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Abstract

A novel concept (referred to as the flap extension)
is implemented on the leading edge of the flap
of a three element high lift device. The concept
is optimised using two optimisation approaches
based on Genetic Algorithm optimisations. A
zero order approach which makes simplifying as-
sumptions to achieve an optimised solution: and
a direct approach which employs an optimisation
in ANSYS DesignXplorer using RANS calcula-
tions. The concept was seen to increase lift lo-
cally at the flap. The solution to the zero order
optimisation showed a decreased stall angle and
decreased maximum lift coefficient against angle
of attack due to early stall onset at the flap. The
DesignXplorer optimised solution matched that
of the baseline solution very closely.

Computational Aeroacoustic simulations
were performed using the DES (Detached Eddy
Simulation) model, in 2D, on the baseline and
DesignXplorer optimised solution. The De-
signXplorer optimised concept steadied the shear
layer that bounds the spoiler cove thus reducing
noise from this vicinity by 10dB at frequencies
over 7 000Hz.

1 Introduction

Single slotted high lift devices, in their current
form, are not the most efficient devices for their
use. Currently they provide a good enough solu-
tion to their requirements for take off and land-
ing but are seen as a roadblock to further aerody-
namic enhancement of high lift device design.
Rudolph [1] discusses a number of road-

blocks for single slotted flaps. He explains that
there are two major obstacles, the first is that a
single slotted flap produces a lower maximum
lift coefficient than that of flaps with additional
slots, and, that this may be insufficient for land-
ing. Secondly, the single slotted flap could allow
for unnecessarily high airplane attitude at landing
which is unfavourable. He adds that a single slot-
ted flap should not provide problems during take
off.

Meredith [2] lists the following trade-off fac-
tors for a generic large twin engine aircraft in or-
der to illustrate the need for high lift system im-
provements:

— An increase in lift coefficient of 0.10 at
constant angle of attack results in a reduc-
tion in approach attitude of one degree.
This results in a a shortening of landing
gear due to lower ground clearance require-
ments and thus a weight saving of 635kg.

— A 1.5% increase in maximum lift coeffi-
cient is equivalent to a 2994kg increase in
payload at a fixed approach speed.

— A 1% increase in take off L/D is equivalent
to a 1270kg increase in payload or a 150nm
increase in range.

Modern aircraft are aiming to become quieter
for both passengers, as well as those living near
airports, as noise is both a nuisance and a health
risk. In the past few decades there has been a
shift in focus within aircraft design and opera-
tions, which has aimed to determine aircraft noise
sources and find ways in which to minimise or al-
leviate their effects.



Fig.1 shows the EPN (Effective Perceived
Noise) generated by a generic long range com-
mercial aircraft [3]. Dobrzynski [4] explains that
for the same air speed, an aircraft in the landing
configuration will produce 10dB more noise due
to deployment of high lift systems. It is broadly
perceived that an increase of 10 dB is perceived
to be a doubling of loudness.
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Fig. 1 : Aircraft noise levels by component
during approach [4]

The European Framework FP-7 highlights a
European Vision for the year 2020 with regards
to development within numerous research disci-
plines, one of these being transport, and, on a
sub-level, air transport.

According to this European Vision for 2020,
ACARE (Advisory Council for Aeronautics Sci-
ence in Europe) has highlighted some research
challenges for the 2020 vision [5]. Related to
high lift systems (amongst other aircraft subsys-
tems) are the following:

— Drag reduction through conventional and
novel shapes.

— Noise Reduction:

— Reduction in perceived noise to one
half of current average levels (10 dB).

— Emission Reduction:

— 50% cut in CO, emissions per pas-
senger kilometre (which means a
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50% cut in fuel consumption in the
new aircraft of 2020) and an 80% cut
in nitrogen oxide emissions.

— Environmentally  friendly
maintenance and disposal

production,

A GA (Genetic Algorithm) is a search heuris-
tic optimisation process based on the biological
model of genes and how they reproduce. It mim-
ics the process of natural selection to evolve a so-
lution to a global minimum by means of modify-
ing input populations over a series of generations.
The GA provides input to a ’black box’ solver
and receives the output from the solver as the ob-
jective function. The GA recreates a fitness land-
scape of n x m dimensions where 7 is the number
of design variables (input to the solver) and m,
the number of objectives (output of the solver).
Each population tends closer to the global mini-
mum and when the distance between populations
falls below the convergence criteria the solution
is produced.

Applications of the process are widespread
and have been successful in finding optimum so-
lutions for aerospace applications. There have
been a number cases where GA’s have been used
to numerically optimise high lift devices. Many
optimisations have been directed towards finding
optimum flap and slat settings for the gap and
overlap parameters [6, 7]. Shape optimisations
have also seen some success [8]. These optimi-
sations aim to produce optimum shapes for the
slat and flap in order to increase high lift perfor-
mance.

As a result of these observations new high
lift concepts need to be examined which are able
to increase aerodynamic performance and reduce
noise. The concept examined in this study aims
to reduce aerodynamically generated noise and
increase the maximum lift coefficient of the Air-
bus TC12 profile in high lift, take off, configu-
ration. Optimisation of the concept is performed
numerically using a Genetic Algorithm to find an
optimum geometry which fulfils the design crite-
ria.
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2 Novel concept

The approach to optimise the TC12 profile for
landing configuration is to implement a novel
concept at the leading edge of the flap. Fig. 2
shows the TC12 profile in landing configuration,
as well as the region in which the optimisation
will occur. The novel concept to be implemented
is a ‘betz flap’ (see Fig. 3) [9]. The flap extension
will be stored within the flap of the TC12 profile
during cruise and will extend out of the leading
edge of the flap during landing. The concept, thus
referred to as the ‘flap extension’, will act similar
to an upper surface krueger flap [10]. Increases
in lift should be achieved because of an increase
in the camber and area of the TC12 flap, thus in-
creasing local lift in this vicinity. An increase in
lift at the flap should increase circulation around
the entire high lift device. This should not only
locally increase flap lift but also increase lift up-
stream at the main element and the slat thus im-
proving aerodynamic performance of the entire
system.

The flap extension should also have an ef-
fect on the recirculation region within the spoiler
cove. This should bring stability to the shear
layer of fluid flow that borders the recirculation
region due to a Coanda effect from the geomet-
ric impingement of the concept. Stability of the
unsteady pressure fluctuations should minimise
noise produced in this vicinity.
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Fig. 2 : Optimisation region of TC12 airfoil
in high lift configuration

3 Zero order optimisation method

The first optimisation procedure selected is a
‘zero order’ optimisation approach. This process
involves optimising the flap of the TCI12 profile
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Fig. 3 : Betz flap, [9]

in isolation (avoiding any effects of the slat and
main element of the high lift system). XFOIL is
used within a Genetic Algorithm to optimise the
flap of the TC12 high lift profile in isolation.

3.1 Optimisation routine

The optimisation is performed entirely within
MATLAB. Fig. 4 shows the system diagram of
the optimisation. In the diagram GA is the MAT-
LAB GA which handles the optimisation pro-
cedure, Geom is the Geometry Function which
creates new geometries, XFoil is the program
XFOIL! (herein referred to as the Aerodynamic
Solver) which is used to analyse the geometries
and Fit is the multi-objective Objective Function
used to determine the feasibility of analysed so-
lutions. The solutions are fed back into the MAT-
LAB Genetic Algorithm where new populations
are created and solutions trends monitored. Upon
convergence the GA stops and the set of most op-
timised solutions is provided.

3.2 Geometry Function

The geometry function receives the four design
variables as input and outputs a geometry. This
geometry is checked for any errors and, if suc-
cessful, it is passed to the aerodynamic solver. If
unsuccessful, the aerodynamic solver and objec-
tive function are avoided and a very large number
is returned to the GA.

Fig. 5 shows the function input variables as
characterised by the dimension lines on the fig-
ure. Fig. 5 also shows a sample output geometry
characterised in extended position by the green
dotted line and retracted position by the red solid

! An interactive panel code used for analysing subsonic
airfoils, [11]



1.1s geometry valid?
2.Has XFoil provided
sufficient data?

Geom [le | GA

3.Is Pareto front
converged? -
XFoil A
Y N
Fit > 2. . |
3.
N

Fig. 4 : System diagram of the optimisation
routine

line. Only the leading edge of the TC12 flap is
shown for clarity. The four variables were chosen
to minimise the number of parameters required
for the optimisation yet to provide sufficient vari-
ables to create unique geometries that fulfil the
specification of the flap extension concept. le is
the length of the flap extension, 6 is the angle
from horizontal that the flap extension is directed
downwards, ke is the height above the flap exten-
sion length at which the maximum camber occurs
(this point is at exactly 50% of the length), pt is a
point along the leading edge of the flap at which
the flap extension centreline extends from.

Extended TS
Retracted
Xfoil

Fig. 5 : Geometry of solution of zero order
flap optimisation
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Constraints

The kinematic design requirement for the re-
tracted position of the flap extension is shown in
Fig. 6 as the red dotted line, the extension and
retraction of the concept follows a circular arc of
motion. Any concepts generated by the geometry
tool that are not able to fulfil the kinematic con-
straints are automatically rejected by means of a
large penalty value output to the GA. The implicit
constraints are hardcoded into the geometry tool
and are based on the NACA Krueger flap geome-
try [10].
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Fig. 6 : Constrained optimisation variables

3.3 Aerodynamic Solver

XFOIL is used to solve the aerodynamic solu-
tion of each new configuration generated by the
geometry function. XFOIL cannot solve airfoils
where there are sharp changes in continuity (high
panel angles). Thus, the geometries sent to the
solver are splined (the splined region is seen in
Fig. 5 as the blue dotted lines) to provide a con-
tinuous geometry and better convergence. Equa-
tion (5) represents the input variables for opti-
misation. a MATLAB function generates a run
file for XFOIL which smooths the airfoil geom-
etry within XFOIL, sets XFOIL to run the simu-
lation at a Reynolds number of 2.95 million, runs
the simulation at a series of angles of attack and
writes the data to a file. Once XFOIL is finished
running, a MATLAB function post processes the
data and outputs the results to the GA.

The problem statement is to to minimise the
objective function using real numbers as input
(eq. (2)). Equations (2) to (4) are the three ob-
jective functions to be solved for, reasoned for
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selection as follows:

— Maximum lift is a problem for current sin-
gle slotted flap systems as per [12].

— Lift drag ratios are a good figure of merit
when incorporating drag into the objective
function. The ratio is a key component in
measuring total range of an aircraft. There
are also increased benefits of higher L/D
[2] for aircraft.

— Higher stall angles lead to more protection
of the high lift system near stall. Higher
stall angles lead to higher maximum lift co-

efficients.
min(Fop;(x)), (x € R) (D
Fopj1(x) = —Cp,,, ()
L

Fopjo(x) = " D (3)
Fopj3(X) = —Olgrar 4)

he

le
X = al (5

pt

3.4 Convergence

The optimisation converged after the average dis-
tance between populations residual dropped be-
low 0.0001. This occurred after 106 genera-
tions with a total of 6 418 function evaluations.
On a Core 2 Duo machine with 8Gb RAM- this
equated to about three days of processing time.
The pareto front of the converged solution is seen
in Fig. 7. This is a multi-dimensional figure
which represents the objective function values of
the optimised solution. The final solution (Fig. 5
shows the geometry of the optimised solution) is
selected from the central region of this figure to
provide an acceptable trade off of requirements.
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Fig. 7 : Convergence of optimisation

4 2D CFD optimisation method

The second approach to optimise the TC12 pro-
file for landing configuration is performed using
ANSYS Workbench which has a number of built
in optimisation tools. The optimisation tool used
is the ANSYS DesignXplorer MOGA (Multi Ob-
jective Genetic Algorithm) tool.

4.1 Optimisation Routine

Fig. 8 shows a system diagram for the AN-
SYS Workbench Direct Optimisation. In the di-
agram MOGA is the optimisation tool, Geom is
the geometry creation tool, Mesh is the Ansys
Mesher and Fluent is ANSYS Fluent the aero-
dynamic solver. The modules pass information
to eachother in serial.

1.Is geometry valid?

2.Is mesh created?

3.1s optimisation |
complete?

Fig. 8 : System diagram of MOGA optimi-
sation in Ansys DesignXplorer



4.2 Objective Function

The objective function used for the DesignX-
plorer optimisation was the same function sug-
gested by Brezillon et. al. (2008) [13] citing
better success than merely implementing a lift to
drag ratio figure of merit. Equation (6) states the
problem- a maximisation of the objective func-
tion. Equation (7) states the objective function,
in this instance the climb index. The inclusion
of the value 0.00000001 is a workaround used to
prevent division by zero because the initial state
of the solution is for each point to be zero. Equa-
tion (8) states the input variables to the problem.

max(Fopi(x)), (x € R) (6)
C3
F..(x)= L 7
i) = G2 75.00000001 D
le
he
X=<th (8)
0
ca

4.3 Geometry Tool

ANSYS Workbench is used to automatically gen-
erate new configurations based on the five input
variables to the problem. ANSYS DesignMod-
eler is set up to produce unique geometries sim-
ilar to Fig. 9. For this optimisation method the
leading edge ball, as used in the previous method,
was excluded. Also, by using DesignModeler,
there was no way to enforce the kinematic con-
straint required.

4.4 Meshing Tool

In order to perform the optimisation quickly each
configuration needs to be meshed automatically.
A mesh method is set up in ANSYS Mesher
which is applied to each new geometry. The mesh
method needed to be flexible enough to provide
acceptable meshes for a range of configurations.
After the mesh method was tested manually it
was seen to provide acceptable meshes over a
range of configurations.
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Fig. 9 :
MOGA optimised solution

Geometry of DesignXplorer

4.5 Convergence

The final solution given by the DesignModeler
optimisation is not yet converged as the compu-
tational time required was deemed infeasible for
the problem. The optimisation was set to per-
form 15 optimisation iterations with 30 samples
per iteration. The initial sample set was set to 80
points. The total number of design points was
457 of which 61 of those failed due to impossible
geometries being generated by the parametrised
geometry creation tool.

Fig. 10 shows the convergence history of
the optimisation tool. This plots the objective
function against the number of points per opti-
misation. Each spike and subsequent drop of
the objective function represents a single gener-
ation. After roughly 200 function evaluations the
function maximum value jumps to a new steady
value, it is impossible to say (without additional
function evaluations) whether or not the function
would converge to this given point or to a new,
more optimum, point.

5 Optimisation Solutions

The optimised solution selected for the zero order
optimisation was successful in increasing aerody-
namic performance of the flap in isolation. The
flap in isolation yields a 16.7 % increase in stall
angle, 11.4 % increase in maximum lift coeffi-
cient and a 13.3% percent increase in maximum
lift to drag ratio against angle of attack. ANSYS
Fluent was used to look at the results of the op-
timised concept implemented into the full high
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History Chart of P18 (Maximize P18) NSYS
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Fig. 10 : Convergence history of DesignX-
plorer MOGA optimisation of TC12 profile
(climb index vs. design point)

lift system. Simulations were performed at Mach
0.2 and at a Reynolds number of 2.95 million to
compare to wind tunnel test data from Airbus.
The optimised concept produces less lift than the
baseline solution for all angles of attack (Fig.
11). Premature stall is caused by increased flap
camber providing early onset of separation at the
trailing edge when the angle of attack is increased
past 12 degrees. The lift to drag ratio against an-
gle of attack also shows slightly decreased perfor-
mance (Fig. 12). The leading edge ball is seen as
a high drag area. This change in performance is
quantified as a decrease of maximum lift of 2.1%
and a decrease in stall angle of 5.9%.

The DesignXplorer MOGA optimisation tool
achieved a considerably different solution to that
of the zero order optimised solution. The optimi-
sation may not have fully converged and the time
to final convergence cannot be estimated but the
solution still performs better than that of the zero
order optimisation method. Lift against angle of
attack (Fig. 11) more closely matches that of the
baseline TC12 profile. The stall angle is the same
as the baseline and maximum lift is decreased by
0.244% (negligible). Drag and lift to drag ratio
(Fig. 12) is marginally increased with increasing
angle of attack. At an angle of 8.09 degrees drag
is increased by 0.3644%.

Fluid flow from the pressure side of the main
element airfoil, has the tendency to be attracted
to the geometry of the flap extension due to the
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Fig. 11 : Lift coefficient against angle of
attack of optimised results compared to the
baseline

Coanda effect. The flow attracted to the flap ex-
tension has to accelerate along the curved sur-
face, causing a low pressure suction (lifting) re-
gion along the flap extension. This suction re-
duces the recirculation region within the spoiler
cove causing a decrease in pressure with span at
the trailing edge of the main element (Fig. 13).
The data in the figure has been shifted along the
x-axis for clarity.

6 Aeroacoustic investigation

Acoustic simulations using the transient DES tur-
bulence model are performed on the TC12 profile
in high lift configuration as well as on the De-
signXplorer optimised solution. The mesh used
for calculations is the same as the one used for
validation data.

The DES turbulence model is a RANS/LES
hybrid model which employs RANS turbulence
formulations near walls and LES formulations
away from walls where turbulent length scales
are greater and less computationally expensive
to simulate. Acoustic calculations are done us-
ing the Ffowcs-Williams Hawkings analogy [14]
solver built into ANSYS Fluent. 6 000 timesteps
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Fig. 12 : Lift to drag ratio against angle of
attack of optimised results compared to the
baseline
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Fig. 13 : Pressure coefficient along span of
DesignXplorer optimised results compared
to the baseline

are used to reach a sufficiently converged tran-
sient simulation then the acoustic solver is turned
on for an additional 1 000 timesteps. The
timestep size is 2.5e-5 s.

Directivity plots of the two concepts com-
pared to eachother is shown in Fig. 14. As di-
rectivity is a measure of where sound is radiated
from this shows that the new concept has no ma-
jor effects on the locations from where sound is
radiated.

The vorticity contours of the DesignXplorer
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Fig. 14 : Directivity of sound for the opti-
mised solution against the baseline at 8.09
degrees angle of attack

optimised concept and the baseline are overlayed
onto eachother as seen in Fig. 15. The black re-
gions in this diagram show areas where there is
a major difference in vorticity between the two
simulations. The major observation here is that
the shear layer high vortical region (>1 000/s) is
minimised by the effect of the novel concept on
the flow field.

Fig. 15 : Vorticity between 0 - 1 000 com-
paring the baseline configuration and the
DesignXplorer optimised solution

Fig. 16 compares the filtered acoustic data
of the baseline to that of the DesignXplorer opti-
mised solution. The data is also filtered using the
Savitzky-Golay filter in MATLAB. Compared to
the baseline solution the acoustic signals for this
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simulation appear to be more noisy at frequen-
cies beyond 1 000Hz. Data in the mid-frequency
range provides similar trends in results between
the two configurations. From 6 000 to 20 000 Hz
the DesignXplorer optimised solution appears to
decrease the sound pressure level of the concept
by about 10dB.
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Fig. 16 : Filtered sound spectrum for the

optimised against he baseline at 8.09 de-

grees angle of attack

By implementing the flap extension on the
high lift device the flow field at the trailing edge
was modified. This modification brings some sta-
bility to the shear layer within the spoiler cove, as
shown by a decreased area of highly vortical flow
within the cove. The additional flow stability in
this region led to a decrease of high frequency
noise of approximately 10dB.

7 Conclusions

A novel concept for a high lift device is inves-
tigated, by means of computational studies, to
increase aerodynamic performance and decrease
aerodynamically generated noise of the TC12
profile in high lift configuration.

The zero order approach used a simplified
method to optimise the TC12 profile flap in iso-
lation of the rest of the high lift system. This
optimisation showed a proof of concept that the
suggested that the flap extension concept did in-
crease aerodynamic performance of the flap air-
foil in isolation. The optimisation process was
successful on a system level. The geometric im-
pingement of the flap extension on the flow field
showed that, in the vicinity of the spoiler cove,
the Coanda effect caused decreases in pressure

at the recirculation region, and, at the flap ex-
tension, providing decreased lift from the overall
high lift system. Premature stall was observed.

Using ANSYS DesignXplorer a different op-
timisation method was used to increase aerody-
namic performance of the TC12 profile in high
lift configuration. Due to limitations in com-
puting time the results of the simulation were
not converged but showed a trend towards con-
vergence. The optimised results of this method
showed better performance than that of the zero
order optimisation routine solutions.

Acoustic simulations were performed on the
baseline and DesignXplorer optimised solutions.
Results of the acoustic simulations were found
using the transient DES turbulence model. The
Sound Pressure Level response of the DesignX-
plorer optimised concept was compared to the
TC12 profile in high lift configuration. The simu-
lations showed that the optimised solution caused
a reduction in higher frequency tones of up to
10dB. This figure is of major relevance as the
FP-7 framework calls for a reduction of noise of
10dB by the year 2020. The reduction of noise
is due to the impingement of the flap concept on
the flow field at the spoiler cove which stabilises
the fluctuating shear layer, thus reducing noise in
this vicinity. This result shows that there is scope
for further investigation of the concept as a noise
reduction device.
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