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ABSTRACT

To reduce the fuel consumption and emissions of next generation commercial aircraft, the highly promising natural
laminar flow (NLF) technology is being implemented more and more frequently. By maintaining a laminar flow over
the largest possible area of both wings through either passive or active measures, the overall aircraft friction drag over
these surfaces can be significantly reduced, which results in a distinct increase in the aerodynamic performance of the
aircraft. To raise the Technology Readiness Level of this laminar technology in aircraft design, an NLF forward-swept
wing fuselage-belly-fairing configuration was designed in the KoPa 33 research initiative ECOWING. In the LuFo VI-2
successor project ULTIMATE, joint wind tunnel experiments in the European Transonic Windtunnel and Computa-
tional Fluid Dynamics simulations have been performed on this specific configuration. The various point-wise (e.g.
unsteady pressure sensors, static pressure taps, temperature sensors, and accelerometers) and optical measurement
techniques that were applied in the wind tunnel tests included also time-resolved cryogenic Temperature-Sensitive
Paint (cryoTSP). This latter optical measurement technique was implemented to obtain in particular the location and
dynamic motion of the boundary-layer transition on the upper (hence, suction) surface of the forward-swept wing
model. The first test campaign, i.e. the performance test, demonstrated a clear influence of variations in flight relevant
Mach and Reynolds numbers — both under on-design and off-design conditions — on the spanwise transition distri-
bution, the resultant amount of laminarity over the wing, and the boundary layer transition mechanisms for a wide
range of static pitch angles and during various quasi-steady pitch-sweeps at selected Mach and Reynolds numbers.
In the current paper, the emphasis is placed on the TSP results of the subsequent dynamic test, in which the focus was
shifted to the aerodynamic behavior of the NLF forward-swept wing while forced to perform a harmonic pitch oscil-
lation using a newly-designed pitch oscillator. Besides isolated and combined variations in the Mach and Reynolds
number, the influences of the mean angle, amplitude, and reduced frequency of the pitch oscillations were captured
successfully by TSP. The analysis of the data using the “D0-method”, an alternative to the “DIT-method”, namely re-
vealed distinct changes in both the location and dynamics of the transition line during pitching limit-cycle oscillations,
induced by a separate altering of the value of each of the test parameters. Moreover, it was demonstrated that absolute

motions of the transition location as small as O(10~*) m could accurately be resolved by the TSP technique.
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1. Introduction

Besides an improvement of the thrust-specific fuel consumption (e.g. by the adoption of ultra-high
bypass ratio of geared turbofan engines, by a (partial) electrification of the propulsion system, or
using sustainable aviation fuels (Giesecke et al., 2018)) and the use of high-aspect-ratio wings to
lower the induced drag (International Air Transport Association (IATA), 2023), the natural laminar
flow (NLF) technology is a very promising third option to substantially reduce the emission pol-
lution by next generation commercial transportation aircraft. By passively or actively maintaining
a laminar flow over the largest possible area of both wings, the overall friction drag on these sur-
faces can be significantly reduced, which not only leads to a better aerodynamic performance of
the aircraft, but also lowers its fuel consumption (Redeker et al., 1990; Fujino et al., 2003; Seitz et al.,
2011; Crouch, 2015). Boundary layer suction, the application of special surface materials and coat-
ings, wing tailoring, contour shaping of various wing sections, and the use of minuscule bumps
close to the wing’s leading edge are just a few of the many possible flow control mechanisms to
achieve those goals, e.g. Saeed et al. (2010), Streit et al. (2015), and Krishnan et al. (2017). By
giving each wing a forward sweep, the effective angle of their leading edges can be significantly
reduced (Lange-Schmuckall, 2022). In doing so, the crossflow instabilities and attachment line
contamination can be clearly weakened, which can be treated as being a very positive effect, as the
presence of both phenomena would result in the occurrence of a transition to turbulence close to
the leading edge (Joslin, 1998; Schlichting & Gersten, 2016). Hence, in the latter case the formation
and maintenance of performance-relevant large regions with laminar flow over the wing surface
would thus be hindered, making the application of the NLF technology in that case very challeng-
ing. The forward sweep thus allows for a realization of a combination of modern high cruise Mach
and Reynolds numbers on the one side and NLF on the other.

To further raise the Technology Readiness Level (TRL) of this laminar technology in commercial
transport aircraft design and thus be able to achieve the highest possible reduction in fuel con-
sumption, the research initiative ECOWING (Wing Technology Validation for Ultra Green Air-
craft, 2020-2021) and its successor project ULTIMATE (Ultra High Efficient Wing and Movables
for Next Generation Aircraft, 2022-2026), implemented in the German Economic Stimulus Pro-
gramme KoPa 33 and the sixth German Aeronautical Research Programme LuFo VI-2, respectively,
pursue the detailed design of future laminar wings. To obtain a full understanding of the flight
physics at on-design and off-design flight configurations in the complete flight envelope of a typ-
ical medium range aircraft, joined wind tunnel tests in the cryogenic European Transonic Wind
Tunnel (ETW) in Cologne (Germany) and high-fidelity Computational Fluid Dynamics (CFD)
simulations have been performed on a newly-designed high-performance forward-swept wing
fuselage-belly-fairing configuration, hereupon abbreviated as NLF-FSW. The wing is given a large
aspect ratio to improve the aerodynamic performance and to increase the cruise Mach number in
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comparison to configurations with conventional NLF-wing designs. In this way, the reduction of
the life cycle CO; emissions can be improved even more than by using solely the NLF technology.
The measurement data is first of all intended to confirm the correct wing design at realistic flight
conditions. In addition, it is used to validate high-fidelity Computational Fluid Dynamics (CFD)
tools for robust and accurate prediction of the complex and transient laminar-turbulent transition
behaviour over NLF-wings.

For the experimental assessment (i.e. visualisation, detection, and analysis) of the time-resolved
behaviour of the chordwise position of laminar-turbulent transition in the surface boundary layer
along the wing’s span for varying flight conditions (i.e. Mach number, Reynolds number, pitch
angle, etc.), large areas of the upper surface of NLF forward-swept wing model were covered with
cryogenic Temperature-Sensitive Paint (cryoTSP) (Klein et al., 2017). TSP is an optical temperature
measurement technique based on the thermal quenching process of excited dye molecules embed-
ded in a binder material, and is widely used in conventional wind tunnel tests (e.g. Liu, Sullivan,
et al. (2021)). The great advantage of this optical measurement technique is the ability to obtain
global temperature distributions on the surface of a wind tunnel model with a high spatial reso-
lution. In case high-speed cameras are used, the recorded data have a high temporal resolution
as well, which makes TSP highly favoured over punctual measurements by for example thermo-
couples. Since the naturally established difference between the recovery temperature of laminar
and turbulent boundary layers on the model surface is typically too small to be able to detect the
boundary layer transition with TSP, it is necessary to introduce an artificial increase of the adiabatic
wall temperature difference by producing a temperature difference between the model surface -
coated with TSP - and the incident flow. The main focus of the first measurement campaign (hence,
the "performance test") in the project ULTIMATE, conducted in 2022 in ETW and described in de-
tail in Van Hinsberg et al. (2024), was on the analysis of the influence of a variation in Reynolds
and Mach numbers - both under on-design and off-design conditions - over a wide range of static
pitch angles on the spanwise distribution of the boundary-layer transition pattern. In addition,
three different methods to achieve the necessary and sufficiently large temperature difference be-
tween the TSP-coated model surface and the flow were furthermore tested for comparison of their
applicability and efficiency for TSP under cryogenic test conditions.

The current paper addresses the results of the second TSP test campaign in ETW on the NLF
forward-swept-wing combined with a fuselage-belly-fairing. In contrast to the "performance test",
a pitch oscillator, specially designed within this project for dynamic model testing in ETW, was
used to set the wind tunnel model into a forced harmonic pitch oscillation. The first part of this
paper puts the focus on the principle of TSP, the measurement equipment, and the wind tunnel
model. The data acquisition and data (post-)processing methods are briefly discussed as well. In
the second part, the obtained TSP results are presented and analysed. This includes in particular
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the influence of the amplitude and (reduced) frequency of the forced harmonic pitch oscillation of
the model, as well as the variation in the mean pitch angle around which those pitch oscillations
were performed. All but one of those unique measurements were carried out at combinations
of two free-stream Mach and Reynolds numbers, i.e. M = 0.73 and 0.78 and Re. = 10x10° and
16x10°, whereby the latter are based on the mean chord length of the wing. The isolated effects of
a variation of each of these two dimensionless flow parameters are also shown and discussed.

2. Experimental methods

2.1. European Transonic Windtunnel and forward-swept wing fuselage-belly-fairing model

The measurements were conducted in the ETW, a circulating (Goéttingen-type) transonic wind tun-
nel test facility that is operated with cold nitrogen as test gas. Its test section has a rectangular
cross-section of 2.0x2.4 m? and measures 9 m in length. Model-scale Mach and Reynolds numbers
of M =0.15-1.35 and Re;, = 1 3,,, < 85x10° (with b the reference length of the wind tunnel model),
respectively, can be achieved through pressurisation of the test gas up to po = 450 kPa in combina-
tion with a decrease of the gas temperature down to values as low as 110 K.

The wind tunnel model is an NLF forward-swept wing combined with a fuselage-belly-fairing, as
shown in Fig. 1. The main dimensions of the tapered wing are listed in Tab. 1. The complete model,

Figure 1. Setup of the forward-swept wing model in ETW. The orange fields on the upper wing are the four pockets
with cryoTSP for the determination of the spatial distribution of the laminar-turbulent transition location.

together with the peniche — mounted between the model and the test section — were fabricated of
steel suitable for a cryogenic environment. The wing was connected to a pitch oscillator (Fig. 2)
with which the former can be set into a forced harmonic pitch oscillation with a specific amplitude
and frequency around an arbitrary pre-set mean pitch angle. This allows the measurement of not
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Table 1. Main dimensions of the NLF forward-swept wing.

Quantity Value

Root chord length (Cgot) / M 0.374

Tip chord length ( ¢;p) / m 0.127
Mean chord length (T) / m 0.28653

Wing half span (b) incl. tip/ m 1.257

Aspect ratio (AR) 9.475

Leading edge sweep angle ( g)/ -17.0
Trailing edge sweep angle (' tg)/ -27.0

only the highly dynamic motion-induced aerodynamic loading on the wing, but at the same time
also of the time-resolved dynamic behaviour of the laminar-turbulent transition of the boundary
layer on its surface. The pitch oscillator together with the wing, the fuselage-belly-fairing, and
the peniche were mounted on a turntable that was integrated in the top wall of the test section.

By changing the angle of the turntable the mean angle of incidence of the complete wind tunnel
model could be varied.

Figure 2. Overview of the pitch oscillator setup.
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The cryoTSP sensor was applied to four separate areas (i.e. the orange elds in Fig. 1) on the suc-
tion side of the wing. After delivery of the model, the inner surfaces of the four recessed pockets
with a mean depth of 120 m underwent rst of all a plasma activation treatment. In a second
step, they were subsequently lled by a primer thermal layer (mean thickness of 20 m), an ad-
ditional white layer of 40 m thickness for the electrical insulation against the model structure, a
thin, i.e. 10 m thick layer consisting of a mixture of Carbon Nanotubes (CNT) and a polyurethane
solution, a screen layer that assures both a thermal insulation and the enhancement of the TSP
signal owing to its high re ectivity, and nally the actual TSP active-layer. In combination with

thin copper tapes and electric wires in the model and one or multiple external power supplies,
the CNT layer with its low electric resistance was used as an additional heating method during
the "performance test" of the forward-swept wing (Van Hinsberg et al., 2024). Its purpose was
to generate a homogeneous and constant temperature increase over the model surface from the
inside of the model (lijima, 1991; Klein et al., 2014). One of the outcomes of the "performance
test" was the proof that CNT-heating is generally too slow to accurately resolve the fast changes of
the laminar-turbulent transition location in chordwise direction along the span of the model with
high-speed cameras during high-frequency forced harmonic pitch oscillations. For the current "dy-
namic test", the copper tapes and electric wires were thereupon removed, thereby inactivating the
CNT-heating. Because of its black colour, the current main purpose of the CNT layer was the en-
hancement of the indirect internal heating of the TSP layer by light absorption from two external
infrared laser (Van Hinsberg et al., 2024). In between the screen layer and the TSP active-layer,
multiple markers were positioned at prede ned locations, their purpose being twofold. On the
one hand, they are required to allow an accurate alignment of the TSP images from the two cam-
eras, from which a precise mapping onto the three-dimensional model grid can be achieved. On
the other hand, the markers enable an exact temporal optical tracking of the model position and
possible model deformation through the Image Pattern Correlation technique (IPCT). In a nal
step, the top layer was polished to minimise surface imperfections and to obtain a step-free sur-
face nish of the TSP coating at the desired mean overall thickness of 120 m. This resulted in a
mean deviation of the coated model contour to the target one of lessthan 8 m.

Apart from cryoTSP, the forward-swept wing was also equipped with various point-wise measure-
ment techniques such as chordwise-staggered unsteady pressure sensors (Kulit€’) on the wing
suction side at three spanwise sections, static pressure taps in a staggered con guration along one
complete cross-section of the wing adjacent to the innermost TSP eld, temperature sensors in
both the TSP coating and the interior of the wing, as well as multiple accelerometers at various
locations in the wing. An external 5-component half-model balance was furthermore used to ob-
tain the global normal and axial forces, as well as the overall moments in pitch, roll, and yaw that
acted on the model. In addition, the pressure side of the wing was covered by multiple markers in
ten spanwise sections to measure the model deformation using the in-house (ETW) Stereo Pattern
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Tracking (SPT) technique (Semmelmann et al., 2013).

2.2. Cryogenic Temperature-Sensitive Paint

The working principle of a TSP sensor is based on the thermal quenching process of dye molecules
that are embedded in a binder material (Liu, Sullivan, et al., 2021). Through the absorption of light
by these molecules at the appropriate wavelength, they are transferred to a higher excited energy
level. Two possible internal relaxation processes my occur. Either the excited dye molecules return
to their ground state while emitting light at a longer wavelength than required for their excitation,

i.e. luminescence. Or the internal relaxation takes place radiationless, in which case we speak from
thermal quenching. Since the latter relaxation pathway is temperature-dependent, the luminescent
intensity of the emitted light from the TSP dye | reduces with increased temperature and is thus
a measure for the surface temperature T. This behaviour can be approximated by the Arrhenius
relation:

I E 1 1
In =L = (1)
I ref R T Tref

where |t =1 (T ) IS the luminescent intensity at a certain reference temperature T, , Ep; is the
activation energy for the non-radiative process, and R is the universal gas constant. In general,
one can thus say that the higher the temperature of the model surface and thus also of the TSP
paint, the stronger is the thermal quenching process that takes place in the dye and the lower its
emission intensity will be.

A temperature-sensitive paint based on a Ruthenium complex embedded in a polyurethane binder
was used for the current TSP measurements in ETW. This so-called cryoTSP was excited with blue
light in a wavelength range of = 420-520 nm, upon which it emitted red light in the range of
= 590-700 nm (Egami et al., 2012). As mentioned in section 1, a suf ciently large temperature
difference between the TSP active layer on the model surface and the incoming ow is required to
be able to distinguish between the laminar and turbulent regions of the boundary layer over the
upper wing surface in the TSP recordings. The direct comparison of the TSP results of the "perfor-
mance test", obtained by the three tested principles to produce the necessary arti cial temperature
difference between the TSP-layer on the model's surface and the ow (i.e. temperature stegCNT-
heating(Klein et al., 2014; Goodman et al., 2016; Liu, Salazar, & Crafton, 2021), andR-laser heatiny
has shown that the transition pattern for static pitch angles of the wind tunnel model can be cap-
tured successfully by each one of them with close agreement among all three (Van Hinsberg et
al., 2024). However, in the same wind tunnel test campaign it also became clear that the princi-
ple of heating by CNT is generally too slow to be able to accurately resolve the fast changes of
the laminar-turbulent transition location in the time-resolved TSP images during high-frequency
forced harmonic pitch oscillations. This method was therefore omitted in the currently described
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"dynamic test" and only the two remaining heating principles were applied: temperature step (  T-
step and heating by infrared lasers (IR-laser heatinyy The rst principle, i.e. the T-step is realised
in ETW by a temporal variation of the injection rate of liquid nitrogen, as it leads to an increase
or decrease of the nitrogen test gas temperature. Despite the good contrast in image intensity
between the laminar and turbulent regions and thus the highly accurate results of the transition
location that are yielded by this method, its main disadvantage is the additional run time of the
wind tunnel to change the temperature of the in ow. Unfortunately, it is also this long reaction
time that makes the method unsuited for tracking the transition location in time on a harmonically
oscillating wind tunnel model at high frequency, owing to which this method was only used for
TSP measurements at static pitch angles. Moreover, this increase or decrease of the ow tempera-
ture by 1-2% induces a small change in the Reynolds number of approximately 2-3%. IR-heating
on the other hand, is a relatively new method based on an external (and indirect internal) heating
of the TSP sensor with the use of one or more powerful infrared lasers (Thiessen & Schiilein, 2019).
In comparison to the T-step this method has the large advantage of being non-intrusive and its
fast reaction time makes it furthermore well suited for time-resolved TSP tests on harmonically
oscillating wind tunnel models.

2.3. Test equipment

A water-cooled blue diode laser (LDM blueby Laserline GmbH, Ppaxbiue =250 W, emission peak at
=445 20 nm) was used as the main TSP excitation light source in all tests atRe; = 10 10°, while
the TSP dye molecules were excited by blue LEDs (Luxeon V Star, emission peak at = 480 nm)
at Re; = 16 10°. This switch from one illumination source to the other between both Reynolds
numbers was required, since the decrease in ow temperature from T =170 K (Re; = 10 10°) to
124 K (Re: = 10 10°) would have asked for a signi cant power increase of the blue diode lasers
that could have resulted in a fast degradation of the TSP sensor. Both the blue laser and the LEDs
were operated in a constant current mode. To remove the light in the longer wavelength range
that was emitted by the LEDs, each one of them was equipped with a low-pass Iter (LOT-Oriel
D475/50X, maximum transmission ca. 80%). The TSP luminescence was acquired using two 12-
bit 1 megapixel Photron FASTCAM Mini AX200 high-speed cameras. Both used a Canon objective
(EF 35 mm 1.4 L USM), a 590FGO05-25 (LOT-Oriel) optical high-pass Iter, and an 875SP-50 (Ed-
mund Optics) IR-blocker, the latter two having a maximum transmission of about 90%. The LEDs
and the cameras were placed at a distance of about 1-1.2 m from the upper surface of the model.
Synchronisation between the TSP equipment and the ETW was controlled by a RS232 connection.

For the method of IR-laser heatingtwo external water-cooled IR-lasers (LDF 6000-60, each with
a maximum power of Pnaxir = 5 kW) were used. Specially-designed coupling optics by Laser-
line GmbH brought the laser light of both the blue diode laser and the two IR-lasers into the



21st LISBON Laser Symposium 2024

cryogenic wind tunnel, after which the laser beams were routed by heated bres inside the cryo-
genic atmosphere of the test section towards optics that were positioned at test section side wall
windows (Hensch et al., 2023). The optics had xed focal lengths and produced rectangular beams
of about 1000 400 mm? in the model plane that was used to heat the TSP surface or excite the
TSP dye molecules. The power of each IR-laser was set to its maximum value, while the blue laser
generated a reduced power of Pyue =50 W to avoid a saturation of the CMOS image sensor of the
cameras.

2.4. Experimental conditions and data acquisition

The "dynamic test" focused on two ight relevant Reynolds numbers, i.e. Re;=10 1(fand16 10,
while three Mach numbers were selected, hence,M =0.70, 0.73, and 0.78. As listed in Tab. 2, four
kinds of measurements have been performed. To gather as much aerodynamic data as possible

Table 2. Wind tunnel test conditions for "dynamic test" in ETW.

Test series Re¢ ( 106) M -/ op / k
Static pitch angle 10 0.73,0.78 -0.06, 0.93 (0.02)
16 0.70 -0.05
16 0.73 -3.48, -0.05, 0.92
16 0.78 -3.50,0.92 (0.01)
Quasi-steady 10, 16 0.70,0.73,0.78 481 4.0 ( 0.01)
pitch angle sweep
Quasi-steady 10 07381 07741 o0.704 0.8°
Mach number sweep
Harmonic pitch oscillation 10 0.73,0.78 -0.06, 0.93 ( 0.02) 0.2,0.4,0.6,0.8,1.0 0.3
10 0.73,0.78 -0.06, 0.93 (0.02) 0.2 0.1,0.3,0.4,0.6
10 0.73,0.78 -0.06, 0.93 (0.02) 0.1 0.8
16 0.70 -0.05 0.2,0.4,0.6,0.8,1.0 0.4
16 0.73 -3.48, -0.05, 0.92 0.2,0.4,0.6,0.8,1.0 0.3
16 0.73 -3.48, -0.05, 0.92 0.2 0.1,0.2,0.3,0.4
16 0.73 -3.48, -0.05, 0.92 0.1 0.8
16 0.78 -3.50,0.92 (0.01) 0.2,0.4,0.6,0.8,1.0 0.3
16 0.78 -3.50,0.92 (0.01) 0.2 0.1,0.2,0.3,04
16 0.78 -3.50,0.92 (0.01) 0.1 0.8

2 Uncorrected for any blockage effect.

during the wind tunnel run time, both quasi-steady pitch angle sweeps and Mach number sweeps
were conducted. During pitch angle sweeps, the wind tunnel model is moved continuously with

a predetermined constant angular pitch velocity in the so-called pitch-traverse mode. For all com-
binations of Mach and Reynolds number, the pitch sweep direction was from negative to positive
pitch angles with a constant angular velocity of sweep = +0.12 /s within the range of pitch angles
of -4.01 4.02 . The in uence of the Mach number was studied by one single Mach sweep at
Re: =10 1P and =0.81, and consisted of two parts: an increase from M = 0.735 to 0.774 that
was directly followed by a decrease downto M = 0.704, both at an equal constant rate.

However, the majority of the "dynamic test" campaign focused on the wind tunnel model perform-
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ing a forced harmonic pitch oscillation around a constant pre-set mean pitch angle, see Tab. 2. For
each selected combination of Mach and Reynolds number, both the reduced pitch frequency k =
(f pich ©)/ U1 (where f icn €quals the model's dimensional pitch frequency and U, the free-stream
velocity) and the peak-to-peak amplitude pp Were selected as independent variables. Hence,
either the former was changed between 0.2 pp 1.0 instepsof ,=0.2 while the latter
was kept constant at k = 0.3 or 0.4, or the latter was varied in the range of k = 0.1-0.8 with a step
sizeof k=0.1and0.2 ata constant peak-to-peak amplitude of  ,,=0.1 or0.2 . Each block that
includes the variation of either the peak-to-peak amplitude or the reduced pitch frequency was
preceded by a single measurement at the static mean pitch angle, hence, without a superimposed
forced harmonic pitch excitation.

Both cameras were operated with a frame rate of either f .., = 50 Hz (quasi-steady pitch angle and
Mach sweeps) or 2 kHz (static pitch angles and harmonic pitch oscillations). The exposure time of
the recorded images was tey, = 200 s, independent of the frame rate of the cameras. Each sweep
and each pitch oscillation was performed twice at exactly the same ow conditions: once without
heating by the temperature step or by the IR-lasers for the recording of the referencemages, and
once with heating for the acquisition of the run images. The heating was therefore switched on
between the last reference and the rst run image. During all sweep tests, an equal amount of
3640referencé run images were acquired per test point, while 4368 referencand run images were
recorded at each static mean pitch angle and during each harmonic pitch oscillation.

3. Data post-processing

Depending on whether the static pitch angles, quasi-steady sweeps, or the harmonic pitch oscil-
lations were evaluated, different post-processing methods were used to automatically detect the
boundary-layer transition location in the TSP recordings.

The rst method, applied to the TSP images that were recorded at static pitch angles or during the
quasi-steady pitch angle and Mach number sweeps, has been described in detail in Van Hinsberg et
al. (2024). It mainly follows the transition detection algorithm described by Costantini et al. (2021),
with the additional implementation of some minor modi cations for an optimised application to

the current TSP data. The algorithm is predominantly based on the capability of detecting the
maximum value of the gradient of the normalised luminescent intensity ratio in the transition
region along the chord of the wing in a very accurate and robust manner. It should be mentioned
at this point, that for the static pitch angles, all referenceand run images within one test run (hence,
one polar) were used to determine one single mean two-dimensional referenceand run image per
camera. Regarding the Mach number and pitch angle sweeps, time-averaged referenceand run
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images were calculated per block of 10 sequential recordings. This resulted in ve time-averaged
referencand run images per camera and second of recording time.

Since the focus of the current paper is mainly on the dynamic, i.e. time-resolved behaviour of the
chordwise transition location along the span of the NLF-FSW while it performs a harmonic pitch
oscillation, the various post-processing steps that have been carried out one after the other in order
to be able to visualise and analyse this time-dependent transition behaviour are described in more
detail. These include:

1. the analysis of the speci ¢ part of the time series of the pitch angle during which the TSP
referencand run images were recorded by both cameras. This includes the exact pinpointing
of all zero-crossings, the calculation of the precise mean harmonic pitch frequency, and the
assignment of a phase and pitch amplitude to each TSP image by using a "mean" sinusoidal
pitching function.

2. the mapping of each TSP image onto a single pitching period based on the assigned phase in
the previous analysis step.

3. thedivision of that period into 144 equally spaced bins, each with a uniform width of '=25.
This means that the mean phase of the rst bin is located at = = 1.25, while that one of the
last bin (i.e. bin no. 144) is found at — = 358.75.

4. the calculation of the phase-averaged two-dimensional referencand run images of both cam-
eras per bin.

5. the alignment of the phase-averaged images of both cameras to the known TSP marker posi-
tions on the model surface, their merging into a single phase-averaged image, and the map-
ping of each resultant two-dimensional image onto a three-dimensional grid of the upper sur-
face of the forward-swept wing. All three steps were accomplished for all phase-averaged ref-
erenceand run images by using the DLR in-house software package T oP as(Costantini et al.,
2021). Despite the tapered shape of the wing model, a constant resolution of ( x=¢) 0.5%
could be achieved in the chordwise direction at each spanwise grid location.

6. the building of the phase-averaged intensity ratio image per bin by division of each mapped
two-dimensional run image by its corresponding referencemage. This enhances the differ-
ences between the laminar and turbulent regions and compensates for any inhomogeneities
of the excitation light or of the thickness of the overall TSP-layer.

7. the calculation of the ratio-by-ratio phase-averaged intensity image using the " DO method,
an alternative to the " Differential Infrared Thermography (DIT) methtdBecause of its ability
to reveal rapidly changing temperature gradients over time that are induced by transition in
the surface boundary layer, the "DIT method is mostly applied to globally detect the laminar-
turbulent transition motion on the surface of a (dynamically) moving wind tunnel model
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(e.g. Weiss et al. (2020); Yorita et al. (2020); Wolf (2023)). In brief, theDIT method is based
on the subtraction or division of two subsequently recorded luminescent intensity run (or
intensity ratio) images that correspond to slightly different angles of pitch of the wind tun-
nel model. The resulting change of the surface temperature can be mostly attributed to the
movement of the boundary-layer transition. However, since the pitch amplitude of the wind
tunnel model was that small in the current "dynamic test", the application of the" DIT method
to subsequent phased-averaged intensity ratio images did not lead to clear enough changes
in the surface temperature to determine the movement of the boundary-layer transition in a
precise manner. A distinct improvement was obtained by using the " DO method, in which
case each of the 144 phase-averaged intensity ratio images is divided by the same "reference
phase-averaged intensity ratio image, in this case the one that belongs to the rst bin. For
three selected mean phases within one pitch oscillation period the results of the " DO method
are shown in Fig. 3, whereby image (a) is taken as the "reference" phase-averaged intensity
ratio image. The appearance of brighter areas at the transition location in the " DO-images",

Figure 3. Comparison between phase-averaged intensity ratio images (upper row) and ratio-by-ratio phase-averaged

intensity images or " DO method (lower row) for selected mean phases within one pitch oscillation period. Image ( @) is

taken here as the "reference" phase-averaged intensity ratio image for the 'DO method. Test conditions: Rec =10 10°,
M =078"=0, , =10,andk=0.30.

exemplary marked by the blue arrow in Fig. 3e, denotes a movement of the transition loca-
tion in upstream direction with respect to the transition location of the rst phase-averaged

bin, while darker areas (e.g. marked by the red arrow in Fig. 3g) signal a downstream motion.
As becomes obvious, the 'DO method does not work to calculate the spanwise distribution
of the transition location for the rst bin. In this case, those values were determined by the
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same method as used for the analysis of TSP recordings obtained at static pitch angles and
during the quasi-steady pitch angle and Mach number sweeps.

8. the normalisation of the three-dimensional ratio-by-ratio phase-averaged intensities to val-
ues between 0 and 1. For the uncoated regions in between neighbouring TSP elds, for which
no signal of the TSP sensor was available, a linear interpolation of the normalised intensity
ratio in spanwise direction from its neighbouring non-zero values was applied. In contrast,

a constant normalised intensity ratio was set in the outer wing regions, i.e. close to the lead-
ing/trailing edge and wing root/tip. The value of this constant normalised intensity ratio
was chosen to being equal to the value at the nearest chordwise and spanwise location, re-
spectively, at which a TSP sensor was available.

9. the application of two mean spatial Iters with sizesof ( x y)=(4 1)and(9 1)anda
discrete two-dimensional Laplace operator in chordwise direction at each spanwise location
to improve the signal-to-noise ratio of the normalised ratio-by-ratio phase-averaged intensity
distribution.

10. the calculation of the derivative of the Itered normalised ratio-by-ratio phase-averaged in-
tensity distribution in chordwise direction along the span of the wing.

11. the evaluation of the actual transition position xt,(y)=catthe mean time instant between sub-
sequent bins by locating the maximum slope of the normalised ratio-by-ratio phase-averaged
intensity distribution. We thereby make use of multiple plausibility criteria to ensure a cor-
rect detection and selection of the global maximum of the normalised ratio-by-ratio phase-
averaged intensity distribution, in particular in those regions at which turbulent wedges
were present (Costantini et al., 2021).

4. Results and discussion

In the following, the effect of variations in the values of the various model (hence, amplitude,
mean angle, and reduced frequency of the harmonic forced pitch oscillation of the model) and
ow (i.e. Mach and Reynolds number) parameters on the dynamics of the spanwise distribution
of the transition location is presented and discussed.

4.1. Variation in pitch oscillation amplitude

Fig. 4 presents the processed results of the surface distribution of the recorded luminescent in-
tensity of the cryoTSP sensor for sixteen mean phases of the pitch oscillation period, exemplary
for pp = 1.0. The Reynolds and Mach number of the incoming free-stream were kept constant
at Re; =10 10° and M = 0.78, respectively, while the mean angle around which the model was
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Figure 4. Motion of the laminar-turbulent transition pattern in the boundary layer over the upper surface of the
NLF-FSW wing over one pitch oscillation period ( ow from left to right). Test conditions: Re: =10 1C°,M =0.78,
—=1, =10,andk=0.30. The dashed blue line in the images ) to (p) corresponds to the transition pattern at
—=1.25 (i.e. image (a), while the solid red line represents the laminar-turbulent transition pattern at the speci c
selected mean phases.

pitched at a reduced frequency of k =0.3was setto— =1 . The rstimage, i.e. at = =1.25, shows
the combination of the phase-averaged surface intensity ratio and the detected laminar-turbulent
transition location along the span of the wing (red solid line). This images was taken as "reference"
phase-averaged intensity ratio image for the application of the " DO method on the recorded images
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