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ABSTRACT
Today, most innovative vehicle designs, such as those with distributed propulsion (DP) systems, are equipped with
multiple rotors and propellers. DP systems create complex interactional aerodynamics, which remain largely unex-
plored and not fully understood. This paper presents a high-fidelity aerodynamic analysis of a tip-mounted propeller
(TMP) combined with an over-the-wing (OTW)-installed system. Four configurations were tested using fully resolved
simulations with the HMB3 CFD solver. The results indicate that the interactional effects in all configurations influ-
ence the propeller and wing performance. Notably, the proposed configuration featuring both TMP and DP produced
3.5% more thrust compared to the configuration with TMP-only, while also enhancing efficiency. This improved wing
performance, yielding more lift, less drag and resulted in higher lift-to-drag ratio (L/D). These benefits were due to the
thrust distribution and propeller slipstream. Additionally, the OTW-DP system resulting in higher pitching moments,
suggesting that the entire vehicle should be considered to achieve the overall objective of high efficiency.

NOTATION

*

Symbols

Cp Pressure coefficient, Cp =
p− p∞

0.5ρU2
∞

CT prop Propeller thrust coefficient, CT prop =
T

ρn2D4

CQprop Propeller torque coefficient, CQprop =
Q

ρn2D5

c Characteristic length, m

k Specific turbulent kinetic energy, m2s−2

ω Specific dissipation frequency of turbulence

M∞ Mach number

n Rotational speed, Hz
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Q Rotor torque [N.m]

Nb Number of blades

R Flow residual vector

T Thrust, N,kN

U Local velocity, m/s

U∞ Free-stream velocity, m/s

W Conservative flow variables

η Froude efficiency, η = TU∞

QΩ

Ω Rotational velocity, rad/s

i, j,k Block index

*

Acronyms

CFD Computational Fluid Dynamics

DP Distributed Propulsion

HMB Helicopter Multi-Block

HLP High Lift Propeller

NASA National Aeronautics and Space Administration
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RPM Revolutions Per Minute

RANS Reynolds-Averaged Navier-Stokes

SAS Scale-Adaptive Simulation

SST Shear Stress Tensor

TP Tip-mounted Propeller

INTRODUCTION AND OBJECTIVES

Recent advancements in hybrid and electric propulsion tech-
nologies enable the development of distributed propulsion
systems, which have the potential to reduce energy consump-
tion and emissions (Ref. 1). An analysis of aero-propulsive
synergistic effects in the preliminary design phase indicates
improvements in overall robustness, capacity, and system effi-
ciency (Ref. 2). Aero-propulsive coupling, in particular, offers
an intriguing method for enhancing wing lift augmentation.
To comply with regulations on required stall speed, current
designs often feature wings that are larger than necessary for
cruising. Local wing blowing can increase dynamic pressure
using the propulsion system, thereby raising the loading of
wing sections. This approach allows for a reduction in wing
area while still achieving the required stall speed and better
cruise performance (Ref. 3).

Research on propellers is justified due to their superior effi-
ciency compared to other propulsion methods. The installa-
tion of propellers on the airframe can significantly influences
the overall aircraft performance. Notably, wingtip-mounted
propellers are a promising configuration for reducing induced
drag through favorable interaction effects. This is particu-
larly true when the propeller rotation is opposite to that of
the wingtip vortex in a tractor configuration, as this setup can
help mitigate the induced drag (Refs. 4–6). In a pusher lay-
out, where the propeller counter-rotates relative to the wingtip
vortex, the swirling flow induced by the wingtip can lead to
reduced shaft power (Refs. 6–8). However, this configuration
also has drawbacks, including the adverse effects of a highly
loaded wingtip, the significant weight of the engine, inertia
loads, and a large yawing moment arm during one-engine-out
scenarios.

Integrating wingtip-mounted propellers with a distributed
propulsion system can enhance efficiency without compro-
mising structural integrity or safety. Notable examples in-
clude the X-57 Maxwell aircraft (Ref. 9) and the Scalable
Convergent Electric Propulsion Technology and Operations
Research (SCEPTOR) concept (Ref. 10), which have attracted
significant attention from industry, academia, and govern-
ment. A detailed characterization of propeller-wing inter-
action effects is essential for developing novel flying vehi-
cles. The Wingtip-mounted Propeller Workshop (WIPP), led
by NASA, has provided valuable insights into tip-mounted
propeller configurations through extensive experimental cam-
paigns (Ref. 11). Prior research on distributed propulsion

systems has optimized high-lift propeller installation loca-
tions using variable fidelity methods, demonstrating supe-
rior overall performance compared to conventional configu-
rations from distributed propulsion system with the OTW de-
sign (Ref. 12). However, high-fidelity research combining tip-
mounted propellers with distributed propulsion systems is cur-
rently rare. As a result, the performance and flow character-
istics resulting from increased propeller-wing and propeller-
propeller interactions remain largely unexplored.

This work employs a rigorously validated high-fidelity
method, specifically designed to analyse propeller-wing and
propeller-propeller interactions. For instance, this work ex-
amines configurations with tip-mounted propellers and dis-
tributed propulsion systems. Current work is aiming to iden-
tify the potential benefits of different emerging propulsion
systems with a better understanding of the fundamental flow
physics associated with each design.

NUMERICAL METHODS

The in-house Helicopter Multi-Block (HMB3) CFD solver is
employed in this study. HMB3 can predict the aerodynamic
performance and acoustics of propulsion systems, as shown
in previous studies (Refs. 13, 14). HMB3 has been widely
used in the investigation of rotorcraft flows (Refs. 15–18),
helicopter rotor aeroelasticity (Ref. 19), propeller aeroacous-
tics (Ref. 20), flight mechanics (Ref. 21) and missile trajec-
tory prediction (Ref. 22). Moreover, good agreement when
compared to experimental results in aerodynamics, acoustics,
and aeroelasticity of propellers has been reported in previous
studies (Refs. 23–26). Most recently, its ability to capture the
interactions of multi-rotor flows and estimate the performance
of ducted propellers was also documented (Refs. 27–29).

HMB3 solves the Unsteady Reynolds Averaged Navier-
Stokes (URANS) equation in integral form using the Arbi-
trary Lagrangian-Eulerian formulation for time-dependent do-
mains, including moving boundary layers. HMB3 uses a
cell-centered finite volume approach to discretise the Navier-
Stokes equations on multi-block, structured grids.

d
dt

(
Wi, j,kVi, j,k

)
=−Ri, j,k

(
Wi, j,k

)
, (1)

In Equation (1), i, j,k represent the cell index, W and R are
the vector of conservative flow variables and the residual re-
spectively, and Vi, j,k is the volume of the cell i, j,k. The con-
vective fluxes are evaluated using Osher’s approximate Rie-
mann solver, while the viscous terms are discretised using
a second-order central differences scheme. The third-order
MUSCL (Monotone Upstream-centered Schemes for Conser-
vation Laws) approach provides high-order accuracy in space.
In the present work, simulations are conducted using the k−ω

shear stress transport (SST) turbulence model (Ref. 30) as this
has been well-validated in previous studies of interactional
aerodynamics (Refs. 31, 32).

For an isolated rotor in axial flight, the azimuthal symmetry of
the configuration can be exploited, whereby only a fraction of
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the grid needs to be generated. The Rotating Reference Frame
(RRF) method is implemented in HMB3 (Ref. 33) for simu-
lations with rotational periodicity. The governing flow equa-
tions are solved in a non-inertial reference frame, thus trans-
forming the unsteady problem into a steady one. For unsteady
simulations, the entire grid is required. However, this can be
obtained by copying and rotating the grids of the steady sim-
ulations using the HMB3 tools. Additionally, unsteady calcu-
lations are possible using the implicit, dual-time stepping ap-
proach. The computational grids used for rotor surfaces have a
typical C-C topology. The spacing distribution has been set to
the condition ∆y+ < 1, resulting in a first cell size of approxi-
mately 2.0×10−6c for all tested grids. Adiabatic wall bound-
ary conditions are applied at rotors, with freestream values of
pressure and velocity used elsewhere. Chimera overset grids
are employed to capture the high-pressure gradient region and
have been carefully designed for efficient load balancing. For
the time-marching computations, a time step corresponding to
two degrees of rotor rotation was used for all cases. The con-
vergence of the implicit scheme was determined based on the
reduction of the flow field residual compared to the previous
time step. In particular, either a three-order-of-magnitude re-
duction or 300 inner iterations were considered sufficient for
each unsteady step.

Furthermore, to assess the interference between propellers
and lifting surfaces, it is evident that both components of each
configuration cannot be independently evaluated. Thus, an in-
tegration of relevant forces (Thrust T, drag D) should be em-
ployed to comprehensively compare the overall performance
of different configurations.

In Equation (2), the overall installed thrust (Tinstall) is cal-
culated by subtracting the drag (Dlifting surface) of the lifting
surface from the total thrust (Tpropellers) generated by the pro-
pellers.

Tinstall = Tpropellers −Dli f tingsur f ace (2)

Subsequently, the overall propulsive efficiency can be simpli-
fied, This can be seen in Equation (3). Here, V∞ represents the
free-stream velocity, and Pshaft denotes the power required by
the propellers.

Overall propulsive e f f iciency (η) =
Tinstall ×V∞

Psha f t
(3)

Finally, this study will apply the aforementioned equations
to evaluate the overall performance of equivalent tractor and
OTW distributed propulsion systems, where ensuring that the
lifting surface is trimmed to produce the same amount of lift.

CFD VALIDATION

Given the tests conducted by Litherland et al. (Ref. 34) at
the NASA Langley Research Centre at the Low-Speed Aeroa-
coustic Wind Tunnel, the current work aims to include the

study of distributed propulsion systems based on previous nu-
merical studies for the conformal folding High Lift Propeller
(HLP) (Ref. 12). The HLP features five blades with a radius
of 0.288 m and a fixed pitch of 24.1◦ at 75% of the blade ra-
dius. Various advance ratios, rotationa, and flight speeds were
tested. The geometry details and a schematic of the propeller
can be seen in (Ref. 32). The HMB3 CFD solver was em-
ployed to predict the performance, as illustrated in Figure 1
(a). Aerodynamic coefficients were compared against experi-
ments at various advance ratios, showing good agreement be-
tween the results obtained from HMB3 and the experiments
conducted by Litherland et al. (Ref. 34).

In an effort to bridge the knowledge gap in propeller/wing in-
teractions, tests on wingtip-mounted propellers (WIPP) were
conducted in the Lockheed Martin low-speed wind tunnel
(LSWT) (Ref. 11). The test model of the WIPP featured
a semi-span wing measuring 1.7 meters (67 inches) and a
wingtip-mounted C-130 propeller scaled at 10% of the actual
size. Measurements of forces and moments were collected at
various angles of attack and thrust settings. The selected test
cases were referenced as Cases 79 and 180 in the experimen-
tal report (Ref. 35), and the representative flow visualisation
and comparisons are presented in Figure 1 (b)(c), with the re-
sults obtained using HMB3 showing good agreement with the
experimental measurements.

DISTRIBUTED PROPULSION

With the CFD method validated, the investigation of the dis-
tributed propulsion system was conducted using the Work-
shop for Integrated Propeller Prediction (WIPP) geometry
and the HLP. The flow visulisation of the OTWDP propul-
sion system is presented in Figure 2(b), and the performance
of OTW propulsion system with different number of pro-
pellers installed is shown in Figures 2(a)(b). When transi-
tioning from a single-propeller to a three-propeller Distributed
Propulsion (DP) system, it was observed that the propellers
became 14.2% more efficient. In terms of overall efficiency,
the three-propeller Over-The-Wing (OTW) configuration was
26.3% more efficient than the single-propeller installed OTW
configuration, demonstrating the capability of a DP system to
enhance the overall performance.

TIP-MOUNTED PROPELLER AND
DISTRIBUTED PROPULSION

A previous study (Ref. 12) on distributed propulsion systems
found that the over-the-wing configuration, with varying num-
bers of installed HLPs, outperformed the tractor configura-
tions in terms of overall performance. Additionally, research
on tandem propellers (Ref. 36) has shown that both the tip-
to-tip distance and downstream spacing significantly impact
the performance and noise emissions due to their extensive
interactions. Therefore, before conducting a comprehensive
vehicle-level investigation, it is essential to examine the in-
stallation effects of tip-mounted and distributed propellers.

3



(a) High lift propeller. (b) Wingtip-mounted propeller
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Figure 1. (a) Validation of the HMB3 solver for HLP. (Ref. 34) (Ref. 32) Symbols filled with no colour represent the
respective torque coefficients. (b) Flow visualisation of wingtip-mounted propeller. (c) Wake validation. (Refs. 31, 32)

(a) Performance of single-propeller, installed,
propulsion systems at RPM=4800. (b) Flow visualisation OTWDP system at

µ =0.42.

(c) Performance of propeller, OTW installed,
propulsion systems.

Figure 2. Comparisons of the OTW configurations with single, two- and three-propeller, installed propulsion systems.

(a) C1 (b) C2

(c) C3 (d) C4

Figure 3. Schematic of investigated propeller installations.

Figure 3 shows four configurations. Configurations C1 and
C4 are compared under identical operating conditions to iso-
late the aerodynamic interactions introduced by the DP sys-
tem. The installed HLPs in configuration C2 are contrasted
with the distributed HLPs in configuration C4 to assess the im-
pact of TMP and the distribution of OTW-installed propellers.
Furthermore, a comparative analysis is conducted between the
TMP-only configuration, shown in Figure 3(c), and the TM-
PDP system, illustrated in Figure 3(d).

To maintain consistent flow physics, both scaled and full-
scale, the same tip speed, corresponding to a Mach number
of 0.505, is applied to the TMP in configuration C3, as used

in the NASA WIPP experiment. In the TMPDP system of
Figure 3(d), the RPM and collective pitch angle at 0.75R◦ are
precisely adjusted to produce the same thrust as the propulsion
system in Figure 3(c). Specifically, the TMP in configuration
C4 operates at an RPM of 1850 with a collective pitch of 28◦,
while the DP operates at an RPM of 3700 with a collective
pitch of 24.1◦. This setup results in tip speeds of 0.286 for
the TMP and 0.325 for the DP. The propeller spacing in con-
figuration 3(d) is carefully designed to minimize performance
losses due to aerodynamic interactions. Detailed specifica-
tions for all configurations are provided in Table 1.

The interactions of the wake structures of the four configu-
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Figure 4. CFD grid topology used for TMPDP configuration.

(a) C1 (b) C2

(c) C3 (d) C4

Figure 5. Flow visuilisation for varies configurations.

rations are presented using iso-surfaces of instantaneous Q-
criterion, in Figure 5. In C1, the blade tip vortex, trailing edge
vortex, root vortex, nacelle vortex, and wing trailing edge vor-
tex are all observed. The tip vortex shows a relatively stable
spiral structures and moves downstream along a helicoil path.
In the C2 configuration, a single OTW installed HLP shows
more intense spiral structures due to its operation at higher
RPM. The nacelle and blade root vortices show a cylindrical
shape with spirals moving downstream and are more persis-
tent than the tip vortices. The blade root and mid-span trailing
edge vortices are mainly due to the non-uniform distribution
of circulation on the propeller surface.
Moving to the C3 configuration, where the TMP is operating
at a higher RPM at a tip Mach number of 0.505, the most in-
tense spirals are observed following a helicoil path. Similar
to the wing trailing edge around the spirals, a much stronger
vortex sheet is formed due to the interactions with the spirals
from TMP. This mutual distortion leads to the vortices deteri-
orating faster and shrinking.
When the TMP-DP system is simulated, the tip vortex struc-

ture is relatively similar to the C1 and C2 configurations since
the configuration has been designed for minimal interactions
from the different propellers.

Figure 6(a) illustrates the variation in single blade thrust over
the full azimuth, scaled according to the tip-mounted pro-
peller. The data reveal a performance drop in the tip-mounted
propeller-only configurations, specifically in C1 and C3. This
reduction in performance occurs as the blade passes near the
wing. From configuration C1 to C3, both the severity of the
performance loss and the extent of the affected region in-
crease. This trend is due to the higher tip velocity in config-
uration C3, which introduces greater unsteady loads resulting
from the interaction between the propeller and the wing.

Comparing the single-installed HLP with the distributed HLP,
as represented by configurations C2 and C4, the setup involv-
ing distributed propellers demonstrates limited performance
degradation due to the multi-propeller system. This is partic-
ularly evident with the second and third propellers, which are
positioned sufficiently far from the TMP downwash. Notably,
two peaks in performance are observed, corresponding to the

5



(a) Single blade thrust (b) Lift distributionis

Figure 6. Single blade thrust variations and time-averaged lift distributionis from all configurations.

Table 1. Summary of the test condition used for the study
of TMP and DP installed propulsion system.
Condition Take-off and landing (Ma∞ = 0.08)
Radius

TMP 0.508 m
DP 0.288 m

RPM (Collective at 0.75R)
TMP 3264 (19.5◦), 1850 (28◦) rev/min
DP 3700 (24.1◦) rev/min

Blade tip Mach number
TMP 0.505,0.286 -
DP 0.325 -

Configuration :
Wing -
Wing & TMP Topout
Wing & TMP & DP Topout

Tip-to-Tip Distance (d) 0.2 DT MP
Downstream Spacing (s) 1.1 DT MP
Tip-to-Tip Distance (g) 0.2 DDP

distributed HLPs operating at twice the RPM of the TMP due
to their smaller radius. Additionally, placing the distributed
propeller 1.1DT MP behind the TMP, with a tip-to-tip distance
of 0.2DT MP, is effective in mitigating significant performance
losses from installation effects. Furthermore, when examin-
ing the cumulative thrust loads from the C4 configuration, the
overall thrust performance is enhanced, with the two peaks
preserved, thanks to the additional thrust contribution from
the distributed propellers.

Examining the averaged surface pressure coefficient across
different configurations, as depicted in Figure 7, reveals that
configurations C1 and C2 exhibit slightly lower suction pres-
sures compared to C3 and C4. This difference is attributed
to the single installed propeller operating at lower RPMs in
C1 and C2. In contrast, configuration C3 shows the highest
suction pressure among all configurations, particularly when
compared to C1. This result indicates that a larger and more
intense suction region is formed behind the TMP due to higher

induced velocities. Consequently, the TMP in C3 significantly
enhances lift generation from the wing.

In the C4 configuration, which includes both TMP and DP
systems, a suction area similar to that in C1 is observed, as
the TMP operates at the same RPM. However, there are minor
effects from the DP installation in the region behind the TMP.
Compared to C2, the DP system in C4 exhibit an expanded
suction region, highlighting the favourable cooperative effect
of the DP system. Within the DP system, the most significant
suction region appears around the middle propeller, benefiting
from the slipstream generated by the adjacent propellers. The
interaction between the TMP and DP systems also results in
favourable aerodynamic effects, as indicated by the suction
profile in the TMP-DP system.

The effect of the pressure coefficient on the wing from dif-
ferent configurations alters the lift distribution along the wing
span, as illustrated in Figure 6(b). In the C3 configuration, a
sharp peak in lift distribution is observed behind the tip region
of the TMP, caused by higher induced velocities. In contrast,
this peak is significantly diminished in the C1 configuration,
due to the lower induced velocities. In C2, an increase in wing
performance is evident, particularly with a spike in lift gener-
ation at the propeller installation point. The C4 configuration
shows a marked improvement in lift generation, featuring a
reduced spike behind the TMP and a more uniform lift distri-
bution. This uniformity is attributed to the beneficial effects of
the DP system, which enhance the aerodynamic performance
across the wing.

The propellers in the DP system create a distinct flow environ-
ment that benefits the wing. This design results in a smooth,
high-lift spike originating from the innermost propeller. Over-
all, the relatively smooth lift distribution observed in the C4
configuration, as compared to the C3 configuration, indicates
a favorable wing lift distribution achieved by the TMP-DP
system.

The visualization of the vorticities presented in Figure 8 here
to understand the different interaction mechanics and flow en-
vironments in these two configurations. An asymmetric vor-
tex system is observed downstream. The near-field is dom-
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(a) C1 upper side (b) C1 lower side

(c) C2 upper side (d) C2 lower side

(e) C3 upper side (f) C3 lower side

(g) C4 upper side (h) C4 lower side

Figure 7. Averaged pressure coefficient from varies configurations.

inated by strong tip vortices and trailing edge vortices shed
from the blade root with a higher twist. The nacelle vortex
can also be differentiated across all cases, especially in the
C3 configuration. Vortex shedding from the wing with the
blunt trailing edge also interferes with the TMP. Two major
differences can be identified when comparing these two con-
figurations.

First, the C4 configuration has a reduced vorticity magnitude
from the TMP and an earlier dissipation of the blade tip and
root vortices. Slices [a] to [e] further show the paths of the
wake, this suggests that the comparatively weaker wake from
the TMP has a smaller impact on the wing. The vortices from
the TMP in the C4 configuration indicate a higher degree of
energy dissipation and tend to become more homogeneous
propeller wakes than in the C3 configuration.

Second, the OTW installed DP system and their nacelles in-
troduced additional vortices from the HLPs and their nacelles.
Stronger vorticity can be seen in the DP system since it has a
higher tip speed compared to the TMP system. The strength
of the blade tip vortices is also reduced between the adjacent
propellers due to the counter-rotating vortex system.

The thrust generated by the installed propellers varies across
different configurations and conditions. Figure 9 presents an

analysis of thrust distribution for all four configurations. The
propellers exhibit asymmetric loads in all investigated cases,
with variations depending on the configuration and operating
conditions.

Figure 9(a) shows the thrust generated by the C1 propeller
at different azimuth angles. It reveals that the TMP produces
less thrust between azimuth angles of 0◦ and 90◦, likely due to
the higher induced velocity region created by the tip-mounted
installation. Similarly, Figure 9(c) demonstrates a expanded
reduction in thrust for the TMP between azimuth angles of
0◦ and 135◦. This reduction is attributed to adverse effects
caused by propeller-wing interactions at higher RPM condi-
tions.

In the C4 configuration, Figure 9(d) indicates asymmetric
thrust due to installation effects. Performance loss is observed
when the HLP is positioned close to the wing between az-
imuth angles of 288◦ and 72◦. Comparing the single installed
HLP in Figure 9(b) with the distributed HLPs in Figure 9(d),
the HLP adjacent to the TMP experiences a thrust loss be-
tween azimuth angles of 72◦ and 216◦, indicating that the
cooperative effect increase the induced velocity in those re-
gion and slightly reduce the propeller performance in those
azimuth. Around 0◦, the HLPs also shows slight unloading
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Figure 8. vortex distribution from varies configurations.

due to interactions with the TMP, wing and other HLPs.

Compared to the other two installed HLPs, the azimuths with
higher thrust loads shift in a clockwise direction, while those
experiencing performance loss tend to recover due to vary-
ing interaction mechanisms. This shift is attributed to the fact
that the inboard propeller interacts primarily with the adjacent
propeller and wing. Additionally, the increased wing chord
length may lead to different levels of boundary layer inges-
tion.

The performance of individual components and the overall
system for all configurations is presented in Figure 11. The
TMPDP configuration exhibits the highest lift among the con-
figurations studied. Variations in thrust for the tip-mounted
propellers have a lesser impact on the lift and drag of the wing,
resulting in only minor changes in the lift-to-drag ratio (L/D).
The addition of the over-the-wing (OTW) distributed propul-
sion system significantly increases the nose-down pitching
moment, as indicated in Table 2.

Comparing thrust-trimmed data between the TMP-only and

TMPDP systems in the C3 and C4 configurations, the in-
stalled propellers generate similar thrust levels. The overall
propeller efficiency is comparable between these two config-
urations, with the exception of the C1 configuration, where
the TMP demonstrates superior efficiency at lower advance
ratios.

Crucially, the data indicate that increasing the thrust setting
in the TMP-only configuration enhances the overall propul-
sive efficiency. The introduction of the OTW-DP system was
further beneficial to the overall efficiency, approaching nearly
60%, with a substantial improvement in wing lift generation.
As a result, the integrated TMPDP system performs better
than the other configurations.

CONCLUSIONS

In advanced propulsion system design for flying vehicles, ex-
isting configurations must be rethought due to the increased
flexibility offered by hybrid/electric powertrain systems. This
shift suggests an emergent need for knowledge, particularly
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(a) C1 (b) C2

(c) C3

Ψ

0◦90◦

180◦

270◦

Ψ

0◦
72◦

144◦
216◦

288◦

(d) C4

Figure 9. Propeller thrust distribution from varies configurations. (Rotation in counter-clockwise as seen from up-
stream)

Table 2. Summary of the performance of wing-only, Propeller-only, TMP and TMP-DP systems. (TMP1 is RPM
matched in the TMP-DP case and TMP2 is thrust equivalent case, which matched to the Tecnam P2006T can have
52.6 kg thrust from semi-wing to achiveve T/W 0.149)

Performance C1 C2 C3 C4 ∆

Proplellers performance:
Thrust (N) 177.3 120 511.56 529.7 (174.52/118.8/118.0/118.4) +3.5%
Power (kW) 6.53 5.5 22.35 22.82 (6.416/5.47/5.46/5.48) +2.1%
Propeller Froude efficiency (-) 0.75 0.60 0.63 0.633 (0.748/0.596/0.593/0.594) +0.5%
Pitching moment (Nm) 6.42 -46.3 15.41 -130.43 (6.52/-45.94/-45.72/-45.29)
Wing performance:
Lift (N) 958 901 987 1138 +15.3%
L/D (-) 14.45 14.6 14.6 27.6 +89.0%
Pitching moment (Nm) -229.7 -219.7 -236.6 -248.5
Overall efficiency (-) 46.8% 29.2% 54.6% 58.9% +7.9%

regarding aero-propulsive synergistic effects. This study
presents four propulsion systems using state-of-the-art mod-
eling approaches, each aimed at enhancing performance. Cur-
rent work covers aerodynamic performance, interaction ef-
fects, and configuration design in detail. The results demon-
strate that the novel propulsion systems proposed can signif-
icantly improve overall propulsive efficiency and lift genera-
tion.

1. The study found that the placement of tip-mounted and
distributed propulsion systems created an aerodynamic
interference region with the wing. In the higher tip-
speed case from configuration C3, this interference was
more intense, reducing suction pressure near the leading
edge and mid-chord region while increasing pressure at

the leading and trailing edges on the pressure side due
to wake-washing effects. The propeller-wing interaction
caused thrust fluctuations as the propeller blades swept
through the interference region, though the mean thrust
was only slightly impacted, particularly in the lower tip-
speed case from configuration C1.

2. Similar benefits, such as reduced suction pressure from
the wing blow technique, were observed in the over-the-
wing (OTW) installed high-lift propeller (HLP) in con-
figuration C2. This benefit was even more pronounced
in the distributed propulsion system of configuration C4,
likely due to the cooperative effect. In the proposed
TMP-DP configuration, no significant thrust loss was ob-
served when transitioning from single to distributed pro-
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(a) Thrust ratio. (b) propeller efficiency.

Figure 10. Comparisons of the thrust and propeller efficiency from various configurations.

Figure 11. Comparisons of the TMP-only, OTW HLP installed, and equivalent performance of TMP and TMP-DP
systems.

pellers. However, the TMP in configuration C4 exhibited
thrust fluctuations similar to those in C1, indicating that
TMP-DP-wing interactions have minimal impact on pro-
peller performance within the TMP and DP systems.

3. The propellers within the DP system experienced similar
sinusoidal variations in thrust, with the collective output
of the TMP and three OTW propellers resulting in greater
overall thrust fluctuations compared to the C3 configu-
ration. The lift force distribution along the wingspan
revealed a significant spike near the wingtip in the C3
configuration, which was substantially reduced in the
C4 configuration. The increased lift generation near the
most inboard OTW propeller may be attributed to the in-
creased wing chord length. For the propellers, the TMP
with higher RPM experience expanded thrust loss due
to the installation, hence a better efficiency with lower
RMP case. The installation of the DP system caused a
slight reduction in the thrust of the TMP while passing
through the wing suction side. At the same time, the co-
operative effect of the DP slightly reduces the propeller
performance while the propeller passes the wing and the
adjacent propellers. However, the wing performance is

much improved.

4. The structure of the vortex system in all configurations
is affected by interactional effects, resulting in an asym-
metric vortex system. In the TMP-only configuration,
which provides equivalent propulsion force, the vortex
generated is significantly stronger. The main deformed
vortex tends to rise upward and propagate downstream
and inboard. In configuration C4, there is a more rapid
destruction of tip vortices and faster turbulent wake dis-
sipation observed behind the TMP. The vortex system in
the DP configuration introduces additional interference
to the wing system. This interference deforms both the
wake from the HLPs and the wing, with the middle HLPs
exhibiting enhanced wake dissipation.

5. In terms of performance, configuration C4 generated
3.5% more thrust with improved efficiency. The en-
hanced wing performance resulted in nearly 15% more
lift, and the overall efficiency gained 8%. The pitching
moment was also analysed, while the wing produced a
similar pitching moment between C3 and C4, the DP sys-
tem in C4 contributed to a significantly higher pitching
moment. This indicates that a new aerodynamic center
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must be established to balance the aircraft when integrat-
ing a TMP-DP system into the full vehicle.
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