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Abstract

A reinforced fiber-glass model of a NACA 4412 wing profile is designed and

set-up in the Minimum Turbulence Level (MTL) wind tunnel facility at KTH.

The model has 65 pressure tap orifices, and the set-up includes two mounting

panels designed to allow for particle image velocimetry (PIV) and hot wire

anemometry (HWA) measurements of the boundary layer (to be performed in a

future campaign). In a first experimental campaign pressure scans are conducted

at three angles of attack of interest (5, 10 and 12 degrees), and at four different

Reynolds numbers based on chord length and inflow velocity (200,000, 400,000,

1,000,000, and 1,640,000). The preliminary results show good agreement with

DNS and LES data, however, the effective angle of attack of the wing is affected

by the interference of the test section. In order to obtain proper flow conditions

for future campaigns inside the test section, wall inserts are designed using 2D

k-omega SST simulations. The side-walls are streamlined and the final geometry

is corrected to account for the boundary-layer growth over them. The inserts are

shown to avoid early separation near the trailing edge at higher angles of attack

(10 and 12 degrees), but the 2D simulations fail to capture the aforementioned

angle-of-attack issue affecting the pressure distributions. Future extensions

of the present insert design should include both 3D simulations of the test-

section and a robust optimization procedure to prescribe the resulting pressure

distribution.
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Abstract

En NACA 4412 vingprofilsmodel av förstärkt glasfiber utformas och installeras

enligt Minimum Turbulence Level (MTL) i vindtunnelanläggningen

på KTH. Modellen har 65 tryckluftsöppningar, och uppsättningen innehåller två

monteringspaneler som är utformade för att möjliggöra mätningar av particle

image velocimetry (PIV) och hot wire anemometry (HWA) hos gränsskiktet (som

ska utföras i en framtida kampanj). I en första experimentell kampanj utförs

tryckskanningar vid tre anfallsvinklar av intresse (5, 10 och 12 grader) samt

vid fyra olika Reynolds-nummer (200 000, 400 000, 1 000 000 och 1 640

000). De preliminära resultaten visar god överensstämmelse med DNS- och

LES-data, men den effektiva anfallsvinkeln på vingen påverkas av störningar från

testsektionen. För att tillhandahålla korrekta flödesförhållanden för framtida

kampanjer i testdelen är vägginsatser konstruerade med 2D k-omega SST-

simuleringar. Sidoväggarna är strömlinjeformade och den slutliga geometrin

korrigeras för att ta hänsyn till gränsskiktets tillväxt. Insatserna undviker den

tidig separation som sker nära bakkanten vid högre anfallsvinklar (10 och 12

grader), men 2D-simuleringarna misslyckades med att fånga det ovan nämnda

anfallsvinkelproblemet som påverkar tryckfördelningarna.

Nyckelord

Strömningsmekanik, aerodynamik, turbulens, RANS, vindtunnel experiment,
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1 Introduction

In recent years environmental issues have been a policy-driving factor for national

and local institutions, but also for international ones. One of the most notable

examples is the Paris agreement [1], signed by 195 nations which are committed

to increase their actions and investments to limit the rise of global temperature

in this century below 2 degrees Celsius, aiming to reduce this increase further

to 1.5 degrees. The signing nations have submitted their intended ”nationally

determined contributions” (NDCs), through which they plan to reach the goals

signed. However, as pointed out by Rogelj et al. [2], this NDCs are not enough,

and further and more determined climate action needs to be taken by the signing

countries.

The large increase seen both in civil and transport aviation, and the high emissions

associated to it, has turned aviation into one of the main focuses of climate policy

legislators. According to reports from the European Commission [3] and the

European agencies EASA, Eurocontrol and the European Environment Agency

[4], air traffic is responsible for 3% of the total greenhouse gas emissions in

Europe, and 2% globally. In order to mitigate this contribution, the European

Union (EU) has been in the forefront of international legislation, including

aviation in the EU Emissions Trading System (ETS) [5] as early as 2008 [6]. The

ETS system sets a cap on the total amount of greenhouse gases that a company

(in this case an airline) can emit. Airlines can buy allowances, but they are limited

and expensive, and they must report their emissions (only applicable to intra-EU

flights). If the cap is surpassed, heavy fines are imposed on the companies. In a

similar fashion, the International Civil Aviation Organization (ICAO) published

the international Standards and Recommended Practices (SARPs) for the Carbon

Offsetting Scheme for International Aviation (CORSIA) plan [7]. The goal is to

monitor airline emissions worldwide, with the aim of stopping the increase of

emissions above 2020 levels.

Furthermore, the main airline association, IATA (International Air Transport

Association) has increased its awareness and responsibility in climate change

mitigation. They published its ”three targets and four pillars” [9], through which
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Figure 1.1: Division of drag by type and components in an Airbus A320, as
reported in the Airbus Challenge congress in 2008 [8].

they addressed the challenge of climate change. The targets go accordingly with

those of ICAO of capping emissions by 2020, but going one a step further by

aiming at a yearly improvement in fuel efficiency of 1.5% until 2020. In order to

achieve these goals, one of its four pillars, is the use of improved technology. The

EuropeanUnion (EU), through its aviation institutions also recognizes technology

development as one of the main ways of increasing fuel efficiency and reducing

greenhouse emissions [4]. In this regard, one of the areas highlighted in the

2019 European Aviation Environmental Report [4] is that of drag reduction (or

aerodynamic efficiency increase). According to Reneaux [10], up to half of the

total drag of civil aircraft at cruise is friction drag. This claim is also supported by

one of the main manufacturers of civil aircraft, Airbus, which pointed at friction

drag as one of its main challenges to increase efficiency in 2008 [8] (Fig. 1.1).

Friction drag is related to the viscous boundary layer which develops around

the aircraft’s wet surfaces (those in contact with the airflow, e.g. the wings and

fuselage). Many efforts have been conducted in the drag reduction field such as

controlling transition from laminar to turbulent flow or delaying boundary layer

separation. However, the development and behavior of turbulent boundary layers

(TBLs) under high pressure gradients as appearing on wing surfaces are still open

research topics. This work aims at providing a step in the direction of increasing

the understanding of these type of turbulent flows by designing and implementing

an experimental setup in a wind tunnel facility.
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1.1 Background

The study of the flow around wings has been an ongoing research topic for the

past century. The initial efforts were made in the theoretical front. In the early

1920s, Prandtl published his renowned lifting line theory [11]. The theory allowed

to apply the vortex lifting law of Kutta and Joukowsky to three-dimensional

wings, obtaining somewhat accurate results. However, the assumption of infinite

span limited its applicability to real cases. Some years later, Theodorsen

developed a method to apply potential flow theory to arbitrary wing sections

[12]. Using Riemann’s fundamental theorem on conformal representation,

Theodorsen mapped the airfoil shape into a circle, together with its streamlines

and equipotential lines. This allowed to obtain the velocity distribution around

the airfoil, and through Bernouilli’s theorem, its pressure distribution. This was

a critical step towards the development of efficient airfoil shapes. However, the

irrotational and inviscid assumptions in potential theory become invalid in the

region near the airfoil surface, in which viscous effects become important. This

region was referred to as the boundary layer by Pradtl in 1904 [13], and plays

a critical role in the airfoil’s aerodynamic properties. This fact was pointed out

by Pinkerton in a 1937 NACA (National Advisory Committee for Aeronautics,

predecessor of NASA) report [14], in which the author compared the pressure

coefficient (cp) distributions of a NACA 4412 profile obtained using Theodorsen

potential flow method and those measured in a wind tunnel experimental

campaign. The pressure coefficient is defined as the pressure differential with

respect to a reference pressure normalized with the dynamic pressure of the

flow, cp = 2(p − pref )/ρU
2
∞. Pinkerton showed that potential flow theory

failed at accurately predicting the pressure distribution around the airfoil, clearly

showing the limitations of a theory which neglects the boundary layer flow. The

experimental campaign was performed in a wind tunnel at a Reynolds number

of 3 million, using 54 pressure orifices. Driven by the need to obtain accurate

results for the flow aroundwings, and having noted the shortcomings of linearized

and potential theories, Pinkerton extended his work one year later, looking at

the effect that the Reynolds number had on the pressure distribution around

the same wing profile [15]. In order to do so, Pinkerton studied a range of
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Reynolds numbers from 1 × 105 to 8.2 × 106. The Reynolds number is defined

as the ratio of inertial to viscous forces in the flow (Re = UL/ν, being ν the air

kinematic viscosity,U the free-stream velocity andL a characteristic length, in the

case of airfoils, their chord) and dictates the behaviour of incompressible flows.

Pinkerton found the pressure distribution around the NACA 4412 profile to be

almost independent of the Reynolds number for the smaller angles of attack. The

distribution changed with the Reynolds number whenever separated flow regions

existed. As the Reynolds number increased, the flow remained attached over a

longer portion of the airfoil, effectively delaying stall. A similar Reynolds number

sensitivity analysis was performed by Jacobs and Sherman to multiple airfoils

[16], in order to study the effect of the wing section characteristics at different

Reynolds numbers. However, their tests were restricted to force (lift and drag)

measurements, and did not provide any pressure distributions.

Due to the importance and complexity that the boundary layer around the wing

has on its aerodynamic characteristics, extensive research has been devoted to

the understanding of this critical region of external flows. The simplest and most

canonical boundary layer flow is that of a zero pressure gradient (ZPG) boundary

layer, which develops on a flat plate when the external velocity profile in the

streamwise direction is constant. Nevertheless, it continues to be anopen research

topic, and multiple experimental studies have been conducted in recent years.

Highly accurate and detailed experimental databases exist for this case over awide

range of Reynolds numbers [17, 18]. Moreover, the availability of computational

resources and the development of high-order computational methods for fluid

dynamics, has allowed to tackle the problem from a numerical point of view [19,

20], with the use of direct numerical simulations (DNS) or large-eddy simulations

(LES).

However, the flow around a wing is far from the zero pressure gradient case:

it exhibits both strong adverse pressure gradients (APG, in the suction side)

and favourable pressure gradients (FPG, in the pressure side). The APG case is

specially relevant, since it can also lead to the separation of the boundary layer

from the wall, known as stall, in which the drag increases dramatically and the lift

is reduced. Under a strong APG, the coherent turbulent structures dominating the
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boundary layer flow are affected greatly, going fromelongated, streamwise streaks

(as the ones in ZPG-TBLs) to shorter, oblique structures, as shown byMaciel et al.

[21]. Moreover, the wake and the streamwise turbulence intensity are increased

in the outer region (see Harun et al. [22]), which is related to the existence of a

second peak in the turbulent kinetic energy production in the outer layer of the

boundary layer [23].

Traditionally, PG-TBLs have been described using two parameters: the Reynolds

number and the Clauser parameter β [24], which depends on the local pressure

gradient, the boundary layer displacement thickness (δ∗) and the wall shear-stress

(τw), β = (δ∗/τw)dP/dx. However, recently, Bobke et al. [25] concluded that the

physics of PG-TBLs depend also on the β history. Therefore, in order to compare

properly two PG-TBLs at different Reynolds numbers, which is needed to analyze

the effect of Re on PG-TBLs, the β history should be the same. As mentioned

before, the NACA 4412 profile has a pressure coefficient distribution almost

independent of Reynolds number for a range of angles of attack. This makes it a

really attractive profile to perform studies on PG-TBLs. In fact, in recent years,

and thanks to the aforementioned advancements in computational resources

and methods, the Mechanics department at KTH has carried out multiple high-

fidelity numerical campaigns using the spectral-elementmethod (SEM, [26]) code

NEK5000 [27]. These include a direct numerical simulation at aReynolds number

of 4× 105 [28], and large-eddy simulations at multiple Re up to one million [29].

Thanks to the high-resolution and fidelity of the simulations, multiple complex

analysis have been performed assessing high-order turbulent statistics [30], or

studying backflow events in the near-wall region [31].

However, the experimental data is limited to a set of experiments performed in

the late 1970s and 1980s [32, 33, 34], apart from the original NACA work done

in the 1930s. Only some pressure scans and some velocity profiles (not well

resolved in the near-wall region) were performed. Thus, the dataset available is

quite limited, compared to the numerical simulations being performed nowadays.

Moreover, in these experiments the focus was placed on the airfoil characteristics

near maximum lift, which is far away from the 5 degree angle of attack (AoA)

cases being studied numerically in [28] and [29]. Moreover, this lower angle
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of attack regime is the one found in cruise conditions, where most of the fuel is

consumed. Lastly, as mentioned by Jansen in [35] (who performed a pioneering

LES of the NACA 4412 profile in 1996), there is a clear disagreement between the

data presented in the aforementioned experimental works: In the first study [32],

a maximum lift angle of attack of 13.87o was reported, whereas in the two others

[34, 33], 12o were reported. Jansen attributes this large discrepancy to a poor flow

quality inside the test-section of the wind tunnel.

The adverse effects of wind tunnel testing related to test-section wall interference

(also known as blockage effects) have been known for a long time, and they have

been reported in the early works by Pope [36] and Pankhurst and Holder [37].

In the case of wing testing, the main problem is that of flow acceleration, both

due to the development of boundary layers around the test-section walls as well

as to the Venturi effect created by the presence of the walls. Secondly, the wake is

also deflected away from the walls, which can affect significantly the aerodynamic

properties of the wing, as explained by Barlow et al. [38]. In order to solve these

problems, adaptive wall test sections (AWTS) were developed in the 1990s. In

these test sections, the walls are movable and can adapt to achieve a streamline

shape. This is done by means of matching the pressure in the inside of the

walls to that expected outside of it (computed usually by means of potential flow

simulations) [39, 40]. However, these test sections are rare and quite expensive.

Other approach is that of introducing inserts (also known as wall liners) into the

fixed test section with the aim of achieving a streamlined flow. This has been done

mostly in the study of cross-flow instabilities and transition in sweptwings [41, 42,

43] in order to simulate an infinite-span swept wing, but it has not been done with

the aim of reducing blockage effects inside a test-section.

1.2 Objective and scope

The main goal of this work is conceiving an experimental setup to allow high-

fidelity experimental measurements of the turbulent boundary layer flow over

a NACA 4412 profile in the Minimum Turbulence Level (MTL) wind tunnel at

the Mechanics department in KTH [17]. The experimental setup design and

implementation takes into account future experimental campaigns, apart from
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the current pressure scan campaign, which will include complex measurement

techniques such as hot-wire anemometry (HWA), particle image velocimetry

(PIV), both planar and tomographic, and particle tracking velocimetry (PTV).

Moreover, the effect of the wind tunnel walls on the flow, as well as the blockage

effect, is taken into account. In order to replicate free-flight conditions, used in

the numerical simulations accompanying this experimental work, wall liners are

designed to adapt the flow inside the MTL test section. These liners, also referred

to as inserts, are designed in an iterative process by means of Reynolds-Averaged

Navier-Stokes (RANS) simulations, accounting for the boundary layer developing

over them.

This project is embedded in a global research effort of the SimEx group 1 (Research

group on Simulations and Experiments in Turbulence) of the Linné FLOWCentre

(Department ofMechanics, KTHRoyal Institue of Technology). The experimental

measurements are accompanied by high-order large-eddy and direct numerical

simulations over the same wing profile. The end goal of this research effort is that

of understanding the development and behaviour of turbulent boundary layers

subjected to strong pressure gradients (both adverse and favorable).

1.3 Outline

First, the design, manufacturing and mounting of the wind tunnel model is

explained in Section 2. Both the wing model and the wind tunnel set-up used

in the experimental campaign are detailed extensively in this section. Afterwards,

the wind tunnel insert design is shown in Section 3, including the methodology

followed to streamline the test section, aswell as the numerical procedure followed

to create the different geometries. Then, the results are reported in Section

4. The effect of the using inserts in the test section is analyzed through RANS

simulations, and the experimental results from the pressure scanning campaign in

the MTL are reported. Then, the experimental and numerical data are compared.

Lastly, conclusions are drawn in Section 5, and future steps to follow-up the work

performed in this project is proposed.

1SimEx webpage: https://www.kth.se/social/group/simex/
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2 Wind-tunnel model

The first and most important goal of this work is that of devising a complete

experimental setup of aNACA4412 profile to performwind-tunnelmeasurements

to complement and further the numerical studies being performed in the

Mechanics department at KTH. In this section, the wing model design concerns

and process are assessed, and the set-up used in the preliminary experimental

campaign is discussed.
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Figure 2.1: Sketch of the wing model.

2.1 Design and manufacturing of the wing model

2.1.1 Design requirements

In order to create an adequate design, first the requirements and goals of the

final product should be defined. In this case, the goal is that of creating a NACA-

4412 model to be used in a wind tunnel campaign, achieving the largest Reynolds

number possible with an acceptable flow quality. The second requirement has two

implications. First, as the Reynolds number to be achieved should be large, the

speeds are expected to be high (up to 90 m/s in the suction side, close to 50 m/s

in the inlet of the wind tunnel), thus aeroelastic effects can become an issue: The
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wing should be stiff enough from a structural point of view, and its fixing to the

wind tunnel should be appropriately designed in order to both avoid vibrations

and changes in pitch (which could be caused by a poor angle of attack fixing).

Care was taken designing a good angle of attack fixing and rotation mechanisms.

Secondly, the chord of the wing should be as high as possible to achieve larger Re

without having too high speeds, but the flow should be two-dimensional in a large

enough section in order to acquire valuable data. Achieving this last requirement

effectively sets a limit on the allowable chord length through themaximum aspect

ratio, defined as the ratio between the span and the chord of the wing. As the test

section of the MTL wind tunnel is of 1.2× 0.8m, and the wall interference should

beminimized, themaximum span should be 0.8m. The chord is then set to 0.5m,

giving an aspect ratio of 1.6, which would allow to have a wide enough 2D region

in the center of the wing profile. By combining all the requirements, an initial

(intended) design for the airfoil to be tested was created (Figure 2.1). This design

was then adapted according to suggestions put forward by the commissioned

manufacturer (Institut für Aerodynamik und Gasdynamik, Stuttgart University).

The final design and manufacturing process is detailed in Section 2.1.4.

2.1.2 Trailing edge shape design

All numerical studies carried out in the Linné FLOW Centre on the NACA 4412

wing profile [28, 30, 31, 29] have been performed using an airfoil with a sharp

trailing edge (TE), i.e. the pressure and suction side curves end at the same point

in the trailing edge. The coordinates for the sharp trailing edge profile were

generated by using a modified version of the original NACA definition [44] by

replacing the 0.1015x4 term with 0.1036x4, resulting in only a very small change in

the airfoil shape such that the airfoil is closed at TE. However, that is not a feasible

configuration for an experimental campaign since a true sharp trailing edge

cannot be manufactured. Therefore, a blunt trailing edge had to be used.

With the goal of reproducing the results obtained in the numerical simulations

experimentally, the sharp trailing edge profile was modified to obtain a blunt

trailing edge configuration as close as possible to the sharp one. The minimum

thickness required by the manufacturer at the TE was 0.5 mm, which results in
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Figure 2.2: Pressure coefficient results from XFOIL for different trailing edge
geometry types at Re = 1 × 106. 5 degree AoA in the left column, and 10 in the
right one.

a TE gap of 0.1% of the chord. The sharp profile was modified progressively

from the leading edge to the trailing edge, minimizing the impact of the addition

of the blunt TE. Three different configurations were tested: a rounded trailing

edge and two blunt trailing edge configurations. For the latter ones, in one the

additional thickness was blended perpendicular to the mean camber line, and

for the other one the blending was done perpendicular to the chord line. The

profiles are generated according to the original NACA formulation with the sharp

TEmodification and the blending to a blunt TE using a Python script, included in

appendix A.
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Figure 2.3: Friction coefficient results from XFOIL for different trailing edge
geometry types at Re = 1 × 106. 5 degree AoA in the left column, and 10 in the
right one.

In order to asses a priori the effect of changing the trailing edge from a sharp

to a blunt one, XFOIL simulations with the different configurations were carried

out. XFOIL is a tool widely used in the design and analysis of subsonic airfoils,

and it is a panel method-based code developed by Drela et al. [45], which uses

a coupled inviscid/viscous interaction method, which includes also a transition

model based on the e9 criterion [46]. Moreover, it is able to account for the

effects of having a blunt trailing edge [47], and it includes an automatic NACA

profile generator. However, after testing the later one, discrepancies were seen

in the profiles generated compared to those obtained using the original NACA

formulation. This discrepancy is caused by the fact that in the profile generation

process in XFOIL the thickness is added directly to the chord (in the y direction),
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but not perpendicularly to the camber as in the original NACA definition. In

order to be consistent with the previous numerical studies, the profiles tested in

XFOIL were generated using the Python script mentioned before. All analyses

were performed at Rec of 1 × 106 at two angles of attack of interest (α = 5, 10°).

The closest results were obtained for the case of a rounded trailing edge. However,

after consulting with the manufacturer, this option had to be discarded due to

manufacturability issues. There is little difference found between using a camber-

normal or a chord-normal approach as can be inferred from the pressure and

skin-friction coefficient distributions (Figure 2.2). In the final configuration, the

thickness was added to the profile normal to the camber in order to be consistent

with the original NACA formulation.

2.1.3 Instrumentation of the wing: pressure taps

In order to measure the evolution of the pressure distribution around the wing

at different angles of attack and Reynolds numbers, the wing model is equipped

with 65 pressure taps: 44 of which are placed on the suction side, 22 on the

pressure side and one at the trailing edge. The streamwise distribution of these

taps and their placement along the airfoil is shown in Figure 2.4 a). This

streamwise distribution is defined in terms of a combination of both cosine and

linear distributions: The suction side has a linear distribution from leading edge

until the tripping location (0.1c), and then a full cosine distribution from that point

until 0.95c, allowing to capture the suction side peak and then changes near the

trailing edge section, where separation occurs at the higher angles of attack. In

the pressure side, a half cosine distribution is used close to the leading edge up

until the tripping location, and then a linear and sparse distribution is used until

0.9c. This allows to capture correctly the stagnation point, and then little taps are

wasted in the almost flat section of the pressure side. Then, the trailing edge tap

allows to close the pressure distribution curve.

Once a desired streamwise distribution of the pressure tap locations is defined,

the spanwise distribution of the taps has to be designed. Due to the close distance

between some of the consecutive taps, the orifices should be placed at an angle

from each other in order to avoid interference in the pressure readings caused by
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a)

b)

Figure 2.4: a) Streamwise distribution of the pressure taps on the NACA 4412
profile, and b) spanwise distribution.

the small effect that the openings (of 0.3 mm in diameter) could have on the flow.

A 15 degree angle is used to place the taps. Moreover, the taps are connected with

tubes, which could get tangled if their separation is not enough. Lastly, in order

to avoid interference with a future PIV campaign, the taps are located slightly

off-center in the spanwise position (75 mm deviation from the spanwise center).

The deviation was made as small as possible in order to avoid the possibility of

having 3D effects in the region were the pressure readings are being performed.

The intended spanwise location of the taps is reported in Figure 2.4 b). The

final position of the pressure taps orifices was adjusted manually to circumvent

tangling issues by the manufacturer, and the final tap distribution is reported in

Appendix B.

The taps are located within 7-15 cm from the mid span with a 15° alignment to
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reduce the interference of the taps with one another. During manufacturing,

to prevent the entanglement of the tubes for the closely-spaced taps, this angle

alignment is fine tuned. The final configuration of the location of the taps is given

in Appendix B. The pressure tubes will be let out from a rectangular opening, see

Figure 2.1, from the lower side of the wing model which stands on the floor of the

wind tunnel. Figure 2.1 also shows the rotational mechanism of the model with

25 mm diameter circular slot for a rotational rod that goes across the whole span

and two pivot points of 8 mm diameter on both upper and lower sides of the wing

to achieve accurate rotations. Also, the positioning of the model is such that the

chord line is aligned with the mid-span of the test section and the centre of the

circular slot for rotational rod is 3.375 m downstream from the inlet of the test

section.

2.1.4 Manufacturing

The manufacturing of the model and its design, as mentioned before, are driven

by the requirements of the experimental campaign. First, in order to estimate the

static loads acting on the airfoil, the aerodynamic properties of the profile were

studied through a XFOIL analysis at the Reynolds numbers of interest (Fig. 2.5).

In particular, the lift and pitch moment are the most critical loads acting on the

airfoil. In order to minimize the effect of the aerodynamic moment as the angle

of attack increased, the rotation point was set in the aerodynamic center (i.e. the

pointwere the aerodynamicmoment cm is constant as the angle of attack changes),

which is located at 25% of the chord for subsonic airfoils according to thin airfoil

theory [48]. The biggest static load comes from the lift, which acts perpendicular

to the chord line, and at the higher Re and AoA aimed for, leads to more than 70

kg of force acting on the airfoil.

Apart from the static loads, due to the high speeds, aeroelastic effects (i.e. the

coupling between unsteady aerodynamics and structural response) should be

taken into account: In order to achieve a Reynolds number of one million with

a chord of half a meter, the inflow velocity is close to 30 m/s, and up to 50 m/s to

achieveRe = 1.64×106. Moreover, at high angles of attack close to maximum lift,

the flow is accelerated substantially in the suction side and there are significant
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Figure 2.5: Loads acting on the wing profile, computed in XFOIL at different
Reynolds numbers, ranging from 300,000 (blue) to 1,600,000 (red) in steps of
100,000. Lift coefficient and force in the top left and right panels respectively,
and pitch coefficient and moment in the bottom left and right panels.

separated flow regions near the trailing edge, leading to the unsteady shedding

of vortices. This in turn, produces an unsteady component on the aerodynamic

forces acting on the airfoil, which could cause large vibrations affecting both the

structural integrity of the wing and the measurements.

Both concerns were discussed with the wing model manufacturer (Institut

für Aerodynamik und Gasdynamik, Stuttgart University). The wing was

manufactured using NC-milled foam negative molds. Then, the skin of each

surface is build as a symmetric glass-fiber sandwich, which is then wet-sanded

and polished to achieve a good surface quality, with deviations from the intended
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Figure 2.6: Wing model open, with the pressure tubes bundled and end ribs and
wooden spars visible.

profile below 0.02 mm. Moreover, surface roughness has values of around RZ =

1 − 1.5 µm, which makes the model suitable for transition studies too (although

they were not inside the original scope of the project).

In order to allow to transmit the loads acting on the sandwich surface to the

rotation rod, the model is equipped with aluminum end-ribs (sketched in Fig. 2.1,

and seen inFig. 2.6). Moreover, twowooden spanwise spars are fitted inside of the

model, increasing the overall stiffness of the model (Fig. 2.6). The manufacturer

states in its report that the model can be tested in conditions with velocities over

90 m/s even in post-stall conditions.

The pressure tap orifices were drilled using a template to accurately place them

in the desired locations (detailed in appendix B). Then, a small metal bushing is

fitted to the whole (Fig. 2.7), and a silicon tube is attached to it (Fig. 2.8). The

silicon tubes are bundled together in groups (Fig. 2.9), and taken out of themodel

from a slot present in the end-rib (Fig. 2.10). Lastly, the suction and pressure side

were glued together and themodel was shipped to KTH from Stuttgart University.
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Figure 2.7: Pressure tap orifices drilled in the wing surface, with the metal
bushings attached to the inner side of the surface.

Figure 2.8: Close-up view of the silicon tubes attached to the metal bushings.

2.2 Wind-tunnel set-up

Two different wind tunnels are present in the Fluid Physics Laboratory (part of the

Mechanics Department), both of closed loop Göttingen type. The Boundary Layer

wind Tunnel (BLT) and theMinimum Turbulence Level wind tunnel (MTL). Both

tunnels are known for their extremely low turbulence levels and high flow quality:

the MTL exhibits a streamwise turbulence intensity level below 0.025% (0.035%

cross-flow TU) for a velocity of 25 m/s as reported by Lindgren and Johansson

in [49], whereas the BLT has a turbulence intensity below 0.04% [50]. Both

tunnels have active-control cooling systems, which allow to achieve a constant
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Figure 2.9: Silicon tubes connected and bundled together near the trailing edge
area of the suction side.

Figure 2.10: Wingmodel once both surfaces (pressure and suction side) are joined
together, and the silicon tubes have been bundled and taken out through the end-
rib slot.

flow temperature while operating the tunnel (±0.05oC for the MTL and ±0.07oC

for the BLT). This temperature control is critical to use hot-wire anemometry,

since the tests should be performed at the same temperature at which calibration

was performed.

Despite having comparable flow qualities, the MTL wind tunnel (sketched in Fig.
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Figure 2.11: Schematic representation of the MTL.

2.11) was a much better choice for the present experimental campaign, since its

test section is considerably larger than that of the BLT: 0.8× 1.2m2 and 0.5× 0.75

m2. Moreover, the maximum speed achievable (with an empty test section) is

much larger in the MTL, 90 m/s, compared to the BLT, 48 m/s. Therefore, in

order to achieve larger Reynolds numbers, the MTL is used in this project.

2.2.1 Test-section set-up

As a PIV campaign is planned, the wing should be placed in one of the three

windows of the seven meter long test section. Moreover, the wing should be

sufficiently far from the inlet and from the outlet in order to achieve as much of a

2D flow as possible. Placing the wing model in the middle window satisfies both

requirements (Fig. 2.12). The center of the rotation point is placed at a distance

of 3.375 m from the inlet of the test section, which means that the leading edge of

the wing (at 0o AoA) is 3.25 meters away from the inlet.

In order to reduce as much as possible blockage effects, the wing is placed

vertically in the wind tunnel. By doing so, the blockage ratio varies from 5 to 12 %

for the angles tested (Fig. 2.13), where the blockage ratio is defined as the ratio of
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Figure 2.12: Wing model placed in the middle window of the test section. Flow is
from right to left.

Figure 2.13: Blockage (in percentage) of the test section as a function of the angle
of attack.

projected area of the wing model to that of the test section.

The test section is modified in the present work. The bottom floor of the test

section has a number of small hatches which can be replaced. The one in the

position were the wing was placed was replaced for one made out of transparent

acrylic in order to allow for optical access for future PIV or LDV campaigns.
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Figure 2.14: Lower transparent panel installed in the test section, with the wing
model on top of it (rotation rod and adjustment pins were still not mounted).

Moreover, the hatch was machined in order to fit with the wing model design:

A circular hole with a metal bushing was placed for the rotation rod, and 3 slots

were drilled to accommodate the angle of attack fixing pins and to allow to take

out the cables from the bottom of the test section. The transparent hatch, as seen

from below the test section, is shown in Figure 2.14.

Figure 2.15: Aluminum disk flash mounted on the top panel, as seen from inside
the test section.

The complete roof section in the area of themiddle window of the wind tunnel was
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Figure 2.16: Angle of attack indicator mechanism installed in the top panel of the
wind tunnel.

changed. A 1 meter times 2 meter plastic roof was installed in that area. It has a

circular cut-out of 63 cm, where an aluminumdisk is placed. This disk can be seen

in Figure 2.15. The bolts are used to hold two handles to ease the transportation

and handling of the panel during the set-up operation, and they were removed

when testing was performed to avoid having obstacles interfering with the flow.

The airfoil is fixed to the aluminum disk (both the rotation and AoA adjustment

pins), and thus, it can be use to set the angle of attack of the airfoil. An angle of

attack indicator is laser-printed on the plastic roof, and a needle is installed into

the disk to indicate the angle of attack of the wingmodel (Fig. 2.16). Themodified

test section, without the wing model installed, can be seen in Figure 2.17.

The roof of the MTL (shown in Figure 2.18) can be changed slightly, by means

of adjusting screws, shown in Figure 2.19. For of those screws are placed at the

same streamwise location every meter, allowing to fine tune the height of the

test section and assuring that it is constant through out its width. However, the

difference between the test section and the wing height (span) was higher than

the maximum adjustment permitted by those screws due to an over-estimation of

the clearance needed in the design process (2 cm of clearance with respect to the

nominal height of the test sectionwere used). This clearance left toomuch of a gap

close to the ceiling which could result in the presence of unwanted 3D flow in the
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Figure 2.17: Custom ceiling section and lower optical access hatchmounted in the
test section of the MTL.

Figure 2.18: Roof of the MTL test section as seen from above. The custom plastic
panel with the aluminum disk manufactured for this project can be seen in the
center of the image.

measurement area. In order to solve this problem, the test section panels were

lowered using 1cm long washers, shown in Figure 2.20. After lowering the test

section, and fine tuning the height at each streamwise location, the wing model
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fitted perfectly into the test section.

Figure 2.19: MTL roof adjustment mechanism.

Figure 2.20: Washers used to lower the MTL roof panels.

2.2.2 Experimental measurement set-up

Due to large delays during both the designing and manufacturing phases of the

project, the initially planned PIV and HWAmeasurements had to be pushed back

to a later campaign, as only two weeks were available to perform all the necessary

set-up and testing. Therefore, the main goal of the research project could not

yet be achieved, as PIV and HWA would allow to extract information about the

boundary layer developing over the wing. Nonetheless, once all the parts were

manufactured and had arrived, the wing model was set-up into the MTL. This

allowed to performed all modifications needed to integrate the set-up, which will

be the base for all future experimental campaigns.
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Figure 2.21: Wingmodel once both surfaces (pressure and suction side) are joined
together.

A surface pressure scan campaign was planned in order to validate the current

design as well as tomake the necessary changes needed to put the set-up together.

After mounting the wing model, a first and big problem was encountered: The

pressure tubes were taken out from the wrong end-rib. Instead of being taken

out from the end-rib facing the ground, they came out through the one facing the

roof. This posed a problem, as the tubes were not long enough to reach the ground

were the measurement equipment was placed. In order to solve this problem, the

scanivalves used in this project were fixed to the roof of the wind tunnel, and the

cables were taken out through the slot milled into the aluminum disk (Fig. 2.21).

Figure 2.22: MPS 400 digital pressure scanner used to perform the pressure
scans.

25



Figure 2.23: Mechanical pressure scanner used to perform the pressure scans at
the cases with the largest pressure differentials.

A digital pressure scanner, model MPS4264 (Scanivalve), was used to acquire the

initial pressure readings (Fig. 2.22). This model proved to be quite useful for

the current campaign, as it was able to scan simultaneously a total of 64 pressure

ports. Moreover, it is able to communicate directly through an Ethernet cable

with a computer, which eases the data acquisition procedure, and gives a fast

acquisition rate. It provides a good accuracy of just 0.20% of its full scale (which

translates to a measurement error of ±2 Pa), but its range is limited to ±1 kPa

[51]. At high Reynolds numbers or angles of attack, the pressure differential in

the wing is higher than this limit and the Scanivalve device is not able to do any

pressure readings. For these cases, a mechanical pressure scanner is used (Fig.

2.23), which has double the range of pressure differential (±2 kPa), and an even

better accuracy of ±0.01% of the full range (±0.2 Pa). However, it only has 48

total pressure ports, and it performs the scan sequentially, one port at a time.

Moreover, it has to be connected to a micromanometer (Fig. 2.24) in order to

obtain a pressure differential. In both cases, a micromanometer (model Furness

FCO510) was used in order to acquire the ambient conditions: pressure and

temperature. An absolute pressure reader wasmeasuring the ambient pressure in

the room, and a termocouple was installed in the outlet of the test-section.

Two separate Virtual Instruments had to be created in LabVIEW in order to

acquire the data from the two pressure transducers, where the one for the

26



Figure 2.24: Two Furness FCO510 micromanometers used to obtain the ambient
conditions and the pressure differential when themechanical scanivalvewas used.

mechanical scanner was much more complex since the communication was

performed through three serial ports: One to read the ambient conditions from

a first micrometer, a second one to read the pressure differential from the

micrometer connected to the mechanical scanner, and a last one to change the

pressure port active in the mechanical scanner, which was done by means of

sending an analog signal which rotates the bundle of tubes.

a) b)

Figure 2.25: V-shape tape tripping used in the a) suction and b) pressure sides at
10% of the chord. The flow direction is from right to left in a), and from left to
right in b).

In order to replicate the numerical studies used as reference, the boundary layer

was tripped (i.e. transition to turbulence was forced) at 10% of the chord (location

used in the numerical studies) using a V-shape tape (Fig. 2.25). The tripping

was seen to be strong enough to obtain a fully turbulent flow all the way to the
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trailing edge for Reynolds numbers larger than 400,000. However, for 200,000

Re at 5 degree angle of attack case, re-laminarization of the flow was observed

downstream of the tripping, and the flow then became turbulent once again only

very near of the trailing edge. This study of transition was performed using an

acoustic technique, which uses the fact that turbulent flow is a quadrupole sound

source. By placing a microphone attached to a rod close to the surface (inside

the boundary layer), one can ”hear” the turbulence. When no sound is picked up

by the microphone, a laminar flow is present. A bigger tripping wire was then

used (and even later a 5 mm cylindrical rod), but still laminar flow was observed

downstream. As the tripping worked for larger Reynolds, and it was already

affecting the readings of the two closest pressure taps, the V-shape reading was

used for the rest of the campaign.

Figure 2.26: Wing model mounted in the test section, with the tufts and tripping
tape attached to it. The flow goes from right to left.

Lastly, tuftsmade out of string were placed at three different streamwise locations

(≈ 0.7, 0.8 and 0.9 times the chord), distributed throughout the whole span of the

airfoil (Fig. 2.26). The tufts were then used to visually asses separation of the flow,

which allows to see whether or not the flow is 2D or 3D. All tufts indicated the

presence separated flow at the same angles of attack, which is an indication that
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the flow is in fact 2 dimensional. This check was performed for both the tripped

and un-tripped cases.

A total of 124 different cases were measured. These cases represent different

variations of angles of attack and Reynolds numbers, which were measured both

with and without tripping. The whole list of cases for which pressure scans were

performed is included in Appendix C.
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3 Insert design

3.1 Numerical set-up

3.1.1 RANS model

In order to reduce the computational costs of the insert design, the turbulent

flow around the wing and inside the wind tunnel test-section was modeled using

the incompressible Reynolds Averaged Navier Stokes Equations (RANS). More

precisely, the k−ω Shear Stress Transport model was used [52]. This model uses

the k−ω formulation near thewalls and then switches to a k−ϵ behaviour far away

from the wall. Therefore, it is a Low − Re turbulence model, which can be used

up to the wall without requiring any wall-functions, but at the same time avoids

the sensitivity issue of the classical k − ω model to inlet free-stream conditions.

Moreover, it has been used extensively in the modelling of wing boundary layers

as it shows good capabilities (even if still limited) capturing the behaviour of a

boundary layer under adverse pressure gradients and separated flow [52]. In the

next lines, a brief description of this model will be given.

First the RANS equations have to be derived. In order to do so, a Reynolds

decomposition is performed to the velocity and pressure, dividing them into their

time average and fluctuation components:

ui = Ui + u′
i; p = P + p′ (1)

Then, the Navier-Stokes equations are averaged in time (note that the time

average of the fluctuating component is zero), and the Reynolds equation is

retrieved:
∂Ui

∂t
+ Uj

∂Ui

∂xj

= −1

ρ

∂P

∂xi

+
∂

∂xj

(
ν
∂Ui

∂xj

− u′
iu

′
j

)
(2)

Notice that compared to steady laminar flow, there is an extra term appearing in

the Reynolds equation. This ”turbulence interaction term”, similar to the viscous

stress tensor, is known as the Reynolds stress tensor (ρu′
iu

′
j). This tensor, which is

symmetric, introduces six new unknowns to the problem, governed by just three
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equations (3 Reynolds equations and the continuity equation). This is known

as the ”turbulence closure problem”. In order to close the problem, this term

is modeled using the Boussinesq hypothesis: turbulence stresses are related to

gradients in the mean flow, using an eddy viscosity (νt). Thus, the turbulence

stresses are introduced into the model as an increase of the kinematic viscosity

with an eddy viscosity.

−u′
iu

′
j = νt

(∂Ui

xj

+
∂Uj

xi

)
− 2

3
kδij = 2νtSij −

2

3
kδij (3)

where k = 1
2
u′
iu

′
i is the turbulence kinetic energy (TKE) and δij the Kronecker

delta.

In the two-equation eddy-viscosity models (EVM), two additional transport

equations are used to determine the value of νt, in this case the turbulent kinetic

energy k, and the specific dissipation ω.

∂(ρk)

∂t
+

∂(Uiρk)

∂xi

= P − β∗ρωk +
∂

∂xi

[
(µ+ σkµt)

∂k
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]
(4)
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νt
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∂xi
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+2(1−F1)
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ω

∂k

∂xi

∂ω

∂xi

(5)

where the blending function F1 is given by

F1 = tanh

[[
min

[
max

( √
k

β∗ωy
,
500ν

y2ω

)
,
4ρσω2k

CDkωy2

]]4]
(6)

F1 is equal to zero far from the surface and goes to 1 as it approaches thewall.

νt =
a1k

a1ω,
√

2SijSijF2(7)

F2 = tanh

[[
max

( 2
√
k

β∗ωy
,
500ν

y2ω

)]2]
(8)
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Table 3.1: k − ω SST model constants used in the present work.

α1 α2 β1 β2 σk1 σk2 σω1 σω2 β∗ a1
5/9 0.44 3/40 0.0828 0.85 1.0 0.5 0.856 0.09 0.31

P = µt
∂Ui

∂xj

(∂Uj

∂xi

+
∂Uj

∂xi

)
−→ P = min(P, 10β∗ρωk) (9)

CDk = max

(
2ρσω2

ω

∂k

∂xi

∂ω

∂xi

, 10−10

)
(10)

Then, the constants of the model are computed from those of the k − ε and k − ω

models, using the blending function (e.g. α = α1F + α2(1− F )).

The value given to the turbulent quantities at the inlet becomes critical especially

in the test-section simulation, as the inlet is just six chords upstream of the airfoil.

The following formulas were used to obtain the inlet values needed in the k − ω

model [53].

k =
3

2
(I|U∞|)2 (11)

ω =
k0.5

L
(12)

νt =
k

ω
(13)

where L is a turbulence reference scale of the problem. For wall-attached

turbulence, it is recommended to use L ≈ 0.22δ [54], being δ the boundary-layer

thickness.

3.1.2 Solver

The numerical solver used in this project is the open source CFD software

OpenFOAM (version 5) [55]. The k−ω SST turbulence model is readily available,

so it did not have to be implemented. As for the discretization, second order-

accurate numerical schemes were used. Central differences were used for the
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gradient (∇) and laplacian (∇2) operators, and second order upwind-biased

schemes for the divergence (∇·) operators. As for the boundary conditions (BCs),
the turbulence quantities and velocity have Dirichlet BC at the inlet, and a zero-

gradient (or natural/ Neumann BC) is used at the outlet (where the pressure is

specified). In the case of the test-section simulation, due to convergence issues,

the velocity zero-gradient boundary condition at the outlet is replaced by an inlet-

outlet BC, in which the inlet value is set to zero in order to avoid to have an ill-

conditioned problem. The pressure follows a zero-gradient BC at the inlet and a

Dirichlet condition in the outlet.

3.1.3 Meshing

The mesh generation software ICEM CFD (ANSYS) was used to create all the

meshes considered in this project. This software provides a great flexibility and

control over the meshing process, which allows to generate high quality meshes

around complex geometries. Moreover, ICEM has the option to input geometries

from point data, as well as saving all commands from a meshing session in a re-

readable script. These two options combined allow to ”automate” the meshing

process of cases containing the same components (e.g. the wing inside a wind

tunnel with different insert geometries for each case or different angles of attack).

That is, once a first mesh is created for a type of case (i.e. free flight or wind tunnel

case), where the blocking divisions and the distribution of elements along their

edges have been defined, the same setup can be used for a later mesh in which the

geometry of some components is different. Two different types of meshes had to

be created for this project: free flight and wind tunnel meshes.

The free flight mesh for a Reynolds Averaged Navier Stokes (RANS) simulation

requires a large enough domain so that the results are not affected by the inflow

properties, and no inflow occurs in the outlet boundary. In this work, a domain

size of 200 chords was used (50x50m). In order to create a single free flight mesh

to run simulations on all angles of attack (α), a square domain rotated 45 degrees

was used, with the airfoil at a zero angle of attack in the center of the domain, as it

can be observed in Figure 3.1. In order to set the angle of attack for a simulation,

the inflow velocity is rotated instead of the airfoil itself. This domain configuration
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a)

b)

Figure 3.1: Blocking of the free flight mesh with block edges in cyan blue. a) Free
flight domain, with inlet region in red and outlet in purple and b) Blocking around
the airfoil.

avoids having any issues with the inlet behaving as an outlet or vice versa, which

can potentially blow up the simulations or give nonphysical results (up to an angle

of attack of 45 degrees, which is completely out of the scope of this project).

As for the mesh type, first a conformal structured grid mesh was designed. This

type of mesh can be beneficial, since lower orthogonality is usually achieved

when compared to an unstructured grid, and consequently, fewer orthogonality

correction steps are required in the solver. Moreover, a structuredmesh is needed
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close to any surfaces in order to capture correctly the boundary layer forming over

them. However, due to the big domain in the free flight simulations and to the

small finite trailing edge used, this meshing strategy led to extremely high aspect

ratios in the far field. This is a common problem with structured grids, which

cause the solver to have problems with the pressure iterations. Avoiding these

extremely high aspect ratios (of the order of 10,000) require an over-refinement

of the far field, which in turn increased thenumber of elements dramatically, going

over the million count. Therefore, the fully structured grid strategy was discarded

in favour of a hybrid mesh: A structured mesh was employed in a region close to

the airfoil walls (ystruct ≈ 0.035c) and extending around 0.3 chords downstream in

order to capture the boundary layer, while the rest of the domain was discretized

using an unstructured grid, as seen in Figure 3.1. Lastly, the boundary layer mesh

around the airfoil was further divided into multiple blocks, in order to achieve a

higher control in the streamwise distribution of elements around the wing as well

as to ensure that the elements in the BL followed the airfoil shape.

The same hybrid meshing strategy was used in order to mesh the wind tunnel test

section, with a boundary layer structured grid near the airfoil and an unstructured

grid elsewhere (Figure 3.4). In this case, since there are two extra surfaces where

a boundary layer develops (i.e. the bottom a top walls of the wind tunnel), 2

additional structured regions were created. They are modeled using a single

block for each boundary region (Figs 3.3 and 3.4) which simplifies the meshing

procedure significantly, but leads to an oversized structured region near the inlet

region: the height of the whole block must be at least that of the boundary

layer height at the outlet region (plus some margin), which is significantly larger

compared to the inlet region. Nevertheless, the whole mesh is composed by less

than 350,000 elements.

This meshing procedure was used both for the original test section of the MTL as

well as that of the MTL with wall liners. In the latter case, both block edges in

the structured region near the walls follow the shape of the insert (Figure 3.4). By

having the same distribution of elements in both edges, orthogonality of the cells

with respect to the walls is preserved.

In order to capture the evolution of the boundary layer around the wing without
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a)

b)

Figure 3.2: Mesh used for the free flight cases, a) view of the whole domain and
b) close-up view of the structured region around the airfoil.

usingwall functions, the viscous sub-layer, which spans from thewall up to around

y+ = 5, has to be resolved. This requires placing the first cell center around y+ = 1,

where y+ = y/l∗. An a priori estimation of the viscous lengths cale l∗ is needed to

determine the first cell height. Boundary layer data reported by Vinuesa et al. in

[29] is used for this purpose. In their work, the authors analyze boundary layers

over the same profile as in this work (NACA4412) using a well-resolved LES for
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a)

b)

Figure 3.3: a) Blocking and b) mesh in the original test-section.

Reynolds number up to amillion. It is in fact this larger Reynolds numberwhich is

the most critical case in term of the scaling. Close to the leading edge, the friction

Reynolds number (Reτ = δuτ/ν) is 300 and the boundary layer thickness (δ99)

0.03c. Where δ99 is defined as the distance at which 99% of the external velocity,

Ue, is recovered. Then, the inner viscous length scale can be calculated as:

l∗ = ν/uτ = δ99/Reτ ≈ 5×−5 m (14)

where uτ is the friction velocity, defined as

uτ =
√

τw/ρ (15)

The biggest Reynolds number analyzed in this project (Re = 1, 640, 000) is larger,

whichmeans that the viscous length scale is expected to be lower. Therefore, with

the aim of being on the safe side and placing the first cell in the inner viscous

sub-layer, the first layer thickness used was 1× 10−5 m.

The advantages of the hybridmeshing strategy followed in this work becomemore

apparent when looking into the different length scales present in the problem.
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a)

b)

c)

Figure 3.4: a) Blocking and b) mesh in the streamlined test-section, and c) near
the airfoil.

The smallest cells closest to the wing have a side length of the order of 1×10−5m,

whereas the ones located in the far field have awidth of around 1m. This difference

of five orders of magnitude can only be achieved without having a excessively high

aspect ratio by using an unstructuredmesh in the far field. The differences in sizes

can be noticed in Figure 3.2, where the areas close to the wing and the wake region

appear to be very densely populated with grid points, due to the ratio between the
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refinement in the far field and in that area.

3.2 Wall liner design

The purpose of the wall liners (referred to as inserts indistinctly), is that of

allowing to obtain a flow inside the test-section as close as possible to the one

observed in free-flight conditions. Similarly to that being done already in adaptive

wall test section (ATWS) wind tunnels, the goal to streamline the test section [39,

40]. In the case of ATWS, this is carried out in-situ by means of measuring the

pressure distribution along the wall, and comparing it to the one that there should

be outside if the same inflow conditions were present. This outside pressure

is calculated using potential flow and the current wall shape. Then, the wall

position is changed iteratively until both pressures match, which indicates that a

streamline shape has been achieved (since no pressure jumps can happen across

a streamline).

However, as theMTL does not have adaptive walls, the inserts have to be designed

a priori. In order to do so, RANS simulations -using the methodology explained

before- are used. The desired streamlines are extracted from the free-flight

simulation, and they are used as reference for the test sectionwalls. Then, in order

to correct for the boundary layer growth over them, an iterative process is carried

out before the final geometry of the side-walls is obtained.

3.2.1 Effect of blending

Streamlining a non-adaptive test section entails physical limitations to the

streamlines that one can use as reference: the streamline cannot cross the wall

of the test section. This does not cause any further issues in the case of the side-

wall close to the pressure side, since the limiting thicknesses are found at the inlet

and outlet (Fig. 3.5). On the other hand, the side wall close to the suction side has

the limiting thickness at the location of the wing. This means that at the inlet, the

position of the streamline does not coincidewith that of the end of the contraction.

If the streamline is used directly, a forward-facing step would be present in the
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Figure 3.5: Different blending configurations for the case of 5 degrees angle of
attack and Re = 400, 000. Full test section in the top panel, zoom-in of the
blending region in the middle and lower left panels, and area around the airfoil
in the bottom right panel.

inlet. The turbulent vortex shedding, and flow separation associated to it would

interfere with the flow downstream, destroying the flow quality inside of the test

section. In order to these undesired phenomena, a blending curve is created in a

region starting at the inlet, in which the position of the streamline is recovered in

a smooth manner, starting from the inlet height.

The choice of the extent of the region inwhich this blending is performed (referred

to as blending distance) is not trivial, and had to be studied. In order to do so, the

case of the wing at 5 degrees and Reynolds number of 400,000 was used. Two

different blending distances were considered, a shorter one of 0.75 m (insert 1 in
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Figure 3.6: Streamwise velocity distribution at different streamwise locations
(advancing from inlet to outlet from the top left to the bottom panel) for the case
of 5 degrees angle of attack and Re = 400, 000 (without applying any viscous
correction).

Fig. 3.5) and a longer one of 1.75 m (insert 2 in Fig. 3.5). As it can be seen in

Figure 3.6, having a short blending distance accelerates the flow too much due to

the high slope of the blending curve. This is reflected as a peak near the wall facing

the suction side. This peak in velocity is then advected downstream, and it can

be observed at all the streamwise points shown in Figure 3.6, even downstream

of the wing. By using a longer blending distance, this issue is mostly avoided.

However, an even larger blending distance was afterwards tried, but the effects

of streamlining the test section disappeared. Therefore, a compromise has to

be made when choosing the blending distance between following the streamline

profile for a larger region and inducing a too high acceleration of the flow.

41



3.2.2 Viscous correction

Asmentioned by Barlow et al. in [38], one of themajor problems that wind-tunnel

testing faces is that of boundary layer effects. The boundary layer developing on

the walls of the test section grow from inlet to outlet, resulting in an undesired

acceleration of the flow. In order to avoid this problem, the insert account for this

boundary layer growth. However, correcting this issue is non-trivial and requires

an iterative process, detailed in the flowchart shown in Figure 3.10.

Figure 3.7: Initial viscous correction performed to the initial insert shape.

As a first step, the streamline (with the blending performed), from the free-flight

simulation is used to replace the side-walls of the test-section. Then, the flow

field inside this initial streamlined test section is computed using a 2D RANS

simulation. The displacement thickness, defined as the distance by which the

streamlines are displaced from the wall by the boundary layer, is computed along

the side-walls:

δ1 =

∫ ∞

0

(
1− u(y)

Ue

)
dy (16)

Once the displacement thickness is known, it is subtracted from the original

streamline (Fig. 3.7), generating a second viscous-corrected side-wall insert.

Using the replay feature of ICEM, a newmesh is generated almost automatically,

and a new OpenFOAM simulation is carried out. When the new flow field is

obtained, the displacement thickness along the corrected geometry is computed

once again. As the geometry has been changed, the development of the boundary

layer (and therefore the displacement thickness profile) is affected. This results in

a slight difference between the position of the sum of the side wall geometry and
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Figure 3.8: Corrected side-wall geometry for boundary layer growth.

the displacement thickness, and that of the free-flight streamline. This error ε, is

computed along the geometry.

ε⃗ = (x⃗insert + δ⃗1)− x⃗streamline (17)

Figure 3.9: Final error (ε) in the position of the displacement thickness after the
iterative process was performed.

If the error is higher than required (in this case, the requirement was set to 1mm),

the geometry is once again corrected, subtracting the error encountered from it.

This correction is performed until an acceptable error profile is reached on both

side-walls (Fig. 3.9).
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Figure 3.10: Flowchart for the insert geometry generation process.

3.3 Insert geometries

As a proof of concept, three different insert geometries are generated for three

different cases of interest. First, the 5 degree angle of attack at a Reynolds number

of 400,000 is generated. This is the case for which both DNS and LES data

are available, and therefore, it allows to obtain the more accurate comparisons

between the numerical and experimental data. Secondly, at the same Re, inserts

are designed for an angle of attack of 10 degrees, as this case already exhibits some
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minor separation in the trailing edge, without being stalled, and the streamline

deflection caused by the wing is much larger than in the 5 degrees case, so the

inserts are expected to play a bigger role in enhancing the flow quality.

Figure 3.11: Final side-wall insert geometries for a) 5, b) 10 and c) 12 degrees angle
of attack at Reynolds numbers of a) 400,000 b) 400,000 and c) 1,000,000. The
circle indicates the rotation rod.

Lastly, for the case of 12 degrees, aReynolds number of onemillion is used instead.

Initially, the same Reynolds number as in the other two cases (400,000) was

attempted. However, the results from the RANS simulations exhibited stall for

that Reynolds number and angle of attack combination. It is not clear whether

this is just caused by the shortcomings of using an eddy viscosity model, or if the

wing profile is actually stalled in those conditions. In the original NACA work

by Jacobs and Sherman analyzing the effects of Reynolds number on different

45



profiles [16], the authors report a maximum lift angle of attack of 12 degrees for

a Reynolds number of 331,000. The three side-wall insert curves obtained after

applying the streamlining and viscous-correction process are shown inFigure 3.11,

and the conditions used for each case are summed up in table 3.2.

Table 3.2: Cases for which the insert geometry process was carried out.

Angle of attack Reynolds number
5 400,000
10 400,000
12 1,000,000

3.4 Manufacturing

After generating the geometries for the relevant cases, the inserts had to be

manufactured.To this end, similarly to what was done in previous studies [56],

the side-wall insert shapes were cut out of foam. A foam cutting machine is used

for this purpose. The machine (shown in Fig. 3.13) consists of two motorized

heads with a cable running between them. The cable is heated up with an electric

current, and the two heads can move in the x and y planes, allowing to cut 2D

shapes into a foam board.

The first step is to calculate the amount of foam needed for each insert. The foam

cutting machine (Figure 3.13), has a rectangular test bed of dimensions 1.2 m ×
0.6 m, which are limiting factors to the maximum size of insert which can be cut

at a single time. These dimensions coincide with those used by foam providers,

but pose a problem for the cutting process when thinking about implementing

the insert into the MTL: the width (height) of the test section of the MTL is of 0.8

m. The most straightforward to cut the inserts is then cutting them in 0.8x0.6

m pieces, which leaves an excess 0.4x0.6 m piece. However, the number of cuts

needed to create a single insert shape would be too high, and too much material

would be wasted. In order to avoid this problem, cuts of 1 meter length (and 0.6

m width) were performed. The excess pieces then have the exact width needed to

complete the section of the insert (0.2 m), so they could be all used.

The next step is that of estimating the amount and types of foam needed to create
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Figure 3.12: Insert geometries plotted with the divisions used for the foam cutting
process (vertical dotted blue lines), wooden support panels (vertical dashed black
lines), and with the different standard foam thicknesses available in the market
(horizontal dashed blue lines).

the inserts. The foamprovider offered different standard thickness of 5, 10, 15 and

20 cm. A visual representation of the divisions used can be seen in Figure 3.12.

To be on the safe side, 2 centimeters extra were used for each section. This allows

the hot cable more clearance with the base of the cutter, avoiding breaking it by

touching the wood. The foam needed to manufacture the three inserts designed

is shown in table 3.4.

Table 3.3: Foam boards required to manufacture the inserts designed, divided by
the thickness of the boards

Thickness (cm) Number of boards
5 19
10 23
15 6
20 2

Apart from achieving the proper shape, due to some of the high speeds at which
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a)

b)

Figure 3.13: Foamcuttingmachine in operation, both a) general view and b) close-
up of the cable.

testing was to be performed (Umax ≈ 50 m/s), a stable and stiff fixing method

became a primary concern. In order to add stiffness to the inserts, the foam

(already cut in the correct shape) is glued to a 0.9 cm plywood board. Five wood

boards are used for each side, as shown in Figure 3.12. Then, these boards are

fixed to the wind tunnel without drilling any holes by tightening them with two

external beams through the window holes, which would then be covered by the

inserts. However, this last step (and the actual wind tunnel testing of the inserts)

could not be performed due to themassive delays suffered throughout the project.

Nevertheless, the 10o insert (forRe = 4× 105) was manufactured out of foam, and
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the foam was stored to use in a future experimental campaign.
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4 Results

4.1 Effect of inserts

First, the effect of the inserts will be assessed. Due to the short wind tunnel time

available in the present campaign, the inserts could not be tested experimentally

(they will be tested in the MTL in a future experimental campaign), which means

that all analyses shown here is based on the two-dimensional k − ω SST RANS

simulations performed in OpenFOAM, with the limitations that this entails.

Figure 4.1: Pressure coefficient distribution from the RANS simulations for the
5 degree AoA and Re = 4 × 105. The complete distribution is represented in the
top panel, the leading edge region of the suction side in the bottom left, and the
bottom right shows the pressure distribution around the trailing edge.

First the results for the case with an angle of attack of 5 degrees at a Reynolds

number of 4 × 105 are analyzed. As it can be seen in Figure 4.1, using the

streamlined walls instead of the original flat walls of the MTL results in a better

agreement between the test-section and the free-flight simulations. Nevertheless,
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Figure 4.2: Pressure coefficient distribution from the RANS simulations for the
10 degree AoA and Re = 4 × 105. The complete distribution is represented in
the top left panel, the leading edge region in the top right and bottom left for the
pressure and suction side, respectively; and the bottom right shows the pressure
distribution around the trailing edge.

there is little deviation from the free-flight results when the original test-section

walls are used in the 2D simulations. This small deviation can be attributed to the

fact that blockage ratio for this case is quite small, only of 6% as seen in Figure

2.13. The main difference appears in the trailing edge, where a small separated

area appears at 0.92c (Fig. 4.4 a). By having the insert, the separation point is

delayed, but it does not disappear.

For the cases where the blockage ratio is higher (e.g. the 10 and 12 degree angle

of attack cases, with a blockage ratio of 9.5% and 10.5% respectively), using a

streamlined test section has a bigger impact on the flow around the wing. Once

again, the differences observed in the pressure distributions areminimal, and they

are mostly confined to the region near the trailing edge (Figs. 4.2 and 4.3). The

effect of using wall inserts is better observed by looking at the friction coefficient
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Figure 4.3: Pressure coefficient distribution from the RANS simulations for the
12 degree AoA and Re = 1 × 106. The complete distribution is represented in
the top left panel, the leading edge region in the top right and bottom left for the
pressure and suction side, respectively; and the bottom right shows the pressure
distribution around the trailing edge.

distributions, shown in Figure 4.4. As mentioned in previous works concerning

with adaptive test sections and blockage effects [38, 36, 37], one of the biggest

impacts of test-section walls is that of deflecting the wake of any object away from

the walls. This effect can be clearly seen in Figure 3.6, where the streamwise

velocity at different streamwise positions is shown. Downstream of the airfoil, the

velocity defect present due to the wake is displaced away from the lower wall when

themodel is simulated inside the original flat-walled test section. By streamlining

the walls, the wake is able to deflect properly, and the velocity deficit matches

that observed in the free-flight simulations. This deflection affects the flow in the

trailing edge region of the airfoil, moving the separation point upstream. Note

that the velocities profiles shown in Figure 3.6 correspond to the case of a 5 degree

angle of attack, in which the deflection is lower. For the larger angles of attack,

this effect is magnified, and thus, the impact on the friction coefficient is larger,
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agreeing with the results reported in Figure 4.4.

a) AoA=5o b) AoA=10o

c) AoA=12o

Figure 4.4: Friction coefficient distributions for the three cases of interest: a) 5
degrees and Re = 4 × 105, b) 10 degrees and Re = 4 × 105, c) 12 degrees and
Re = 1× 106.

4.2 Experimental measurements

Pressure distributionsweremeasured for a large amount of cases (over 125), listed

in Appendix C. One of the first tasks performed was that of validating the setup,

and in order to do so repeatability tests were performed, and the same cases were

measured multiple times, during different days. Figure 4.5, shows the results for

the 5 degree angle of attack and Re = 4 × 105 (which is used in this work as a

baseline case due to the DNS carried out in Ref. [28]), and the one with 12 degrees

andRe = 4×105. The later one ismore critical due to the fact that there is a region

near the trailing edge inwhich the flow is separated, and thereforemore critical for
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repeatability. Three different cp sets measured with the digital pressure scanner

are used in this comparison, and the results from the three tests collapse on top

of each other for both cases.

Figure 4.5: Repeatability test for the digital pressure scanner, performed with a
Reynolds number of 400,000 and an angle of attack of a) 5 and b) 12 degrees.

A second concern regarding the experiments, was that of checking the correct

functioning of themechanical pressure scanner. Twomain concernswere present:

first, determining the lower limit of its sensitivity, which ideally would overlap

with the range of the digital pressure scanner, and then checking whether or

not the readings from both scanners matched. Measurements were performed

at a low angle of attack (5 degrees), and at different Reynolds numbers, and the

data is reported in Figure 4.6. For the lowest one (Re=200,000), the mechanical

scanner completely fails to correctly read the pressure at any data point. As the

pressure differential is increased with the increasing Reynolds, more data points

are captured correctly. Then, when the Reynolds number used is of one million,

all data points are captured correctly andmatch perfectly thosemeasuredwith the

digital pressure scanner.

After checking the equipment used to acquire the pressure data, the cp

distributions measured can be analyzed. As an example, the distributions for the

four main angles of attack of interest (0, 5, 10 and 12) at a Reynolds number of

400,000 are displayed in Figure 4.7. The peaks in the pressure distributions seen

at 10% of the chord is due to the presence of a tape used to trip the transition to a
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Figure 4.6: Measurementswith both the digital andmechanical pressure scanners
at 5 degrees angle of attack and at Reynolds number of a) 2 × 105, b) 4 × 105 and
c) 1× 106.

turbulent boundary layer. The effect that tripping the boundary layer has on the

cp curves can be seen in Figures 4.8, 4.9, 4.10 and 4.11. In the un-tripped cases,

specially at the lower Reynolds numbers (2× 105 and 4× 105), the boundary layer

remains laminar for a large part of the airfoil, and a laminar separation bubble

appears, which is also seen as a bubble in the cp curve due to the fact that pressure

remains almost constant in a separated region. After it, transition to turbulence

occurs and the flow reattaches. In order to avoid having this issues, and also with

the aim of being consistent with the numerical work, tripping is used.

Moreover, in Figures 4.8 through 4.11, the effect of the Reynolds number on the

distributions is shown. For the un-tripped cases, at the lower angles of attack of 0

and 5 degrees, by increasing the Reynolds number, the laminar separation bubble
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Figure 4.7: Pressure coefficient distributions at different angles of attack (0, 5, 10,
12) at a Reynolds number of 400,000.

moves upstream, and thus transition to turbulence. Note that for the 0 degree

angle of attack at the lowest Reynolds number (Fig. 4.8), re-laminarization occurs

when tripping is used (confirmed also through acoustic probing), and the laminar

separation bubble is again observed downstream of the tripping point. For the

higher angles of attack, transition occurs close to the leading edge so this effect is

not present.

It is interesting to notice the collapse of the pressure coefficient distribution lines

for the different Reynolds numbers (when a turbulent boundary layer is present,

i.e.when the tripping tape is used). This confirms the results found by Pinkerton,

who reported a weak dependency of the pressure distribution around the profile

with the Reynolds number in [15]. This is in fact one of the most appealing

and interesting properties of this specific airfoil (NACA 4412), and the reason

why it has been chosen in the recent research works related to pressure-gradient

boundary layers ([28, 30, 31, 29]).
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Figure 4.8: Pressure coefficient distributions at different Reynolds numbers and
at 0 degree angle of attack for the a) tripped and b) un-tripped boundary layer
cases.

Figure 4.9: Pressure coefficient distributions at different Reynolds numbers and
at 5 degree angle of attack for the a) tripped and b) un-tripped boundary layer
cases.

4.3 Comparison between experimental and numerical
data

The next and logical step is that of comparing the pressure distribution data

obtained in the experimental campaign with the one obtained from the RANS

simulations used to design the test-section inserts (Section 3). Moreover, the DNS

data from Hosseini et al. [28] is used as reference for the 5 degree case, also to

validate the RANS data.

The comparisons are shown in Figures 4.12, 4.13, 4.14, 4.15. There are clear
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Figure 4.10: Pressure coefficient distributions at different Reynolds numbers and
at 10 degree angle of attack for the a) tripped and b) un-tripped boundary layer
cases.

Figure 4.11: Pressure coefficient distributions at different Reynolds numbers and
at 12 degree angle of attack for the a) tripped and b) un-tripped boundary layer
cases.

differences between the numerical and the experimental measurements, and the

data seems to agree better whenever a higher angle of attack is used for the

experimental measurements compared to the numerical simulations. In other

words, the effective angle of attack in the wind tunnel is lower than the nominal

one.

At first, the issue was though to be related to a possible misalignment in the angle

of attack indicator installed in the set-up (Fig. 2.16). However, the alignment

was checked in-situ for multiple angles of attack, and the misalignment issue was
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Figure 4.12: Pressure coefficient distributions for the 0 degree AoA case and
Reynolds number of 4× 105, both experimental and numerical.

Figure 4.13: Pressure coefficient distributions for the 5 degree AoA case and
Reynolds number of 4× 105, both experimental and numerical.
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discarded. Therefore, the problem with the effective angle of attack is due to the

flow inside of the test-section. Moreover, the discrepancy between the nominal

and effective angles of attack seems to increase as the angle of attack increases,

which indicates that this problem is most likely related with interferences of the

test-section walls with the flow, which increase as the blockage ratio increases.

For example, for the 0 degree AoA (Fig. 4.12), the 0 degree data has the best

agreement with the RANS simulation results. Differently, for the 5 degree case

(Fig. 4.13), specially near the leading edge area in the suction side where the

pressure peak (referred to as suction peak from now on) is present, the agreement

is better with the DNS data whenever somewhere between half and one degree

higher is used. A similar pattern is observed for a 10 degree AoA, (Fig. 4.14),

but the angle difference now is of one full degree. For the 12 degrees case (Fig.

4.15), the RANS results might not be reliable due to the separation occurring in

the trailing edge, and therefore, not any definitive conclusions can be drawn from

it.

Figure 4.14: Pressure coefficient distributions for the 10 degree AoA case and
Reynolds number of 4× 105, both experimental and numerical.

The effective angle of attack issue is a clear indication of the necessity of correctly
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Figure 4.15: Pressure coefficient distributions for the 12 degree AoA case and
Reynolds number of 4× 105, both experimental and numerical.

designing the flow conditions inside of the test-section in order to minimize wall-

interference effects. Asmentioned before, the designed inserts could not be tested

in the present experimental campaign, so their effect in a 3D flow could not be

assessed. Nonetheless, looking at the RANS results presented in Section 4.1, the

lower suction peak problem is not observed. This could be due to the fact that the

simulations were two-dimensional, and the lower effective angle of attack is due

to the three-dimensional effects of the development of boundary layers around

all walls of the test section. This could lead to an increased streamwise velocity

in the center, which in turn reduces the effective angle of attack. However, due

to the lack of testing (both of velocity measurements and insert setup), this is

only a hypothesis which could not be confirmed experimentally in the present

campaign.

Apart from the increase in the difference between the nominal and effective angles

of attack, the analysis of the compared data points to an issue with the boundary

layer tripping method used. The tripping seems to be disturbing the flow both

upstream and downstream too much, a fact that can explain partially the lower
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suction peak observed in the experimental measurements. For instance, in the 5

degree AoA case (Fig. 4.13), the suction peak of the tripped case corresponds to

that of the un-tripped with half a degree less angle of attack (e.g. 6 degrees for the

tripped BL has the same peak as 5.5 degrees for the un-tripped one). The same

behaviour appears in the 0 degree AoA case (Fig. 4.12), however, in this case when

the boundary layer is not tripped it exhibits a bubble at around 60%. This shows

the need of tripping the boundary layer, but at the same time, the importance of

carefully selecting the way of doing it, so interference is minimized.
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5 Conclusions

The present work fits into the research efforts being carried by the Mechanics

Department of KTH Royal Institute of Technology to increase our knowledge

and understanding of the complex phenomena appearing in the flow around

wings. In particular, the development of the turbulent boundary layer over a

NACA 4412, and the effect of the pressure gradient and Reynolds number on

its behavior and physics (e.g. coherent structures, backflow events) is the main

research topic.

The main body of work had been carried out from a numerical point of view,

using high-order spectral-element method combined with novel techniques to

increase efficiency such as AdaptiveMesh Refinement (AMR).Moreover, the only

experimental data available is a set of experimental work carried out in the 1980’s.

The data available (some pressure scans, and some BL profiles poorly resolved

near the wall) is really limited. Furthermore, there are some major discrepancies

in the relevant aerodynamic features among studies, namely in the maximum

lift angle of attack, which varies almost 2 degrees between one study and other.

These discrepancies are most likely due to wind tunnel wall-interference effects,

that is, they are due to poor or to a lack of flow design inside of the test section.

Therefore, there is a clear need to perform new experiments, using state-of-the-

art measurement techniques, such as hot wire anemometry (HWA) or particle

image velocimetry (PIV), and with the proper flow conditions inside the test

section.

As a first step to satisfy this demand, the design process for the experimental

campaign started. First, the objectives were defined: Performing boundary layer

measurements at highReynolds numbers and at a variety of angles of attack, while

reducing as much as possible any blockage effects. Then, the requirements for

both the wing model and the set-up were identified, and they were incorporated

into the design. In order to achieve accurate and vibration-free measurements at

high speeds, special care was taken into the design of the holding and rotation

mechanisms. In the initial experimental campaign, a Reynolds number of 2

million was achieved without any sort of vibrations being detected, so one of the
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main goals of the project was fulfilled.

Moreover, in order to perform pressure scans at different angles of attack and

Reynolds numbers, the model was equipped with a total of 65 pressure taps.

Two different pressure scanners, a digital one for the cases with lower pressure

differential and a mechanical one for the most critical ones (higher Reynolds

and angles of attack), were used, and two VIs were created, allowing to acquire

pressure data automatically, spending only few minutes for each case. This

allowed to create a vast pressure coefficient distribution dataset, with a total of

124 different cases measured, for both tripped and un-tripped boundary layers.

However, after analyzing the experimental data and comparing it with the high-

fidelity DNS and LES data available for the 5 degree (tripped) case, an issue

with the effective angle of attack was found. In order to further investigate this

problem, the experimental data was compared with RANS data (which for the

5 degree case showed great agreement with the DNS database) at three more

angles of attack: 0, 10 and 12 degrees. The problem of the angle misalignment

was observed to grow as the AoA increased. Thus, it is concluded that this is a

blockage effect: the interference of the walls, together with the acceleration in the

center of the test section caused by the growth of the BL on the walls of the tunnel,

because the flow to be deflected less, and, therefore, the effective angle of attack

is reduced.

The effective angle of attack issue confirmed further the necessity of properly

designing the flow conditions inside the test-section. The design and development

of inserts to streamline the test-section had already been carried out, however,

these inserts were only two-dimensional, and due to the time delays in the

planning and manufacturing of the different parts of the set-up, they could not be

tested inside thewind tunnel. Nevertheless, 2D k−ω SSTRANS simulations of the

airfoil in free flight, inside the test section with the original walls and streamlined

were carried out. Using this data, their expected effect could be analyzed a

priori, without the necessity of testing. The design of the insert geometries also

involved an iterative process in which the geometry was adapted to account for the

boundary layer growth on the side-walls. Moreover, the blending distance from

the inlet to the point in which the streamline shape was recovered was studied,
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finding that a short distance was undesirable due to the high acceleration of the

flow that it would cause close to the wall. The analysis of the RANS simulations

led to the conclusion that the inserts are allow the wake to deflect properly, which

in turn lead to a better flow near the trailing edge region. For the larger angle

of attack cases, this results in the separation point being closer to that observed

in the free-flight conditions, compared to the earlier separation found when the

original walls of the test-section were used as boundary conditions. Nonetheless,

little effect was seen in the leading edge region, which is an unsatisfactory result:

the reduction in the suction side pressure peak is not captured with the 2D RANS

simulations, and therefore, the problemwith the effective angle of attack observed

in the experimental run could not be reproduced with these simulations.

5.1 Future work

The complexity of this project, both from a technical and scientific point of view,

implies that there is still plenty to do going forward. Now, one of the main steps

should be to identify the source of the effective angle of attack issue, since it causes

major discrepancies between the numerical and experimental data. This should

be done in two ways; first, the problem should be investigated experimentally:

velocity profiles upstream and downstream of the wing should be measured in

order to asses if the walls are affecting too much the flow pattern (not allowing

it to deflect properly), thus causing the issue with the effective AoA. Moreover,

as mentioned in this work, the tripping tape used seemed to be disturbing too

much the flow, and at the lower Reynolds it did not seem enough to obtain a fully

turbulent boundary layer downstream of it. Different tripping methods, and their

effects, should be investigated.

Secondly, as mentioned before, the two-dimensional RANSmodelling of the test-

section flow did not predict the issue with the effective angle of attack. Therefore,

3D RANS simulations of the complete test section with the wing in it should be

carried out, to seewhether or not it is possible to capture this issue usingnumerical

means. If it was not captured, then this could indicate a problem with the flow

quality inside the MTL, namely, with flow angularity: the flow direction could be

skewed slightly towards the wall that is faced by the pressure side, causing the
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reduction in AoA.

Furthermore, the two-dimensional inserts should be tested, as they could help

reduce this effective AoA problem by forcing the flow to follow a more ”natural”

pattern (i.e. more similar to that of the free-flight case). Besides, the effect

seen on the trailing edge separation point should be confirmed experimentally,

since RANS models usually fail to capture correctly these type of flow physics

(separation and reattachment of BLs). This last goal needs the use of experimental

techniques able to measure velocity profiles or shear stress, such as HWA, PIV or

oil film interferometry (OFI).

Lastly, the main goal of the project is yet to be achieved: the characterization of

the boundary layer over the wing. This initial experimental campaign has been a

big step forward towards achieving that goal, as it has provided with a complete

and functioning set-up in which further measurements can be carried out.

Therefore, future experimental campaigns should focus on a) the experimental

characterization of the side-wall inserts, and b) on performing measurements of

the boundary layer developing around the wing model.
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A Python script to generate a NACA 4412 profile

with different TE gaps

# −*− coding: utf−8 −*−

”””

Created on Thur Oct 11 20:30:43 2018

@author: mallor

”””

from pylab import *

from array import *

import numpy as np

# NACA4412

c = 500.; #chord in [mm]

m=4./100. #max. camber [ ]

p=4./10. #location of max. camber [ ]

t=12./100. #max. thickness [ ]

# wedge spreading orthogonal to camber line on each direction

#(divided by chord, not physical units)

wd = 0.0005

# wedge spreading in y direction (chord−normal)

#wd1 = 0.0005

# −−−−−−−−−−−−−−−−−

Npoints=1000; #Number of divisions in the streamwise direction

dtheta=(pi)/Npoints;

theta = arange(0.0, pi , dtheta); #Cosine distribution along the chord

x = (1−cos(theta))/2*c;

# initialize variables

yc=np.empty(Npoints);

dd=np.empty(Npoints);

# original (open NACA)

74



#yt = 5*t*c*(0.2969*sqrt(x/c)−0.1260*x/c−0.3516*(x/c)**2+0.2843*(x/c)

**3−0.1015*(x/c)**4)

# modified to get zero at the end (closed NACA)

yt = 5*t*c*(0.2969*sqrt(x/c)−0.1260*x/c−0.3516*(x/c)**2+0.2843*(x/c)

**3−0.1036*(x/c)**4)

# wedge orthogonal to camber line

yt+=wd*x

if p>0:

for i in range(x.size):

if x[i]/c<p:

yc[i ] = m*x[i]/p**2*(2*p−x[i]/c)

dd[i] = 2*m/p**2*(p−x[i]/c)

else:

yc[i ] = m*(c−x[i])/(1−p)**2*(1+x[i]/c−2*p)

dd[i] = 2*m/(1−p)**2*(p−x[i]/c)

th=arctan(dd)

else:

yc = 0*x

dd = 0*x

th = 0*x

# only move in y direction (XFoil’s profiles )

#th = 0*th

xu = x − yt*sin(th)

yu = yc + yt*cos(th)

xl = x + yt*sin(th)

yl = yc − yt*cos(th)

# add wedge in y (Chord−normal instead of camber−normal)

#yu+=wd1*x

#yl−=wd1*x

# plotting−−−−−−−−−−−−−−−−−−−−−−

figure (1)
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plot(x, yc, ’m’)

plot(xu,yu, ’ .−b’, xl , yl , ’ .−r’)

axis( ’equal’)

title ( ’NACA4412’)

ylabel( ’y’ )

xlabel( ’x/c’ )

grid(True)

#write out current profile ..........

f = open(’NACA4412_TEGap.txt’,’w’)

print(”NACA4412 KTHMechanics SimEx”,file=f)

for i in range(xu.size−1,0,−1):

print(” %18.9f %18.9f”%(xu[i],yu[i]),file=f)

for i in range(0,xl.size):

print(” %18.9f %18.9f”%(xl[i],yl[ i ]) , file=f)

f . close()

f = open(’Pressure_side_NACA4412.txt’,’w’)

#print(” NACA4412 KTHMechanics SimEx interpolated”,file=f)

for i in range(0,xu.size):

print(” %18.9f %18.9f”%(xu[i],yu[i]),file=f)

f . close()

f = open(’Suction_side_NACA4412.txt’,’w’)

for i in range(0,xl.size):

print(” %18.9f %18.9f”%(xl[i],yl[ i ]) , file=f)

f . close()

76



B Pressure tap locations

Suction surface Pressure surface
x [m] y [m] x [m] y [m]

-0.00015013 0.0015278 0.0004 -0.0013485
0.00059873 0.0050362 0.00075846 -0.0021261
0.0026076 0.0084141 0.0023214 -0.0042655
0.0058539 0.011889 0.0049516 -0.0063988
0.010082 0.015272 0.0086881 -0.0083494
0.015453 0.01873 0.013347 -0.0099975
0.021704 0.022093 0.018826 -0.01135
0.028614 0.025284 0.025 -0.012423
0.036046 0.02828 0.031833 -0.013249
0.043796 0.031034 0.038874 -0.013825
0.0533 0.034006 0.046363 -0.014217
0.055818 0.034727 0.0626 -0.014529
0.061057 0.036152 0.10125 -0.013658
0.068232 0.037944 0.14 -0.011865
0.076484 0.039797 0.17875 -0.0099878
0.086635 0.041805 0.2175 -0.0084181
0.097896 0.043712 0.25625 -0.0068196
0.11136 0.045592 0.295 -0.0052406
0.12601 0.047184 0.33375 -0.0038043
0.14141 0.048388 0.3725 -0.0025838
0.15872 0.049211 0.41125 -0.0016113
0.17699 0.049508 0.45 -0.0008836
0.19496 0.049261 0.50 0.0
0.21445 0.048464
0.23439 0.047251
0.2546 0.045647
0.2741 0.04376
0.29461 0.041435
0.31435 0.03888
0.33364 0.036091
0.35231 0.033123
0.36998 0.030072
0.38679 0.026951
0.40249 0.023847
0.41704 0.020803
0.43 0.017955

0.44206 0.015188
0.45222 0.012771
0.46067 0.010696
0.46694 0.0091167
0.47198 0.0078263
0.4758 0.0068342
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C Cases measured
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Figure C.1: Cases for which pressure scans have been conducted. T stands for a
case in which boundary layer tripping was present and NT for an un-tripped case.
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