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This paper presents high-fidelity numerical investigations of rotor/propeller aerodynamic interactions 
related to thrust-augmented compound rotorcraft. High-fidelity CFD simulations of a generalised 
rotor/propeller integration, as studied both numerically and experimentally by ONERA, were performed 
using the HMB3 solver within the GARTEUR AG25. Simulations of the baseline isolated propulsors were 
first carried out and validated against experimental measurements. Simulations of the rotor/propeller 
integration were then performed and compared with ONERA numerical results. Evaluations of the 
spatial/temporal resolutions were first carried out at low-speed forward. The actuator disk modelling 
of the main rotor was shown to be an effective and efficient simulation method compared to blade-
resolved results. Simulations of the installed propeller were also performed in hover, and the aerodynamic 
interference was found to be considerably exacerbated. A ducted propeller configuration was also 
proposed to study how ducting the propeller would change the aerodynamic interference. The duct 
offloaded the propeller and produced extra thrust, and the blades suffered less from the main rotor 
downwash. However, the duct generated a strong downwards force and a nose-down pitching moment 
because of its flow blockage. The loading variations induced by the aerodynamic interactions were found 
to be strong at low advance ratios but ducting provided significant alleviation.
© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The concept of rotorcraft compounding, i.e. deriving extra lift 
and thrust from auxiliary rotary wing systems and lifting surfaces 
[1], can be dated back to the early ages of aviation. It is a promis-
ing idea to bridge the gaps between traditional helicopters and 
fixed-wing aircraft [2]. Throughout the history of aviation, several 
design attempts and experimental prototypes have been reported, 
such as the McDonnell XV-1, the Fairey Rotodyne, and the Kamov 
Ka-22 in the 1950s, and the Sikorsky S-97 RAIDER [3] and the Air-
bus X3 in recent decades. While demonstrating the extraordinary 
performance gains, these prototypes also pointed out the complex-
ity brought by the combination of rotary wings and lifting surfaces.

In terms of aerodynamics, the difficulty comes from the inter-
ference between components, especially between rotary wings, e.g. 
propulsive propellers under a lifting main rotor, due to their rela-
tive motions, unsteady loadings, and vortical wake systems. The 
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interactions may further lead to significant problems such as un-
favourable acoustics, vibration and poor stability, and difficulties 
in control/trimming. However, renewed attention and interest have 
been directed to compound configurations in recent years, follow-
ing the surge of Urban Air Mobility (UAM) and electrical Vertical 
Takeoff/Landing (eVTOL) concepts. More unconventional configura-
tions can be noted in very recent years, e.g. the Bell Nexus and the 
CityAirbus.

Concerning experimental studies, only a handful of wind tun-
nel tests of compound configurations can be found in the public 
domain. Bain and Landgrebe [4] carried out an extensive test cam-
paign using a generalised compound helicopter model in 1967. The 
tests examined the interactions between the main rotor, wings, 
and various propeller configurations. They found that bending mo-
ments on a tail-mounted propeller blade were larger than the 
wing-mounted configuration. Both wing-mounted and the tail-
mounted propellers increased the main rotor vibratory moments 
as their thrust increased. Walsh and Lorber et al. [3,5] reported 
a series of tests on the Sikorsky X2 demonstrator, and the later 
S-97 RAIDER. However, the tests mainly focused on the overall 
performance, stability and vibration, and limited data concerning 
the rotor/propeller interaction was disclosed. Bowles et al. [6] con-
ducted wind tunnel tests on a more generic rotor/propeller model 
ess article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Latin

C Main Rotor Chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Cp Pressure Coefficient . . . . . . . . . . . . . . . . . . . . . . Cp = P−P∞

0.5ρV 2
tip

F Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
M Moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nm
Q Torque . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Nm
r Blade Radial Position
R Blade Radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T Thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
V Flow Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
W Conservative Flow Variables

Greek

μ Advance Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . μ = V∞
Vtip

σ Actuator Disk Strength
ψ Rotor Azimuth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad
ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

� Rotational Speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s
η Froude Efficiency . . . . . . . . . . . . . . . . . . . . . η = T V∞/(�Q )

Subscripts and superscripts

∞, inf Free-stream Value
d,di Ducted Propeller Value, Isolated Ducted Propeller 

Value
i, j,k i, j, k Directions
p, pi Open Propeller Value, Isolated Open Propeller Value
tip Blade Tip Value
x, y, z x, y, z Directions

Acronyms

AD Actuator Disk
AL Actuator Line
CFD Computational Fluid Dynamics
eVTOL electric Vertical Take-off Landing
HMB3 Helicopter Multi-Block 3
MR Main Rotor
SST Shear Stress Transport
RANS Reynolds Averaged Navier Stokes
RSD Relative Standard Deviation
URANS Unsteady Reynolds Averaged Navier Stokes
in 2016. They examined the propulsive efficiency and relative vi-
bration levels of a tail-mounted propeller in the wake of a powered 
main rotor and generic fuselage. The tests found that the propeller 
had negligible effects on the main rotor performance and trim-
ming, but the propeller performance was significantly altered by 
the main rotor wake.

Numerical modelling of compound configurations and the aero-
dynamic interactions certainly requires high-fidelity methods due 
to the complex flow physics. Following the advancement in nu-
merical methods and computational resources, more high-fidelity 
Computational Fluid Dynamics (CFD) simulations of compound 
configurations have been recently conducted and reported. Frey, 
Öhrle, and Thiemeier et al. [7–11] performed a series of high-
fidelity URANS(Unsteady Reynolds-averaged Navier-Stokes) simu-
lations of the RACER configuration [12] in trimmed hover, cruise 
flight, and crosswind, using resolved blades for the main rotor and 
the lateral rotors, with high-order schemes and mesh adaption. 
Their work focused largely on the overall performance, acoustics, 
and flight mechanics, but systematic isolation of components was 
also conducted to identify the mutual aerodynamic interferences. 
Frequency analyses of the lateral rotor thrust fluctuations clearly 
showed that the propeller thrust is considerably influenced by 
the main rotor blade passage, and generally, more severe aero-
dynamic interactions were observed on the main rotor advancing 
side. Stokkermans et al. [13] conducted URANS simulations of the 
RACER configuration, using resolved blades for both lateral pro-
pellers and an actuator disk for the main rotor. The study found 
that the propeller was dominated by the main rotor downwash in 
hover. However, at high-speed cruise, the interactions are mainly 
between the propeller and wing. The propeller single blade loading 
experienced very large variations, while the overall loading varia-
tions were small. Generally, these high-fidelity simulations prove 
the capability of modern CFD methods for the modelling of such 
complex interactional aerodynamics between rotors. However, the 
computational cost remains high for routine applications, para-
metric studies, and design optimisation. Nonetheless, these studies 
focused specifically on the Airbus X3 and the later RACER config-
urations, and due to its proprietary nature, it is difficult to extract 
more information from these studies in a wider context.

Due to the lack of experimental and numerical studies of com-
pound configurations and the aerodynamic interactions between 
2

rotors, the GARTEUR AG25 [14–16] was proposed to facilitate the 
understanding of the aerodynamic interference between rotors. A 
generalised rotor/propeller combination has been built for the in-
vestigation of the interactional aerodynamics within the GARTEUR 
AG25 project. The test rig used by ONERA is shown in Fig. 1(a) and 
1(b).

The test model consists of a 1/7-scaled Dauphin helicopter fuse-
lage, a 1.5-m-diameter main rotor, and a 11-inch-diameter com-
mercial propeller (APC 11x9-4). The same fuselage and rotor com-
bination has been used in previous studies of rotor/fuselage inter-
actions [17]. Initial numerical simulations [14,15] and preliminary 
test data [16] have already been published. As part of the GARTEUR 
AG25 project, this paper presents further high-fidelity numerical 
results and comparisons concerning the generalised rotor/propeller 
integration at different advance ratios. In particular, the current 
study explores the effectiveness of actuator disk representations 
of the main rotor, considering that the main rotor sees only mi-
nor impacts from the propeller [14–16]. Quantitative comparisons 
with blade-resolved CFD simulations by elsA [14,15] were carried 
out and presented. A ducted configuration was also proposed and 
compared with the original configuration to evaluate how ducting 
would influence the interference.

2. Numerical methods

2.1. HMB3 flow solver

High-fidelity CFD methods are used in the present for the accu-
rate prediction of the complex interactional aerodynamics. The in-
house Helicopter Multi-Block (HMB3) [18,19] CFD code is used in 
the present work. The code has been widely used in previous sim-
ulations of rotorcraft and rotary-wing flows [20–23]. HMB3 solves 
the Unsteady Reynolds Averaged Navier-Stokes (URANS) equations 
in integral form using the Arbitrary Lagrangian Eulerian (ALE) for-
mulation for time-dependent domains. The governing equations 
are discretised using a cell-centred finite volume approach on a 
multi-block, structured grid

d (
Wi, j,k V i, j,k

) = −Ri, j,k
(
Wi, j,k

)
, (1)
dt
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Fig. 1. Illustration of the ONERA test rig for the rotor/propeller interaction study. [14].
Fig. 2. Rotor disk and local forces in a cylindrical coordinate system.

where i, j,k represent the cell index, W and R are the vector of con-
servative flow variables and residual respectively, and V i, j,k is the 
volume of the cell i, j,k. The convective fluxes are evaluated using 
the Osher approximate Riemman solver, while the viscous terms 
are discretised using a second-order central difference scheme. The 
3rd order MUSCL (Monotone Upstream-centered Schemes for Con-
servation Laws) approach is used to provide high-order accuracy 
in space. For unsteady calculations, the implicit dual-time stepping 
approach is adopted. The chimera/overset grid method [24,25] has 
been extensively used in this work. For turbulence modelling, most 
simulations in the current work were performed with the k − ω
SST [26] model. The Scale-Adaptive Simulation (SAS) [27] was also 
adopted for a few cases where possibly significant flow separation 
is expected.

2.2. Actuator disk/line models

The current study evaluated the actuator disk representation 
of rotors for the modelling of complex interactional aerodynam-
ics. The actuator disk model is an effective alternative modelling 
approach for rotors at much-reduced computational cost. It has 
been widely used as alternative modelling options for edge-wise 
rotors [28,29] and propellers [30]. In the present work, the ac-
tuator disk model is implemented as equivalent momentum and 
energy sources injected into the flow-field.
3

Dividing a rotor disk into small segments in a polar system cen-
tring at the rotor centre of rotation, as shown in Fig. 2, the local 
force vector for a specific cell is correlated with the pressure jumps 
as

T = ax

2π∫

0

Rtp∫

Rrt

	P (r,ψ)g(r,ψ, t)σ (x, y, z)drdψ, (2)

where, (r, ψ) are the local polar coordinates on the disk, with the 
subscripts rt and tp denoting the root and tip values, respectively. 
ax is a scaling factor ensuring that the total thrust imposed to 
the flow-field is equal to the amount designated. The tangential 
loading was not included in the current work, as previous evalua-
tions [31] suggest that it has small effects on the flow solution and 
hinders convergence of iterative methods. More validation results 
of the current implementation in HMB3 compared with blade-
resolved simulations can also be found in Reference [31].

Here, σ(x, y, z) is a distribution function introduced to adjust 
the disk strength in space. In the current solver, each computa-
tional cell is assigned a disk strength σ according to the distance 
between its cell centre and the designated rotor disk shape. The 
σ(x, y, z) function has the value 1 when the cell centre is exactly 
on the rotor disk, and quickly reduces to 0 if the cell centre is 
far away from the disk. The decay allows for smooth transitions 
in both the axial and radial directions, to avoid discontinuities. In 
the axial direction, the σ(x, y, z) function follows a simple cosine 
square distribution. The discontinuity at the edge of the rotor disk, 
where the σ values jump from 1 to 0, is smoothed out by a sharp 
half-sine distribution.

	P (r, ψ) is the pressure jump distribution function depend-
ing on the rotor aerodynamic characteristics. The distribution can 
be defined in various ways, e.g. from experimental/empirical data, 
simplified assumptions, or using lower-order tools. In the present 
work, we used a non-uniform disk model, which assumes a non-
uniform and trimmed loading distribution, depending on the ad-
vance ratio, from empirical data of edge-wise flying rotors [32].

The function g(r, ψ, t) is a time-dependent Gaussian. In un-
steady simulations, this function redistributes the initial pressure 
jump to conform with the time-resolved blade location [32], as 
demonstrated in Fig. 3. This is to approximate the time-resolved 
blade motions, thereby allowing for more realistic resolution of 
tip/root vortices and of induced aerodynamics. Since momentum 
sources are now on the discrete rotor blades, this model is often 
referred to as the actuator line (AL) approach.

Equation (2) is nominally evaluated at each computational cell. 
The thrust value is then converted to equivalent volumetric mo-
mentum and energy sources and, added to the discretised gov-
erning flow equations. Compared to blade-resolved simulations of 
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Fig. 3. Sample time-dependent Gaussian for a three-bladed rotor.
rotors, the actuator disk models resolve fewer flow details due 
to the lack of accurate geometries/motions, boundary/shear lay-
ers etc., but the computational cost is greatly reduced due to the 
easy convergence and the reduced grid sizes. Therefore, the actua-
tor disk approach is a fine option for quick or preliminary studies 
of complex flow-fields involving rotors, with reasonable accuracy 
and at much reduced computational costs.

3. Case description

Dimensions and relative positions of the test models are pre-
sented in Fig. 4. In the experiments, the main rotor rotates 
clockwise, viewed from above, and the propeller rotates counter-
clockwise, viewed from the front. However, as in Fig. 4, all ge-
ometries and motions have been mirrored about the x-z plane 
comparing to the original in Figs. 1(a) and 1(b). This is for eas-
ier implementations of actuator disk models and mesh motions in 
HMB3. Therefore, the main rotor rotates counter-clockwise viewed 
from above, and the propeller rotates about the positive x axis 
in all simulations of the rotor/propeller combination. The fuse-
lage was excluded in the present study, the same as in references 
[14,15].

More descriptions of the main rotor geometry and motions are 
listed in Table 1. The rotor was trimmed in isolation to a spe-
cific thrust with no lateral flapping and no longitudinal forces. The 
trimming values were not altered after the installation of the pro-
peller. More information of the APC 11x9-4 propeller is presented 
in Table 2. The propeller RPM and pitch angle were kept constant 
throughout the test.

High-fidelity simulations are necessary to resolve the complex 
interactional aerodynamics between the main rotor and the pro-
peller for this case. Nevertheless, there are large temporal and 
spatial differences between the main rotor and propeller. As pre-
sented in Tables 1 and 2, the propeller to rotor rotational speed 
ratio is 6:1, while the radius ratio is about 0.186:1. The temporal 
and spatial resolution of the CFD modelling should prioritise the 
propeller that has the higher frequency, and smaller spatial size, 
and the computational cost can be prohibitively large.

Simplified modelling with reduced computational costs are 
therefore necessary. CFD simulations by Boisard [14,15] suggest 
that the main rotor sees negligible influence from the propeller, 
whereas the propeller suffers more from the main rotor wake and 
downwash. This is expected and is also confirmed by preliminary 
wind tunnel tests [16], considering that the main rotor is placed 
upstream the propeller and it has to produce lift to counter the 
total weight. In view of this, it is reasonable to model the main 
rotor with simplified and low-cost models, and to focus on the 
4

Table 1
Geometry and operating conditions of the main rotor.

Radius 0.75 m
Chord 0.05 m
Twist linear -16◦
Number of blades 4
Shaft angle 4 ◦ nose down
Planform − rectangular

− no swept
− no taper

Blade section OA209

Rotational speed RPM 1272 (Vtip = 100m/s, Matip = 0.294)
Free-stream velocity V∞ = 0,5,10,15,20,25m/s
Main rotor advance ratio μmr = 0,0.05,0.1,0.15,0.2,0.25
Propeller climb ratio μprop = 0,0.0448,0.0896,0.134,0.179,0.224
Trim target − Ct = 0.0123

− trimmed in isolation
− zero longitudinal force
− zero lateral flapping

Table 2
Geometry and operating conditions for the APC 11x9-4 propeller.

Radius 0.1397 m
Twist non-linear -41 ◦
Number of blades 4

Rotational speed RPM 7632 (Vtip = 111.65 m/s)
75% span pitch 21 ◦ (fixed)

aerodynamic interactions near the propeller with blade-resolved 
simulations. Therefore, the actuator disk and actuator line models 
are used for the main rotor for the rotor/propeller interaction cal-
culations. The actuator disk models were assessed in later sections 
and were shown capable of resolving the interactional aerodynam-
ics at much reduced computational costs.

It is also noted that the main rotor advance ratio (μ = 0 ∼ 0.25
for the current test campaign) plays a significant role in the aero-
dynamic interactions, as the advance ratio determines the bound-
ary of the wake. Preliminary numerical and experimental stud-
ies [14–16] suggest that at advance ratios beyond μ = 0.1, the 
main rotor wake passes above the propeller disk, inducing only 
small fluctuations in the propeller thrust. For advance ratios near 
μ = 0.05, the main rotor wake partially impinges on the propeller 
disk. Hence, the propeller sees large influences from the main ro-
tor at certain azimuth angles. In hover, the propeller is immersed 
in the main rotor downwash, and significant fluctuations in the 
propeller thrust can be observed. Therefore, the current study fo-
cused on the low-speed forward flight at μ = 0.05 and the hover 
condition.



T. Zhang and G.N. Barakos Aerospace Science and Technology 124 (2022) 107517

Fig. 4. Dimensions and relative positions of the rotor/propeller interaction setup. Dimensions are normalised by the main rotor chord C = 0.05m. Note the model and all the 
motions are mirrored about the x-z plane compared to the actual experimental test.

Table 3
Test matrix for simulations of the APC 11x9 four-bladed propeller.

Case Name RPM V∞/[m/s] Spinner & Fairing Duct Turbulence Modelling Steady/Unsteady

PC 1 7632 0.00, 5.58, 11.17, 15.00, 16.75, 22.33, 25.00, 27.91 N N k-ω SST steady
PC 2 7632 0.00, 5.58, 16.75 N N k-ω SST & SAS unsteady
PC 3 7632 0.00, 5.00, 10.00, 15.00, 20.00, 25.00 Y N k-ω SST steady
PC4 7632 5.00, 15.00, 20.00 Y Y k-ω SST steady
4. Validation and performance of the isolated propulsors

To verify the geometry and numerical settings, simulations 
were first performed on the isolated APC 11×9-4 propeller, as 
shown in Fig. 5(a). The Reynolds number based on the 75% blade 
chord and the tip speed was 1.38 × 105. Numerical investigations 
of the propeller performance in axial flight were carried out si-
multaneously with experimental efforts at ONERA. The HMB3 test 
matrix was shown in Table 3. For a propeller of such a small size 
and Reynolds number, significant uncertainties were expected for 
both numerical and experimental studies, due to factors such as 
transition/separation, minor geometric differences, and measure-
ment errors. In this light, Table 3 included variations in geometry 
(with/without spinner and faring), turbulence modelling options, 
and steady/unsteady approaches to determine the best modelling 
for the current case.

The spinner and faring, as shown in Fig. 5(a), have the exact 
shapes as the experiments. However, the aft-part of the faring was 
extended as a circular cylinder with a smooth sealing to model the 
effects of the wind tunnel support structures. Moreover, a ducted 
configuration was also proposed, as shown in Fig. 5(b) using the 
same Grunwald duct shape [33] from previous studies [25,34]. The 
duct was scaled to enclose the propeller with the same tip gap to 
radius ratio, of about 0.53%.

Simulations of the open/ducted propellers in axial flight were 
carried out using the Rotating Reference Frame and periodic 
boundaries with only 1/4 of the entire computational domain. The 
unsteady simulations used the same grids and periodic bound-
aries but resolved the rotational blade motions. The grids were 
5

again generated separately per component and assembled using 
the Chimera approach.

Simulation results in terms of the propeller thrust, torque, and 
efficiency are presented in Figs. 6(a) to 6(c), respectively. Also pre-
sented are wind tunnel test data by ONERA. The experiments were 
conducted at three different RPMs (7300, 7750, 8000). The fig-
ures present the interpolated results at the 7632 RPM, and the 
error bars represent 5% deviations from the experimental data. 
The HMB3 results show only narrow differences between each 
other, and are mostly within the 5% interval relative to the mea-
surements. The largest absolute differences between the numerical 
and experimental results were within 1N of thrust and 0.05Nm of 
torque. Such small differences in the simulations were expected for 
a small-scale propeller working at this medium to low Reynolds 
number, due to complex flow features e.g. transition, separation, 
and interactions. In general, differences between the numerical 
results were narrow and the steady SST simulations with the spin-
ner&fairing showed the best agreement with the experimental data 
for the current study.

For the open propeller, with and without the spinner&fairing, 
and using steady-state flow simulations, i.e. cases PC1 and PC3, 
the thrust and torque results are very close across the axial speed 
range, but slightly larger thrust differences can be noticed in hover. 
Without the spinner and fairing, the propeller produced about 1 N 
more thrust in hover, and the torque was also very slightly lower. 
Otherwise, the absolute differences in thrust, torque, and efficiency 
were negligible. These suggest that the spinner and faring had very 
limited effects in axial flight for this case.
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Fig. 5. Geometries of the original open and ducted APC 11×9 propeller.

Fig. 6. Performance variations of the APC propeller subject to advance ratio changes in axial flight as in Table 3. The propeller R P M was kept constant at 7632 while the 
axial speed was varied. The error bars represent 5% deviations.
As for the unsteady simulations of the open propeller using 
different turbulence modelling options, i.e. cases PC2-SST and PC2-
SAS, the thrust results differ a little more from the experimental 
and steady numerical results, especially at low axial speeds. The 
SST modelling gave slightly higher thrust predictions by about 1 N 
than the experimental and steady results, at the axial speeds be-
tween 0 and 5 m/s. At higher speeds, the unsteady SST predictions 
were almost identical to the steady results. Note that the steady 
methods assumed perfect periodicity and enforced fine temporal 
accuracy through strong steady convergence. This should be the 
source of differences between the steady/unsteady methods using 
the same grids.

The SAS modelling was adopted to allow for better resolution of 
strong flow separation, but it brought slightly lower thrust predic-
tions than the measurements and steady results throughout the 
speed range considered. Comparisons of flow-fields resolved by 
6

the two modelling approaches at V∞ = 16.75m/s are presented 
in Figs. 7(a) and 7(b). Compared to the SST modelling, the SAS 
modelling resolved stronger flow separation near the blade root. 
The disk loading distributions were also extracted and presented in 
Figs. 8(a) and 8(b). It can be seen that the differences reside mostly 
near the blade root, with the SAS simulation resolving more fluc-
tuations. The slightly lower thrust predictions than the measure-
ments suggest that the separation phenomenon was over resolved 
by the SAS modelling in the current case. In terms of turbulence 
modelling, the SST model was regarded as a better option for the 
current case.

For the ducted APC propeller, i.e. case PC-4 of Table 3, the 
thrust and torque dropped faster than for the open propeller fol-
lowing increasing axial speeds. At low axial speeds, the ducted 
configuration produced about 5 N higher thrust than the open 
propeller at the same torque, leading to a higher efficiency. As 
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Fig. 7. Flow-field comparisons in terms of dimensionless q criterion iso-surfaces (coloured by vorticity magnitudes) between the unsteady SST and SAS simulations of the 
APC propeller at V∞ = 16.75m/s. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 8. Disk loading (thrust per unit span) comparisons between the unsteady SST and SAS simulations of the APC propeller at V∞ = 16.75m/s.

Fig. 9. Flow-field comparisons between the open and ducted APC propellers at V∞ = 5m/s.
7
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Table 4
Aerodynamic loadings of the ducted propeller at V∞ = 5m/s. Values normalised by 
the isolated open propeller thrust T0 and torque Q 0 at V∞ = 5m/s.

Component T /T0 Q /Q 0

Propeller 79.6% 100.5%
Duct 40.9% -0.6%
Total 120.5% 100.0%

Table 5
Grid details for the mesh dependence study of the rotor/propeller interaction simu-
lations.

Grids Coarse Medium Fine

Total cell number/[in million cells] 11.9 18.9 34.1
Near field resolution/[in propeller 75% chords] 0.2 0.13 0.08

the axial speed increased, the ducted configuration produced less 
thrust and torque, and became less efficient than the open pro-
peller. This is typical for ducted propellers [25] due to increasing 
duct drag and low propeller suction at high speeds. However, it 
should be pointed out that the current duct/propeller combina-
tion only represents a preliminary design and was used for the 
purpose of comparison. Its high-speed performance can be largely 
improved by increasing the blade pitch, tip chord, and altering the 
duct shape [34].

Aerodynamic loading comparisons at V∞ = 5m/s are presented 
in Table 4. All values have been normalised by the isolated open 
propeller loadings at the same V∞ = 5m/s to bring out the rel-
ative changes. For the current ducted configuration, the propeller 
blades were also offloaded, although the torque remained almost 
the same. The duct contributed about one-third of the total thrust. 
The total ducted thrust was 20.5% higher than the open propeller 
configuration, while the overall torque was almost the same. Com-
parisons of flow-fields are presented in Figs. 9(a) and 9(b). As 
expected, the ducted wake was diffused and slowed down by the 
duct.

5. Comparisons of simulation strategies for the rotor/propulsor 
integration

For the rotor/propulsor integration simulations, the grid topolo-
gies used in the current work are illustrated in Fig. 10. The sim-
ulations involved the main rotor, propeller, centre-body, and the 
duct for the ducted configuration. The fuselage was excluded for 
simplicity. Grids were generated for each component separately, 
to ensure high quality, and were assembled for computation us-
ing the chimera method. In the present study, the propeller blades 
were fully resolved, while the main rotor was represented by ac-
tuator disks or lines, as listed in Table 7. The off-body grids had 
uniform cell sizes near the main rotor and the propeller. The sim-
ulations were performed using the 3rd-order MUSCL [35] scheme 
and the k − ω SST turbulence model [26].

A first study was performed to evaluate the required spatial and 
temporal resolutions for the current simulations of rotor/propulsor 
interactions. This study focused on the open propeller case. Grids 
of different sizes were used as listed in Table 5. Three different 
time steps were also examined, and the test matrix is shown in 
Table 6. The computations required about 5 to 6 main rotor revo-
lutions, i.e. 30 to 40 propeller revolutions to reach a periodic state 
when the main rotor was modelled with the unsteady actuator line 
models. With actuator disks, the computations were less expen-
sive but still required about 10 propeller revolutions to settle. The 
grid dependence study used the larger time step size and actuator 
disks, due to the high computational cost of the finest meshes.

The predictions of the phase-averaged total propeller thrust and 
torque using different grids and propeller steps (Table 6) are plot-
8

Table 6
Test matrix for the spatial and temporal resolution dependence study.

Grid\Propeller step size 3◦/step 1◦/step 0.5◦/step

Coarse � - -
Medium � � �
Fine � - -

ted in Fig. 11. In general, the absolute differences were small, as 
the thrust varied within 2N and the torque within 0.05Nm. The 
propeller produced a thrust at around 20N with a torque output of 
about 0.55Nm. Nonetheless, different grids using the same larger 
time step size of 3◦/step showed minor differences in the thrust 
and torque predictions. While using the medium grid at different 
time step sizes, larger changes can be observed when the time 
step was reduced to 1◦/step from 3◦/step. The differences between 
1◦/step and 0.5◦/step remained small.

After evaluating the required spatial and temporal resolutions, a 
test matrix for the rotor/propeller interaction study was compiled 
as presented in Table 7. Simulations of the isolated ducted/open 
propellers were also performed for further reference. The main ro-
tor was then modelled with actuator disks or actuator lines. For 
simulations of the open propeller configuration, the medium grid 
in Table 5 was used. For the ducted propeller, a fine grid of about 
34.1 million cells was used. The increased cell number was mostly 
to fulfil the chimera interpolation requirement between the blades 
and duct.

Later simulations using actuator disks employed the medium 
grid with a time resolution of 1◦/step. However, for simulations 
using actuator lines, the medium grid and the larger time step 
of 3◦/step were adopted. This was mainly due to the associated 
computational costs. Using the same medium grid in Table 7, the 
actuator disk and the actuator line approaches required the similar 
amount of computational cost of about 7.47 CPU hours per time 
step. With the actuator disk model, the simulation stabilised af-
ter 10 propeller revolutions, i.e. about 1.67 main rotor revolutions. 
Using a time step of 1◦/step, 3600 time steps were needed with 
a cost of 26892 CPU hours. However, due to the resolved blade 
motion with the actuator lines, the simulation needed about 6 
main rotor revolutions to reach a stable state, which corresponds 
to 12960 steps using the same 1◦/step and an excessive compu-
tational cost of 96811 CPU hours. A bigger time step of 3◦ could 
reduced the cost to 32270 CPU hours with 4320 steps, which is 
similar to the AD simulation. To minimise the impact of the step 
size, the actuator line results were compared with the isolated pro-
peller using the same step size.

6. Investigations of the rotor/propeller interactions

6.1. Installed open propeller at V∞ = 5m/s

Simulations were first performed of the installed open propeller 
at V∞ = 5m/s, as a baseline condition. Flow solutions using re-
solved open propeller blades, while the main rotor was modelled 
by a non-uniform actuator disk, are shown in Figs. 12(a) and 12(b). 
The actuator disk provided a constant but non-uniform downwash 
as inflow for the propeller, and the propeller wake was distorted 
and deflected downwards by the downwash. The propeller wake 
later merged with the main rotor wake far downstream, forming a 
strong and complex super vortex. The cylindrical centre-body also 
contributed to the wake.

Table 8 presents the time-averaged propeller loading changes 
relative to the isolated case. Also included are comparisons be-
tween the AD and AL models, as well as, numerical results us-
ing fully-resolved blades by Boisard and Lim [15]. T p and Q p

refer to the mean installed propeller thrust and torque, while 
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Fig. 10. Grid topology for HMB3 simulations of the rotor/ducted propeller configuration. Simulations of the open propeller used the same grid topology.

Fig. 11. Examination of grid sizes and propeller time step sizes for the rotor/propeller interaction study.

Table 7
Test matrix for the propeller blade-resolved simulations.

Case Main rotor modelling Propeller modelling Configuration Grid size/[million cells] Time step size/[◦/step] Free-stream Velocity/[m/s]

1 non-uniform AD resolved blades open propeller 18.9 1 5
2 non-uniform AL resolved blades open propeller 18.9 3 5
3 non-uniform AD resolved blades open propeller 18.9 1 0
4 non-uniform AD resolved blades ducted propeller 34.1 1 5
9
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Fig. 12. Flow details of the rotor/propeller wake interactions using resolved propeller blades and steady, non-uniform actuator disk for the main rotor.

Table 8
Comparisons of time-averaged loads of the installed propeller at V∞ = 5m/s, including comparisons with blade-resolved simulations by Boisard and Lim [15].

Case dT p/T pi5 F y/T p F z/T p dQ p/Q pi5 M y/Q p Mz/Q p

HMB3_AD -5.52% -0.40% -1.87% -4.26% -4.68% 26.00%
HMB3_AL 0.46% -0.83% -1.37% -0.24% -5.89% 16.43%

PUMA [14,15] -5.40% -0.55% -2.85% -5.89% -10.22% 26.02%
elsA [14,15] 1.64% 0.04% -3.80% -8.76% 2.36% 14.16%
HELIOS [15] -5.22% -0.41% -2.06% -6.07% -5.98% 26.41%
T pi5 and Q pi5 refer to the isolated propeller thrust and torque at 
V∞ = 5m/s, respectively. dT p = T p − T pi5 and dQ p = Q p − Q pi5

are the reported changes. The HMB3 AD model predicted a thrust 
decrease by 5.52%, which agrees well with the free-wake predic-
tion by PUMA [14,15] and the URANS prediction by HELIOS [15]. 
The HMB3 AL model predicted negligible changes in the thrust. As 
for the propeller in-plane forces, all methods predicted negligible 
lateral forces and slightly lager downwards forces of about 2% to 
4% of the thrust.

The HMB3 AD model predicted a torque decrease by 4.26%, 
which is consistent with the rest of the predictions shown. How-
ever, the AL model again predicted negligible changes in the 
torque. As for the propeller out-of-plane moment, the AD and 
AL models both predicted nose-down pitching moments around 
5% of the torque, which are close to the HELIOS predictions. All 
methods predicted considerable disk yawing moments towards the 
fuselage. The HMB3 AL results suggested lower levels of variations. 
This should be due to the fact that the time-dependent Gaussian 
tends to smooth out the pressure jump and leads to weaker time-
averaged rotor downwash. Later simulations using HMB3 focused 
on the AD representation of the main rotor.

Figs. 13(a) and 13(b) present the relative single-blade thrust 
and torque variations. The values were normalised by their re-
spective mean values. The HMB3 results were consistent with the 
blade-resolved elsA results in terms of the wave shapes and mag-
nitudes, with elsA results containing more complex secondary har-
monics. There were small differences between the HMB3 AD and 
AL results. The AL signals were very slightly different between pro-
peller revolutions due to the resolved main rotor motion.

Overall, the effectiveness of the actuator disk modelling of the 
main rotor for the current study is verified by the fine agreements 
in the time-averaged and time-dependent propeller loadings. The 
actuator line model induced lower downwash than expected, pos-
sibly due to the smoothing Gaussian. The non-uniform AD model 
offered results that are in better agreement with reference data.
10
6.2. Installed open propeller in hover

As discussed earlier, the main rotor advance ratio is expected 
to have strong impact on the rotor/propeller interactions. There-
fore, this subsection investigates the interactional aerodynamics 
in hover with zero free-stream velocity. The main rotor was also 
modelled by a non-uniform actuator disk following the examina-
tions in the previous section, while the propeller blades were fully 
resolved. The resolved flow features are shown in Figs. 14(a) and 
14(b). In hover, the MR downwash was much stronger without the 
free-stream speed, and the propeller disk was fully immersed in 
the rotor wake. The propeller wake was highly distorted and im-
pinged directly on the nacelle. The cylindrical nacelle also resulted 
in complex flow features.

Table 9 presents the propeller thrust and torque changes, in 
hover, relative to the isolated case. T p and Q p refer to the mean 
installed propeller thrust and torque, while T pi0 and Q pi0 refer 
to the isolated propeller thrust and torque at V∞ = 0m/s, respec-
tively. dT p = T p − T pi0 and dQ p = Q p − Q pi0 are the reported 
changes.

In contrast to forward flight, the propeller thrust and torque 
were increased in hover due to the interaction. Nonetheless, the 
propeller in-plane forces and out-of-plane moments remained 
mostly of the same signs but were of higher magnitudes, indicat-
ing stronger interactions. The HMB3 AD model predicted a 9.26%
thrust increase, which is close to results by ONERA [15]. For the 
disk in-plane forces, the AD model predicted a small lateral force 
outboards of 1.75% the thrust and a slightly larger downwards 
force of 4.41% the thrust.

For the propeller torque, HMB3 predicted increased values, 
while the elsA simulation [15] suggested negligible torque changes. 
As for the out-of-plane moments, the consistency between meth-
ods is better, as all methods predicted considerable nose-down 
pitching moments and strong yawing moments towards the fuse-
lage.

Figs. 15(a) and 15(b) compare the single blade thrust and 
torque time histories in hover. The values were also normalised 
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Fig. 13. Comparisons of relative thrust and torque variations between HMB3 and elsA [15] simulations at V∞ = 5m/s.

Fig. 14. Flow details of the rotor/propeller wake interactions in hover using resolved propeller blades and non-uniform actuator disk for the main rotor.

Table 9
Comparisons of time-averaged loads of the installed propeller in hover with V∞ = 0m/s.

Case dT p/T pi0 F y/T p F z/T p dQ p/Q pi0 M y/Q p Mz/Q p

HMB3_AD 9.26% -1.75% -4.41% 2.77% -22.56% 53.03%
11
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Fig. 15. Comparisons of relative thrust and torque variations between HMB3 and elsA [14] simulations at V∞ = 0m/s.
using their respective mean values. The HMB3 results were again 
in generally fine agreement with the blade-resolved elsA results. 
The differences were mostly near the peaks of the torque signals. 
The HMB3 results showed a first local maxima ahead of the later 
peak torque. This agrees better with the HELIOS results in Refer-
ence [15].

6.3. Installed ducted propeller at V∞ = 5m/s

Simulations of the ducted propeller under the main rotor were 
also performed at the low forward speed of V∞ = 5m/s repre-
senting the main rotor using the non-uniform actuator disk. The 
resolved flow details are shown in Figs. 16(a) and 16(b). Similar 
to the open propeller case in Figs. 12(a)and 12(b), the main ro-
tor wake hit mostly the upper half of the propeller disk, but the 
wake was moderately accelerated by the duct curvature. The pro-
peller wake was very mildly affected by the downwash near the 
propeller disk due to the duct shielding. The propeller wake was 
also distorted by the downwash further downstream as it exited 
the duct.

Changes in the component and total phase-averaged aerody-
namic loadings are shown in Table 10. Similar to the open pro-
peller under the same condition, the ducted propeller also saw 
decreased thrust and torque at this forward speed. The propeller 
thrust was decreased by 5.93%, but this was compensated by the 
duct thrust increase of 2.85%. The total thrust was only slightly re-
duced by 2.94%, which was still higher than the open propeller at 
the same condition. As for the sideways forces, the major change 
was a strong downwards force of 22% the total thrust mostly from 
the duct surface due to its blockage of the downwash.
12
The total torque was decreased by 6.38%, with 4.32% from the 
blades and 1.96% from the duct. A strong nose-down pitching mo-
ment of about 60% the total torque was noted with the major 
contribution from the duct and small nose-up compensation from 
the blades. The duct also generated a considerable yawing moment 
of 21.52% towards the starboard side, but it was cancelled out by 
the opposite yawing moment on the propeller, and the total yaw-
ing moment was not significant.

The thrust variations of the ducted blades and the duct are 
shown in Fig. 17. The open blade thrust at the same condition 
was also plotted here for comparison. The respective mean values 
were subtracted to bring out the absolute fluctuations. Compared 
to the ducted blades, the duct thrust varied at four times the fre-
quency, because it was mainly caused by the rotational motion of 
all four blades. The thrust variation had a low magnitude of about 
0.1 Newton. Compared to the un-ducted blades, the open blades 
experienced clearly lower levels of fluctuations thanks to the aero-
dynamic shielding of the duct.

6.4. Discussions and analyses of the aerodynamic interactions

To further inspect the aerodynamic interference, flow details 
close to the open and ducted propellers subject to the MR down-
wash are presented in Figs. 18 to 20.

For the open propeller at different advance ratios (Figs. 18 and 
19), the propeller wake was distorted by the downwash, impinged 
on the nacelle then broke down into more delicate structures. A 
pair of super vortices were also formed because of the distorted 
wake. The flow phenomena were broadly similar to propellers at 
crosswind with extra complexities due to the non-uniform cross 
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Fig. 16. Flow details of the rotor/ducted propeller wake interactions using resolved propeller blades and non-uniform actuator disks for the main rotor.

Table 10
Phase-averaged aerodynamic loading changes of the ducted propeller subject to the rotor downwash at V∞ = 5m/s. Tdi5 and Q di5 denote the isolated ducted propeller total 
thrust and torque at V∞ = 5m/s, respectively.

Component dTd/Tdi5 F y/Td F z/Td dQ d/Q di5 M y/Q d Mz/Q d

total loads -2.94% 3.08% -22.43% -6.38% -60.18% -2.58%
ducted blades -5.93% 0.12% -1.23% -4.32% 11.66% 18.94%
duct 2.85% 2.96% -21.20% -1.96% -71.84% -21.52%

Fig. 17. Component thrust variations due to the downwash and comparisons with the open propeller thrust.

Fig. 18. Vorticity contours of the open propeller wake at V∞ = 5m/s. C is the main rotor chord length.
13
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Fig. 19. Vorticity contours of the open propeller wake in hover. C is the main rotor chord length.

Fig. 20. Vorticity contours of the ducted propeller wake at V∞ = 5m/s. C is the main rotor chord length.
flow. This is reflected in the periodic yet complex blade loading 
histories.

It is also interesting that at V∞ = 5m/s the wake was deflected 
downwards, but also slightly outboards as shown in Figs. 18(a) 
to 18(c). This is the result of the non-uniform downwash to-
gether with the propeller blade rotation. In hover, the downwash 
was much stronger, as expected, without the free-stream speed. 
The cylindrical nacelle started shedding vortices due to the strong 
downwash, as shown in Figs. 18(a), 18(b), and 18(c). The pro-
peller wake was deflected downwards as the MR downwash be-
came dominant.

By ducting the blades, as shown in Fig. 20, it was mainly the 
wake of the duct rather than the propeller that was interacting 
with the MR downwash at V∞ = 5m/s, and the interaction hap-
pened only after the duct exit. A pair of super vortices were also 
formed. Compared to the open propeller at the same condition, the 
flow-field was much cleaner as the blades were shielded inside the 
duct. This is especially beneficial for noise reduction. The wake de-
flection was mostly downwards, as the effect of the blade rotation 
was largely blocked by the duct.

To highlight the interference effects more quantitatively, the 
propeller thrust loading changes relative to their respective iso-
lated cases are presented in Figs. 21(a) to 21(c).

At V∞ = 5m/s, as shown in Fig. 21(a), the disk loading was de-
creased as the blade moved away from the downwash (azimuth 0◦
to 120◦). The disk loading was increased as the blade encountered 
the downwash from 270◦ to 360◦ azimuth angles. This is consis-
tent with the integrated total thrust variations of Fig. 13(a) and 
also explains the strong yawing moment. The moment was mainly 
due to the upper half of the propeller disk that was affected at 
this advance ratio. This agrees with the flow solution in Fig. 12(a) 
as the rotor wake hits the upper half of the propeller disk.

As the free-stream speed was reduced to zero, as in Fig. 21(b), 
the propeller was much more severely affected by the downwash 
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compared to the forward flight case. The entire propeller disk was 
affected and the imbalanced loading resulted in the strong disk 
yawing moment. Half of the propeller disk from azimuth 0◦ to 
180◦ , including part of the mid-span to tip region from 180◦ to 
270◦ , saw thrust decreases because of the downwash. The pro-
peller thrust was significantly increased near the blade tip between 
285◦ and 360◦ azimuth angles. Mild increases were also observed 
near the root and mid-span between 180◦ and 330◦ azimuth an-
gles.

By ducting the blades, the loading changes were restricted 
mostly near the blade tip region between from 330◦ to 120◦ . Only 
minor changes were noted elsewhere. This is consistent with the 
loading history plotted in Fig. 17. Compared to the open propeller, 
the affected area was slightly smaller and concentrated mostly at 
the blade tip near the duct surface. Such unbalanced disk loadings 
also led to a considerable yawing moment. Nonetheless, for the 
ducted case, the duct contributions, under the downwash, must 
also be investigated.

The phase-averaged duct surface pressure distributions were 
extracted and presented in Figs. 22(a) to 22(e). In general, in 
Fig. 22(a), a low-pressure region is noted at the inner side of the 
inlet between ψ = 315◦ and 45◦ , while a high-pressure region is 
seen at the duct outer surface due to the downwash.

Fig. 22(b) compares the duct sections at ψ = 0◦ and 180◦ . It 
is noted that at ψ = 0◦ the pressure at the duct inlet was much 
lower, while the pressure at the outer surface was stronger. This 
agrees with the previous investigations of ducted propellers at 
crosswind and explains the strong nose-down pitching moment 
of the duct. At the symmetric sections of ψ = 135◦ and 225◦ at 
the duct lower half (Fig. 22(e)), the pressure distributions were 
almost identical. At ψ = 90◦ and 270◦ (Fig. 22(d)), only small dif-
ferences can be noted. However, at ψ = 45◦ and 315◦ at the upper 
half of the duct (Fig. 22(c)), larger differences can be noted, as 
the ψ = 45◦ section had lower pressure at the leading edge. The 
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Fig. 21. Propeller disk thrust loading changes due to the main rotor downwash. The main rotor downwash comes from above (0◦ azimuth angle).
pressure differences at these symmetric sections resulted in a duct 
torque about the x axis. Overall, the duct was affected by the MR 
downwash mostly between ψ = 315◦ to 60◦ at this low-speed for-
ward.

Last but not least, the total thrust and the single blade thrust 
fluctuation levels, which lead to vibration and pose challenges to 
the design of the blade structure, were computed and presented in 
Fig. 23. The fluctuation levels were measured in terms of Relative 
Standard Deviations (RSD) of the thrust histories, which reflect the 
relative level of variations regardless of the absolute values. Fig. 23
shows the total thrust variations subject to the MR downwash 
were all negligibly small. In hover, the open propeller thrust fluctu-
ations of 1.74% were slightly larger due to the stronger downwash.

In contrast, the single blade thrust fluctuations were much 
larger for all cases. For the baseline open propeller at V∞ = 5m/s, 
the single blade thrust fluctuation was at 12.81%. While reduc-
ing the advance ratio, the fluctuation was considerably increased 
to 23.06% in hover. However, by ducting the blades, the variation 
level was slightly reduced to 10.60%.

Also presented in Fig. 23 are the respective time-averaged sin-
gle blade thrust data to reflect on the absolute magnitude of fluc-
tuations. The open propeller under the hovering main rotor suf-
fered the most severe fluctuations with the highest thrust and the 
highest variations, while the ducted blades suffered the least as 
they were carrying lower thrust due to the duct offloading.

7. Conclusions

This work investigated high-fidelity numerical investigations 
into the rotor/propeller aerodynamic interactions. Simulations of 
the isolated propeller were first carried out and various modelling 
options were examined. The numerical results showed narrow dif-
ferences using different modelling setups. Favourable correlations 
with the test data were noted, and the steady SST modelling of 
the isolated propeller brought the best agreement with the mea-
surements for current case. The spatial and temporal resolutions 
required for the modelling of the installed propellers were then 
evaluated, and fine agreement with reference numerical data was 
noted. The actuator disk representation of the main rotor was ex-
amined through comparisons with blade-resolved simulations by 
ONERA. The aerodynamic interference on the propeller at low-
speed forward flight and in hover, was estimated by subtracting 
the respective isolated results. The following conclusions can be 
drawn from the current study:
15
1) The HMB3 actuator disk representation of the main rotor 
for the rotor/propeller interactions was shown to be an ef-
fective and efficient modelling approach. The actuator disk 
model induced propeller loading changes that were in close 
agreement with blade-resolved simulations. The actuator line 
model offered similar solutions, but the induced downwash 
was weaker, possibly due to the smoothing Gaussian function. 
Investigations of the spatial and temporal resolutions found 
that the temporal resolution had stronger impact on the mod-
elling of the rotor/propeller integrations. A 1◦/step is recom-
mended for the installed propeller.

2) For the propeller under the lifting main rotor, the rotor down-
wash caused large fluctuations in the propeller single-blade 
loadings, while the total loading fluctuations remained small. 
Generally, the propeller blade loadings were reduced while 
leaving the downwash and increased while encountering the 
downwash. Such loading imbalance further caused consider-
able propeller pitching moments and significant yawing mo-
ments towards the fuselage. The propeller wake was distorted 
and deflected downwards by the downwash, inducing more 
complex secondary flow features while hitting the nacelle. This 
was particularly salient in hover.

3) The advance ratio of the main rotor had a strong impact on 
interference. At the low-speed forward flight, the main ro-
tor wake mainly affected the upper half of the propeller disk. 
In hover, the main rotor downwash was much stronger, and 
the entire propeller disk was immersed in the downwash, and 
the whole disk was affected. Reducing the advance ratio, the 
propeller single-blade fluctuation level increased from 12.77%
to 23.25%. The propeller disk pitching moment was increased 
from 4.68% to 22.56% of the torque, and the yawing moment 
was also increased from 26% to 53.03% according to the HMB3 
predictions using actuator disk models. At low forward speed, 
the propeller thrust and torque were both decreased by about 
5%. However, in hover, the overall thrust was increased by 
about 9% while the torque was also slightly increased by about 
2.8% according to the HMB3 predictions.

4) Ducting the blades, the overall thrust increased as the pro-
peller blades were offloaded and the duct produced extra 
thrust. The propeller blades also suffered less from the aero-
dynamic interference thanks to the duct shielding. The pro-
peller blades had a lower level of fluctuation around 10%, and 
the out-of-plane moments were also reduced. The interference 
mostly affected the duct. The duct generated a considerable 
downwards force near 21.20% of the thrust, and a strong nose-
down pitching moment of about 72% of the torque. Nonethe-
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Fig. 22. Phase-averaged duct surface pressure distributions. The pressure coefficients were computed using the main rotor tip speed.
16
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Fig. 23. Relative Standard Deviation levels of the total thrust and single blade thrust subject to the aerodynamic interference.
less, the duct and propeller yawing moments cancelled out. 
The loading variations on the duct surface were only minor. 
At the low-speed forward, the aerodynamic interactions were 
also restricted on the upper half of the ducted propeller.
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