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Abstract
The utilization of aerodynamic interactions between propellers and wings through distributed propulsion (DP) and wing tip 
mounted propellers (WTP) offers a range of advantages for electrically powered aircraft, from improved high-lift behavior to 
increased aerodynamic efficiency in cruise flight. In the LuFo project VELAN, a DP configuration of the unmanned scaled 
flight demonstrator e-Genius-Mod is currently being investigated, following the evaluation of a pure WTP variant in the 
LuFo project ELFLEAN. For both concepts, a numerical analysis with the Reynolds-Averaged Navier–Stokes (RANS)-based 
flow solver TAU is discussed in this paper and the influence of various parameters is addressed, such as the flight speed and 
the thrust ratio of the propellers. To ensure a reliable prediction of the cruise flight condition and the aerodynamic effects 
in the numerical simulations, the CFD methods are validated with experimental data from wind tunnels and in-flight tests. 
The cruise flight condition in the simulation is achieved by an algorithm for adjusting the propeller thrust to the aircraft 
drag, resulting in qualitatively and quantitatively accurate results. Both concepts improve the aerodynamic efficiency in 
cruise flight, which improves as the ratio of WTP thrust to the total thrust increases. In relation to each isolated wing, over 
6% increased aerodynamic efficiency can be achieved with the WTP configuration and almost 5% with the DP concept. In 
absolute values, the optimal WTP aircraft achieves an aerodynamic efficiency of 21.5, which is 3% higher than with the most 
efficient DP configuration.    

Keywords  Aerodynamic interactions · Distributed propulsion · Wingtip mounted propeller · Numerical simulation · 
Actuator disk

List of symbols
AoA	� Angle of attack
ACD	� Actuator disk
BET	� Blade element theory
DP	� Distributed propulsion
WTP	� Wingtip mounted propeller
CFD	� Computational fluid dynamics

RANS	� Reynolds averaged Navier–Stokes equations
TAU​	� CFD solver of the German Aerospace Center
SARC​	� Spalart–Allmaras turbulence model with rotation 

correction
SST	� Menter shear stress transport turbulence model
v	� Velocity, m/s
�	� Wing angle of attack, ◦

�	� Propeller inclination angle, ◦

D	� Drag, N
L	� Lift, N
r	� Radius, m
T	� Thrust, N
W	� Weight, N
Re	� Reynolds number, –
Ma	� Mach number, –
b	� Wing span, m
c	� Wing chord, m
A	� Wing area, m 2
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n	� Number –
Ω	� Rotation speed, rpm
C..., c...	� Global, local coefficient, –
�	� Propulsive efficiency, –
m	� Aircraft take off mass, kg
q	� Dynamic pressure, kg/(m/s2)

Indices
Ref	� Reference configuration
T	� Total
eff	� Effective
L, l	� Global, local lift
D, d	� Global, local drag
exp	� Experiment
aver.	� Averaged
co	� Propeller co-rotating relative to wingtip vortex
contra	� Propeller contra-rotating relative to wingtip 

vortex
off	� Propeller not operated

1  Introduction

Propeller-driven aircraft can benefit from the proper utiliza-
tion of the aerodynamic interaction between the propellers 
and the wing. The high-lift potential of an aircraft can be 
strongly increased, due to increased velocity in the pro-
peller slipstream with distributed propulsion (DP) [6, 7]. 
The cruise flight efficiency instead can be very effectively 
increased with wingtip mounted propellers (WTP), due to 
a utilization of the swirl in the propeller slipstream [2, 11, 
15]. Recently, a variety of CFD studies on WTP and DP 
configurations have been conducted either to deepen the 
understanding of the effects or to evaluate the influence on 
the required power [2, 6, 7, 11, 15]. However, the simula-
tion methods have not yet been validated with real flight test 
data to ensure that the expected efficiency benefits can also 
be achieved under realistic cruising flight conditions. This 
research gap is being addressed in this study.

The University of Stuttgart is operating an unmanned 
flight demonstrator, called e-Genius-Mod [1, 9], to test 
new technologies in a rapid and cost-effective manner. In 
its basic configuration, it features a single propeller posi-
tioned at the empennage, as well as winglets. In the past, the 
e-Genius-Mod was already used in the ELFLEAN project 
with WTP in combination with the tail propeller for in-flight 
measurements [9]. As part of the LuFo project VELAN, the 
e-Genius-Mod is currently equipped with DP. Thus data of 
different configurations of the e-Genius-Mod are available to 
investigate the aerodynamic potential of such configurations. 
The flight tests with the eGenius-Mod are supplemented by 
high-fidelity numerical simulations with the second-order 
finite volume flow solver TAU, developed by the German 

Aerospace Center (DLR), employing Reynolds-Averaged 
Navier–Stokes (RANS) equations [14]. A particular chal-
lenge in the subsequent simulation of the flight tests is to 
ensure thrust-drag and lift-weight equilibrium for the cruise 
condition examined. An algorithm, previously developed 
[11] to iteratively adjust the propeller rotational speed as 
well as the wing angle of attack, is thus utilized in the sim-
ulations of the different the e-Genius-Mod configurations 
to obtain steady-state flight conditions. The propellers are 
thereby modeled using boundary condition based steady 
state Actuator Disks (ACD) [10]. Relining on 3D propeller 
polars as input data, a force calculation via blade element 
theory (BET) takes into account the influences of the wing 
on the propeller as well—thus the interaction effects are cap-
tured in both ways.

In the work presented the numerical simulations are first 
validated with windtunnel tests for the propeller input data 
and subsequently with in-flight measurement data of the 
e-Genius-Mod in cruise-conditions. For the different con-
figurations of the e-Genius-Mod (DP, WTP) the CFD results 
in cruise flight are then analyzed and evaluated with respect 
to the cruise-flight efficiency. Thereby the variation of dif-
ferent operating parameters like the flight velocity and the 
thrust distribution on the different propellers is evaluated 
with DP and WTP. Finally, the different configurations of the 
e-Genius-Mod are compared to each other and conclusions 
on the design of propeller-driven aircraft are drawn.

2 � Configurations

The studies are based on the geometry of the unmanned 
modular technology test platform e-Genius-Mod, shown in 
flight in Fig. 1. Developed and manufactured at the Uni-
versity of Stuttgart [1], the e-Genius-Mod is a 1:3 scaled 
unmanned replica of the manned electric aircraft e-Genius. 
The modular concept of the unmanned system allows for a 

Fig. 1   Test platform e-Genius-Mod in DP config
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low-risk and low-cost testing of different systems and com-
ponents as a technology demonstrator platform. Different 
configurations for utilizing the interactions have been and 
are being tested in flight tests at the University of Stuttgart 
with the e-Genius-Mod, see Fig. 2. The basic configuration 
has a relatively large wingspan of b = 5.6 m and is addi-
tionally equipped with winglets. The wing has a chord at 
the root of c = 0.317 m. The basic configuration is powered 
by a single propeller, positioned at the tip of the vertical 
stabilizer to minimize drag. In the ELFLEAN project, the 
e-Genius-Mod was equipped with 2-bladed WTPs to dem-
onstrate the aerodynamic effects and their influence on the 
overall configuration in flight testing [9]. The configuration 
includes a main propeller integrated in the empennage and 
two additional WTPs. A measurement system was devel-
oped, which is able to measure the thrust and the power 
of the WTPs and the main propeller during the flight, see 
Bergmann [1]. The WTP nacelles, in addition to the motor, 
also store the measurement system and the battery. In the 
configuration with WTPs used in ELFLEAN, the e-Genius-
Mod has a shortened wingspan of b = 4.84 m, including the 
WTP nacelles, and a total mass of m = 34.9 kg. In the LuFo 
follow-up project VELAN, a DP variant with a total of 8 
5-bladed propellers (including WTPs but no main propel-
ler) is being investigated on the e-Genius-Mod. This con-
figuration is currently being used to analyze the high-lift 
behavior of DP and the possibility of successively reduc-
ing the vertical tail due to the use of the DP for active yaw 
control. The DP configuration has a span of b = 4.80 m and 
the same WTP nacelles. In addition, three further propellers 
are positioned on each wing side as DP in the outer wing 
segment with relatively smaller nacelles and inclined ≈ 6◦ 
downwards. It was found in a CFD-based pre-study with one 
propeller in front of a wing section, that slightly downward 
tilted DPs will result in improved high-lift characteristics.

The relevant technical data of the e-Genius-Mod in the 
WTP and DP configuration are summarized in Tables 1 and 
2.

2.1 � Numerical setup

All numerical simulations in this study were performed 
using the second-order finite volume flow solver TAU 
developed by the German Aerospace Center (DLR) [14], 
which solves Reynolds-Averaged Navier–Stokes (RANS) 
equations. The influence of the propellers on the wing is 
modeled by an Actuator Disk (ACD) method [10] based 
on a boundary condition (BC). A trimming algorithm was 
used to ensure force equilibrium for steady-state cruise 
conditions (thrust equals drag and lift equals weight) in the 
simulation by iteratively adjusting the propeller rotational 
speed and global angle of attack (AoA) of the aircraft. The 
algorithm was used before in [11].

The turbulence was either modeled with the Spalart All-
maras turbulence model with rotation correction (SARC) 
or the two equation Menter shear stress transport model 
(SST). The simulations are performed fully turbulent 
neglecting a possible effect of the propeller slipstream on 
the laminar turbulent transition and an increased viscous 
drag due to reduced laminar lengths. However, by com-
paring the first flight test results with first simulations of 
the airfoil with and without laminar lengths, it was con-
cluded that due to the roughness of the surfaces and the 
inconstant flight conditions, a profound laminarity is not to 
be expected. Due to the low Mach number, precondition-
ing was used in the TAU simulations. The design inflow 
conditions for the WTP configuration are a Mach num-
ber of M = 0.07 ( v

∞
= 24 m/s) and a Reynolds number of 

Re = 4.52 × 105 based on the root chord and M = 0.074 
( v

∞
= 25 m/s) and a Reynolds number of Re = 5.22 × 105 

for the DP, respectively.

Fig. 2   Numerical setup of the eGenius-Mod

Table 1   Properties of the e-Genius-Mod with WTPs

Aircraft parameter Value

Wingspan b = 4.84 m
Wing surface area A = 1.414 m

2

Chord length (wing root) c = 0.317 m
WTP radius R = 0.127 m
Take-of mass m = 34.9 kg

Table 2   Properties of the e-Genius-Mod with DP

Aircraft parameter Value

Wingspan b = 4.80 m
Wing surface area A = 1.414 m

2

Chord length (wing root) c = 0.317 m
DP radius R = 0.13 m
Take-of mass m = 41 kg
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2.1.1 � Actuator disk

The TAU ACD generates non-uniform axial and tangential 
velocity profiles to achieve a physically correct representa-
tion of the propeller slipstream influence on the wing. A 
BET-based force calculation within the ACD model takes 
into account the influences of the wing on the propeller. 
Thus, the numerical method is able to capture both the influ-
ence of the propeller slipstream on the wing and vice versa 
of the wing on the propeller forces. The axial and tangential 
forces are equivalent to those of the propeller (averaged over 
one propeller revolution) and are introduced via a circular 
infinitesimally thin disk. The stationary approach of the 
ACD enables an enormous reduction in computational time 
compared to fully-resolved propeller simulations. Propeller 
polars are used as input data, which are generated for each 
of the three propeller geometries (main propeller, WTP, DP) 
via a 3D simulation of a single propeller blade operated at 
different inflow velocities. The exact approach to generate 
the propeller polar data is described in Schollenberger [12].

2.1.2 � Numerical grid

Hybrid grids are used for both configurations, shown in 
Fig. 3, with structured cells in the BL, the area of the pro-
peller slipstream, and the wing wake. Unstructured cells are 
utilized in the farfield. The inflow and outflow is realized 
by a farfield BC at a distance of 100c. For the DP concept, 

the symmetry is utilized and only a half grid is used to save 
cells and thus computational time. Due to the central posi-
tion of the empennage-mounted main propeller in the WTP 
configuration, a full grid is used here. The wing and fuselage 
meshes are however otherwise identical.

Prior to the simulations of the aircraft, two grid conver-
gence studies were conducted to investigate the influence of 
the grid resolution for the isolated wing and an isolated pro-
peller. The grid convergence studies are also shown in [13], 
were the same wing and propeller resolution was used. Fig-
ure 4 shows the deviation of the lift and drag of the wing and 
the thrust of the propeller to their Richardson extrapolated 
values. Lift and drag are plotted over the reciprocal value 
of the total cell number n and the thrust over the product of 
radial nr and tangential nt cell numbers on the propeller disk. 
An asymptotic decrease can be observed for all coefficients. 
With a deviation from the extrapolated value of < 0.5% the 
resolution of the selected wing grid is considered sufficiently 
accurate. The deviation of thrust of the selected propeller 
grid is even lower with < 0.1%.

The wing of the final grid is resolved with 100 points 
per upper/lower side of the wing in chordwise direction and 
approximately 250 points in spanwise direction. The wing 
BL is resolved with 43 cells in normal direction and fulfills 
y+ < 1 at the first layer. The meshing strategy of the wing, 
including the BL and the spacings in spanwise direction, fol-
lows the guidelines of the AIAA drag prediction workshop 
[8]. For the propeller grid a cylindrical approach is used. 
Based on the results of the isolated propeller grid conver-
gence study, the propeller wake area has a mesh resolution 
corresponding to a cell size of 1.5% relative to the wing root 
chord c to preserve the slipstream at least until it passes 
over the wing. In the area of the tip vortex a refinement with 
a cell size of 0.5%c is used, as found necessary to resolve 
the wingtip vortex qualitatively well. The fuselage BL is 
resolved with 30 cells in normal direction also fulfilling the 
y+ < 1 condition. The final grid for the WTP configuration 

Fig. 3   Numerical grid of the eGenius-Mod half wing

0 0.1 0.2 0.3 0.4 0.5 0.6
�
�
�

selected wing grid

selected 
propeller grid

Fig. 4   Grid convergence study
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has a total number of points of ≈ 19.5 M and for the DP (half 
grid) of ≈ 11 M.  

2.1.3 � Cruise algorithm

To be able to compare the CFD results with flight-test 
data and different parameter settings (which alter thrust 
and lift), it is crucial that cruise conditions are reached. A 
trimming algorithm is used to adjust cruise conditions in 
the CFD simulation, see Fig. 5. It combines two iteration 
loops to reach lift and weight ( L = W  ) equilibrium by an 
AoA iteration and thrust and drag ( T = D ) equilibrium by 
a rotational speed (RPM) iteration. For the AoA iteration, 
a TAU-internal loop is used which adjusts to a specified 
global lift coefficient CL . For the rotational speed iteration, 
TAU is embedded in an additional external loop where a 
secant method is used to adjust the thrust to the aircraft drag 
determined by CFD. Thus, it is basically a zero point search 
for the function T − D = 0 . The indirect influence of the 
AoA iteration and the direct influence of the interactions on 
the aircraft drag is therefore taken into account in the thrust 
and drag equilibrium. The calculation procedure is: first, 
a fully converged TAU calculation is performed with the 
RPM of the isolated propeller design data. Then, a second 
TAU calculation is started with a 10% reduced RPM. This 
allows the secant method to start the thrust iteration loops. 
In each loop around 1000–1500 iterations are calculated at a 
constant rotational speed with the TAU-internal AoA itera-
tion before the rotational speed is then varied. In most cases 
only 2–3 loops are needed to reach a deviation from T = D 
equilibrium of < 0.2%.

With the cruise algorithm, the vertical and horizontal 
equilibrium is ensured and the effect of the WTP/DP on 
the aircraft drag due to the interactions and the lift increase 
is captured. Instead, the rotational (or longitudinal) equi-
librium is not considered when trimming the aircraft and a 
possible effect of the WTP/DP on the pitching moment and 
consequently on trim drag is thus neglected. In a high-lift 
case, i.e., at take-off, the lift due to the DP could require a 

different elevator deflection resulting in a severe trim drag. 
However, since a cruise case is considered here, where the 
lift increase is rather small, the increase of the pitching 
moment is expected to be negligible.

3 � Validation

To ensure a physically correct representation of the cruise 
flight simulations, two validation cases are considered. First, 
the results of the propeller polars as input data of the ACD 
method are compared with those of wind tunnel tests with 
the isolated WTP. Subsequently, a comparison of the flight 
test and CFD data is performed to verify the accuracy of the 
cruise algorithm and the numerical setup.

3.1 � Propeller simulation

In preparation for the flight tests with the WTP configura-
tion in the ELFLEAN project, thrust measurements were 
carried out on the medium wind tunnel of the IAG, includ-
ing wake measurements, which are used here for validation 
of the numerical methods. The geometry of the Aeronaut 
10x7 modeling propeller which served as a WTP [9] has a 
radius of R = 0.127 m and the rotational speed of the experi-
ments is 10,000 RPM at the design inflow velocity of 25 m/s. 
The propeller blade polars were generated using a 3D single 
propeller blade simulations for a range of advance ratios 
between v = (15–45 m/s). The measurement setup is shown 
in Fig. 6. The medium wind tunnel of the IAG is of closed 
design with an open test section.

In Fig. 7, the influence of the rotational speed on the 
accuracy of the thrust coefficients and in Fig. 8 the influ-
ence of a changing inflow velocity on the accuracy of the 
wake values in the propeller slipstream are shown. With the 
single blade simulation a deviation of ΔCT < 1% is achieved 
for the design point of the propeller grid. The deviations 
increase with a variation in speed, e.g., for a change in speed 
of Δ|RPM| < ±10% the thrust deviation remains below 
ΔCT < 5% , for a deviation of Δ|RPM| < ±20% at least 
below ΔCT < 10% . The discrepancy between numerical 
and experimental results is in the same range as in similar 
validations known from literature, see Ciliberti and Nico-
losi [4]. The propeller polars are therefore able to capture 
slightly changed inflow conditions. It can thus be expected 
that effects due to propeller-wing interactions are captured 
with sufficient accuracy with a BET-based ACD. Figure 8 
shows the dynamic pressure in the slipstream over the pro-
peller radius for different inflow velocities, namely v = 23, 
25, and 27 m/s. The procedure for calculating the propeller 
polars is associated with certain inaccuracies. On the one 
hand, specifically in this case, the exact propeller geometry 
was not available, which is why a 3D scan of a propeller Fig. 5   Flowchart of the cruise algorithm
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blade was carried out. A CAD geometry was then created 
from the point data and the airfoils were smoothed, which 
resulted in certain deviations in the airfoil geometry and 
installation angles. On the other hand, in general, the 3D 
polar generation method also results in certain inaccuracies 
due to the grid generation, the local angle of attack deter-
mination using a reduced axial velocity method (RAV) and  
the extrapolation of the local coefficients from the CFD 
solution, see [12]. To compensate for the simplifications 
and inaccuracies of the propeller polars, a correction of the 
propeller blade pitch angle was carried out for the WTP to 
exactly match the propeller thrust at an inflow velocity of 

25 m/s. The pitch was thereby adjusted by approx. 1◦ . The 
resulting calibrated propeller pitch was then kept constant 
to simulate slightly higher/lower inflow velocities 23 and 
27 m/s. The validation with the thrust coefficients and local 
wake distributions shows a very accurate match with a devi-
ation of less than 1% . The adjustment of the propeller pitch at 
25 m/s therefore appears to be justified, as it enables accurate 
reproduction overall, even at other polar points. The propel-
ler polars as input data for the ACD simulations can there-
fore be considered valid. Using the same approach, propeller 
polars were also generated with the scanned geomerties of 
the main propeller and the DP propeller.

3.2 � Flight test simulation

Figure 9 and 10 shows the results of the flight tests and their 
subsequent CFD simulation with the e-Genius-Mod in WTP 
configuration with the WTP switched off, thus powered 
only by the main propeller at the tail. The CFD results with 
two different turbulence models  and the experimental data 
from the flight tests are shown in cruise flight condition. 
The cruise flight was performed at different flight speeds 

Fig. 6   Experimental and numerical setup of the ELFLEAN propeller 
in the IAG medium wind tunnel

�

�

�

�

Fig. 7   Global thrust over the rotational speed

Fig. 8   Local dynamic pressure distribution in radial direction at dif-
ferent inflow velocities

Fig. 9   C
L
(C

D
) polar with WTP off
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between 20 and 30 m/s. The simulation results are obtained 
using the cruise algorithm. For the experimental data, both 
the complete recorded data of a flight and the arithmetically 
averaged value are shown for each flight speed.

Both turbulence models reflect the averaged CL∕CD polar 
curve qualitatively and quantitatively well—lift and drag are 
therefore captured in the simulation, the steady cruise con-
dition with the algorithm can therefore be considered to be 
working. The drag is somewhat higher with the SST model 
than with the SARC. A possible reason could be that the 
separations are predicted slightly earlier. The experimental 
averaged values are closer to the SARC result except for 
22 m/s and 28 m/s. The assumption that there are no major 
laminar lengths on the airfoils due to surface quality and 
inconstant inflow therefore appears to be correct, and the 
fully turbulent calculation is therefore justified, otherwise a 
higher deviation should be present. Since the SARC model 
better resolves the wingtip vortex due to the rotation cor-
rection, all further simulations were carried out with the 
SARC model.

After the comparison with wind tunnel and flight test 
data, both the input and the output data of the numerical 
simulations of the propeller-driven configurations can be 
considered reliable. In the following, it is therefore assumed 
that physically correct results can also be achieved using the 
same methods for the WTP and DP configuration and other 
thrust settings and propeller geometries.

4 � Results and discussion

In the following section, the simulation results of the two 
configurations (WTP and DP) are described and compared 
with each other in cruise flight. Subsequently, the influence 
of the ratio of WTP thrust (for DP the outermost propeller) 
to the total thrust is addressed. All simulation results shown 
in this section also represent trimmed cruise conditions.

4.1 � Comparison of WTP and DP

The WTP configuration was flown in a flight test campaign 
[9] with the two-bladed propeller geometry for the WTPs 
discussed in the validation section. Figure 11 shows the CFD 
results of the WTP config. (WTP co- and contra-rotating 
relative to the direction of rotation of the wingtip vortex). 
For comparison, the results with the WTP switched off are 
shown again. The WTP rotational speeds were specified in 
the simulation according to the flight tests and the thrust of 
the main propeller was iterated with the algorithm to achieve 
cruise flight conditions. The ratio between WTP thrust and 
total thrust is approx. 0.7, varying slightly for the different 
speeds. A slight improvement in aerodynamic efficiency 
can be seen with contra-rotating WTP and a decrease with 
co-rotating WTP relative to the reference. The difference 
between the co and contra rotating WTP is smaller at higher 
flight speeds. This result is to be expected, as the wing lift 
coefficients are correspondingly lower at higher speeds and 
the local change in lift of the WTP is correspondingly lower 
too. In addition, the WTP thrust was kept largely constant; 
due to the higher absolute total drag, the WTP thrust ratio is 
lower for higher speeds, which has a direct influence on the 
WTP effects, as will be shown below. The positive effect for 
the propellers used in the flight test is mainly a consequence 
of the reduction in AoA due to the local increase in lift.

As shown in detail in [13], the fast rotating two-bladed 
propellers of small radius are not able to effectively uti-
lize swirl recovery on the wing. Due to the high rotational 
speed, the swirl in the propeller slipstream is low and only 
a very small part of the tangential kinetic energy contained 
therein can be recovered at the wing. Therefore, the positive 
contra-rotating polar is very close to that of the reference 
configuration. Thus, the WTPs used in the flight test were 
not optimized, for the aerodynamic interactions. A WTP 
configuration with optimized propellers with 6 blades and 
an increased radius of R = 0.169 m, see Schollenberger [13], 
was therefore additionally simulated (light blue line). With 

Fig. 10   C
D
(�) polar with WTP off Fig. 11   Lift–drag polar (WTP config.)
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contra-rotating WTP optimized for the interactions, a maxi-
mal 6% increase in aerodynamic efficiency for the e-Genius 
Mod was found.

Figure 12 shows the aerodynamic efficiency CL∕CD of the 
two configurations over the flight speed U with the propel-
lers on the wing switched off, co-rotating and contra-rotating 
relative to the wingtip. The results of the WTP configura-
tion are shown with solid lines, those of the DP with dashed 
lines. Black represents the respective reference configuration 
(for WTP only with the main propeller in operation, for DP 
completely without propulsion), blue shows the contra-rotat-
ing and red the co-rotating results. The WTP configuration 
with the propeller used in the flight test has a WTP thrust 
ratio of approx. 0.7, therefore an almost constant thrust dis-
tribution for all three propellers. In the DP configuration 
with four propellers per half wing, the thrust ratio is also 
constant with 0.25.

In both cases, the aerodynamic efficiency increases 
slightly with a counter-rotation while it decreases signifi-
cantly with a co-rotation. The WTP configuration is found 
to be generally more efficient than the DP configuration in 
cruise flight. The optimum of the WTP configuration is at a 
lower speed than the DP configuration, as the wing load is 
higher due to the higher weight of the DP configuration with 
almost the same wing and thus, a higher AoA is required 
for the same flight speed. For the DP configuration whose 
intended benefit is the improvement of the high lift potential, 
which is not addressed in this work, the direction of rotation 
of the propellers in cruise flight is nevertheless still of con-
siderable importance. The outboard positioned DP also has 
a slightly positive effect on the aerodynamic efficiency with 
a contra-rotation relative to the wingtip vortex.

4.2 � WTP thrust ratio variation

Since the most outboard positioned propeller (WTP) was 
identified as the most important propellers for the increase 
in cruise efficiency, a variation of the WTP thrust ratio was 

performed for the WTP and DP configuration. As explained 
above, the WTPs used in the flight test were not suitable, 
therefore the optimized propeller was used for the thrust 
ratio study with WTP-configuration. The thrust ratio was 
successively increased between 0 (no WTP) and 1 (no other 
propellers) at constant flight speed v = 24 m/s (WTP config.) 
and v = 25 m/s (DP config.), see Fig. 13.

As is to be expected, the aerodynamic efficiency increases 
with increasing thrust ratio of the WTP and a max. increase 
of 6% at TWTP∕T = 1 can be observed. Since the simula-
tion is based on steady flight conditions, this means that 
there would be a 6% reduction in the required power assum-
ing an identical propeller propulsive efficiency. The actu-
ally achieved propeller efficiency is not considered here, as 
the thrust reduction of the main propeller means that it is 
increasingly operated outside its optimum efficiency range 
and decreases accordingly. In reality, however, a different 
propeller would be designed for a different desired thrust 
ratio, so that the efficiency analysis is not comparable. For 
example, the efficiency for TWTP∕T = 1 is higher than for 
TWTP∕T = 0 , as the total propeller disk area is larger for 
both WTPs, which reduces the axial losses in the propeller 
jet—the propeller efficiency is primarily a question of the 
propeller design, which is not the focus here.

The influence of the higher TWTP∕T  can also be seen in 
the local spanwise lift and drag distribution, see Fig. 14. 
With increasing TWTP∕T  , the local lift in the area covered 
by the WTP propeller slipstream increases and the drag 
decreases—swirl recovery is therefore increasingly car-
ried out on the wing. Due to the indirectly achieved AoA 
reduction, the lift in the inner area of the wing decreases 
compared to a low TWTP∕T  , as does the drag. For the case 
of TWTP∕T = 0.25 , a local change in the WTP area is instead 
hardly visible. In general, a higher WTP thrust component 
is advantageous.

Drag due to a non-powered empennage-mounted propel-
ler at TWTP∕T = 1 was, however, not taken into account in 
the simulation. Thus, the case TWTP∕T = 1 corresponds to a 

Fig. 12   Aerodynamic efficiency (WTP and DP config.)

�

�

Fig. 13   Aerodynamic efficiency over WTP thrust ratio
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configuration equipped purely with WTP—which is not con-
sidered feasible due to the one-engine-out case. In a hypo-
thetical new design of an aircraft intended for WTP use with 
three propellers in total (two WTPs and one empennage-
mounted), it should therefore be clarified what minimum 
thrust ratio can be achieved for the empennage-mounted pro-
peller in cruise flight with a high propeller efficiency, which 
in the one-engine-out case still can ensure a safe (albeit inef-
ficient) continued flight.

In principle, the DP configuration also shows an increase 
in aerodynamic efficiency with increasing shift of the thrust 
to the WTP (Fig. 13), albeit at a generally lower level. 
The efficiency increase of the DP configuration is mainly 
achieved by its WTPs. The results at TWTP∕T = 0 correspond 
to a flight with deactivated WTPs—thus only DP driven. 
The aerodynamic efficiency is even reduced in this case 
because additional friction on the wing surface due to the 
DP slipstreams and a non optimal lift distribution overcom-
pensate the swirl recovery effect (Fig. 15). The detrimental 
effect of pure DP without WTP in cruise was already found 
by Ciliberti et al. [3]. The opposite case at TWTP∕T = 1 cor-
responds to deactivated DPs—thus only WTP driven. A 
CL∕CD increase of about 4% can be achieved. However, the 
maximal increase is at TWTP∕T = 0.85 with almost 5%—the 
increasing drag at the second outermost nacelle was identi-
fied as the most likely reason why TWTP∕T = 1 is not optimal 
here (Fig. 15), as will be discussed below. In absolute values, 
the optimal WTP aircraft achieves an aerodynamic efficiency 
of 21.5, which is about 3% higher than with the most efficient 
DP configuration.

Figures 14 and 15 show the spanwise lift, drag and pres-
sure distribution over the wing surface for both configura-
tions and different thrust ratios according to the trimmed 
flight conditions in Fig. 13. Even if the propeller load is 

small in cruise flight compared to the high-lift case dur-
ing take-off and landing, the propeller slipstreams still act 
locally on the wing area covered, which becomes evident 
in a cp increase. WTP and DP both increase the lift in the 
outer area of the wing. As can be seen in the spanwise lift 
and drag distribution, the WTP effect acts over a larger part 
of the outer span with increasing thrust. For the DP con-
figuration with TWTP∕T = 1 , the propeller slipstream influ-
ence begins to affect the second outer most nacelle, which 
unfavorably increases the drag. It can be assumed that with 
a larger distance between the WTP and the second nacelle, 
this collapse of the aerodynamic efficiency would not occur 
and a TWTP∕T = 1 would also be the optimum for the DP 
configuration.

Also evident in the spanwise distribution is that the devia-
tion of the more inboard propellers decrease with increas-
ing TWTP∕T  . Since, as shown in Schollenberger [11], the 
influence of a propeller on the aerodynamic efficiency is 
more pronounced the further outward it is positioned, the 
influence of a high thrust ratio in the outer area is positive. 
However, all DP thrust settings allow a reduction in AoA 
compared to the reference case (black solid line), which is 
visible in the reduction of lift in the inner area. What was 
not investigated is, for example, a linearly increasing thrust 
distribution towards the WTP, as it can be expected that the 
second outboard propeller, for example, can perform swirl 
recovery better than the third, etc. and whether this case 
would be more efficient overall than maximizing the thrust 
ratio purely at the WTP.

For aircraft design, it can be concluded that a high thrust 
component in the WTP is advantageous for both configu-
rations in cruise flight. By comparing the pure WTP con-
figuration with the investigated DP configuration, it can 

Fig. 14   Local lift distribution of the WTP config

Fig. 15   Local lift distribution of the DP config
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be assumed that the radius of the WTP propeller and its 
distance to the DP propellers should be increased for an 
optimized DP configuration. Another aspect of the DP con-
figuration in aircraft design is the potential reduction in wing 
area due to the considerable increase in lift in the high-lift 
case during take-off and landing. No wing area reduction 
was carried out for the e-Genius-Mod, however the improved 
climb characteristics and the delayed stall behavior due to 
the DP are to be investigated in ongoing flight tests inside 
the VELAN project. In the study presented here, however, 
only the efficiency increases due to the utilization of the 
aerodynamic interaction by DP and WTP were quantified 
under realistic conditions in cruise flight with 5–6%. A pos-
sible increase in efficiency due to wing resizing effects com-
pared to a reference aircraft with oversized wings for cruise 
flight, as shown in Keller [7], is not addressed here. For a 
new aircraft design, the overall efficiency increase due to 
DP would depend on aircraft class, flight mission, and the 
powertrain architecture. With a growth in aircraft weight 
even a increased energy consumption could be possible with 
DP [5]. An efficiency increase due to the utilization of the 
aerodynamic interactions with WTPs in cruise flight can 
instead be expected.

5 � Conclusion

In this study, a WTP configuration and a DP configuration of 
the unmanned flight demonstrator e-Genius-Mod in cruise 
flight were examined and compared to flight tests data. The 
main findings are:

•	 A precondition for a good prediction in the CFD simu-
lation of propeller-driven aircraft is the quality of the 
input data for the ACD simulations. In the study, 3D 
polars were used generated by simulating single propel-
ler blades under varying inflow velocities. A validation 
with wind tunnel tests shows a close match of the global 
propeller coefficients with a deviation of less than 5% 
near the design point. A physically correct representation 
of the dynamic pressure (hence the axial velocity) in the 
propeller slipstream was also demonstrated.

•	 It was shown that by using a cruise algorithm to adjust 
the propeller thrust and the angle of attack, a steady 
condition can be achieved which represents realistic 
cruise flight test conditions. With both the SARC and 
the Menter-SST model, there is a qualitatively and quan-
titatively close agreement of the CL∕CD polar between 
simulation and flight test.

•	 The influence of a WTP was studied, including the dif-
ference of co- and contra-rotating WTP relative to the 
wingtip vortex. The difference is a consequence of the 
possible AoA reduction due to the lift increase in the area 

covered by the propeller slipstream with contra-rotating 
propellers as well as the drag reduction due to the swirl 
recovery effect and the opposite effects with co-rotating 
propellers.

•	 The swirl recovery effect can be increased by using pro-
pellers with a higher number of blades and a larger diam-
eter that are optimized for the swirl effects. The DP con-
figuration also shows increased aerodynamic efficiency 
with contra-rotating propellers and reduced aerodynamic 
efficiency with co-rotating ones relative to the wingtip 
vortex, albeit to a smaller extent.

•	 Furthermore, it could be shown that by increasing the 
thrust ratio of the WTP relative to the total thrust for both 
concepts, the positive effects can be increased with over 
6% improved aerodynamic efficiency for the pure WTP 
configuration and approximately 5% for the DP configu-
ration.

The general conclusion for aircraft design is that the thrust 
share of the WTP should be as high as possible for efficient 
cruise flight. As a next step for comparing the two general 
concepts (WTP and DP), it is seen necessary to take into 
account the reduction in wing area due to the improved high-
lift behavior as well as a holistic comparison of the configu-
rations across all phases of the flight mission.
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