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Abstract

The scope of the present paper is to assess the potential of distributed propulsion for a regional aircraft regarding aero-propul-
sive efficiency. Several sensitivities such as the effect of wingtip propellers, thrust distribution, and shape modifications are
investigated based on a configuration with 12 propulsors. Furthermore, an initial assessment of the high-lift performance is
undertaken in order to estimate potential wing sizing effects. The performance of the main wing and the propellers are thereby
equally considered with the required power being the overall performance indicator. The results indicate that distributed
propulsion is not necessarily beneficial regarding the aero-propulsive efficiency in cruise flight. However, the use of wing tip
propellers, optimization of the thrust distribution, and wing resizing effects lead to a reduction in required propulsive power
by —2.9 to —3.3 % compared to a configuration with two propulsors. Adapting the leading edge to the local flow conditions
did not show any substantial improvement in cruise configuration to date.

Keywords Distributed propulsion - Aerodynamics - Propeller - CFD

1 Introduction

The demand for substantial CO2 emission reductions in air
traffic has led to an increasing research interest in air trans-
port vehicles with electric propulsion systems. While this
type of propulsion system may introduce additional com-
plexity and challenges, its usage also opens up the design
space of aircraft configurations, in particular with respect
to engine integration, due to nearly scale-free efficiency of
electric motors. A promising approach to benefit from this
circumstance is to distribute the propulsion along the entire
wing span (DP), also being referred to as distributed electric
propulsion (DEP) if electric motors are utilized to drive the
propulsors. Besides potential positive effects on vertical tail
plane size and aircraft weight due to flight mechanics and
safety considerations [1], DEP may also provide efficiency
increases from an aerodynamic standpoint. Beneficial effects
are thereby anticipated to originate from two sources with
the first one being direct aero-propulsive efficiency increases
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during cruise flight and the second one being indirect ben-
efits due to improved high-lift capabilities. In cruise flight,
the flexibility of DEP systems may allow for aircraft perfor-
mance increases due to improved propulsor integration and
hence shape optimization. Previous research efforts thereby
focused on wingtip propellers. In 1984, Loth et al. investi-
gated wingtip propellers and indicated the potential of drag
reduction particularly due to the use of propellers with high
disk loadings [2]. While their numerical approach was later
disagreed by Miranda et al. [3], their experimental results
demonstrated drag reduction potential. Miranda et al. fol-
lowed a more sophisticated approach based on lifting line
theory and examined the effect of various parameters on
the performance of wings with wingtip mounted propel-
lers and turbines [3]. They found a beneficial effect on the
induced drag and no impact on the propeller efficiency when
the propellers are mounted ahead of the leading edge. In
contrast, mounting the propellers behind the wing trailing
edge leads to improved propeller efficiency but no reduc-
tion in induced drag. Patterson et al. carried out wind tunnel
tests with a wingtip mounted pusher turboprop. According
to their results, wingtip propellers located behind the wing
trailing edge may reduce the required propulsive power by
13 % due to a combination of propeller efficiency increase
and drag reduction [4]. More recently, Sinnige et al. found

@ Springer


http://orcid.org/0000-0002-1471-9433
http://crossmark.crossref.org/dialog/?doi=10.1007/s13272-021-00535-5&domain=pdf

778

D. Keller

a drag reduction of 15 % due to the utilization of a wingtip
propeller at a lift coefficient of 0.5 and a thrust coefficient
of 0.12 in their wind tunnel tests [5]. Moreover, Veldhuis
investigated various geometric variations, such as twist dis-
tribution and propeller tilt angle, for a conventional propel-
ler aircraft configuration [6]. Besides these direct effects,
DEP systems promise increased high-lift capabilities in low
speed, which in turn may yield benefits in cruise flight from
wing sizing effects. With the light general aviation aircraft
concept SCEPTOR, NASA tries to take advantage of this
effect by utilizing high-lift propellers [7]. These propellers
located along the main wing are only active in low speed
and are particularly designed to increase the axial veloc-
ity behind the propellers homogeneously while minimizing
power consumption and thrust [8, 9]. With this concept,
Borer et al. achieved maximum lift coefficients of over 4
with a Fowler flap that extends throughout most of the span
[7].

The aim of the present work is to assess the potential of
distributed propulsion for a regional aircraft with a more
conservative approach. All propellers are thereby intended to
primarily serve as propulsors over the entire flight envelope.
Several sensitivities such as the effect of wingtip propellers,
thrust distribution, and shape modifications are investigated.
Furthermore, an initial assessment of the high-lift perfor-
mance is performed based on take-off conditions. The results
of the present study are also used for an assessment of the
investigated configurations on overall aircraft level [1].

2 Numerical methods

In order to assess the impact of drivetrain variations on the
aerodynamic and propeller performance, numerical simu-
lations based on the Reynolds-averaged Navier—Stokes
(RANS) equations have been carried out with the DLR TAU
code [10]. The code relies on an unstructured finite volume
approach for solving the RANS equations. For the present
investigation, the implicit LU-SGS scheme was used for
time stepping and a central scheme and second order Roe
upwind scheme for the spatial discretization of the invis-
cid mean flow fluxes and the turbulent convective fluxes,
respectively. The turbulence effects were modeled with the
Spalart—Allmaras formulation (SA) [11] with vortical and
rotational flow correction based on the Spalart—Shur correc-
tion [12]. In order to model the propeller effects, an actua-
tor disk approach based on 2D-blade element momentum
theory is implemented in TAU. In this way, the local forces
of the propeller are calculated based on the blade proper-
ties and the local flow conditions. The blade properties
are thereby given by radial distributions of the local chord
length and twist as well as aerodynamic data sets reflecting
the dependence of the local blade force coefficients on the
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angle of attack. The time averages of the resulting axial and
normal forces are then imposed on the numerical domain
of the RANS computation. Moreover, the forces are used
to compute the integral values T, C, Cp, and the propel-
ler efficiency 7,,,,,. While the actuator disk model consid-
ers blade-induced angles of attack as described by Glauert
[13], it does not explicitly include a tip loss correction as it
is done in the propeller design approach (see Sect. 3). The
actuator disk model of the RANS solver, in particular the
consideration of 3D effects, therefore slightly differs from
the model in the inverse propeller design approach result-
ing in differences in the propeller efficiencies between the
two approaches. Detailed information on the actuator disk
implementation can be found in [14, 15]. The actuator disk
model has shown robust behavior and good results in terms
of performance parameters (C,Cp) as well as slipstream
velocity distributions (axial and circumferential) for various
applications such as the simulations of conventional propel-
lers [16], contra-rotating open rotors [17], and more recently
turbofans [18].

The geometric model for the simulations consists of a
main wing with integrated propulsors, whereas the fuselage
and tail are neglected. The computations of the cruise flight
cases were performed under trimmed conditions for bal-
anced forces:

CL,larget = CL,eﬁ" = CL,wing + CL,nacelles + CL,prop
_ECT,Xu = CD = CD,Wing + CD,nucelles (1)
+ CD,fuseluge + CD,tail'

While the contributions of the main wing, the nacelles, and
the propellers are evaluated within the numerical simula-
tions, the contributions from the fuselage and the tail are
constant values based on preliminary design results. In order
to fulfill the equations above, the angle of attack and the pro-
peller blade pitch angles are iteratively modified during the
simulations. Table 1 summarizes the conditions and assump-
tions used for the simulations.

3 Basic geometric model

The basis of the present investigation is the preliminary
design of a regional transport aircraft carried out in the
SynerglE project [1, 19]. The aircraft is designed for 70

Table 1 Conditions for trimmed

. . Parameter Value
aerodynamic simulations
Mach number 0.55
Reynolds number  12.4 « 10°
Corarger 0.53
Cpfuselage + Cpar 00120143
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passengers and a mission range of 1000 nm at a cruise Mach
number of M_. = 0.55. Figure 1a, b illustrates the aircraft
designs with 2 and 12 propulsors, respectively.

The present assessment of the aerodynamic and propul-
sive performance was performed on wing—nacelle—pro-
peller half-models (Fig. 2) derived from these conceptual
aircraft designs. The performance parameters of the cruise
configurations are compared to a reference case, consisting
of an isolated wing with an isolated propulsor that are not
interacting with each other (Fig. 2a).The propulsor and the
wing of the isolated case therefore operate under freestream
conditions.

The propeller shapes were obtained with an inverse
design method for minimum induced loss propellers [20,
21] that is implemented via classical blade element method.
Downwash and interference effects are thereby taken into
account by the Prandtl tip loss factor [1, 22]. The design
method was applied to all aircraft configurations using iden-
tical prescribed tip Mach numbers (M,;, = 0.796) and radial
distributions of the lift coefficient. Moreover, the advance
ratio was kept constant, leading to differences in Reynolds
numbers and swirl losses as the propeller diameter varies
with the number of propellers [1].

Table 2 summarizes the basic aircraft parameters of the
configurations with two (2 eProp) and 12 (12 eProp) propel-
lers. The main wing size was dictated by top level aircraft
requirements regarding take-off and landing speeds. While
the main wing of the two configurations therefore differ in
size based on the conceptual design, it was kept identical in
the present studies for comparison reasons.

(b) 12 eProp

Fig. 1 SynerglE aircraft [1]

(b) 2 eProp (¢) 12 eProp

Fig.2 Geometric models used for simulations

3.1 High-lift system

To date, a detailed high-lift design for the present configura-
tions has not been carried out, yet. The take-off performance
was investigated with a 20 % chord plain flap that is deflected
by 6 = 20°. The aileron is deflected by 6, = 10°. Reflect-
ing reasonable take-off conditions based on the preliminary
design, the low-speed simulations were performed with
a Mach number of My, = 0.181 and a targeted thrust of
Tr/o = 56.7TkN for the full aircraft. This results in an (aver-
aged) thrust coefficient of C; = 0.44 and C; = 0.43 for the
2 eProp and 12 eProp configuration, respectively.

3.2 Mesh generation

The meshes were created with a semi-automated hybrid
meshing approach using the Centaur mesh generator [23].
Centaur first creates a surface grid based on triangles and
quads. From the surface grid, a near-field volume mesh is

Table 2 Basic aircraft parameters of the 2 eProp and 12 eProp con-
figuration

2 eProp 12 eProp
Reference area 52.9m? 52.9m?
Span 252m 25.2m
Aspect ratio 12.0 12.0
Sweep angle (leading edge) 0° 0°
Mean aerodynamic chord 2.18m 2.18m
Propeller diameter 3.96m 1.62m
Propeller RPM 850 2080

@ Springer



780

D. Keller

Table 3 Basic parameters of the cruise configurations

2 eProp 12 eProp

Surface mesh points 3.3 % 10° 3.4 % 10°
First layer height 1%107° 1%107°
Number of layers 50 50
Normal cell stretching ratio 1.225 1.225
Volume mesh points 2.0 % 107 1.9 = 107
Table 4 Basic parameters of the take-off configurations

2 eProp 12 eProp
Surface mesh points 5.5 % 10° 54 % 10°
First layer height 1.5 % 1076 1.5 % 1070
Number of layers 48 48
Normal cell stretching ratio 1.225 1.225
Volume mesh points 3.1 % 107 2.8 % 107

06 —— C_ 10.025
R — CD
0.55
-10.02
G 051 S
-0.015
0.45
045 B0 2E05  GE05  4E0¢!
1/N~(2/3)

Fig.3 Dependence of aerodynamic force coefficients on mesh discre-
tization level at constant angle of attack (@ = 1.0°) and constant blade
pitch angle (C; = 0.22)

generated with an advancing-layer algorithm. Due to the
characteristics of the surface mesh, the near-field mesh
consists of prism and hexahedron stacks. Outside of the
near-field mesh, the computational domain is filled with
tetrahedra. Tables 3 and 4 summarize the key parameters
of the meshes for the cruise and the take-off configurations,
respectively.

In order to assess the accuracy of the selected meshes,
a mesh refinement study has been performed. Considering
the theoretical order of convergence of the selected spatial
discretization scheme being two and the spatial dimension of
the problem being three, Fig. 3 plots the longitudinal aero-
dynamic force coefficients with respect to 1 /N?/3. Despite
the common challenges with unstructured meshes to create
a mesh family with constant and consistent mesh refinement
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Fig.4 Comparison of lift distributions under cruise conditions
(C;, =0.53)

ratios, the plot indicates nearly constant gradients for the
force coefficients except for the coarsest grid (N = 4.9 * 10°
points). Accordingly, the base mesh can be considered to be
within the asymptotic range. The aerodynamic performance
parameter L/D on the base mesh differs 0.7 % from the one
on the finest mesh with 109.5 % 10° points. The propeller
efficiency 7, differs by 0.003 % between those two meshes.

4 Results
4.1 Cruise configuration
4.1.1 Basicintegration effects

The comparison of the aero-propulsive performance of the
configuration with 2 propulsors and 12 propulsors was car-
ried out at a constant relative streamwise propeller posi-
tion of X/D,,,, = —0.64 ahead of the main wing leading
edge. The total propeller disk area was kept constant for the
investigated cases. The nacelle and spinner dimensions were
scaled with the propeller diameter.

Figure 4 compares the lift distributions for the cases with
2 and 12 electric propulsors. As expected, both cases show
an increase in local lift at the position of the propellers’
upwash and a decrease in the downwash regions compared
to the lift distribution of the isolated wing.

Figure 5 compares the drag distributions of the configu-
rations with 2 and 12 electric propulsors. The distributions
show locally increased drag values due to the nacelles. In
close proximity to the nacelles, the drag values are reduced
and partially become negative due to increased leading
edge suction peaks induced by the nacelles. Besides, both
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Fig.5 Comparison of drag distributions

distributions generally indicate a lower local drag in the
upwash regions of the propellers and a higher local drag in
the downwash regions compared to the drag distribution of
the isolated wing. These differences are caused by altered
local angles of attack due to the propeller slipstream and
the resulting tilt of the local main wing force vectors [6].
For the 2 eProp configuration, the local drag reduction in
the upwash of the propeller considerably outweighs the
drag increase in the propeller downwash region. That is
not the case for the 12 eProp configuration. An analysis
of the sectionwise integrated drag indicates that for this
configuration, the local drag increase due to the propeller
downwash is stronger than the local drag reduction in the
propeller upwash in the inboard region. This trend reverses
towards the wingtip with the local drag reduction in the
propeller upwash region being stronger than the local drag
increase caused by the propeller downwash, here. The var-
ying impact of the slipstream on the local drag creation
along the span of the 12 eProp configuration is thought to
be mainly caused by two effects. Firstly, the main wing
circulation distribution and local angle of attack distri-
bution and thus the local force vectors’ magnitude and
orientation affect the impact of the slipstream on the main
wing aerodynamics. In particular, the span loading gradi-
ent affects the balance of the drag reduction in the upwash
region and the drag increase in the downwash region of a
propeller. As the span loading gradient increases in mag-
nitude towards the wingtip, it favors net drag reductions
due to propellers with inboard up rotation that are installed
in the outboard region. The 12 eProp configuration should
therefore rather benefit from this effect compared to the 2
eProp configuration. Secondly, inhomogeneous propeller
load distributions influence the impact of the slipstream.

Due to the global angle of attack and the upwash in front
of the main wing, the downgoing propeller blades experi-
ence a higher angle of attack than the upgoing blades. The
local thrust and the magnitude of the local vertical propel-
ler force are therefore higher on the downwash side than
on the upwash side. Figure 6 confirms this effect for the 2
eProp configuration with the magnitude of the local verti-
cal force being higher on the downwash side (right hand
side) compared to the upwash side. For comparison, Fig. 7
depicts the dimensionless vertical force distribution for the
12 eProp configuration. The effect of the so-called 1P-loads
can be observed for all propellers. However, as the main
wing’s upwash decreases towards the wingtip, the asym-
metric propeller forces decrease towards the wingtip as well.
This can clearly be observed in Fig. 7 with the magnitude in
local vertical propeller force being increased in the upwash
region and decreased in the downwash region towards the
wingtip. The X-component of the propeller force (thrust)
distributions follows the same trend.

The spanwise distributions of the vertical and streamwise
propeller forces strongly affect the local angle of attack and
the magnitude of the local force vector of the main wing and
therefore correlate with the main wing’s drag distribution.
As the absolute distance between the propellers and the main
wing leading edge is smaller for the 12 eProp configuration

Z-load/X-load,,.: 25 -2 -1.5 -1 05 0 05 1 15 2 25
1.5F
1k
0.5F
£ N
N OoF
-0.5F
Ak
1.5}F
2 1 1 1 1
2 3 4 5 6

Fig.6 Dimensionless vertical load distribution on propeller on 2
eProp propeller disk

”MMM”

Fig.7 Dimensionless vertical load distribution on 12 eProp propeller
disk
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compared to the 2 eProp configuration, the upwash and thus
the asymmetric loads are generally stronger in this case (at
identical spanwise position). With decreasing circulation
towards the wingtip, the asymmetric loads of the individual
propellers decrease as well. Nevertheless, due to higher
asymmetric loads of the propellers in the inboard and mid-
board region, the total drag of the 12 eProp configuration
is higher compared to the 2 eProp configuration despite the
drag contribution from the nacelles being smaller.

The strong effect of the streamwise propeller distance to
the main wing regarding the main wing drag is illustrated for
wing—propeller configurations in Fig. 8. Nacelles have not
been considered for this comparison. The computations were
performed at identical effective lift coefficients, including
the propeller lift forces (dash-dotted lines). For compari-
son of the main wing’s aerodynamic performance, the drag
values have been corrected to constant wing lift coefficients
(solid lines). The figure illustrates that at short propeller
distance to the main wing, increasing the number of propel-
lers has an adverse effect on the (corrected) wing drag (red
line). In contrast, the wing drag decreases with increasing
number of propellers at larger propeller distance to the wing
(green line). This drag reduction is mainly caused by the
wing tip propellers that are considered for configurations
with more than two propellers. The figure therefore dem-
onstrates the significance of the propeller distance to the
wing on the one hand and the potentially favorable effect
of distributed propulsion on the aerodynamic performance
of the main wing on the other hand. The impact of the dis-
tance can be attributed to the asymmetric propeller loads,
as discussed above. Locally comparing the magnitude and
position of the leading edge stagnation lines at varying pro-
peller distances confirms this effect. In contrast, the aver-
age leading edge stagnation pressure at varying distance
showed little differences, indicating that the effect of the
distance on the slipstream due to the change in its evolution
length ahead of the main wing is rather small. Returning

10

AX/c,,=-0.46
AX/c,=-1.18

456 8
# of propellers

Fig.8 Effect of number of propellers and streamwise propeller posi-
tion on wing drag compared to isolated wing at trimmed effective lift
coefficient (dash-dotted lines). Solid lines represent drag variations
corrected for constant wing lift coefficient
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to the wing—nacelle—propeller configurations, Fig. 8 also
confirms that the unfavorable aerodynamic performance of
the 12 eProp configuration in comparison to the 2 eProp
configuration can be mainly attributed to the varying abso-
lute streamwise propeller distance to the main wing. The
positive drag difference would most likely be smaller when
compared to the 2 eProp configuration with identical (short)
absolute distance to the main wing and it even may become
negative when comparing the two (wing—nacelle—propeller)
configurations at larger absolute distance.

Besides the aerodynamic performance of the main wing,
the propeller efficiency is also affected by the propulsor
integration. Figure 9 depicts the velocity distributions on
the propeller disk for the 2 eProp configuration. Apart from
the effect of the propeller, nacelle, and spinner, the axial
velocity distribution (Fig. 9a) is primarily affected by decel-
eration ahead of the main wing. Moreover, the main wing
circulation contributes to inhomogeneity of the axial veloc-
ity distribution with the axial velocity being increased in
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1k 0.85
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N
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1 1 1 1 1
2 3 4 5 6
Y, m
(a) Axial velocity
V V.
2r = 0.06
= 0.04
151 0.02
0
1F -0.02
-0.04
05k -0.06
€ OofF
N
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Ak
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Y, m
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Fig.9 Velocity distribution on 2 eProp propeller disk



Towards higher aerodynamic efficiency of propeller-driven aircraft with distributed... 783

the upper part of the propeller disk and decreased in the
lower part. The tangential velocity distribution (Fig. 9b) is
mainly affected by the main wing upwash and the global
angle of attack, as discussed above. Accordingly, the tan-
gential velocity is increased on the propeller’s upwash side
and decreased on the propeller’s downwash side.

Figure 10 depicts the velocity distributions on the propel-
ler disks of the 12 eProp configuration. The distributions
indicate similar trends as seen for the 2 eProp configura-
tion. However, the distributions strongly differ in intensity
for the various propeller disks. While the effect of flow
deceleration and main wing upwash is higher in the inboard
region, it degrades towards the wingtip due to decreasing
main wing thickness and circulation. Nevertheless, with
Viave/ Voo = 0.986, the average overall axial velocity of
all propeller disks of the 12 eProp configuration is notably
lower compared to the average velocity on the propeller disk
of the 2 eProp configuration (V, ,,,/ V., = 1.002). The lower
axial velocities of the 12 eProp configuration are mainly
caused by the smaller (absolute) distance between the pro-
peller disks and the main wing leading edge.

The required propulsive power results from the thrust
demand and thus the aerodynamic performance as well as
the propeller efficiency with

P.,=Cp P D’ = PD’. )

prop
Table 5 summarizes the key performance parameters for the
configurations and compares them to a configuration con-
sisting of a wing with two isolated propulsors (Fig. 2a). The
table shows that the lift-to-drag ratio (L/D) of the 12 eProp
configuration is worse compared to the 2 eProp configu-
ration mainly due to unfavorable integration effects at the
inner propulsors. The average propeller efficiency of the 12

B [T |
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Fig. 10 Velocity distribution on 12 eProp propeller disk

Table5 Aerodynamic and

2 eProp 12 eProp
propeller performance data

L/D 17.73 17.36

aL/D 23 % 0.2%
(L/D);,
Cr 0.227 0.230
Morop~ 91.7% 93.6 %
Aﬂpmﬂ 1 5 % 36 %
Hprop.iso
P, 2.109MW  2.106 MW
Py =39% -4.1%

P

req.iso

eProp configuration however is notably higher compared to
the one of the 2 eProp configuration. Using V, ,,, instead of
the freestream velocity for the calculation of the advance
ratio, the change in averaged axial flow velocity between the
2 eProp and the 12 eProp configurations results in a 1.7 %
reduction of the effective advance ratio. Moreover, a reduc-
tion of the axial flow velocity is also beneficial for the C;./Cp
ratio, itself. It can be therefore concluded that the increase
in propeller efficiency of the 12 eProp configuration com-
pared to the 2 eProp configuration is mainly caused by lower
axial flow velocities at the propeller disks. Moreover, the
increased propeller efficiencies for the 12 eProp configura-
tion can be observed despite an opposite trend being indi-
cated by the performance tables from the propeller design as
shown in Table 6. Accordingly, the integration effect itself
may be even underestimated by the comparison of the pro-
peller efficiencies from the RANS computations.

The lower L/D ratio and the higher propeller efficiency
of the 12 eProp configuration compared to the 2 eProp con-
figuration result in a slightly lower propulsive power demand
(4P,,, = 0.003MW) for a balanced flight. Compared to the
isolated case, both configurations require notably less power
due to higher L/D values resulting from slipstream recovery
and increased propeller efficiency that can be mainly attrib-
uted to flow deceleration ahead of the wing.

4.1.2 Wing tip propeller
In order to investigate the impact of wingtip propellers
(WTP), the propulsors’ spanwise positions of the 12 eProp

configuration were modified while remaining equidistant
spacing of the propulsors.

Table 6 Propeller efficiencies

Isolated 2 eProp 12 eProp
Nprop.desien 89.7% 89.9 % 89.3%
90.4 % 91.7% 93.6%

"pmp,RANS
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Figure 11 illustrates the spanwise distributions of the
sectional lift and drag forces for the 12 eProp configuration
with wing tip propeller. With regard to the wingtip propel-
ler, the lift distribution (Fig. 11a) in the outboard region
shows that the main wing is only affected by the propeller’s
upwash, which increases the local lift, whereas the distribu-
tion does not indicate a region of lower local lift that would
be accompanied to the propeller’s downwash. Analogously,
the drag distribution (Fig. 11b) only indicates the benefi-
cial local drag reduction induced by the wingtip propeller’s
upwash but not the adverse effect of the propeller’s down-
wash. Besides these anticipated effects and the spanwise
shift of the propeller effects that is linked to the relocation
of the propulsors, the distributions do not show any notable
differences compared to the ones of the 12 eProp configura-
tion without wingtip propeller. As a result, the lift-to-drag
ratio is favorably affected by the wingtip propeller.

Figure 12 compares the propeller efficiencies of the 12
eProp configuration with wingtip propeller to the ones of
the 12 eProp configuration without wingtip propeller. The
propeller efficiencies of both configurations are highest for
the propellers that are located at the wing root (propeller 1).
Towards the wingtip, the efficiencies decrease. The configu-
ration with wingtip propeller generally shows slightly lower
propeller efficiencies compared to the one without wingtip
propeller with the difference increasing towards the wingtip.
These trends inversely correlate with the individual aver-
aged axial flow velocities of the propeller disks V, ,,, ;, which
increase towards the wingtip. Moreover, the differences in
Vi avgi @nd as a result in 7,,,,,, correlate with the differences
in spanwise position of the propellers that increase towards
the wingtip. Plotting the propeller efficiencies over the pro-
pellers’ spanwise positions reveals identical distributions.

08 —mmmmmmm - @lliptic
isolated
osl 12 prop (WTP)
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o
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0 02 04 ; 06 08 i
(a) Lift
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g 0.1 12 prop (WTP)
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(@]
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Fig. 11 Spanwise force distributions for 12 eProp configuration with
wing tip propeller
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Fig. 12 Comparison of propeller efficiencies between 12 eProp with-
out wingtip propeller and 12 eProp with wingtip propeller (propeller
1: inboard, propeller 6: outboard)

Comparing the overall averaged axial flow velocity of the
two configurations indicates a slightly higher V, ,,, for the
case with wingtip propeller.

The resulting performance parameters for the configura-
tion with wingtip propeller are shown in Table 7. The L/D
ratio improves by 0.8 % compared to the case with the iso-
lated wing and propulsor and is therefore also higher than
the one for the 12 eProp configuration without wingtip
propeller. In contrast, the averaged propeller efficiency is
slightly lower than the one of the 12 eProp configuration
without wingtip propeller yet yielding an increase of 3.3 %
compared to the case with the isolated wing and propulsor.
As a result, the required propulsive power is reduced by
4.5 % compared to the isolated case and thus the reduction is
slightly higher than the reduction of the 12 eProp configura-
tion without wingtip propeller.

4.1.3 Optimization of thrust distribution

As the impact of the wingtip propeller on the required power
in the case of equal propeller settings for each configura-
tion is rather small, the thrust distribution for the 12 eProp
configuration with wingtip propeller was adapted. An opti-
mization study aiming at reducing the required power was
therefore carried out. The six propeller pitch angles thereby
where the design parameters that were individually opti-
mized. Again, the balanced flight condition in terms of drag
and thrust at the target lift coefficient was a prerequisite.

Table 7 Aerodynamic and

12 eProp w/
propeller performaqce daFa for wingtip pro-
12 eProp configuration with peller
wingtip propeller

L/D 17.47
AL/D 0.8%
(L/D)y,

Hprop 933 %
Alprop 33%
Hprop,iso

Py 2.096 MW
APy —-4.5%

P

req.iso
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Figure 13a depicts the evolution of the drag coefficient
with respect to the thrust share of each of the six propellers
in the course of the optimization. It shows that the thrust
share of the propellers two and three, which are located in
the inboard and midboard region, decrease towards lower
drag coefficients. In contrast, the thrust share of propel-
ler five and six increases. It is anticipated that these trends
would continue to lower drag coefficients, if the optimiza-
tion goal was to minimize drag. The analysis in Sect. 4.1.2
however indicates that the propeller efficiency decreases
towards the wingtip, affecting the required propulsive power
and thus the evolution of the optimization results. This is
shown in Fig. 13b, which illustrates the evolution of the
(required) power coefficient with respect to the thrust share.
The plot indicates similar trends as seen for the drag coef-
ficient. However, these trends are less distinct. The min-
imum in required power appears to be found for a thrust
share of T7,/T,,,; = 12.7% and Ty /T,,,, = 20.8 % for the
second and sixth propeller, respectively. The thrust shares
of propeller three and propeller five are 75/7,,,,, = 153 %

ota
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Fig. 13 Optimization results showing influence of thrust distribution
on performance parameter

and 75/T,,,,; = 17.8 %. This thrust distribution improves the
L/D ratio by 0.7 % compared to the case with baseline pro-
peller settings. As the averaged propeller efficiency is lower
in case of optimized thrust distribution, the net reduction in
required propulsive power is —0.4 %. Table 8 compares the
key performance parameters of the optimized thrust case
with the ones of the isolated case.

4.1.4 Leading edge adaptation

In order to further reduce the required propulsive power
of the 12 eProp cruise configuration, a modification of the
leading edge was considered. The basic idea thereby is to
reduce the airfoil and/or induced drag by adapting the lead-
ing edge deflection and thickness to the local flow conditions
impacted by the propeller slipstream. Figure 14 illustrates
the leading edge parametrization by means of two airfoil sec-
tions being located inboard and outboard of each propulsor.

Results from a preliminary study on a simplified geom-
etry consisting of a main wing section with one nacelle
and propeller (Fig. 15) indicated potential for performance
improvement. The preliminary study was performed at a tar-
get lift coefficient of C ,,,,,, = 0.6.

Figure 16 depicts the effect of leading edge modifica-
tion on the lift-to-drag ratio distribution for the simplified
geometry. The black dash-dotted lines indicate the position
of the airfoil section being modified. On the inboard side of
the propulsor (Fig. 16a), positive leading edge deflection of
up to 6, = 10° (orange line) leads to a L/D increase over a
wide range of the inner wing part. For 6, ; = 20° (red line),
the L/D peak outside of the propeller disk area is stronger,
whereas the L/D distribution behind the propeller disk is
partially lower compared to the baseline case without deflec-
tion (BSL). On the outboard side of the propulsor (Fig. 16b),
neither a positive nor a negative leading edge deflection
angle could improve the local L/D distribution. Modifying
the leading edge deflection angle had a rather minor impact

Table 8 Aerodynamic and propeller performance data for 12 eProp
configuration with wingtip propeller and optimized thrust distribution

12 eProp w/wingtip propeller
and optimized thrust distribu-

tion

L/D 17.6

AL/D 1.5%
(L/D)y,
Nprop 93.0%
Mprop 29%
Morop.so
Py 2.088 MW
APry —49%

P

req.iso
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Fig. 14 Leading edge para-
metrization in airfoil sections
inboard and outboard of the
nacelle (not visible)

g 2=
W

Fig. 15 Geometry of simplified model

on the local lift distribution. The impact on the induced drag
is therefore anticipated to be small as well.

Based on the results of the preliminary study, leading
edge modifications were implemented on the 12 eProp
configuration. Figure 17a compares the lift distributions of
selected cases to the baseline case (black line). Both cases
with modified leading edge have a leading edge deflection of
6, = 10°in the upwash regions of the propellers. While the
nose thickness is unchanged for the first one (blue line), the

Fig. 16 Impact of leading edge
deflection on local lift-to-drag
ratio 100

80

60

L/D

40

20

nose thickness of the second case was reduced by 20 % in the
upwash regions (green line). The plot reveals that the modi-
fications have little effect on the lift distribution. However, a
slight increase in local lift can be observed in the downwash
regions of the propellers. The comparison of the drag distri-
butions (Fig. 17b) indicates minor reductions in local drag
in some of the upwash regions, particularly of propeller two
and three. The reductions appear to be larger in the case with
reduced leading edge thickness. However, these slight drag
reductions are counteracted by drag increases in the down-
wash regions of the propellers. Again, the effect appears to
be stronger in the case with reduced leading edge thickness.
As aresult, the net effect of the leading edge modification is
negligible for the cruise configuration. Nevertheless, initial
results of the take-off configuration confirm the expected
positive effect on the high-lift performance.

4.2 Reduced wing size
The increased low-speed performance eventually leads to

a reduced main wing size. Reducing the main wing size
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/1]

80
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(a) Modification via inboard section only (b) Modification via outboard section only
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Fig. 17 Impact of leading edge deflection on local force distribution
of the 12 eProp configuration (with WTP)

improves the aerodynamic performance in various ways.
Firstly, the main wing will experience higher angles of attack
during cruise flight, which typically leads to improved lift-
to-drag ratios for conventional airfoils and representative
flight conditions. Secondly, the wetted surface and thus fric-
tion drag is reduced.

In order to make an initial estimation of the impact of a
wing size reduction on the performance in cruise flight, a
potential wing size reduction of 10 % due to the improved
high-lift performance is assumed. Accordingly, simula-
tions of the 12 eProp configuration with wingtip propeller
and with a 10 % reduced chord length were performed. Fig-
ure 18a illustrates the influence of the wing size reduction on
the lift-to-drag ratio (L/D) of the main wing (with nacelles)
depending on the lift coefficient. The black line represents
the lift-to-drag ratio of the case with initial wing size. The
black diamond with red outline thereby indicates the target
lift coefficient. At identical conditions, reducing the wing
size causes an increase in the target lift coefficient for level

Fig. 18 Influence of 10 % 32r
chord-length reduction on lift-

to-drag ratio under cruise flight
conditions 30k

31+

291

L/D

28

27

26

——— 12 eProp w/ WTP
—=&—— 12 eProp w/ WTP | 90% chord length ©

e N

flight. Neglecting scaling effects and assuming an identical
aerodynamic behavior of the smaller wing would move the
operating point on the black line beyond the maximum and
eventually reduce the lift-to-drag ratio (red X). This change
in L/D would correspond to the effect caused by the airfoils
operating at higher angles of attack, which is in this particu-
lar case unfavorable. Compared to that, 3D-RANS computa-
tions of the case with reduced wing size yielded a notably
improved aerodynamic behavior as shown by the green line
and in particular for the target lift coefficient (green diamond
with red outline). 70 % of the total drag reduction is thereby
caused by a reduction in friction drag with the remaining
part being related to pressure drag. It shall be noted that the
drag is affected by a slight change in the lift distribution that
occurs due to the wing size reduction.

Figure 18b depicts the lift-to-drag ratio over the cruise
speed at 1-g load factor considering a drag penalty for the
fuselage and tail. Again, assuming an identical aerodynamic
behavior (i.e., with scaled drag penalty) for the case with
reduced wing size would lead to a shift of the initial L/D
curve (black line) towards higher velocities. Now, assuming
a constant drag penalty would cause a reduction in the L/D
values. The gray line describes the result, when a constant
drag penalty for fuselage and tail and otherwise identical
aerodynamic behavior is considered. Compared to that, the
L/D values of the case with reduced wing size resulting from
3D-RANS simulations (green line) are generally higher. The
diamonds with red outline indicate an improved lift-to-drag
ratio due to the wing size reduction at target cruise speed.

Table 9 summarizes the main performance parameters for
cruise flight conditions. The chord-length reduction leads
to a further increase in the lift-to-drag ratio by about 2.1 %
compared to the corresponding case with 100 % chord length,
yielding a 2.9 % increase compared to the isolated configura-
tion. Moreover, the propeller efficiency slightly increased by
additional 0.2 %. As a result, the 12 eProp configuration with
wingtip propeller and 90 % chord length requires —6.8 % less
propulsive power compared to the isolated case mainly due
to the improved aerodynamic performance of the main wing.

—&—— 12 eProp w/ WTP
12 eProp w/ WTP | assuming 90% S,

2ol ——*— 12Prop w/ WTP | 80% chord length ”

L/D

1
2%.2 03 04 05

(a) Wing-nacelles

J 1 1 1 1 1 )
07 08 09 020 740 160 180 200 220 240
V, m/s

(b) Wing-nacelles considering constant
drag contribution from fuselage and tail
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Table 9 Aerodynamic and

12 eProp w/wingtip
propeller performan.ce daFa for propeller /90 % chord
12 eProp configuration with length
wingtip propeller

L/ID 17.84
AL/D  2.9%

(L/D)y,

Norop 935 %
Ay 3.5%

Mprop.iso

P 2.047 MW

req

APy -6.8%

Assuming the beneficial effect of thrust redistribution can be
likewise applied in the case of a reduced chord length, the
power reduction would change to —7.2 %.

4.3 Effect of distributed propulsion on take-off
performance

In a first step to assess the impact of distributed propulsion
on the high-lift performance, the 2 eProp and 12 eProp (with
WTP) configurations were investigated with a plain flap.

Figure 19 illustrates the surface pressure coefficient
distribution for the main wing upper side of the take-off
configurations with 6 = 20° at @ = 6°. In the case of the 2
eProp configuration without thrust, the flow is completely
separated from the flap except for a small region downstream
of the nacelle (Fig. 19a). With thrust (Fig. 19b), the pressure
coefficient distribution is altered over a wide range of the
wing. Inboard of the nacelle, the propeller causes a consid-
erable increase in the leading edge suction peak with the
flow above the flap remaining separated. In the downwash
region of the propeller, the slipstream leads to a decrease in
the local angle of attack, causing the leading edge stagnation
line to move onto the upper side of the main wing locally.
The reduction in the local angle of attack in conjunction
with the locally increased flow momentum results in the
attachment of the flow to the flap and consequently to the
development of a flap suction peak. While this particular
effect is rather local, the increase in wing circulation due
to the propeller slipstream affects the regions adjacent to
the propeller, raising the local angle of attack there as well
and thus increasing the leading edge suction peak. The flow
above most of the flap as well as the aileron remains however
separated. In the case of the 12 eProp configuration with
thrust, the effects of the propeller slipstream as seen for the 2
eProp configuration can be observed for each propeller. The
distribution of thrust also leads to five downwash regions
with mostly attached flow on the flap and the aileron and
therefore to a significant reduction in flow separation.

A comparison of the lift distributions at a = 6° illustrates
the impact on the lift creation capabilities. Due to thrust, the

@ Springer
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Fig. 19 Surface pressure distribution and skin friction lines of take-
off configurations at @ = 6°

local lift of the 2 eProp configuration is notably increased in
the region of the propeller. The lift increase is thereby lower
in the downwash region of the propeller due to the reduced
angle of attack and the resulting shift of the leading edge
stagnation line to the upper side of the wing. In proxim-
ity to the propeller, in particular at the wing root, the local
lift is also raised, whereas the outboard region of the main
wing remains rather unaffected. In the case of the 12 eProp
configuration, the lift is raised due to thrust over the entire
wingspan. Furthermore, the difference in local lift between
the upwash and downwash regions of the propellers appear
to be smaller (Fig. 20).

Figure 21 visualizes the flow field above the main wing
of the 12 eProp take-off configuration with thrust ata = 15°.
The illustration indicates rough flow conditions over the
entire wing span, particularly in the upwash region of the
propellers. The upwash and nacelle flow of one propeller
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Fig.21 Flow visualization by means of streamlines colored by Mach
number in post-stall (& = 15°) of 12 eProp take-off configuration with
thrust

thereby interacts with the downwash of the adjacent one
causing rotational flow above the main wing. The flow inter-
action eventually leads to leading edge separation, beginning
in the region between propulsors three and four.

The effect of thrust on the lift creation of the presented
configurations can be observed over the entire range of
investigated angles of attack (Fig. 22, “with thrust” vs. “no
thrust”). At @ = 6.0°, the airframe’s lift coefficient (C;) of
the 2 eProp configuration increases by AC; = 0.38 due to
thrust. The lift coefficient of the 12 eProp configuration with
thrust is further increased by AC; = 0.43 compared to the
one of the 2 eProp configuration. Considering the additional
lift force that is contributed by the propellers, themselves,
the effective lift coefficients (C ) of the 2 eProp and 12
eProp configurations with thrust are AC, - = 0.46 and
AC, .7 = 0.90 higher compared to the 2 eProp configura-
tion without thrust. The maximum effective lift coefficient
of the 12 eProp configuration with thrust is AC; ;. . = 0.42
(18 %) higher compared to the 2 eProp configuration with
thrust and AC; 4 .4 = 1.14 (72 %) higher than the one of
the 2 eProp configuration without thrust.

As indicated by Fig. 21, the boundary layer originating
from the nacelles notably interacts with the fresh boundary

CL’ CL,eff

r ———— 2 prop. | no thrust
———— 2 prop. | with thrust
——o—— 12 prop. | with thrust

——o—— 12 prop. | with thrust | mod1
———— 12 prop. | with thrust | mod2
1 | P 1 1

OO 5 10 15 20

)

a,

Fig.22 Lift curves (C;: dash-dotted lines | C; ,;: solid lines) of take-
off configurations. C; thereby considers the lift forces of the wing and
nacelles, whereas C, 5 also includes the lift forces of the actuator
disk (propeller). Modl: with adapted propulsor integration | mod2:
with adapted propulsor integration and leading edge modification
(6. © 10°10°) as discussed in Sect. 4.1.4

layer that is created at the wing leading edge in the pro-
pellers’ upwash regions causing the leading edge stall to
occur earlier. Adapting the propulsor integration by lower-
ing the vertical nacelle positions (“mod1”) therefore has a
beneficial effect on C; .., . as shown in Fig. 22. Moreover,
the leading edge modification as described in Sect. 4.1.4
indicates a further delay in stall onset (“mod2”). As a
result, the maximum effective lift coefficient is raised by
additional AC . = 0.29 to Cp .4 .y = 3.04 (blue line).
AC e = 0.19 of the increase can be thereby attributed to
the adapted propulsor integration alone (orange line).
Obviously, the potential benefits of improved high-lift
performance to the overall aircraft design will also depend
on the performance during approach and landing. Moreover,
it will eventually be a question of certification requirements.

5 Conclusions

A numerical study on the potential of distributed electric
propulsion with regard to the aero-propulsive efficiency has
been carried out for a novel regional aircraft design on the
basis of a RANS-approach with actuator disks. The con-
figuration with distributed electric propulsion (12 eProp)
has been compared to a configuration with two propellers (2
eProp) and a reference case consisting of an isolated wing
with isolated nacelle and propeller. Furthermore, several
design details and parameters such as wingtip propellers,
thrust redistribution, and leading edge adaptation have been
investigated. While the study focused on the cruise configu-
ration, an initial estimation of the low-speed performance
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was undertaken based on a high-lift system consisting of
plain flaps and take-off conditions.
The study leads to following conclusions:

— The comparison generally shows that due to the poten-
tially close coupling of propellers and main wing, it is
insufficient to only analyze drag (or net drag) for the aer-
odynamic/aero-propulsive assessment of DEP configura-
tions. Instead the performance of the propellers have to
be considered, for example by evaluating the required
propulsive power.

— Increasing the number of propellers from two to twelve
propellers initially appears unfavorable for the aerody-
namic performance of the present configuration. The
main reason is thought to be the shorter absolute pro-
peller distance to the wing at identical relative distance
X/D,,,,» which causes higher asymmetrical propeller
forces. The asymmetry of the forces adversely affects
the aerodynamic performance. Simulations of reduced
wing—propeller models with identical absolute propeller
distances confirm that the effect of the number of propel-
lers on the aerodynamic performance strongly depends
on the streamwise propeller distance. While it appears
unfavorable at small distance, it becomes beneficial at
larger propeller distance.

— The increase of the number of propellers from two to
twelve has a favorable impact on the average propeller
efficiency. Again, the streamwise propeller distance is
thought to be the main reason. While decreasing the
streamwise propeller distance to the main wing has
an adverse effect on the aerodynamic performance of
the main wing, it has a favorable effect on the propel-
ler performance due to flow deceleration ahead of the
main wing. The net effect from the impact on the aero-
dynamic performance and the propeller efficiency due to
the change in the number of propellers is negligible for
the present baseline configuration.

— Placing the outer propellers of the 12 eProp configuration
at the wingtips reduces the required propulsive power by
—0.4 % compared to the isolated case if the propeller set-
tings are not optimized. The aerodynamic performance
thereby improves slightly more, whereas the average pro-
peller efficiency is slightly reduced.

— Optimizing the thrust distribution of the 12 eProp config-
uration with wingtip propeller by adjusting the propeller
blade pitch angles further reduces the required propulsive
power by —0.4 % mainly due to a shift of the thrust crea-
tion towards the wingtip. Again, the beneficial impact
on the aerodynamic performance of the main wing is
thereby counteracted by an adverse effect on the propeller
efficiency.

— The modification of the leading edge in order to adapt to
the impact of the propeller slipstreams on the main wing

@ Springer

onset flow did not yield any substantial improvement for
the cruise configuration. While positive trends can be
observed for a wing section, the implementation on the
full wing was not successful to date.

— A first assessment of a wing size reduction that may
become possible due to improved high-lift performance
yields a decrease in the required propulsive power by
—2.3 % when assuming a potential high-lift performance
improvement of 11 %. This decrease in required propul-
sive power emerges despite the fact that the initial wing
already operates close to its maximum L/D under cruise
conditions.

— The investigation of a plain flap high-lift configuration
with 20° flap deflection at take-off conditions indicates
substantial potential for lift augmentation for this con-
figuration due to distributed propulsion. The effective
maximum lift coefficient (including propeller forces)
is raised by AC; ., o = 0.42 (18 %) due to the utiliza-
tion of twelve propellers instead of two. Compared to
the 2 eProp configuration without thrust, the effective
maximum lift coefficient of the 12 eProp configuration
with thrust is increased by ACy 4 5 = 1.14 (72 %).
With additional modifications of the propulsor integra-
tion and leading edge, the maximum effective lift coef-
ficient is raised to C; ., .7 = 3.04, yielding an increase
by AC, yur e = 143 (89 %) compared to the 2 eProp
configuration without thrust. While the results appear
promising, it has to be noted that the high-lift system is
not considered to be optimal, in particular for the 2 eProp
configuration.

— In summary, the propulsive power requirement of the
distributed propulsion configuration is between —2.9 %
and —3.3 % lower compared to the one of the 2 eProp
configuration exclusively based on aero-propulsive con-
siderations. The initial assessment of the high-lift perfor-
mance indicates that potential for additional propulsive
power reduction in cruise flight due to wing size reduc-
tion exists.
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