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Summary

For this thesis, a new load alleviation technique is investigated called a mini-tab. These
small devices are placed at the upper surface of a wing to reduce the lift generated. A series
of Reynolds-Averaged Navier-Stokes (RANS) simulations were performed to examine how
the most important geometrical properties affect the performance of the mini-tab in allevi-
ating the load on the wing. The first set of simulations was performed only with 1 mini-tab
placed on the wing and was parameterized in height, aspect ratio, chordwise position and
spanwise position. The results have shown that by introducing the mini-tabs the aerody-
namics around the wing change significantly and that it is a viable method to reduce the
forces acting on a wing. It is observed that increasing the height and aspect ratio decreases
the lift generated significantly. The reason for this reduction in the lift is the deceleration
of the flow at the leading edge which increases the pressure at the upper surface. Down-
stream of the mini-tab, a larger wake is observed too with an increase of the aspect ratio
and height of the mini-tab. This increases the region of separated flow and decreases the
lift and increases the pressure drag.

An increase of the chordwise position decreases the lift generated by the wing but this does
have diminishing results. When the mini-tab is placed around 60 percent of the chordwise
position the maximum lift reduction is observed. It also shows that for an increase of the
spanwise position the lift is also reduced which when looking at the trend has the same
effect as an increase the height. The second set of simulations was performed with multiple
mini-tabs. It is observed that placing the mini-tabs orthogonal to the wind direction may
not be the most sufficient way since this will create gaps between them. If the mini-tabs
were orientated however with the 20 percent chord line a much lower lift was perceived
indicating an increase in the performance of the mini-tabs. !

197779 words total
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Introduction

2.1. Relevance of the Project

Aircrafts experience a variety of aerodynamic loads during their flight operation. These
aerodynamic loads can range from impulsive loads to maneuvers that the aircraft needs to
perform. These loads can add considerable stress on the aircraft increasing the risks of de-
formation and fatigue failure. To mitigate these loads multiple techniques are used. These
load alleviation techniques are used to reduce not only the magnitude of the loads but also
the fluctuations of the loads [12].

The current load alleviation techniques that are used on aircrafts are mostly passive de-
vices [15]. These devices reduce the load by inducing wash-out and/or by reducing flow
separation. These techniques are however as stated passive. The consequence of this is
that these devices are often only effective for specific conditions that they are designed for.
Active load alleviation techniques are also used ([17]) which utilize the aircraft control sur-
faces. The downside of using these control surfaces is their limited effectiveness for loads
that are defined by high frequencies. This limitation arises due to the considerable inertia
and mass of the control surfaces, which makes it difficult to move fast enough to counter-
act these loads [5, 8].

In recent years a new technique has emerged that uses mechanical devices called mini-
tabs. Studies [5] have shown that these small devices can change the lift produced by the
wings. These devices are usually mounted at the upper surface of a wing and proved to
be effective in reducing the lift. Experimental studies ([4]) have shown that the chord-wise
placement of these devices are an important factor in reducing the lift of a wing.

As these studies have shown that these new devices can be very beneficial by reducing the
lift and in extension the loads on the wings. It also shows that the effectiveness of these
mini-tabs are influenced greatly by the geometrical factors of the mini-tabs. To optimize
these mini-tabs the shape needs to be carefully studied. In this thesis, various geometric
factors of the mini-tabs, such as height, aspect ratio, chordwise position, and spanwise po-
sition will be varied to investigate the performance of the mini-tab.
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2.2, State of the art aerodynamic control systems

As explained in the introduction aircraft encounter a variety of high aerodynamic loads.
These high loads can occur for example because of turbulent wind forces and when an air-
craft manoeuvres. While these aerodynamic loads are not typical they do dictate often the
structural design of an airplane and in extent the weight of the aircraft. Current strategies to
mitigate these higher loads are used with the ailerons and flaps of the aircraft and are only
used in high speed and low angle of attack. They are not used in high-lift configurations.

In this chapter, various control devices such as mini-tabs, vortex generators, ailerons, flaps
and gurney flaps will be discussed and examined to understand their impact on aircraft
performance. While the focus of this thesis is on the mini-tabs and their impact on the lift
and drag coefficient, understanding how different devices change the aerodynamic prop-
erties around an aircraft may provide valuable insight.

2.2.1 Flaps and ailerons

Currently, to mitigate aerodynamic loads, aircrafts rely on flaps and ailerons. These de-
vices alter the wing’s lift distribution to reduce aerodynamic loads. However, a significant
drawback is their large size, weight, and high inertia. When it comes to countering high-
frequency loads, moving the ailerons and flaps quickly becomes challenging [5, 8].

Recent advancements have produced faster and stronger actuators capable of quicker re-
sponses ([3]). Nonetheless, this comes with a trade-off: it often necessitates advanced sen-
sors and new control algorithms to maintain aircraft stability. These additional require-
ments contribute to increased weight and complexity, ultimately diminishing the overall
effectiveness of this technique.

2.2.2 Vortex generators

Another technique employed that changes the aerodynamics around a wing is the use of
vortex generators. A boundary layer loses energy because of the friction inside the fluid.
This loss in energy can lead to flow separation which is not preferred. A vortex generator
utilizes the free stream fluid above the boundary layer to delay flow separation by creating
vortices that energize the slow-moving boundary layer. As a result, the flow gains more
momentum, leading to a delay in flow separation. An example of these devices can be seen
in Fig.1:

Figure 1: Vortex generators used on the B737-800 [11]
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There has been some extensive research on vortex generators. One of them is from John
C. Lin [9]. This article shows the results of different vortex generator designs and their ef-
fectiveness in reducing the separation region. Some of the devices that are tested are the
counter-rotating, co-rotating, wishbone and doublet devices (Fig. 2). The way that these
systems create vortices differs but the underlying reason is the same. To create strong vor-
tices to delay flow separation by creating a high-pressure and low-pressure region. The ef-
fectiveness of these vortex generators was compared against each other by observing how
much the vortex generators reduced the separated region.

it 81
hﬂ%/" hp[J—
Flow —> zfg gg Vane-type VGs
Counter-rotating Co-rotating

Flow —» zih th
/ﬁ Q?ﬁq

fe f—e — Wheeler VGs
Wishbone Doublet

Figure 2: Most common vortex generators (John C. Lin [9])

[ Region of reduction in
reattachment distance

W Region of separation delay

90} n

% Reduction in
Separation Region

Figure 3: Results of the different type vortex generators used (John C. Lin [9])

The results indicate that vane-type vortex generators are more effective in delaying flow
separation than any other vortex generator, while also producing lower drag. It also demon-
strates that the smaller sub-scale vane-type vortex generator is more efficient than the con-
ventional vane-type vortex generator in reducing the separated region. This can shift the
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focus of newly designed vortex generators towards vane-type sub-scale vortex generators
since these are the most effective ones.

2.2.3 Conventional and sub-scale vortex generators

The most effective vortex generators are the vane-type ones. There are however two differ-
ent kinds of vane-type generators namely conventional with a height of 0.8 - 1.5 times the
boundary layer and sub-scale vortex generators with a height of typically just 20 % of the
boundary layer. These devices are completely "submerged" in the boundary layer. From
Fig.3 it can be observed that these small devices have the same effectiveness as the conven-
tional ones. The reason behind this observation is that in the 20 % of the boundary layer
thickness the velocity is equal to around 80 % of the free-stream velocity. The vortices cre-
ated will be because of this phenomenon equal to the conventional vortex generator. This
shows that a larger vortex generator may not be beneficial as this will create higher drag
and also introduce more 3D effects. This is shown in figures 4 to 6.

Baseline reattachment
Baseline separation ;

Figure 5: Conventional vortex generators (John C. Lin [9])
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Figure 6: sub-scale vortex generator (John C. Lin [9])

Figure 4 shows the experiment without any vortex generators. The separation line and reat-
tachment can be observed from this figure.Fig.5 shows the results after using the conven-
tional vortex generators. The separated region is indeed strongly reduced but some strong
3d effects can be observed. This is probably because the vortex generators also create a
strong re-circulation zone. This indicates that the vortices created may be too strong.

Figure 6 shows the result from the sub-scale vortex generators. It can be seen that not only
is the separated region reduced when compared to the baseline without any vortex gener-
ators but there are also no re-circulation zones present by creating too strong vortices. This
shows that these devices perform better when compared to the conventional ones.

To demonstrate the 3d effects multiple pressure distribution slices are made at a certain
spanwise distance from the middle of the vortex generators. The results can be seen in
figures 7 and 8:

Generators \ (top view)

%Z
0.5 7y Flow=>_-__1_ centerline
0.4 gﬁn-‘/—ldeal A_Z-/i-v. Spanwise
o3l gB 2 \©|ocations
. 5 for pressure
02| o orifices

— Baseline
© Measurements along A
o Measurements along B
© 0o | o Measurements along C

0.1+

-0.1

0.2+
03f 2y
Py
0.4 '«]:\— Location of Generators
0.5 L) 1 L | |
"5 0 5 10 15 20

X/8

Figure 7: Pressure distributions of the conventional vortex generators (John C.
Lin [9])
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Figure 8: Pressure distributions of the sub-scale vortex generators (John C. Lin

El))

Figure 7 shows the pressure distributions of the conventional vortex generator. A, B and
C are slices with a different span-wise position. It shows that the flow recovers to the ideal
case much quicker when compared to the baseline but it also shows the differences in pres-
sure at these 3 slices. This shows that these devices create strong 3D effects and the vortices
created may be too strong.

Figure 8 shows the pressure distributions of the sub-scale vortex generator. The pressure
distributions are closer to each other at the different slices which explains the difference
with the conventional device. It shows that the sub-scale devices create little to no 3D ef-
fects while still recovering much quicker to the ideal case.

A study from Neil Titchener et all. ([16]) shows that an important parameter for designing
an vortex generator is the distance between the vortex generators. If the distance is too
small the vortices created by the devices may interact with each other negatively. This is
shown inFig.9. It shows the pressure contours and the vortices created by the vortex gener-
ators. It indicates that when the vortex generators are too close to each other the counter-
rotating vortices will cancel each other out mostly. It is also suggested that the height of the
vortex generator determines mostly how strong the vortices are and in extent the spacing
between the devices.

thickening in the upwash
thinning in the downwash

Figure 9: Pressure contours of 2 vortex generators (Neil Titchener et all. [16])
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The problem with these devices is that because they are passive they only work for specific
flight conditions that they are designed for and may even impact the flow negatively out-
side these flight conditions. A new technique needs to be developed to make these vortex
generators active, enhancing their effectiveness across a wider range of an aircraft’s flight
conditions.

2.2.4 Gurney flap

A device that is also used to change the lift generated by the wings are Gurney flaps ([19]).
These flaps are usually put at the lower side of a wing. This device works by creating a pair
of counter-rotating vortices behind it. This will displace the Kutta condition and accelerate
the flow at the upper side of the wing. While this increases the lift produced by the wing, it
also results in increased drag and often adds weight, leading to lower performance.

2.2.5 Mini-tab

The main techniques that are used nowadays are the use of flaps and ailerons, vortex gen-
erators and Gurney flaps. The question now arises if there is a device that is small and
lightweight so that it can work with high-frequency changes, can be put on a wing without
too much difficulty and can be made active so that it will work in different flight regimes
and conditions. From this question, new researches have begun in the last few years into
mini-tabs. These mechanical devices work like the Gurney flap in the sense that they cre-
ate a vortex behind it to change the lift distribution. The difference is that the mini-tabs are
placed at the upper side of the wing.

Insights into the design of mini-tabs have been gained through research. The research from
Heathcote et al. [4] performed experiments on a NACA 0012 airfoil with mini-tabs. They
researched what effect the chord-wise placement of the mini-tabs and length of the mini-
tabs have on the lift reduction. This not only provides a valuable starting point in validating
the obtained results but also gives some insights into how these geometrical factors change
the flow of the airfoil. A few things can be observed from the experiments.

The first thing that can be observed from figure ?? is the further the mini-tab is placed from
the leading edge the higher the lift reduction. The second thing that can be seen from the
results is that for the mini-tab with a height of 4% of the chord length, the maximum lift
reduction is when the mini-tab is placed at around 60% of the chord length.

The results also show that the lift reduction is fairly linear when compared to the angle of
attack. For the mini-tab with a height of 2% of the chord length, the lift reduction reduces
almost linear for low angle of attacks. For the mini-tabs with height 4% of the chord length
it actually shows that when the mini-tabs are placed at 60% of the chord length or more the
lift increases almost linear even for high angle of attacks. This is beneficial when designing
the mini-tabs. Because of this linearity, it would be easier to predict the lift reduction when
designing the control algorithms of the mini-tabs.
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Figure 10: Lift of the NACA0012 for different mini-tabs heights and chord-length placements of the
mini-tabs (Heathcote et al. [4])

2.3. Research Question(s)

A new active device is theorized that combines the vortex generator and mini-tab. This de-
vice is called an Active Switchable Vortex Generator (ASVG). A novel conceptual design is
made and illustrated in Fig.11. An ASVG can switch between functioning as a vortex gen-
erator to delay flow separation during low-speed, high-angle-of-attack flight regimes, and
as a mini-tab to induce flow separation for reducing the lift coefficient during high-speed,
low-angle-of-attack flight regimes when required. It has also the ability to be switched off
to reduce its impact on the lift distribution and reduce the drag it develops. This is simply
done by aligning the device with the main airflow. To work like a spoiler/mini-tab the de-
vice needs to be rotated 90° (figure 11A) with respect to the main flow and to work like a
vortex generator the ASVG needs to be rotated between 0 ° and 90° (figure 11B). A device as
such can be switched quickly to mitigate any high-frequency loads and work in a variety of
flight conditions.

Spoiler configuration

P et N -
s

(A) rwes T _—
Vo' £ B =
~j == War 1]
o Vortex generator
"5 t* e S
‘ s (8] o =
(_/hhnlmlbdl ‘V
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Figure 11: Conceptual design of an active switchable vortex generator: (A) Mini-tab configuration in
cruise conditions; (B) Vortex generator configuration in high-lift configuration; (C) Off-state to minimize
impact on flow around aircraft [10]

To pave the way into the designing of the ASVG, this thesis will begin with the first step:
the mini-tab. This will deepen the understanding of the workings of a mini-tab and lay the
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foundation for future research into the ASVG’s. Most literature found on mini-tabs are of-
ten performed under simplifying assumptions, such as low-speed flight regimes. There is
some experimental work done on 3D cases but not on full-scale aircraft wings. This leaves
a prominent research gap that creates a need for a more comprehensive research

Because of this, the thesis consists of the following main research question:

1. The first research question is how the geometrical factors change the effectiveness of
the mini-tab in high speed and low angle of attack flight regime by performing CFD
analysis

(@) What are the key performance metrics or parameters to assess the effectiveness
of mini-tab in these flight conditions and how do they vary with different geo-
metrical configurations

(b) How do changes in the mini-tab’s geometrical factors influence the flow charac-
teristics and aerodynamic behavior of the aircraft?
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Theoretical Framework of Computational
Fluid Dynamics

In this chapter, the underlying equations governing fluid motion and key mesh criteria will
be discussed next. The discussion begins with what is called the closure problem. Before
going into this, it is however necessary to understand the Navier-Stokes equations which
describe the motion of fluids.

3.1. RANS equations and closure problem

Equation 1 is the continuity equation and Eq. 2 is the momentum equation. Solving these
equations directly (e.g. by DNS) however, would demand a significant allocation of compu-
tational resources. Multiple solutions are available for this problem. A common solution is
the Reynolds-Averaged-Navier-Stokes model. This solution solves the Navier-Stokes equa-
tion by recognizing that the flow variables can be split into two parts. The first part is the
average of the flow variable and the second one is the fluctuating part around the average.
This is also called the Reynolds decomposition. The next equations will demonstrate how
this is implemented.

6—p+V( u)=0 (1)
ot pur=

dpu —_— —

s +Vpuu)+Vp=pf +Vt 2)

First, the velocity is split into two parts as discussed previously:

ui(x, 1) =ux) + u/(x, 1) 3)

t+T
Uux) = —f u(x, )dt 4)
T J:

The term u(x) is the time average of the velocity and u (x, 1) equals the fluctuating part.
Equation 5 takes the average of u(x) which is equal to itself.
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_ 1 t+T
Ux) = —f ux)dt=1u 5)
T J:

When considering the average of u (x, 1) the integral in Eq. 6 is evaluated. The sum in
the integral is obtained from Eq. 3. Looking at the first term of the integral results in u(x)
and the second term results in u(x) which from Eq. 5 equals to wu.

_ 1 t+T —
u(x,t) = ?f [wi(x,t) —ux)]dt =u(x)—u(x) =0 (6)
t

This way only the average of the flow properties have to be calculated without the need
for the fluctuating part. If this is now implemented into Eq. 1 the following expressions are
obtained:

% +V(p+p)u+u)=0 7)
%\ v@u+ 7 =0 ®
ar

Equation 8 is obtained when the Reynolds-average is calculated from Eq. 7. After per-

forming the Reynolds averaging, certain terms emerge, for example, p'u. This term how-
ever equals zero since the average of the fluctuating parts is zero and has no correlation

with the mean flow variables. The last term p’u however is not equal to zero since the fluc-
tuating parts of the flow variables are correlated. This opposes a problem because now an
additional equation needs to be solved. To solve this problem Eq. 3 needs to be changed.
A different kind of averaging needs to be performed. Instead of just time averaging, the
equations can also be mass-averaged. This is also called Favre-averaging. This is done in
the following way:

_ t+T W
u(x)=§? ) p(x, Hu(x, t)dt=? 9)
5 ou
ux) = — (10)
o
pii=pu (11)
pi=pu+pu (12)

Equation 10 is the mass average of the instantaneous velocity. Eq. 12 is obtained by
expanding Eq. 11 utilizing the Reynolds decomposition and Reynolds-averaging. When
Eq. 12 is put into Eq. 8, the following equations are obtained:
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dp Y T
E+V((pu—pu)+pu):0 (13)

% +V(pit) =0 (14)
—_— u) =
ar TP

Equation 14 is the final equation and by using the Favre-averaging technique the corre-
lation between the fluctuating flow variables is lost and no extra equations are required to
solve this equation now.

For the momentum Eq. 2 the same techniques are being used. For convenience, the
external force is dropped. When using the Favre-averaging, Reynolds decomposition and
Reynolds-averaging the following equation is obtained:

oo 00l - 0Tii—pu,u’)
pu (ot ]):—a—p+—” S (15)
ot ax]' 0x; ax]'

The variable 7;; is the stress tensor that defines the strain rate at a certain point in the
flow. It can be split into two parts where one part is symmetric and the other part asymmet-
ric. The symmetric part is called the strain tensor which calculates the velocity gradients at
a certain point in the velocity field. The asymmetric part is called the vorticity tensor.

In equation 15 the term pu'l.' u'j’ requires modelling to be solved properly. This is due to

the complex correlations of the fluctuating velocity components, represented by u'l.' and u’]’
These correlations are difficult to determine directly due to the chaotic and unpredictable
nature of turbulent flows. There are multiple ways to solve this turbulence problem. The
most common ones are the eddy viscosity models and Reynolds stress models. There exist
multiple eddy viscosity models which differ in how many transport equations they use.
The most common ones are the Spalart-Allmaras, k — € and k —w models. The similarity
between these models is that they all are based on the Boussinesq hypothesis which states
that the turbulent stresses are related to the shear stresses and that a turbulent viscosity vr
connects these terms. The following equations are used:

— 2
pul.uj:ZVTSij—§6ijk (16)
Sij= ! (67,—+6u_j) (17)
S ax]- 0x;
1 ! !
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Equation 17 calculates the mean strain tensor, denoted as S;;. The components of the
strain tensor are computed by summing the spatial derivative of the mean velocity com-
ponent u; with respect to x; and the spatial derivative of the mean velocity component u;
with respect to x;.

Equation 18 defines the turbulent kinetic energy, denoted as k. It is calculated by squar-
ing the fluctuating velocity component u; 6j is called the Kronecker delta which equals
one when i = j and otherwise zero. The final step in this process is to model the eddy tur-
bulent viscosity vr. The upcoming chapter will explain how the different models achieve
this.

3.2. Different solutions for closure problem
3.2.1 Spalart-Allmaras model

The Spalart-Allmeras (S-A) model solves the eddy viscosity by introducing a transport Eq.
19 [14]. It uses one transport equation and therefore is categorized as a one-equation tur-
bulence model. The Spalart Allmaras is a popular turbulence for a few reasons. The first
reason is that less computational power is needed since there is just one turbulence vari-
able to solve. Not only does this reduce the time necessary to solve the simulations but also
decreases the amount of memory needed.

There are however some limitations. The first disadvantage is the use of only one tur-
bulence variable. While using one variable utilizes less memory and computational power
it does however have difficulty simulating separated flow. It under-predicts flow separa-
tion and one should be careful when using this model in such situations. The equation
governing the modeling of eddy turbulent viscosity is illustrated by Eq. 19.

ov 0V 5 ¢ V)2
—+Uja—xj:Cb1(1—fr2)5V— Cwlfw_ﬂftz] (3) +

ot k2 0x;j 0x; 0x;
(19)
3 ~
- X v
vT = pV = - —
=PV fn X3+013,1 X v
1
= v X L+ |°
§=Q+—— =]1-—— =
kzdgfvz fo2 1+ 1 fon fw=8 g6+Cg}3
g= T+Cw2(r6—r) r= —S.klzjdz ft2 = Ct3e—ct4)(2 (20)
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Constant | Value
Ch1 0.1335
o} 2/3
Ch2 0.622
k 0.41
Cuw2 0.3
Cw3 2

Cy1 7.1

Ct3 1.2

Cta 0.5

Table 1: Spalart-Allmeras constants

3.2.2 k-—emodel

The second model is the k —e model. It is a 2-equation model meaning that it uses two
variables to close the turbulence closure problem. It uses a variable that models the tur-
bulent kinetic energy (k) and a variable that solves the turbulent dissipation rate (¢) [6]. It
is a reliable model to use for flows that are characterized as free-shear and when there are
low-pressure gradients.

Like the S-A model, it has some limitations that should be considered. The most im-
portant one is its inaccuracy in modeling the flow if strong adverse pressure gradients are
present.

dpk) d(puik) 0 ( ut) ok
+ =— +—|z—|+Prx+Pp—pe+S 21
ot 0x; 0x;j H o) 0x; kT Ep= PET Ok 1)
0pe) | Ofpuic) _ 0. ( +ﬂ)ﬁ Gy (Pot CaPy) - Cape 8 22)
or | ox;  ox; |\ ol axy | T M eT iR T Repn e
k3/2 k2 3
_ 3/4 _ _ 2
6'—ClJ T ,Ltt—C”p? k—g(ul)
u, ! 1 12 12 12 2 2 2 2
l:; u = g(ux +uy +uz): §k u=./ug+ujy+u; (23)
Constant | Value
G 1.44
C 1.92
Cy 0.09
Wi 1
We 1.3

Table 2: k — € constants
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3.2.3 k-wmodel

The third model is the k — w model. It is a versatile and robust model that is widely used in
the industry. Like the k — e model it solves two variables to solve the closure problem [7].
This improves the accuracy but also demands greater memory and computer power. It also
resolves the boundary layer adequately even in strong adverse pressure gradients. It does
however tend to overpredict the shear flow inside the boundary layer and because of this
under-predict flow separation.

d(pk) 0(pujk) 9 ( pk) ok

=p- k+— Bl= 24
ot | ox; LA el | L e &4

dpw)  d(pujw) yo 9 ( pk) 0w | poa 0k 0w
Zp- — Pda2 2 (25
TR Fa s LU P | CAS s ol Rvar ro rol )

ou; ou; 0u;j 20w ) ok
P=t;i—" —*5; kb ; == s
Tl]ax]' NT(ax] ox; 30 P ij| — 3PKOij HT ” (26)

Table 3 are the model constants and Eq. 27 is the auxiliary functions:

Constant | Value
O 0.6
Ow 0.5

y 13/25
Ciim 718

p bo fp
B* 0.09
Bo 0.0708

Table 3: k — w constants

1+85y, QiijkSki
fﬁ:— w = —3
1+100y (B*w)
. 10u,, 1 (0u; Guj)
Ski=Ski—=———96 Qii==—|—- 27
ki ki 2 0%, ki ij 2(0)6]' ox; 27)

3.2.4 Selection of turbulence model for mini-tab simulation

Experiments from Heathcote et al. [4] showed that the flow behind the mini-tabs is sepa-
rated. The model that will be used for further simulations needs to accurately and reliably
simulate the separated flow. From the properties mentioned for the different models in
previous chapters, it becomes clear that the k —w model will be the appropriate one to use.
It can handle adverse pressure gradients better then the other models and should simulate
the anticipated separated flow more accurately.
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Nevertheless, all turbulence models will be tested first to ensure the most appropriate
model is selected for simulating the separated flow behind the mini-tabs. This will be done
for the 2D and 3D case.

3.3. Boundary layer and wall function

The development and resolve of the boundary layer are crucial when performing CFD
simulations due to their influence on flow behavior near surfaces. The boundary layer is
formed as a result of the no-slip condition that is imposed on solid surfaces. Fluid particles
adhere to solid surfaces, where their velocity is zero. This leads to a gradual increase of the
velocity when moving further away from a surface. The boundary layer thickness is com-
monly set to 99 percent of the free stream velocity. This ensures that the velocity gradients
and shear forces are captured correctly.

When the flow approaches a surface the velocity gradients increase due to the no-slip
condition. This results in higher shear forces and the production of turbulence quantities.
However as the velocity of the boundary approaches zero at the surface itself, turbulent
flow tends to attenuate, leading to a more stable flow regime.

Because of these interactions inside the boundary layer, a key parameter to resolve the
boundary layer correctly is the first cell height. When this cell is too large, important flow
properties are not captured accurately and excessively small cell heights may increase the
computational power needed to resolve the boundary layer.

To resolve the boundary layer accurately a theory was devised called "The law of the
wall" [1]. This principle states that the flow close to a surface is primarily influenced by
that same surface, rather than the flow far away from it. An essential component of under-
standing the Law of the Wall is the universal velocity profile, depicted in Fig.12:
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Figure 12: Universal velocity profile [1]

In this profile, the variables y* and u* represent the distance from the surface normal-

26



ized by the viscous length scale and the normalized velocity, respectively. The variables y*
and u* are calculated using the following equations, derived through dimensional analysis:

* U - y
= 28
y " (28)
U
ut=— (29)
Ur

where u;, known as the frictional velocity, is defined as:

0.5
= (T—“’) 30)
0

where, 7, represents the wall shear stress, and p denotes the fluid density. The frictional
velocity relates the shear forces inside the boundary layer to the velocity gradients. It is a
key parameter in understanding and characterizing the flow near solid surfaces.

Figure 12 shows that the boundary layer consists of three distinct flow regimes [1]:

* Laminar sublayer: This region is characterized by low velocities close to the wall,
which attenuate turbulences in the flow.

* Buffer layer: This flow regime is located between the laminar and turbulent zones.
This is where the flow transitions from laminar to turbulent.

e Turbulent zone: The flow in this region is primarily turbulent and leads to increased
mixing and momentum exchange in the flow.

Figure 12 also highlights that to resolve the viscous boundary layer accurately y* should
typically be smaller than 5. Higher values of y* can also be used but instead of resolving
the boundary layer, wall functions are used. These are empirical functions that are ob-
tained from experiments and simulations providing an alternative approach to modeling
flow near solid surfaces

For this thesis, a y* value of 1 is chosen. This was done to ensure the accuracy of the
simulations.

3.4. Mesh quality criteria

The accuracy and convergence rate of any CFD simulation depends largely on the quality
of the mesh. In this study, a conscientious process was involved to ensure the most optimal
quality of the generated mesh thereby minimizing its influence on the obtained results.
By using a high-quality mesh the accuracy of the simulations was increased and in extent
helped the simulations to converge faster. The following 3 mesh qualities were checked for
every mesh generated:
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» Skewness: The skewness of a cell is measured by comparing the angles of an existing
cell with an ideal cell.Fig.13 shows a perfect hexahedral cell where all the angles are
the same whereas for the skewed cell, the angles differ from each other [13].

[8=90° oy TR

3 e”m
Figure 13: Cell skewness

* Non-orthogonality: Non-orthogonality measures the orthogonality of a face between
two cells. When cells show poor non-orthogonal quality that means that the flow be-
tween these cells is not aligned with the cells themselves. This will create a numerical
instability and as a result, the simulation can take longer to converge or even diverge

[13].

Non-orthogonality = 0 Non-orthogonality = 45

Figure 14: Cell non-orthogonality

* Aspect ratio: Aspect ratio is the ratio between the longest and shortest edge of a cell.
High aspect ratio cells can lead to numerical instabilities and decreased accuracy.
For example, when the flow has regions of high gradients a high aspect ratio cell will
increase the discretization errors because of the limited resolution of the mesh [13].

.
x

Figure 15: Cell Aspect ratio
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Two-dimensional analysis of mini-tab

4.1. Introduction

The objective of these simulations on the 2D case is to understand the intricate aerody-
namics of mini-tabs and the tools needed for further simulations. To achieve this the ex-
perimentations conducted by Heathcote et al. [4] will be replicated and compared with the
obtained results from the simulations. The results from the 2D case will be the groundwork
for the 3D case. The next section will explain the methodology to ensure the accuracy of
the simulations:

4.2, Methodology
1. Geometry generation

» The first step is to recreate the geometry used in the wind tunnel test. The angle
of the wing was made a parameter to change the AOA of the wing.

2. Mesh generation

» After the geometry creation, a mesh was realized. If the initial mesh did not
meet predetermined criteria, iterative adjustments were made until a satisfac-
tory mesh was obtained. The criteria that needed to be satisfied were the skew-
ness, aspect ratio and orthogonality of the mesh.

3. Simulation

e The mesh would be used as an input for Ansys Fluent. The calculations were
performed with different turbulence models and the most accurate model was
chosen. The simulations were then done with this turbulence model until the
residuals converged.

4. Mesh convergence study

* To assess the sensitivity of the results to the mesh size, a mesh convergence
study was done. This involved using different mesh sizes and evaluating the
impact on the simulation outcomes, to establish a mesh-independent solution.

5. Verification with experimental data

e A critical component of the methodology involved verifying the simulation re-
sults against experimental data. This step was essential to ensure the accuracy
and reliability of the simulations.
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Figure 16: Workflow of the simulations in 2D

Figure 16 shows what the workflow looked like for the clean wing and the wing with
the different tabs. The only difference is that the wing with the tab has also the chordwise
placement of the tab as a parameter.

4.3. Geometry

Figure 17: Computational domain of 2D case around wing

The wind tunnel is segmented into multiple sections as in Fig.17. This way a mesh can be
made with a fine mesh close to the airfoil and a coarse mesh further away. This will re-
duce the computational power needed for the simulations. Furthermore, the angle of the
airfoil has been parameterized, to automate the geometry generation in the Ansys Work-
bench environment. Such automation streamlines the simulation process. The length of
the computational domain was 20 meters with a height of 2.12 meters to mirror the setup
of the experimentation of Heathcote et al. [4].

4.4. Mesh

The success of any CFD simulation depends largely on the quality of the mesh. In this
study, a conscientious process was performed to ensure the most optimal quality of the
generated mesh. The following images give an example of these meshes.
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Figure 18: Mesh of the clean Wing

Figure 19: Mesh of the wing with the tab

Figure 20: Mesh around the tab

As previously stated an important property of a mesh is the first boundary layer thick-
ness. To capture the boundary layer efficiently a y+ value of around 1 was obtained. The
following equation [18] was used to calculate the first cell height:

+

VARI!
pru

(31)

=
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The first boundary layer thickness was 1.7 -107° thick with a total of 30 layers. The fol-
lowing steps were taken to ensure that the quality would be optimal:

* A hybrid mesh, incorporating both quadrilateral and triangular elements, was uti-
lized to effectively capture the geometry. This combination ensures that the mesh
accurately represents the complex geometry of the object and also to be memory ef-
ficient by the use of quadrilateral elements.

e The wing was designed with curvature consideration to ensure a smooth capture of
the leading edge. The minimum degree to capture was set at 1° with a size range be-
tween 0.2 mm and 2 mm. This approach ensured an effective capture of the leading
edge and in regions with lower curvature, a larger mesh size was employed to reduce
the computational power needed for mesh resolution.

e The trailing edge was divided into 20 sections, ensuring that it had a fine enough
mesh to capture the flow around the trailing edge effectively.

After the generation of the mesh, the orthogonality, skewness, and aspect ratio were
evaluated. If satisfactory the mesh would then be used for the simulations otherwise changes
were made.

4.5. Verification

To verify the results that will be obtained by the simulations a couple of things need to be
performed and checked first. The first thing that will be done is a mesh convergence study
to ensure that the results are not influenced by the quality of the mesh.

4.5.1 Mesh Convergence Study Clean Wing

Figure 21 shows the mesh convergence study. A mesh was made of the clean wing multiple
times with an increase in the amount of elements used. This way it could be determined
how much the mesh influences the results. The following results were obtained:
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Figure 21: Mesh convergence study for 2D case of clean wing

As can be seen from Fig.21 around 5 - 10° elements the results are converging. For the
simulations, a mesh of around 5.5 - 10° elements is used.
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4.5.2 Turbulence Model

The next thing is the turbulence model that is going to be used in the simulations. The
clean wing is simulated with three different turbulence models namely: Spalart Allmeras,
k—e and k—w and compared to the experiment of Heathcote et al. [4]. The ensuing findings
reveal the following results:
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Angle of attack
—— S-A ——  k omega SST k epsilon —— Heathcote et all

Figure 22: Result turbulence models

Figure 22 shows that the most accurate turbulence model is the Spalart-Allmeras model
and this model will be used for further simulations for the 2D case. To ensure that the
results of the simulations are accurate the pressure coefficient was also checked in the fol-
lowing section.

4.5.3 Pressure coefficient Clean wing

The clean wing was simulated and the obtained pressure coefficients can be seen in Fig.23.
Some differences can be observed. Notably, a disparity was observed between the upper
and lower surfaces of the wing in the experimental results. This was not expected since the
AOA equals zero and the airfoil is symmetric so that means that the pressure coefficient of
the lower and upper surface should be the same.
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Figure 23: Pressure coefficient plot comparison for clean wing with « = 0 deg, Vo, =20 m/s

This discrepancy is hypothesized to be a consequence of transient effects present dur-
ing the experiments, a phenomenon not accounted for in the steady-state simulation. The
flow was simulated as steady-state and the results show a perfect match for the lower and
upper surfaces.

Despite the differences, the overall trend aligns with the experimental results. This indi-
cates that the most important characteristics of the flow were captured.

4.5.4 Lift coefficient comparison between simulation and experiment of mini-tabs

The lift coefficients of multiple mini-tabs at different chordwise positions are compared to
the experiments to validate the accuracy of the simulations. Fig.24 shows the comparison
between the simulated lift coefficient with varying angles of attack and the experiments
from Heathcote et al.[4]. The results from the experiments are indicated with "Ref" and the
respective chordwise positions.
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Figure 24: Lift coefficient for different chordwise placement of mini-tab

The simulations exhibit slight differences when compared to the experiments. However,
these differences are minor and the overall trend is accurately captured. This shows that the
obtained results are accurate and reliable.

4.6. Results
Figure 25 shows the obtained results for changing the chordwise position of the mini-
tab with varying angles of attack. From Fig.25 the following key points are observed:

Lift Coefficient

0 2 4 6 8 10
Angle of attack
x*/c
—— 0.08 —— 0.15 0.45 —— 0.6 —— 0.85 e Clean Wing

Figure 25: Lift coefficients for varying angle of attack and different chordwise placement of mini-tab. The
dotted line is the lift coefficient of the clean wing as reference

Figure 25 illustrates that for low angles of attack, placing the mini-tab closer to the trail-
ing edge (an increase of x*/c) leads to a reduction of the lift coefficient. However, if the
mini-tab is placed after 60 percent of the airfoil chord length, the lift coefficient increases
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once more. This increase in lift suggests that placing the mini-tab beyond the 60 percent
chord length may negatively impact its performance.

This observation ties in with the effectiveness of mini-tabs at different angles of attack
(AOAs). At higher AOAs, mini-tabs placed closer to the trailing edge show a reduction in
effectiveness, with the lift coefficients approaching those of the clean airfoil (Fig. 25). This
decrease in effectiveness is attributed to the increase of the wake of the airfoil. As the wake
expands, mini-tabs that are closer to the trailing edge will be partly or fully immersed and
in extent, the effectiveness will be reduced.

The average slope of the lift coefficient lines with respect to the angle of attack in Fig.25
provides more insight into this decrease in the performance of the mini-tab. Mini-tabs that
are placed at x*/c = 0.6 show a steeper slope, which indicates that the performance deteri-
orates faster with an increase of the AOA compared to mini-tabs placed at x* /¢ = 0.08. This
suggests that placing mini-tabs closer to the leading edge may decrease the reduction in lift
coefficient but perform better at high angles of attack. Fig.26 shows the gradient of the lift
coefficient lines with respect of the placement of the mini-tabs, where a steeper gradient
indicates a more significant change in lift coefficient with an increase of the angle of at-
tack. Placing the mini-tab closer to the trailing edge causes steeper lift coefficient lines and
greater performance dependence on angle of attack. This additional information supports
the relation between the placement and performance of a mini-tab.
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Figure 26: The gradient of the lift coefficient for different chordwise placement of mini-tab

In addition to the CL-AOA relation, one can also investigate the effect of the mini-tab
placement on the pressure distribution. Figures 27a and 27b show the pressure distribu-
tions for the mini-tab placements at 60 % and 8 % are compared. It is observed that the
mini-tab creates a higher pressure at the leading edge when compared the to clean wing.
This higher pressure results in a reduction of the lift coefficient. The mini-tab placed at 60
% of the chord length creates a larger region of higher pressure compared to the 8 % place-
ment, suggesting that the decrease in lift coefficient may be more pronounced for the 60 %
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placement. This observation aligns with Fig. 25 at low angles of attack. After the mini-tab, a
pressure drop can be observed from Fig. 27a. This pressure drop indicates an acceleration
in the flow after the mini-tab.
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Figure 27: Pressure coefficient for different chordwise placement of mini-tab

A change in the pressure distribution is also observed at the lower surface of the airfoil
as depicted in Fig. 27). The pressure coefficient at the lower surface for the 60% case is
lower than the 8% case. This disparity arises from the larger high-pressure region created
at the leading edge in the 60% case. The resulting apparent change in the angle of attack
leads to higher velocity on the lower surface and a reduction of the lift coefficient.

Furthermore, the mini-tab not only changes the pressure distribution at the lower sur-
face but also creates a circulation zone that has an impact on both lift and drag. When the
circulation zones of the 60 % case are compared to the 8 % case in Fig. 28 it is observed
that for the 8 % case the recirculation zone is bigger than the 60 % case. These recirculation
zones are characterized as low-pressure zones. This lower pressure at the upper surface
of the airfoil will increase the lift. The expansion of the recirculation zone for the 8% case
implies a larger region of lower pressure at the upper surface, leading to an increase in the
generated lift. This observation shows a correlation between the size of the recirculation
zone and the generated lift.
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Figure 28: Velocity contour for different chordwise placement of mini-tab
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(a) x*/c=0.08, V =20m/s and AOA = 0° (b) x*/¢=0.6, V =20m/s and AOA = 0°

Figure 29: Streamlines for different chordwise placement of mini-tab

4.7. Discussion
A contour plot of the lift coefficient as a function of AOA and mini-tab placement is shown
in Fig. 30:
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Figure 30: Contour plot of the lift coefficient with varying angle of attack and different x*/c

The analysis of Fig.30 reveals insightful trends in lift coefficient concerning mini-tab
placement and angle of attack. At low AOA, a notable reduction in the lift coefficient is
observed until the mini-tab placement exceeds 60 percent of the chord length. This di-
minishing trend is attributed to the increase in boundary layer thickness, diminishing the
effectiveness of the mini-tabs.

Interestingly, at higher AOAs, the efficiency of mini-tab placement at the trailing edge
diminishes, as illustrated in Fig. 30. Mini-tabs positioned closer to the leading edge exhibit
a lower lift coefficient compared to those near the trailing edge. This suggests that while
placing mini-tabs at the leading edge may result in a less pronounced reduction in lift co-
efficient for low angles of attack, their ability to reduce the lift coefficient at high angles of
attack is superior to mini-tabs positioned closer to the trailing edge.
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Simulation of clean wing in 3D

5.1. Introduction
In the next step, the 2D study of the mini-tab was extended to a 3D case. This shift from
2D to 3D will introduce additional effects and considerations reflecting a more realistic
behavior of the mini-tab on real wings. The transition to 3D simulation will be done with
specific objectives:

* In the case of the 2D simulation certain effects were not accounted for in the low-
speed regime. In the high-speed regime, an important factor to consider is the com-
pressibility of the fluid. This might create unique shock wave patterns and change
the behavior of the fluid around the mini-tab and in extend the performance.

* Realistic behavior: While the results of the 2D case provided us with some important
key points on the workings and performance of a mini-tab, it is still simplified. The
2D simulations that were performed in chapter 4 neglected for example spanwise
vorticity. Because of these simplifications, a need arises for 3D simulation to provide
a more realistic representation of the flow characteristics around mini-tabs on wings.
For example, a real wing of an airplane is often swept so this introduces a spanwise
flow which was not accounted for in the 2D case.

» Exploration and analysis: There has been limited experimentation conducted with
the mini-tabs in 3D high-speed configuration the focus shifts towards exploration
and in-depth analysis. The simulations aim to extend the results gained from chapter
4 and uncover the three-dimensional flow patterns and their implications on the lift
generated.

As the research progresses into three-dimensional aerodynamics, these objectives will
guide the methodology and analyses in the following chapters.

First, the fluid domain and mesh of the wing will be generated. After that, a mesh con-
vergence study will be performed by increasing the amount of elements in the fluid do-
main. After the mesh convergence study multiple turbulence models will be tested with
the DLR-F25 wing, depicted in Fig. 31. A high-aspect-ratio wing which was provided by the
DLR. The lift and drag data of the wing were provided and this will be used to compare the
turbulence models and select the appropriate one.
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Figure 31: Wing planform of the DLR-F25 high-aspect-ratio wing

5.2. Geometry

A critical aspect of the simulation is the fluid domain. 2 domains are common practice
namely a cube and a hemisphere. There are advantages and disadvantages for both. An
advantage of using a cube as a computational domain is its simplicity to mesh. A disadvan-
tage however is for a streamlined body like a wing, a cube may require additional elements
to capture the shape accurately, increasing the computational power needed. The advan-
tage of using a hemisphere is the curved domain represents the flow pattern around a wing
more closely. The complexity of this curved domain is however more complex to mesh than
a cube. To capture the flow more accurately the hemisphere was eventually chosen. The
fluid domain with the appropriate boundary conditions and dimensions are illustrated in
figures 32a and 32b.

Farfield

{ Wing
e ~_ Symmetry | o
(a) Fluid domain boundary conditions (b) Fluid domain dimensions expressed in wing root chord length

Figure 32: Fluid domain

5.3. Mesh

After defining the fluid domain, the subsequent crucial step involves meshing, a process
done through Ansys Fluent Meshing. The program used for this step is Ansys Fluent Mesh-
ing. The way that Ansys meshes the fluid domain is done in two steps. The first step is to
mesh the surfaces. Multiple options were available namely a triangular or polyhedral mesh.
The advantage of a triangular mesh is its simplicity to build a mesh and it often captures
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the geometry accurately like the leading edge of the wing. The disadvantage however is that
it does not capture the flow accurately and often refinement is needed which increases the
computational power. The other option as mentioned is the polyhedral mesh. This type of
mesh not only captures the geometry well but also the flow. Because of this, the polyhedral
mesh is chosen. Fig.33 illustrates the surface mesh of the wing.

To ensure the quality of the surface mesh the wing was divided into multiple sections.
For example the radius of the leading edge at the root is larger when compared to the tip. To
capture the fluid around both these regions effectively the elements closer to the tip need
to be smaller. This way of dividing the wing will not only ensure the quality of the wing but
also decrease the computational power needed.

Figure 33: Surface mesh wing

The next step involves meshing the fluid domain. There are several options available
for this meshing namely: Polyhedral, Hexcore and Tetrahedral. Tetrahedral elements pro-
vide the advantage of accurately capturing the surface contour of the wing. However, using
these elements for complex geometries may create elements with poor quality. Another
meshing option is the hex-core elements. A hex-core mesh utilizes an octree which is mem-
ory efficient, but it may not be able to capture complex geometries accurately, which can
again affect simulation accuracy. The third option is to utilize a polyhedral mesh for the
computational domain. The benefit of using this element is that it can capture complex
geometries accurately. It does however use more nodes per element when compared to the
tetrahedral and hex-core which increases the amount of memory needed.

Another volume element that Ansys offers is the Poly-hex mesh. This a hybrid mesh that
uses polyhedral and hexcore elements. A polyhedral mesh is created close to the surfaces to
ensure that the geometries are captured accurately while far away a hexcore mesh is used
to reduce the amount of memory needed. This dual approach harnesses the advantages
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of both meshes and thus will not only ensure the quality of the mesh but also decrease the
memory needed when compared to the other techniques.

Figures 34 and 35 show the mesh around the wing. In Fig.34 it can be observed that poly-
hedral elements are used close to the surface and around it a hexcore mesh was utilized.
Fig.35 illustrates the trailing edge. As can be seen, the trailing edge was split into multiple
elements to capture the wake around the trailing edge effectively. Also, an important fea-
ture was the transition from the trailing edge to the upper- and lower side of the wing. This
needs to be done smoothly as this can distort the elements and decrease the simulation
accuracy. To achieve a high-quality mesh around this transition the surface mesh size of
the upper- and lower side of the wing close to the trailing edge was made the same size as
the elements on the trailing edge.

The next crucial aspect addressed was the boundary layer. Again like for the 2D case,
the first boundary layer thickness was calculated with Eq. 31. The first layer thickness was
calculated to be 5-1075. A total of 30 layers were used.

o
T
T

Figure 34: Mesh of 3D wing

Figure 35: Mesh at trailing edge
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5.4. Verification

For the simulation, the created mesh was imported into Ansys Fluent. First, the thing
that needed to be done was to validate the simulations. This way done by first perform-
ing a mesh convergence study to ensure that the obtained results are not influenced by
the mesh. Then multiple turbulence models are compared with data from CIRA to choose
which model will be used for all the simulations. Lastly, the pressure coefficient from the

simulation will be compared with data obtained from NLR.

5.4.1 Mesh convergence study
Figure 36 shows that with around 17 million elements the lift coefficient starts to converge.

A total of 20 million elements are used to ensure accuracy and that the mesh does not in-

fluence the results.
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Figure 36: Mesh dependency study for a = 0.6deg

5.4.2 Turbulence model

To ensure that the appropriate turbulence model is chosen 3 models are tested namely the

because there are numerous studies done on them and proved to be accurate [

k—e modelis not tested since it is known to show poor accuracy for large pressure gradients
[6]. The lift and drag calculated from these models were compared to the data that was

obtained from CIRA. The following results were obtained:

Spalart Allmaras, k — w standard and the k — w SST. These turbulence models are selected
1 [7]. The
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Figure 38: Lift coefficient vs drag coefficient for different turbulence models compared to CIRA

From these results, it became clear that the k —w standard model was the most accurate
for low angles of attack. The angle of attack in cruise condition is equal to 0.6 degrees. To

ensure that this turbulence model produces accurate results the pressure coefficient is also
checked in chapter 5.4.3.

3CIRA results are obtained through the CA Upwing project
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5.4.3 Validation of pressure coefficient
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Figure 39: Pressure coefficient comparison between NLR and simulation with turbulence k — w standard
model with y/b = 0.62, for M, =0.78 and a = 2 degrees

Figure 39 compares the pressure coefficient of the simulation with the data obtained from
NLR. There are some discrepancies between them. Between 40 and 60 percent of the chord
length the simulation underpredicts the pressure coefficient. The simulation does how-
ever capture the overall trend of the NLR data and in combination with 5.4.2 shows that
the k — w standard model obtains accurate results and can be used in further simulations.
This turbulence model will also be used in the simulations to assess the performance of the
mini-tabs.

In the pressure coefficient plot (Fig. 39) the dotted line is equal to the critical pressure
coefficient (Cy,¢ri;) which indicates the beginning or end of a local sonic flow. The following
equation [2] is used to calculate the C, ;;; which equals to -0.6:

2 \71 y-1 9 =
)Tl 1+ T (Moo COS(A)) -1 (32)

2
Cp,crit = M

Given specific parameters including y = 1.4, M, =0.78, and A = 27.3, the determination
of sonic flow can be recognized by comparing the pressure coefficients with C, ¢r;;. This
allows for the prediction of local regions with supersonic flow. The dotted line in Fig. 39
which shows the critical pressure coefficient, will also be shown in future pressure coeffi-
cient plots, but without the annotation.

5.5. Results

After post-processing in Ansys Polyflow the velocity contour, pressure coefficient and fric-
tion coefficient are obtained at cruise conditions. The cruise conditions were set as follows:
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Mach number Angle of attack Lift coefficient Flight level
0.78 0.6 0.59 340

Table 4: Cruise conditions for the DLR-F25 wing

To establish a baseline for the mini-tab analysis, the clean wing is analyzed first without
any modifications. This initial investigation serves to understand the behavior of the flow
around the clean wing.

Figure 40a reveals that the pressure coefficient exceeds the -0.6 critical pressure coeffi-
cientindicating a local region of supersonic flow present and that around 60 percent chord-
wise position the flow decelerates from supersonic to subsonic speeds. This observation is
confirmed by Fig.42 which shows that the velocity exceeds 300 m/s. This velocity is partic-
ularly significant as it depicts the speed of sound, or Mach 1. This signifies a local region of
supersonic flow. Furthermore, Fig. 41 shows that the flow stays fully attached to the wing
since the friction coefficient stays positive along the whole chord.
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Figure 40: Pressure coefficient along the chord with y/b = 0.62, for M, =0.78 and a = 0.6 degrees
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Analysis of the mini-tab effects on lift and
drag coefficient

6.1. Introduction

As the analysis transitions from the clean wing to the analysis of mini-tab configurations,
the focus shifts to the effects of the mini-tabs on the lift and drag coefficients. The previ-
ous chapter studied the fundamental aerodynamic characteristics of the clean wing as a
baseline. Now, attention turns to the analysis of mini-tabs and their impact on lift and drag
coefficient. By investigating parameters such as height, aspect ratio, span, and chordwise
position, the purpose of this chapter is to clarify how the design of mini-tabs affects the
performance of the mini-tabs. Table 5 shows the parameters that will be studied and the
range of these parameters.

H/c AR x*/c y/b
Min 0.015 0.5 0.12 0.62
Max 004 24 06 0.88

Table 5: The variations in parameters and the respective range

The height parameter is the absolute height of the mini-tab divided by the local chord
length. Since the wing is tapered, the local chord length decreases with an increase in the
spanwise position. By dividing the height by the local chord length a comparison can be
made for different mini-tabs at different spanwise positions while maintaining a constant
H/c. The aspect ratio is the length divided by the height of the mini-tab. Int

The geometry and mesh generation of the wing were generated according to the proce-
dure and specifications provided in chapter 5. The k — w standard model was chosen for
the turbulence modeling since it was proved in chapter 5 to be the most accurate.

The ensure that the flow around the mini-tabs was simulated accurately a Body-of-
Influence (BOI) was used. This BOI decreases the element size of the mesh used around
the mini-tab. An element size of 2 mm is used to mesh the mini-tabs. The BOI size was set
to half the local chord length upstream of the mini-tab and downstream 2 chord lengths.
This step was taken to ensure that the wake of the mini-tab is captured accurately.
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Figure 43: Flowchart for the simulations of the mini-tabs

Figure 43 shows the flowchart of the steps that were taken to simulate the mini-tabs. The
case file and transcript were made beforehand to automate the simulations and meshing
of the geometries.

In the following chapters, the obtained results will be presented and discussed. Each
case will be discussed with the respective velocity contours, pressure coefficients, friction
coefficients and streamlines to gain a deeper understanding of the results.

6.2. Comparative analysis of mini-tabs with varied heights and aspect ratios

The initial investigation involved placing the mini-tabs at constant chordwise and span-
wise positions, albeit with varying H/c ratios and aspect ratios. Fig.44 shows the sectional
lift and drag coefficient for different heights of the mini-tabs and varying aspect ratios. The
simulations were performed with an increase of the aspect ratio until the lift section coef-
ficient at the middle of the mini-tabs converged. This was to achieve a 2D-quasi state and
reduce the 3D effects.
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Figure 44 shows that increasing the aspect ratio of the mini-tabs will let the lift and drag
sectional coefficient converge. This convergence is much earlier for larger mini-tabs (eg.
H/c =0.04) than smaller mini-tabs (eg. H/c =0.015).

When the mini-tabs with heights H/c = 0.03 and 0.04 are compared an interesting thing
can be observed. While a bigger aspect ratio is needed for the mini-tab with height H/c =
0.03 to reduce the lift generated by the same amount as the mini-tab with height H/c = 0.04
(12 for H/c = 0.03 and 7 for H/c = 0.04, Fig.44), the drag coefficient for the smaller mini-tab
is lower. This is also observed when the cases H/c = 0.025 and 0.015 are compared with
each other. This shows that while a larger mini-tab is more efficient in reducing the lift co-
efficient, it does however come with a more drag penalty. It might be more beneficial to
use a mini-tab with a smaller height to reduce the drag but with an increased aspect ratio
to match the lift reduction of the larger mini-tab.
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Figure 44: Sectional lift and drag coefficient for different H/c and AR

The following chapters will study the results from Fig.44, focusing specifically on ana-
lyzing the impact of changing mini-tab heights while maintaining a constant aspect ratio.
This approach allows for a comparative analysis of the mini-tabs, making it easier to have
a deeper understanding of their behavior.

I. Analysis of mini-tabs with constant AR of 1

It is observed that the clean wing exhibits a local supersonic region. From the
pressure coefficient plot (figure 45a) it can be observed that the introduction of mini-
tabs induces shockwave splitting phenomena, causing the original supersonic region
of the clean wing to divide into two smaller shockwaves. Examination of the pressure
coefficient plot (figure 45a) reveals that at the leading edge, the pressure coefficient
is at the beginning similar to the clean wing but a change of the pressure coefficient
can eventually be observed. Fig.45a shows that the pressure decreases and crosses
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the critical pressure coefficient indicating the onset of a shockwave. After a certain
distance, the pressure coefficient increases and crosses the critical pressure coeffi-
cient again. This signifies the end of the local supersonic region at the leading edge.
This weakening of the shockwave at the leading edge indicates a deceleration of the
flow. This will increase the pressure at the upper surface and leads to a reduction of
the lift generated and also increases the pressure drag.

Furthermore, an evident correlation appears from Fig.45a, where the increase in
pressure at the leading edge correlates with the increase in height of the mini-tab.
This increase in the height of the mini-tab will therefore decrease the lift and increase
the drag generated. Fig.46 shows this correlation where a smaller shockwave at the
leading edge can be observed for an increase in the height of the mini-tab.
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Figure 45: Pressure coefficient along the chord with y/b = 0.625, with AR =1, M, =0.78 and @ = 0.6
degrees with varying H/c
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Figure 46: Velocity contour with y/b = 0.625, with AR =1, M, = 0.78 and a = 0.6 degrees with varying H/c

The observed increase in pressure is further highlighted by the vortex region up-
stream of the mini-tabs, depicted in figures 48 and 47. The vortex region upstream
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of the mini-tab gets bigger with an increase in the height of the mini-tab as depicted
in Fig.48. In Fig.47 this can be also observed by looking at the value of the friction
coefficient. When the value is negative it indicates that the flow is reversed, hence a
vortex region. The velocity magnitude depicted in Fig.48 indicates slow-moving air
within the vortex region. This slow-moving air corresponds to higher pressure levels,
resulting in a decrease in lift generation and increase of the pressure drag.
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Figure 47: Friction coefficient along the chord of upper surface with y/b = 0.625, with AR =1, M, =0.78
and a = 0.6 degrees with varying H/c

Figure 48: Streamlines with y/b =0.625, with AR =1, M, =0.78 and a = 0.6 degrees with varying H/c

The relationship between mini-tab height and flow reattachment is analyzed, ex-
plaining changes in pressure distribution and their implications for lift and drag char-
acteristics. The mini-tabs create a circulation zone downstream that gets larger with
an increase in height which can be seen from figures 48 and 47. An intrinsic flow can
be observed where not one but 2 vortices are being created. One at the upper side
of the mini-tab and another one at the lower side. The flow does eventually reattach
itself to the wing in all cases, this reattachment is delayed with increasing mini-tab
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II.

height, as observed by the larger negative region of the friction coefficient observed
in Fig.47. The separated flow introduces more turbulent and low-energy air behind
the mini-tab, which adversely affects the lift generated by the wing and increases the
drag.

Another consequence of the higher pressure at the leading edge is that the appar-
ent angle of attack changes. Because of this higher pressure, more flow is redirected
towards the lower side of the wing. This accelerates the flow and can be seen from
Fig.45b where a decrease of the pressure coefficient can be observed for an increase
of the height of the mini-tabs. The reduction of pressure at the lower side of the wing
decreases the lift generated by the wing.

Analysis of mini-tabs with constant AR of 5

Figure 49a shows that in comparison with Fig.45a, the mini-tabs with an height
H/c >= 0.03 show no shockwave at the leading edge anymore. This is depicted by
Fig.49a which shows that the mini-tabs with H/c => 0.03 do not cross the critical
pressure coefficient at the leading edge. This is also confirmed by Fig.50 where the
velocity at the leading edge for the mini-tabs of H/c = 0.03 and 0.04 does not exceed
300 m/s which is the equivalent of Mach 1. These findings show that increasing the
aspect ratio has the same effect as increasing the height of the mini-tabs in that, it
increases the pressure at the leading edge which decreases the lift and increases the
pressure drag. This is confirmed by Fig.44 which shows that an increase in the aspect
ratio decreases the lift and increases the drag generated.

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c
H/c H/e
— 0015 —— 0.02 003 —— 004 —— Clean Wing — 0015 —— 0025 003 —— 004 —— Clean Wing
(a) Upper surface (b) Lower surface

Figure 49: Pressure coefficient along the chord with y/b = 0.625, with AR =5, My, =0.78 and a = 0.6

degrees with varying H/c
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Figure 50: Velocity contour with y/b = 0.625, with AR =5, M, = 0.78 and a = 0.6 degrees with varying H/c

In addition to the higher pressure at the leading edge, the flow behind the mini-
tabs exhibits significant variations. Fig.49a shows that the pressure drop for the mini-
tab with a H/c = 0.04 is reduced across the mini-tab accompanied by a higher pres-
sure coefficient after the mini-tab when compared to the other cases. It becomes
more apparent what happens when examining figures 50 and 51.
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Figure 51: Friction coefficient along the chord of upper surface with y/b = 0.625, with AR =5, M, =0.78
and a = 0.6 degrees with varying H/c

From Fig.51 it can be observed that the friction coefficient after the mini-tab with
H/c = 0.04 is negative which indicates a reversed vortex flow. This would explain
the higher pressure coefficient that was observed in Fig.49a since a reversed flow is
often characterized by low-energy and low-velocity flows. Figures 50 and 52 provide
further insights, which show a wake that is completely detached from the wing after
the mini-tab. This low-energy and turbulent flow decreases the lift generated by the
wing.

54



Figure 52: Streamlines with y/b = 0.625, with AR =5, M, = 0.78 and a = 0.6 degrees with varying H/c

III.

For the case of H/c = 0.03 the flow after the mini-tab reattaches itself but a wake
is still created at the trailing edge. This might indicate that the flow is beginning to
detach itself from the wing completely as in the case of H/c = 0.04. Moreover, if the
pressure drop across the mini-tab with a height of H/c = 0.04 is compared with fig-
ures 45a and 49a something can be observed. For the mini-tab of AR =1 and H/c
= 0.04, the pressure drop is decreased compared to the mini-tabs with the same AR.
At AR = 5, this mini-tab shows a complete detachment of the flow after the mini-tab.
This might indicate that from the pressure coefficient plots alone a prediction can
be maybe made when the mini-tab is on the verge of complete detachment. The
same can be seen in Fig.49a for the case of H/c = 0.03 where the pressure drop is
also decreased. This claim is supported by 50 where a larger wake is observed when
compared to the smaller mini-tabs.

Figure 49b shows that the pressure coefficient at the lower side of the wing de-
creases with an increase in the height of the mini-tab. This was observed also for the
case with AR =1 (figure 45b). For the case of AR =5 the differences between the pres-
sure coefficients of the varying heights are more pronounced when compared to the
AR =1 case. This shows that increasing the aspect ratio decreases the pressure at the
lower side of the wing which in extent reduces the lift induced by the wing.

Analysis of mini-tabs with constant AR of 7

Figure 53a illustrates that the area of local supersonic flow vanished for H/c >=
0.025 at the leading edge. This trend mirrors observations from previous cases (AR
=1 and AR = 5), where increasing the aspect ratio results in a smaller and weaker
shockwave at the leading edge. Consequently, the lift produced at the leading edge
decreases with an increase in AR and height. Even for small heights such as H/c =
0.025, lift reduction can be attained by an increased aspect ratio.
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Figure 53: Pressure coefficient along the chord with y/b = 0.625, with AR =7, M, =0.78 and @ = 0.6
degrees with varying H/c

It was mentioned in chapter II. that the flow behind the mini-tab for the height
H/c = 0.04 was detached and that the same was happening for the mini-tab H/c =
0.03. When looking at figures 55 and 54 it can be observed that the flow after the
mini-tab is completely separated. Fig.55 indicates this through the friction coeffi-
cient behind the mini-tab, indicating a negative value extending from the mini-tab
location to the trailing edge. This indicates a completely detached and reversed flow
behind the mini-tab. Figures 54 and 56 also support this observation where a de-
tached wake can be seen for the mini-tabs with heights H/c = 0.03 and 0.04. This
detached wake will reduce the lift generated by the wing.
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Figure 54: Velocity contour with y/b = 0.625, with AR =7, M, = 0.78 and a = 0.6 degrees with varying H/c
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Figure 55: Friction coefficient along the chord of upper surface with y/b = 0.625, with AR =7, M, = 0.78
and a = 0.6 degrees with varying H/c

Figure 56: Streamlines with y/b = 0.625, with AR =7, M, =0.78 and a = 0.6 degrees with varying H/c

As was the case in chapter II. where it was theorized from the velocity contour
(figure 50) and pressure coefficient plot (figure 49a) that the flow behind the mini-
tab with a height H/c = 0.03 was on the verge of separating, the same can be said for
the case of the mini-tab H/c = 0.025. Fig.54 shows that for this mini-tab the wake is
close to separating entirely. Fig.55 also shows that the flow is first reversed behind the
mini-tab, reattaches to the wing and then detaches again. As was mentioned earlier
the separated, low-energy and turbulent flow reduces the lift generated.

Figure 53b indicates that the velocity at the lower side of the wing is accelerated.
When compared to Fig.49b it becomes clear that an increase in the aspect ratio in-
creases the acceleration at the lower side of the wing and in extent reduces the pres-
sure at the lower side of the wing and in extent the lift. This acceleration of the flow
at the lower surface was also observed in previous cases. This acceleration of the flow
will also increase the friction drag.
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6.3. Chordwise position of the mini-tab

Placing the mini-tab closer to the trailing edge decreases the pressure drop which is ob-
served in Fig.57a. Fig.58 illustrates this by depicting the reduction in the size of the shock-
wave at the mini-tab. This will reduce the re-energizing effect that the local supersonic
region has on the wake behind the mini-tab. This will make the wake more prone to de-
tach from the wing and disrupt the airflow behind the mini-tab, hence decreasing the lift
generated.
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Figure 57: Pressure coefficient along the chord with y/b = 0.62, with AR =4, H/c = 0.015, for My, =0.78
and a = 0.6 degrees
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Figure 58: Velocity contour with y/b = 0.625, with AR =4, H/c =0.015, for M, =0.78 and « = 0.6 degrees
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When comparing the pressure coefficients (as shown in Fig.57) along the surfaces for
x/c values of 0.12 and 0.6, several differences emerge. For the case x*/c = 0.12 the pressure
coefficient initially matches the clean wing at the leading. As the mini-tab is approached,
the pressure coefficient rises, indicating an increase in pressure upstream of the leading
edge. After the mini-tab, the pressure coefficient drops where Fig.59 shows that there is a
region of reversed flow downstream of the mini-tab. This drop in pressure coefficient also
indicates the formation of a new shockwave downstream of the mini-tab, which is evident
from Fig.58.
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Figure 59: Friction coefficient along the chord of upper

surface with y/b = 0.62, with AR =4, H/c=0.015,

for M., =0.78 and a = 0.6 degrees

For the case of x*/c = 0.6 the increase of the
tab happens earlier when compared to the mini-

pressure coefficient upstream of the mini-
tab placed at x*/c=0.12. This larger region

of pressure at the leading edge explains why the lift reduction is more pronounced for the

mini-tab placed at x*/c = 0.6.

6.4. Spanwise position of the mini-tab

The mini-tabs position was varied along the span of the wing, maintaining a consistent ab-

solute height for each case. However, due to the

tapering chord length of the wing towards

its tip, the ratio of the mini-tab height to the local chord length (H/c) increases as the mini-
tab is positioned closer to the wing’s tip. Fig.60 illustrates the results obtained from this
variation. It shows that placing the mini-tab closer to the tip (increase of y/b) reduces the

lift coefficient and increases the drag generated.
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Figure 60: Lift and drag section coefficients results for different spanwise positions

While the absolute height is the same for all

cases, the effective height, defined as H/c,

increases when the mini-tabs are placed closer to the tip. This increase in relative height is
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attributed to the tapering chord length of the wing towards its tip, causing the mini-tab to
appear relatively taller as it approaches the tip.

As the mini-tab gets relatively higher, the shockwave at the leading edge becomes smaller
and weaker as observed in Fig.61a where the region of the pressure coefficient that sur-
passes the critical pressure coefficient gets smaller. For the case of when the mini-tab is
placed aty/b = 0.88, the shockwave is absent. This absence is also shown in Fig.62 where no
shockwave can be observed at the leading edge for the mini-tab placed at 88% of the span
of the wing. Moreover, Fig.61a confirms this observation by showing a pressure coefficient
at the leading edge that does not cross the critical pressure coefficient of -0.6, indicating
a local subsonic flow. This deceleration of the flow at the leading edge, resulting from the
weakening of the shockwave, leads to a reduction of the lift and increases the drag gener-
ated. These findings of the diminishing of the shockwave at the leading edge align with the
trends observed in previous simulations, such as those described in section 6.2. However,
This is not surprising since the H/c increases when the mini-tab is positioned closer to the
wingtip so it should have the same effect as increasing the absolute height of the mini-tab
at a fixed wingspan.
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Figure 61: Pressure coefficient along the chord at different spanwise distance for M, =0.78 and a = 0.6
degrees
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Figure 62: Velocity contour at different spanwise distance for M., = 0.78 and a = 0.6 degrees

When analyzing Fig.61a, it is observed that for the mini-tab placed at y/b = 0.88, the
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pressure drop is reduced across the mini-tab when compared to the other cases. This was
encountered numerous times when looking at section 6.2 where a significant decrease in
pressure drop indicates that the flow behind the mini-tab is on the verge of separating from
the wing. Section 6.2 delved into the effects of varying the height of the mini-tab at fixed
spanwise positions. According to the current analysis, a decrease in pressure drop across
the mini-tab aligns with the hints of potential flow separation discussed in section 6.2. The
observation of the wake enlargement again mirrors the trends observed in previous simu-
lations, such as those described in section 6.2.

By understanding the effects of this reduced pressure drop, we can speculate that the
airflow behind the mini-tab may be approaching a critical condition where it detaches from
the wing surface. This separation disrupts the smooth flow pattern, leading to turbulence
and vortices that can increase drag and reduce lift. Moreover, an enlarged region of reversed
flow downstream of the mini-tab, as shown in Fig.63 for the case of y/b = 0.88, reinforces
this observation of flow separation.
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Figure 63: Friction coefficient along the chord of upper surface at different spanwise distance for
My, =0.78 and a = 0.6 degrees

These findings of the diminishing of the shockwave at the leading edge and wake en-
largement align with the trends observed in previous simulations, such as those described
in section 6.2, where variations in mini-tab height were explored at fixed spanwise posi-
tions. This is not surprising however since as mentioned before the H/c increases when the
mini-tab is positioned closer to the wingtip.

6.5. Comparative analysis of mini-tabs at different spanwise locations with con-
stant H/c

Building upon the previous investigation into the effects of mini-tabs at varying spanwise

positions, this chapter delves deeper into the impact of their placement along the wing.

The analysis now compares two mini-tabs positioned at different locations but with iden-

tical H/c, unlike the previous analysis where the spanwise positioning varied but with also

different H/c.
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In this chapter two mini-tabs are compared with a constant H/c = 0.03, AR = 4 and
x*/c = 0.15. The only difference is the spanwise location in which they are placed. One
is placed at 62 % and the other one at 88 %. By maintaining uniform geometric parameters
and only varying the spanwise location, this investigation aims to determine any differ-
ences in performance attributed to their placement along the span.

Figure 64 shows that despite the same geometrical properties there is quite a difference
between the mini-tabs. The first noticeable thing is the pressure drop along the mini-tab.
The mini-tab positioned closer to the wingtip experiences a decrease in pressure drop com-
pared to the mini-tab placed at y/b = 0.62. Furthermore, as depicted in Fig.65, this mini-
tab experiences a larger region of separated flow when compared to the mini-tab placed at
y/b=0.62. This larger region of separated flow experienced by the mini-tab placed at 88%
indicates a more pronounced reduction in lift compared to the other mini-tab.
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Figure 64: Pressure coefficient along the chord of upper surface at different spanwise positions and
H/c=0.03, AR=4and x*/c=0.15

62



0.0075

0.0050

0.0025 —
0.0000 Ve

—0.0025

Cfx

—0.0050 0.0 0.2 0.4 0.6 0.8 1.0

x/c

y/b
— 088 —— 062

Figure 65: Friction coefficient along the chord of upper surface at different spanwise positions and
H/c=0.03, AR=4and x*/c=0.15

The comparative analysis further highlights the differences in pressure coefficients at
the leading edge between the two cases. The comparison between the two cases shows
that the mini-tab positioned closer to the wingtip experiences a higher pressure coefficient
at the leading edge compared to the one at 62% spanwise position. This elevated pressure
coefficient signifies a more significant deceleration and higher-pressure region, resulting
in a more pronounced reduction in the lift generated by the wing.

This discrepancy between the 2 mini-tabs is caused by the two different wing shapes at
the different spanwise locations. The wing shape is not constant over the whole spanwise
direction. The closer it gets to the tip the lower the local AOA. This is often done to reduce
the lift generated by the wing and in extent reduce the bending moment. The same is hap-
pening for this wing. While the geometrical properties of the mini-tabs are the same, the
wing shape is not. This does impact the results, unfortunately. This can also be seen in
Fig.64 where a higher pressure is found at the leading edge for the mini-tab closer to the
tip. As stated the angle of attack angle is lower for this location and this should in extent
reduce the acceleration and increase the pressure at the upper surface of the wing which is
observed.

6.6. Analysis of multi-tab configuration performance

In this study, an investigation was carried out to examine the interaction of multiple mini-
tabs when placed on a wing. To ensure a proper comparison, an absolute height of 0.03
meters and a chordwise position of x*/¢ = 0.2 was set constant for all mini-tabs. However,
the spanwise locations and aspect ratios of the mini-tabs were varied for every simulation.
Specifically, they were positioned between 0.62 <= y/b <= 0.88 of the wingspan.

To ensure a fair comparison between mini-tab configurations with different aspect ra-
tios, a new non-dimensional parameter called the wall ratio was introduced. This metric
quantifies the proportion of the wing’s span covered by the mini-tabs relative to the span
distance between 0.62 <= y/b <= 0.88. For example, when 2 different configurations of AR
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= 2.5 and 10 are compared, achieving the same wall ratio means that the configuration of
AR = 2.5, would require 4 times more mini-tabs compared to the other case to cover the
same wingspan. Making the wall ratio a constant between the different configurations and
in extent of the area that the mini-tabs cover, allows for a meaningful comparison.

The simulations were categorized into two groups based on the orientation of the mini-
tabs (figure 66a). In one set of simulations, the mini-tabs were oriented orthogonal to the
incoming airflow (figure 66b), while in the other set, they were aligned along the 20 percent
chordwise line (figure 66¢). This approach allowed us to investigate how different orienta-
tions may influence the aerodynamic behavior of the mini-tabs and their interaction with
the wing.

Three different aspect ratios of 2.5, 5 and 10 were simulated with varying wall ratios
and different mini-tab orientations. In the initial simulations, the mini-tabs were placed
perpendicular to the free-stream wind (6 = 0°), as illustrated by Fig.66b. Fig.67 displays
the results of these simulations for varying wall ratios. Additionally, the dotted line in
Fig.67 (CL = 0.5) represents a simulation that was performed with a continuous mini-tab
that spans the entire length of the domain between 0.62 <= y/b <= 0.88. The single-tab
simulation was performed to function as a baseline for comparison with the multi-tab
configurations. Given that this continuous mini-tab covers the entire spanwise range of
0.62 <= y/b <= 0.88, its resulting lift coefficient is expected to be the lowest. By comparing
this result with the other simulations for different wall ratios it would be a good measure of
how efficient the multi-tab configuration is.

Mini-tab Leading edge

- H

(b) Mini-tabs orientated with 6 = 0°

/

06— /

(c) Mini-tabs orientated with 0 = 25.6°

(a) Variation in mini-tab angles

Figure 66: Definition of different orientations of the mini-tab
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Figure 67: Lift coefficient for different Wall ratio’s and AR with 0 = 0°

In Fig.67, the lift coefficients from the simulations with varying wall ratios are presented.
As depicted in Fig.67, the lift coefficient decreases as the wall ratio increases for all aspect
ratios, aligning with expectations. With more mini-tabs placed on the wing, the more in-
fluence the mini-tabs will have on the performance of the wing. It can be seen that for low
wall ratios, the differences between the mini-tab configurations with different aspect ratios
are negligible. At around a wall ratio 0f 0.3, a difference is observed where the lift coefficient
of the configuration of AR = 2.5 drops faster than the other cases.

The explanation lies in the orientation of the mini-tabs. Placing the mini-tabs in such a
way will create gaps between the mini-tabs in the chord-wise direction. Figures 66b and 68
show how the mini-tabs are placed for 6 = 0°. Since the wing is swept and the chord-wise
position of the mini-tabs is constant at x*/c = 0.2 there is a gap between them as men-
tioned. These gaps allow airflow, leading to wake energization. As mentioned in earlier
chapters, a correlation has been shown between the separated flow behind the mini-tab
and the reduction in lift. As the area of separated flow increases, the flow becomes more
turbulent and loses energy, leading to a decrease in lift. Because of the wake energization
this separated region gets smaller and the reduction of lift will be less pronounced. This
does decrease the performance of the mini-tabs.

This effect becomes more pronounced at higher wall ratios as can be seen from Fig.67.
It shows that the differences between the configurations with varying AR increase with the
increase of the wall ratio. The reason for this observation is that for mini-tabs with a low as-
pectratio like AR = 2.5, the amount of mini-tabs needed is four times more when compared
to the mini-tabs with AR = 10 for a constant wall ratio. This will reduce the gaps between
the mini-tabs and will also reduce the lift generated by the wing.

Another observation from Fig.67 is that the lift coefficient of all three cases seems to
converge for high wall ratios above the simulation for the continuous tab that achieved a
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lift coefficient of around 0.5. This suggests a reduction in performance across the multi-tab
configurations. This would support the idea that the gaps between the mini-tabs reduce

the performance and that orientating the mini-tabs orthogonal to the wind direction may
not be the most efficient way.

Figure 68: Surface pressure drag with 6 = 0° and AR =10

The previous simulations showed that the gap between the mini-tabs had a negative
impact on the performance in decreasing the lift coefficient. To eliminate the gaps that
were present between the mini-tabs in the chordwise direction the next simulations were
performed with the mini-tab rotated along the 20 percent chord line of the wing (figure
66¢). Fig.69 shows the lift coefficient for different wall ratios and varying AR.
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Figure 69: Lift coefficient for varying Wall ratio’s and AR with 6 = 25.6°

Figure 69 shows that for the case of the mini-tabs with AR = 2.5, the lift coefficient re-
duces faster than for the other cases. The reason for this is that to have the same wall ratio
more tabs are placed on the wing reducing the distances between the mini-tabs. This will
create a more uniform barrier that increases the separated flow downstream of the mini-
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tabs. This will reduce the lift more when compared to the other cases as indicated in Fig.69.

For high wall ratios however, the differences between the lift coefficients of the mini-tabs
with different AR should be reduced since the distances between the mini-tabs get smaller
even for high aspect ratios. Fig.69 not only shows that for a wall ratio of 0.9, the differences
are indeed small between the cases but also that the lift coefficients are converging towards
the dotted line of 0.5. This dotted line was the simulation with the continuous mini-tab
that spans the whole area. This shows that this orientation of the mini-tabs with 6 = 25.6°
is more efficient in reducing the lift than the simulations with 6 = 0°.

Figure 70 shows the pressure on the surface of the wing with the mini-tabs. As can be
observed there is a uniform high pressure region at the leading edge which indicates that
the mini-tabs are acting as a single mini-tab.

Figure 70: Surface pressure drag with § = 25.6° and AR = 10
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Conclusion and Recommendations for
Future Research

7.1. Conclusion

This thesis aimed to investigate the aerodynamic effect from the introduction of mini-tabs
on the uppersurface of a wing in subsonic and transonic conditions to determine their abil-
ity to alleviate the load. In the latter case, the wing DLR-F25 was used as a case-study.
Through multiple RANS simulations, it was proved that the mini-tabs can effectively re-
duce the lift generated by a wing. This can be helpful when for example the airplane en-
counters a gust of wind. This will help to reduce the turbulence felt by the aircraft. This will
reduce the loads and stress on the wing of an aircraft which can reduce the deformation
and fatigue failure.

In the multiple mini-tabs configuration, a reduction of the lift coefficient of around 15
percent was observed compared to the original wing. By increasing the height and aspect
ratio of the mini-tab the lift is reduced significantly and so does placing the mini-tab at
around 60 percent of the chordwise position and closer to the tip. It was however ob-
served that increasing the height, aspect ratio, spanwise location or chordwise position of
the mini-tab also accelerates the flow at the lower surface of the wing.

The drag also increases with the reduction of the lift. While an increase of the drag may
seem undesirable it can be useful at times. If for example, the airplane wants to turn to
the right, by engaging the mini-tabs of the right wing the airplane will roll because of the
difference in the lift generated by the wings. This will also increase the drag at the right side
of the wing which will turn the airplane to the right. A normal airplane will use the ailerons
to reduce the lift generated by the right and increase the lift of the left wing. This will cause
a phenomenon called adverse yaw where the airplane will turn in the opposite direction
which was intended due to the difference in drag generated by the wings. The use of the
mini-tabs may prove to be more efficient than using the ailerons and rudder for the turning
of the airplane.

Overall the results of this thesis prove that the mini-tabs have great potential as a load
alleviation technique but also that caution needs to be taken in the designing of the mini-
tabs since it can cause some unwanted effects like shockwaves. These strong differences in
pressure can create vibrations which can affect the structural integrity of the airplane.
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7.2. Recommendation for future research

To fully understand the aerodynamics around the mini-tabs further studies need to be done
with transient simulations. This is particularly important because aerodynamic effects,
like flow separation and reattachment which were found numerous times in the analysis
of the mini-tabs, are often time-dependent and influenced by factors like turbulence and
unsteady forces. By simulating these transient effects, a deeper understanding of how the
flow interacts with the mini-tabs, leading to more accurate prediction of the performance
of the mini-tab.

Another effect that was not taken into account in this thesis is a change in the angle of
attack. When an aircraft encounters a gust of wind, the angle of attack changes which can
increase the lift and the load on the wings. This change in the angle of attack can alter the
performance of the mini-tab [10]. This should be investigated to have a better grasp on
how this will effect the design of the mini-tabs.
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