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Abstract
Simulations of a multi-rotor eVTOL aircraft at high disk-loading condition were undertaken in hovering flight
using a viscous vortex particle method combined with a lifting-line blade model. Constant-source panels were
used to introduce the influence of the airframe in the solution. Comparisons with CFD results revealed that the
vortex-particle solver was capable of predicting the time-averaged propeller thrusts to within 6%. Additionally,
the primary (1/rev) blade thrust variations due to the inter-propeller interactions were well-captured. However
smaller-scale variations and interactions between the propellers and wings were not resolved to the same

extent.

1. NOTATION

Symbols Description

Ajj Vortex panel influence coefficient

c Panel mean chord length, m

Source panel influence coefficient

dF Panel inviscid force vector, N

dl Panel quarter chord segment, m
Velocity kernel, m/s

Panel unit normal vector, m

Distance vector, m

Propeller radius, m

Time, s

Particle vorticity strength vector, m3/s
Vorticity, 1/s

Velocity, m/s

Panel kinematic velocity, m/s

Velocity induced by source panels, m/s
Velocity induced by vortex panels, m/s
Velocity induced by wake particles, m/s
Position vector, m

Thrust, N

Circulation, m?/s

Kinematic viscosity, m?/s

Air density, kg/m?3

Particle core radius, m

Panel source strength, m/s

Inflow angle, deg
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P Blade azimuth angle, deg
Q Propeller speed of rotation, rad/s

2. INTRODUCTION

In the field of Advanced Air Mobility (AAM), a large
variety of electric vertical take-off and landing (eV-
TOL) concepts have been offered as private or low-
capacity transportation. Yet, there are barriers to their
adoption in such a role, including traffic management
solutions, noise annoyance, and high operating costs
(Ref. 1). Recent socioeconomic studies (Refs 2,3)
have found that high-capacity regional AAM opera-
tions would generate considerably more profits, with
greater public acceptance. Heavy-lift eVTOL designs,
such as the GKN Skybus concept presented in Ref.4,
are hence of particular research interest. The heavy
weight leads to high disk loadings, and subsequently,
strong aerodynamic interference across rotors,
wings, and airframe. These have been identified in
previous high-fidelity CFD analyses in both hover and
forward flight conditions (Refs 4,5). While high-fidelity
CFD methods can resolve accurate flow details, aer-
odynamic loadings, and acoustic emissions, their
computational cost may still exceed the affordability
of many routine design tasks. It is then an interesting
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qguestion to understand whether faster predictive
methods are capable of resolving the interactional
flow physics with reasonable accuracy.

In recent years, there has been considerable effort in-
vested by multiple institutions into developing the vor-
tex particle method as a robust and reliable tool for
predicting wake mixing and the effects of lifting-sur-
face interactions, e.g., Refs 6-8. The main advantage
of this method is the ability to resolve blade forces and
primary aerodynamic interactions at a much lower
computational cost than high-fidelity solvers. This
makes parametric design investigations much more
feasible. Zanotti et al. (Ref. 9) demonstrated that, in
the case of a full tiltrotor model during hover and tran-
sition flight, a vortex particle wake coupled with a Mo-
rino-like boundary element method and a nonlinear
lifting line, can provide qualitatively similar predictions
to CFD for blade loads and flow field velocities.

Previous works have dealt with the initial sizing, blade
optimisation, and forward flight aeroacoustics of the
heavy-lift eVTOL layout using an URANS-based CFD
solver, with consideration for the wake interactions
between the fixed wings and propellers in two-, four-
and six-propeller configurations (Refs 4,10). This was
followed by CFD studies which established the aero-
acoustic performance of the optimized geometry in
hover and highlighted the overall improvements com-
pared to the original baseline (Ref. 5). The latest
study investigated the feathering and windmilling of a
redundant propeller in forward flight and the effect of
this propeller's wake on downstream elements (Ref.
11).

The wealth of CFD data available for the heavy-lift
eVTOL presents an opportunity to assess the capa-
bility of alternative, more efficient computational
methods in resolving the various aerodynamic inter-
actions present between the propellers and lifting sur-
faces. Specifically, the objective of this study is a
code-to-code comparison of the prediction of the un-
steady blade loads, where the CFD solution will be
compared to that from a vortex particle code, VorTeX.
In this code, the vortex particle method is coupled
with a lifting line model for fast predictions of the lifting
surface loads under the influence of their wakes and
other surfaces.

3. NUMERICAL METHODS
3.1. Vortex Particle Method

The code VorTeX was developed for the solution of
rotary wing flows based on the vortex particle method
(VPM). The VPM solves the vorticity form of the in-
compressible Navier-Stokes equations (Equation 1)
in a Lagrangian frame of reference by discretizing the
flow field into regularized vortex elements, called vor-
tons or vortex particles.

%w =(w - Nu+vlw (1)

The method is efficient in the sense that only regions
of the flow with non-zero vorticity need to be discre-
tised, hence it is well suited for vortex-dominated
flows such as in the wakes of fixed and rotary wings.
The code was written in MATLAB, with performance-
critical functions converted to C code using
MATLAB’s Mex file format.

The vorticity field, w, is approximated from Equation
2 as the sum over all particles, which are defined by
a vorticity strength, a,,, and by a core size, g,. The
latter desingularises the influence of each particle and
enables the simulation to proceed without numerically
blowing up.

W% t) ~ B a, () (x — %, (8)) (2)

The function {, is selected to be a Gaussian radial
basis function. The velocity field, u, is obtained as the
induction from all vortex elements via the Biot-Savart
law with a regularised kernel, K, = g,K, with a
smoothing radius that corresponds to the core size of
the particles:

ulx,t) = Z 9o (x — xp(t)) K (x — xp(t)) X oy,
P

T

with K(r) = —471'7
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The core radius is selected such that an initial overlap
between neighbouring particles of at least one core
radius is maintained for numerical stability.

The particle evolution equations follow the reformula-
tion of Alvarez et al. (Ref. 6), which avoids the as-
sumption of constant particle core size in favour of a
variable core scheme that locally conserves the mo-
mentum of vortex tubes as they are subjected to
stretching:

%xp = u(xp) 4)
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The particle strength exchange scheme of Degond
and MasGallic (Ref. 12) is used to model the effects
of viscous diffusion in the final term of Equation 5, alt-
hough for the flows in this study, the effect was found
to be negligible. The relaxation scheme by Pedrizetti
(Ref. 13) is used to realign the particles with the curl
of the local velocity and reinforce the solenoidality of
the vorticity field.

3.2. Lifting Line

To obtain the blade loads, a linear lifting line is solved
by discretizing the lifting surfaces into quadrilateral
vortex panels. The velocity induced by their constitu-
ent vortex filaments is also obtained via the Biot-Sa-
vart law. The bound circulation distribution is obtained
by enforcing the flow-tangency condition at the cen-
troid of the bound vortex panels, described as the
method of influence coefficients in Katz and Plotkin
(Ref. 14). This is done concurrently with the solution
of the source terms, as described in Section 3.3. The
Prandtl-Glauert compressibility correction is also ap-
plied to the circulation. The coupling with the VPM is
achieved by shedding the bound circulation into the
wake in the form of a row of temporary panels, the
filaments of which are then converted into particles to
be evolved in the following time step. The shed fila-
ment coincident with the trailing edge of the bound
vortex panels is also preserved into the next time step
as an element contributing to the wake-induced ve-
locity so that the bound circulation is updated cor-
rectly.

Once the circulations are determined, the steady and
unsteady inviscid forces on each panel are computed
using the vectorised Kutta-Joukowski formulation
from Ref. 15:

ar
dF = pT(u x dl) + pcaﬁ

where dF is the force on the panel, p is the air density,
[ is the panel circulation strength, u is the local veloc-
ity vector calculated in the middle of the quarter-chord
segment, dl, c is the mean chord of the panel, and 7
is the unit normal vector of the panel.

3.3. Boundary Element Method

Fuselages and other non-lifting bodies are repre-
sented by constant-source panels, the strengths of
which are determined by solving a Neumann bound-
ary problem. The flow-tangency condition at the cen-
troids of each source or vortex panel can be ex-
pressed in terms of the kinematic velocity of the
panel, u,, the velocity induced by the free wake par-
ticles, u,,, and the influence of all other source and
vortex panels, ug and u,,:

(ug+u,+u, —uw) - 1=0 )

By moving the wake and kinematic velocities to the
right-hand side, a linear system of equations can then
be obtained, which is solved for the source and circu-
lation strengths, o and T, respectively. This is shown
in Equation 8, with notation borrowed from Tugnoli et
al. (Ref. 7), where the matrices C,, C,s contain the
influence coefficients of source panels on all source
and vortex panels respectively, and the matrices Ag,,
A,,, contain the influence coefficients of vortex panels
on all source and vortex panels.

Applying Equation 7 for source panel i:

(us +uy,); -, = —(u, —wy); - A

Ng Ny
Z Cikak + ZALmFm = RHSl
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Hence for all source panels: [Cys Ay, ]() = bs
Applying Equation 7 for vortex panel j:

(us +u,); - Ay

Z KOk + ZA,mrm = RHS;

Hence for all vortex panels: [Cys A, ]() = by

=—(u, —w); - iy

The combined system of equations is then:

¢z o=@ ®

Solution of this linear system is performed using the
Matlab backslash (“\’) operator, which computes the
inverse of the matrix of influence coefficients using LU
factorisation.

3.4. CFD Solution

The reference data, against which the VPM solution
is compared, was obtained using the well-established
Helicopter Multi-Block 3 (HMB3) framework (Refs



16,17). HMB3 solves the unsteady Reynolds aver-
aged Navier-Stokes equations in integral form using
the Arbitrary Lagrangian Eulerian formulation for
time-dependent domains, which may include moving
boundaries. The Navier-Stokes equations are discre-
tised using a cell-centred finite volume approach on a
multi-block, structured grid. The 3 order Monotone
Upstream-centred Schemes for Conservation Laws
(MUSCL) approach was used to provide high-order
accuracy in space. The chimera/overset grid method
was used.

4. GEOMETRY AND OPERATING CONDITIONS

The baseline C1 configuration of the heavy-lift eVTOL
was considered in hovering conditions out of ground
effect, as described in Refs 4,11. This consisted of six
propellers mounted on wing tips in a hexagonal con-
figuration, as shown in Figure 1.

The optimized blade geometry from Ref. 4 was used
with a radius, R, of 3.25 m. The blade twist was mod-
ified by adding to the geometric twist the zero-lift an-
gle of attack due to the airfoil camber at the approxi-
mate operating Reynolds and Mach number. The pro-
peller pitch was set to 23.8 degrees at 0.75 radius and
the angular speed was set to 338 RPM. The star-
board-side propellers are shown in the results that fol-
low.
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Figure 1: (a) Top and (b) side view of the aircraft
geometry.

5. RESULTS

VPM simulations were run for two cases: one where
only the propellers were modelled (PO) and one also

considering the influence of the wings (PW). To econ-
omise on the total number of surface panels, the fu-
selage was not modelled in either case, as its influ-
ence on the blade loads was not expected to be sig-
nificant due to the high disk loadings and relatively
large lateral separation of the propellers. That said,
we acknowledge that the absence of a fuselage may
lead to a misrepresentation of the fountain-flow recir-
culation region known to occur in the centre of such a
propeller arrangement.

A symmetric boundary condition along the longitudi-
nal plane of the aircraft was enforced, implemented
using the method of mirror images (Refs 14,18). A
time step corresponding to 5 degrees of azimuth ro-
tation was selected, with a spanwise discretization of
30 panels. A cosine distribution of panels was used
to better resolve the tip regions of the blades. The
front and aft wings consisted of 1200 panels each,
while the mid wing consisted of 1500 panels.

Although the CFD results are accepted as the ground
truth for the purposes of the following comparisons, it
is important to keep in mind that there is no guarantee
for their accuracy, even with a solver that has been
well-validated.
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Figure 2: Blade thrust distributions for an isolated
propeller.

5.1. Time-Averaged Loads

Table 1: Mean propeller thrusts for the VPM and CFD
solutions.

Case T [KN] Fore T [KN]Mid T [kN] Aft
VPM-PO  27.4 27.8 276
VPM-PW  27.7 27.7 275
CFD 26.2 26.5 26.2

Table 1 shows a comparison of the predicted thrusts
for each propeller. Even from the PO case, the pro-
peller thrusts predicted by the VPM solution display
decent agreement with the CFD results, with a differ-
ence in mean values below 6%. The inclusion of the
wings lead to an increase in mean thrust of 0.3 kN for
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Figure 3: Change in thrust from an isolated propeller, for the VPM-PW (top) and the CFD (bottom) solution.
Positive values indicate an increase compared to the isolated case. Zero azimuth is defined at the front of the

disk.

Mid

Fore

Aft
90
5
0
300 5
0 d [deg]

Figure 4: Change in inflow angle from the isolated case for the VPM-PW solution. Positive values indicate an

increase compared to the isolated case.

the fore propeller and a reduction of 0.1 kN for the mid
and aft propellers.

5.2. Blade Loads

Firstly, a comparison of the thrust distributions for the
blade of an isolated propeller is shown in Figure 2. At
the same propeller pitch, the VPM solver overpre-
dicted the integrated blade thrust compared to the
CFD solution by 7.1%. While the two solutions agreed

well over most of the blade span, differences are
highlighted near the tip, with the VPM solution having
a higher spanwise gradient in the region outboard of
the thrust peak. The location of maximum thrust is
also slightly inboard compared to the CFD solution.
The lifting-line model is unable to account for complex
3D effects around the tip since it only considers the
blade as a zero-thickness surface with a prescribed
shedding point at the trailing edge.



Figure 3 shows contours of the thrust distributions for
all propellers relative to the thrust of an isolated pro-
peller. The CFD solution predicted an overall increase
in the tip thrust in the outside regions of the propeller
formation, which was present in the VPM solution, al-
beit smaller in magnitude. The regions of reduced
thrust on the inside of the formation were also gener-
ally well-captured by the VPM, particularly for the mid
propeller, which saw most of its influences from the
other propellers rather than from the airframe.

The thrust of a single blade from each propeller over
a revolution is plotted in Figure 5. It is clear that the
overall 1/rev variation was well-captured for all three
propellers. However, with the exception of the mid
propeller, the secondary variations in thrust due to
blade-blade (B2B) and blade-wing (B2W) interactions
were poorly resolved. The presence and nature of
these secondary interactions was identified via a Fou-
rier analysis of the CFD results, as described in the
previous paper (Ref. 5). The addition of the wings
made a small difference to the thrust variation of the
fore propeller, but was otherwise negligible.
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Figure 5: Averaged single blade thrusts over a
revolution. Blade-blade and blade-wing interactions
are annotated as B2B and B2W respectively.

It is worth noting that the VPM solutions did not reach
a fully periodic state, with each blade having a slightly
different thrust variation over its revolution. Averaging

over the blades resulted in some of the pertinent B2B
interactions becoming attenuated, together with other
perturbations. This was especially the case for the
mid propeller where the thrust doublet at 200 degrees
was noted to have almost double the amplitude for
blades two and five compared to the average shown
in Figure 5.

5.3. Wake Characteristics

The propeller wakes are visualised in Figure 6 for
both the VPM and the CFD solutions. Near the pro-
pellers, the wakes exhibit similar coherent vortical
structures trailed from the blade tips. As these tip vor-
tices are convected downstream, instabilities are am-
plified and they eventually collapse to form a region
of unstructured vorticity. It is noted that the region
where tip vortices become destabilised but remain co-
herent extends slightly further downstream in the
VPM solution than in the CFD solution.

On the other hand, as the wake evolves and vortex
filaments become stretched and distorted, the density
of particles is insufficient to accurately represent
small-scale features of the vortex breakdown and in-
stead the particle field devolves into a disorganised
state. This behaviour could be improved with a
remeshing scheme, such as particle splitting, to en-
sure that core overlap is maintained. However, it is
not critical for correct load predictions.

Regarding the wake interaction with the airframe,
some spanwise propagation along the wings is ob-
served in the VPM case, however not to the extent of
the CFD solution, where the vortices meet in the cen-
tre of the fuselage.

6. DISCUSSION

As the blade interactions were described in detail in
Ref. 5, this discussion will instead focus on the dis-
crepancies between the VPM and CFD solutions.
Considering the contours of Figure 4, for the fore pro-
peller, the region of higher thrust in the tip region from
60 to 160 degrees is absent in the VPM results. A
similar result is observed for the mid propeller in the
outboard region from 150 to 210 degrees, although
some of the thrust at 210 degrees is recovered, lead-
ing to the small feature observed in the integrated
blade loads of Figure 5.

The largest discrepancy in thrust for the fore propeller
is in the azimuth range from 180 to 240 degrees,



where the VPM model predicts a thrust of 0.5-1 kN
per blade higher compared to the CFD result. From
the contours, this increase appears to be towards the
midspan of the blade. A similar observation is made
for the aft propeller. The absence of fuselage and as-
sociated flow recirculation could be a contributing fac-
tor to the thrusts being on average higher on the in-
board side of the fore and aft propellers for the VPM
solution. Some differences are observed in this re-
gard in the wake visualisations of Figure 6 that point
towards this being the case.

The contours of the change in inflow angle, shown in
Figure 4, indicate that there is an increased down-
wash on the inside of the formation of propellers,
which correlates well with the reduction in tip thrust in
those azimuth ranges. This is consistent with other
results on compact multirotor configurations in hover
(Ref 19,20).

The effect of the inclusion of the wings on the blade
loads is very small. The biggest change is noted for
the fore rotor, at azimuth angles 240-300 degrees.
The increase in thrust resembles a wing thickness
loading effect and appears with a delay of about 30
degrees compared to the CFD prediction, which
shows an unsteady doublet instead. This is perhaps
a direct limitation of the representation of the wing
surface using source terms only. The inclusion of vor-
tex or doublet terms for the surface panels could yield
improved results, as seen in similar works (e.g. Ref.
7).

Vorticity magnitude [1/s]

. 8. 19
Figure 6: Isosurfaces of Q-criterion for the VPM-PW solution (left) and the CFD solution (right). The right panel
is reproduced from Ref. 5.

Due to the lack of elements with non-zero circulation,
surface loads cannot be obtained for the wings them-
selves. This presents a limitation when trying to de-
termine the download on the wings, which from the
CFD was estimated at a combined 6% of the MTOW
of the aircraft, with an additional 6% from the fuselage
— atotal of 1680 kg. Further, the lack of a vortex shed-
ding mechanism, combined with the inviscid flow as-
sumption inherent to the method, leads to spuriously
low pressures on the trailing edges of the wing flaps,
as the flow is forced to remain attached around the
sharp edges.

In terms of computational time, the VPM solution took
approximately 4,200 CPU hours, with around 500,000
particles in the final time step of the simulation. This
represents a significant saving compared to the ap-
proximately 100,000 combined CPU hours for the
CFD solution. This could be improved further with ac-
celeration algorithms, such as the fast multipole
method (FMM), which can be used to reduce the
computational complexity of the N particle interac-
tions to a theoretical O(N), plus computational over-
head (Ref. 21). Furthermore, modification of the sim-
ulated geometry would only require the adjustment of
a few generating parameters, obviating the need for
any time-consuming mesh generation. This makes
the solution method well suited to optimisation tasks
and parametric investigations.

7. CONCLUSIONS

In this study, a solver based on the vortex particle
method and the lifting line was used to predict the



blade loads of a heavy-lift multirotor eVTOL aircraft in
hovering conditions. A constant-source boundary-el-
ement method was used to introduce the influence of
the wings on the blade loads. The results were com-
pared to previous CFD simulations of the same con-
figuration, with the following key conclusions:

1. The VPM solver predicted the mean propeller
thrusts to within 6% of the CFD solution, for a
computational cost between 10-100 times
smaller.

2. The primary 1/rev variations of the blade loads
were well-predicted by the VPM solver for all pro-
pellers, however, some of the smaller blade-blade
interactions, which were confined to the tip re-
gions of the blades, were not resolved.

3. The method remains better suited to analysis in
the preliminary design stage, where its computa-
tional efficiency, ease of setup and relatively good
accuracy would enable fast iterations of design
configurations.
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