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This work introduces the work conducted in the EU JTI project ANOLOCO, which has 
aimed at an assessment of aerodynamic and aeroacoustic performance of several high-lift 
configurations of a regional aircraft. The high-lift designs are for a laminar and slat-less 
wing, including configurations with a double slotted flap, single slotted flap, drooped nose 
and a Krueger flap. The aerodynamic performance is assessed from steady state RANS 
calculations up to maximum lift. The aeroacoustic performance is based on hybrid RANS-
LES calculations for flow-induced noise generation, and using acoustic analogy methods for 
far-field noise propagation. Three different analogy methods are evaluated and compared. 
The assessment shows that the configuration with a Krueger flap gives the best performance. 
The maximum lift is close to 20% higher than for any other configuration and the noise 
levels are also reduced, up to 10 dB lower than the configuration with a double slotted flap. 

I. Introduction 
The next generation of commercial transport aircraft is confronted with challenging targets in terms of reduced fuel 
consumption and emissions as well as more strict noise regulation requirements. To enhance the efficiency at cruise 
flight with reduced drag, the wing can be designed such that a major part of the wing is kept laminar. This can be 
achieved by a wing design based on Natural Laminar Flow (NLF) where instabilities causing laminar to turbulent 
transition are suppressed to occur as far downstream as possible on the wing. 1,2 The laminar wing has implications 
on the high-lift system since a forward slat element is avoided due to the introduction of glitches and steps when 
retracted that usually introduces disturbances that destroys the laminar flow. Alternative high-lift configurations are 
then considered, e.g. a droop nose or a Krueger flap deployed from the lower side of the wing. These high-lift 
systems are typically less efficient than conventional systems with a reduced maximum lift. It is hence crucial to 
select a system which has a good performance and thus as high maximum lift as possible. 

High-lift devices are significant contributors to aircraft external noise for conventional aircraft. 3,4 Future aircraft 
development will therefore need to incorporate measures to reduce noise levels at landing and take-off. Although the 
high-lift configurations of laminar wings do not contain a conventional forward slat which is known as one of the 
dominating noise sources, 5,6 there are other significant sources of noise such as e.g. slotted flaps. Computational 
Aero Acoustic (CAA) methods can provide detailed understanding of flow-generated noise. A reliable use of CAA 
relies however on turbulence-resolving simulations to incorporate turbulent fluctuations into noise-generating 
sources. Hybrid RANS-LES computations have been increasingly used in aerodynamic applications and have shown 
promising capabilities 7-9. Their applications in analysis of flow-induced noise sources have also been increased over 
the recent years. 10-13 The prediction of the noise of an entire aircraft is still extremely expensive due to the required 
high resolution of the aircraft and its components in both the computational grid as well as in time to resolve 
relevant scales contributing to the noise. 

The investigation presented in this paper is a result of an assessment of four different low-noise high-lift 
concepts for a regional aircraft with a laminar wing. The work has been carried out in an EU sponsored project 
called ALONOCO in the program of the Clean Sky Joint Undertaking (CSJU). The project is part of a Low-Noise 
Configuration project under the Green Regional Aircraft (GRA) Integrated Technology Demonstrator for which 
Alenia Aeronautica is responsible and who has provided the flow and geometric details of the configuration for 
assessment. ALONOCO is a 18-month project with two Swedish partners, FOI and Chalmers.  

The objective of the work has been to investigate the aerodynamic performance and noise emissions from four 
high-lift landing configurations. The underlying wing is a wing designed for NLF and has been designed within the 
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Clean Sky GRA. Since the wing is designed for laminar flow, the considered high-lift concepts do not contain a 
conventional forward slat. Instead, the high-lift configurations are based on different concepts of the flap, the wing 
nose and a Krueger flap. These concepts were also designed within the Clean Sky GRA consortium. The selected 
concepts have been investigated and assessed in three dimensions in ALONOCO. Five different concepts are 
evaluated in total including a double slotted flap as initial baseline configuration, a single slotted flap, two droop 
nose configurations with single slotted flap and finally a configuration with a forward Krueger flap and a single 
slotted flap. 

The assessment is based on CFD calculations where the aerodynamic assessment is carried out with steady state 
RANS calculations. The assessment is mainly based on maximum lift predictions to determine if some of the 
concepts have a higher maximum lift level than the other ones. The aeroacoustic assessment is based on unsteady 
hybrid RANS-LES calculations for three of the high-lift configurations from which unsteady data is used as input to 
acoustic analogy methods to predict the noise perceived of an observer at far field. The noise levels as well as 
frequency contents for the three analyzed configurations are compared, the three acoustic analogy methods are also 
compared and one of the methods is used to separate the noise from different aircraft components to determine the 
dominating noise source.  

This paper summarizes all results obtained in the ALONCO project. Separate papers with more details of the 
aerodynamic14 and aeroacoustic assessment15, 16 are available as well. In the next section the assessed configurations 
are described. Then the aerodynamic performance and assessment are given followed by the aeroacoustic analysis. 
At the end a summary with lessons learned and some conclusions are provided. 

 Figure 1.  Configuration 1 with double slotted 
part span flap.  

II. High-Lift Configurations and Flow Conditions 
Five high-lift landing configurations have been analyzed. The high-lift designs of these configurations were 

carried out within the Clean Sky GRA consortium in 2D assuming infinite wing sweep (2.5D). The underlying wing 
is designed for laminar flow (NLF) and hence the high-lift configurations are without a conventional forward slat. 
The 3D extension of the high-lift landing designs were also carried out inside the consortium and then provided to 
ALONOCO where they have been assessed. The wing has a wing kink at about 34% span where the flaps are 
divided in inner and outer parts. All configurations are without a tail and the wing with its high-lift devices are 
mounted on a fuselage. 

Configuration 1 consists of a wing with a double slotted flap; this configuration is denoted as the baseline and is 
the configuration that was initially evaluated in the project. The other configurations represent further development 
of this configuration with improved performance in 2.5D and that have been evaluated and assessed in ALONOCO. 

Configuration 2 consists of the same wing and a single slotted flap. Configurations 3 and 3b are booth droop-
nose configurations where the wing droop deflection 
starts close to the fuselage and ends at about 67% span;   
the flap(s) ends further outboard at about 79% span. 
Configuration 3 has a droop that linearly decreases with 
increased span whereas Configuration 3b has a constant 
droop span-wise. Configuration 4 has the same single 
slotted flap and a Krueger flap in front of the wing 
leading edge almost along the entire span. It is deployed 
from the lower side of the wing.  

A three-dimensional picture of the baseline 
configuration with its double slotted flap is shown in Fig. 
1. The wing has a trailing-edge kink and the high-lift system has separate elements in- and outboard of the kink 
which is the same for all configurations. Span wise cuts at an inboard position of all configurations are displayed in 
Figure 2. The wing has a moderate leading edge sweep and the wing total span is about 33.5 m with a total wing 
area of 108 m2. The mean aerodynamic chord is 3.6 m and the length of the fuselage is 37.8 m.  

 

 

Figure 2  Span wise cuts of configurations 1-4 from left to right. Configuration 1 (baseline) – double slotted flap. 
Configuration 2 – single slotted flap. Configuration 3+3b – single slotted flap + droop nose. Configuration 4 – single 
slotted flap + Krueger flap. 
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All five configurations are analyzed for their aerodynamic performance. Configurations 1,2,4 have been analyzed 
for their aeroacoustic performance. The flow conditions for all calculations are M∞ = 0.2 and Re = 17×106, where 
the Reynolds number is based on the mean aerodynamic chord. The aerodynamic calculations are performed up to 
and beyond maximum lift. The aeroacoustic calculations are carried out at an angle of attack that corresponds to a 
constant lift in the vicinity of the maximum lift obtained for configurations 1-3.  

III. Aerodynamic Assessment 

A. Computational tool and settings 
The CFD solver employed in the calculations is the Edge code (http://www.edge.foi.se/), which is an edge- and 

node-based Navier-Stokes flow solver applicable for both structured and unstructured grids. 17-20 Edge is based on a 
finite volume formulation where a median dual grid forms the control volumes with the unknowns allocated in the 
centres. The governing equations are integrated with a line-implicit approach 19 in areas with highly stretched 
elements and explicitly elsewhere with a multistage Runge-Kutta scheme to steady state and with acceleration by 
FAS agglomeration multigrid. Weak boundary conditions are applied at all boundaries for all flow variables. 20 A 
pre-processor creates the dual grid and the edge based data structure, which is also employed to agglomerate coarser 
control volumes for the multigrid and to split up the computational domain for parallel calculations.21 The present 
calculations employ a second-order central discretization of the convective terms with a small amount of artificial 
dissipation.  

The aerodynamic assessment is based on calculations up to maximum lift, these calculations are steady state 
RANS (Reynolds Averaged Navier-Stokes) calculations with an Explicit Algebraic Reynolds Stress Models 
(EARSM) 22,23 to model the turbulence. In average, 5000 multigrid iterations were conducted to reach a steady state. 
Beyond maximum lift the convergence was poor with oscillations of moderate amplitude in the computed forces and 
moments. Although the wing at cruise conditions has a large part where the flow is laminar, the flow is assumed to 
be fully turbulent in all calculations for the high-lift configurations. The assumption is based on initial stability 
calculations for the baseline configuration with a data base method 2,24 for which transition to turbulent flow was 
detected close to the stagnation points on both the wing and flaps.  

B. Computational grids 
The configurations were delivered as CAD 

files from Alenia to FOI, all meshing and 
calculations were carried out on half models 
with a symmetry plane through the fuselage. 
ICEM was used to generate initial inviscid 
unstructured grids. The in-house grid generator 
Tritet 25,26 was then used to generate the hybrid 
unstructured grids with prismatic elements in 
the near wall region and tetrahedral elements 
further away. Typically 35 prismatic elements 
are used to obtain y+~1 at the first inner node, the numbers of layers vary slightly and a few pyramidal elements are 
also used in the transition region between prismatic and tetrahedral cells. The total grid sizes vary between 16 and 
31 million nodes as given in Table 1. Note that the grid for Configuration 4 is finer due to the additional forward 
Krueger flap. 

The surface grid of details from the configurations can be seen in Fig. 3. The grids are clustered along the 
leading and trailing edges and at the tip of the wing and flap elements.  

Table 1 Size of computational grids for RANS calculations. 
 

Configuration No. of nodes No. of surface nodes 
16.0×106 0.41×106 Configuration 1 
24.3×106 0.60×106 Configuration 2 
17.7×106 0.45×106 Configuration 3 
21.9×106 0.55×106 Configuration 3b 
31.0×106 0.85×106 Configuration 4 
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Figure 3  Surface grids for the aerodynamic analysis. Left: single slotted flap of Configurations 2-4 in the vicinity 
of the kink. Right; leading edge of Configuration 3b at about 65% span where the constant droop ends. 

C. Computational results 
RANS calculations were carried out for all configurations with the purpose to analyze the aerodynamic 

performance for pre- and post-stall conditions. In the vicinity of maximum lift the flow computations were typically 
initiated with a solution from the closest lower incidence. 

The computed lift (CL) and lift over drag (CL/CD) polars are displayed in Fig. 4. Several interesting observations 
can be made. The first and most striking observation is that Configuration 4 is vastly superior to the other 
configurations in terms of maximum lift; the maximum lift is close to 20% higher for this configuration occurring at 
an incidence of 5-7 degrees higher than for the other configurations. The other configurations all have more or less 
the same maximum lift but at different angles of attack, Configuration 1 gives a higher lift at a lower incidence due 
to its double slotted flaps. Configuration 2,3,3b show very similar results in terms of both lift and drag ahead of 
maximum lift which is expected. More surprisingly though, is that the configuration with droop nose do not show 
any significant increase of maximum lift. 

The highest efficiency in terms of CL/CD is obtained for Configurations 2,3,3b before stall, the efficiency is the 
lowest for Configuration 1 and with Configuration 4 in between.. The reduced efficiency for Configuration 4 at 
lower incidences is due to the additional drag from the Krueger flap. Beyond stall for configurations 1-3b, the 
Configuration 4 is superior in every aspect up to its maximum lift. 

 

 
 

  
Figure 4.  Aerodynamic coefficients. Left: Lift(CL) vs. α. Right: CL/CD vs. α. 

To investigate how the flow breaks down beyond maximum lift the stream-wise components of the skin friction 
vector is plotted on the upper side at one degree beyond maximum lift in Fig. 5. It should be noted that the flow 
solutions are not entirely steady and hence there may be small fluctuations in the position and size of the separated 
areas. Configurations 1-3b all have a similar behavior with separation occurring on the wing at a mid or outer span-
wise position. The separated areas are somewhat larger for configurations 1, 2 compared to 3, 3b. It also seems that 
the constant droop in Configuration 3b has shifted the separated area to a more outboard position and reduced its 
size slightly. Nevertheless, the flow separates at a span wise position just outboard of the end of the droop which 
explains why there is no gain from the droop of the nose. Note also that the flow over the flaps is mainly attached.  
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The main difference in flow separation occurs for Configuration 4 with an entirely different separation pattern at 
an inboard position. The separation starts inboard of the Krueger flap at the wing leading edge and propagates and 
grows in size downstream to the trailing edge. The flow over the flap is still attached though. It is also worth to 
notice that the flow over the Krueger flap remains attached. 

 

 
 

 
Figure 5.  Plots of x-component of skin friction on upper side. From left to right: Configurations 1,2,3,3b,4. 
Angle of attack of about one degree beyond maximum lift.  

IV. Aeroacoustic Assessment 
Since there was no gain in the aerodynamic performance from the two drooped nose configurations, it was 

decided that only three configurations, Configuration 1, 2 and 4, were to be assessed for their aeroacoustic 
performance.  

D. Computation of the noise source 
The calculation of the noise source is based on turbulence resolved calculations of the configurations using the 

Edge CFD code as for the aerodynamic assessment described above. An algebraic (zero-equation) in-house hybrid 
RANS-LES model is used 27 which has proven to be computationally efficient and accurate for various 
applications.9-11 The eddy viscosity is calculated from a mixing-length type model. In the near wall region where the 
model works in RANS mode, the length scale is given by a RANS length scale involving the wall distance. Further 
away from the wall, the model switches to LES mode and the eddy viscosity is evaluated in accordance with the 
Smagorinsky model. 

The unsteady nature of hybrid RANS-LES computations implies a need for different computational settings 
compared to those of the RANS computation. The free stream turbulence level was set to correspond to 1% which is 
the same as for the RANS computations. All hybrid simulations were initiated with RANS solutions. A 2nd order 
implicit backward difference scheme is used in time with dual time stepping in each physical time step with the 
same type of convergence acceleration (multigrid, line-implicit time integration) as in the steady RANS calculations 
above. Usually 60-100 dual multigrid cycles were required in each time step. The time step was chosen with the 
ambition to resolve well frequencies up to at least 1 kHz, Δt = 5×10-5, and 10,000 time steps were conducted 
corresponding to 0.5 s in physical time. The time step corresponds to a non-dimensional time step of Δt c∞/L = 
4.7×10-3, or Δt U∞/L = 9.5×10-3, where c∞, U∞, L, denotes the speed of sound, free stream velocity and mean 
aerodynamic chord respectively. The frequency 1 kHz corresponds to a Strouhal number of about St = 50 where the 
Strouhal number is defined as St = f L/ U∞. The first 2000 iterations are excluded in the aeroacoustic analysis below 
to allow for the flow to develop. 

All calculations were carried out at a constant lift corresponding approximately to conditions close to maximum 
lift of configurations 1-2 in Fig. 4 above. This implies that Configuration 4 is computed at a flow condition far away 
from its maximum lift. Unsteady data is recorded and saved on the solid walls at each time step. In addition, some of 
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the acoustic analogy methods described below require unsteady data on a surface enclosing the wall which is 
reflected in the grid generation described below. 

 Figure 6.  Kirchhoff surface for 
Configuration 2.  

E. Computational grids 
The same geometry descriptions were used to generate grids for the hybrid RANS-LES calculations and half 

models were used for these calculations as well. New grids had to be generated since these calculations imply 
additional requirements on the mesh resolution and on data recording.  

An integral surface was introduced in the computational grid on which unsteady data is retrieved and stored. The 
surface is the Kirchhoff surface and is treated as a transparent surface in the flow solver which implies that it has no 
influence on the computed results, but only used for data sampling and recording. The location of this surface has to 
be defined when generating the grids and the grid resolution has to be fine enough between the solid wall and this 
surface to resolve the necessary scales. With the ambition to spatially resolve frequencies well up to St = 50 and 
with 20 cells per wave length, a maximum cell size of about 1,5 cm was respected in areas where the main part of 
the sound is expected to be generated, i.e. in bay areas, around the 
flaps and the Krueger flap. 

To satisfy these requirements it is hence of utmost importance that 
the Kirchhoff surface is placed at an optimal position. If the boundary 
is too far away the grid will become too large for affordable 
calculations. If it is too close with wakes and boundary layers 
intersecting the sampling boundary, on the other hand, it will have a 
negative effect on the accuracy of the integrated far-field noise. The 
approach chosen for the selection of the location of the Kirchhoff 
boundary is based on the magnitude of the vorticity from the 
corresponding RANS solution. The location of the Kirchhoff surface 
has been selected based on the vorticity magnitude such that the 
surface encloses all regions with high levels of vorticity. 

The Kirchhoff surface for one of the configurations is displayed in Fig. 6 where it can be seen that the surface 
extends to a position down stream of the end of the fuselage. The sections of a RANS and RANS-LES grid are 
displayed in Fig. 7 where the Kirchhoff surface is located in the region where the mesh refinement ends and is 
indicated with a different color. The sizes of the 
meshes for the aeroacoustic analysis are given in 
Table 2. The grid size vary between 24 and 44 
million nodes and are between 24-40% finer in 
terms of total number of grid nodes and 5-20% 
finer in terms of boundary nodes. The Kirchhoff 
surfaces contain about 0.25 – 0.37×106 nodes. 
More than 90% of all nodes are located in the 
region between the aircraft and the Kirchhoff surfaces. 

 

Table 2 Grid sizes for RANS-LES calculations. 
 

Configuration No. of nodes No. of surface nodes 
23.5×106 0.63×106 Configuration 1 
29.0×106 0.62×106 Configuration 2 
43.8×106 1.0×106 Configuration 4 

 

 
 

 
Figure 7.  Inboard span-wise section of RANS (left) and hybrid RANS-LES grid (right) for Configuration 2. 

 
 

F. Acoustic analogy methods 
The aeroacoustic performance is assessed for configurations 1, 2, 4 with three different acoustic analogy 

methods; the methods are based on integrating the unsteady near-field data from the recorded data from the RANS-
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LES calculations and propagated to far-field observers. The three 
approaches are, the Kirchhoff method 28-33, the Ffowcs Williams and 
Hawkings (FWH) method for permeable surface 34-38 and the Curle 
method 39-41. 

The three methods are based on surface integral over the aircraft 
configuration and/or the Kirchhoff surface. The applications of these 
methods in the assessment of different configurations, as well as the 
comparison of these three methods are reported by Yao et al. 15-16. The 
Curle approach provides in general lower noise levels than the other 
two approaches since only fluctuations on solid wall surfaces are 
accounted for. The advantage with the Curle approach is that it is 
possible to indicate the contribution of different aircraft components 
to the far-field noise level. The Ffowcs Williams and Hawkings is the 
approach that is considered the most accurate in general. 

The acoustic analogy methods propagate the noise to far-field 
observers located 500 m from the aircraft. The observers are 
positioned in the plane of symmetry according to Fig. 8. Following the 
notation Fig. 8 an angle of 0º means that the observer is located at a position 500 m in front of the aircraft (the 
aircraft is approaching the observer), 270º is a position below the aircraft and 180º is a position behind the aircraft.  

500 m

180º

270º

90º

0º

x
z

 
Figure 8.  Position of far field observes in 
relation to the aircraft noise source.

G. Numerical results 
Figure 9 illustrates the r.m.s. of pressure 

fluctuations on the lower side of the three 
configurations. The largest fluctuations occur in the 
main wing cove and on the flaps. The fluctuations are 
larger at inboard stations, in particular on the flaps. It 
can also be seen that the fluctuations are larger on the 
double slotted flaps of Configuration 1 compared to 
the other two configurations; the fluctuations are also 
higher on the inboard part of the wing. Also worth 
noticing is that the fluctuations on the forward 
Krueger flap are small. 

In Fig. 10 the sound pressure levels (SPL) below 
the aircraft are plotted as a function of the frequency 
for the three analyzed configurations using the Curle 
method, where the SPL due to different components 
is plotted and so is the total SPL in the downward 
direction. The corresponding plots of the overall 
sound pressure levels (OASPL) are further displayed 
for the three configurations in Fig. 11 in which the 
directivity is plotted. The Curle approach allows to 
distinguish the contribution from different parts of the aircraft since it only involves integration over the solid 
surface. The SPL in Fig. 10 is given as a function of the non-dimensional frequency, or Strouhal number, in the 
range between 0.5 ≤ St ≤ 50 which corresponds to a frequency range of 10 – 1 kHz. The SPL has a fairly flat 
appearance for lower frequencies indicating broadband noise without any significant tonal signals. The SPL is 
reduced at higher frequencies for St ≥ 5. 

The plots of SPL and OASPL for Configuration 1 contain separate plots for the wing, the wing cove, the front 
(forward) flap divided in an inner and outer part of the kink, the cove of the front inner and outer flap and the rear 
(back) flap divided in an inner and outer part. The main contribution comes from the wing, the wings cove and the 
inner part of the forward (front) flap. The plot for Configuration 2 contains noise contributions from the wing, the 
wing cove, the inner and outer part of the flap. The major contribution comes from the inner part of the flap. The 
total noise is in general lower than that for Configuration 1. The plot for Configuration 4 is divided in the same 
components as for Configuration 2 with the addition of the contribution from the Krueger flap. The inner part of the 
flap is still the dominating noise source and the contribution from the Krueger flap is considerably smaller than for 
the other components. The OASPL for Configuration 4 is somewhat higher than that from Configuration 2, and is 
similar to the levels of Configuration 1. Since the only geometric difference between Configuration 1 and 4 is the 

   
Figure 9.  Pressure fluctuations on the lower side. From 
left to right: Configurations 1,2, 4. 
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Krueger flap that does not contribute significantly to the noise, one would expect similar noise levels. A possible 
explanation to the observed difference could be due to the fact that the simulation for Configuration 4 is carried out 
at a flow condition about 20% from its maximum lift whereas for Configuration 2 the simulations occur close to its 
maximum lift.  

 

 
 

Figure 10.  1/3 octave smoothed SPL in downward direction (270º) from analysis with the Curle method. 
From left to right: Configurations 1 ,2 and 4. 
 

 
Figures 12 and 13 compare the SPL (downward direction) and OASPL obtained for the three configurations with 

the three acoustic analogy methods. The SPL is in general higher for the baseline Configuration 1 and the lowest for 
Configuration 4 which is most noticeable at lower frequencies. The noise levels are 6-10 dB lower for Configuration 
4 compared to the other configurations. The predicted noise levels with the Curle method are in general lower than 
from the two other approaches 

 
Figure 11.  OASPL from analysis with the Curle method. From left to right: Configurations 1, 2 and 4. 

The levels of SPL and OASPL are relatively similar between the Kirchhoff and FWH methods although 
Configuration 1 gives higher SPL at lower frequencies. The most noticeable difference between the two methods 
occurs for Configuration 2, where higher noise levels are predicted with the Kirchhoff method, particularly in the 
forward direction (0º). Further analysis of the terms in the integrands over the Kirchhoff surfaces shows that the 
main contribution to the noise comes from the time derivative term for the Kirchhoff method and from the normal 
pressure derivative in the FWH method. Furthermore, the major difference in the noise levels occurs at low 
frequencies, as is verified in Fig. 14, where the corresponding OASPL is plotted for the configurations using the 
Kirchhoff method and accounting only for frequencies St ≥ 1. Similar levels for OASPL are obtained for all 
configurations, but the levels are lower due to the exclusion of the lowest frequencies. 
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Figure 12.  1/3 octave smoothed SPL in downward direction (270º) for Configurations 1, 2, 4. From left to 
right: Kirchhoff method, Ffowcs Williams and Hawkings (FWH) method, Curle method. 

 
In Fig. 15 the contribution to the OASPL predicted by the Curle 

method from different aircraft components are displayed, the components 
being the wing without cove, the wing cove and the inner (kink inboard) 
part of the flap (two flaps for Configuration 1). The contribution from the 
wing is higher with Configuration 1 and about similar with the two other 
configurations. The contribution from the wing cove, however, is smaller 
for Configuration 1 where higher frequencies have a lower SPL values. 
The highest noise levels are obtained for the inboard flap(s) for which all 
configurations obtain similar levels. Hence, the main contributing factor to 
the reduced noise of Configuration 4 is the reduction of noise over the 
wing. 

 

  
Figure 13.  OASPL for Configurations 1, 2, 4. From left to right: Kirchhoff method, Ffowcs Williams and 
Hawkings (FWH) method, Curle method. 
 

 
Figure 14.  OASPL for Config-
urations 1, 2, 4; Kirchhoff method. 
Frequencies St ≥  1. 
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V. Summary and Conclusions 
The paper presents a summary of the aerodynamic and aeroacoustic assessment of high-lift configurations for a 

laminar wing of a regional aircraft. The configurations assessed consist of one baseline and four low-noise 
configurations. The slat-less high-lift configurations involve a double slotted flap baseline configuration 
(Configuration 1), a single slotted flap configuration (Configuration 2), two drooped nose configurations with single 
slotted flap (Configuration 3, 3b) and a configuration with a forward Krueger flap and single slotted flap 
(Configuration 4). The aerodynamic analysis was carried out by steady RANS calculations up to maximum lift. The 
aeroacoustic analysis is based on turbulence-resolving simulations using a hybrid RANS-LES model at flow 
conditions corresponding to a constant lift for each configuration. Unsteady data sampled from these calculations are 
used as inputs in three acoustic analogy methods that have been used to analyze far-field noise propagation. The 
sampling of unsteady data has been taken on the aircraft surface and on a Kirchhoff surface enclosing the most 
potent noise-generating flow regions. High grid resolution is patched cross the wall boundary layer and up to the 
Kirchhoff surface. The location of Kirchhoff surface has been optimized in such a way that it encloses the 
significant flow-induced noise sources for accurate analysis but is not too far away from the wall boundary layer for 
affordable computations. The integral surface has been determined by referring to the magnitude of vorticity. 

For the aerodynamic analysis, hybrid unstructured grids were generated. The aerodynamic investigation shows 
that the configuration with a Krueger flap is the best performing high-lift system. Although the efficiency (CL/CD) is 
slightly lower than for the other single slotted flap configurations at lower incidences, the maximum lift is almost 
20% higher compared to other configurations. The droop of the nose has no significant effect on the maximum lift 
since the onset of separation starts outboard span of the droop. In addition, the stall characteristic for the Krueger 
flap configuration is different and more favorable with a span-wise inboard type of separation whereas all the other 
configurations show separation at an outboard station. 

For the aeroacoustic analysis a set of refined grids were generated and the Kirchoff surface was incurred. The 
grids contain up to 45 million nodes. Time dependent data is used as inputs to three acoustic analogy methods, 
namely, the Curle, the Kirchhoff and the Ffowcs Williams and Hawkings (FWH) method. These methods are 
applied to all the configurations and a comparative study has been conducted. It is shown that the configuration with 
a Krueger flap produces the best aeroacoustic performance. The perceived noise level from this configuration of an 
observer below the aircraft is 6-10 dB lower compared to the other configurations. The reduced noise level is mainly 
due to the reduction of noise intensities at loweer frequencies. The dominant noise source with all configurations is 
the inboard part of the flap. The noise induced by the Krueger flap is insignificant. As expected, the Curle method 
predicts lower noise levels as compared to the Kirchhoff and FWH methods.  

Due to the lack of experimental testing for these conceptual new low-noise high-lift configurations, it is not 
possible to conduct experimental validation at this stage. Nevertheless, it is believed that the computations are of a 
good quality based on our previous experience. Moreover, it should be noted that the main purpose of the work was 
to evaluate and assess these conceptual configurations. The predicted levels of aerodynamic and aeroacoustic 
quantities are of interest in the studies, but the most important concern is on the difference (both in predicted 
aerodynamic and aero-acoustic properties) between the configurations for a relevant assessment. The required grid 

  
Figure 15.  OASPL from analysis with the Curle method for Configurations 1, 2, 4. From left to right: 
contribution from the wing without cove, from the wing cove and from the inner (inboard kink) flap(s). 
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resolution is very high. It is noted here that an improved “academic” aero-acoustic analysis for the configurations 
studied in this work would have to invoke grids being refined much beyond the current resolution. The present work 
should be viewed more of an engineering study. Some of the difference observed in the aeroacoustic analysis may 
be explained by insufficient grid resolution. Nevertheless, the noise levels are realistic and the difference between 
the configurations is believed to be correct by which the assessment has been made relevant. 
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