, driven by electric ver-
tical takeoff and landing (eVTOL) technology. In this new
”aviation golden age”, the vehicles are often powered by mul-
tiple rotors to realize vertical takeoff and landing capabil-
ity and maneuverability. With the growing number of eV-
TOL developments, efforts need to be undertaken in pre-
dicting their aerodynamic behaviour in different flight con-
ditions. The wake of a propeller is characterized by multi-
ple structures, including the blade-tip vortex, the rotor down-
wash, the blade shear layers, and the surrounding external
flow (Ref. Komerath et al., 2011). During forward flight, tip-
vortices generated by a rotor roll into two counter-rotating
disc-edge vortices, similar to the tip vortices formed behind
a fixed-wing aircraft. In helicopters, these vortices are large
and powerful, often affecting the tail rotor during direct inter-
action. This interaction can have a significant impact on the
helicopter ability to maintain control and stability (Ref. Wang
et al., 2021).

A similar wake roll-up process (see Fig. 2) occurs for the pro-
pellers of multirotor systems. However, unlike helicopters,
multirotor systems feature closely spaced rotors, and the disc
edge vortices generated by these rotors significantly affect the
performance of downstream rotors (Ref. Misiorowski et al.,
2019). These vortices impact not only the stability and control
of the system as a whole, but also its overall aerodynamic per-
formance and noise generation. Accurate prediction of spa-
tial position and geometries of rotor tip and rolled-up edge
vortices is essential for predicting rotor-rotor blade-wake-
interaction (BWI) and rotor-airframe interactions, as well as
the associated noise generation in forward flight (Ref. Luo
et al., 2015), which is crucial for optimizing both multirotor
aircraft performance and noise reduction.

Figure 1: Rotor wake from an isolated rotor in forward
flight (Ref. Misiorowski et al., 2019).

The primary objective of this paper is to present a com-
putational approach for predicting the spatial position and
geometry of rotor tip vortices and roll-up disc-edge vor-
tices in propellers typically used in multirotor eVTOL air-
craft. The method combines the Peters–He finite-state dy-
namic inflow model, which provides the necessary aerody-
namic performance data, with vortex trajectory prediction
models. Tip vortex trajectories are estimated using the Bed-
does prescribed wake model, while disc-edge vortex locations

are predicted by extending an analytical model originally de-
veloped for helicopter rotors operating at advance ratios above
0.15 (Ref. Roos, 1996). This extended model is adapted
for eVTOL propellers, which operate at significantly lower
Reynolds numbers—approximately one order of magnitude
lower than conventional helicopter rotors (Ref. Casalino et al.,
2021).

The core contribution of this work lies in coupling the Pe-
ters–He finite-state dynamic inflow model with both analyt-
ical and prescribed wake models and validating the result-
ing predictions against high-fidelity CFD simulations in for-
ward flight. Rotor–airframe interactions and noise generation,
which are important in multirotor systems, are not addressed
here; these aspects are covered in a companion paper by the
authors (Ref. Yunus et al., 2025).

It is also worth noting that Luo et al. (Ref. Luo et al., 2015)
proposed an analytical model for disc-edge vortices in quadro-
tors. However, their approach did not capture key physical
effects, such as the differences in vortex roll-up between ad-
vancing and retreating blades, nor did it account for the lateral
and axial variation in vortex positions or the distribution of
circulation—factors. Instead, both these features are explic-
itly addressed in the present work.

OVERVIEW OF THE COMPUTATIONAL
APPROACH

Aerodynamic model

The aerodynamic loading on the rotor disk is computed
by coupling the Peters–He finite-state dynamic inflow
model (Ref. Peters and He, 1995) with blade element mo-
mentum theory (BEMT). A comprehensive overview of the
underlying theory and the development of the finite-state in-
flow model is provided in (Refs. Peters and He, 1995,Moriarty
and Hansen, 2005, Li, 2020).

The theoretical foundation of the Peters–He model lies in the
actuator disk solution to the three-dimensional potential flow
equations (Ref. Kinner, 1937). In this formulation, the nor-
mal component of the induced velocity on the rotor disk is
represented as a double-infinite series expansion, comprising
azimuthal Fourier harmonics and radial Legendre functions.
By truncating this infinite series to a finite number of terms, a
finite set of inflow states is obtained. These states describe
the induced velocity field over the rotor disk and are gov-
erned by the following system of ordinary differential equa-
tions (ODEs): [

M
]{

Ẋ
}
+
[
L
]−1{X

}
=
{

τ
}

(1)

where
[
M
]

is the apparent mass (or time) matrix,
{

X
}

is the
inflow states vector, and

{
Ẋ
}

is its time derivative. The matrix[
L
]

is the influence matrix, while the term
{

τ
}

on the right-
hand side represents the inflow forcing function, which de-
pends on the aerodynamic loads and is typically obtained us-
ing blade element theory. Physically, Eq.(1) describes how the
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rotor loading τ is influenced by a combination of unsteady in-
flow dynamics, governed by the time matrix

[
M
]
, and steady

inflow effects, governed by the influence matrix
[
L
]
.

The induced velocity on the rotor disk is truncated using a fi-
nite number of Fourier harmonics in the azimuthal direction
and Legendre functions in the radial direction, where the lat-
ter are defined by Legendre polynomials. This formulation
results in what is referred to as an m-by-n dynamic inflow
model. The parameters m and n are defined by the user and
must be selected to balance model accuracy with computa-
tional efficiency, particularly in design applications. In most
practical implementations, the parameter m is related to the
number of blades. For example, in (Ref. Usov et al., 2022), m
was set equal to the number of blades Nb, which was found to
be sufficient for steady-state predictions, while n (denoted as
p in their formulation) was set to 4 to ensure convergence of
the aerodynamic loads. In contrast, (Ref. Ho and Yeo, 2021)
sets both m and n to 3Nb to balance accuracy and computa-
tional efficiency. Following this approach, the present study
adopts m= 3Nb and n= 3Nb. Eq. 1 is integrated in dimension-
less time using a fourth-order Runge–Kutta (RK4) scheme.
Unless otherwise stated, all calculations in this paper use 90
azimuthal steps per revolution.

Analytical wake model

The analytical formulation proposed by Roos (Ref. Roos,
1996) was originally developed based on the classical fixed-
wing theory by Kaden (Ref. Kaden, 1931), which models the
rotor wake as a wing wake rolling up into two edge vortices
at the periphery of the rotor disc. This time-averaged analyt-
ical model determines the position, geometry, and strength of
these vortices. Only rotor geometry, rotor speed, tip speed,
thrust coefficient, and air density are required as input pa-
rameters. However, when predictions based on these param-
eters were applied in this work, unexpected results are ob-
served, particularly in estimating the center of gravity of vor-
tex cores on both sides of the rotor disc and the wake asymp-
totes beyond which the wake is assumed to be fully rolled up.
Consequently, several modifications are introduced to extend
the model for propellers used in multirotor systems. A brief
overview of the analytical model and the modifications is pro-
vided below; for further details, the reader is referred to the
original work (Ref. Roos, 1996).

Kaden demonstrated that the lateral coordinates of the vortex
centers (see Fig. 2a) as they develop are given by:

ζc = 0.57Z,

ηc = 0.88Z,
(2)

The quantity Z represents the length of the vortex sheet that
has rolled up into discrete vortices by time t, measured from
the onset of the rolling-up process (see Fig. 2a). For both the
advancing and retreating sides of the rotor disk, it is defined

as:

Z̄adv = R−1/3
(

9
2π2 κadv

x̄c

V

)2/3

,

Z̄retr = R−1/3
(

9
2π2 κretr

x̄c

V

)2/3

.

(3)

Here, κ is a parameter that arises in the derivation of the cir-
culation distribution over the rotor disk, which is given as:

κadv =

√
2

2πµ
√

R
Γ0

(
1− 3

2
µ

)
,

κretr =

√
2

2πµ
√

R
Γ0

(
1+

3
2

µ

)
,

(4)

where Γ0 is the constant term in the blade circulation, defined
by the expression Γ = Γ0 +Γ1 sinψ . This circulation model
assumes that the only significant variation arises from the az-
imuthal dependence of the blade circulation Γ(ψ), based on
the observation that the rapid formation of blade tip vortices
gives the appearance of trailing from a blade with spanwise-
constant circulation. It is further assumed that the rotor is
in momentum equilibrium and generates sufficient thrust to
counteract the helicopter weight and drag. It should be noted
that, in the present work, the blade circulation Γ, along with
Γ0 and Γ1, is directly obtained from the Peters–He finite-
state dynamic inflow model. In contrast, in the work of
Roos (Ref. Roos, 1996), these quantities were estimated based
on the helicopter weight and flight condition. The lateral po-
sitions of the disc edge vortices are then given by:

ȳc,adv = 0.57Z̄adv,

ȳc,retr = 0.88Z̄retr.
(5)

Equation (5) provides an acceptable approximation of the vor-
tex lateral positions close to the rotor. However, it does not
capture the known asymptotic positions far downstream. The
far-field lateral positions of the vortices are determined by the
principle that a fully formed vortex coincides with the center
of gravity of the portion of the vortex sheet from which it orig-
inates. To find the asymptotic vortex locations, it is assumed
that the lateral position of the center of gravity remains invari-
ant throughout the roll-up process (Ref. Spreiter and Sacks,
1951). Under this assumption, it can be determined by con-
sidering the center of gravity position of a flat vortex sheet:

ȳcg =
ycg

R
=

1
R

∫
∂Γ

∂y ydy∫
∂Γ

∂y dy
=

∫
∂Γ

∂ ȳ ȳdȳ∫
∂Γ

∂ ȳ dȳ
(6)

The integration limits are set by the portions of the vortex
sheet that roll up into each disc edge vortex: −1 ≤ ȳ < ȳ(Γ =
Γmax) on the retreating side, and ȳ(Γ = Γmax) ≤ ȳ ≤ 1 on the
advancing side. On the advancing side, the intersection point
at which Kaden’s solution meets the asymptote is determined
by the condition ȳcg,adv = 1− 0.57, Z̄adv. The corresponding
intersection locations on the advancing and retreating sides
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(a) Definition of ζ and η ,

(b) Definition of edge vortex coordinates.

Figure 2: (a) Geometrical definition of lateral coordinates of
the centers of the developing vortices. (b) Lateral locations of
center of gravity on both advancing and retreating sides.

are denoted by s̄adv and s̄retr, respectively. By substituting
Eq. 3, the following expression is obtained:

s̄adv =
2
9

π
2R1/2

( 1
0.57

(
1− ȳcg,adv

))3/2 V
κadv

,

s̄retr =
2
9

π
2R1/2

( 1
0.57

(
1+ ȳcg,adv

))3/2 V
κretr

,

(7)

Beyond these points, the lateral positions of the disc edge vor-
tices remain constant and are given by:

ȳc,adv = ȳcg,adv for x̄ ≥ s̄adv,

ȳc,retr = ȳcg,retr for x̄ ≥ s̄retr.
(8)

Closer to the rotor, the approximate axial positions of the disc
edge vortices are given by:

z̄c,adv = 0.88Z̄adv −
vd,adv

V
x̄ for x̄ ≤ ēadv,

z̄c,retr = 0.88Z̄retr −
vd,retr

V
x̄ for x̄ ≤ ēretr,

(9)

In the far field, after the vortices have fully rolled up, their
axial positions are described by:

z̄c,adv = z̄c,adv(x̄ = ēadv)−
vd,∞

V
(x̄ = ēadv) for x̄ > ēadv,

z̄c,retr = z̄c,retr(x̄ = ēretr)−
vd,∞

V
(x̄ = ēretr) for x̄ > ēretr,

(10)

Here, vd = vi +V αd denotes the downward velocity at the
trailing edge, where vi is the induced velocity at the rotor
tip. This relation is used to determine the downward ve-
locities of the vortices on both the advancing and retreat-
ing sides of the rotor. In this work, vd is taken equal to vi
which is obtained directly from the aerodynamic model de-
scribed earlier, rather than being approximated by sine and
cosine series of thrust and tip speed as done in (Ref. Roos,
1996). The downward velocity at the far-field is determined
by vd,∞ = Γmax/(2πR(ȳcg,adv − ȳcg,retr)). The distances ēadv
and ēretr are defined as the downstream locations where the
vortices are considered fully formed:

ēadv =
2
9

π
2R1/2(1− ȳ(Γ = Γmax))

3/2 V
κadv

ēretr =
2
9

π
2R1/2(1+ ȳ(Γ = Γmax))

3/2 V
κretr

,

(11)

The equations above describe the lateral and axial positions of
the disc edge vortices. The cross-sectional shape of these edge
vortices, specifically, the spiral that represents the geometry
of a disc edge vortex in cross section, is given by Kaden (see
Fig.2a):

r =
(3

2

)1/3( κt
πϕ

)2/3
, (12)

where r and ϕ denote the polar coordinates in a coordinate
system whose origin is placed at the center of a disc edge vor-
tex. The corresponding Cartesian coordinates y and z of the
cross-section are given by the following expressions:

ȳw,adv = ȳc,adv − r̄adv cosϕ, z̄w,adv = z̄c,adv − r̄adv sinϕ,

ȳw,retr = ȳc,retr − r̄retr cosϕ, z̄w,retr = z̄c,retr − r̄retr sinϕ,
(13)

where r̄ = r/R, where r is defined in Eq.12.

The prescribed wake model

The prescribed wake geometry consists of a single tip vortex
trailing from each blade. The geometry of a skewed, undis-
turbed helical wake, commonly referred to as a rigid wake,
in rotor coordinates can be described based on the operating
conditions and momentum theory considerations:

x̄ = µ∞ψw + rv cos(∆ψ),

ȳ = rv sin(∆ψ),

z̄ =−λiψw,

(14)

where ∆ψ = ψb−ψw, rv is the normalized radial release point
of the trailed vortex filament, which is set to 1 in this study;
µ∞ denotes the advance ratio; ψb represents the blade azimuth
angle; ψw is the wake age; and λi is the induced inflow ratio
defined as λi = vi/ΩR.

Beddoes extended the rigid helical wake model by incor-
porating vertical displacement of the tip-vortex trajecto-
ries (Ref. Beddoes, 1985). This is achieved by modifying the
vertical component, z̄, of the rigid wake geometry described
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in Eq. 15. Specifically, in Beddoes’ formulation, the vertical
coordinate is expressed as z̄ = −λiψw −

∫ ψw
0 λidψ . The sec-

ond term distinguishes Beddoes’ contribution. This integral
term varies depending on the wake’s position relative to the
edges of the rotor disk, as detailed below:

−λ0
(
1+E

(
cos(∆ψ)+0.5µψw −|ȳ3|

))
ψw, if x̄ <−cos(∆ψ)

−2λ0(1−E|ȳ3|)ψw, if cos(∆ψ)> 0

− 2λ0x̄
µ∞

(1−E|ȳ3|), else (15)

where λ0 denotes the mean induced velocity ratio on the ro-
tor disk as predicted by momentum theory, and E represents
the vertical displacement envelope function characterizing the
wake geometry. Following Beddoes, E is often taken equal
to the wake skew angle χ , where χ is defined by the ratio of
advance velocity to induced velocity in the rotor inflow. How-
ever, Leishman (Ref. Leishman, 2006) suggests that using
E = χ/2 typically yields better agreement with experimen-
tal measurements, though this parameter should be tuned for
each specific rotor configuration when accuracy is paramount.
In this study, E is set to E = 2πλa, where λa denotes the aver-
age induced velocity ratio over the rotor disk. This choice is
a modeling assumption intended to capture the vertical wake
displacement based on induced velocity magnitude; however,
its applicability may be limited and should be validated for
each case.

GEOMETRY AND NUMERICAL SETUP

The geometry used in this study is a two-bladed propeller de-
signed at TUDelft, and characterized by a radius R = 0.15
m and NACA 4412 airfoil sections. Additional details about
the employed geometry can be found in (Ref. Casalino et al.,
2021). This propeller has been extensively examined in pre-
vious experimental works (Refs. Grande et al., 2022b,Grande
et al., 2022a). In the present work, high-fidelity (H-F) CFD
simulations, using the commercial software SIMULIA Pow-
erFLOW based on the Lattice-Boltzmann/Very Large Eddy
Simulation (LB/VLES) method, have been carried out to gen-
erate reference data for validating the analytical model. The
computational setup has been successfully validated in the
past on the same propeller geometry in several numerical stud-
ies (Refs. Romani et al., 2022, Casalino et al., 2022, Casalino
et al., 2023), where the interested reader can also find addi-
tional information about the LB/VLES flow solver. In the
current work, an isolated propeller configuration operated at
4000 RPM under edgewise flow conditions is considered, with
a flow incidence angle αd = 5◦ and a free-stream velocity
V = 10 m/s, as sketched in Fig. 3.

The computational domain is a spherical volume of radius
120R centered around the propeller hub at (0, 0, 0) m. Free-
stream static pressure (101325 Pa) and velocity (10 m/s), and
turbulence intensity of 0.1% of the free-stream velocity are
prescribed on its outer boundary. Figure 4 shows the details
of the computational grid and setup. The propeller and hub
are encompassed by a volume of revolution that defines the

Figure 3: Propeller configuration and operating conditions.

Local Reference Frame (LRF), i.e. the rotating sliding mesh
domain used to reproduce the propeller rotation.

The LB/VLES scheme is solved on a Cartesian mesh com-
posed of cubic volume elements (voxels) distributed within
different Variable Resolution (VR) regions. A grid resolution
change by a factor of two characterizes adjacent VRs. A total
of 14 VR regions are used to discretize the whole fluid do-
main, with the finest resolution level (VR13) placed around
the blade. A resolution of 100 voxels along the mean chord
(22.85 mm) is used within this finest resolution level, result-
ing in a smallest voxel size of 0.022 mm, a mean y+ ≃ 5 on the
blade surface. The second finest VR is applied on the whole
propeller geometry and in the near tip vortex region, while
the third finest level (VR11) is used to finely discretize the
propeller wake region, thus allowing the comparison with the
analytical models for a sufficient number of wake spirals. All
the other VRs consist of boxes or spheres that are used to dis-
cretize the rest of the fluid domain up to its boundaries. The
overall mesh consists of 188 million voxels and 41.4 million
fine-equivalent voxels. The whole fluid domain is initialized
with the instantaneous flow solution from a statistically con-
verged coarser simulation. Hence, after a settling time corre-
sponding to 2 propeller revolutions, the sampling of relevant
flow data is started for 2 additional revolutions.

Figure 4: Details of the computational setup and grid.
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VALIDATION RESULTS
The computational accuracy of the aerodynamic model is val-
idated by comparing the prediction of loading distributions
over the rotor disk against the high-fidelity (H-F) simulation
results.

(a) H-F CFD simulation (left), Peters-He model (right).
r/R = 0.5 r/R = 0.7

r/R = 0.9

(b) ∆CT at three radial stations.

Figure 5: Comparison of fluctuating thrust coefficient ∆C∂ rT
over the rotor disk (a) and at three radial stations r/R=0.5,
r/R=0.7 and r/R=0.9.

The fluctuating, mean-removed sectional thrust distribution,
∆C∂ rT , is compared in Fig. 5. As seen from ∆C∂ rT distribu-
tion over rotor disk as shown in Fig. 5a, the implementation
of the Peters-He model in LOPNOR-ARDYN captures the gen-
eral trend of the thrust distribution over the rotor disk well,
except for an underprediction in the region between 90◦ and
120◦ and slight overprediction in the region between 240◦ and
270◦. This discrepancy may be attributed to the chosen num-
ber of harmonics and polynomial terms, m and n, respectively,
which could be adjusted to improve the agreement. However,
a large improvement is not expected as increasing m and n
only yields incremental improvements as verified by (Ref. Ho
and Yeo, 2021). To further evaluate the agreement between
the Peters–He model and H-F CFD data, ∆C∂ rT is compared
at three radial positions. As shown in Fig.5b, good agreement
is observed at r/R = 0.5 and r/R = 0.7, while a considerable
underprediction appears near the edges of the rotor disk. The
cause of this discrepancy is still under investigation and will
be addressed in future work. Overall, the results demonstrate
favorable agreement between the high-fidelity CFD simula-
tion and the aerodynamic model used to generate input data
for the prediction of wake trajectories.

Since the disk edge vortex model employed in this study is
based on time-averaged assumptions, the time-averaged CFD
data is used to validate the analytical wake model. In contrast,
the phase-locked averaged CFD data is used to validate the
Beddoes prescribed wake model. Figure 6 illustrates the iso-
surfaces of λ2 (with a value of -75000 s−2), colored according
to the vorticity magnitude, which ranges from 0 to 1500 s−1.

(a) Time averaged.

(b) Phase-locked averaged.

Figure 6: Iso-surface of λ2 (value -75000 ) of time averaged
(a) and phase-locked averaged (b) vortical structures.

To validate the lateral and axial positions of the disk edge vor-
tices, the time-averaged vortical structures obtained from H-F
CFD simulations (Fig.6a) are extracted and visualized along-
side the predicted disc edge vortex trajectories in Fig.7. The
analytical model shows good agreement with the CFD data in
predicting both the lateral and axial positions of the disk edge
vortices on both the advancing and retreating sides of the ro-
tor. In particular, the lateral positions of the edge vortices are
well captured by the analytical model when compared with
the high-fidelity CFD results. Regarding the axial positions,
as shown in Fig.7b, the wakes on the advancing side are de-
flected more downward due to the higher lift generated in this
region. In contrast, the edge vortices on the retreating side
remain nearly level with the rotor disk and deflect downward
more gradually. This behavior is primarily attributed to signif-
icant flow separation on the retreating side, as also observed in
Fig.6. The reduced lift in this region results in weaker circula-
tion along the edge vortices, leading to smaller downward de-
flection compared to the advancing side. Similar trends have
been reported in (Ref. Misiorowski et al., 2019). Overall, the
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analytical model demonstrates good agreement with the high-
fidelity CFD data and confirms its reliability in predicting the
edge vortex trajectories.

(a) Disc edge vortices lateral location.

(b) Disc edge vortices axial location.

Figure 7: Comparison of lateral and axial locations of edge
vortices calculated with analytical model against H-F simula-
tion data.

The tip vortex geometries predicted by the Beddoes pre-
scribed wake model are compared with phase-locked aver-
aged high-fidelity (H-F) CFD simulation results, as shown in
Fig. 8. The prescribed model captures the overall trend in the
lateral positions of the tip vortices reasonably well. However,
it fails to predict the rolled-up tip vortex structures observed
in the region enclosed by X=[0.35,0.45] and Y=[0,0.1] on the
advancing side (positive Y-axis), due to an inherent limitation
of the Beddoes model—namely, its reliance on undistorted
helical trajectories for the vortex filaments. Despite this, the
model accurately predicts the axial positions of the tip vortices
shed by both blades. Overall, the Beddoes prescribed wake
model shows good agreement with the H-F CFD results, par-
ticularly in predicting the axial locations of the tip vortices,
thereby confirming its reliability for estimating their spatial
distribution.

Fig. 9 compares the cross-sectional geometry of the rolled-up
disc-edge vortices on both the advancing and retreating sides
of the rotor, at three vertical stations downstream of the ro-
tor disk. The analytical solution captures the general trends
in the vortex cross-sections on both sides. On the advanc-
ing side, the analytical predictions show very good agreement
with the high-fidelity (H-F) CFD data at all three stations. On
the retreating side, the agreement improves with increasing
downstream distance from the rotor disk.

CONCLUSION

This work presents a computational approach that combines
an aerodynamic model based on the Peters–He finite-state dy-

(a) Tip vortices lateral location.

(b) Tip vortices axial location.

Figure 8: Comparison of tip vortex trajectories calculated with
the Beddoes prescribed wake model against phase-locked av-
eraged H-F CFD simulation data.

Figure 9: Comparison of analytical predictions with H-F CFD
flow data at three vertical stations along downstream direc-
tion.

namic inflow model with an analytical wake model for pre-
dicting the disc edge vortex and a prescribed wake model for
predicting trailed tip vortices. High-fidelity CFD simulations
using the commercial software SIMULIA PowerFLOW are
carried out to validate the proposed approach. Both time-
averaged and phase-locked averaged CFD data are used to
validate the analytical and prescribed wake models, respec-
tively.

The results show good agreement with the CFD data, demon-
strating accurate predictions of aerodynamic loading on the
rotor disk as well as the lateral and axial positions of the
edge vortex and trailed tip vortices from each blade. This ap-
proach offers a valuable tool for future applications involving
blade–wake interactions, blade–vortex interaction noise pre-
diction, and noise-optimal trajectory optimization in eVTOL
operations for future air mobility.
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