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ABSTRACT

In this paper optimization on airfoil equipped with upper-side elastic flap is carried out.
The optimization process is done by using of URANS CFD method. In first chapters
the history of development of wing with movable flaps is briefly described. The paper
continues with description and motivation on choice of computational method. Geometry
and mesh generation is briefly explained. Verification and validation of computational
method is also presented. The actual case study is focused on airfoil LS(1)-0417mod
equipped with 20%, 30% and 40% long rigid flap on various angles of attack. The
aerodynamic performance of each case is discussed together with the flow-field analysis.
The non-linear structural analysis using FEM software is carried out in order to evaluate
elastic flap bending stiffness and deformed shape to fulfil self-adaptive requirements.

KEYWORDS

Active flow control, aerodynamics, ANSYS, biomimetics, CFD, elastic flap, FEM, Fluent,
passive flow control, rigid flap, structural analysis, URANS

ABSTRAKT

V této diplomové praci je provedena optimalizace profilu kfidla vybaveného elastickou
klapkou umisténou na horni strané profilu. Optimalizacni proces je proveden s vyzitim
CFD prostredkd, konkrétné URANS metody. V prvnich kapitolach je popsana historie
vyvoje kridla vybaveného pohyblivymi klapkami. Prace pokracuje popisem a zdiivodnénim
volby numerické metody. Vytvoreni geometrie a vypocetni sité je kratce popsano. V praci
je také prezentovana validace a verifikace dané vypocetni metody. Pripadova studie je
zamérena na profil LS(1)-0417mod vybaveny 20%, 30% a 40% dlouhou, pevnou kalpkou
na rtiznych Ghlech nabéhu. Aerodynamicka Gcinnost spolecné s proudovym polem je
analyzovana. Je provedena nelinearni pevnostni analyza s vyuzitim MKP programu za
acelem vyhodnoceni ohybové tuhosti a deformovaného tvaru elastické klapky tak, aby
byly splnény podminky nutné pro automatické vychyleni.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS AND
ABBREVIATIONS

Aom,ISA

C

Cd

cf

C

Cm

d

ET

DPo

Pa

Ps

Wmod

Speed of sound defined at Om ISA [ms™!]
Airfoil chord length [m]

Drag coefficient of the airfoil [—]

Friction coefficient of the airfoil [—]

Lift coefficient of the airfoil [—]

Moment coefficient of the airfoil [—]
Domain diameter [m]

Flexural rigidity (bending stiffness) [Nm?]
Flap length [%]

Flap position [%)]

Free-stream Mach number [—]

Total pressure [Pal

Dynamic pressure [Pa]

Static pressure [Pal]

Reynolds number [—]

Reynolds number defined at the x-position [—]
Flow-through time [s]

Boundary layer thickness [m]

Flap thickness [%]

Friction velocity [ms™!]

Free-stream velocity [ms™!]

Displacement of the tip of the elastic flap [m]

Displacement of the tip of the rigid flap [m]
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Wyal num Measured displacement in validation study [m]

Wyal _exp Measured displacement in experiment [m]
yT Non-dimensional wall distance [—]
Yo First layer height [m]

At Time-step size [s]

) Flap deflection [deg]

Az Mesh element size [m]

u Dynamic viscosity [kgm™'s™!]

p Density [kgm ™3]

To Bending stress [M Pa]

Tw Friction stress [Pal

AoA Angle of Attack

BL Boundary Layer

CFL Courant-Friedrichs-Lewy number
DES Detached Eddy Simulation

FEM Finite Element Method

ISA International Standard Atmosphere
LES Large Eddy Simulation

MIS Mesh Independence Study

NITA Non-Iterative Time Advancement
RANS Reynolds-Averaged Navier-Stokes
SST Shear Stress Transport

TKE Turbulent Kinetic Energy

URANS Unsteady Reynolds-Averaged Navier-Stokes
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1 INTRODUCTION

Biomimetics can be simply describe as a "scientific discipline of implementing nature-
based ideas to engineering systems" [1]. By this approach many of man-made inven-
tions were further innovated often with exceptional results. By the means of the flow
control inspiration in the nature is rather appealing. An aircraft’s wing can serve as
a very good example. The Alula which denotes the first group of two to six feathers
on the bird’s wings was observed to be deployed when landing. As a result, slats can
be now found on the majority of big commercial aircraft enabling the airplane to fly
at higher angles of attack by delaying flow separation on the surface. The principle

of the slats development is demonstrated in the Figure 1.1.

QN
{/
{

Fig. 1.1: Leading edge slats as observed on the bird’s wings [2].

The flow control can be divided according to the initial impulse as a passive and
active. The passive flow control simply reacts in accordance with the actual flow
condition with no power input whereas the active flow control is denoted to be one
with sensors and certain power input to optimally react to the flow condition. This
paper deals with one of the birds phenomena: self-activated movable flaps or the

so-called pop-up feathers [1].

1.1 Self Actuating Flaps

The history behind the development of these pop-up flaps came from 1930s. Ae-
rospace engineer Wolfgang Liebe first observed pop-up motion of the upper feathers
on crows during landing. This behaviour was also observed during manoeuvres requi-
ring higher angle of attack and on different kinds of birds i.e. Seagulls as shown in
following Figure 1.2. Thus, this behaviour was considered as a high-lift feature. La-
ter, Liebe also carried out experimental study involving strip of leather attached to
the upper side of one wing of the Messerschmitt BF 109. Unfortunately this caused

asymmetrical distribution of the lift force and the project was cancelled [3] [4].
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Fig. 1.2: Slow approach by the Seagull with extended upper flaps.

Since then, many other studies on self-adaptive movable flaps were carried out.
Especially the experimental work of D.W. Bechert et al. from German Aerospace
Center (DLR) proved the idea of the self-adaptive flaps to be very promising. Their
application of plastics strips on the glider plane STEMME S10 and further flight
tests showed exceptional results with maximum lift coefficient gain of 11%! Other
papers present studies focused on different position, size, materials and for different
Reynolds numbers. However, these publications often show inconsistent results. For
example, the work of Kernstine [5] dealing with the position and size concluded that
the ideal position of the movable flaps lies in frontal part of the airfoil. In contrast,
the paper presented by Bechert [3] recommends the position of the flaps near the
trailing edge. There are also other studies dealing with the oscillation of the upper
flaps followed by vortex shedding and its benefit to the overall airfoil performance.
As a conclusion, the amount of published papers and results variations suggest this
phenomenon to be further investigated. In case of this paper the study is focused
on the numerical analysis of the airfoil used in General Aviation LS(1)-0417mod

equipped with the rigid and flexible movable flaps on the upper surface [3] [5] [6].
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2 THEORETICAL BACKGROUND

Since the actual knowledge of the flow-field and the principle of the mechanism is
required for the correct numerical simulation theoretical analysis based on published

papers is carried out.

2.1 Self-Adaptive Flaps Principle

The original idea how the flaps work come from W. Liebe. He claimed that the
separation region, which is coming from the trailing edge, is bound by the presence of
the elevated flap. The flap itself is popped up by the reverse flow condition. Basically,
the purpose of the flaps is to stop recirculation region spreading out towards the
leading edge. Therefore, the flaps were named as a Reverse Flow Bags. The

mechanism is visualized by the following Figure 2.1 [3].

Fig. 2.1: Mechanism of the "Reverse Flow Bags"|7].

Ideally, the flap stays attached during flight with low angle of attack. When
the reverse flow starts to appear flap would gradually lift off and prevent further
recirculation propagation. By this acting, the big increment in lift and delay of the

flow separation can be achieved.

2.1.1 Flap Position

According to the Bechert [3] the flap should be located in 60-70% of the chord.
However, this presumption is based on the fact that the used airfoil is laminar so
it is predicted that the flow stays attached with the laminar boundary layer for

15



the most of the upper surface. Bechert also recommend to position the flap slightly

upstream (approx. > 1 % of chord) otherwise the flap cannot response properly |[3]

14].

2.1.2 Flap Length

The flap length directly influences the lift coefficient. According to Bechert, longer
flaps cause bigger increment in lift. However, with longer flaps the problem with
reattachment of the flap and with the flexibility arises. One solution can be using

more smaller flaps which according to the reference [6] looks promising.

2.1.3 Flap Deflection

The self-adaptive flap is deflected in respect to the actual flow condition. It does
not protrude to the high-speed region which would cause spoiler-like effect. The flap
would be also ineffective when slightly elevated allowing the further spreading of the
recirculation region. According to the numerical study presented in reference [4] and
[8] the self-adaptive flap does not give the optimal deflection angle causing largest
gain in lift. The largest increment in lift is when the flap is slightly touching the
separated shear layer as shown in the Figure 2.2 [4] [8].

Fig. 2.2: The flap protruding to the separated shear layer denotes high efficiency of

the mechanism.

2.2 Airfoil Choice

The airfoil chosen for this study came from the family of airfoils designated for
General Aviation. Such an airfoil was developed in the 1973 by using the subsonic
viscous computer code which resulted in the 17-percent-thick GA(W)-1 airfoil. In
development, emphasis was placed especially on good lift-to-drag ratio at ¢, = 1.0
and high maximum lift coefficient of about 2.0 at a Reynolds number of 6-10°. That
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was achieved by some of the features such as:

Large leading edge radius to diminish the peak of the leading edge pressure and
thus delay the flow separation
Blunt trailing edge for moderating the upper surface pressure recovery
Contoured shape from the reason of the uniform chord-wise pressure distribution
Also, 13-percent-thick GA(W)-2 airfoil was generated as a result of the flight
tests [9] [10].

The development of before-mentioned airfoils gave rise to creation of new airfoil
family with various thickness and shape according to their purpose. Two branches
of this family are named in the form: LS(1) (low-speed, first series) and MS(1)
(medium-speed, first series). The following two digits denote the design lift coeffici-
ent in tenths and the other two digits denote the actual thickness in chord percen-
tage. By this rule the GA(W)-1 airofil becomes LS(1)-0417 and analogically the
GA(W)-2 becomes LS(1)-0413. Further modificated airfoils were given the 'mod’
suffix. The development is illustrated in the Figure 2.3 [10].

LOW SPEED MEDIUM SPEED
J—
LS(1)-0409
< GAW)-2 -
LS(-0413 Sy
- o \“\\‘-«-‘_
GAW)-1 < oa17 MOD C M = 0.68——
LS(1)-0417 REDUCED MOMENT MS(D-0317
LS(1)-0421 INCREASED LIFT/DRAG

Fig. 2.3: Development of the General Aviation airfoil family [10].

The airfoils were further modificated in order to enhance the aerodynamic per-
formance. In the case of the LS(1)-0417 the airfoil was reshaped to give better
performance during climb and to reduce the pitching moment. The modification
resulted in the LS(1)-0417mod airfoil. The redesigned shape and its consequence is

shown in the following Figure 2.4.
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Fig. 2.4: LS(1) - 0417mod airfoil and its performance at M = 0.15, Re = 4-10°% and
¢ = 1.0 [10].

The modification caused reduction in the pressure gradient as can be spotted in
the Figure 2.4. The flat pressure distribution on the upper side located approximately
in the middle of the chord has a major influence on the stall behaviour. This reduced
pressure gradient retards the forward movement of the separation causing delay of
stall and more docile behaviour of airfoil during stall. This behaviour is favourable
for the purposes of this thesis so the LS(1)-0417mod airfoil was chosen for further
analysis with the movable flaps [10].
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3 COMPUTATIONAL METHOD

For the purposes of this thesis the ANSYS computational software package was
utilized. In the term of meshing the ICEM v14.5 was implemented and as the solver
the Fluent v14.5 was used. Geometry was created and edited using the Catia V5
software. All the calculations were performed by using the server cluster provided
by the Institute of Aerospace Engineering of the Faculty of Mechanical Engineering

in Brno.

3.1 Geometry Set-up

As previously stated, the airfoil LS(1)-0417mod was chosen for the analysis. The ai-
rfoil data were obtained from the UIUC database [11]. Cloud of points was imported
to the CAD software and connected by default spline in the default XY plane. The
origin of the coordinate system was placed in the 25% of the chord to address the
aerodynamic centre with the X-axis in the direction of the flow. Two furthermost
points of the airfoil were connected with a straight line to create a blunt trailing
edge which is more convenient in the terms of hexa mesh generation. The chord
length was set to be 1 meter.

The computational domain was closed by the C-type border which was again
chosen for simpler meshing. However, this choice was overridden by further discovery
which led to the use of conventional O-Grid type of domain. The overall look is shown
in the figure 3.1 together with the detail of the blunt trailing edge. The diameter of

the domain will be later discussed in the Verification chapter.

= ——

(a) Domain boundaries. (b) Detail of the LS(1)-0417mod airfoil.

Fig. 3.1: Input computational geometry.
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3.2 Computational Mesh

The creation of geometry is followed by the mesh generation which is necessary for
computational fluid analysis. This step is critical for overall solution since the quality
and type of computational mesh directly affect the actual numerical calculations and

may lead to incorrect and faulty results.

3.2.1 Grid Type

When creating a 2-dimensional mesh two main ways are taken in to account. Structu-
red and unstructured computational meshes are options for numerical study each
with its pros and cons [12] [13] [14].

e Structured grid The conformal map is used in order to fit the geometry
by creating curvilinear grid. In 2D, quadrilateral cells are used for building
these type of grid. Beside its good performance on filling the space (less cells
required) there are also some drawbacks:

-+ Usually better convergence

— Rather difficult and time consuming generation

— Limited on more complex geometries

— Possible numerical diffusion if the flow is not aligned with the cells

e Unstructured grid Unstructured grid is equipped with no conformal map.
Therefore, the connectivity between cells is maintained by the connectivity
table which describes connectivity for each element. From this reason, no re-
striction is applied to cell type choice. In 2D, usually triangular elements are
used.

+ Little building time

+ Easy concentration where necessary

— More time-expensive and memory-expensive

— Sensitivity to CAD geometry imperfections

As previously mentioned, this task of simulating flow over the airfoil led the

author to generate typical structured C-Grid made entirely from quadrilateral ele-
ments. This type of mesh undertake the whole mesh independence study. However,
as was later discovered, the mesh generation for the case of airfoil equipped with
flap was almost impossible. This problem raised due to the complexity of the ai-
rfoil shape such as high-angled sharp corners. Further explanation is presented in
following chapters. From this reason, the author decided to create so-called hybrid
mesh which, as the name suggest, is the combination of different type of elements
in the same domain. This special type of unstructured grid combines the pros of the

structured and unstructured grid. Here, it allows to use quadrilateral cells in near-
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wall region to provide better resolution of viscous effects and triangular elements
elsewhere in order to efficiently fill up the rest of the domain. Such a case is shown
in the figure 3.4 [12].
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Fig. 3.2: Example of structured mesh constructed of quadrilateral cells

,,'/7 SRR ;
TAVAY A - X5K KA
HReee

e e e , @% RITAN AVAVAY
S &w@wmﬁ e e
S e
o ~ . e
; e S aeezé'w&xwi%}g;n )

.
EORER VA >

R RS S
KA 5 9"; Svay
°‘é2‘;%‘9 BT ::é' ‘%‘2’ s

e ’ég’s;f‘ R ’
RO
S &a‘%}‘%ﬁ%’g’éﬁw X

s 5
et

XS %g’sg%f 5 6’?’ SRR < 2
.

it

i X S S
e
.

.

SRR

O o

XX 7 é:ﬁl" 1‘":
e
A SRR

O
5 WW%V%%yy"ﬁ‘A%% /, VY Qé%
= o

KRB

ORI
~ A %‘%X%ugﬁgm

7
=
LHes

A
S
YAVAY
SRR
LT

Fig. 3.3: Example of unstructured mesh with triangular elements.
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Fig. 3.4: Hybrid mesh used for validation with quad and tri zone.

3.2.2 Near-wall Treatment

Other very important feature of the mesh is its wall treatment and appropriate
resolution. One must consider that the near-wall treatment determines the boundary
layer behaviour and linked flow separation which is critical for the results credibility.
To predict the flow separation as accurately as possible the boundary layer will
be fully resolved. To achieve this goal several conditions must be met.
The first one is to fulfil the condition regarding the first layer height defined as:

Yy =1 [—] (3.1)

where the y* stands for non-dimensional wall distance. By taking this into ac-

count the formula for determining the first layer height can be used [15]:

[m] (3:2)

where the p represents the dynamic viscosity and p stands for the density of the

fluid. Symbol u, represents the friction velocity which is calculated as:

1 2
Tw §cproo —1
Us = ([ — = | ——— |ms 3.3
p \/ P [ } ( )

22



where 7, is a wall shear stress, c; is a stress coefficient and Uy represents the
free-stream velocity. For a turbulent boundary layer there is several options for
approximating the shear stress coefficient. The one chosen for this case is Schlichting

skin-friction correlation defined as [15]:

¢; = [2logio (Res) — 0.65] % [—] (3.4)

where Re, stands for the Reynolds number defined at x position. By introducing

variables defined in the section 3.3 the first layer height is evaluated as:

C1-1.7894- 107

Y= 1925 0.6321
Between other conditions required for proper boundary layer resolution belongs

=2,31-107° [m]

requirement regarding the number of cells. The rule of thumb says that in the boun-
dary layer there should be placed about 10-15 layers of a growth ratio no more than
1.3 [16] [20]. The height of the boundary layer must be estimated as well. The tur-
bulent boundary layer height on the flat plate can be derived by using the Blasius
equation. Then, the thickness can be expressed as [18]:
tor = 037 — 0.37—C— —037—— —0
VRe, VRe /1000000

To introduce some assurance, the value is rounded up as follows:

023 [m] (3.5)

tpr ~ 0,03 [m] (3.6)

This offset curve is evident in the input geometry in the Figure 3.1b creating
imaginary BL border.

Fulfilling before-mentioned conditions not always promises well resolved boun-
dary layer. The visual inspection of a converged solution must be done and when

unsatisfactory, further re-meshing is unavoidable.

3.3 Simulation Settings
In this chapter, overall solver setting is described together with the boundary con-

ditions and discretization method.

3.3.1 Input variables

The simulation was set up with following parameters. Reynolds number used for
calculation was chosen in respect to provided data for the tested airfoil . Also, to

properly simulate low speed application the value was chosen as a [17]:
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Re = 1000000 [—]

By introducing variable obtained for 0 meter ISA condition the desired value of

the free-stream velocity can be establish as [18]:

Us = —— [ms™"] (3.7)

By substituting variables in before-mentioned formula the free-stream velocity
can be expressed. Values used for calculation are presented in the following table
3.1:

Variable Value Unit
p 1.225  |kgm™?]
Re 1000000 |-]
u 1.79-107°  [kgs~'m™!]
c 1 [m]
Uso 14.607 [ms!]

Tab. 3.1: Input variables used for calculation.

3.3.2 Solver Setting

The following parameters were used as an input to the Fluent software. Motivation

to this choice is described below.
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General

Solver type Pressure-Based
Time Steady
Models
Model k-wSST
Materials
Fluid Air
Solid Aluminium

Solution methods

Scheme SIMPLE

Gradient Least Squares Cell Based
Pressure Second Order
Momentum Second Order Upwind
TKE Second Order Upwind

Specific Dissipation Rate Second Order Upwind

Tab. 3.2: Solver setting.

In the Fluent software, first choice that has to be made is related to the type
of solver. The pressure-based solver was chosen in respect to the actual flow con-
ditions. The Mach number of the flow is calculated using the Om ISA values as
[18]:

U  14.607

M, = = = 0.043 [ 3.8
Aom,ISA 340.2 [ } ( )

According to the Fluent User Guide [19] the compressibility effect are negligible
at Mach number much less than the value of 1.0. This condition is more than satisfied
in the studied flow. In the term of time-discretization time-averaged steady-state
RANS model was chosen. RANS type of solution is very widely spread and used
in many engineering application. Between its major advantages belongs the overall
robustness, low computational cost and acceptable accuracy . On the other side the
time-averaged model can not handle massive swirls and vortices [12] [19].

From the available RANS models the SST k-w was chosen. The Menter’s SST k-
w model came from the original Wilcox k-w model. He noted that the standard k-¢ is

very well handling the free-stream flow whereas in the near-wall flow its performance
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is very poor (in the case of adverse pressure gradient). On the other hand, the
standard Wilcox k-w suffered from excessive sensitivity to the free-stream flow but
the performance in the near-wall region was superior. Menter suggest a hybrid model
that is using k-w model in the near-wall region which is transformed through blending
function in to the k-e¢ model in the fully turbulent region far from the wall. The
developed SST k-w is a two-equation model with two calculated variables: k& which
is the turbulence kinetic energy and w which represents the turbulence frequency
or the rate of dissipation of the eddies. The model is also y* insensitive which
means that the solution is not excessively sensitive to the value of y. However,
to achieve best results the condition 3.1 must be met. In conclusion, the SST k-w
RANS model is nowadays most widely used across the engineering applications due
to its performance and accuracy so it also promises somewhat valid results in the
case of studied phenomena of upper-surface flaps [12] [19] [20].

By the means of the type of algorithm the Pressure-Velocity Coupling Me-
thod SIMPLE was chosen. Its major advantage to the conventional segregated al-
gorithm is that the momentum equations and the pressure-based continuity equation
are solved simultaneously. This radically improves the convergence rate but in the
same time increases the memory requirement. The SIMPLE algorithm is set by de-
fault and provides iterative solution of the discretised momentum equations by using
the guessed pressure field followed by pressure correction [12] [19] [20].

In the terms of spatial discretization the minimum requirement for the Second
Order method was placed. Generally, while the first order of discretization gives
better convergence the second order gives more accurate results [19] [20].

As a fluid the Air material with constant density and viscosity was assigned. The
fluid parameters are given in the table 3.1. As a wall material the default aluminium

was chosen.

3.3.3 Boundary Conditions

Choosing right boundary conditions is another critical part that directly affect the

solution. In the case of this study four zones are assigned to the boundary conditions:

Outer domain border On this boundary the flow is entering and also exiting the
domain. In most similar aerodynamic problems this border is assigned to the
pressure far-field boundary which, in this case, is more than suitable. However,
this condition is more suited to the compressible flow cases with higher Mach
number. This boundary type with the density based solver was also tested for
the studied case but the solution was unable to converge. The author headed for

the velocity-inlet BC which is compatible with current solver setting. Although
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the velocity-inlet is primary inlet condition by certain circumstances it can act
also like exit-boundary. According to the Fluent User Guide the only condition
for this application is that the overall continuity must be maintained. While
this condition, in studied case, is fulfilled attention must be paid to the possible
non-physical behaviour [19].

Inner domain border To appropriately model the airfoil boundaries the no-slip
wall boundary condition is assigned to the inner domain boundaries.

Domain surface The filled domain is assigned to the fluid or interior type of BC.

Other geometry inside the domain Other geometry represented by the density
box and the boundary layer border is assigned to the interior type of BC.

The location of boundary conditions is demonstrated in the following figure 3.5:

velocit

interior

Fig. 3.5: Boundary condition distribution.

3.3.4 Convergence

The solution is monitored during the whole calculation process. For the steady-state
calculations the convergence criterion is given by the means of residuals level and
state of the monitors. So the first condition is related to the accuracy of the solution
e.g. the residual value which should be lower than the order of 1 -1073. Other
condition is even more important. Beside the residuals level, three variables are
monitored: lift coefficient, drag coefficient and moment coefficient. These variables
are very much related to our problem. While they are levelled out and the residuals
condition is fulfilled the solution can be proclaimed as converged. The exampled of

converged steady solution is given below in the figure 3.6.
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Fig. 3.6: Example of convergence progress on lift coefficient monitor.

Sometimes, when reaching convergence criterions is more difficult, lowering of

under-relaxation factors was done in order to stabilise solution.

3.3.5 Test Run

In order to verify before mentioned assumptions few test runs must be performed.
The goal is to validate presumptions about the boundary layer settings, convergence
rate, simulation stability and visually check the flow for any non-physical behaviour.
The test run was carried out on the clean airfoil which is then used for the mesh
sensitivity study.

Boundary Layer Treatment

As mentioned before, in order to properly resolve the boundary layer the variable
yT should be around the value of 1.0. The following figure 3.7 is showing the y*
distribution on the airfoil boundary (upper and lower surface):

28



-0,25 -0,15 -0.08 0,05 015 0,25 0,35 D45 0,55 a,65 0.8

* [m]

Fig. 3.7: Wall y* distribution on different angles of attack.

The figure shows the importance of checking the value y* on different angles of
attack. This is due to the fact that the y* is related to the skin friction coefficient
which is changing on different flow conditions. In this case, the mesh resolution is
fulfilling (in the direction of the normal to the wall) the condition given by the
formula 3.1.

Also, the estimated BL thickness should be visually checked. Using the contours
the eddy viscosity ratio can be visualized. According to the [16] and [22] the higher
magnitude of the eddy viscosity ratio should lie somewhere in the middle of the
estimated BL. After checking contours on the airfoil on zero angle of attack it can
be easily said that the the thickness of the quad region is more than sufficient. The

results are showed in the following pictures 3.8:

(a) Eddy viscosity ratio distribution in quad (b) Detail of the resolved boundary layer.
layer in the aft part of the airfoil.

Fig. 3.8: Boundary layer validation.
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Convergence & Visual Inspection

Convergence rate was also checked for any unexpected behaviour. The convergence
rate was satisfactory, the solution converged on several thousands of iterations (mesh
size of 300 000 cells). Also, the proximity of the airofil and the velocity-inlet boun-
dary was visually inspected by using the velocity and pressure contours tab for
any non-physical behaviour. The inspection proved the good applicability of before-

mentioned solution set-up.
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4 VALIDATION & VERIFICATION

The definition can be expressed according to the [12] as follows:

Verification is a process of quantifying errors. Usually, this is done by the me-
ans of the mesh independence study which determines whether the mesh is
sufficiently fine and the computation domain big enough.

Validation is a process of determining the level of representation accuracy from
the perspective of the intended uses of used model. This is done by the means

of the comparison with results of similar case provided by the NASA.

4.1 Mesh Independence Study

The computational domain together with the grid was created in accordance with
the statements in previous chapter. The MIS was performed by the means of mesh
resolution. The rough mesh was gradually refined in the proximity of the airfoil by
introducing density box with higher mesh resolution (visible in the figure 3.5). Its
purpose is to capture wake on higher angles of attack and connected gradients in
the pressure field. In the rest of the domain, the rule of thumb says that the biggest
element in the domain should not be larger than the studied body [16]. Due to this,
mesh resolution on the inlet boundary condition was preserved due to whole MIS
process and the rest of the domain was filled with triangles with prescribed growth
ratio. Together with the resolution on different location the mesh quality is also
reported. As a criterion, the cell skewness describing the cell distortion ranging from
one (ideal quality) to zero (bad quality) was introduced. Also, to account different
cell shape universal quality criterion was implemented. This criterion compute the
aspect ratio on tri cells and determinant on the quad cells. As in the case of skewness,

the quality ranges from one (ideal quality) to zero (bad quality) [21].
The MIS was performed on different angles of attack corresponding to the higher

values, close to stall of the airfoil. This was done in order to account the most dra-
matic flow-field conditions with big wake and pressure gradients. Monitored values
of lift, drag and moment coefficient were chosen in order to appropriately quantify

the resulting differences.

The single grid characteristics are presented in the Appendix in the table A.1
and table A.2. The graphical results on AoA of 14deg are presented bellow in the
figure 4.1:
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Fig. 4.1: Monitored variables of mesh independence study.

The single values and percentage difference is listed in the table 4.1:

Variable ‘ Mesh 1 Mesh 2 Mesh 3 Mesh 4

a | 1,663 1,649 1,641 1,644

ca |- 0,038 0,037 0,037 0,037

Cm | -0,063  -0,061  -0,060 -0,060
Difference

Ac [%] | N/A 0,8 0,5 0,1

Acy |%| | N/A 1,1 0,7 0,4

Acp, %] | N/A 3,2 1.8 0,3

Tab. 4.1: Mesh independence study data.
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The goal here is to have sufficiently low difference between results from two
different meshes. The rule of thumb says that the difference should be lower than
5% [16]. In this case it was also aimed on the same order which is fulfilled in the
difference between Mesh 3 and 4. From this it can be drawn that the mesh 3 is
mesh independent since the monitored values are no longer changing with increasing

cell count.

4.2 Convergence Issues

When conducting the MIS on meshes with higher resolution issue related to the
convergence arised. On higher angles of attack, especially 14deg to 16deg the solution
was very hard to converge. Sometimes, even reducing under-relaxation factor did not
helped and the solution cannot be reached with sufficient accuracy. Author is well
aware of the inability of RANS handling stronger vortices but the difficulties even on
lower angles of attack were baffling. The visual inspection of the flow-field was done
by plotting the turbulent viscosity ratio and mass imbalance residuals . In the figure
4.2a the viscosity ratio influenced by the wake reached the velocity-inlet boundary.
The consequence is shown in the next picture 4.2b. The residuals show instabilities
causing convergence troubles. To overcome this, new computational Mesh 5 was built
using the parameters proven by MIS but with bigger domain radius of 50 meters.
By implementing this, the convergence issues disappeared and the solution showed

much more stable convergence rate.

(a) Contours of viscosity ratio. (b) Contours of residuals.

Fig. 4.2: Convergence issues.

The resized mesh also undertake MIS process but presumingly showed almost

similar result as independent Mesh 3. The only difference was the cell count which
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increased up to 461 866 cells. All the data gathered for the purpose of MIS are
presented in the section Appendix A.

4.3 Validation

To verify that the solver set-up and the mesh generation was performed well the
comparison with measured data is carried out. The experimental data were gathered
with the use of wind-tunnel experiments by NASA [17]. Presented data for lift, drag

and moment coefficient were digitalized and used for validation of studied problem.

The solver was set up based on findings in previous chapters. The independent
mesh with the radius of 50m was utilized. The simulation was performed on various
angles of attack ranging from -bdeg to 16deg. Further study on angles of attack
after the stall was not performed due to the strong vortices formation and solver’s

inability to properly simulate flow field.
The comparison graphs were completed by adding the results from the free XFLR,

5 software which is using well-known XFOIL solver. Comparison is carried out by
visualising the lift curve, moment curve and aerodynamic polar curve. Results are
showed below in the figure 4.3, 4.4 and 4.5:

¢ [l

i

—a—NASA

FLUENT

— XFOCIL

AocA [deg]

Fig. 4.3: Validation: lift curve.
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Fig. 4.5: Validation: polar curve.

The match with the experimental results on lift curve is significant. All values
are copying the shape of the curve with the maximum deviation on maximum lift
coefficient less than 3%. Also, the point of maximum lift coefficient was predicted

with sufficient accuracy within 1 deg of AoA. In the terms of the moment curve
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the accuracy is significantly lower. The maximum deviation lies at -2deg and 6deg
of AoA with its value of 13%. Also, on the simulated moment curve the inflection
point on higher AoA is over-predicted. From three monitored characteristics drag
polar curve is the one least representing the experimental data. Maximum deviation
is around 30% which reflects poor quality. This is, unfortunately, very common for
such type of solver. The error is mostly related to BL treatment and can be overcome
only by transient, high-performance methods which are not cost and time-effective
for studied case [23].

The best way to simulate such a flow is, in the term of cost-effectiveness, the
panel method which is here represented by the XFOIL data. However, the accuracy
is limited to the little range of AoA which is related to low occurrence of vortices
and eddies.

The validation process proves the model applicability on selected task. Errors
and deviations were taken into account when evaluating further simulation results.

Numerical results of simulated and experimental data can be found in Appendix A.
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5 NUMERICAL STUDY OF FLAPPED AIRFOIL

By establishing computational method the 2-dimensional investigation on airfoil

equipped with rigid flaps can be performed.

5.1 Objectives

The purpose of this study is to properly simulate flow over the airfoil equipped with
movable flaps. The goal is to find optimal flap properties such as length, deflection
and position on the airfoil to generate significant increase of the performance of the
airfoil. The optimization process is mainly driven by the lift curve and connected
maximum lift coefficient location. In numerical flow simulation, flap is considered to
be ridig. This allows the author to obtain the pressure distribution on the flap. This
load distribution is then transferred to the structural analysis which determines the

flap bending stiffness required for the flap automatic work.

5.2 Simulation Set-up

This section describes the overall progress of numerical set-up and analysis.

5.2.1 Geometry

In order to equip the airfoil with movable flap parametric model was utilized. The

important parameters are marked in the figure 5.1.

Fig. 5.1: Geometry of the flapped airfoil.
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The parameter [y marks the flap length, [, denotes the position of the flap, the
ty is the flap thickness and 0 represents the deflection angle.

5.2.2 Cases Assessment

Coded naming of single cases was introduced to account multiple parameters as:

F ww _zx yy zz

where ww is a number denoting the flap position on the upper curve, zz is
a number representing the flap length, yy is a number for deflection of the flap
(related to the airfoil shape) and finally the zz which is representing the angle of
attack of studied case. Flap thickness is determined as a constant value since it
has little impact to observed phenomena. All numbers, except the deflection of flap
which is given in degrees, are given in percentage of the chord of the airfoil.

The studied cases were chosen in respect to the findings of other authors presen-

ted in the chapter 2.1. List of studied cases is presented in the table 5.1 below:

Case Position [%] Length [%] Deflection [deg]
F 80 20 20 80 20 20
F 80 20 40 7z 40
F 80 20 60 60
F_70_30_20 70 30 20
F 70 30 40 40
F 70 30 60 7 60
F 60 40 20 7z 60 40 20
F 60 40 40 zz 40
F 60 40 60 7z 60

Tab. 5.1: Parameters of studied cases.

Number of cases was reduced by neglecting the cases with short flaps on different
positions on airfoil. This was done in accordance with the statement in the chapter
2.1.3 which proves ineffectiveness of short flaps. Also, regarding the claim published
by Brechert in the chapter 2.1.1 the flap actual length is always 1% (of the airfoil
chord) lower than marked. This makes the 20% long flap to be 19%, 20% flap to be
19% long flap etc. The deflection angle was chosen to address both the influence of
low-deflected and high-deflected case.
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5.2.3 Computational Grid

The modified geometry was the main reason for choosing hybrid type of mesh.
On lower angles of deflection of the flap the small angle between the flap and the
airfoil was causing appearance of very skew quads. This led the author to use of
triangular elements in the 'pocket’ as shown in the picture 5.2. Motivation for this is
the anticipated occurrence of low-speed vortex past the flap. Hence, the the energy
of the flow is too low to form any sort of boundary layer in the near wall region.
This presumption is proved by visual analysis of the flow presented in the figure
5.3. It is clearly seen that the order of velocity magnitude in recirculation region is

much lower. The rest of the domain was meshed with the parameters set by mesh

independence study.
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Fig. 5.2: Detail of mesh generation in the aft part of the airfoil.
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Fig. 5.3: Velocity magnitude in pocket region (Contour range is limited for better

visualization).

5.2.4 Transient Simulation Set-up
Solver Settings

Since the unsteady behaviour like vortex shedding, strong turbulence formation
is expected on higher angles of attack solution method that can handle such un-
stable flow must be employed. For the optimization purposes the unsteady RANS
(URANS) method is introduced. While the other transient methods (SAS, DDES,
LES, etc.) are much more precise, their computational requirements such a mesh
resolution, computer memory and computational time are usually way bigger. This
led the author to use same method presented in the chapter 3.3.2 which is the SST
k-w model but with transient option enabled. By the nature of the solver, standard
URANS does not provide valid information of the turbulence spectrum. URANS mo-
dels are working in a single mode vortex shedding which results in a vortex stream
extending far behind the wake. This behaviour is related to the URANS inability
to model wider range of length scales which appear in such a turbulence flow. Also,

the URANS models tend to overestimate pressure in close proximity of the body.
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This must be taken into account when evaluating the results [24] [25].

The transient simulation was set up with following parameters in the table 5.2:

Pressure - Velocity Coupling

Scheme Fractional Step

Spatial Discretization

Gradient Least Squares Cell Based
Pressure Second Order
Momentum Second Order Upwind
TKE Second Order Upwind

Specific Dissipation Rate Second Order Upwind

Transient Formulation Bounded Second Order Implicit

Tab. 5.2: Transient simulation settings.

The settings of spatial discretization correspond to the one described in the
chapter 3.3.2. Transient formulation is chosen as Non-Iterative Time Advance-
ment. This method is using no outer iterations which significantly reduces the com-
puting time. According to the reference [20] this scheme is denoted to be the fastest
by the means of convergence. By enabling the NITA scheme the pressure-velocity
coupling method Fractional Step can be picked. This method is less computati-
onally expensive compare to other choices. To achieve better numerical accuracy
after a series of time-steps the transient formulation is changed from first order to
bounded second order. The advantage over a standard second order formulation lies

in improved stability of solution [20] [19].

Time Discretization

In transient simulations the variable called time-step plays major role in solutions
accuracy and stability. Wrong choice of this variable can lead to solution divergence
or non-physical results. In order to successfully simulate turbulent structures the

general condition is raised as [19]:

CFL~1[] (5.1)

This recommendation cannot be applied on the whole domain due to the ap-

pearance of tiny cells near wall. Therefore, the application is limited to the region
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of larger vortices in the wake. The value of time-step can be now estimated by

employing the formula [19]:

(5.2)

Where At denotes the time-step size and Az represents the mesh element size.

Substituting the element size by the maximum cell size in refinement area around

the airfoil (0.005m) the first guess on the time-step is equal to:

At = 0.0003 3]

In order to save computation time the idea is to have the time-step as big as

possible. Due to this fact, time-step independence study is carried out. The results

are shown in following figures 5.4. Single values can be found in the table 5.3.

At |s] ‘ 0.01 0.001  0.0001 0.00001
a [+ 1.030 1.066 1.063 1.065
ca |+ 0.036 0.056 0.063  0.063
Cm || -0.015 -0.023 -0.022 -0.023
Difference

Ac %] | N/JA 35 0.3 0.3
Acy [%] | N/JA  56.0 12.8 0.7
Acp, %] | N/JA - 527 4.4 5.3

Tab. 5.3: Time-step independence study.

From the results is clearly seen that the case for the At of 0.0001 is sufficiently

independent. This value lies close to the predicted value in equation 5.2. One has to

also note that this was the biggest value of time-step where the second order transient

formulation could be applied. The time-step size also determines the spectrum of

turbulence modelled which is directly affecting the pressure drag in the wake. The

structure of before-mentioned cases are presented in the Appendix figure A.1.
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Fig. 5.4: Monitored variables of time-step independence independence study.

Convergence

Convergence of monitors was evaluated in separated file. Due to the transient set-
up also the monitors reported unsteady behaviour. In this case, the solution was
proclaimed as converged as soon as the monitors showed levelled repetitive pattern

in time history. An example of converged solution is presented in the picture 5.5.
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Fig. 5.5: Converged solution.

The desired value was obtained as an average over time-step:

S /cl<t>dt[—] (5.3)

T_tO to

Where t; indicates the initial flow-time of time-averaging and 7" represent the

final time-averaging flow-time. The flow-through time is establish as [24]:

2d  2-50
U, 14.607

Tj = — 6.8[s] (5.4)

Where d denotes the radius diameter. Usually, it took 1-2 flow-through times to
get converged solution. On higher angles of attack, the converged solution required
3-4 T't,. Together with the chosen low time-step the flow-through time indicates high

computational-time requirements.
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6 CASE RESULTS

In this section the results for various cases are presented together with the final
comparison. The goal on each case was to find maximum lift coefficient corresponding
to actual flap deflection. The flap thickness remains constant with its value of 1% of
chord. The rough step of 4deg between each AoA was chosen in order to minimize
computational time. Only in the last series of cases with the longest flap the step

was decreased to 2deg to obtain more accurate results.

6.1 Flow Analysis

Behaviour of the flow can be split into three typical phases which determine the
overall performance of the airfoil. The process of flow separation on high angles
of attack is visualized by the means of contours of mean X-velocity presented in

appendix B.

6.1.1 1° Phase

First regime is characteristic with deflected flap protruding into the mean flow. This
spoiler-like behaviour is also reflected in the lift and drag coefficient. The lift curve
is shifted to the right which is indicating the decrease of airfoil performance. In this
phase, also drag coefficient is rising. This deleterious phase is undesirable and should
be avoided. In the case of self-adapting flaps the flap should be pushed downward due
to the increased pressure on the upper side of the flap. This regime is demonstrated

in following figure 6.1:

6.1.2 2"! Phase

By next increasing of the angle of attack, the flap is preventing the recirculation
area from further spreading. This behaviour has feasible impact on the aerodynamic
characteristics. The lift coefficient is in this case reaching its maximum values. On
the other hand, drag coefficient tends to decrease. This is given by the non-disturbed
flow streamlines which are passing the flap in convenient manner. This is visualized
in the figure 6.2. This act agrees with the measured and modelled cases of other
authors who claimed that the best performance of the flap was spotted when the

flap was slightly touching separated shear layer [4].
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Fig. 6.1: Phase 1: Contours of mean X-velocity with the minimum value 0.0 in the
case I 80 20 40 14. Spoiler-like behaviour of the flap.

7

—

Fig. 6.2: Phase 2: Pathlines in the case ' 60 40 60 26.

Also, the drag reduction is also related to the leading edge vortex shedding which

is much more stabilized by the presence of the flap [6]. In the lift to drag ratio curve
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this phase is indicated by little bump in the curve which can be observed on all
cases in the appendix C. The strong lift coefficient increment is also related to the
enhanced moment coefficient magnitude which is also reaching higher values.

As can be observed in the figures 6.2 and 6.3 the swirl is generated in the valley
located upstream, near the intersection of the flap and the airfoil. The vortex is
also creating local low-pressure region which greatly improves the lift coefficient.
This behaviour is very similar to the corrugated surface case presented in reference
[1]. This rough surface with little valleys allows creating of small vortices which are
trapped inside. Although the authors cannot agreed on the principle behind this

phenomena the resulting lift increment is promising more future application.

Fig. 6.3: Clipped pressure distribution around the airfoil. Case F_60_ 40 60 _26.
Blue represents the area of decreased pressure whereas red indicates higher pressure

areas.

The increased pressure in the pocket, as observed in the figure 6.3, is forcing the
flap to be raised from its natural position. This implies the use of self-adjusting flaps
which according to distributed pressure along the flap length can set itself to the

appropriate position.

6.1.3 3" Phase

Further increment of the angle of attack results in decrease in the aerodynamic
performance. The magnitude of pressure and connected velocity decreases behind

the leading edge of the airfoil. The vortex region behind the flap grew in such a size
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that the flap can no longer prevent the recirculation region from spreading upstream.
The process is related to the overall degradation of aerodynamic characteristics: lift
coefficient decreases, moment coefficient also decreases and the drag is rising. Such

a case in demonstrated in the figure 6.4.

Fig. 6.4: Contours of mean X-velocity with the minimum value 0.0 in the case

F 80 20 40 26. Decrease of aerodynamic characteristics.

In this figure 6.4 the recirculation region has passed the flap and massively in-
creased its size. This behaviour is typical for the situation of stall of the clean wing

(clean airfoil).
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6.2 Results Comparison

The study began with the shortest flap located furthermost on the airfoil. To keep
the paper well-arranged only the lift curve is presented below. Moment curve, lift to

drag ratio together with the tabular data are shown in the Appendix C.

6.2.1 20% Flap Cases

The sections of the lift curve for the shortest flap are shown in the figure 6.5:

20
g =

0.8
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0,6 +—F_80_20_20
—e—F_80 20 40
04 —e—F_80_20_60
Q2
a0
0 2 4 ] 8 10 12 14 16 1% 20 22 24 28 28 30
AoA [ded]

Fig. 6.5: Lift curves of the F 80 20 cases.

At first glimpse it is clear that the most effective flap is the most deflected in
the terms of maximum lift coefficient. In the most deflected case the maximum lift
coefficient yields the value of 1.96 which is significant increase to the clean airfoil
configuration (max. value of 1.67) whereas the low deflected case shows decrease
of the maximum lift coefficient. The critical angle of attack is shifted towards the
higher values on the more deflected cases. The moment curve presented in the figure
C.2 shows massive increase of the moment coefficient which is clearly related to the
increase in the lift force. Drag to lift ratio curve as presented in the figure C.1 proves

the overall decrement of the ratio.
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6.2.2 30% Flap Cases

The next series of cases were focues on longer flap located further upstream. From
the graphs it can be seen that the longer flap produces higher lift increment. The case
with low-deflected flap is again not very effective. This can be addressed to the low
deflection of the flap and inability of holding up the spreading vortex. Expectably,
this case has the best lift to drag ratio from all three cases. The 70 30 40 case
shows drastic improvement in the terms of lift. Lift curve of this case is shifted
more to the right than the previous case of shorter flap. As in the first case, best
performance shows the most deflected case. The maximum lift coefficient obtained

from simulations is 2.06.
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Fig. 6.6: Lift curves of the F 70 30 cases.

6.2.3 40% Flap Cases

based on the facts noted in the chapter 2.1.2 the last studied series of cases with
longest flap promised superior performance. As in the first to cases, the low-deflected
flap shows weak performance. The only difference to the previous results is maximum
lift coefficient on two angles of attack separated by low value of ¢;. The quick look
on the velocity contours proves the flap functionality on 18deg of AoA. On higher
angles of attack the flow is completely separated. This is also visible on the lift
to drag ratio curve where the maximum is also located on the 18deg of AoA. The

behaviour on angles past the critical angle of attack is also very interesting for
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further study. Unfortunately, the method used for the purposes of presented study

is not well suited for such a application.

The more deflected case shows again drastic improvement in the lift coefficient.
The curve is no longer shifting to the right, the AoA related to the maximum lift
coefficient stays the same. The greatest maximum lift coefficient was obtained in the
most deflected case of 40% long flap. The value 2.41 was achieved on 28deg AoA.

Expectably, the maximum lift coefficient also yields maximum moment coefficient.

2.6
ql] =
24
2.2

20

Clean

0.8 +—F_60.40_20

—e—F_60_40_40
0.6

—e—F_60_40_60

0.4
0,2
0.0

Q i 4 & 8 10 12 14 16 18 20 22 24 26 28 30
ACA [deg]

Fig. 6.7: Lift curves of the F_60 40 cases.

6.3 Discussion

The before-presented results prove the initial guess. The longest studied flap opera-
ting at its biggest deflection also achieved biggest lift coefficient increment. This fin-
ding agrees with the experimental results presented in [3]. The comparison between
each case in terms of maximum lift is presented below in table 6.1. The percentage
difference is presented relatively to the maximum lift coefficient obtained from the

validation of the clean airfoil:
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Maximum lift coefficient ¢; .4

d [deg] 20% Flap 30% Flap 40% Flap
20 1.57 1.61 1.67
40 1.73 1.89 2.20
60 1.96 2.06 2.41
Difference
ACmea:vﬁQO [%] -5.8 -3.1 04
Aclimax740 [%] 3.7 13.4 32.3
ACI maz_ 60 [%] | 17.9 23.9 44.8

Tab. 6.1: Maximum lift coefficient comparison.

This table shows superior performance of high deflected flaps ranging from 18%
to 45% gain to the clean airfoil. In contrary, the low-deflected flaps show minor
decrement in lift coefficient. In all cases the critical angle of attack was strongly
increased reaching the value of 28deg in the F_ 60 40 60 case. Since the step be-
tween each AoA was too large to accurately predict the critical AoA the comparison
of various critical angles of attack is not present.

In the terms of drag with increasing lift, the drag is also rising rapidly. This is
due to the massive wake which is created on higher angles of attack and connected
increment in pressure drag. Since the moment coefficient is strictly related to the
lift coefficient the rapid increase in moment magnitude was expected. The values on

critical angles of attack are reaching the magnitude of 0.58.

6.4 Solution Evaluation & Accuracy

As mentioned before, the results must be very carefully evaluated. Due to URANS
inability to model wider range of turbulence it often results in over-prediction in
pressure. Therefore, it is possible for better numerical method or wind-tunnel ex-
periments to measure less pressure in the proximity of airfoil causing a decrement
in lift and drag force. In order to get more valid results the 3-dimensional domain
with a segment of flap and wing should be utilized together with more advanced
method such as LES or DES which allows to resolve and model wider spectrum of
turbulence.

The major issue arised during the simulation was the computational time. Usu-
ally, the convergence time and rate was good in situations related to 1°* phase (low

angles of attack) with low deflections of the flap. The problems arises on higher
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angles of attack. The convergence rate rapidly decreases after implementing second
order of transient formulation. Also the instability of residuals often forced the au-
thor to go for smaller value of under-relaxation factors which also slowed down the
convergence. In conclusion, it usually took 1-2 flow-through times to converge on
Phase 1 and 2 cases which equals up to 26 hours on 24-core cluster. The computati-
onal time was higher on Phase 3 cases which usually took around 2-4 flow-through
times to converge. These simulations reached up to 53 hours of computation on
24-core cluster.

Even though, the computational time was higher still the URANS method was
the one most applicable for the purposes of optimization of the airfoil equipped
with flap. By using this method one is able to get somewhat valid idea of the flow

behaviour and its effect on the aerodynamic characteristics.
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7 STRUCTURAL ANALYSIS

In order to acquire load distribution on flap in a simple manner the flap was modelled
as a straight and rigid. The idea behind self-adaptive movable flap is that it can set
itself to desired position. By the means of flap bending stiffness the deflection angle
can be adjusted to the desired optimal position. The case generating maximum lift
coefficient (F_ 60 40 60 _28) was chosen as a design point for flap bending stiffness.

7.1 Load Distribution

The post-proccessing of the results from case ' 60 40 60 28 was done. Through
the calculation, Data Sampling for Time Statistics was enabled allowing the software

to time-average desired variables. The total pressure is defined by Fluent as [19]:

po = ps + pa | Pal (7.1)

Where the py denotes the toal pressure, p, marks the static pressure and py
determines the dynamic pressure. From theory, the dynamic pressure on the wall
should be zero since the condition assigned to the wall is no-slip (with zero velocity
on this BC). This yields that the only acting pressure on the surface is the static
pressure. So, the next step is plotting the pressure distribution along the boundary
of the flap. The resulting load on the upper and lower side is presented in the figure

7.1. The pressure distribution was sampled on 200 points.

0,00E+00
J00E+ I, [m]

-5,00E+01 8 Lower

# Upper

-1,00E+02
-1,50E+02
-2 00E+02
5 i ﬁ
[]
-3.00E+02
-3,50E+02
-4,00E+02

p, [Pa] -4 50E+02

Fig. 7.1: Pressure distribution on the flap. Case F_60_ 40 60 28.
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From the graph 7.1 is clearly seen the lower pressure acting on the upper side of
the flap. This is also clear from the figure 6.3 which is showing the pressure distri-
bution in the flow field. The final load acting on the flap is generated by subtraction

values of upper and lower side.

7.2 Computational Model

The elastic flap is deflected by the operating pressure which causes big displacement
of the tip of the flap. This is demonstrated on the following picture 7.2:

Y

Fig. 7.2: Elastic flap parameters. Dashed line symbolized predicted deformed shape.

Where the w is the maximum displacement of the flap. Desired displacement as

measured in Catia software yields the value of :

Winoa = 0.344 [m)

As can be seen the expected displacement is going to be high. This fact excludes
the linear beam theory and connected analytical solution. Although there were de-
veloped closed-form method for establishing large displacements in these days the

user-friendly FEM software simulation is in many ways more convenient way [26].

7.3 Finite Element Method

In order to simulate such a non-linear case the ANSYS structural package was
utilized. This professional software is used in many engineering application often

with great success. Despite this, some sort of validation must be done.
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7.3.1 Validation

Since presented case is going to be modelled as 3D beam relevant validation case
was sought. The experimental and numerical study on cantilever beam presented in
the reference [27] was chosen. Here, simple cantilever beam is loaded by by external

concentrated load as shown in the following figure 7.3:

Fig. 7.3: Experimental set-up [27].

The paper presented measured data for various loading. Regarding studied case
only the displacement caused by greatest force was considered. Considering this

condition the maseaured displacement at the end of the beam is [27]:

Wyal exp = 0.281 [m]

The geometry of the experimental case was recreated using the ANSYS Modeler
using the simple line body with assigned cross-section. The material was assigned
so that the value of Elastic modulus is in accordance with the experiment data. The
line-body was meshed with 200 elements to account further research on elastic flap.
The load and fixed boundary condition was implemented to accurately represent
the experiment. Additionally, the analysis was set up to iterative non-linear regime
to properly simulate larger displacements. The resulting simulated displacement is

shown in the picture 7.4.
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Fig. 7.4: Displacement plot of validation case in Ansys mechanical.

The maximum deflection from the simulation was obtain as a:

Wyal_pum = 0.278 [m]

It is obvious that the results agreed very well. The relative error is about 1%

which indicate well validated case.

7.3.2 Structural Analysis of Elastic Flap

The structural analysis of elastic flap was performed in respect to the findings made
in previous chapter. The flap was modelled as a 3-dimensional beam with constant
quadrilateral cross-section which reflected the flap thickness. The beam was split to
200 bar elements to account the number of single loads together creating distributed
load. The loading resulting from the flap mass was due to its low value neglected.
Then, according to the results made in the chapter 7.1 list of loads was imported to

the FEM software. The meshed beam is shown in the appendix, in the figure D.1.

Series of simulations was run with variable of Elastic modulus to obtain optimal
displacement noted beforehand. After several iterations, the optimal Elastic modulus
E was found together with the moment of inertia I. The deformed shape is shown

in the figure 7.5 below:
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Fig. 7.5: Displacement plot of case study in Ansys mechanical.

The value of maximum displacement is:

w = 0.344 [m)]

The maximum value of bending stress was calculated as:

0, = 32.1[M Pa)

The product of moment of inertia and elastic modulus create a variable called

flexural rigidity or bending stiffness. In the case of elastic flap this value was
computed as [27]:

EI =2.685¢* [Nm”?]
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8 FINAL ASSESMENT

In this chapter the flow-field and aerodynamic performance changes, which arised
due to the deformed shape of the flap, are investigated. The coordinates of the
center-line were extracted from the Ansys Mechanical and imported to the graphical
software. The domain was re-meshed accordingly and the simulation was set in
accordance with the set upin F_ 60 40 60 28 case. The differencess are presented
in the table 8.1:

F_60 40 60 28 Case

Rigid Flap Elastic Flap
a [ 241 2.267
ca |- 0.642 0.615
Cm | -0.575 -0.512
Difference
Acy %] 6.0
Acy %] 4.2
Acy, %) 11.0

Tab. 8.1: Comparison of aerodynamic characteristics between rigid and elastic flap.

As can be seen by introducing deformed shape of the flap the values of all mo-

nitored variables decreased. The comparison in the terms of X-velocity contours is

presented below 8.1:

(a) Rigid flap. (b) Elastic flap.

Fig. 8.1: Contours of mean X-velocity with the minimum value 0.0 in the case
I~ 60_40_60_28.
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The pressure distribution on the flap also caused slight shift of the flap tip to the
left. From pictures above can be drawn that the flap is still in the phase 2. However,
in the rigid flap case the recirculating region is slowly running over the tip of the flap
causing the transition from the phase 2 to phase 3. This is not present in the case of
elastic flap due to the reason stated in first sentence of this paragraph. Hence, the
author presumes bigger lift coefficient on higher angle of attack. Due to time issues,
this was not simulated but this analysis proved the concept of the elastic flap and

its small influence of deformed shape to the aerodynamic characteristics.
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9 CONCLUDING REMARKS

In this paper research on aerodynamic characteristics of airfoil equipped with flap is
carried out. In the first chapters research history and the principle of movable flaps
is explained. It is followed by overview of remarks made by other authors which
was then used as a guideline for choosing characteristic cases. The paper continues
with detailed discussion on numerical method choice. In addition, the geometry and
mesh generation is briefly described. To verify the numerical method applicability
the verification and validation process is utilized. Based on previous findings series
of cases were set-up and resolved by using CFD software. In following chapter the
flow-field analysis is done together with evaluation of results. Afterwards, the case
producing highest lift force was used as an input to the structural analysis which
determined elastic flap shape. Finally, this modified shape undertook CFD analysis
and was compared to the previous performance of airfoil equipped with rigid flap.
The results presented above proves the concept of upper-surface flap. The simila-
rity between the proposed 'Reverse flow bags’ principle mentioned in the chapter 2.1
and numerical result is more than significant. As predicted, the longest flap achie-
ved highest lift coefficient. The maximum lift coefficient was obtained for the case

of elastic flap, 40% long, at 28deg of angles of attack as:

climaac = 23 [—]

The interesting question would be regarding the bigger flap deflection and bigger
length. Remarks from wind tunnel tests implie that the bigger deflection on self-
adaptive flaps is causing the flap to tip over in the forward direction [3]. That was
main reason for the studied range of deflections in presented study. Also, using longer
flaps than presented is questionable. Even though it promises higher lift coefficient
increment the flaps rigidity must be also taken into account. The vortex which is
being shed from the leading edge on high angles of attack is creating time-dependent
oscillation in the flow field. This causes the variable load distribution on the flap
and connected fluttering of the flap. This case does not have to be deleterious and
can result into even better aerodynamic performance as presented in the reference
[6].

Another interesting question would be about the number of used flaps. The refe-
rence [6] reported superior aerodynamic performance by using three successive flexi-
ble flaps. Since the number of cases rapidly rises when considering more flaps such a
case was not discussed or studied in presented paper. Author implies of use similar
computational method in order to evaluate the effect of multi-flap application.

Regarding the solution method used URANS method showed good performance.

Despite its longer computation times for the optimization purposes this method
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was appropriate choice. The use of velocity-inlet boundary condition as a flow inlet
and outlet proved to be reasonable. The flow-field did not showed any non-physical
behaviour and the solution was able to converge. This proved the velocity-inlet BC
applicability in low-speed non-compressible cases. Since the turbulence phenomena
shows 3-dimensional behaviour the author implies the use of segment of the wing
equipped with flap for further analysis. The computational method should be on the
level of scale resolving simulations such as LES or DES in order to properly capture
the flow-field [12]. The top analysis would be the implementing of fluid-structure
interaction. This module which is accessible for example in Ansys package allows
to use coupled computation of both FEM and CFD. This high computational-cost
method would enable to resolve the interaction between the flexible flap and air in
time. By this process the flow behaviour could be described in detail and the flap

further optimized in order to have practical usage.
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A MESH INDEPENDENCE STUDY

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Cell count (quads) |-] 26 384 26384 77644 134 284
Cell count (tri) |-] 34644 178 254 299 008 925 586
Cell count [-] 61 028 204 638 376 652 1 059 870
Domain radius [m)] 20 20 30 40

Max. element size (global) [m] 1 1 1 1

Max. element size (density box) [m| | N/A 0,005 0,005 0,0025
Max. element size (wall) [m] 0,003 0,003 0,002 0,001
Growth ratio [ 1,3 1,3 1,05 1,025
Min. quality |-] 0,29 0,46 0,52 0,46

Min. skew |-] 0,31 0,43 0,43 0,43

Tab. A.1: MIS general inputs.

Mesh 1 Mesh 2
AoA [deg] | -] call  emll | all call  cmll
10 1,4224 0,0228 -0,0753 | 1,4153 0,0225 -0,0739
12 1,56673 10,0284 -0,0696 | 1,5553 0,0280 -0,0677
14 1,6625 0,0376 -0,0628 | 1,6490 0,0372 -0,0608
16 1,7008 0,0547 -0,06072 | 1,6920 0,0555 -0,0589
Mesh 3 Mesh 4
AoA [deg] | a -] call  eml | all call  cm [
10 1,4097 10,0232 -0,0729 | 1,4089 0,0223 -0,0727
12 1,56485 10,0278 -0,0665 | 1,5487 0,0275 -0,0664
14 1,6413 0,0369 -0,0597 | 1,6436 0,0368 -0,0599
16 1,6655 0,0532 -0,0532 | N/A N/A N/A

Tab. A.2: Mesh Independence study: variables values.
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NASA

AoA [deg] -] | AoA [deg] en ] | @

ca -]

8,03
-6,00
4,07
2,07
0,01
2,02
4,02
6,05
10,07
13,02
14,16
15,01
15,53
16,09
17,03
18,01
19,09

0,52
0,31
0,07
0,17
0,42
0,64
0,87
1,10
1,46
1,65
1,69
1,71
1,51
1,42
1,36
1,33
1,31

8,24
6,23
4,23
22,26
0,18
1,85
3,82
5,89
9,78
12,78
13,91
14,75
15,31
15,85
16,81
17,86
18,92

-0,064
-0,070
0,078
-0,086
-0,087
-0,089
-0,089
-0,090
-0,081
0,067
-0,065
0,062
-0,065
-0,091
-0,101
0,105
0,107

0,53
0,31
0,08
0,17
0,41
0,64
0,36
1,10
1,46
1,64
1,68
1,71

0,016
0,013
0,009
0,009
0,010
0,011
0,011
0,013
0,017
0,024
0,029
0,034

Tab. A.3: Digitalized data from the reference [17].
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FLUENT

AoA [deg] ol el emlH
5 -0,1997 0,0133 -0,0691
4 -0,0820 0,0130 -0,0710
3 0,0359 0,0128 -0,0729
2 0,1536  0,0127 -0,0746
-1 0,2707 0,0127 -0,0761
0 0,3867 0,0129 -0,0775
1 0,5019 0,0131 -0,0786
P 0,6154 0,0135 -0,0795
3 0,7271 0,0140 -0,0802
4 0,8364 0,0146 -0,0805
5 0,0432 0,0154 -0,0805
6 1,0466 0,0163 -0,0800
7 1,1459 0,0174 -0,0791
8 1,2402  0,0187 -0,0776
9 1,3287 0,0204 -0,0756
10 1,4102  0,0223 -0,0729
11 1,4836  0,0247 -0,0698
12 1,5477  0,0278 -0,0664
13 1,6009 0,0318 -0,0629
14 1,6407 0,0369 -0,0596
15 1,6656 0,0437 -0,0568
16 1,6649 0,0531 -0,0552

Tab. A.4: Simulation output data for validation.
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(a) At =0.01. (b) At = 0.001.

(¢) At = 0.0001. (d) At = 0.00001.

Fig. A.1: Contours of turbulence intensity on different At.
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B FLOW ANALYSIS

(a) Phase 1 on 22deg of AoA. (b) Phase 1-2 on 24deg of AoA.

(c) Phase 2 on 26deg of AoA. (d) Phase 2-3 on 28deg of AoA.

(e) Phase 3 on 30deg of AoA.

Fig. B.1: Contours of mean X-velocity with the minimum value 0.0 in the case
F 60 40 60.
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C CASE RESULTS

C.1 F 80 20 Case

70.0
cic; [

60,0
50,0
40,0

30,0

Clean
\ —e—F_80_20_20
20,0 N

v '\ —e—F_80_20_40
—e—F_80_20_60

10,0

0.0
a 2 4 ] 8 10 12 14 16 18 20 22 24 28 28 30

AcA [deg]

Fig. C.1: Lift to drag ratio curves of the F_ 80 20 cases.
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Fig. C.2: Moment curves of the ' 80 20 cases.
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F_80 20 20

AoA [deg] | e [-] cal-] em -] afcal
10 1.07 0.057 -0.023 18.6
14 1.57  0.057 -0.050 27.5
18 1.36  0.118 -0.082 11.5

F_80 20 40

AoA [deg] | e [] cal-] em -] a/cal
10 0.57 0.182 0.004 3.1
14 112 0.178 -0.004 6.3
18 1.56  0.096 -0.009 16.3
22 1.73  0.345 -0.260 5.0
26 1.71 0562 -0.322 3.0

F_80 20 60

AoA [deg] | e [-] cal] em -] afcal
18 139 0.232 -0.062 6.0
22 1.73  0.315 -0.225 5.5
26 1.96 0.633 -0.408 3.1
30 1.76  0.793 -0.407 2.2

Tab. C.1: Data of F_80 20 case.
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C.2 F 70 30 Case
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Fig. C.3: Lift to drag ratio curves of the I 70 30 cases.
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Fig. C.4: Moment curves of the ' 70 30 cases.
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F_70 30 20

AoA [deg] | e [-] cal-] em -] afcal
14 136 0.096 -0.031 14.1
18 152 0.101 -0.088 15.1
22 1.61 0.343 -0.232 4.7
26 145 0.565 -0.261 2.6

F_70 30 40

AoA [deg] | e [l calFl  cm -] a/cal
18 1.27 0.254 -0.027 5.0
22 173 0.302 -0.255 5.7
26 1.89  0.649 -0.423 2.9
30 144 0727 -0.314 2.0

F_70 30 60

AoA [deg] | e [-] cal] em -] afcal
22 1.78  0.307 -0.246 5.8
26 2.06 0.372 -0.418 5.6
30 143 0599 -0.294 2.4

Tab. C.2: Data of F_ 70 30 case.
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C.3 F 60 40 Case
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Fig. C.5: Lift to drag ratio curves of the I 60 40 cases.
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Fig. C.6: Moment curves of the ' 60 40 cases.
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F_60_ 40 20

AoA [deg] | i -] ca -] em [l afeal]
14 1.21 0142 -0.031 8.5
18 1.67  0.130 -0.059 12.9
20 138 0.189 -0.137 7.3
22 1.67 0310 -0.234 5.4

F_60_ 40 40

AoA [deg] | &t -] ca -l em [l afeal]
18 0.97 0.378 -0.020 2.6
22 178 0.269 -0.231 6.6
24 1.98 0.423 -0.369 4.7
26 220 0.664 -0.520 3.3
28 1.97 0.693 -0.472 2.8
30 155 0.742 -0.369 2.1

F_60_ 40 60

AoA [deg] | i -] ca -] em [l afeal]
22 1.00  0.707 -0.098 1.4
24 .33 0.695 -0.164 1.9
26 2.32 0.511 -0.493 4.5
28 241 0.642 -0.575 3.8
30 2,06 0.637 -0.499 3.2

Tab. C.3: Data of F_ 60 40 case.
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STRUCTURAL ANALYSIS

]

0.000 4500 9,000 (mm)
] |
2.250 6,750

Fig. D.1: Meshed beam representing the flap in structural analysis.
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