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I. Introduction

HE realization of wings with an extended portion of laminar

flow, such as is being designed in the European project New
Aircraft Concept Research (NACRE), imposes to use high-lift
systems that preserve the smoothness of the wing as far downstream
as possible. Our choice was to develop a system equipped with a
single slotted trailing-edge flap and a morphing droop nose device. A
similar concept was earlier presented by Morgan [1], and high-lift
systems with a droop nose bending around a hinge line were also
studied by Khodadoust and Washburn [2] and Khodadoust and
Shmilovich [3]. In the next section we use a design of experiment
(DOE) approach, starting from a general description of the high-lift
airfoil consisting of 12 parameters. Five of them were selected and
optimized by a response surface method. The performance of the best
candidate is analyzed in a third section and compared there with a
high-lift system equipped with a vented Krueger leading-edge flap.
In the fourth section a flow control system with vortex generators
(VG) is investigated in order to improve the overall performance of
the high-lift system with flexible droop nose device.

II. Baseline and Optimization by Design

of Experiment Approach

The shape of the deployed droop nose (Fig. 1) is defined by its
maximum length (/py), its angle of deflection (¢py), and its leading-
edge extension (Axpy). Supposing that the front spar is located at
20% of the chord, we use this value for Ipy. A spoiler at the trailing
edge of the main airfoil can also be slightly deflected, which is
defined by the parameter Aygp. The flap has a circular leading edge
and the remaining parts are described by a spline (two parameters p,
and p,) and portions of the clean airfoil being further defined by /gy
and I (Fig. 1). The position of the flap is given by the flap overhang
AXgo, the gap between the main airfoil and the flap (D,,,), and the
flap deflection angle (o ), see Fig. 2.
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A. Design with Design of Experiment Approach

The meshes are automatically generated for each set of design
parameters using a commercial software package (IcemCFD) to
create an Euler mesh that is used as input to an in-house code
TRITET [4] that generates a suitable mesh for Reynolds-averaged
Navier—Stokes (RANS) computations. The RANS equations are
solved in Edge, FOI’s in-house computational fluid dynamics (CFD)
program package [3], using the Hellsten k—w explicit algebraic
Reynolds-stress turbulence model [6]. The flow around the high-lift
airfoil is solved in 2.5D, meaning that it models the flow around an
infinite swept wing with sweep angle ¢ = 17.2 deg. Convergence is
accelerated by pseudotime stepping and full multigrid (see Fig. 3).

A DOE approach [7,8] is used to find the best parameters for the
high-lift system.

B. Screening

The screening matrix was the R resolution matrix and the
intervals of the parameters are given in Table 1. The Pareto graphs in
Fig. 4 indicate the sensitivities of lift and drag coefficients with
respect to the parameters of design. The parameters that have the
largest effect on the lift are the flap overhang Axgq, the length of the
lower side Iy , the flap shape parameters (p,, p,), and the size of the
gap between the main airfoil and the flap D,,,. The flap deflection o,
had arelatively small effect but it influences other design parameters.
The two most significant parameters for the drag are the droop nose
angle apy and the flap deflection angle o . To summarize, the
selected parameters are the flap overhang Axgg, the length of the
lower side I , the size of the gap between the main airfoil and the flap

Dy, the flap deflection o, and the droop nose angle apy.
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Fig. 1 Baseline airfoil with parameters for high-lift device definition.
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Fig. 2 Parameterization of the flap settings.
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Fig. 3 Convergence for the HLS1 configuration at angle of attack 12 deg.

C. Modeling

The response surface is a second-order model containing primary
effects, their interaction, and quadratic effects for arbitrary k input
factors x; and output variable y
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The input factors x; are the five parameters selected above, and the
output variable y represents lift coefficient ¢, . The coefficients §;
and B;; in Eq. (1) along with an interval of confidence were obtained
by least squares and ¢ test on individual regression coefficients with
the level of confidence 95%. The optimal geometry was located at a
corner of the design space, indicating that improvements are possible
at the cost of violating the upper bound constraints on the length of
the spoiler and the angle of the flap.

III. Performances

The selected airfoil is referred to as the high-lift system (HLS1)
configuration (see Fig. 5). Its 25%c long flap is deflected at
ap =42 deg. InFig. 6 the 2.5D lift curve of HLS1 drops at an angle
ofattack = 16 degand above due to flow separation on the spoiler.

Table 1 High-lift profile design variables

Design parameter Upper  Lower
limit limit
Droop nose deflection angle apy, deg 0 30
Droop nose extension Axpy, %c 0 10
Deflection of spoiler Aygp, %c 0 1.5
Flap overhang Axgg, %c -1 1
Flap-shroud gap D,,,, %c 1 2.5
Flap deflection angle oy , deg 20 40
Flap lower side length I, %c 15 25
Flap upper side length Iy, %c 10 12
Flap leading edge radius Ry g, %c 1.2 1.5
Flap circular leading edge radius angle o , deg 50 80
Parameter of spline p, 0.01 0.03
Parameter of spline p, 0.08 0.12

In the same figure the polar for HLS1 has a kink in front of the
maximum lift point. This is due to the flow being separated on the flap
at angles of attack below 11 deg, whereas it is attached at larger
angles.
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Fig. 4 Pareto graphs with main effects.
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Fig. 5 HLSI1 configuration.

A. Effect of Droop Nose Size

The system HLS1 was designed assuming a 20% long droop nose,
corresponding to the position of the front spar. The comparison with
a 15% long droop nose, deflected with the same angle, slightly
reduces the maximum lift Ac; = 1.2%. The main effects are the
increase of the lift at low angles of attack and a decrease at high
angles of attack (see Fig. 7).

B. Comparison with a Krueger Flap

The integration of the proposed system may be challenging, for
example, near the wing—fuselage junction where the induced angle of
attack requires that the high-lift system accepts large angles of attack
without massive flow separation. A solution that can preserve the
smoothness of the shape on the suction side is the Krueger flap. The
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Fig. 6 Lift and polar curves.
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Fig. 7 Lift curves of the HLS1 geometry with modified length of droop
nose Ipy.

Fig. 8 Airfoil with Krueger flap.

Krueger flap investigated here is 15%c long (Fig. 8) and the cavity
accommodating the Krueger flap is located downstream of the
possible stagnation points at cruise. The position and deflection angle
of the vented Krueger flap are shown in Fig. 8 and were set similarly
to the one designed here [9]. Figure 6 shows the lift curve and polar of
the airfoil with droop nose and Krueger flap along with polars of our
best droop nose (HLS1) high-lift system. At angles of attack lower
than 11 deg, the presence of the Krueger flap improves the lift relative
to HLS1. The improvement in lift is probably due to the greater
visible surface when the Krueger flap is deployed. This improvement
involves though a larger drag. However, the lift obtained with the
vented Krueger for angles larger than 11 deg is larger than the
maximum lift obtained with the HLS1 configuration for angles up to
20deg, see Fig. 6, which is the main benefit from this hybrid solution.

IV. Flow Control with Vortex Generators

The performance of the high-lift HLS1 can also be improved
controlling the flow on the flap. For this purpose the flap can be
equipped with corotating triangular VGs as in [10]. The flow control
devices are located on the suction side of the flap at 40% of the chord,
and their heightis 25% of the boundary-layer thickness and the vanes
make a 16 deg angle with the freestream. For the determination of

Table 2 Updated values of lift and drag with flow
control

Angle of attack Ac;[%] Acp[%] VG configuration

10° +5.9 -239 Flap
15° +2.9 —15.6 Flap + Spoiler
18° +1.9 -7.5 Flap + Spoiler
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Fig. 9 Polar of the high-lift system without and with flow control.

their position and size we refer to [11]. The CFD with vortex
generators is performed using the jBAY model, which is described in
[10,12]. The location of the VGs under the spoiler, when the flap is
retracted, prevents disturbing the flow around the clean airfoil.

The VGs used here prevent flow separation, thus reducing the drag
and increasing the lift at the angles of attack listed in Table 2 (see also
Fig. 9). Table 2 shows the relative changes of lift and drag for the
HLS1 configuration at three angles of attack with flow control
compared to the high-lift system without flow control.

V. Conclusions

A high-lift system with a droop nose device, a Fowler flap, and a
hinged spoiler was designed using 2.5D CFD (RANS) analysis and a
design of experiment approach. The main aim was to investigate one
of the candidate systems that could enhance the performance of
laminar wings at landing and takeoff. Some aspects of the integration
were also discussed, such as the influence of the droop nose size and
the use of a Krueger flap in place of the droop nose. A shorter droop
nose increases the lift by up to 9% at angles of attack below 11 deg for
a loss of maximum lift of only 1.2%, whereas the substitution of the
droop nose device by a conventional vented Krueger flap would
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increase the lift at high angles of attack. Finally, flow control with
vortex generators is investigated as a means to improve the flow on
the flap which otherwise tends to be separated at angles of attack
close to the angle of maximum lift.
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