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Abstract

Configurational aspects concerning the aero-
dynamics of a high-lift system with circulation
control are investigated based on numerical in-
vestigations of two transport aircraft concepts.
The two investigated concepts mainly differ in
their engine type and position, vertical wing
position, and wing sweep. The comparison of
the two concepts indicate that all three aspects
have a notable influence on the lift generation in
landing configuration. A high wing position as
well as an engine mounted in front of the main
wing are both more favorable than a low wing
position and an engine located behind the main
wing in landing configuration. The wing sweep
affects the lift generation as well as the stall be-
havior. The wing stall of the configuration with
high positive wing sweep occurs due to flow
separation in the outboard region, whereas the
main wing of the configuration with low posi-
tive wing sweep stalls due to flow separation in
the inboard region. The concept with engines
mounted above the main wing trailing edge was
furthermore investigated for intake flow distor-
tion. While the landing configuration is uncriti-
cal concerning this matter, the take-off configu-
ration reveals increasingly distorted intake flow
with rising angle of attack.
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Y pitch axis
A yaw axis

Greek Symbols

e} angle of attack, deg
Orlap flap deflection, deg
n dimensionless spanwise coordinate %

d wing sweep angle, deg
P density, kg/m?
S} wing twist angle, deg

1 Introduction

In the context of the Collaborative Research Center
CRC 880, technologies related to short take-off and
landing (STOL) capabilities are investigated based
on several novel low noise commuter aircraft designs.
The STOL capabilities potentially allow to save emis-
sions and travel time by utilizing existing aerospace
infrastructure more efficiently. In order to allow for
short runway usage, an active high-lift system utiliz-
ing circulation control (CC) is employed. The poten-
tial of such systems is already well known [1, 2, 3, 4]
and is further assessed within the research project.
The actual performance depends on the system’s in-
tegration into the aircraft and therefore has to be as-
sessed as such. For this purpose, the CRC 880 inves-
tigates several aircraft concepts of which two are com-
pared in the present study. The REF2-2013 is a high
wing configuration with a leading edge wing sweep of
® = 10°. It is equipped with two turbo-prop engines
designed for a cruise Mach number of M. = 0.74.
The aerodynamic behavior of the REF2-2013 landing
configuration has been thoroughly studied in previ-
ous investigations [5, 6, 7, 8]. Considering slipstream
effects, the REF2-2013 achieves a maximum lift co-
cfficient of Cr mee = 4.5 in landing configuration.
REF3-2015 is a low wing configuration with a higher
cruise Mach number of M., = 0.78. It therefore has
a higher leading edge wing sweep of ® = 26°. The
aircraft is powered by two UHBR turbofan engines

mounted over the wing, aft of the trailing edge. Pre-
liminary investigations of the REF3-2015 landing con-
figuration with a reduced chord flap yielded a maxi-
mum lift coefficient of Cr e = 2.75 [9].

The present study focuses on the configurational
influences on the aerodynamics of a circulation con-
trolled high-lift system by comparing the numerical
results of the landing configurations of the trans-
port aircraft concepts described above. The basic
aerodynamic behavior of the two concepts in land-
ing configuration is first discussed. Then the influ-
ence of the main configurational differences between
the two concepts on the aerodynamic behavior in
landing configuration is analyzed. Furthermore, the
present study provides an overview on the aerody-
namic performance of the REF3-2015 take-off config-
uration and assesses the possibility of flow distortion
at the engine intake of the REF3-2015 high-lift con-
figurations.

2 Numerical methods

The calculations are performed with the DLR TAU
code [10], which is based on an unstructured finite
volume approach for solving the Reynolds-averaged
Navier Stokes equations. For this investigation, the
implicit LU-SGS scheme is 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 are mod-
eled with the Spalart-Allmaras formulation (SA) [11]
with vortical and rotational flow correction based on
the Spalart-Shur correction [12]. The rotational cor-
rection improves vortex modeling compared to basic
one- and two-equation turbulence models [13], as it
reduces excessive eddy viscosity within the vortex
cores. The used numerical setup, in particular the
turbulence model with rotational and curvature cor-
rection, has already shown good results in compar-
ison with wind tunnel experiments for this type of
simulations in previous studies [14, 15].



3 Geometric model

The basis of the investigation are two generic medi-
um-haul transport aircraft concepts (REF2-2013 and
REF3-2015), which were both designed with the pre-
liminary aircraft design tool PrADO [16] in the course
of the CRC 880. At maximum payload corresponding
to 100 passengers, the mission range of both concepts
is around 2000 km. One of the main difference in the
top level aircraft requirements between the two con-
cepts is the cruise Mach number. With REF3-2015’s
cruise Mach number being M., = 0.78, it is higher
compared to REF2-2013’s cruise Mach number of
M., = 0.74. The variation in the cruise speed re-
sults in some key differences in the aircraft design.
Firstly, the REF2-2013’s leading edge wing sweep is
rather low with @z = 10°, whereas the REF3-2015
has a leading edge wing sweep of &g = 26°. Sec-
ondly, REF2-2013 is powered by two turbo-prop en-
gines mounted in front of the wing. In contrast the
propulsion system of REF3-2015 consists of two ultra-
-high bypass ratio (UHBR) turbofan engines located
over the main wing’s trailing edge at 31% half span.
The UHBR engine was designed by the Institute of
Jet Propulsion and Turbomachinery (IFAS) of the
Technical University of Braunschweig [17]. Since the
main landing gear is retracted into the engine pylon,
the pylon size of the REF3-2015 is larger compared
to typical engine pylon sizes.

In order to account for the engine set-up,
REF2-2013 has a high wing position whereas
REF3-2015’s wing position is at the lower side of the
fuselage. The wing twist differs only slightly between
the two concepts. Early results on the high-lift per-
formance of the REF2-2013’s predecessor REF0-2011
indicated premature flow separation at the outboard
wing in landing configuration [18]. The wing twist
of REF2-2013, which was originally chosen based on
cruise performance critera, was therefore modified in
order to prevent outboard flow separation in landing
configuration. The twist was set to © = 0° in the
wing root section with a linear decrease to © = —7°
at the wing tip. For REF3-2015, the wing twist values
at the wing root and the wing tip have been adopted
from REF2-2013. However, the distribution along
the span differs with the twist being zero for the en-

tire inboard region (1 < 0.34) and then progressively
decreasing to ® = —7° at the wing tip. The mod-
ification was introduced to account for the varying
propulsion system and the resulting absence of slip-
stream effects. Further aircraft parameters of the two
concepts are summarized in table 1.

REF2-2013 REF3-2015
Reference area 95m? 99m?
Span 28.783m 28.745m
Aspect ratio 9.00 8.346
Sweep angle (leading 10° 26°
edge)
Mean aerodynamic 3 498m 3.805m
chord
Propeller diameter 5m -
Nacelle diameter - 2.29m
Engine bypass ratio - 17
Maximum thrust 2x 8 kN 2x 134 kN

Table 1: Basic aircraft parameters of the REF2-2013
and REF3-2015 configuration

3.1 High-Lift System

Both aircraft designs are equipped with the same type
of high-lift system consisting of a droop nose and in-
ternally blown plain flaps and ailerons. Blowing is
realized by the integration of a high-pressure plenum
into the main wing above the flap kink, which is lo-
cated at a relative chord length of cpiap/c = 0.75 (Fig.
1). The design of the blowing slot is based on previ-
ous investigations done by the Institute of Fluid Me-
chanics of the Technical University of Braunschweig
[3]. For optimal efficiency of the circulation control,
the plenum along the wing span is separated into six
sections, which can be independently pressurized to
adjust the blowing to the local flow conditions [18].
The total pressure within the plena was tuned to ob-
tain fully attached flaps and ailerons at the smallest
possible amount of blowing, resulting in the critical
jet momentum coefficient.
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Figure 1: Main wing section with slot geometry

Due to the very high effective camber, the position
of the leading edge stagnation line is shifted far to-
wards the rear. In order to circumvent leading edge
separation, the aircraft is equipped with a flexible
droop nose. The droop nose has also been designed
by the Institute of Fluid Mechanics of the Techni-
cal University of Braunschweig [19]. The REF2-2013
and REF3-2015 models in landing configuration are
depicted in figure 2 and 3, respectively. The main pa-
rameters of the high-lift devices in take-off and land-
ing configuration are summarized in table 2. The
general similarity of the two landing configurations is
demonstrated in figure 4.

Take-Off  Landing

conf. conf.

Droop nose deflection 41.8° 41.8°
Flap deflection 45° 65°
Aileron droop 30° 45°

Table 2: Basic settings of the REF2-2013 and
REF3-2015 high-lift configurations

Several meshing studies have been performed for
a wing section of the 3D configuration prior to the
present investigation [18]. Within these studies, dif-
ferent mesh topologies of structured meshes and un-
structured meshes were investigated. For both mesh
types, mesh convergence studies were conducted.
The mesh of the REF2-2013 landing configuration
has been built on the basis of these studies. It was

Figure 2: Overview of the REF2-2013 landing config-
uration

created with a semi-automated hybrid meshing ap-
proach using the Centaur mesh generator [20]. Cen-
taur first creates a surface grid based on triangles
and quads. From the surface grid, a near-field vol-
ume mesh is generated with an advancing-layer algo-
rithm. Due to the characteristics of the surface mesh,
the near-field mesh consists of prism and hexahedra
stacks. Outside of the near-field mesh, the compu-
tational domain is filled with tetrahedra. Figure 5
depicts the surface mesh (consisting of 1.1 million
surface grid points) at the droop nose and in the re-
gion of the blowing slot. The figure shows that the
surface mesh is triangle-dominated. The near-field
mesh consists of up to 39 layers grown with a stretch-
ing ratio of 1.27 and first cell heights varying between
5-10""m in the plena and 5-10~%m on the fuselage.
The volume mesh size is 47 million points. More de-



Figure 3: Overview of the REF3-2015 landing config-
uration

REF2-2013
REF3-2015

Figure 4: Geometry comparison of REF2-2013 and
REF3-2015 landing configuration

tails regarding the meshing approach in particular of
the slot region can be found in previous publications
[18, 5, 6].
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(b) Outboard trailing-edge flap and slot region at the wing-
body junction

Figure 5: Close-up view of the surface mesh of
REF2-2013 in landing configuration

The computational meshes for the REF3-2015 con-
figurations have been built using the SOLAR grid
generation software, which was originally developed
by ARA, QinetiQ, BAE Systems, and Airbus [21, 22].
Similar to Centaur, SOLAR first creates a surface
grid, from which an advancing-layer volume mesh is
grown. Outside of the near-field mesh, the compu-
tational domain is again filled with tetrahedra. The
surface meshes of the REF3-2015 take-off and land-
ing configuration each consist of 3.1 million surface
grid points. As shown in figure 6, the surface mesh
is quad-dominated. The near-field mesh therefore
mainly consists of hexahedra-stacks. The first cell



height is 107%m and the stretching ratio in normal
direction of the near-field mesh is set to 1.22. The
settings result in a volume mesh size of 140 million
grid points for both high-lift configurations.
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Figure 6: Close-up view of the surface mesh in land-
ing configuration

4 Results

The high-lift configurations of REF2-2013 and
REF3-2015 have been evaluated under slightly dif-
ferent conditions as summarized in table 3. The
REF2-2013 take-off configuration has not been in-
vestigated. As the aerodynamic behavior of the

REF2-2013 landing configuration is highly dependent
on the thrust setting, computations with and without
thrust have been carried out. With thrust, the pro-
peller turns in inboard up direction and thrust is set
to a thrust coefficient of C7 = 0.54 for a balanced
flight at a glide slope of v = —3° at a = 6°. The
influence of thrust has not been investigated for the
REF3-2015 high-lift configurations, yet. It is however
expected that it has a minor influence.

REF2-2013 REF3-2015
Altitude 15m 15m
Free stream Mach 0.15 0.168
number
Reynolds number 12.0 - 108 14.9 .10
Jet momentum
coefficient (T/O) ) 0.013
Jet momentum
coefficient (LDG) 0.031 0.021
Thrust coefficient ) 114
(T/0) '
Thrust coefficient
(LDG) 0.54 0.25

Table 3: Flow conditions for high-lift computations
of REF2-2013 and REF3-2015

4.1 REF2-2013 Landing Configura-
tion

Figure 7 depicts the surface pressure distribution and
skin friction lines of the REF2-2013 landing configu-
ration without thrust. At a moderate angle of attack
of a = 6°, the skin friction lines indicate that the
flow is fully attached to the main wing (figure 7(a)).
However, the boundary layer flow behind the nacelle
is disturbed due to nacelle vortices. The distribu-
tion of the surface pressure coefficient reveals suction
peaks along the droop nose and the trailing edge de-
vices, with the latter being stronger. At a = 14°
(figure 7(b)), the skin friction lines still indicate fully
attached flow. Nevertheless, the suction peak along
the trailing edge flap is strongly reduced at the posi-
tion of the nacelle vortices. The nacelle vortices cause



a wake burst !, which in turn locally reduces the ef- locity increase caused by the slipstream. In contrast
fectivity of the trailing edge flap. This phenomena to the case without thrust, the impact of the nacelle
limits the maximum lift of the configuration [7]. The vortices cannot be observed. Instead, the skin friction
complete lift break down then occurs due to leading lines indicate a spreading of the slipstream on the
edge separation in the inboard region. downwash side of the propeller, which is caused by
the flow deflection due to the main wing. At a = 21°
(figure 8(Db)), leading edge separation occurs in the
inboard region causing the lift breakdown of this con-
figuration. Further details on the influence of pro-
peller slipstream on a circulation controlled wing can
be found in [5].

(b) o= 14°

Figure 7: Surface pressure distribution and skin fric-
tion lines of REF2-2013 landing configuration with-
out thrust at C,, = 0.031

When thrust is applied, the surface pressure dis-
tribution and skin friction lines are strongly affected
by the propeller slipstream. At a = 6° (figure 8(a)), (b) a =21°
the skin friction lines indicate flow separation at the
trailing edge flap behind the propeller. Nevertheless, Figure 8: Surface pressure distribution and skin fric-
the suction peaks at the leading edge and the trailing tion lines of REF2-2013 landing configuration with
edge are notably increased in this region due to the ve- thrust at C, = 0.031

1The wake from the main element of the wing separates
from the circulation control jet above the flap.



4.2 REF3-2015 Landing

tion

Configura-

Figure 9 illustrates the surface pressure distribution
and skin friction lines for the landing configuration
of REF3-2015 at varying angles of attack.

At o = 6° (figure 9(a)), the flow is fully attached to
the main wing and the trailing edge devices as demon-
strated by the skin friction lines. The skin friction
lines also indicate two vortices with one arising at the
inner end of the droop nose and the other one at the
outer end. The direction of the lines reveal that the
inner vortex has a positive rotational sense, whereas
the outer vortex is turning in the opposite direction.
Flow field analysis indicates that both vortices are
induced by the side-edges of the unprotected leading
edge. Figure 10 shows the resulting total pressure
losses due to the outer side-edge vortex at o = 6°.

The surface pressure distribution indicates suction
peaks along the droop nose and the trailing edge
devices similar to the ones seen for the REF2-2013
landing configuration (see figure 7(a)). The suction
peak at the leading edge however appears to be sig-
nificantly degraded in the inboard region. The skin
friction lines and the Cj-distribution on the nacelle
indicate attached flow and rather high surface pres-
sure on the upper side of the nacelle.

For a more detailed analysis of the nacelle’s surface
pressure distribution, figure 11 compares its chord-
wise C), distribution at three different spanwise posi-
tions. The figure demonstrates lower pressure coeffi-
cients on the lower side of the nacelle compared to the
upper side for X < 18.2m. At the rear of the nacelle,
the surface pressure coefficient is lower on the upper
side. The notable leading edge suction peak on the
lower side, in particular at the inboard side, suggests
that the nacelle is exposed to significant downwash
from the main wing.

At o = 16° (figure 9(b)), the suction peak on the
droop nose is notably increased compared to oo = 6°,
whereas it is slightly reduced along the flaps. At the
outboard wing, the side-edge vortex causes flow sep-
aration on the main element and the aileron as illus-
trated in figure 12. The suction peak on the aileron
is therefore significantly deteriorated. Increasing the
angle of attack further leads to a propagation of the

BT -

o 15 12 -9

(a) a=6°

C, -15 -12 -9

(c) a=19°

Figure 9: Surface pressure distribution and skin fric-
tion lines of landing configuration at C,, = 0.021

flow separation towards the midboard region as seen
for o = 18° (figure 9(c)).



Figure 10: Total pressure loss due to side-edge vortex
at the outboard wing (o = 6°)
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Figure 11: Surface pressure distribution on nacelle in
landing configuration (a = 6°)

4.3 Comparison of REF2-2013 and
REF3-2015 Landing Configura-
tion

The configurational differences between the two air-
craft concepts are thought to have notable influence
on the high-lift performance of the aircraft. The wing
sweep, the wing position, and the engine type and po-

p/P,..

0.99
0.985
0.98
0.975

Figure 12: Total pressure loss due to side-edge vortex
at the outboard wing (o = 16°)

sition are thereby thought to have the biggest impact
and are therefore investigated in more detail for the
landing configuration at o = 6°.

Figure 13 compares the jet momentum distribution
along the midline of the blowing slot (solid lines) be-
tween the REF2-2013 and the REF3-2015 landing
configuration. Furthermore, the figure depicts the
contribution of each plenum to the total jet momen-
tum coeflicient (dash-dotted lines). The trend of both
parameters is similar for both aircraft designs with
the jet momentum steadily increasing along the flap
from the wing root towards the outboard region as
the local angle of attack and thus the momentum
losses within the boundary layer increase towards the
outboard region. In contrast, the C,, values with re-
spect to the aircraft’s reference area decrease towards
the outboard segments due to the decreasing local
chord length and slot height. For n > 0.82, the lev-
els of the jet momentum are considerably smaller due
to the lower aileron deflection. The levels of the jet
momentum and the jet momentum coefficient of the
REF3-2015 are generally slightly lower compared to
the ones of REF2-2013. This is expected to some ex-
tent as the higher sweep angle reduces the effective
free stream velocity, which in turn leads to a reduced



demand in jet momentum. However, the magnitude
of the reduction is unexpected and has to be investi-
gated further.
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Figure 13: Comparison of the jet momentum distribu-
tion along the blowing slot (solid lines) and the contri-
bution of each plenum to the total jet momentum co-
efficient (dash-dotted lines) between REF2-2013 and
REF3-2015 in landing configuration

The influence of the propulsion system and its po-
sition is illustrated in figure 14, which depicts the
flowfield in terms of M /M, in a Y = const.-cutting
plane at the position of the engine. For all the cases,
the contour plots reveal high Mach numbers above
and rather low Mach numbers below the main wing,
indicating positive circulation. The engine nacelle
of REF2-2013 is located in front of the main wing
and thus within its upwash region (figures 14(a) and
14(b)). The lift contribution of the nacelle is there-
fore increased. In contrast, the nacelle of REF3-2015
is located behind the wing and is exposed to the main
wing’s downwash (figure 14(c)). As a result, the na-
celle’s lift contribution is reduced. Besides the lift
contribution due to the nacelle, the engine also af-
fects the flow conditions at the main wing. In case
of REF2-2013 the flow velocity downstream of the
propeller is significantly increased as shown in fig-

ure 14(b). The locally increased velocity leads to
lift augmentation, which is according to the Kut-
ta-Joukowski theorem, particularly high in conjunc-
tion with high-circulation wings. In the context of
high-lift aerodynamics this type of lift augmentation
is also referred to as slipstream deflection [1]. For
REF3-2015 with the UHBR engine being mounted
over the main wing’s trailing edge, the distinct effect
of thrust has not been investigated, yet. It is as-
sumed that thrust may have a positive effect on the
main wing’s lift due to a reduction in pressure at the
trailing edge. While this effect may be noteworthy
for a take-off scenario it is expected to be rather low
under landing conditions.

Figure 17 illustrates the surface pressure distribu-
tion in chordwise direction of the spanwise section at
n = 0.75. Generally, the surface pressure distribution
of the REF2-2013 without thrust and the REF3-2015
configuration are very similar. The suction peaks
at the leading edge and trailing edge are however
slightly higher on the REF3-2015 configuration. The
surface pressure coefficient at the leading edge stagna-
tion point is slightly lower on the REF3-2015 config-
uration due to the larger sweep angle. Furthermore,
the position of the leading edge stagnation point of
the REF3-2015 configuration is shifted downstream,
indicating higher circulation.

Figure 16 compares the suction peak distributions
along the leading edge and trailing edge at a = 6°
between the REF2-2013 and REF3-2015 landing con-
figurations. The suction peak distributions along the
trailing edge devices (figure 16(a)) generally indicate
similar trends for the REF2-2013 without thrust and
the REF3-2015 configuration. The magnitude of the
suction peak increases from the wing root towards the
outboard flap with the maximum being slightly fur-
ther outboard on the REF3-2015 configuration. On
the aileron, the suction peak is obviously smaller due
to the lower aileron deflection angle. The main dif-
ference between the trailing edge suction peak dis-
tributions of the two configurations is caused by the
flap cutout at the pylon position (0.28 < n < 0.36)
on the REF3-2015 configuration. The flap cutout
leads to a reduction of the flap suction peak over a
wide range of the span (0.21 < n < 0.48). Com-
pared to REF2-2013, the trailing edge suction peak

10
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(a) REF2-2013 without thrust
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(b) REF2-2013 with thrust
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(c) REF3-2015

Figure 14: Flow conditions in Y-cutting plane at en-
gine position for o = 6°

of REF3-2015 is furthermore reduced in the mid-
board region, which may be caused by the higher
wing sweep. Generally, wing sweep causes lower flap
loads due to the reduced effective free stream velocity.
Furthermore, the wing load is redistributed towards
the wing tip in the case of positive wing sweep. In
the inboard region, this effect cannot be observed as
the REF2-2013 trailing edge suction peak is adversely
affected by the influence of the wing-body junction.
Due to the various effects, it is difficult to evaluate
the exact impact of each single aspect. It is also note-
worthy that the maximum of the suction peak in the

REF2-2013
REF3-2015

Figure 15: Comparison of surface pressure distribu-
tion in wing section at n = 0.75 between REF2-2013
without thrust and REF3-2015 landing configuration
(a=6°)

outboard region is higher on the REF3-2015 config-
uration despite the larger wing sweep and the lower
jet momentum (coefficient).

When thrust is applied on the REF2-2013 landing
configuration, the trailing edge suction peak notably
increases between 0.15 < n < 0.58. The increase in
the suction peak is even higher at the downwash side
of the propeller (outboard of the nacelle), where the
deflection of the slipstream due to the main wing (see
figure 8(a)) causes further flow acceleration.

At the leading edge, the engine mounting on the
REF2-2013 leads to a gap in the suction peak as
figure 16(b) illustrates. The impact of the droop
nose cutout in the region of the nacelle however ap-
pears to be less compared to the impact of the flap
cutout on the trailing edge suction peak distribution
of the REF3-2015 configuration. Besides the differ-
ence due to the nacelle, the suction peak in the in-
board region is generally stronger on the REF2-2013
configuration without thrust with the difference be-
ing AC) min = 1. The maximum of |Cp pmin| occurs
at n = 0.61 in case of the REF2-2013 configuration.
The maximum of |C} min| on the REF3-2015 config-

11
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Figure 16: Comparison of suction peak distribution
along span between REF3-2015 and REF2-2013 land-
ing configuration at o = 6°

uration occurs slightly further outboard at n = 0.74.
Both, the lower |Cp min| values in the inboard region
and the maximum of |Cp .| being located further
towards the wing tip on REF3-2015 are most likely
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connected to the higher sweep angle. As mentioned
above, positive wing sweep generally causes a load
shift towards the wing tip due to reduced induced
angles of attack (increased local angles of attack) to-
wards the wing tip. The leading edge suction peak
is very sensitive to a change in the angle of attack
and thus reflects the load shift with the suction peak
on REF3-2015 being higher than on REF2-2013 in
the outboard region. The spanwise distribution of
the leading edge suction peak is also an indicator of
regions being prone to flow separation as high lead-
ing edge suction peaks are generally accompanied by
strong adverse pressure gradients. The leading edge
suction peak distribution for REF3-2015 therefore
confirms the tendency of outboard flow separation
due to higher wing sweep (compared to REF2-2013)
as seen in figure 9.

Applying thrust to the REF2-2013 configuration
leads to a notable increase of the leading edge suction
peak in the upwash region of the propeller inboard
of the nacelle (0.11 < 7 < 0.3). Outboard of the
nacelle, the suction peak is nearly unaffected. Here,
an increase due to higher velocities of the oncoming
flow is counter-acted by the effect of a reduced local
angle of attack due to the downwash of the propeller.

REF2-2013 REF3-2015

J J

Figure 17: Comparison of surface pressure dis-
tribution between REF2-2013 (w/o thrust) and
REF3-2015 landing configuration (a = 6°)



The vertical main wing position mainly affects the
surface pressure distribution of the fuselage. Figure
17 therefore compares the surface pressure of the fuse-
lage between REF2-2013 and REF3-2015. In the case
of REF2-2013 without thrust, the low pressure zone
above the main wing can propagate onto the fuselage
due to its high wing position, causing a low surface
pressure zone on the fuselage’s upper side. In con-
trast, the surface pressure on the upper side of the
fuselage is notably higher on the REF3-2015 configu-
ration. Here, the upper side of the fuselage is affected
less by the main wing due to the low wing position.
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Figure 18: Comparison of lift distribution between
REF2-2013 and REF3-2015 landing configuration
(a =6°)

C(L | REF2 CVL |REF3 AC’L | REF3—REF2

Fuselage 0.32 0.24 —0.08
Main Wing

(w/ DN) 2.13 1.93 —0.20
Flap 0.47 0.36 —0.11
Aileron 0.06 0.06 0.0
Nacelle 0.13 0.0 —0.13
Total 3.11 2.59 —0.52

Table 4: Component-wise contributions to the total
lift coefficient at o = 6°

The effects described above obviously impact the
lift distribution as illustrated in figure 18. Regarding
REF2-2013 without thrust and REF3-2015, the most
significant differences between the lift distributions
can be found in the inboard region. For n > 0.12, the
local lift of REF2-2013 is notably higher compared
to the REF3-2015 configuration due to the lower sur-
face pressure on the fuselage’s upper side. A compar-
ison of the component-wise contributions to the to-
tal lift coefficient (table 4) yields that the fuselage of
REF3-2015 contributes ACT, = —0.08 less to the to-
tal lift coefficient compared to the one of REF2-2013.
At the main wing, between 0.23 < n < 0.49, the lift
distribution of REF3-2015 is negatively affected by
the engine integration. The flap cutout in this region
is the main reason for the lift contribution from the
flap being AC,, = —0.11 lower compared to the one
of REF2-2013. Furthermore, the engine nacelle does
not contribute any lift as its incidence angle is sig-
nificantly lowered by the main wing’s downwash (see
figure 11). In contrast, the nacelle of the propeller en-
gine causes an increase in local lift on the REF2-2013
configuration and therefore contributes C7, = 0.13 to
the total lift coefficient. Besides the effect on the lift
contribution of the flap and the engine nacelle, the
engine integration of the REF3-2015 landing configu-
ration also affects the lift creation of the main wing
including the droop nose, which causes the large ex-
tent of the region with reduced local lift in the lift
distribution as shown in figure 18. It is however dif-
ficult to quantify this effect as other influences such
as load redistribution towards the wing tip due to
the wing sweep may also reduce the local lift in the
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inboard region. In summary, the main wing (with
droop nose) of REF3-2015 produces ACL = —0.2
less lift compared to the one of REF2-2013. The to-
tal lift coefficient at @ = 6° is therefore reduced by
AC, = —0.52.

When slipstream effects due to propeller thrust
are considered on REF2-2013, the difference is even
higher as the dash-dotted blue line in figure 18 and
table 5 demonstrate. The velocity increase in the in-
board region due to the propeller slipstream lead to
an increase in the lift distribution from 0 < n < 0.48.
The lift increase is highest in the inboard region of the
main wing due to the rotational sense of the propeller
and the tapering of the main wing. The contributions
to the total lift coefficient of the main wing with
droop nose and the flap increase due to slipstream
effects by AC, = 0.21 and AC;, = 0.11, respec-
tively. Additionally, the fuselage yields a ACy, = 0.07
higher lift. Compared to REF3-2015, the total lift
coeflicient of the REF2-2013 landing configuration is
ACT, = 0.93 higher at o = 6° when slipstreamn effects
are considered.

While the impact is thought to be minor, it has
to be kept in mind that the different meshing ap-
proaches for REF2-2013 and REF3-2015 may affect
the magnitude of the differences in the Cp, values be-
tween REF3-2015 and REF2-2013.

Crlrer2,ur  ACL|REF3-REF20T
Fuselage 0.39 —-0.15
Main Wing
(W/ DN) 2.34 —0.41
Flap 0.58 —-0.22
Aileron 0.06 0.0
Nacelle 0.15 —0.15
Total 3.52 —-0.93

Table 5: Component-wise contributions to the total
lift coefficient of REF2-2013 with thrust at o« = 6°
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Figure 19: Comparison of lift curve between

REF2-2013 and REF3-2015 landing configuration

Figure 19 compares the lift curve of the REF3-2015
landing configuration with the ones of the REF2-2013
landing configuration (with and without thrust).
Compared to REF2-2013 without thrust, the
REF3-2015’s maximum lift coefficient of Cp mae =
3.09 is ACL maz = —0.21 lower, whereas the maxi-
mum angle of attack is increased by Aa = 7°. In the
case of REF2-2013, the maximum angle of attack is
limited due to interaction of the nacelle vortices with
the circulation control system [7]. The dash-dotted
blue line indicates that the maximum lift coefficient of
the REF2-2013 landing configuration is considerably
increased when moderate thrust is applied. In this
case, the maximum lift coefficient of the REF3-2015
configuration is ACE pmee = —1.40 lower than the
one of the REF2-2013 configuration. When compar-
ing the maximum lift coefficients of REF2-2013 and
REF3-2015, it has to be noted that the jet momen-
tum coefficient of REF3-2015 is significantly lower
compared to the one of REF2-2013. The analysis of
the surface pressure distribution, the lift distribution,
and the component-wise lift breakdown however leads
to the conclusion that the lower Cr, yq, of REF3-2015
compared to REF2-2013 is of fundamental nature.
An increase in C), would furthermore lead to super



circulation and thus reduce the efficiency of the cir-
culation control systemmn.

4.4 REF3-2015 Take-Off Configura-
tion

Figure 20 depicts the surface pressure distribution
and skin friction lines of the REF3-2015 take-off con-
figuration at varying angles of attack. Analogously to
the landing configuration, the flow is fully attached
to the main wing and the trailing edge devices at
a = 6° (figure 20(a)). The distribution of the sur-
face pressure coeflicient indicates a reduction in the
trailing edge suction peak compared to the landing
configuration. At the leading edge, the suction peak
in the midboard and the outboard region appears to
be lower.

At o = 16° (figure 20(b)), the surface pressure
distribution and skin friction lines indicate similar
trends as seen for the landing configuration with the
outer side-edge vortex causing flow separation down-
stream. The flow separation then propagates towards
the midboard region with rising angle of attack. At
a = 21.0° (figure 20(c)), the flow is separated from
the main element for n > 0.67. Despite the flow be-
ing entirely attached to the flaps and the aileron, their
suction peaks are strongly reduced downstream of the
regions with separated flow.

4.4.1 Engine Intake Flow Distortion

Due to the engine’s position of the REF3-2015 and
the high thrust setting, the engine inlet flow is prone
to distortion in take-off configuration. In contrast,
the engine intake is not exposed to flow distortion
in landing configuration due to rather low thrust set-
tings. The flow conditions at the engine intake are
therefore discussed for the take-off configuration only.
At low and moderate angles of attack (a < 14°), the
intake flow is nearly undisturbed in take-off config-
uration. For a > 14°, the intake flow is affected
by total pressure losses from the main wing bound-
ary layer. Figure 21(a) illustrates the near surface
flow above the main wing in proximity to the engine
at o = 16°. The strecamlines demonstrate that the
flow in front of the engine separates from the main

(c) a=21°

Figure 20: Surface pressure distribution and skin fric-
tion lines of take-off configuration at C), = 0.018

wing and is sucked into the engine. The total pres-
sure of this flow is notably lower compared to the



free stream total pressure (pg o). The resulting total
pressure losses at the fan plane are depicted in Figure
21(b). With rising angle of attack the total pressure
losses become more severe as figure 22 illustrates for
a=19°.

(b) Total pressure loss at fan plane

Figure 21: Flow distortion at engine intake for
take-off configuration at a = 16°

4.4.2 Comparison of Take-Off and Landing
Configuration

Figure 23 compares the suction peak distributions
along the span between the REF3-2015 take-off and
the landing configurations. As expected, the compar-
ison of the trailing edge suction peaks demonstrates

16

(a) Near surface streamlines visualizing main wing flow

PP, Z

1.05
1.025 5
. y
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Figure 22: Flow distortion at engine intake for
take-off configuration at a = 19°

significant lower surface pressure for the landing con-
figuration along the entire span (figure 23(a)). At the
leading edge (figure 23(b)), the suction peak of the
landing configuration is stronger for n > 0.4. How-
ever, the leading edge suction peaks are nearly identi-
cal for 7 < 0.4. The reason is not fully understood as
the higher flap loading due to the larger flap deflec-
tion in landing configuration is thought to increase
the leading edge suction peak as well. The jet engine
at the main wing trailing edge possibly affects the
leading edge suction peak in this region. The influ-
ence of thrust on the REF3-2015 high-lift configura-



tions has not been investigated, yet. The phenonema
can be also observed for higher angles of attack. The
additional lift in landing configuration is therefore
mainly produced in the midboard and outboard re-
gion of the main wing (figure 24).
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Figure 23: Comparison of suction peak distribution

along span between take-off and landing configura-
tion at o = 6°
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Figure 24: Comparison of lift distribution between
take-off and landing configuration at o = 6°

Figure 25 depicts the lift curves of the REF3-2015
take-off and landing configuration. Both configura-
tions show a similar trends with the curve of the land-
ing configuration being offset to higher levels due to
the larger flap deflection. Furthermore, the lift curve
slope of the landing configuration is slightly reduced
compared to the one of the take-off configuration at
low angles of attack. With rising angle of attack
(o > 14°), the lift curve slopes decrease notably due
to the flow separation in the outboard region, as seen
in figures 20(b) and 9(b). In take-off configuration
the lift coefficient reaches Cr pmqer = 2.90 at a max-
imum angle of attack of e = 19° with CL pmax
being limited by flow separation in the outboard re-
gion. In landing configuration, the maximum angle
of attack is lower compared to the take-off configu-
ration with a4, = 17°. The lower maximum angle
of attack is most likely caused by the larger adverse
pressure gradient due to the stronger suction peak
in the outboard region (figure 23(b)). Despite the
lower maximum angle of attack, the maximum lift
coefficient is increased to Cr, maz = 3.09.

17



———— REF3T/O
———— REF3 LDG

15

10 20
o, deg

Figure 25: Comparison of lift curve between take-off
and landing configuration

5 Conclusions

The results of numerical simulations of a mnovel
transport  aircraft concept (REF3-2015) with
over-the-wing engines, and circulation control in
take-off and landing configuration are presented. At
critical jet momentum coefficient, the maximum lift
coefficient yields 2.90 in take-off configuration and
3.09 in landing configuration. In both cases, the main
wing stalls due to flow separation in the outboard
region. The outboard flow separation is initially
triggered by the side-edge vortex of the unprotected
leading edge. The analysis of the leading edge
suction peak distribution reveals that this region
is most prone to pressure induced flow separation,
which most likely promotes the propagation of flow
separation at higher angles of attack.

An important aspect of this configuration is the
engine position, which makes the engine inflow prone
to flow distortion. An analysis of the engine inflow
yields that due to the high thrust setting in take-off
configuration the engine inflow is affected by total
pressure losses of the main wing boundary layer at
high angles of attack. In landing configuration, the
engine inflow remains unaffected because of the lower
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thrust setting.

In order of assess the influence of configurational
aspects on the high-lift performance, the REF3-2015
landing configuration is compared to the landing con-
figuration of a high-wing low-sweep aircraft design
with turbo-prop engines (REF2-2013). The com-
parison focused in particular on three main aspects,
namely the engine/engine position, main wing sweep,
and vertical position of the main wing. The following
conclusions can be drawn:

e Engine / engine position: Depending on the
engine’s chord-wise position, the nacelle may be
exposed to upwash or downwash of the main
wing. In the case of high circulation wings, the
difference can have a significant impact on the
lift contribution of the nacelle. In the present
investigation, the nacelle, that is positioned in
front of the main wing produced Cp = 0.13,
whereas the nacelle mounted at the trailing edge
of the main wing does not produce any lift at
a = 6°. Mounting the nacelle to the trailing
edge furthermore requires a flap cutout that sig-
nificantly reduces the lift generation of the main
wing.

Utilizing an engine with propeller in front of the
wing significantly increases the lift generation of
this type of aircraft due to slipstream deflection.

Wing sweep: On the one hand, wing sweep
reduces the jet momentum coefficient of the cir-
culation control system, which is necessary to
achieve fully attached flaps. On the other hand,
wing sweep reduces the lift generation as it re-
duces the effectivity of the high-lift system and
causes a redistribution of the wing load. While
the first is difficult to evaluate based on the
present comparison, the latter is demonstrated
by the suction peak distributions. The load re-
distribution also affects the stall behavior of the
main wing. Even though it can be counter-acted
by modifying the wing twist, it may become
more difficult for highly swept wings to find a
good compromise for the twist distribution be-
tween the cruise configuration and the high-lift
configurations.



Wing position: The vertical wing position af-
fects the lift generation of the fuselage. In the
case of a high wing position, the lower pressure
on the upper side of the main wing can propa-
gate onto the fuselage and therefore increase the
fuselage’s lift contribution. The high wing con-
figuration therefore appears to be more favorable
in terms of lift generation.
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