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Abstract

In this thesis airloads and boundary-layer transition were investigated on a Mach-scaled helicopter
rotor blade configuration in climb. Surface pressures and boundary-layer transition positions
were measured on the suction side of the outer 60 % of the DSA-9A equipped rotor blades by
means of advanced optical measurement techniques providing data at high spatial resolution.
The experiments were conducted in the rotor test facility of the DLR Göttingen (RTG) and were
complemented by pressure tap measurements on blade sections at two different radii as well as by
integral thrust measurements. The investigated parameter range comprises extensive variations of
the collective root pitch angle at three different rotating speeds spanning tip chord Reynolds and
Mach numbers of Retip = 4.6 − 9.3 × 105 and Mtip = 0.29 − 0.57, respectively.

An optimized pressure-sensitive paint (PSP) system for global surface pressure measurements
on fast rotating blades is presented. It comprises an optimized image acquisition technique
and allows omitting error-prone post-processing routines or laborious setups to eliminate artifacts
originating from rotational image blur. The PSP system was successfully applied to the investigated
configuration. A comparison between ensemble averaged PSP data and fast-response pressure tap
readings on the same blade reveals a RMS level of residual deltas of ∼250 Pa. Application of the
single-shot PSP lifetime technique allowed the identification of stall related and spatially confined
flow regions on the blade, comprising increased low-frequency pressure fluctuations, thus proving
the capability to measure instationary phenomena. PSP results further reveal flow features such as
the footprint of the tip vortex, the suction peak parallel to the leading edge and also a chordwise
pressure discontinuity indicative of laminar-turbulent boundary-layer transition. The latter was
confirmed by the results of the separately conducted transition experiment and underlined the
ability of the optimized PSP system to capture spatial gradients in a precise manner.

Boundary-layer transition was measured by means of temperature-sensitive paint (TSP) and for
comparison also via infrared thermography. Transition positions were detected for all data points
and for various radial locations at a precision of better than 1 % chord (i.e. ≈ 0.7 mm). A data
base was established, which is complemented by corresponding pressure tap readings as well
as integral thrust measurements, and ready to use for validation purposes of numerical codes.
The effect of rotational forces on boundary-layer transition was specifically analyzed at resulting
Reynolds and Mach numbers of Reres = 3.74 × 105 and Mres = 0.22 under exclusive variation
of the contribution of rotational forces, expressed by the variation of Rossby number between the
two values Ro = 6.95 and Ro = 4.76. A hypothesized stabilizing effect of rotational forces on
boundary-layer transition appears to be insignificant for the investigated configuration. Measured
surface pressures at 77 % span are compared to solutions of a coupled two-dimensional (2D) Euler/
boundary-layer solver and numerical results are used to obtain transition N-factors, based on two
different approaches to the eN -method. Calculated pressures agree with experimental data to
within a difference of ∆cp ≈ 0.02. Employing 2D local compressible linear stability theory (LST)
and considering measured non-adiabatic wall temperatures, transition N-factors are correlated in
the range of Ncr = 8.4 ± 0.5, independent of Reynolds number based on rotating speed. The
findings translate to a prediction capability of the transition position of better than ±5 % of the
chord assuming that the pressure distribution or effective angle of attack is known.
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Kurzfassung

Untersuchungen von Grenzschichttransition und Luftkräften an rotierenden Blättern

In der vorliegenden Arbeit wurden Luftkräfte und Grenzschichttransitionslagen auf Mach-skalierten
Hubschrauberrotorblättern in Steigflugkonfiguration untersucht. Oberflächendrücke und laminar-
turbulente Umschlagslagen wurden auf den äußeren 60 % der Saugseite eines mit einem DSA-9A
Profil ausgestatteten Rotorblattes gemessen. Hierfür wurden örtlich hochauflösende optische
Messtechniken eingesetzt und durch integrale Schub- sowie Oberflächendruckmessungen mittels
einzelnen Druckanbohrungen ergänzt. Die Experimente wurden am Zweiblattrotor der Rotor-
Testanlage des DLR in Göttingen (RTG) durchgeführt. Der untersuchte Parameterraum umfasst
eine Variation des kollektiven Blattanstellwinkels bei jeweils drei unterschiedlichen Drehzahlen.
Die auf die Blattspitzengeschwindigkeit und die Sehnenlänge bezogenen Mach- und Reynoldszah-
len ergeben sich zu Mtip = 0.29 − 0.57 und Retip = 4.6 − 9.3 × 105.

Es wird ein für den Einsatz an schnell drehenden Rotorblättern optimiertes pressure-sensitive paint
(PSP) Messsystem vorgestellt. Eine hierfür optimierte Bilderfassung verhindert Messartefakte,
die durch Bildunschärfe infolge von Rotation entstehen. Das System wurde erfolgreich an der
untersuchten Konfiguration angewendet. Ein Vergleich zwischen PSP-Ergebnissen und Daten
herkömmlicher Drucksensoren ergibt einen Effektivwert der Unterschiede von ca. 250 Pa. Durch
die Verwendung der single-shot lifetime PSP-Methode konnten Bereiche partieller Strömungs-
ablösung auf dem Blatt identifiziert werden, in denen vergleichsweise hohe niederfrequente
Druckschwankungen gemessen wurden. Die PSP-Resultate offenbaren charakteristische Struk-
turen, wie den “Fußabdruck” des Randwirbels, die Saugspitze parallel zur Blattvorderkante oder
gar den abrupten Druckanstieg als Folge des laminar-turbulenten Grenzschichtumschlags. Der
letztgenannte Zusammenhang konnte durch die separaten Transitionsmessungen verifiziert werden
und unterstreicht die Fähigkeit des Messsystems, räumliche Gradienten präzise zu erfassen.

Grenzschichttransition wurde mittels temperature-sensitive paint (TSP) und vergleichsweise via
Infrarot-Thermografie gemessen. Die Umschlagslagen wurden für alle Datenpunkte entlang der
Blattspannweite über eine Auswertesystematik und mit einer Präzision von ca. 1 % der Sehnenlänge
(≈ 0.7 mm) ermittelt. Zusammen mit integralen Schubwerten und Druckanbohrungsergebnissen
wurde eine Datenbasis erstellt, die für die Validierung von numerischen Methoden zur Verfü-
gung steht. Der Einfluss rotierender Kräfte auf den Grenzschichtumschlag wurde durch einen
Vergleich der Transitionslagen bei gleichem effektiven Anstellwinkel, resultierenden Reynolds-
und Machzahlen von Reres = 3.74 × 105 und Mres = 0.22 und ausschließlich unter Variation der
Rossbyzahl Ro, als Maß für Rotationskräfte, untersucht. Ein stabilisierender Effekt von Rotations-
kräften wurde bei Variation von Ro = 6.95 auf Ro = 4.76 für die untersuchte Konfiguration
nicht festgestellt. Druckmessdaten bei 77 % des Blattradius wurden mit Lösungen eines gekoppel-
ten zweidimensionalen (2D) Euler-/ Grenzschichtlösers verglichen und verwendet, um kritische
N-faktoren auf Basis unterschiedlicher Versionen der eN -Methode zu bestimmen. Berechnete
und gemessene Oberflächendrücke stimmen innerhalb von ∆cp ≈ 0.02 überein. Auf Basis von
2D lokaler kompressibler linearer Stabilitätstheorie und unter Berücksichtigung der gemessenen
nicht-adiabaten Wandtemperatur wurden kritische N-faktoren von Ncr = 8.4 ± 0.5 ermittelt, die
keine signifikante Abhängigkeit der Reynolds- bzw. Drehzahl zeigen. Demnach kann bei Kenntnis
der Druckverteilung die Transitionslage bis auf ±5 % der Sehnenlänge vorhergesagt werden.
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1 Introduction

Aerodynamic measurements on rotating blades are vital in order to understand inherent flow
phenomena, for the characterization of aerodynamic loads and performance data and due to their
inevitable use for the validation of computational fluid dynamics (CFD) codes used for prediction
purposes. In this regard, the surface pressure distribution and laminar-turbulent boundary-layer
transition are of special interest. Usually, benchmark experiments in rotorcraft research used
for CFD validation either provide integral balance data exclusively [6] or employ sensors at
only discrete pointwise locations, for instance wall tappings for surface pressure measurements
[89, 154] or heat flux sensors for the characterization of the boundary layer [140]. Pressure or
heat flux transducers installed in rotating blades introduce heavy centrifugal loads. The need to
transfer data outside the rotating frame demands a costly telemetric solution. Due to limited space
for the installation of sensors, the spatial resolution is usually quite scarce and characteristic flow
features such as the suction peak, the footprints of the tip vortex or boundary-layer transition can
hardly be resolved, which complicates numerical validation [169]. Hence, optical measurement
techniques like pressure-sensitive paint (PSP) or temperature-sensitive paint (TSP) and infrared
thermography (IR) are powerful techniques, as they non-intrusively provide global information on
surface pressure and on the boundary layer at high spatial resolution.

Boundary-layer transition has significant impact on the aerodynamics of helicopter main rotors.
For laminar boundary layers generate less friction drag than turbulent boundary layers, increased
amounts of laminar flow reduce the power required by the rotor and enhance its efficiency. There-
fore, knowledge of the boundary-layer transition position is an important parameter in the design
phase of modern rotor blades. Because the extent of laminar flow is in principle larger at smaller
Reynolds numbers [136], the phenomenon needs to be understood especially when performing
tests at model scale (Re < 106) to eventually overcome issues when scaling to full scale [8]. For
instance, recent experimental and numerical analyses showed significant effect of laminar flow on
the performance of a Mach-scaled helicopter rotor in hover. A comparison between the rotor effi-
ciency of fully-turbulent and free-transition cases revealed differences in the range of 6 - 10 % with
higher discrepancies at low thrust levels [105, 106]. However, accurate numerical prediction of the
aerodynamic performance of a helicopter rotor remains a challenging task, also for axisymmetric
flow conditions as hover or climbing flight. To date, modeling of boundary-layer transition on
helicopter rotor blades is based either on empirical correlations from studies on purely translating
wings or on theories employing solely two-dimensional flow assumptions. In this respect, the
effects of rotational forces are ignored, although it is known that rotational effects on boundary-
layer flows around rotating blades in principal exist. A common problem with previous studies on
boundary-layer transition on helicopter rotor blades is the lack of experimental transition data for
validation purposes of advanced numerical tools, including transition prediction.



2 1 Introduction

1.1 Surface pressure measurements on fast rotating blades using pressure-sensitive
paint (PSP)

1.1.1 PSP principles

The PSP technique relies on photo-kinetic interactions between the airflow and a luminescent
coating applied to the surface of interest. A detailed description and application examples of the
technique are described by Vollan and Alati [158], Engler et al. [33] and Klein [68]. Being excited
by light of a certain wavelength, the luminescent dye molecules emit light at a longer wavelength.
This radiative process can be quenched by oxygen, depending on the local air pressure [67]. For
instance, higher local pressures reduce both the amount of light emitted and the luminescent lifetime
decay time. The emitted light does not only depend on pressure. In this regard, possible sources
of uncertainty include spatially inhomogeneous excitation light and dye concentration as well as
thermal quenching of luminescence and photo degradation of the dye [85]. The luminescence is
usually captured by a scientific grade camera using optical filters to separate the emitted signal
from the excitation light. Using the “gated intensity ratio method” [85], also referred to as the
“lifetime method”, the lifetime is measured as a function of the ratio of two images IG1/IG2. As
sketched in Fig. 1.1 they are subsequently recorded during the integration “gates” G1 and G2. If

Figure 1.1: Schematic of PSP lifetime method with pulsed excitation.

both frames are acquired from a single excitation pulse, the method is referred to as the “single-shot
lifetime technique” [50, 63]. With this approach any uncertainty originating from inhomogeneous
or unstable pulsed excitation light is eliminated as the resulting pattern is the same in both images
used for division. However, a residual spatial non-uniformity in the lifetime distribution persists
also at uniform pressure [126, 171]. This in turn is accounted for by dividing the gated intensity
ratio at any pressure p and temperature T (“wind-on” condition) by the ratio under known reference
(ref) conditions, also referred to as “wind-off” conditions. The resulting “ratio of ratios” (RoR)
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can then be related to pressure, for instance by

RoR =
IG1
IG2

IG1
IG2 ref

=

IG1
IG2 wind−on
IG1
IG2 wind−off

=

m,n=2∑
i,k=0

aik

(
T

Tref

) i ( p
pref

)k
(1.1)

where ai,k are calibration coefficients to be obtained.

1.1.2 PSP on rotating blades

A particular challenge related to PSP measurements on fast rotating blades is to capture sharp
images at sufficient signal-to-noise ratio (SNR). A common approach is to accumulate up to
several hundreds of phase-locked exposures on the image sensor using a pulsed excitation synced
to the rotation speed of the investigated blade. This phase-averaging technique has previously
been applied to measure surface pressure on blades of a scaled model fan [11], a turbocharger
compressor [49], a turbine rotor [148] or on fast rotating propellers [70]. The technique provides
reproducible results if the position of the rotating blade in the image and the excitation pulses
are perfectly stable. However, Wong et al. [165, 166] for instance reported significant smear in
result images, due to cycle-to-cycle lead-lag and flapping motion when testing helicopter rotor
blades being susceptible to aero-elastic effects. Moreover, if pressure fluctuations are of interest
the phase-averaging accumulation technique is inherently limited to capture transient phenomena
occurring in phase with the rotating frequency. The problem of image blur due to phase-locked
accumulation of several exposures is illustrated in Fig. 1.2. Both images show the blade tip of
a model helicopter rotor blade of 1.7 m radius and at a tip speed of ≈ 200 m/s. The image on
the left comprises significant blur. It was accumulated from approximately 750 blade revolutions
using pulsed LED excitation. In contrast, the sharp image on the right is acquired from a single
excitation pulse of 5 ns duration using laser light.

These limitations are overcome by using the single-shot lifetime technique as employed by Juliano
et al. [63], where both gated intensities are acquired from a single excitation pulse. To get sufficient
signal, a high energy light source, for instance a laser, is required for PSP excitation. Due to its self-
referencing character, the single-shot lifetime technique is insensitive to errors originating from
model movement within inhomogeneous illumination as laser speckles, for instance. Disotell et al.
[21] applied the method for unsteady PSP measurements on a small-scale fully articulated helicopter
blade in forward flight. They employed a fast responding PSP and took advantage of the single-shot
technique to resolve unsteady pressure footprints of flow structures on the blade. Most recently,
Peng et al. [113] presented a successful application of the single-shot lifetime technique to real
turbomachinery experiments. They obtained surface pressure results on turbocharger compressor
blades with rotation speeds up to 150,000 rpm. The technique has also recently matured to be used
on the entire upper surface of large-scale helicopter blades (with ∼1.7 m blade radius) in forward
flight condition [162]. A sample result out of the study from Watkins et al. [162] on the “PSP rotor”
is shown in Fig. 1.3. The pressure topology on the suction side of the blade is depicted in part a) of
the figure. Rotation is counter-clockwise. The main flow features which can be distinguished are
increased suction areas (in blue) close to the leading edge, followed by a pressure increase further
downstream. PSP data is compared to pressure transducer readings on the right hand side. The
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Figure 1.2: Demonstration of image blur due to phase-locked accumulation of several exposures
to an image (from Wong et al. [167]).

shaded area denotes the standard deviation from a series of 15 PSP measurements and is mostly
±10 kPa−15 kPa wide. Deviations between pressure transducers and PSP data are reported to be in
the order of 1 % with maximum deviations of about 10 %. In this case an error of 1 % corresponds
to approximately 850 Pa.

So far, charge-coupled device (CCD) image sensors are used for single-shot lifetime measurements.
As known from particle-image velocimetry (PIV) applications, the use of interline transfer CCD
sensors enables the acquisition of two images in fast succession. The corresponding image readout
scheme is also known as “double shutter” mode. However, in state-of-the art scientific grade
CCD cameras the second exposure is several milliseconds long. The resulting image is therefore
susceptible to blur due to the captured luminescence being emitted by the moving blade. In this
case, the extent of blur depends on the rotating speed of the blade and the lifetime of the dye
employed. Juliano et al. [63] used a sensor with a limited lifetime to reduce blur yet compromised
signal intensity and the principal ability for applications on non-axisymmetric flows [64], where
fast responding paints (see [52]) are preferred. It is obvious that any blur of this kind leads to a
faulty recovered pressure signal. Gregory et al. [51] demonstrated the resulting bias due to image
blur in the second exposure in a principle experiment, where a PSP signal was measured on a
rotating-disc section. In Fig. 1.4a the result is illustrated in terms of ratio of ratios RoR which
expresses levels of pressure and temperature (see Eq. 1.1). The blurred pattern is clearly visible in
the bright areas in the vicinity of the black dot markers and at the trailing edge of the coated section.
Although the pressure is expected to be constant along a disc section of constant radius, denoted
by “S” in Fig. 1.4b , the resulting under- and overestimation of pressure at the blade leading- and
trailing edges are clearly distinguishable in Fig. 1.4c.
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a) b)

at 99 % span {

Figure 1.3: a) Surface-pressure result of the “PSP rotor” obtained using the single-shot lifetime
technique b) Comparison between PSP data and pressure-transducer measurements (both figures
are from [162]).

1.1.3 Blur elimination techniques

Up to now, two principles exist countering the problem of rotational image blur in aerodynamic
testing. On the one hand, Juliano et al. [64] presented an image de-blurring algorithm, which was
further developed by Gregory et al. [51]. The effect of the algorithm is illustrated in Fig. 1.4b and
Fig. 1.4c. The post-processing routine employs a spatially invariant point spread function based on
the rotation rate of the blade and the luminescent lifetime of the PSP. Because the latter depends
on the pressures to be solved for, the method biases regions exhibiting large pressure gradients.
Moreover, the routine amplifies noise inherent to the raw images (see Fig. 1.4c) for how the noise
propagates to the resulting RoR) and it additionally introduces artificial ringing patterns (Gibbs
ringing, see Fig. 1.5) in regions with sharp contrast levels debasing the quality of the final results
especially near the blade trailing edge [51, 162].

On the other hand, Raffel and Heineck [117] demonstrated a technique to mechanically de-rotate
images using a rotating mirror setup for image acquisition. It is useful in applications where low
signal levels are expected as it allows to increase the exposure time significantly [77]. However,
good optical access and sufficient space are required. If the rotor is tested in propeller configuration
with an axial inflow, the mirror has to be installed preferably in off-axis configuration [119] causing
additional challenges in order to synchronize the rotation rates of the mirror setup and the rotor.
The sketches in Fig. 1.6 illustrate the possible rotating mirror setups for rotor tests (rotation rates
are denoted as ω in the figure). Both methods, image deblurring during post-processing and the
rotating mirror technique, have recently been compared in more detail by Pandey et al. [109].
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Figure 1.4: PSP results of a rotating-disc section in terms of ratio of ratios RoR (see Eq. 1.1). a)
Before and b) after application of the image de-blurring algorithm from [51, 64]. c) Chordwise
profiles of RoR expressing biased result due to blur and increased noise level after application of
de-blurring algorithm (figures are modified from [51]).

1.2 Boundary-layer transition on rotating blades

For flows over aerodynamic surfaces two main categories can be distinguished with respect to
boundary-layer transition from the laminar to the turbulent state [65]. The first category is con-
nected with the growth of small initial disturbances inside the boundary layer and the associated
amplification of instabilities finally causing transition to turbulence. The second category, often
referred to as “bypass” transition, is associated with immediate and non-linear laminar-flow break-
down. The latter usually occurs at high levels of external disturbances like increased free-stream
turbulence levels or surface roughness. For instance, bypass transition was observed near the blade
tip of a full scale BO105 helicopter in hovering flight [55, 124]. In these studies the wake compris-
ing the tip vortex and slipstream of the preceding blade directly interferes with the boundary-layer
flow and causes immediate transition to turbulence. A review on bypass transition is provided for
instance by Morkovin [102].

An overview on possible transition mechanisms for helicopter rotor blades is given by Heister [57].
In addition to bypass transition, previous studies (see Sec. 1.2.3) identified Tollmien-Schlichting
instabilities and transition over laminar separation bubbles to be the dominant mechanisms for
boundary-layer transition on helicopter rotor blades in hover. Both of these phenomena are
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Figure 1.5: Demonstration of Gibbs ringing as an artifact of the image de-blurring algorithm
(modified from [51]).
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Figure 1.6: Sketches of on-axis and off-axis rotating mirror setups (modified from [109]).

characteristic for predominantly two-dimensional (2D) flows. However, the boundary layer on
rotating blades is not necessarily 2D. Both swept blade geometries and rotational forces could in
principle cause transverse flow components which are prone to cross-flow instabilities eventually
causing laminar-turbulent transition. Cross-flow instabilities appear as co-rotating vortices and
are usually observed close to the leading edge of stationary and highly swept wings (see e.g.
[48]) or on rotating disks where cross flow is due to centrifugal forces [71]. For purely rotating
helicopter rotors no evidence of cross-flow induced transition has been reported. In contrast,
Heister’s numerical study [57] on the flow around the ONERA 7AD rotor in forward flight has
shown that cross-flow instabilities do play a role. This is the case on the blade pressure side and
especially when the cross-flow velocity imposed by the forward motion of the rotor is large.

The investigated rotor blades in this study do not comprise a sweep angle and the flow is investigated
on the blade suction side as well as in pure rotation with a superposed axial inflow, which prevents
blade-vortex interaction. The resulting configuration is similar to a helicopter rotor in climb (see
Sec. 2.2.1) and therefore, neither cross-flow instabilities nor bypass transition are a priori expected.
Furthermore, effects due to cross-flow components originating from rotational forces are implicitly
investigated in Sec. 3.3.4. It is further an aim of this study to compare measured transition
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data to results of numerical tools employing 2D theories and flow assumptions only. Hence, in
the following section the fundamentals on boundary-layer theory and transition to turbulence are
described for 2D flows focusing on Tollmien-Schlichting transition.

1.2.1 Fundamentals on 2D boundary-layers and laminar-turbulent transition

Boundary-layer equations and properties Viscous flows are characterized by the Reynolds
number which expresses the ratio between inertial forces and viscous forces according to

Re =
νl̃
ũ

(1.2)

where l̃ and ũ denote a characteristic length- and velocity scale of the investigated flow. For viscous
flows on an airfoil typical characteristic quantities are the chord length c and the resulting inflow
velocity ures.

The governing equations for boundary-layer flows are a simplified form of the Navier-Stokes
equations for the conservation of mass (continuity), momentum and energy, under consideration
of the boundary-layer assumptions of Prandtl [115]. Prandtl’s boundary-layer concept in principle
divides the flow over a surface into a thin viscous boundary-layer region of thickness δ (see
Fig. 1.7) and an inviscid outer flow, where the viscous terms in the Navier-Stokes equations can be
neglected [129]. Inside the boundary layer the velocity components are zero right at the wall while
approaching the velocity of the outer flow at the boundary-layer edge δ asymptotically. One of the
inherent assumptions to Prandtl’s approach is that the characteristic length scale of the boundary
layer is small in comparison with the scale of the aerodynamic body investigated, i.e. δ << c. This
hypothesis generally implies large Reynolds numbers, being in the order of Re ≥ O(1/δ2), which
poses the second important assumption to boundary-layer theory.

linear region non-linear region

turbulent 

boundary-layer

indifference point

�

inviscid

viscousreceptivity

x

y

inflow

laminar 

boundary-layer

Figure 1.7: Qualitative sketch of the transition process from a laminar to a turbulent boundary
layer for the flow over a flat plate (modified from [66]).

A detailed derivation of the Navier-Stokes equations and the application of Prandtl’s order-of-
magnitude analysis to obtain the boundary-layer equations is provided e.g. by Anderson [1]. For
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two-dimensional, steady and compressible flows the equations for the velocity components [u, v]
in streamwise and wall-normal directions [x, y] as well as for pressure p and temperature T in a
laminar boundary layer are:

continuity:
∂ (ρu)
∂x

+
∂ (ρv)

∂y
= 0 (1.3)

x-momentum: ρu
∂u
∂x
+ ρv

∂u
∂y
= −

dpe
dx
+

∂

∂y

(
µ
∂u
∂y

)
(1.4)

y-momentum:
dp
dy
= 0 (1.5)

energy: ρu
∂h
∂x
+ ρv

∂h
∂y
=

∂

∂y

(
k
∂T
∂y

)
+ u

dpe
dx
+ µ

(
∂u
∂y

)2
(1.6)

In the above relations both the dynamic viscosity µ(T) and the thermal conductivity k(T) denote
temperature dependent fluid characteristics. The specific enthalpy h is related to temperature via
the specific heat capacity at constant pressure κp according to:

h = κpT (1.7)

The system of equations is completed by considering the ideal gas law

p = ρRairT (1.8)

with Rair being the gas constant for air. A result of Prandtl’s boundary-layer assumptions is that the
pressure gradient disappears in wall-normal direction (see Eq. 1.5). It means that the pressure inside
the boundary layer and on the wall is practically imposed by the inviscid condition at the boundary-
layer edge, denoted by the subscript e. Assuming that the pressure distribution p(x) = pe(x) is
known from measurements or numerical solutions, the equations 1.3, 1.4, 1.6, 1.7 and 1.8 pose a
system of five equations for the five unknowns u, v, ρ,T and h. A solution to these equations in
principle yields the boundary-layer profiles necessary to perform a stability analysis. Solutions
can either be obtained by solving the stated set of differential equations using a finite difference
method to obtain velocity and temperature profiles directly or by using an integral approach where
the system of equations is integrated in wall normal direction [129]. In this thesis boundary-layer
solutions are obtained by the boundary-layer solver COCO from Schrauf [133], in which the first
approach is implemented, as well as by the coupled Euler-/ boundary-layer code MSES from Drela
[25], which solves the above stated equations in an integral form (see Sec. 3.4 for more details on
the codes). Integral boundary-layer solutions utilize the displacement thickness δ1, the momentum
thickness δ2 and the shape parameter H12 as characteristic boundary-layer quantities. They are
defined as follows.

δ1(x) =
∫ ∞

0

(
1 −

ρu
ρeue

)
dy (1.9)

δ2(x) =
∫ ∞

0

[
ρu
ρeue

(
1 −

u
ue

)]
dy (1.10)

H12 =
δ1
δ2

(1.11)
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Both δ1 and δ2 are related to decrements in the flow which are due to the presence of the boundary
layer. Whereas δ2 can be regarded as a measure for the lack of momentum flow inside the boundary
layer, the displacement thickness δ1 expresses the mass-flow defect. In other words, “δ1 is the
distance away from the body surface through which the outer inviscid flow is displaced due to the
boundary layer” [1]. The shape factor H12 is sensitive to the streamwise pressure gradient in the
flow. The value of H12 = 2.59 corresponds to the analytical Blasius solution at zero streamwise
pressure gradient (dpe/dx = 0), higher and lower values correspond to decelerated and accelerated
flows, respectively [129]. Saric [127] notes that for a given pressure gradient the change in H12 is
more sensitive than a corresponding change in pressure coefficient cp (see Eq.2.5). For this reason
the shape factor H12 is often used to characterize the streamwise pressure gradient a boundary layer
is exposed to.

A comprehensive overview on boundary-layer theory and approaches to obtain solutions of the
boundary-layer flow is provided by Schlichting and Gersten [129].

Phenomenology of laminar-turbulent transition The transition process is schematically sketched
in Fig. 1.7 for the simple case of a two-dimensional boundary layer on a flat plate. According
to Kachanov [65] the phenomenon can be divided into three stages known as receptivity, linear
stability and non-linear breakdown to turbulence.

Assuming a low level of external disturbances, the flow downstream of the stagnation point is
initially laminar. External disturbances comprise for instance acoustic waves, surface roughness,
free-stream vortical, temperature or vibrational fluctuations. The process of how these external
perturbations are transformed into oscillations inside the laminar boundary layer, the Tollmien-
Schlichting waves, is called receptivity and has first been studied by Morkovin [101, 102]. Up
to a certain point downstream, the indifference point, any oscillations inside the boundary layer
are damped. As the boundary-layer thickness increases and disturbances pass this point, the flow
becomes unstable against small disturbances which are amplified as they convect downstream.
The indifference point is therefore also called point of primary instability. The initial growth of
disturbances can be described by linear stability theory which is outlined in the next paragraph.
In the corresponding linear regime the flow is 2D and instabilities are small enough to coexist.
If oscillations are amplified high enough, the 2D waves start to interact non-linearly with three-
dimensional disturbances. The original 2D base-flow starts to deform three-dimensionally and
is subject to secondary instabilities. The stimulation of secondary instabilities in the non-linear
regime is significantly higher than in the linear regime. Hence, the extent of the non-linear flow
regime is much smaller [3, 168]. The eventual breakdown to turbulence is accompanied by the
initial occurrence of turbulent spots [32] which is often associated with transition onset [3]. The
spots are spatially confined, appear randomly and grow in size as they are convected downstream.
Turbulent flow is therefore initially intermittent until the spots combine to form a fully turbulent
flow. Experimental studies by van Hest [155] showed that both growth rate and lateral spreading
of these spots are favored by streamwise increasing pressures. The growing velocity fluctuations
in a transitional boundary-layer are connected to increased momentum transfer in wall normal
direction. In terms of the statistical mean the resulting velocity profile of a turbulent boundary
layer is “fuller” and has a larger velocity gradient at the wall when compared to a laminar boundary-
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layer (see Fig. 1.7). According to Newton’s friction law [129] an increased velocity gradient at the
wall relates to a higher wall shear-stress τw via the flow medium’s dynamic viscosity µ:

τw = µ

(
∂u
∂y

)
y=0

(1.12)

The corresponding skin friction coefficient cf is defined as:

cf =
τw

ρ∞
2 u2

∞

(1.13)

Linear stability theory In principle, linear stability theory (LST) describes the stimulation
behavior of small, wave-like two- or three dimensional disturbances in a laminar boundary-layer.
A comprehensive overview and detailed explanations along with underlying equations for both
compressible and incompressible LST are provided by e.g. Mack [93]. The basic ideas are briefly
described hereafter focusing on the concepts of two-dimensional (2D) local LST.

In the frame of LST the flow variables inherent to the governing equations, in a generalized form
denoted as q, are divided into steady mean flow terms q and unsteady, superposed disturbance
terms, q′:

q(x, y, t) = q(x, y) + q′(x, y, t) (1.14)

The generalized variable q can represent a velocity component [u, v] in streamwise- or wall normal
direction [x, y], pressure p, density ρ or temperature T . In doing so, a parallel flow assumption
forces the wall normal component of the mean flow to be zero, i.e. v = 0. This also eliminates
the dependency of q in x-direction and enforces a local approach to the problem. Assuming that
the mean flow poses a solution to the system of equations, the relations are reduced to a system
of differential equations describing the dynamics of the perturbations only. These equations
are then linearized by neglecting all higher order disturbance terms. Linearization reflects the
key assumption inherent to LST, meaning that disturbance quantities are small with respect to
the mean flow. In order to solve the linearized system of equations the perturbation quantities
are approximated by a superposition of harmonic waves with small amplitude according to the
following approach:

q′(x, y, t) = q̂(y)ei(αx−ωt) + c.c. (1.15)

In this expression q̂(y) is the complex amplitude function dependent on the wall normal coordinate,
α denotes a wave number in x-direction and ω is the angular frequency of the disturbance,
respectively. The complex conjugate (c.c.) needs to be considered in order to obtain real values for
the disturbance quantity. Both Squire’s theorem [146] and also Mack [93] state that for subsonic
2D boundary-layers it is sufficient to allow waves in streamwise direction only. Note also that in
the frame of local theory the wave number α is independent of the streamwise coordinate. The
wave number α and the frequency ω are in general complex numbers.

Experimental studies have shown that, in the linear regime, the propagation of Tollmien-Schlichting
waves is a spatial process and that e.g. disturbance velocity amplitudes at fixed streamwise positions
are time-independent [93]. Hence, boundary-layer transition is described by “spatial theory”. In
this context only the real part of the angular frequency is considered, i.e. ωR = 2π fTS with fTS
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denoting the frequency of the Tollmien-Schlichting wave in Hertz. In contrast, the wave number
α remains complex and the imaginary part αI represents the growth rate, where αI < 0 denotes
spatial amplification and αI > 0 corresponds to attenuation of the disturbance wave.

Using the above stated assumptions, a resulting linearized differential perturbation equation can
be formulated for the complex amplitude function q̂(y), which describes the stimulation of two-
dimensional waves in streamwise direction and in time. For compressible flow, the resulting
system of differential equations is given (for three-dimensional flow) for instance by Schrauf
[130–132]. For parallel, two-dimensional and incompressible boundary layers the governing
differential equation for the disturbance growth rates is the Orr-Sommerfeld relation [104, 145].
First theoretical solutions of the latter were independently obtained for a Blasius boundary-layer
by Tollmien in 1929 [152] and by Schlichting in 1933 [128]. It lasted until the 1940’s when
their findings and thus the concept of linear stability theory were experimentally corroborated by
Schubauer and Skramstad [136].

eN -method for transition prediction A prerequisite for the stability analysis according to LST
and the application of the eN -method is a solution for the laminar boundary-layer flow at a given
Reynolds and Mach number condition. Assuming that the laminar boundary-layer profiles are
known along the streamwise coordinate x, a local stability analysis gives the growth rates of
the locally unstable disturbances with frequency fTS. Using the disturbance approach (Eq. 1.15)
according to spatial theory, the growth rate αI is the streamwise derivative of the logarithmic
disturbance amplitude A:

αI = −
1
A

dA
dx
= −

d ln A
dx

(1.16)

Solutions of the stability analysis can be summarized in a stability diagram as depicted in Fig. 1.8a.
It shows the range of amplified Tollmien-Schlichting frequencies fTS along the streamwise co-
ordinate. The amplified range is confined by the neutral stability curve which represents the
solutions corresponding to zero growth rate (αI = 0). Note the indifference point x0, downstream
of which the first waves with initial amplitude A0 are amplified. According to the eN -method, the
growth rates for each amplified frequency are integrated along the streamwise direction. This way,
one obtains a ratio of the disturbance amplitude A at any position x with respect to some initial
amplitude A0 at the indifference point x0. The integrated growth rates are called “N-factor” and
defined as:

N( fTS, x) = ln
A
A0
= ln

A ( fTS, x)
A0 ( fTS, x0)

= −

∫ x

x0

αI ( fTS) dx (1.17)

Examples of integrated N-factors are schematically shown for three amplified frequencies in
Fig. 1.8b. The curves correspond to the frequencies sketched in the stability diagram in part a) of
the figure. Note that the integrated growth rates decrease as waves with constant fTS propagate
into streamwise regimes where they are attenuated. The red line connects the maximum values
of all N-factor curves and is denoted as envelope. The resulting envelope therefore corresponds
to the maximum amplification factor of the disturbances. In other words, the N-factor envelope
expresses the increase of the amplitude ratio ln A/A0 for the wave which is amplified the most as
it passes the indifference point.
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Figure 1.8: a) Sketch of stability diagram for three amplified Tollmien-Schlichting waves b)
Correlation of transition N-factor in the framework of the eN -method.

The use of this concept for the prediction of boundary-layer transition was independently developed
by van Ingen [60] as well as by Smith and Gamberoni [143]. According to their findings, transition
to turbulence commences if a threshold value for the maximum integral growth rate, Ncr is reached.
In practical applications, the critical N-factor is found by correlating the measured position for the
onset of boundary-layer transition with the corresponding N-factor maximum. See Sec. 1.2.2 on
how transition onset is found in general and Sec. 3.3.1 for the definition used in this study.

Application of the eN -method yields a critical amplification ratio. In other words, the initial
disturbance amplitudes A0 are ignored (see Eq. 1.17). A first approach to counteract this deficiency
was made by Mack [92], who found that the critical N-factor depends on the turbulence intensity
Tu of the incident flow, which in turn reflects the level of initial disturbance amplitudes. The
turbulence intensity Tu is usually determined by the root-mean-squared (RMS) value of the velocity
disturbances relative to the resultant incident flow ures. The turbulence of the incident flow is often
assumed to be isotropic.

Tu =

√
1
3

(
u′2 + v ′2 + w ′2

)
ures

≈

√
u′2

ures
. (1.18)

Based on transition experiments on a flat plate without pressure gradients Mack [92] found the
following correlation between the critical N-factor and the turbulence intensity which is valid in
the range 7 × 10−4 < Tu < 3 × 10−2:

Ncr = −8.43 − 2.4 ln Tu (1.19)

Since Tu is characteristic for the facility where transition experiments are carried out the critical
N-factor needs to be calibrated accordingly. For this reason the eN -method is often referred to as
being “semi-empirical”.

Another assumption inherent to the eN -method is that all waves being prone to instability have the
same initial amplitudes. This is a rather crude hypothesis, as it neglects that for instance different
modes could in principle be excited by the same disturbance, e.g. by acoustic waves, at different
efficiency before or as they are coupled into the boundary layer. A more comprehensive discussion
of the shortcomings of the outlined method is provided by Arnal [3].
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Since the presented method is based on linear theory, while neglecting the non-linear amplification
of disturbances, the use as prediction tool is only justified if the non-linear regime is comparatively
small. For two-dimensional incompressible boundary-layers with zero pressure gradient Arnal [3]
reports that the extent of linear amplification of disturbances covers between 75 to 80 % of the
distance between the leading edge and the beginning of transition, i.e. the onset of turbulent spots.
The spatial fraction of non-linear amplification is even smaller if the boundary layer faces adverse
pressure gradients [155]. Despite the stated simplifications and assumptions, the method is state
of the art and has been employed successfully in many different applications [61].

According to Arnal [3] and summing up the aspects mentioned above, the following steps are
involved in order to obtain the transition N-factor Ncr when using the eN -method:

1. Calculation/description of laminar velocity profiles along the boundary-layer flow to be
investigated

2. Calculation of stability characteristics, i.e. growth rates, for the velocity profiles according
to LST

3. Calculation of the integral of local growth rates along a defined propagation direction of
disturbances to obtain curves denoting the maximum amplification factor of all amplified
waves

4. Correlation of measured transition data with maximum amplification curves to obtain the
threshold value Ncr

In turn, if Ncr and the stability characteristics of the boundary layer are known, the method allows
to predict the streamwise position where transition to turbulence sets in.

Stability modifiers There are numerous conditions which in principle influence the stability
characteristics of a laminar boundary layer. A detailed view into the subject is provided by Arnal
[3], who identified the following aspects as driving parameters for the stability characteristics of a
laminar boundary layer according to linear stability theory:

• Pressure gradient (dpe/dx): Positive “adverse” streamwise pressure gradients destabilize
the boundary layer, whereas negative “favorable” gradients have a stabilizing effect.

• Wall heating/cooling: For boundary-layer flows in air, wall heating destabilizes the boundary
layer, whereas wall cooling has a stabilizing effect (see also [37, 129]).

• Compressibility: For free stream Mach numbers of M ≤ 2, compressibility has a damping
effect on amplified disturbances and therefore stabilizes the boundary layer (see also [2, 91]).

Transition over laminar separation bubbles Laminar separation bubbles (LSB) are a typical
phenomenon of flows over airfoils especially at low Reynolds numbers. An instantaneous visual-
ization of a typical LSB is provided in Fig. 1.9a. If a laminar boundary layer is decelerated enough
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Figure 1.9: a) Instantaneous visualization of a laminar separation bubble by hydrogen bubbles
and rhodamine in water (modified from [76]) b) Instability and transition mechanisms in a laminar
separation bubble (modified from [22]).

by a streamwise increasing pressure, the flow separates as it is forced to reverse its direction in the
near wall region. Downstream of the separated laminar shear layer transition to turbulence sets
in. If a LSB is formed, the increased momentum transfer in wall-normal direction, as a result of
the transition process, eventually causes the flow to re-attach and to form a confined region similar
to a bubble with recirculating flow inside. It should be noted that the phenomenon is instationary
and, as depicted in Fig. 1.9a, transition to turbulence is accompanied with formation and shedding
of coherent structures in the shear layer. Thus, the momentum increase in wall normal direction
leading to re-attachment has to be regarded in a time averaged sense and the characteristic locations
corresponding to separation, transition and reattachment are driven by the dominant instabilities as
well as by external disturbances inherent to the boundary-layer flow. The instability and transition
mechanisms in a LSB are reviewed in detail by Dovgal et al. [22], studied more comprehensively
by means of direct numerical simulations (DNS) by Rist [123] and summarized briefly in the
sketch in Fig. 1.9b. Similar to the Tollmien-Schlichting transition process described above, initial
disturbances are coupled into the boundary layer via receptivity (1) before they are amplified in
the evolving boundary-layer prior to separation. The amplification process along the separating
laminar boundary layer can be described by linear stability theory (2) until disturbance amplitudes
are high enough to cause non-linear interactions (3), which eventually lead to laminar-turbulent
transition, followed by re-attachment. It is further believed that, due to the reverse flow near the
wall an upstream feedback (4) of disturbances exists inside the LSB. The amplification of disturb-
ances is significantly stronger in laminar separated regions than under attached flow conditions,
such is the streamwise portion of non-linear growth. Rist [123] showed that transition over a
laminar separation bubble is predominantly due to 2D Tollmien-Schlichting transition. His DNS
computations further showed excellent agreement to disturbance growth rates approximated by
LST. This finding was verified experimentally by Würz [168].

Examples of boundary-layer transition over LSBs on helicopter rotor blades in hover are reported for
instance in [96, 156, 160] and discussed in Sec. 1.2.3. In these studies the laminar separated regions
were detected either by ammonium traces or oil films on the blade surfaces, both experiencing a
predominant centrifugal force in the separated flow region.
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1.2.2 Measurement of boundary-layer transition on rotating blades

In general “the beginning of transition is often taken at the point of initial measurable deviation
of a characteristic parameter from its laminar evolution” [2]. The detection of the transition
region therefore depends on the capability of the technique used. Experimental methods for the
investigation of laminar-turbulent boundary-layer transition rely on the changing nature of the
wall-bounded velocity profile in the transition region.

Increased velocity fluctuations inside the boundary layer can be captured by fast-responding hot
films or hot wires, mounted directly on or slightly above the investigated model surface [10]. In
this way the “intermittency factor” can be obtained. It is defined as the time fraction related to
the passage of turbulent spots. The intermittency factor is equal to zero in laminar flow and equal
to one in the fully turbulent boundary-layer. Significant increases of the RMS reading of a hot
film signal or measurable deviations of the intermittency factor from zero are often attributed to
the onset of boundary-layer transition as in the studies of Schubauer and Klebanoff [135] or Owen
[107], for instance. The use of hot wires and hot films to determine the boundary-layer state of full
scale and model scale helicopter rotor blades has been demonstrated for instance by McCroskey
[96] and Raffel et al. [118]. However, these techniques are only feasible at very limited spatial
resolution and demand high effort with respect to model instrumentation and data transfer from the
rotating to the stationary system. Other techniques rely on a detectable variation of parameters due
to the changing shape of the statistically averaged velocity profile in transitional boundary-layers.
For instance, a streamwise minimum in Pitot pressures [136] or a sudden increase in skin friction
can both be attributed to the onset of transition. Both are related to the relatively fuller velocity
profile in turbulent boundary layers and the resulting increased gradient at the wall. Sublimation
of acenaphthene coatings was used to visualize the effect of boundary-layer transition on hovering
rotors at full scale [9, 124, 151] and on model scale rotors [96, 156]. Sample results from the
study of Tanner and Yaggy [151] are provided in Fig. 1.10a. The images were acquired on the
upper and lower surface of a UH-1B main rotor in hover. The change from laminar to turbulent
boundary-layer flow appears as the change from bright to dark. Note also the turbulent wedges
emanating from the leading edge due to single elements with increased roughness.

Gardner and Richter [39] identified laminar-turbulent boundary-layer transition on static and dy-
namically pitching 2D airfoils by analyzing the standard deviation of the surface pressure distri-
bution, denoted as σcp . They found that σcp peaks in the transition region and close to the point
of 50 % turbulence intermittency. In contrast to microphone measurements (see e.g. [82]), which
capture increased levels of high frequency fluctuations (∼ kHz) in the transition region, the σcp

method proposed in [39] also works for 1 Hz-low-pass filtered pressure signals. The increased
level of low frequency pressure fluctuations originates from the alternating position of the pres-
sure rise at transition to turbulence, which is in turn due to the thickening of the boundary layer
[114]. To date only Schwermer et al. [142] applied the σcp -method on rotating blades, identifying
boundary-layer transition on a dynamically pitching Mach-scaled rotor configuration.

The change in skin friction resulting from transition to turbulence can also be measured using oil
film interferometry. When illuminated with a monochromatic light source, the oil film reflects an
interferometric pattern which is characteristic of the oil film thickness and therefore a function of
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Figure 1.10: a) Boundary-layer transition visualization on the upper and lower side of a full scale
UH-1B main rotor by Tanner and Yaggy [151] b) Interferometric oil patterns from skin-friction
measurements indicating transition to turbulence on the suction side of a full-scale XV-15 tilt rotor
blade by Wadcock et al. [160].

the shear stress acting on it [150]. The technique was successfully applied on hovering tilt rotors
by Wadcock et al. [160] and on fast rotating propellers by Schülein [138]. A sample result from
[160] acquired on a hovering XV-15 tilt rotor is depicted in Fig. 1.10b, where laminar and turbulent
regions correspond to areas with small or large spacing of interferometric oil pattern lines.

The change from laminar to turbulent flow on surfaces also results in different heat transfer char-
acteristics which can basically be used in two different ways, when investigating the phenomenon
with thermography methods. The first approach employs the natural increase of the adiabatic wall
recovery temperature Taw in turbulent as compared to laminar flows and the second method makes
use of higher convective heat transfer in turbulent boundary-layers. The adiabatic wall recovery
temperature can be expressed as

Taw = T∞

(
1 + r(Pr)

γ − 1
2

M2
∞

)
(1.20)

where T∞ is the ambient temperature, M∞ is the inflow flow Mach number (u∞/
√
γRairT∞) with κ

and Rair being the ratio of specific heats and the ideal gas constant. The recovery factor r(Pr) is a
function of the Prandtl number and can be interpreted as the conversion factor of the kinetic energy
to thermal energy, as the flow is adiabatically decelerated to rest. At a Prandtl number of Pr = 0.72
in air the recovery factor was found to be r(Pr) = 0.85 and r(Pr) = 0.90 for laminar and turbulent
boundary-layers, respectively [30]. Measuring transition via differences in Taw works in flows at
high Mach numbers and high temperatures. For instance, Peake et al. [110] used this approach on
a flat plate at M∞ = 3.85 using an infrared (IR) camera.

The increased heat convection of boundary layers, when changing from laminar to turbulent, can
be expressed by an increase of the dimensionless wall heat flux also denoted as Stanton number St.
St is a function of the heat transfer coefficient η and according to Reynolds analogy proportional
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Figure 1.11: Working principle for thermography measurements of boundary-layer transition.
Model surface is heated to enhance temperature difference between laminar and turbulent regions
due to different heat transfer coefficients η, respectively.

to the local skin friction coefficient cf (see Eckert and Drake [31] for more details):

St =
η

ρ∞κpu∞
∼

cf
2

(1.21)

In this relation κp is the specific heat capacity at constant pressure. The analogy is practically
used by creating a temperature difference between the model surface and the flow, for instance by
heating the model surface as sketched in Fig. 1.11. This way the temperature difference between
laminar and turbulent wetted areas is amplified and therefore measurable at higher SNR than when
relying on differences in the recovery temperature.

Thermography methods have been used frequently to detect boundary-layer transition as they
are non-intrusive, due to their capability to obtain data at high spatial resolution and because of
the possibility to systematically detect distinct points in the transition region by automated post-
processing of digitized data. Promising results were obtained via high-speed infrared (IR) imaging
of model scale rotors in hover by Heineck et al. [54] as well as by Overmeyer and Martin [105]. The
technique was also applied by Richter and Schülein [121] to investigate transition on Eurocopter’s
BO105 and EC135 full scale rotor blades and by Richter et al. [122] for measurements on a full
scale BK117-type rotor (see Fig. 1.12 for a sample result). Richter and Schülein [121] reported
a scatter in the detected transition onset and end of ∆ = 6 − 12 % chord depending on the blade
tip speed of 94 - 189 m/s. The distinct points were detected using an automatized post-processing
procedure as proposed by Schülein [137]. The positions corresponding to transition onset and end
were estimated by intersecting a straight line in the transition region with the signal corresponding
to laminar and turbulent flow, respectively.

In addition to using IR, transition can also be measured by means of temperature-sensitive paint
(TSP) [36]. Whereas the IR signal benefits from a higher temperature resolution (∼ 0.02 K as
opposed to ∼ 0.1 K for TSP [153]), TSP data is usually provided at significantly higher spatial
resolution. This is due to the use of e.g. scientific grade CCD-sensors for the TSP technique
as compared to IR cameras for imaging the temperature-dependent information on the investig-
ated surface. Though the IR technique does not rely on a special surface coating as TSP, IR
measurements often suffer from unwanted reflections of IR rays on the model surface [121, 122].

Similar to the PSP technique (see Sec. 1.1.1) TSP relies on photokinetic interactions between
the airflow and a luminescent coating being applied on a model surface of interest [85]. When
excited by light of a certain wavelength, the luminescent dye molecules emit light at a longer
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Figure 1.12: Boundary-layer transition measurements on the upper and lower side of a full-scale
BK117-type rotor obtained via high-speed infrared thermography by Richter et al. [122].

wavelength. The difference to PSP is that the TSP luminophores are embedded inside an oxygen
impermeable binder material. For this reason, the amount of light emitted is mainly quenched
by thermal energy inside the TSP sensor and therefore inversely proportional to the temperature
of the sensor, i.e. on the model surface. The technique has recently been used for transition
measurements on fast rotating propellers by Yorita et al. [170] and on model rotor blades equipped
with a modified NACA0015 airfoil by Lang et al. [77]. In [77], boundary-layer transition was
found to be triggered by a laminar separation bubble after correlating TSP data with high resolution
particle-image velocimetry (PIV) results. The TSP signal was therefore evaluated with respect to
points associated with laminar separation and turbulent reattachment which could be detected with
a statistical error of ±2 % chord.

In this study, boundary-layer transition is measured via both IR and TSP. When using changes
in macroscopic quantities for transition detection, e.g. differences in heat transfer, one should be
aware that a measurable deviation from the laminar state can only be detected when the flow is
already intermittent. This hypothesis is supported by the findings from Schubauer and Klebanoff
[135], who discovered only minor changes in a time averaged velocity profile from the fully
laminar state at a position where already 16 % intermittency was measured. In this respect, Owen
and Horstmann [108] showed that the transition onset detected by heat transfer measurements and
defined as the beginning deviation from the laminar evolution occurs further downstream of the
position where turbulent fluctuations could already be detected with hot-wire anemometers.

1.2.3 Previous findings on rotating blade boundary layers and effect of rotational forces

Centrifugal and Coriolis forces in rotating blade aerodynamics The significance of rotational
forces on rotating blade aerodynamics first became apparent in 1947 with Himmelskamp’s invest-
igations on the aerodynamic characteristics of propeller blade sections and the comparison to data
obtained in a stationary reference frame (see [59]). He found that rotation postpones stall onset
to higher lift coefficients than it would be expected from non-rotating, two-dimensional tests with
the same airfoil. Based on the sectional lift polars as depicted in Fig. 1.13, it was concluded
that the airfoil performance was systematically augmented when observing blade sections closer
to the propeller hub. Himmelskamp supposed that the observed effect can only be explained by
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Figure 1.13: Sectional lift polars (ca vs. α) from the study of Himmelskamp [59] showing increased
maximum lift coefficients of rotating blade sections when compared to non-rotating data.

a physical mechanism acting on the viscous boundary-layer at the wall. Although supporting
theoretical studies on the effect of rotational forces did not exist at the time, his physical reasoning
for the observed “rotational augmentation” is in line with later findings. For illustration purposes
the boundary layer on a blade rotating at constant angular velocity Ω is qualitatively sketched in
Fig. 1.14 along with the individual components of the force field acting on it. Himmelskamp
argues that as the boundary layer passes the rotating blade, the portion adherent to the surface
actually “participates” in the rotation. The wall-bounded fluid is therefore directly exposed to the
centrifugal force causing a velocity component w directed radially outward as the momentum is
transferred through the viscous boundary-layer. In literature this process is often referred to as
“centrifugal pumping” (e.g. in [28, 151]) which, according to Himmelskamp, causes in principle
two effects.

Figure 1.14: Boundary-layer profile at a characteristic radius r̃ on a blade rotating at constant
angular velocity Ω and being exposed to an axial inflow perpendicular to the rotating plane.
Velocity components in tangential x- and radial r direction are qualitatively sketched as u and w
while being exposed to the denoted forces inherent to the rotating reference frame.

The first effect is related to the scaling of the centrifugal force field with the radius (Fcentrifugal ∝ Ω
2r)
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meaning that the radial velocity increases with r . Hence, for a blade section at a specific radius
more fluid is forced radially outboard than provided from an adjacent section further inboard.
This eventually leads to a thinner boundary-layer as compared to equivalent conditions on a fixed
wing. The second effect is due to the Coriolis force which acts in the rotating reference frame and
on the velocity components relative to the rotating motion. If the wall-bounded fluid is directed
radially outboard into regions with higher rotational speed, the Coriolis force accelerates the flow
in tangential direction against the direction of blade rotation. In other words, the Coriolis force
acts as a favorable tangential pressure gradient on the fluid moving radially outboard by adding
kinetic energy to the wall nearest sections and therefore favoring attached flow conditions.

Scaling of rotational forces Lentink and Dickinson [80] formulated the Navier-Stokes equations
in a rotating reference frame, describing the relevant accelerations and stresses on a fluid particle
close to a rotating wing surface (as sketched in Fig. 1.14). When applied to a blade at constant
rotating speed, they identified the inverse Rossby number Ro−1 as the relevant dimensionless
parameter to scale the relative contribution of Coriolis and centrifugal forces with respect to
pressure and viscous forces.
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In the above relation, r̃ is the characteristic radial position where rotational forces are investigated
and J̃ is the (propeller) advance ratio based on the corresponding rotation speed, i.e. J̃ = u∞/(Ωr̃).
The expression implies that rotational effects are more dominant at small radial distances from the
hub and in hovering flight where minimum axial inflow is present, i.e. at J̃ = 0. This scaling
parameter is in line with previous theoretical studies [27, 28]. Fogarty [38] was the first to analyze a
rotating laminar boundary-layer by investigating the Navier-Stokes equations under boundary-layer
assumptions for an incompressible fluid at constant rotating speed and in proximity of r/c → ∞.
He showed that in this case the flow behaves predominantly two-dimensional, comprising only
negligible radial flow. In fact, he showed that the tangential and radial velocity components
become independent of each other as r/c → ∞. Based on the same set of equations, the study
was complemented by Rott and Smith [125] who additionally considered the influence of positive
and negative pressure gradients. They confirmed that the radial outflow is in principle small as
r/c → ∞ and added that the existing radial flow would be stronger as the adverse pressure gradient
is larger when compared to the situation at lower or favorable tangential pressure gradients. This
was also confirmed by McCroskey and Yaggy [97].

Effect on delayed separation of laminar boundary-layers In 1957, Liu [84] confirmed Him-
melskamp’s reasoning theoretically by showing that the delay of laminar separation is due to the
Coriolis force acting on the flow directed radially outboard and that the effect occurs rather close
to the hub than far away from it. Further insight into the effect of rotational forces on the delay of
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laminar separation was shed by Banks and Gadd [7] as well as by Dumitrescu and Cardos [28].
They studied the effect for academic cases where the tangential flow was linearly retarded, seeking
to simulate the flow over a rotating airfoil at adverse pressure gradients. It was found that the
relative delay of laminar separation is increased if adverse pressure gradients are low. In view of
the findings in [125] and [97], this means that an absolute increase of the radial flow component
due to centrifugal pumping at comparatively higher adverse pressure gradients does not imme-
diately delay flow separation further downstream. However, the findings are not contradicting.
They simply show that a resultant effect of rotational forces, with respect to the delay of laminar
separation, always has to be regarded in view of and relative to the acting pressure forces and that
it cannot be judged simply by the amount of radial flow.

In more applied studies Dwyer and McCroskey [29] as well as Blaser and Velkoff [13] studied the
influence of rotational forces on the boundary layer of a rotating blade in hover equipped with a
NACA0012 airfoil. Dwyer and McCroskey found delayed separation as a consequence of rotational
forces for r/c < 6 with an increasing effect as r/c is further decreased. The finding is depicted in
Fig. 1.15, where flow separation obtained under consideration of rotational forces is indicated as
“flow reversal line” and compared to the non-rotating case denoted as “2-D separation line”. The
radial distance r/c is expressed as z/c in the figure.

Figure 1.15: Effect of rotation on the position of laminar separation on a NACA 0012 airfoil (from
Dwyer and McCroskey [29]).

The trend of increasingly delayed laminar separation at lower r/c ratios was confirmed by Blaser
and Velkoff [13] as well as by Dumitrescu and Cardos [28] who studied the effect on the more
academic linearly retarded flow as previously investigated by Banks and Gadd [7]. Other studies
with respect to rotational effects on boundary-layer separation were performed on a theoretical
basis by Du and Selig [27] as well as experimentally on wind turbine rotors by Tangler [149] and
on full-scale tilt rotors by Felker et al. [35]. Though the literature shows that the effect of rotational
forces, as prescribed by Himmelskamp, does exist, it has been commonly stated that the rotational
effect has to be regarded as being of second order when compared to the influence of varying
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pressure gradients on the separation of laminar boundary-layers. This is especially the case under
high adverse pressure gradient conditions as at high angles of attack on airfoil suction sides [29].
A detailed quantification of the pressure gradients in the studies mentioned is missing.

In [29, 97] and [13], radial and tangential boundary-layer profiles were calculated and it was shown
that in accordance with the scaling parameter r/c the tangential profiles were fuller especially
closer to the hub. This observation was attributed to the favorable pressure gradient induced
by the Coriolis force as mentioned above. The theoretical boundary-layer profiles on a rotating
NACA0012 airfoil calculated by Blaser and Velkoff [13] showed good agreement to those obtained
by Dwyer and McCroskey [29]. In the former study, theoretical tangential boundary-layer profiles
were compared against hot-wire measurements on the corresponding rotating blade. The measured
profiles were fuller than those obtained by the theoretical approach which suggests that the employed
integral momentum theory tends to underestimate the accelerating effect of the Coriolis force.

Boundary-layer transition studies on hovering rotors Few works exist where the effect of
rotational forces on laminar-turbulent boundary-layer transition was investigated. To the author’s
knowledge the only experimental studies in this respect were performed by Tanner and Yaggy
[151] and McCroskey [96]. In both studies, transition was measured on hovering rotors and on the
corresponding stationary wings via sublimating acenaphthene coatings. Comparability between
detected transition positions on the rotating versus the stationary wing was enabled by correcting
the geometric pitch angle of the rotating blade by means of the standard blade-element momentum
theory which for instance does not include the contraction effect of the rotor flow [151].

Tanner and Yaggy [151] measured boundary-layer transition on a rotating NACA 0015 airfoil at
Retip = 1.1 − 1.3 × 106 and several collective pitch settings. They found no significant differences
of the measured transition positions between the rotating and non-rotating configuration. A radial
position from where transition data was extracted for this comparison is not provided. Though not
stated explicitly in [151], the experiments by Velkoff et al. [156] and McCroskey [96] on the same
airfoil suggest that transition was triggered by a laminar separation bubble. In these studies, laminar
separation bubbles were identified using ammonia traces and hot-wire measurements over a wide
range of angles of attack but at lower blade tip Reynolds numbers (Retip = 2.6 × 104 − 1.9 × 105).
The lower Reynolds numbers in those studies leave some uncertainty with respect to the transition
mechanism in [151]. Near the blade tip, Tanner and Yaggy found transition positions further
upstream on the blade suction side and further downstream on the corresponding pressure side
when compared to radial positions further inboard. The finding persisted at higher collective pitch
angles. The effect was attributed to the contraction of the tip vortex behind the blade, as sketched
in Fig. 1.16a, causing a change in the radial lift distribution as evidenced by the measured sectional
lift which is shown in Fig. 1.16b.

McCroskey’s results from Ref. [96] are summarized in Fig. 1.17a. Measured chordwise positions
of laminar separation and transition in the rotating frame are compared against results obtained
from non-rotating measurements and theoretical calculations from [29] for different angles of
attack. At Retip = 5 × 104 − 2 × 105, boundary-layer transition on the NACA 0012 rotor blade
suction sides, referred to as “series 1”, was triggered by laminar separation bubbles. This was
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b)a)

Figure 1.16: Figures from Tanner and Yaggy [151] explaining radial change of measured transition
positions close to the blade tip: a) Sketch of rotor blade slipstream showing wake contraction and
vortices b) Comparison of measured and calculated radial lift distribution.

inferred experimentally from ammonia trace separation patterns as well as hot wire measurements
and theoretically from the agreement to results from Dwyer and McCroskey [29]. The results from
[29] are depicted by the lines corresponding to “Ref. 7” in Fig. 1.17a. The measured data was
averaged between 60 - 80 % radius as the change in between was negligible. This corresponds to
Rossby numbers of Ro = r/c = 4.3 − 5.8, with Ro being identical to r/c in hover (see Eq. 1.22).

McCroskey [96] also studied boundary-layer transition on the “series 3” blades, which comprise
a NACA 0012 - type leading edge but with a relatively thinner and flatter downstream part.
According to McCroskey [96], the results depicted by the shaded band in Fig. 1.17 include data
from both rotating and non-rotating experiments. He therefore precludes that rotational forces
have an influence on the measured transition locations for this geometry as well. It is further
concluded that at α < 6° transition on the “series 3” blades occurs naturally, not being triggered
by a separation bubble, since the measured transition positions are significantly upstream of the
theoretical separation lines in the same graph which however correspond to the (different) original
NACA 0012 airfoil. In turn, the separation characteristics of the “series 3” blades are not explicitly
stated. It should also be noted that detailed analysis of the non-rotating “series 3” data from the
same study (see Fig. 1.17b) reveals transition positions of 10 - 15 % upstream of the positions
detected on the corresponding rotating blades expressed by the shaded band in Fig. 1.17a. This is
in contrast to what is stated in [96]. For these reasons, an ambiguity with respect to the “series
3” results persists on both, the transition mechanism and on an asserted exclusion of a rotational
effect on the transition position.

Nevertheless, for the cases where transition was triggered by laminar separation bubbles close to
the leading edge on the NACA 0012 and NACA 0015 airfoils it was shown in [151] and [96] that
measured transition positions are comparable to the two-dimensional case and mostly driven by
alternating pressure gradients at varying angles of attack. This is in line with the results from
Banks and Gadd [7] or Dumitrescu and Cardos [28] who found that rotational effects with respect
to laminar separation are lowest in regions of strong adverse pressure gradients.

The other experimental studies mentioned above in Sec. 1.2.2 did not explicitly tackle the effect
of rotational forces. Rohardt [124] and Beaumier et al. [9] measured boundary-layer transition on
the upper and lower side of a BO105 and on a Dauphin helicopter rotor, both at full scale and in
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a) b)

Figure 1.17: Figures from McCroskey [96]: a) Summary of separation and transition results on
rotating blades. The shaded band is noted to comprise rotating transition data of “series 3” blade
(modified NACA0012) and non-rotating data as depicted on the right handed graph. b) Chordwise
transition positions on non-rotating “series 3” blade in symbols.

hover. They found ∼ 20 − 25 % laminar flow on the blade suction sides and ∼ 70 − 75 % on the
corresponding pressure sides. It was reported in both studies, similarly as in [121] and [122], that
laminarity slightly decreased when observing radial positions further outboard. The decrease of
laminar flow at locations further outboard was especially observed for moderately twisted blades
at comparatively low collective pitch angles. The effect was be attributed to an increased relative
chord Reynolds number. The main parameter influencing the transition position was the collective
pitch angle. Due to the resulting change of the pressure distribution boundary-layer transition
moved upstream on the suction side and downstream on the pressure side as the collective pitch
was increased.

Transition data, obtained via acenaphtene coatings in a flight test with a full scale hovering BO105
helicopter [124], was used in [55] for validation purposes of the transition prediction tool developed
by Heister [57]. The tool uses transition criteria, which are based on empirical correlations
obtained from transition experiments on purely translating aerodynamic surfaces. In this respect
approximate equations relate local integral boundary-layer quantities, which are for example based
on δ2 and obtained from the numeric solution, to empirically found transition positions. Empirical
criteria have been formulated for different transition mechanisms and implemented by Heister into
a 3D Navier Stokes solver. For the data point investigated in [55], Heister achieved overall close
agreement to the measured positions at r/R > 0.6. He further identified laminar separation and
Tollmien-Schlichting instabilities as the most dominant transition mechanism especially on the
blade suction side. Areas close to the blade root and tip were identified to be affected by bypass
transition due to blade-vortex interactions with the preceding wakes. Heister also found that if
laminar-turbulent boundary-layer transition was considered for the rotor in hovering flight, the
required power would decrease by 4 % compared to calculations with a fully turbulent boundary-
layer.

Richter and Schülein [121] complemented their transition measurements via IR on the suction side
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of a Mach-scaled BO105 rotor by 2D computations obtained from MSES and the implemented
approximate eN-method for transition prediction. Comparisons of qualitative surface temperatures
and the detected transition region to the respectively calculated cf -distributions and the predicted
transition positions showed good agreement supporting the validity of the data and methods used.
The comparison was provided for six data points obtained at varying rotating frequency and
constant collective pitch.

Richter et al. [122] simultaneously measured boundary-layer transition on the upper and lower
sides of a full scale BK-117 helicopter rotor (see Fig. 1.12). The measurements were complemen-
ted by state of the art numerical simulations including empirical criteria for different transition
mechanisms using the method developed by Heister [55, 56]. Good qualitative agreement in the
radial development of boundary-layer transition was obtained between measured and calculated
results. In the simulations, transition was mainly attributed to 2D Tollmien-Schlichting- and or
laminar separation induced transition. Despite the qualitative agreement, significant quantitative
deviations were observed, showing that both experimental transition detection and the numeric
technique for transition prediction can be improved. The main causes for the observed deviations
were attributed to the overestimated sensitivity of the predicted transition onset with respect to
angle of attack and the limited spatial resolution of the transition region as captured by the IR
camera.

Recently, Overmeyer and Martin [105] performed comprehensive measurements on the Mach-
scaled “PSP rotor”, named according to its previous use for validation purposes of PSP measure-
ments [162, 166] (see Fig. 1.3). They measured boundary-layer transition via IR simultaneously on
the blade suction and pressure sides along with rotor thrust and torque. In addition to providing a
data base for numerical validation, one of the main purposes of the campaign was to experimentally
demonstrate the effect of laminar flow on rotor efficiency in hover. This was attempted by com-
paring the measured performance at natural transition against the fully turbulent case where the
boundary layer was artificially “tripped” by transition dots applied to the leading edge. However,
difficulties were encountered due to “over-tripping”, meaning that excessive drag and premature
turbulent separation were introduced. This complicated the comparability of the respectively meas-
ured data to fully turbulent simulations and stresses the importance for measurements of natural
transition data points for the validation of numeric tools.

Overmeyer and Martin’s campaign [105] has been subject to validation of advanced numerical
tools, employing transition criteria embedded in transport equations which are either based on
Langtry-Menter’s empirical model [78] or on the approximate eN-method [15, 16]. For instance,
Jain [62] used a version of the former and the latter was applied by Vieira et al. [157]. Both
were capable of qualitatively reproducing most of the measured transition locations with room
for improvement of the predicted rotor performance. For the investigated cases, the findings
suggest predominantly two-dimensional flow behavior with transition due to Tollmien-Schlichting
instabilities and/or laminar separation. In both studies increased deviations to measured data
were reported where bypass transition is triggered by incoming flow with increased vorticity and
turbulence levels from the wake of the preceding blade.



1.2 Boundary-layer transition on rotating blades 27

Boundary-layer stability analysis on rotating blades Hardly any studies exist where the prob-
lem of boundary-layer stability was analyzed in view of the action of rotating forces. In 2012,
Martinez-Hernandez [95] performed stability analysis on boundary layers of wind turbine rotor
blades under consideration of the rotational terms in the underlying stability equations. The eN -
method was employed for transition prediction, allowing wave propagation in potential streamline
direction ψp an perpendicular to it. Lacking experimental data for correlation, a critical N-factor of
9 was assumed. His results show that system rotation can have a stabilizing effect on boundary-layer
transition, especially at low adverse and favorable pressure gradients close to the hub and at low
Reynolds numbers. His findings are reflected for instance in Fig. 1.18a showing the results obtained
on the suction side of a NACA 0015 airfoil. Relative streamwise transition positions are plotted
against the propagation angle of disturbances for four Reynolds numbers and three relative radial
positions expressed as c/r . As defined in the sketch on the right in Fig. 1.18b, the propagation angle
gives the direction of the vector whose components correspond to the disturbance wavenumber in
streamwise direction, denoted as αr , and perpendicular to it, denoted as βr .

In a more recent work, Dechamps and Hein [18] extended the numerical code NOLOT [53] to
enable stability analysis of boundary-layer flows in rotating reference frames. The examined cases
were a Blasius boundary layer, rotating around its transverse axis, a Görtler flow over concave
rotating surfaces and the flow on a rotating disc exposed to varying axial inflow. The code
was successfully validated for these academic examples, as the results converged to the analytic
solutions. However, it has not been applied yet to a realistic configuration like a helicopter rotor
in hover. This would allow the isolation of the effect of rotational forces on the stability of the
boundary layer and a detailed investigation of the underlying transition mechanisms.
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Figure 1.18: a) Streamwise transition position against propagation angle of disturbances Ψ on a
rotating NACA 0015 airfoil b) Definition of Ψ (mod. from Martinez Hernandez et al. [95]).
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1.3 Scope of work and thesis objectives

In this thesis, integral and surface air-loads as well as boundary-layer transition are investigated on
a Mach-scaled helicopter blade configuration in climb.

The work comprises two parts:

i) The presentation of an optimized pressure-sensitive paint (PSP) system for global surface
pressure measurements on fast rotating blades and its application to the investigated config-
uration with the following goals:

a) Reduce error sources originating from rotational image blur and from possible cycle-
to-cycle variations of inhomogeneous excitation light sources

b) Identify characteristic aerodynamic flow features by analysis of global surface pressure
maps on the rotor blades

c) Assess the capability of the technique to measure instationary flow phenomena, for
instance due to stall

ii) Boundary-layer transition measurements via temperature-sensitive paint (TSP) (and for com-
parison via infrared (IR) thermography) on the same configuration as for the PSP campaign
with the following goals:

a) Establish an experimental data base for validation purposes of advanced numerical
codes employing transition prediction capabilities

b) Investigate the effect of rotational forces on measured boundary-layer transition posi-
tions

c) Compare experimental data to two-dimensional (2D) numerical simulations in order to
evaluate the prediction capabilities of 2D local linear stability theory (LST) methods,
by correlating critical N-factors with measured boundary-layer transition data



2 Surface pressure investigations1

The following chapter presents the application of an advanced pressure-sensitive paint measurement
system to a model scale helicopter blade configuration. An optimized image acquisition technique
to reduce image blur in single-shot PSP lifetime measurements on fast rotating blades is presented.
After demonstrating the working principle and the characteristics of the measurement system, its
capability to efficiently reduce blur is presented. The system is then applied to measure surface
pressures on the suction side of a Mach-scaled helicopter blade in climb. Following a description of
the experimental setup the post-processing procedures are presented, including measures to correct
for temperature effects in the PSP data. Surface pressure results are presented and discussed for
different rotating speeds and at various collective pitch settings before the measurement uncertainty
is assessed.

2.1 Pressure-sensitive paint measurement system

The measurement system components used in this work are sketched as a principle test setup in
Fig. 2.1.

Figure 2.1: Sketch of PSP-lifetime system components

The pressure-sensitive paint employed is platinum tetra(pentafluorophenyl) porphyrin (PtTFPP, see
[116]) embedded in a poly(4-tert-butylstyrene) polymer binder (poly(4-TBS), see [171]). A laser
system consisting of four neodymium-doped yttrium-aluminium-garnet (Nd:YAG) lasers (Quantel,
BigSky CFR-400) is used to excite the dye at a wave length of 532 nm [116]. The key component
of the measurement system is a modified version of the scientific grade digital CCD camera
FoxCam4M recently presented by Geisler [41, 42] and now further developed for single-shot PSP
lifetime applications on fast rotating blades. For synchronization of camera and light source with
the PSP-coated rotor blade, a commercially available and programmable pulse sequence generator
(Hardsoft, Sequencer V5.1) is used as triggering unit.

1Text and illustrations from this section appear in: A. Weiss, R. Geisler, T. Schwermer, D. Yorita, U. Henne, C. Klein,
and M. Raffel. Single-shot pressure-sensitive paint lifetime measurements on fast rotating blades using an optimized
double-shutter technique. Experiments in Fluids, 58(9):120–140, August 2017. doi: 10.1007/s00348-017-2400-4.
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2.1.1 Optimized double-shutter camera

The recording of two (or more) short-exposure frames in fast succession is limited by the techno-
logy of available image sensors. High-speed complementary metal-oxide-semiconductor (CMOS)
sensors were used previously by Mebarki and Benmeddour [99], who applied a scientific CMOS
camera for single-shot lifetime measurements on a slowly moving model. For the present ap-
plication however, exposure times below 10 µs are required being equivalent to a recording rate
of more than 100 000 fps. Currently, image sensors reaching these frame rates provide only a
limited spatial resolution. Similar requirements are familiar from flow measurements with particle
image velocimetry (PIV). For this, a new readout mode Framing-Optimized Exposure (FOX) for
off-the-shelf CCD image sensors was recently presented [41, 42]. FOX provides two short exposed
frames in fast succession. Both frames exhibit a binning-like reduced resolution and are com-
pletely congruent without insensitive lines or interlace-like artifacts. Because the second frame
has a different exposure time for even and odd numbered pixel lines, the FOX readout mode is
not suitable for luminescence lifetime measurements. For this purpose explicitly defined exposure
times are required, whereas insensitive lines in principle are acceptable. Therefore, a different
readout scheme is necessary.

The standard readout scheme for interline-CCD image sensors is depicted in Fig. 2.2. First the photo
diode content is cleared (Fig. 2.2a. The photo diodes then accumulate photo electrons released by
the incoming light (Fig. 2.2b. After the exposure time for the first frame the accumulated photo
electrons are transferred to the light-shielded vertical register (Fig. 2.2c). Subsequently the register
content is read out serially by one (or more) analogue-to-digital (A/D) converters (Fig. 2.2d). This
is a slow process with a resolution-dependent duration in the millisecond range. Immediately after
the transfer of the charges to the vertical register the photodiodes again start to accumulate photo
electrons. Once the readout process is completed, these new charges optionally can be transferred
to the now empty vertical register (Fig. 2.2e) and read out (Fig. 2.2f). As a result, a second frame
with an exposure time of at least the frame readout time is recorded in direct succession of the first
frame. This two frame readout scheme is commonly known as “double shutter” mode.

The readout scheme used in the present measurements can overcome the disadvantageous long
exposure time of the second frame in double shutter mode. In this case only the charges of every
second photo diode row are transferred to the vertical register after the exposure of the first frame
(Fig. 2.3b) whereas the remaining photo diodes are ignored (crossed out in the sketch). Therefore
half of the potential wells forming the vertical register cells remain still empty (Fig. 2.3c). The
potential wells are shifted by one line (Fig. 2.3d) and take along the contained charges. Thus the
empty register cells are located next to the photo diodes used in the first frame. This process takes
only several microseconds posing a lower limit to the exposure time of the second frame of ∼5 µs.
Hence, the newly accumulated charges of the very same photo diodes can be transferred to these
empty register cells after a very short exposure time for the second frame (Fig. 2.3e). The two
frames are then stored in a line-interleaved pattern within the vertical register (Fig. 2.3f) and can
be read out analogue to the common way (Fig. 2.2d,f). Finally the frames are separated again from
the line-interleaved pattern to single frames by software.

In summary, the two captured frames are completely congruent and have an explicitly defined
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Figure 2.2: CCD image sensor readout scheme in normal mode, a)-d), and double shutter mode,
a)-f).
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Figure 2.3: CCD image sensor readout scheme in the luminescence lifetime imaging mode used
for the present measurements.
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short exposure time both of which are essential for lifetime imaging. The frames are exposed
in direct succession with a very short (nanosecond range) frame transition time defined by the
transfer process to the vertical register (Fig. 2.3b). Only half of the photo diode rows are used, i.e.
every second image row is insensitive which bisects the effective image readout resolution. This
modified readout scheme was programmed to the firmware of the 4 megapixel camera FOXCam4M
presented by Geisler [42]. In general, it can be implemented in all cameras equipped with an
image sensor whose even and odd pixel lines can be addressed separately. This requires at least an
adapted firmware and/or eventually severe changes in the hardware. For the presented experiments
a commercial camera based on the Kodak / ON Semiconductor KAI-4021 image sensor has been
modified with in-house hardware adaptations including a separate firmware layer. More specific
details are described by Geisler [43]. The modified camera properties are given in Tab. 2.1.

Table 2.1: Properties of FoxCam4M in lifetime mode

Sensor resolution 2048 × 2048 px

Effective readout resolution 2048 × 1024 px

Exposure time 1st frame (G1) customizable to ≥ 5 µs (typ.)

Exposure time 2nd frame (G2) customizable to ≥ 5 µs (min.)

Frame transition time < 200 ns

Max. (double) frame rate 15 Hz

A/D dynamic range 12 bit

A principle timing chart of the system components is provided in Fig. 2.4. Assuming that a trigger
signal is provided by the rotor, a delay (preferably a phase shift) needs to be set with respect to the
camera trigger in order to position the rotating blade in the camera field of view. The phase-shifted
signal then triggers a sequence for both laser and camera. Considering the internal camera delay
(set to 10 µs) the parameter ∆tG1→laser defines the timing between the excitation pulse and the
beginning of the first exposure (G1). Positive values of ∆tG1→laser mean that the laser pulses within
the first frame. Because the pressure-sensitive signal immediately reacts to the excitation pulse, the
key timing parameters determining the measured dye properties are the exposure lengths G1,G2
and ∆tG1→laser. If the data acquisition rate facq. (limited by either laser or camera) is lower than
the rotating frequency of the blades ( frotor), an idle time (tidle) needs to be implemented to the
trigger sequence in order to synchronize the rotating speed with laser and camera for phase-locked
imaging. In the present study, the limiting system component is the laser. Being preferably pulsed
at 10 Hz, tidle was set to 95 ms.

2.1.2 Pressure-sensitive paint lifetime characteristics

The PSP employed in this study (PtTFPP in poly(4-TBS)) has been used previously for PSP-
lifetime measurements on fast rotating blades by Klein et al. [70]. The normalized emission
spectrum (at λex = 512 nm) and excitation sensitivity (at λem = 650 nm) are plotted in Fig. 2.5. Its
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Figure 2.4: Principle trigger sequence for optimized double shutter PSP lifetime system applied to
rotor testing

characteristics under ultra violet light emitting diodes (LEDs) excitation were recently studied by
Yorita et al. [171] and compared to a measurement system based on laser excitation in [172]. In
the following the pressure and temperature sensitivities are investigated for different settings of the
timing parameters as outlined in Fig. 2.4 and considering dye excitation by a laser at 532 nm.
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Figure 2.5: Spectral characteristics of PtTFPP in poly(4-TBS) and transmittance of band-pass filter
used in the measurements.

A small coupon was prepared with the same coating layer setup as used in the wind tunnel test.
A matte white foil (3M Wrap Film Series 1080, ∼100 µm) is used as base layer to enhance the
luminescent signal. Before applying the PSP an intermediate layer of boron nitride dissolved in
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Figure 2.6: Lifetime decay curves and schematic of integration gates G1 and G2. ∆tG1→laser is
positive when excitation is pulsed during G1.

the same polymer as the PSP is used (see also [171]) to avoid any unwanted interactions between
the active layer and the foil. A photo multiplier tube (PMT) was used to measure the luminescence
lifetime of the employed PSP sensor after pulsed excitation (10 Hz) at 532 nm by the laser mentioned
above. A 650 ± 40 nm band pass filter was used to separate the emitted light from the excitation
pulse. The PMT signal was recorded by a digital oscilloscope at a sampling rate of 50 MHz for a
total of 20 µs and ensemble averaged over 128 cycles. The sample was calibrated in a pressure- and
temperature controlled chamber. Lifetime decay curves were obtained for pressures from p = 70 to
120 kPa (∆p = 10 kPa) and for temperatures of T = 15, 20 and 25 ◦C, respectively. Selected decay
curves are presented in Fig. 2.6, where all intensities are normalized by the peak value and plotted
against time. As expected, the decay rate is faster with both increasing pressure and temperature
and the change in pressure has greater influence on the decay time within the depicted parameter
range.

For further analysis the normalized intensity values are integrated over two adjacent gates, G1 and
G2, as sketched in Fig. 2.6. The integration time G1 is chosen to be 5 µs and the timing parameters
to be optimized are the delay between the start of G1 and the laser pulse, ∆tG1→laser, as well as
the length of the second integration gate, G2. Note that the effective first exposure is reduced if
the excitation light is pulsed within G1, i.e. for positive values of ∆tG1→laser. The ratio of the
integrated intensities, IG1/IG2, is then normalized with the ratio at reference condition (100 kPa,
20 ◦C) and evaluated as ratio of ratios (RoR, see Eq. 1.1). Pressure- and temperature sensitivities
sp and sT are defined as:

sp =
∆RoR
∆p

· 100 (2.1)

sT =
∆RoR
∆T

(2.2)
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Table 2.2: Pressure- and temperature sensitivities for different gate settings at 100 kPa, 20 ◦C.

G1|G2, µs ∆tG1→laser, µs sp, %/100kPa sT , %/K

5|5 +3.0 56.7 0.34
5|7 +3.0 61.2 0.37
5|10 +3.0 66.8 0.39
5|7 +1.5 62.0 0.34
5|7 -1.5 38.7 0.18
5|7 (FoxCam4M) +3.0 55.3 0.40

The evaluated parameter range and the corresponding sensitivity results are summarized in Tab. 2.2.
The following main conclusions can be drawn:

1. sp increases with increasing G2

2. sp decreases for ∆tG1→laser < 0, i.e. start of G1 follows the excitation pulse

3. The influence of ∆tG1→laser on sp is small for ∆tG1→laser > 0

In view of a rotor test application, the length of G2 must be an optimum between high pressure
sensitivity at long exposures and a small remaining extent of image blur at short exposure times.
Moreover, it is desirable that the intensity levels of both gates are similar in order to reduce the
effect of shot noise on the divided ratio image. This can be achieved by adopting ∆tG1→laser
accordingly, e.g. ∆tG1→laser = +3 µs for G1|G2 = 5|7 µs.

To confirm the PMT findings, the coupon was also calibrated, using the FoxCam4M at exposure
times of G1|G2 = 5|7 µs and a delay of ∆tG1→laser = +3 µs. In Fig. 2.7 the normalized gate
ratio is plotted against pressure for both the data obtained by the camera and the reference PMT
measurements at T = 20 ◦C. The error bars indicate the propagated measurement uncertainty
averaging 128 images to obtain each of the four gate intensities used for the ratio of ratios calculation
(Eq. 1.1). It can be deduced from the graph that the images recorded by the camera produce
the expected results. Possible reasons for deviations include that the manner of integrating the
luminescence signal differs between the analysis of PMT data and camera image acquisition.

2.1.3 Initial proof-of-concept

A laboratory study was conducted to demonstrate both system feasibility and the influence of
different exposure times of the second gate on the blur of the resultant images. For this, a two
bladed, wooden model propeller (EM-Elektro) was used. The propeller has an outer diameter of
0.35 m at 0.23 m pitch. Instead of the foil used for calibration, a white, acrylic based screen layer
(Tamiya PS-1) was applied on one of the blades before coating the same intermediate and PSP
layers as described in the previous section. The test setup corresponds to the sketch in Fig. 2.1.
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Figure 2.7: Calibration results obtained by FoxCam4M vs. PMT-data atT = 20 ◦C; G1|G2 = 5|7 µs;
∆tG1→laser = +3 µs.

The camera and light source were placed ∼4 m in front of the propeller in order to simulate larger
wind tunnel facility dimensions. A Sonnar lens with a focal length of 180 mm and an aperture
opening of f /2.8 provided images of the propeller blade at a chordwise resolution of 4.6 px/mm
for a tip chord length of 12 mm. A 650 ± 40 nm band-pass filter was used to separate the excitation
light from the measured luminescence. Details about the propulsive unit and the 1/rev-trigger
generation are described by Yorita et al. [170] and Klein et al. [70] who used a similar setup. The
1/rev. signal was phase-shifted to position the blade within the camera image. The shifted signal
was then directed into the triggering unit which generated a sequence as sketched in Fig. 2.4 to
control the timing between camera and laser. The laser system was operated at 200 mJ/pulse and
the rotation rate of the propeller was set to 90 Hz corresponding to tip velocities of ∼100 m/s.
Choosing a G1-exposure of 5 µs and a delay of ∆tG1→laser = +1.5 µs the study was performed for
G2-lengths of 5, 7, 10 and 100 µs. The latter was chosen to be fairly larger than the lifetime of
the PSP sensor (τ0.1Imax = 12 µs at 100 kPa, 20 ◦C) in order to simulate the second exposure of a
conventional CCD camera in double-shutter mode. The delay ∆tG1→laser was chosen to balance
image intensities between the first exposure (G1 = 5 µs) and the second exposure (G2 = 5 – 100 µs).
Note from Tab. 2.2 that the effect of different positive delays on pressure sensitivity is small.

The self-referencing character of the single-shot lifetime method is demonstrated in Fig. 2.8,
showing the coated model propeller blade at rest. In the left column images corresponding to G1
and G2 are taken at different excitation cycles, whereas on the right hand side both images are
acquired in direct succession after excitation with the same laser pulse. Note the arbitrary Schlieren
and speckle pattern from the excitation light in each of the gated images. While a structure persists
in the ratio image of the former case, the pattern is canceled out after division of the images
acquired during the same excitation cycle.

A series of the resulting G2-exposures is presented in Fig. 2.9. Cut-outs of raw images are
displayed, showing the blade tip. From the viewer’s perspective the rotational sense is counter-
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from different excitation cycles

IG2

IG1

from same excitation cycle

IG1/IG2

Figure 2.8: Demonstration of self-referencing using the single-shot lifetime PSP method (modified
from [172]).

clockwise. In order to facilitate the visual perception of the resultant blur, a black round dot was
painted close to the tip. The image on the left hand side was acquired with the propeller at rest for
G2 = 7 µs. It serves as a reference exhibiting a sharp contrast around the marker and alongside the
blade edges. In contrast, the image simulating the second exposure of a conventional CCD double
shutter camera with G2 = 100 µs is presented on the right hand side of the figure. A dark trace is
visible in the vicinity of the marker in addition to the smoothed out blade edges. The pattern is
similar to the blurred images recorded for instance by Gregory et al. [51] (see Fig. 1.4 and Fig. 1.5).

Figure 2.9: Images of propeller tip from second exposure of optimized double shutter mode for
different exposure times G2. The colormap is centered to include 95 % of the count values.

Comparing the results for G2 = 5, 7 and 10 µs with G2 = 100 µs the smear is reduced significantly
showing the capability of the FoxCam4M to acquire sharp G2-images when applying the single-shot
PSP-lifetime technique. A residual but gradually increasing blur can be observed with increasing
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exposure time. The distance swept by the blade tip at frotor = 90 Hz and G2 = 7 µs is ∆x = 0.7 mm
corresponding to 3.2 px or 5.8 % chord in this case. Using the optimized double shutter technique of
the FoxCam4M, image blur is inherently limited to only a few pixels for both successively acquired
images (IG1, IG2). Therefore, presuming that the signal recorded during both gated exposures
suffices, the use of de-blurring algorithms or image de-rotation techniques can be omitted. A
resultant G1-image is not shown because the effective exposure is even shorter than 5 µs due to the
delayed excitation pulse during G1, which results in less residual blur than for G2.

To conclude, the choice of the optimum G2-width should be short enough to limit image blur within
an allowable maximum. Within the application specific tolerance, a longer G2 is favorable as it
provides both greater pressure sensitivity (see Sec. 2.1.2) and higher signal intensity. However,
it should be considered that the intensity gain is not directly proportional to the second exposure
time due to the lifetime decay (see Fig. 2.6).

2.2 Application to rotating helicopter blades in climb

2.2.1 Facility and model description

The measurements were conducted in the rotor test facility at the German Aerospace Center (DLR)
in Göttingen [141, 142]. As illustrated in Fig. 2.10 and Fig. 2.13, the rotor axis is placed horizontally
in the open test section of the Eiffel-type facility and the rotational plane faces the square nozzle
outlet (1.6 m × 1.6 m) at a distance of ∼ 1.2 m (i.e. ∼ 1.8 R). The maximum allowable rotating
speed is frotor,max = 50 Hz. A defined low speed axial inflow of maximal v∞,max = 14 m/s can be
provided mainly to avoid recirculation and in order to convect the blade tip vortices.

Figure 2.10: Rotor test facility at DLR Göttingen (modified from [141]).

The investigated rotor is equipped with two geometrically identical blades made out of carbon fiber



40 2 Surface pressure investigations

r/R = 0.53

R = 0.65 m

c = 0.072 m
pressure sensors

r/R = 0.77

0.25 m

quarter chord line

A-A

rotor

plane

A

A

pivot

Pt100 at

r/R=0.65; x/c=0.5

PSP – coated area

0.125 m (root)

root
x

r

Figure 2.11: DSA-9A rotor blade with SPP8 tip for PSP investigation and definition of root pitch
angle βroot. Sketch is modified from Schwermer et al. [141] and not to scale.
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Figure 2.12: DSA-9A airfoil (9 % thickness) and positioning of pressure sensors.

reinforced plastic. A plan view of the blades is provided in Fig. 2.11. As indicated, they exhibit
a tip radius of R = 0.65 m and a chord length of c = 0.072 m. A negative linear twist of −9.33°
is incorporated along the blade’s span between 0.25 < r/R < 1 with an offset of −0.67° between
the blade root and r/R = 0.25, i.e. r = 0.160 m. The model comprises the DSA-9A helicopter
airfoil (see Fig. 2.12) and the parabolic shaped SPP8 tip [159]. In one of the blades fast response
pressure transducers (Kulite LQ-062) are installed flush to the model surface at two radial positions
at r/R = 0.77 and 0.53 as indicated in Fig. 2.11 and Fig. 2.12. Surface pressures are provided
at a bandwidth of 19 kHz and are averaged over a 10 s time period for each data point. The rotor
head allows the adjustment of both the geometric collective and cyclic pitch angles at the blade
root (βroot as defined in Fig. 2.11). Only the collective pitch was varied equally for both blades and
the cyclic was kept to a minimum at 0±0.05°. Therefore, the resulting configuration corresponds
to a helicopter rotor in climb or a slowly advancing propeller. The rotating shaft is supported
by a 3-component piezoelectric dynamometer (Kistler 9257B) which is employed to measure the
integral thrust produced by the rotor. The balance readings are sampled at 50 kHz and averaged
over 10 s for each data point.

2.2.2 Measurement system installation

The laser was installed below the wind tunnel nozzle as depicted in Fig. 2.13. An arrangement
of mirrors and lenses underneath the nozzle outlet redirected the beam towards the rotor in the
form of an elliptic spot to ensure full illumination of the coated area. The distance between
the optical setup and the illuminated blade was approximately 1.5 m. In order to maximize the
luminescence signal the quadruple laser system was operated at a nominal power of 800 mJ/pulse
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(4×200 mJ/pulse). The FoxCam4M was mounted next to the nozzle outlet at the height of the
rotor hub. A 35 mm-Nikkor lens was installed under Scheimpflug condition [12], to achieve sharp
images across the coated span of the blade (see Fig. 2.13 and Fig. 2.14). With this setup the
final spatial resolution is 2.6 – 3.3 px/mm in chordwise direction with higher values at the blade
tip. The Kulite-instrumented blade was coated with the PSP as described in Sec. 2.1.2 and the
pressure transducer rows were masked before the coating was applied. An image of the installed
and PSP-coated blade is provided in Fig. 2.14 on the right hand side.

camera

nozzle outlet

axial inflow (v )∞

axis of
rotation

1.2 m

laser
mirrors + lenses

1.6 m

1
.6

 m

Figure 2.13: PSP setup in the rotor test facility of DLR Göttingen.

Considering the lifetime parameter study of the PSP in view of the configuration investigated, a
setting of G1|G2 = 5|7 µs and ∆tG1→laser = +3 µs (see Tab. 2.2, Sec. 2.1.2) was selected in order
to get sharp images at high pressure sensitivity and balanced intensity levels between both frames.
At a maximum blade tip speed of utip = 193 m/s ( frotor = 47.2 Hz) the resulting blur pattern for
G2 = 7 µs is 1.3 mm at the tip corresponding to 1.8 % chord and 4.4 px. Calibration was conducted
using the same measurement system as in the test obtaining pressure- and temperature sensitivities
of 55.3 %/100 kPa and 0.40 %/K under reference conditions (100 kPa, 20 ◦C), respectively.

2.2.3 Data acquisition

In the setup described, an encoder was mounted to the rotating shaft providing a 1/rev and a
1000/rev TTL-signal. A custom made selective-trigger-box then allowed to position the rotating
blade within the camera field of view as sketched in Fig. 2.13. The positioning was done by
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Figure 2.14: PSP- and TSP-coated rotor blades in rotor test facility of DLR Göttingen. PSP-blade
is illuminated by laser light at 532 nm.

selecting the appropriate rising edge of the encoder signal and feeding the properly shifted 1/rev-
signal as trigger input to the sequencer, which generated the synchronized signals for laser and
camera according to Fig. 2.4 using the settings as listed for the FoxCam4M in Tab. 2.2.

Initially, dark images were acquired under the absence of excitation light and at minimum back-
ground illumination. As the rotor was at rest, the blades were set to reference position as sketched
in Fig. 2.13 for the acquisition of wind-off images. Considering that the blade surface temperature
reaches an asymptotic value after adjusting for the desired rotating speed, the time signal of the
temperature probe on the suction side of the PSP blade was monitored online to ensure data acquis-
ition under equilibrium condition. In practice, the rotor was running for ∼90 s until an asymptotic
value was reached and the image acquisition process was started under wind-on condition.

For each data point a series of 128 double frames, i.e. pairs of G1 and G2 images, was acquired in
order to increase the SNR by ensemble averaging the single-shot results, respectively. Depending
on frotor = 23.6, 35.4 and 47.2 Hz, the image acquisition rate was limited to every third, fourth or
fifth revolution, resulting in acquisition rates of facq. = 7.9, 8.9 and 9.4 double frames per second
(fps), respectively.

Kulite and Pt100 data are provided at a bandwidth of 19 kHz and balance readings are sampled at
200 kHz. All rotor data were averaged over a period of 10 s. More detailed information about the
rotor data acquisition system is provided by Schwermer et al. [142].

2.2.4 Data reduction

After the images were read out a 2 × 1 binning was applied. This way, the SNR is increased by
√

2 and the original image aspect ratio is recovered (Sec. 2.1.1). All image processing is then
performed using the in-house developed software package ToPas (as in [69]) according to the
following procedure:

1. Subtraction of dark signal from all images

2. 2D-image registration: all images acquired under wind-on condition are aligned to the first
G1 image of the series using 23 dot-markers applied to the coated surface; the procedure
accounts for rotation and translation within the image plane

3. Calculation of wind-off ratio: ensemble averaging of 128 double frames and calculation of
Rwind−off =

(
IG1
IG2

)
wind−off
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4. Calculation of wind-on ratio: for single-shot result only a single double frame is considered
for Rwind−on =

(
IG1
IG2

)
wind−on

; for ensemble averaged results the mean of all 128 wind-on

ratios is calculated
(
Rwind−on

)
5. 3D - image projection of wind-off and wind-on ratio images to blade surface grid with a

resolution of 0.9 – 1.1 nodes/px; the projected image is 5 × 5 median filtered before mapping
is applied

6. Calculation of ratio of ratios according to Eq. 1.1

7. Application of calibration polynomial (Eq. 1.1) under consideration of temperatures at each
node (see Sec. 2.2.5)

8. Application of offset correction according to Sec. 2.2.6

A single-shot pressure result obtained at a rotation rate of frotor = 35.4 Hz and a collective pitch
of βroot = 17° is depicted in Fig. 2.15. For the results presented, a homogeneous temperature
distribution based on the probe reading underneath the blade surface at r/R = 0.65 is prescribed at
step 7 of the above mentioned data reduction procedure. Principal features of an expected pressure
distribution can be assessed. A low pressure region corresponding to stronger suction evolves
along the leading edge followed by a pressure increase towards the trailing edge. Close to the blade
tip, at r/R ∼ 0.99, a small region of relatively low pressures is visible denoting the footprint of the
tip vortex.

Figure 2.15: Pressure result of temperature uncorrected single-shot ratio of ratios at frotor =

35.4 Hz; βroot = 17°. Rotation is counter-clockwise.

2.2.5 Temperature correction

The surface temperature on a rotating blade was previously approximated by the adiabatic wall
recovery temperature [21, 162]. Similar to equation 1.20 it can be expressed as:

Taw = T∞ +
γ − 1
γ

r(Pr) ·

(
v2
∞ + (2π frotorr)2

)
γRair

(2.3)
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Due to the linear dependency of the resulting velocity with the blade radius, the theoretical wall
temperature increases quadratically from rotor hub to tip. Applying the values in Eq. 2.3 as
proposed by Disotell et al. [21] the estimated maximal radial temperature variation within the
coated blade area is ∆T = 13.4 ◦C at frotor,max = 47.2 Hz. The resulting error in pressure would
be ∆p ∼9.7 kPa if the pressure and temperature sensitivities of 55.3 %/100kPa and 0.40 %/K (see
Tab. 2.2) are considered.

To account for this effect, a temperature map is approximated by calculating a value for Taw for
each node on the 3D grid according to its radial position and resulting rotational speed (Eq. 2.3).
T∞ is obtained by assuming that the temperature probe on the PSP-blade suction side provides
the value of Taw at r/R = 0.65 and x/c = 0.5. This way, the approximated temperature map is
anchored at the position of the associated temperature measurement on the PSP blade. Because the
temperature sensor is applied just underneath the original blade surface, the reading might differ
from the actual temperature of the PSP coating at that position, due to the foil between the coating
and the blade surface. Nevertheless, an offset in T∞ can be accounted for (see Sec. 2.2.6) and does
not affect the radial distribution according to Eq. 2.3.

The validity of this approach is checked by measuring the temperature distribution on the second,
structurally identical blade using a TSP coating (Fig. 2.14). For this purpose, PtTFPP was embedded
inside the oxygen impermeable poly urethane (PU) binder material (Clearcoat, ANAC advanced
coatings) as it was previously done by Klein et al. [70]. Application of the same dye as for the
PSP allows to use the identical optical setup and additionally enables efficient excitation at 532 nm.
Before coating the TSP, the same white foil as used on the structurally identical PSP blade is
applied to ensure as similar boundary conditions as possible. The gate exposures are identical
to those applied for the PSP blade (G1|G2 = 5|7 µs). A delay of ∆tG1→laser = -10.9 µs results
in a temperature sensitivity of 0.2 %/K. The residual pressure sensitivity of 3.5 %/100kPa was
neglected and hence the calibration coefficients in the pressure terms of Eq. 1.1 are not considered
for the evaluation of temperature. In addition to that, the node-wise temperatures are deduced as
described above in Sec. 2.2.4 (steps 1-6). An additional 7 × 7 median filter was applied at the end
to smooth out residual spatial non-uniformities in the data.

The approximated temperature map and the temperatures measured by TSP are displayed in
Fig. 2.16a and Fig. 2.16b, respectively. The results correspond to the conditions presented in
Fig. 2.15. In general, the temperatures measured by TSP resemble a radial temperature increase,
as expected. Moreover, the measured temperature distribution is two-dimensional for the most part
of the surface, i.e. between 0.4 < r/R < 0.85 and 0.1 < x/c < 0.85. In this region, measured and
theoretical approximated data is in good agreement.

Detailed analysis of the TSP results reveal temperatures higher than the theoretical stagnation point
temperature along the leading edge (x/c < 5 %) and values lower than the free stream temperature
along the trailing edge (x/c > 85 %). These unphysical findings can neither be explained by faulty
alignment or 3D-mapping nor by blurred images, since both the applied post-processing and the
image exposure times are identical for the PSP results (Fig. 2.15). Note also that any faulty trends
due to image blur would be in the opposite direction [51]. In fact, it is believed that the observed
deficiencies result from unforeseen properties of the dye which was thinned out along the rounded
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Figure 2.16: a) Approximated adiabatic wall temperature. b) Temperatures measured by TSP.
Same conditions as in Fig. 2.15.

leading edge and accumulated along the tabbed trailing edge (Fig. 2.12) during the drying process.
As opposed to the PSP being sprayed onto an intermediate boron-nitride layer, the TSP was directly
applied on the foil probably causing different adhesive properties. At r/R > 0.85 the measured
temperatures exceed the approximation up to a maximum delta of ∼2.5 K for x/c < 0.75 and a 3D
structure becomes visible the reason of which could not finally be assessed.

For these reasons the adiabatic wall recovery temperature is further considered for correction
purposes. The temperature-corrected single-shot result from Fig. 2.15 is presented in Fig. 2.17.
As opposed to the uncorrected pressure map, the radial pressure gradient is reduced, as expected.

Figure 2.17: Single-shot pressure result of Fig. 2.15 after temperature correction with adiabatic
wall temperature from Fig. 2.16a
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2.2.6 Offset correction

In PSP measurements any uncertainty in the bulk temperature level of the model surface between
wind-off and wind-on condition causes a bias in the final result. Therefore, if pressure tap data
is available, it is common practice to correct for this offset by anchoring the PSP data using the
available tap readings nearby [98]. Unfortunately, it is observed in this study that the Kulites
installed in the PSP-coated blade pose an internal heat source to the dye which causes a bias in
the vicinity of the transducer sections due to the temperature sensitivity of the PSP. This bias
can neither be corrected by the approximated wall recovery temperature nor by the temperature
measured on the second blade, since this is not instrumented with pressure sensors.

During the measurement campaign the data point presented above was repeated with Kulites
switched off. The difference of the ensemble averaged results between the “Kulite-on” and “Ku-
lite-off” condition (pKu−on − pKu−off) is displayed in Fig. 2.18. It can be deduced that the pressure
is underestimated by more than 1 kPa close to the pressure tap sections when the transducers
are powered. As opposed to the wind-off condition, part of the excess heat from the Kulites is
convected by the free stream under wind-on condition. This leads to relatively lower values of
Twind−on/Twind−off and therefore relatively lower pressures as compared to the Kuoff condition (see
Eq. 1.1). The observed pressure delta of up to 1 kPa is therefore attributed to underestimated
temperatures in the range of 1.25 – 2 K assuming the corresponding sensitivities at pressures
between 100 – 70 kPa.

Figure 2.18: Pressure error caused by internal heating of Kulites for conditions presented in
Fig. 2.15. Circles and crosses indicate positions of Kulite and PSP data used for offset correction.

An accurate estimation of the resulting temperature on the surface influenced by the Kulite heating
is complex. Therefore, the following method is applied in order to correct for an offset in the PSP
data and to compare available pressure tap measurements to PSP data not influenced by the effect
shown. In Fig. 2.18 circles indicate the Kulite locations where data is available at same chordwise
positions for both radial sections, respectively. The PSP data in between, marked as crosses at
r/R = 0.65 in Fig. 2.18, is now compared to the mean of the adjacent pressure tap measurements
at the same chordwise locations according to Eq. 2.4.
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∆offset =
1
3

∑ [
pPSP,0.65R, xc −

( pKu,0.77R + pKu,0.53R

2

)
x
c

]
;

x
c
= 0.11; 0.19; 0.62 (2.4)

The deduced value describes the average delta between the mean of the corresponding Kulite
readings at the same chordwise positions of both radial sections and the corresponding PSP value
in between. During post processing ∆offset is added as a bulk shift to all values on the 3D grid.
In this campaign the magnitude of the applied offset was in the order of 300 Pa. Note that the
correction method implies a linear development of pressure between 0.53 < r/R < 0.77, which
cannot be physically justified. Therefore, this approach is regarded as best practice in this study.

As the final post-processing step, the pressure differences presented in Fig. 2.18 are subtracted
from the offset corrected results in order to account for the Kulite heating effect. This is only an
approximate correction for other data points at different pitch settings and especially at different
rotating speeds as the effect is influenced by the convective heat transport from the surface.
Therefore, a quantitative discussion of the PSP data in the vicinity of the Kulite sections is omitted
in the discussion of the results. To overcome these deficiencies in future experiments, it should be
attempted to either measure the temperature of the PSP coating directly or to repeat all data points
with Kulites switched off.

2.3 Results and discussion

In Sec. 2.3.1 the surface pressure distribution is investigated at constant collective pitch for a
variation of rotating speeds. The axial inflow velocity v∞ was adjusted proportionally to the
rotating frequency in order to maintain a constant advance ratio J = v∞/(2π frotorR). Furthermore,
in Sec. 2.3.2, different blade loadings are examined at constant rotation rate and under variation
of the collective pitch angle at frotor = 23.6 Hz. The results indicate the occurrence of stalled
flow, which is further investigated in Sec. 2.3.3. A summary of the investigated test conditions
is presented in Tab. 3.1. The indicated blade tip Mach and chord Reynolds numbers

(
Mtip, Retip

)
are based on the velocity resulting from superposition of the axial inflow to the respective rotating

speed, i.e.
√
v2
∞ + (2π frotorr)2.

Table 2.3: Test conditions

frotor 23.6 Hz 35.4 Hz 47.2 Hz
Mtip 0.29 0.43 0.57
Retip 4.63 · 105 6.94 · 105 9.26 · 105

βroot 10 − 28◦ 17◦ 17◦
J = v∞/(2π frotorR) = 0.021 ± 0.001
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2.3.1 Variation of rotating frequency

In Fig. 2.19 the surface pressure distribution is presented for rotating frequencies of frotor =

23.6, 35.4 and 47.2 Hz at a collective root pitch angle of βroot = 17°. The results displayed
are normalized by the ambient pressure and the same color map is used for all cases to ease
a comparative discussion. Note the improved SNR due to ensemble averaging as compared to
the single-shot result presented in Fig. 2.17. In all pressure maps shown, suction areas can be
distinguished parallel to the leading edge and along the parabolic shaped blade tip followed by the
expected pressure recovery in chordwise direction. A comparison of the results reveals that the
streamwise pressure gradients are more pronounced as the rotating frequency is increased. This
results in comparatively lower pressures close to the leading edge. The larger suction effect at
greater rotating frequencies is also manifested in the evolution of the footprint of the tip vortex.
It appears as a low pressure region with pronounced radial gradients near the blade tip. The
resulting surface pressure in this region decreases with increasing rotation rates. In view of the
Kutta-Joukowski theorem the trend is plausible as the tip vortex is expected to gain strength (in
terms of circulation) at higher blade velocities [94] and thus induces higher velocities at the blade
tip.

Figure 2.19: Surface pressure distribution at βroot = 17° for different rotating frequencies frotor =

a) 23.6 Hz b) 35.4 Hz c) 47.2 Hz



2.3 Results and discussion 49

0 0.2 0.4 0.6 0.8 1

0.8

0.85

0.9

0.95

1

1.05

x/c

p/
p ∞

 

 

f
rotor

 = 47.2 Hz

f
rotor

 = 35.4 Hz

±σ
128 single−shots

f
rotor

 = 23.6 Hz

Figure 2.20: Chordwise pressure distribution extracted at r/R = 0.65 for different rotating fre-
quencies at βroot = 17° (same cases as in Fig. 2.19). The shaded region denotes the standard
deviation of 128 consecutive single-shot results.

Note the visible horizontal stripe artefacts in Fig. 2.19. This phenomenon results from a sensor
specific fixed periodicity in the electrodes and exists both in horizontal and vertical direction. Since
the periodicity is known (in the present case: 16 pixel vertically causing the horizontal stripes and
4 pixel perpendicular to that) appropriate spatial filters can be used to suppress the visibility of
this effect (see e.g. [21]). In the present case the applied 5x5 median filter was sufficient to filter
out the 4 pixel periodicity. The remaining horizontal stripes could not be filtered out efficiently by
a spectral filter possibly due to the low number of stripes. Furthermore, aerodynamic structures
exist with only slightly different orientation. As they could be affected by spectral filtering, the
application of such a filter was omitted in this direction. Note from Fig. 2.19 that the described
effect is predominant in the case of frotor = 23.6 Hz and it is mostly obscured in the cases with
higher SNR, i.e. at frotor = 35.4 and 47.2 Hz.

For further analysis, the chordwise pressure distribution is extracted at r/R = 0.65 and plotted
as p/p∞ against x/c in Fig. 2.20. Note the reversed vertical axis expressing increased suction at
higher rotating frequencies. For all cases presented a suction peak is distinguishable, followed
by a pressure increase towards the trailing edge as mentioned above. When plotted as p/p∞,
the pressure levels and gradients primarily scale with the resulting dynamic pressure which is a
function of both radius and rotating frequency. However, the pressure distribution also depends on
the effective angle of attack at the respective cross-section. Since the advance ratio is reasonably
constant for all frotor shown, the variation in angle of attack for the various rotational speeds at
r/R = 0.65 is expected to be small and the different pressure levels can mainly be attributed to the
variation of dynamic pressure.

The data point corresponding to frotor = 35.4 Hz and βroot = 17° has been repeated four times. In
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Figure 2.21: Ensemble averaged PSP and Kulite data from four repeated data points at frotor =

35.4 Hz, βroot = 17°. MSES data corresponds to conditions at r/R = 0.65 and frotor = 35.4 Hz.
Vertical line indicates transition position detected from result in Fig. 2.22.

Fig. 2.21, an average of the ensemble averaged PSP data of the four runs is plotted in terms of cp
based on the resultant speed at the respective radial section:

cp =
px − p∞
ρ∞
2 u2

res
=

px − p∞
ρ∞
2

[
v2
∞ + (2πr frotor)

2] (2.5)

The shaded band includes the ensemble averaged results of all repetitions and comprises∆cp < 0.15
for the most part of the chord, which corresponds to ±400 Pa in this case. Comparatively greater
variations can be deduced close to the leading edge where the pressure distribution is sensitive
to variations of the inflow conditions between the individual runs. For comparison, the available
Kulite data is added to the graph. The symbols mark the mean of the four averages over a 10 s time
interval. Deviations of this mean are smaller than the symbol size. The bars indicate the pressure
fluctuation in terms of the respective standard deviations σcp averaged over the four runs. Note that
the bar sizes are emphasized by multiplying the measured values times five. The Kulite readings at
r/R = 0.53 exhibit slightly but consistently lower mean values in cp than at r/R = 0.77 indicating
a slightly lower effective angle of attack further outboard. The trend seems reasonable when
considering the negatively twisted blade geometry and the expected increasing induced velocity by
the tip vortex at higher radii. Qualitatively, the PSP data resemble the trend prescribed by pressure
transducers. For this reason, it is assumed that the pressure distribution is quasi two-dimensional
between the pressure-transducer sections. This finding legitimizes the offset correction approach
(Eq. 2.4) a posteriori.

An interesting aspect can be observed in the cross-sectional PSP data for frotor = 35.4 and 47.2 Hz in
Fig. 2.20 and for frotor = 35.4 in Fig. 2.21. In both plots, the chordwise pressure gradients exhibit
an abrupt increase at x/c ∼ 0.19 (at frotor = 35.4 Hz) and at x/c ∼ 0.15 (at frotor = 47.2 Hz),
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respectively. In Fig. 2.21 the kink in the pressure distribution coincides with the maximum in
σcp indicating boundary-layer transition [39]. However, in view of the sparse spatial resolution
of pressure transducers the absolute maximum in σcp might not be resolved and it is rather
coincidental that the pressure discontinuity corresponds to the σcp,max location from the available
sensors. Nevertheless, the observed discontinuity in the PSP data can be explained by the laminar-
turbulent boundary-layer (BL) transition phenomenon as described in more detail by Popov et al.
[114].

To show this, BL transition was measured in a separate test by means of TSP. Details of the test
including the setup and post-processing procedures are provided in chapter 3. The result for the
data point at frotor = 35 Hz and βroot = 17° is presented in Fig. 2.22. The displayed gray scale values
of the TSP intensity ratio are a measure of the temperature on the heated model surface. Dark areas
correspond to turbulent flow regions and lower surface temperatures due to more efficient cooling
as compared to bright areas, which correspond to laminar or laminar separated regions (see [77]).
It can be deduced from Fig. 2.22 that the transition region evolves nearly parallel to the leading
edge, which supports the above stated hypothesis of a predominantly two-dimensional pressure
distribution across the blade. The transition position (x/c)transition is defined as the chordwise
location of the maximum intensity gradient in the thermographic result corresponding to the
location of 50 % turbulence intermittency [5, 72]. The transition position detected at r/R = 0.65
is indicated by the vertical line in Fig. 2.21. It coincides with the above mentioned pressure
discontinuity measured by PSP and the location of the Kulites exhibiting maximum values for σcp .

Figure 2.22: Transition result from separate TSP experiment at frotor = 35.4 Hz, βroot = 17°.
Dark areas correspond to turbulent, bright areas to laminar or laminar-separated flow regions.
Turbulators are applied at four radial positions causing turbulent wedges further downstream.

It should be mentioned that the observed discontinuity in the PSP data (in Fig. 2.21) partially
originates from the different adiabatic wall recovery temperatures between laminar and turbulent
boundary-layers. Considering T∞ = 283 K, M0.77R = 0.33 and the recovery factors of

√
Pr and

√
Pr3 for laminar and turbulent boundary-layers (see [30]) at a Prandtl number of Pr = 0.72 for air,

this temperature difference is ∼ 0.3 K (according to Eq. 2.3). However, the kink in Fig. 2.21 is in
the order of ∆cp ∼ 0.2 corresponding to ∆p ∼ 1500 Pa. If pressure and temperature sensitivities
at reference conditions (see Tab. 2.2) are taken into account, a temperature change of ∼ 2.1 K
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would be necessary if the observed pattern was due to different temperatures only. Hence, the
influence of chordwise temperature differences between laminar and turbulent flow in the PSP
results is believed to be small and the observed discontinuity can mainly be attributed to a change
in pressure. In contrast, the temperature differences in the TSP result of the same case (displayed
qualitatively in Fig. 2.22) are amplified by heating the blade and reflect the differences in heat
transfer between laminar and turbulent boundary-layers. To conclude, PSP can in principle detect
BL transition by the pressure gradient (for particular cases) when no other measurement technique
is available.

In order to complement the experimental results, computations were performed using the coupled
2D Euler-/ boundary-layer code [24]. The flow was computed for the DSA-9A airfoil at M0.65R =

0.28 and Re0.65R = 4.51 · 105. The conditions are based on the rotating speed at 65 % radius and
the PSP data point presented in Fig. 2.21 to allow direct comparison. In the code, transition is
predicted via an approximate version of the eN -envelope method (see Sec. 3.4.1) and the critical
N−factor used is Ncr = 6 as suggested by Lang et al. [77]. Computations were performed for
various angles of attack α and the best fit between experimental and calculated pressures was found
at α = 4.2° (see Fig. 2.21). The MSES simulation predicts a pressure discontinuity at x/c = 0.19
due to BL transition matching the experimental findings. Deviations to the PSP results are less
than ∆cp ∼ 0.1 for the most part of the chord. Note the last 5 % chord where the pressure increase
indicated by PSP is unphysical. The exact reasoning for the latter remains unclear, yet possible
causes include incorrect assumptions for temperature or shape deviations between the actual and
the theoretical trailing edge contour.

The simulation suggests that the surface pressures are prone to exceed p∞ near the trailing edge on
the suction side of the DSA-9A airfoil causing values of cp > 0. The effect can be attributed to
the tabbed contour (Fig. 2.12). It is also visible in Fig. 2.20 and also more pronounced at higher
radii (see Fig. 2.19). Gardner and Richter [39] and Richter et al. [122] also measured pressures
corresponding to cp > 0 near the trailing edge on the same airfoil. In both studies it was observed
that the spatial extent for values of cp > 0 expands towards chordwise locations further upstream
at decreasing incident angles. These findings match the qualitative radial trend displayed in the
pressure maps in Fig. 2.19. The displayed surface area corresponding to p/p∞ > 1 expands to
chordwise positions further upstream when examining the blade at increasing radii where it is
believed that the angle of incidence decreases due to the blade twist and tip effects. In addition to
that a possible under-compensation of temperature using the approximation from Sec. 2.2.5 would
also result in overestimated pressure values as discussed in Sec. 2.3.4. Because the exact radial
angle of attack distribution is unknown, a quantitative discussion of the values corresponding to
p/p∞ > 1 is not feasible.

2.3.2 Variation of collective pitch

The variation of collective pitch angles from βroot = 8.6 – 28.8° at frotor = 23.6 Hz reveals interesting
PSP results. The pressure map at βroot = 24° is displayed at the top of Fig. 2.23. It exhibits the
same features as discussed above in Fig. 2.19. In contrast, the topology of the PSP result at βroot =

28° on the bottom of Fig. 2.23 is noticeably different. The tip vortex is less pronounced and
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Figure 2.23: Pressure topology (ensemble averaged) for frotor = 23.6 Hz at βroot = 24° a) and
28° b). Data corresponds to points highlighted by blue squares a) and red diamonds b) in Fig. 2.24
and Fig. 2.25.

the pressure pattern is significantly altered between 0.65 < r/R < 0.9. Especially in the region
between 0.7 < r/R < 0.8 the suction peak diminishes almost completely as compared to the case
at βroot = 24°. Moreover, oblique pressure gradients can be distinguished between 0.6 < r/R < 0.7
and 0.8 < r/R < 0.85 on the blade. The observed three dimensional features at βroot = 28° in the
ensemble averaged results are caused by stalled flow. Therefore, the offset correction according to
Eq. 2.4 was omitted because the assumed linear pressure development between the Kulite sections
is infringed. Moreover, both corrective measures applied, the temperature correction via Eq. 2.3
and the subtracted influence of the internal Kulite heating do not resemble the appropriate physical
behavior under stalled flow conditions due to differently balanced convective heat transfer as
compared to the attached flow scenario. Hence, a quantitative discussion is omitted yet the results
are suited for qualitative comparison as data acquisition and processing is identical for the cases
presented.

Stalled flow conditions at βroot = 28° are confirmed by the integral thrust measured by the piezo-
balance. The polar in Fig. 2.24 exhibits the expected increase in thrust up to a collective pitch
angle of βroot = 26°, where it reaches the maximum blade loading coefficient (according to Eq. 3.1,
see [79]) of CT/σ = 0.165. At βroot ≥ 28° the thrust exceeds its maximum and the standard
deviation is almost doubled as indicated by the bar sizes denoting at least partially stalled flow. A
similar maximum in thrust and the corresponding overall high standard deviations were previously
measured by Schwermer et al. [142] investigating the same configuration. They attributed the high
level of fluctuations to the recording of inertial forces due to mechanical system vibrations of the
test stand.

The findings are complemented by time averaged Kulite recordings at the conditions corresponding
to the colored symbols in Fig. 2.24. For βroot = 20, 24 and 28° the mean pressures are plotted
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Figure 2.24: Thrust polar at frotor = 23.6 Hz for various βroot, bars indicate standard deviation of
a time series of 10 s sampled at 200 kHz.

as chordwise cp−distributions in Fig. 2.25 with bars indicating the standard deviation σcp . For
βroot = 20° and 24°, the pitch angle increase results in stronger suction especially close to the
leading edge at both radial sections. The data at βroot = 28° and r/R = 0.53 follows the trend
prescribed above indicating increased suction as compared to the lower pitch angles. In contrast, at
r/R = 0.77 the cp−distribution is characterized by remarkably higher pressures close to the leading
edge accompanied by almost no pressure recovery further downstream. The resulting plateau-type
distribution correlates with significantly increased values of σcp which is characteristic for stalled
flow [40, 88]. Note the significantly greater difference in standard deviation between attached and
stalled flow regions for the pressure sensors as compared to the balance data in Fig. 2.24 because
the former capture aerodynamic fluctuations only.

Considering the presented pressure maps obtained by PSP in conjunction with the force balance
and Kulite measurements, it is concluded that the pressure topology at βroot = 28° is influenced by
partially stalled flow for r/R > 0.6.

2.3.3 Pressure fluctuation analysis

The unsteady Kulite signal at r/R = 0.77 and x/c = 0.028 is investigated for the cases at βroot =

24° and 28°. The time series of the pressure fluctuations p′ and the corresponding amplitude
spectra are plotted in Fig. 2.26a and Fig. 2.26b. The signals shown are conditioned by a 500 Hz
Butterworth low-pass filter. The spectra are obtained from a Fast-Fourier Transformation (FFT) of
the Hanning-windowed time series. The overall stronger pressure fluctuations in the time signal at
βroot = 28° reflect the difference in σcp as observed in Fig. 2.25. The corresponding spectrum in
Fig. 2.26b denotes comparatively high amplitudes especially at frequencies below 2 – 3 Hz. Note
that in both signals the highest amplitudes are contained in the rotating frequency and its higher
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Figure 2.25: Kulite data at frotor = 23.6 Hz for different βroot. Symbol- and color-coding corres-
ponds to data points highlighted in Fig. 2.24.

harmonics. This is due to the rotor support downstream and in the wake of the rotor disc causing
an upstream pressure change once per revolution for the blade equipped with pressure sensors. The
effect is therefore also present under the attached flow condition at βroot = 24°, where all other
frequencies exhibit negligible amplitudes.

Whereas conventional phase-averaging methods are in principle limited to resolve periodic phe-
nomena, a great advantage of the single-shot lifetime technique is that it allows to capture random,
i.e. broadband pressure fluctuations. Presuming that the camera is at rest, transient phenomena
are sampled every nth blade revolution depending on the system limit with respect to the data
acquisition rate and the time response of the PSP sensor. In order to extract information on pres-
sure fluctuations from the data available the measured standard deviation in pressure is evaluated
according to:

σp′

p∞
=

1
sp,ref

·

√
σ2
Rwind−on

− σ2
Rwind−off

Rwind−off
(2.6)

In this equation σR is the standard deviation of all 128 wind-on and wind-off ratio images,
respectively, and sp,ref is the pressure sensitivity at reference conditions (100 kPa, 20°). In the
expression above, it is assumed that σRwind−on contains residual noise from image acquisition and
processing which is superposed to the signal variations due to oscillating pressure. Therefore,
σRwind−off is subtracted since the wind-off ratio images are acquired at constant pressure and thus
contains residual noise only.

The resulting standard deviations at frotor = 23.6 Hz and βroot = 24° as well as at 28° are displayed
in Fig. 2.27a and Fig. 2.27b, respectively. As opposed to the case at βroot = 24° significantly
stronger pressure fluctuations occur at βroot = 28°. They can be deduced along the leading edge
starting from r/R > 0.6 all the way to the blade tip, where the footprint of the tip vortex was
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Figure 2.26: Time series a) and amplitude spectra b) of pressure fluctuations measured by Kulite
at x/c = 0.028; r/R = 0.77 and frotor = 23.6 Hz. Signals are low-pass filtered at 500 Hz. Colors
as in Fig. 2.24 and Fig. 2.25.

previously identified (see Fig. 2.23). The finding seems reasonable presuming that it constitutes
the area where the flow detaches causing blade loading fluctuations and thus a transient behavior
of the tip vortex as well. Letzgus et al. [81] simulated the same rotor model configuration at cyclic
pitch variation. In their study, stall onset was detected by finding incipient vortex shedding starting
from the leading edge at 80 – 90 % radius which is where transient flow is detected in this study.
In Fig. 2.27b strong pressure fluctuations can be distinguished in the form of an oblique patch
between 0.8 < r/R < 0.9. It is accompanied by a smaller area between 0.6 < r/R < 0.65 which
also denotes increased oscillations. Note that these patterns occur approximately where oblique
pressure gradients can be deduced from the corresponding ensemble averaged pressure result in
Fig. 2.23b. Similar oblique patterns were detected by Disotell et al. [21] on helicopter blades
in forward flight who attributed the finding to the effect of centrifugal forces on detached flow
structures as previously studied by Raghav and Komerath [120].

It should be noted that the PSP sensor used in this study (PtTFPP in poly(4-TBS)) is mainly designed
for steady-state measurements. Though the time response has not been measured explicitly, it is
expected to be in the order of several Hertz, similar to other polymer-based PSPs [163]. Thus,
it is believed that mainly the increased low-frequency amplitudes are contained in the result
shown in Fig. 2.27. In addition, higher-frequency fluctuations (above 5 – 10 Hz) are smeared out
which complicates a precise distinguishability between stalled and attached flow regions in the
result shown. For more sophisticated investigations, the measurement system dynamics should be
improved especially in terms of the time response of the PSP sensor. For instance, fast-responding
PSPs have successfully been applied to capture transient pressure phenomena on model helicopter
rotor blades in forward flight [21, 162]. However, the results presented in this study underline the
capability of the single-shot lifetime technique to investigate stalled flow on fast rotating blades.
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Figure 2.27: Measured relative standard deviation of pressure according to Eq. 2.6 for frotor =

23.6 Hz; βroot = 24° a) and 28° b).

2.3.4 Measurement uncertainty

The uncertainty remaining from uncorrected temperature ranges from 0.5 – 0.8 kPa/K with in-
creased sensitivity at higher pressures and lower temperatures occurring closer to the rotor hub.
In this work, the maximum deviation between valid TSP data and the adiabatic wall temperature
is found to be ∼2.5 K in radial direction. An uncertainty in this range corresponds to an error in
pressure between 1 – 2 % of p∞ in blade radial direction depending on the temperature between
the tip and the hub, respectively. Even if temperature effects are appropriately corrected for, the
limiting error source in that case is due to photon noise in the acquired images. According to the
method proposed by Liu and Sullivan [85] for the gated-lifetime approach, this uncertainty ranges
approximately from 1.4 to 2.3 % for the single-shot results. The variation is due to the variability
of pressure sensitivity with temperature and pressure as well as due to the inhomogeneous signal
intensity across the blade span. Ensemble averaging of 128 images reduces this uncertainty to 0.1
– 0.2 % corresponding to 100 – 200 Pa, according to the test conditions in this work.

All error sources in PSP measurements are included, when comparing the data to reference
measurements such as the fast response pressure transducer readings in this study. In view of
the above mentioned difficulties in the vicinity of the Kulite sections (see Sec. 2.2.6), PSP data
is extracted at r/R = 0.65 and compared to the mean of pressure tap data at the same chordwise
locations but at 53 % and 77 % radius, respectively. After applying the offset according to Eq. 2.4,
the residual deltas are evaluated at each chordwise location and for all data points but the one, where
stalled flow is detected. The root-mean-square level of the residual deltas is ∼250 Pa. Because
the value is based on the assumption of linear pressure evolution in between the Kulite sections
and includes all possible error sources (see [85]), it is reasonable that the more restrictive and
theoretical photon-noise approximation from above is exceeded.





3 Boundary-layer transition investigations2

The following chapter comprises boundary-layer transition investigations on the suction side of
a Mach-scaled helicopter blade in climb. For this purpose the same rotor configuration was
utilized as for the PSP measurements presented in Sec. 2.2-2.3. Transition experiments were
conducted in the same facility as for the PSP campaign (see Sec. 2.2.1) and integral thrust as
well as surface pressure measurements at two radial blade sections complement the study. The
content of this chapter is organized as follows: After a description of the investigated parameter
range and of the conducted transition experiments, the procedure of how boundary-layer transition
is detected and how the extent of laminar flow is quantified are presented. Experimental results
are extensively discussed with respect to variations in collective pitch and rotating speed. An
experimental approach is presented with respect to the investigation of the effect of rotational
forces on measured boundary-layer transition. The experimental findings are finally compared to
two-dimensional (2D) numerical computations and transition N-factors are obtained by employing
methods based on 2D linear stability theory.

3.1 Investigated parameter range and thrust measurements

The investigated parameter range comprises three different rotating speeds at various collective
pitch settings βroot, respectively. The test conditions are listed in Tab. 3.1.

Table 3.1: Test conditions for boundary-layer transition experiments

Retip, 105 Mtip frotor, Hz βroot, ° v∞, m/s p∞, hPa T∞, ◦C Re0.77R, 105 M0.77R

I 4.86 ± 0.04 0.29 23.6 8.7 - 13.5 2.0 1000 ± 2 7.7 - 8.9 3.74 0.22

II 7.34 ± 0.08 0.43 35.4 8.5 - 13.5 3.1 1000 ± 2 7.6 - 9.5 5.65 0.33

III 9.38 ± 0.02 0.57 47.2 8.7 - 16.9 4.1 987 ± 2 12.2 - 13.0 7.21 0.44

Fine increments in βroot were selected in order to resolve small changes of the transition region
with changing angles of incidence. For each rotating speed, the axial inflow u∞ was adjusted to
maintain an approximately constant advance ratio J = v∞/(2π frotorR). The investigated parameter
range is plotted in Fig. 3.1 as J against βroot. The measured thrust force is evaluated in terms of
the blade loading coefficient

CT

σ
=

Fthrust

ρ∞Ablades(2π frotorR)2
(3.1)

where Ablades = 2cR, and plotted against collective pitch in Fig. 3.2.

2Text and illustrations from this section appear in:
A. Weiss, A. D. Gardner, C. Klein, and M. Raffel. Boundary-layer transition measurements on Mach-scaled helicopter

rotor blades in climb. CEAS Aeronautical Journal, 8(4):613–623, 2017. doi: 10.1007/s13272-017-0263-2, and in
A. Weiss, A. D. Gardner, T. Schwermer, C. Klein, and M. Raffel. On the effect of rotational forces on rotor blade

boundary-layer transition. In 2018 AIAA Aerospace Sciences Meeting, number AIAA 2018-0309, Kissimmee, FL,
USA, January 8-12 2018. doi: 10.2514/6.2018-0309.
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Figure 3.1: Parameter range for boundary-layer transition investigations in terms of advance ratio
J against collective pitch at blade root βroot.
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Figure 3.2: Blade loading coefficient against collective pitch setting for all data points.

The bar sizes indicate the linearity error of the piezo-balance being ± 1 % of the measured value
but at least ± 1 N. As expected, the blade loading increases at higher collective pitch settings. The
absolute thrust forces measured at the lowest Retip are similar to those obtained by Schwermer et al.
[142], who investigated the same test configuration at conditions comparable to condition I. When
plotted as CT/σ the curves coincide especially at low collective pitch settings and start to diverge
for βroot > 11°. The latter is due to compressibility effects at the two higher rotating speeds.
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3.2 Experimental setup, data acquisition and processing

Most investigations are based on data obtained with TSP. For comparison selected data points were
acquired in a separate campaign by means of IR thermography.

3.2.1 TSP measurements

Setup A sketch of the setup for the transition measurements via TSP is provided in Fig. 3.3.

camera

axial inflow (v )

LEDs filter

heat lamps

pressure tap sections

0.77 R

0.53 R

R = 0.65 m

0.40 R

frotor

TSP coated area

+ c = 0.072 m
x

r

collective pitch (�root)

rotor

plane

�root

blade root

section:

rotation

Figure 3.3: Sketch of experimental setup for TSP measurements in the rotor test facility of DLR
Göttingen with important dimensions (geometry is modified from [119]).

The TSP sensor applied in this test is based on ruthenium phenanthroline (Ru(phen)) inside a
polyurethane binder matrix. The TSP and method have been employed previously and are described
in more detail by Yorita et al. [170]. Before the blade was coated, a thin matt white foil (3M
Scotchprint 1080, ∼90 µm) was applied in order to enhance the luminescent signal and to protect
the model surface finish from aggressive solvents. The TSP was applied between 0.4 < r/R < 1
on the suction side of the blade which is not equipped with pressure transducers (see Fig. 3.3).
After coating, the TSP surface was polished to a mean roughness depth of Rz = 0.2 – 0.8 µm.
TSP excitation was provided by four pulsed LEDs (Hardsoft Illuminator) emitting in the blue at a
peak wavelength of 462 nm. The emitted TSP signal peaks at 580 nm and was recorded by a 14
bit CCD camera (pco.4000) with a resolution of 4008 × 2672 pixels. The temperature-sensitive
luminescence was separated from the excitation light using a 550 nm low pass filter on the LEDs
and a 600 ± 40 nm band pass filter on the camera lens (Nikon Nikkor, 50 mm, f/1.4). The spectral
characteristics of the TSP sensor are provided in Fig. 3.4 along with the emission and transmission
characteristics of the blue LED and the applied band pass filter. Camera and lens were mounted
under the Scheimpflug condition [12] due to the oblique perspective of the installed hardware with
respect to the rotor blade (see Fig. 3.3). The final resolution of the model surface was 6.5 and
8.8 pixel/mm in span- and chordwise direction, respectively. In other words, TSP information is
provided on 635 pixels along the chord and 2535 pixels across the TSP-coated span.
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Figure 3.4: Spectral characteristics of Ru(phen), emission spectrum of the blue LED used for TSP
excitation and transmission characteristic of the employed band pass filter.

Data acquisition and processing For image acquisition the camera was operated in modulation
mode in order to capture sharp images at high SNR. It means that, depending on the rotating speed
of the rotor, 7 or 12 exposures are accumulated to a single image at equal phase positions and
with an integration time of 11 or 8 µs for each exposure. In the worst case ( frotor = 47.2 Hz) the
movement of the blade tip was ∼ 1.5 mm during an image exposure. The LED pulse width was
set equal to the camera exposure time and a multi-trigger digital delay generator (BNC - Model
725) was used to align the excitation pulse and image exposure with respect to a master trigger.
The latter was provided by a custom made selective-trigger-box used to position the rotating blade
within the camera field of view as sketched in Fig. 2.13. The box allows the selection of the
appropriate rising edge of the 1000/rev rotor shaft encoder signal realizing a phase shift at 0.36°
increments.

The TSP data recording procedure in this study is adopted from Lang et al. [77] and illustrated
in Fig. 3.5. As described in Sec. 1.2.2 a simple division of the luminescence intensities at
quasi-stationary reference conditions (Iref) by the intensities acquired at a temperature difference
between airflow and model (I) suffices to enhance the distinguishability between laminar and
turbulent boundary-layer flow [36]. The acquisition of 16 reference images (Iref) was started
after the rotor reached the desired rotating speed and as soon as the online reading of the surface
temperature measured by a Pt100-probe on the blade suction side at r/R = 0.65 reached asymptotic
values denoting temperature equilibrium. The rotor blade surfaces were then consistently heated
up for 60 s until temperature equilibrium could again be inferred by an asymptotic Pt100-probe
reading. The heating was realized by seven 2 kW halogen spot lights which were arranged around
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the wind tunnel nozzle outlet (see sketch in Fig. 3.3). A series of 16 “heated” images (I) was
then acquired right after the spot lights were turned off to avoid any disturbances of the recorded
TSP luminescence. The resulting ratio Iref/I then qualitatively describes the surface temperature
subject to the difference in convective heat transfer between laminar and turbulent boundary-layers.

CCD camera

     (TSP)

IR camera

16 x "adiabatic" (Iref) 16 x "heated" (I)

1 x "heated"

T

time

heat lamps 

     blade 

temperature

rotor

Tref = Taw

 =

Figure 3.5: Data acquisition scheme for TSP and IR measurements.

An example raw TSP image is displayed in Fig. 3.6 top. Marker lines were applied at ∆ = 5 mm
onto the surface as well as at r/R = 0.53 and r/R = 0.77 for orientation. In addition to that 23
dot markers are visible. They are used for image alignment in post processing. Note the visible
pattern in the emitted luminescence being visible on the blade. It is mostly due to the slightly
inhomogeneous excitation light distribution. Since both images needed for division are acquired
under quasi-steady conditions while the blade is rotating, the pattern cancels out after the images
are processed (see Fig. 3.7).

All image processing was performed with the inhouse software ToPas including the following
steps:

1. Subtraction of dark images from all images to account for background illumination and CCD
- dark current

2. Applying a flat-field correction and a 3x3 pixel median filter to account for spatial nonuni-
formities on the CCD chip

3. 2D alignment of all images using 23 dot-markers applied to the surface

4. Averaging of all images acquired prior to and after the “temperature step” and division of
averaged images to obtain Iref/I
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Figure 3.6: Raw images acquired by TSP (top) and IR (bottom) and spatial resolutions, accordingly.

5. 3D mapping of the final image data to a 3D grid of the model suction side as in [69, 77]

The resolution of the final results on the 3D grid is 4.2 and 5.7 nodes/mm in span- and chordwise
direction, respectively.

3.2.2 IR measurements

For selected data points and comparative reasons IR data was obtained of the suction side of
the blade which is equipped with pressure transducers and no extra surface coating was applied.
Despite the camera and LEDs used for TSP measurements, the setup in principle corresponds to
the sketch in Fig. 3.3. The IR camera used was a FLIR SC7750-L with a 50 mm lens. It provided
images at a spatial resolution of 1.7 and 2.2 pixel/mm in span- and chordwise direction. This is
about one fourth of the resolution achieved by the TSP setup. The exposure time was set to 20 µs. At
frotor = 23.6 Hz for instance, the resulting image blur at the blade tip comprises 1.9 mm comparing
to 1.1 mm at 11 µs exposure time for the TSP images. As opposed to the TSP data acquisition
procedure, IR images were acquired while the heat lamps were switched on (see Fig. 3.5). This
could be realized due to the long-range IR sensitivity of the camera sensor between 8.0−9.4 µm,
whereas the halogen heat lamps emit ∼ 95 % of the energy at wavelengths of less than 4 µm [58].

A sample raw image obtained by IR is shown in Fig. 3.6 (bottom). The visible dot markers were
applied for image alignment and projection onto a 3D grid. Note the greater size of the markers as
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compared to the TSP raw data on the left hand side which is due to the lower spatial resolution of
the IR camera. As opposed to the “heated” TSP image, a distinction between laminar and turbulent
regions is clearly visible in the IR data and expressed by the change from bright to dark as the flow
condition changes from laminar to turbulent. For instance, a turbulent wedge can be distinguished
close to the blade tip, emanating from a transition dot which has been applied as proof-of-concept.
The post-processing of the IR images comprised the application of a 3× 3 median filter (to remove
hot pixels) and to the mapping of the filtered image to a 3D grid of the model surface. The measures
applied are equivalent to steps 2 and 5 of the TSP post-processing mentioned above.

3.3 Experimental results and discussion

3.3.1 Topology and quantification of transition region

A sample TSP result is presented in Fig. 3.7 for a collective root pitch of βroot = 12.4° at
Retip = 4.86 × 105. The bright and dark areas correspond to higher and lower temperatures and
therefore to regimes of less or more efficient cooling of the heated blade surface, respectively. Note
the orientation markings at equidistant chordwise locations and at those radial positions where
pressure data is available. Because the applied marks nearly disappear when dividing the images
(post-processing step 4 in Sec. 3.2.1), the visible lines in Fig. 3.9 are masked over the displayed
result after post-processing to ease visual analysis. At r/R = 0.92 a roughness element was attached
to the leading edge serving as proof-of-concept to always distinguish turbulent from laminar flow.
The resulting turbulent wedge is clearly visible. The rest of the span exhibits a gradual increase
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Figure 3.7: Sample boundary-layer transition result obtained from TSP. Rotation is counter-
clockwise. Black lines represent orientation markers on the surface at ∆ = 5 mm in chord direction
and at the locations of available pressure data (acquired on the second blade).

in brightness starting from the leading edge. This is in correlation with the Reynolds analogy
as the skin friction rates are higher close to the leading edge where the boundary layer is thin,
causing more efficient cooling than further downstream where skin friction rates decrease (see
also Fig. 3.27). The gradual increase in temperature is followed by a sudden decrease further
downstream (change from bright to dark) which corresponds to laminar-turbulent boundary-layer
transition. As detailed in Sec. 1.2.1 the phenomenon does not occur at a specific chordwise
location but has to be regarded as a process along a finite distance of the wall-bounded flow. Note
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that the high spatial resolution of the presented results allows to distinguish individually fringed
patterns in the transition regime. It should be pointed out that the high spatial resolution of the
presented results allows to distinguish individually fringed patterns in the transition regime which
are probably due to the three dimensional nature of the turbulent breakdown in the laminar flow
[129].

To quantify the extent of laminar flow at a specific spanwise location, radial cuts of the TSP
intensity ratio are extracted and analyzed as depicted in Fig. 3.8. The points defined as transition
location (x/c)tr, onset (x/c)tr, onset and end (x/c)tr, end are then detected by the following algorithm
using Matlab:

1. Smoothing of data by a cubic spline approximation using the function csaps and a smoothing
parameter of 1 − 5 × 105

2. Identify (x/c)tr at location of minimum gradient of spline

3. Identify (x/c)tr, onset at intersection between the horizontal line through the curve maximum
and the line through (x/c)tr

4. Identify intersection between the line through (x/c)tr and the succeeding inflection point or
local minimum as (x/c)tr, end

Note: All slopes are determined according to the value of the first derivative of the spline at
the detected points, respectively.

5. Repeat the procedure for 21 equidistant and adjacent radial cuts across 10 mm span, i.e.
∼ 65 pixel in the image or ∼ 42 nodes on the 3D grid, to obtain a mean value and a standard
deviation of the detected locations.
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Figure 3.8: Chordwise sections of TSP results for systematic detection of locations defined as
boundary-layer transition, onset and end.
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According to Ashill et al. [5] the location of the steepest gradient of such a thermographic result is
equivalent to the position where the root-mean-square value of an unsteady hot-film signal peaks
when influenced by boundary-layer transition, [147]. Hence, the detected location corresponds
to the position of 50 % turbulence intermittency [72] and is therefore a reasonable definition for
the measured transition position. Similarly it has been argued that in a thermographic transition
measurement the chordwise locations of the local maximum curvature upstream and downstream
of (x/c)tr correlate with start and end points of the transition zone [5, 147]. The method used in
this study is modified accordingly for the sake of robust automated data processing and is similar
to the method described by Schülein [137].

3.3.2 Comparison of TSP and IR results

A data point at Retip = 4.86 × 105 and βroot = 11.8° was acquired by both TSP and IR and the
results are presented in Fig. 3.9 top and bottom, respectively. To ease comparison, the markings
applied to the TSP surface are added in red to the correspondint IR data. The TSP data comprises
similar features as described above with respect to Fig. 3.7. To ease comparison between the two
results, the markings used in the TSP result are added as red lines in the IR data below. Both results
are remarkably similar. However, in addition to the noticeably stronger blur in the IR result the
reduced image resolution does not resolve the fine structures in the boundary-layer transition region,
which are visible in the equivalent TSP result. Note also the turbulent wedges at r/R = 0.53 and
r/R = 0.77 in the IR result which are due to additional disturbances introduced by the pressure taps
(0.3 mm diameter) at these locations which induce turbulent flow comparatively further upstream.
Detailed investigation of the IR result reveals an upstream movement of transition of ∼ 5 – 10 %
chord across small spanwise stripes of ∆ (r/R) ∼ 0.02 in the vicinity of r/R = 0.6 and r/R = 0.68.
Photographs of the leading edge surface area from both measurements are provided in Fig. 3.10.
Whereas the original blade surface exhibits abrasive regions from previous campaigns in the noted
areas, the TSP surface allows polishing to obtain a homogeneous surface quality similar to the
original model finish. Hence, the observed upstream movement of boundary-layer transition in the
striped areas around r/R = 0.6 and r/R = 0.68 can be attributed to roughness induced receptivity.
The phenomenon was similarly observed and has been described in more detail by Carpenter et al.
[14].

The TSP and IR data presented in Fig. 3.9 are compared in more detail in Fig. 3.11. Tangential
cuts are extracted at r/R = 0.75, where the IR signal is neither influenced by pressure taps nor
by relatively increased surface roughness. Both signals have been post processed according to the
procedure described in the previous section and the approximate spline fit as well as the detected
transition regime are added to the graph. The evolution of the signals is qualitatively similar and the
agreement between the detected positions for boundary-layer transition, onset and end are within
one percent chord. Note also the slightly higher signal to noise ratio in the IR data. In addition to
that a small peak is visible in the IR signal at x/c < 0.1. It can be attributed to residual disturbance
light in the IR reflecting from the rounded blade leading edge into the camera sensor. Being often
reported as a challenge in IR measurements, reflections could be minimized to the visible, yet
insignificant peak which does not move downstream of x/c = 0.1 in the campaign as the collective
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Figure 3.9: Comparison of transition results obtained via TSP (top) and IR (bottom) at same
conditions. Markers in TSP result are sketched in red for the IR result to ease comparison.
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Figure 3.10: Close-up photographs of TSP surface (left) and uncoated blade surface (right) as used
for IR measurements and corresponding mean roughness depths (peak-to-peak) Rz .

pitch is altered. All data points where IR measurements were encountered are compared to the
equivalent data points obtained by TSP in Fig. 3.12. The graph shows the detected distinctive
transition positions at r/R = 0.75 which are plotted against collective pitch at Retip = 4.9 × 105

and Retip = 7.3 × 105 in open and closed symbols, respectively. The overall comparability of
the results is within 2 % of the chord. Hence, any differences possibly originating from the TSP
coating itself or from data acquisition on the other blade can be neglected.

3.3.3 Effect of collective pitch, blade tip Mach and chord Reynolds number

A series of TSP results is presented in Fig. 3.13 for different collective pitch settings βroot at
Retip = 4.86 × 105. It can be deduced that boundary-layer transition moves upstream as the
collective pitch is increased. Note the individually fringed transition patterns which alter depending
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Figure 3.13: TSP transition results for different collective pitch settings βroot at blade tip Mach and
chord Reynolds numbers of Mtip = 0.29 and Retip = 4.86 × 105.

on the chordwise range where transition takes place.

The detected transition positions at r/R = 0.77 and r/R = 0.53 are plotted against collective pitch
angle in Fig. 3.14 for all data points investigated. A consistent upstream movement of the detected
transition position can be deduced at increasing collective pitch settings and increasing tip chord
Reynolds number. The corresponding standard deviations are depicted as bands by thin solid lines
indicating the scatter in the detected transition positions. The scatter is smaller than ± 2 % in x/c
for all data points displayed. Note that this scatter contains physical information related to the
three-dimensionality of the transition region across the spanwise 10 mm averaging interval such
as the fringed patterns (see Fig. 3.13). The uncertainty with respect to the detection algorithm
is expected to be smaller. This is suggested by the trend observed in Fig. 3.15 which displays
zoomed-in data from Fig. 3.14. Note that the smallest detected systematic change of (x/c)tr with
βroot is less than 1 % chord which is ∼ 0.1 mm.

The curves in Fig. 3.14 corresponding to Retip = 4.8 × 105 and Retip = 7.3 × 105 both exhibit an
increase in slope (δ (x/c)tr /δβroot) as the transition position moves upstream of x/c ∼ 0.75. In
turn, the slope decreases again as transition moves upstream of approximately x/c ∼ 0.5. The
change in transition position relative to the change of the pressure gradient on an airfoil is smaller
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Figure 3.14: Detected transition positions at r/R = 0.77 and r/R = 0.53 vs. collective pitch for all
data points.

in regimes where adverse pressure gradients are high as compared to areas with more moderate
adverse pressure gradients or where the flow is accelerated [47]. Hence, the observed change
in slope suggests that the pressure distribution on the DSA-9A airfoil exhibits stronger adverse
pressure gradients at x/c > 0.75 than further upstream where δ (x/c)tr /δβroot is larger. This is
confirmed by the surface pressure investigations in Sec. 2 and in previous studies on the same
airfoil [39]. The finding is further discussed in Sec. 3.4.1.

It is also noticeable that for most data points displayed in Fig. 3.14 the detected transition positions
at r/R = 0.53 (open symbols) are further upstream compared to those detected at r/R = 0.77. A
spanwise distribution of the detected transition positions including its onset and end are plotted for
a sample data point in Fig. 3.16. The detected transition region covers about 15 – 20 % percent
of the chord at each radial section and varies over 20 % in (x/c) across the span. The resulting
spanwise transition position is influenced by various factors which partly counteract and therefore
are hard to be isolated. An increase of relative Reynolds number towards the tip would cause
transition to move upstream [129], whereas the negative blade twist leads to radially decreasing
angles of incidence, therefore to more moderate pressure gradients causing a longer extent of
laminar flow [136]. Additionally, transition is influenced by the induced downwash velocity of the
tip vortex especially close to the blade tip, which is noticeable for r/R > 0.9 in Fig. 3.16.

The effect of collective pitch on the radial distribution of (x/c)tr at constant Retip = 7.3 × 105 is
presented in Fig. 3.17. As compared to the case shown in Fig. 3.16, the transition line is more two
dimensional for r/R < 0.9 at all collective pitch settings displayed. An upstream movement of
boundary-layer transition can be deduced as βroot is increased. Similar to the observed change of the
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Figure 3.15: Zoom into Fig. 3.14, systematic changes of ∆ (x/c)tr ∼ 1 % can be detected.

slope (δ (x/c)tr /δβroot) in Fig. 3.14 the incremental upstream movement of transition decreases,
despite equidistant steps in βroot, as transition passes x/c ∼ 0.5 which is due to the changing
pressure gradients on the airfoil [47]. Moreover, as the blade loading is increased, a qualitative
change in the detected positions can be observed at the blade tip and chordwise maxima are visible
at r/R = 0.94 for βroot ≥ 11.4°. Following the argumentation of Tanner and Yaggy [151], the
effect might be explained by the contraction of the slipstream, where “the tip vortex creates an
increase in angle of attack outboard of the contracted slipstream and a decrease inboard” [151].
For further insight in this respect, smoke visualizations of the tip vortex dynamics or velocity field
measurements via particle image velocimetry are recommended (see e.g. [164]).

The effect of tip chord Reynolds number on the radial distribution of (x/c)tr at constant blade loading
of CT/σ = 0.010 is presented in Fig. 3.18. As expected from linear stability theory, boundary-
layer transition moves upstream as the Reynolds number is increased, [129]. At r/R > 0.88 the
transition position is influenced by the tip vortex and the radial trend is similar as for the lowest
two collective pitch settings in Fig. 3.17. The tip vortex induces a downwash and eventually leads
to lower effective angles of attack and therefore to boundary-layer transition further downstream.
The effect is more dominant at higher Retip. The findings from Mahalingam et al. [94] imply that,
according to the Kutta-Joukowski theorem, the tip vortex strength (in terms of circulation Γ) scales
according to Γ ∝ Retip · CT/σ if a linear relationship between CT/σ and the geometric angle of
incidence as well as constant viscosity are presupposed. This relationship explains the observed
trends in Fig. 3.17 and Fig. 3.18 as stronger tip vortices induce larger velocities according to the
Biot-Savart law.

The combined effect of changing Retip and CT/σ on the spanwise evolution of the distinctive
boundary-layer transition points is shown in Fig. 3.19. The data points displayed were chosen
according to their similarity in (x/c)tr at r/R = 0.77. The curves coincide for the most part of the
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span and no influence on the length of the transition region can be deduced. The lines for the two
larger Retip are similar close to the blade tip. In contrast the transition line at Retip = 4.86 × 105

reveals stronger radial variations (also at r/R < 0.48) and seems to be stronger influenced by the
tip vortex. Though differences are small, the observation is in line with the scaling of the tip vortex
strength as suggested by Mahalingam et al. [94] as the product between Retip and CT/σ is greatest
for Retip = 4.86 × 105 amongst the cases displayed.
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Figure 3.16: Detected points of boundary-layer transition, onset and end at Retip = 4.8 × 105 and
βroot = 12.3°.
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Figure 3.17: Influence of collective pitch on spanwise transition positions at constant tip chord
Reynolds number of Retip = 7.3 × 105.

Experimental data for selected measurement points is listed in Appendix A. The data include
measurement conditions, integral thrust readings, measured surface pressures at r/R = 0.53 and
r/R = 0.77 as well as transition data, which consists of the TSP results and the detected transition
region, respectively.
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Figure 3.18: Influence of tip chord Reynolds number on spanwise transition positions at constant
blade loading of CT/σ = 0.010.
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Figure 3.19: Combined effect of tip chord Reynolds number and blade loading (Retip and CT/σ)
on radial distribution of distinctive points for boundary-layer transition of data points with similar
(x/c)tr at r/R = 0.77.

3.3.4 Investigation of effect of rotational forces

The effect of rotational forces on boundary-layer transition is studied by comparison of detected
transition positions at a systematic variation of the Rossby number Ro. In Sec. 1.2.3 Ro−1 has been
identified as the relevant scaling parameter for the relative contribution of rotational forces on the
flow [80]. According to Eq. 1.22 Ro−1 is defined as:

1
Ro
=
Ω2r̃c
u2
res

=
(2π frotor)

2r̃c
u2
∞ + (2π frotorr̃)2

=
1

J̃2 + 1
·

c
r̃

(3.2)

In this equation r̃ is the characteristic radial position where rotational forces are investigated and J̃
is the advance ratio based on the corresponding rotation speed. In this investigation it is attempted
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to vary the relative contribution of rotating forces by changing the Rossby number exclusively. At
the same time it is desired to leave the effect of viscous forces and compressibility in terms of Re
and M as well as the influence of pressure forces in terms of cp unaltered. For the investigated
configuration the corresponding parameter variation is realized by comparing transition positions
detected at r/R = 0.77 and frotor = 23.6 Hz with those obtained at r/R = 0.53 and frotor = 35.4 Hz.
Using this method the corresponding Reynolds and Mach number, based on the resultant velocity
ures (see Eq. 3.2), are unchanged while the Rossby number is altered by the varying radial position.

The resulting test conditions for the investigation of the effect of Rossby number on boundary-layer
transition are listed in Table 3.2. Note that due to the low and similar values of the relative advance
ratios J̃ the variation of Ro is mainly accomplished by a variation of r̃/c.

Table 3.2: Test conditions for investigation of rotational effect on boundary-layer transition

Ro frotor, Hz r/R r̃/c J̃ Reres, 105 Mres βroot, °

6.95 23.6 0.77 6.94 0.0281 3.73 ± 0.03 0.220 9.9-13.5

4.76 35.4 0.53 4.76 0.0258 3.75 ± 0.10 0.226 8.5-11.7

To exclude an effect of different pressure forces, the comparison of transition positions should be
carried out at the same effective angle of attack. As it is hard to measure the effective angle of
attack directly, the concept of a “cp-pair” is introduced. Considering that the effective angle of
attack directly affects the resulting surface pressures, the different radial positions for the variation
of Ro are chosen according to the locations of available surface pressure data, which limits the
range of investigated Rossby numbers in this study. In this respect, a cp-pair denotes two data
points at which the respective collective pitch angle βroot causes the same pressure distribution
at r/R = 0.77 and frotor = 23.6 Hz as at r/R = 0.53 and frotor = 35.4 Hz. The data pair then
corresponds to the Rossby numbers Ro = 6.95 and 4.76, respectively, and allows a comparison of
(x/c)tr at same Reynolds and Mach number, as well as at same surface pressures but at different
contributions of rotational forces as expressed by the levels of Ro. The range of tested collective
pitch settings for each Ro-condition is given in Tab. 3.2. It is a subset of all acquired data points
which are listed in Tab. 3.1.

Measured surface pressures of a sample cp-pair are presented in Fig. 3.20. The bar sizes indicate
the 65 % confidence interval, ±σcp , of the corresponding pressure readings. As indicated by the
red arrows, there are three chordwise positions where pressure tap data is available at both radial
sections for comparison. The criterion for a matching pressure distribution is that the differences
between the mean values of each of the corresponding chordwise pressure readings is less than the
lower value of the associated standard deviations σcp . In all cases the values of σcp are less than
≈ 0.02.

The detected spanwise transition positions for the cp-pair displayed in Fig. 3.20 are presented in
Fig. 3.21. Vertical lines mark the radial positions of the measured pressures which were found to
coincide in Fig. 3.20 and which correspond to the different Rossby numbers as indicated.

The transition positions of all cp-pairs found are compared between the two Rossby numbers in
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Figure 3.20: Sample cp-pair suited for investigation of rotational effect. The cases exhibit different
Rossby numbers Ro, yet the same Reynolds numbers and effective angles of attack.

Fig. 3.22. A total of 16 data pairs were found within the tested range of βroot at the corresponding
Rossby numbers (see Tab. 3.2) where the measured boundary-layer transition can be compared
exclusively with respect to the effect of rotational forces. Neither the collective pitch angles nor
the integral blade loading of the corresponding cp-pair data points are the same. For this reason,
the corresponding pairs are simply numbered and sorted according to the associated collective
pitch setting in ascending order for the plot in Fig. 3.22. A comparison of the corresponding
transition positions for the two Rossby numbers reveals no distinguishable differences. In fact, the
detected transition positions at both Rossby numbers agree to within the margin spanned by the
corresponding standard deviations. Hence, an effect on the chordwise extent of laminar flow, due
to the exclusive change of the relative contribution of rotational forces, can be excluded. This is the
case for all displayed cases, i.e. where transition occurs in the range between 0.4 < (x/c)tr < 0.8.

It should be underlined that the presented data for the variation of Rossby number is not biased by
an effect of the acting viscous forces. Therefore, the chord Reynolds numbers corresponding to
the cp-pair data points used to investigate the rotational effect in Fig. 3.22 are plotted in Fig. 3.23.
Although deviations in the associated Reynolds numbers exist, they are only in the order of 2 -
3 %. And more important, it can be deduced that the deviations in Reres between the investigated
Rossby numbers do not systematically correlate with the differences in the detected transition
positions of the corresponding cp-pairs, which are insignificant. It can therefore be concluded that
the investigation of rotational effects on boundary-layer transition is not biased by the measured
differences in chord Reynolds number which are therefore negligible.
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Figure 3.22: Effect of Rossby number on boundary-layer transition for all cp-pairs denoting
comparable surface pressures as well as similar resultant chord Reynolds and Mach numbers. Data
points presented in Fig. 3.20 and Fig. 3.21 are highlighted by the red ellipse.

3.3.5 Relative effect of non-adiabatic wall temperature

For wall-bounded flows in air a heating of the surface creates a viscosity gradient close to the
wall which destabilizes the boundary-layer [129] eventually causing premature transition as for
instance observed by Fisher and Dougherty [37]. When comparing different data points in this
campaign with respect to each other it has to be ensured that the blade heating does not introduce a
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bias. Especially in view of the investigation of the effect of rotational forces it should be affirmed
that the employed blade heating does not have a different effect on boundary-layer transition when
comparing for instance data points at different rotating speeds against each other. In order to obtain
the non-adiabatic wall temperature from the presented intensity ratios the Ru(phen) based TSP
sensor was calibrated prior to the test. TSP intensity values and temperatures are related by the
following calibration polynomial:

Iref
I
=

2∑
i=0

ai

(
T

Tref

) i
(3.3)

In this equation ai are calibration coefficients and Tref is the temperature distribution on the blade
surface at reference conditions, i.e. without additional blade heating (see Fig. 3.5). The temperature
sensitivity in terms of “percentage intensity change - per - Kelvin” comprises 2.3 %/K at 293 K
and 100 kPa. The reference temperature distribution is presumed to satisfy the two-dimensional
relation for the adiabatic wall recovery temperature Taw (see Eq. 3.4) as it is applied above for the
temperature correction of surface pressure investigations with PSP on the same configuration (see
Sec. 2.2.5) as well as on helicopter rotor investigations in forward flight condition [21].

Tref(r) ≡ Taw = T∞ +
γ − 1
γ

r(Pr) ·

(
v2
∞ + (2π frotorr)2

)
γRair

(3.4)

In this equation γ and Rair are the ratio of specific heats and the gas constant for air calculated at
measured inflow conditions. The recovery factor r(Pr) is considered for a laminar boundary-layer
at a Prandtl number of Pr = 0.72, i.e. r(Pr) = 0.85 [30]. T∞ is obtained by anchoring Tref(r) at
r/R = 0.65 where the temperature was measured by the Pt100 probe and setting Tref(0.65 R) ≡
TPt100. The surface temperature is then obtained by solving the calibration polynomial in Eq. 3.3.
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The assumption of a constant recovery factor along the chord is a simplification and introduces
an uncertainty because the turbulent recovery factor is slightly higher (≈ 0.90 [30]) than the
corresponding laminar value and it is not a priori known whether the temperature probe reading
is obtained within a laminar or turbulent flow regime. However, the natural difference in the
viscous heating is more than an order of magnitude less than the temperature difference obtained
by heating up the blade by the halogen spot lights. Therefore, the uncertainty introduced by the
deviation of Taw can be neglected. Moreover, the effect of surface heating on premature transition
depends rather on the non-adiabatic wall temperature ratio than on absolute values. A relation
for the relative decrease of transition Reynolds number (with the transition position as reference
length) due to non-adiabatic surface temperatures is reported by Fisher and Dougherty [37]:

Rextr

Rextr,aw

=

(
Tw
Taw

)−7
(3.5)

The relation was found from transition measurements in flight tests and wind tunnel experiments
on a 10° cone which was investigated at zero and small angles of incidence. Costantini et al. [17]
showed that the destabilizing effect is significantly weaker if transition occurs in adverse pressure
gradient regions as it is the case in the present study. For this reason Eq. 3.5 can be regarded as an
upper limit when estimating the relative change of transition positions due to non-adiabatic wall
heating in the present study.

In order to investigate the consistency of the applied heating, the non-adiabatic wall temperature
ratio Tw/Taw was calculated from the intensity ratios by solving the calibration polynomial for
T/Tref (Eq. 3.3 with Tw/Taw ≡ T/Tref) and assuming Eq. 3.4 for Tref. The wall temperature ratio
is extracted as average value of a 25 × 25 nodes region of interest inside the turbulent wedge at
r/R = 0.92 (see Fig. 3.7). In this way it is ensured that the values to be compared are all extracted
at similar, that is fully turbulent, conditions. The extracted values are plotted in Fig. 3.24 against
collective pitch for all data points investigated. It can be deduced that the wall temperature ratio
is shifted towards higher values as the tip Reynolds number is decreased. The finding satisfies the
expectation that the blades are cooled down faster at higher rotation rates. Since the heated TSP
images are acquired right after heating was applied, i.e. while the flow is cooling the blade surface,
the non-adiabatic wall temperature ratios are comparatively lower at higher Retip. Recall that the
data points considered for the investigation of rotational effects (in Fig. 3.22) are extracted out of
the series at Retip = 4.86 × 105 and 7.34 × 105, respectively. The different temperature ratio levels
are approximated in Fig. 3.24 by the dashed lines at Tw/Taw ≈ 1.006 and 1.004 for the lower and
higher rotating speed, respectively.

Considering the approximated values for the wall temperature ratios in the relation 3.5, the relative
difference in transition position between Retip = 4.86 × 105 and 7.34 × 105 is about 1 % of the
chord. This is in the range of the reported precision of the transition position detection in this
study. Therefore it is assumed that the blade heating does not have a relative influence when
comparing the obtained transition data against each other. The absolute influence of the measured
non-adiabatic wall temperatures is addressed in section 3.4.2.
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Figure 3.24: non-adiabatic wall temperature ratio Tw/Taw evaluated within the turbulent wedge at
r/R ≈ 0.92 against collective root pitch for all data points investigated.

3.4 Comparison to 2D computations employing LST for transition prediction

Based on the results discussed in the previous section, a stabilizing effect of rotational forces on
boundary-layer transition is insignificant for the investigated configuration. It is therefore inferred
that influences of rotation on the three-dimensional deformation of the boundary-layer itself, i.e.
centrifugal pumping (see Sec. 1), and on the corresponding stability characteristics are small. For
this reason the investigation in the following section intends to compare the experimental results
to numerical simulations which are inherently limited by two-dimensional assumptions for both
boundary-layer flow and the corresponding stability characteristics. More precisely, the capabilities
of industry-oriented numerical tools are exploited in order to

• Check the agreement between measured and calculated surface pressures and

• To investigate the coherence of measured boundary-layer transition data with numerical
simulations based on two different eN -methods, both in the framework of 2D local LST.

The comparative study is performed for experimental data extracted at 77 % of the blade span.
It corresponds to the location where, in addition to measured transition positions, most data is
available from pressure transducers (see Fig. 2.12). However, also at r/R = 0.77 the spatial
resolution of pressure sensors is insufficient to prescribe the streamwise pressure gradients needed
as boundary condition for an appropriate boundary-layer solution (see Eq. 1.4). For this reason,
measured surface pressures are assimilated by numerical computations using the 2D transonic
Euler-/ boundary-layer code MSES [25]. The tool was originally developed for airfoil design pur-
poses [23, 44, 45] and allows robust and automated analyses of aerodynamic airfoil characteristics
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at short computing time. According to Smith et al. [144] MSES yields similarly accurate results
in terms of integral lift and drag predictions when compared to more sophisticated Navier-Stokes
solvers, especially at subcritical Mach numbers (M < 0.6) and under attached flow conditions.

The flow solution in MSES which best resembles the experimentally obtained surface pressures is
then used for further analysis aiming to find transition N-factors using two different methods, both
based on two-dimensional linear stability theory (2D LST). The first approach is implemented in
MSES directly. In this work it is referred to as the approximate eN -method as being a simplified
version of the originally proposed procedure by van Ingen [60] and Smith and Gamberoni [143]
(see also Sec. 1.2.1). Implementation of the approximate method is described in detail by Drela
and Giles [26] and briefly outlined in Sec. 3.4.1. The second approach is in line with the originally
proposed procedure by van Ingen [60] and Smith and Gamberoni [143]. It is therefore denoted as
the original eN -method for better distinguishability from the former. The original method employs
the compressible boundary-layer solver COCO [133] and the linear stability equation analysis tool
LILO [134] both of which are further described in Sec. 3.4.2. Both COCO and LILO are currently
applied in research and industry. For instance, the tools are employed as essential elements of the
transition prediction module [74, 75] implemented in the state-of-the-art Navier-Stokes solver TAU
[139] of the German Aerospace Center (DLR). The module is employed for automated transition
detection of flows over complex three-dimensional, yet non-rotating, aircraft geometries and has
matured for industrial applications [73].

Other than being based on the same pressure distribution, there is no direct coupling between
results obtained from MSES and the solutions of the boundary-layer flow in COCO along with
the resulting stability characteristics calculated in LILO. In fact, the results in terms of the critical
transition N-factor are expected to disagree because of the differences in the applied procedures
and the involved flow assumptions (see Sec. 3.4.3).

3.4.1 Coupled Euler-/boundary-layer computations

Calculation of surface pressures In MSES the flow domain is divided into the viscous boundary-
layer and the inviscid potential flow. The inviscid part is described by the compressible Euler
equations in integral form for steady 2D flow. The exact equations are described by Giles and
Drela [44]. The flow variables are discretized on an intrinsic streamline grid and the stream-
lined coordinate system allows for automated grid generation and adaptation to alternating flow
conditions, e.g. at changing angles of attack, which speeds up the computations. The viscous
boundary-layer flow is described by a compressible two equation integral formulation as detailed
by Drela and Giles [26]. The laminar and turbulent boundary-layer solutions depend on the shape
factor H12, the momentum thickness δ2, the corresponding Reynolds number Reδ2 and the Mach
number at the boundary-layer edge. The closure relations for the laminar boundary-layer, which de-
scribe the inter-dependencies of the remaining unknowns in the governing equations, are based on
boundary-layer solutions relying on the Falkner-Skan velocity profile family [34]. Boundary-layer
transition is modeled with an approximate eN -method which is part of the laminar boundary-layer
formulation and briefly outlined in the next section. The turbulent formulation comprises an extra
“lag” equation which accounts for lags in the response of the turbulent stresses and in principle
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models the turbulent intermittent region as the flow changes from laminar to turbulent. More
detailed information on the exact closure relations for both laminar and turbulent boundary-layers
as well as the corresponding discretized equations are provided by Drela and Giles [26]. The
solutions of the Euler and boundary-layer equations are obtained simultaneously and they are fully
coupled via the displacement thickness δ1 (see Eq. 1.9), which poses the lower boundary of the
inviscid domain when added to the prescribed airfoil contour.

The approximate eN - method in MSES In MSES the laminar boundary-layer is locally pre-
scribed by a profile corresponding to the family of one-parametric Falkner-Skan solutions [34].
The free parameter defines the shape of a self-similar profile and is related to the streamwise
pressure gradient, which in turn is also manifested in the shape factor H12 (see Sec. 1.2.1). The
approximate eN -method in MSES makes use of a database comprising the stability characteristics
of the Falkner-Skan profile family. The database has been computed in advance and is accessed
during the integral boundary-layer computation using the local shape factor H12 and the mo-
mentum thickness Reynolds number Reδ2 as coupling parameters. Reδ2 expresses the dependency
on the streamwise coordinate and is defined as Reδ2 = ueδ2/ν, where ue denotes the velocity at
the boundary-layer edge. Growth rates of amplified instabilities are obtained from solutions of
the Orr-Sommerfeld equations [104, 145] according to 2D local incompressible LST for many
different self-similar Falkner-Skan profiles, corresponding to many different values of H12, and
integrated along increasing Reδ2 . Following the idea of Gleyzes et al. [46] the envelopes of integral
growth rates at constant H12 are approximated for different amplified frequencies by straight lines
according to:

N(Reδ2,H12) =

[
dN

dReδ2

(H12)

]∗ [
Reδ2 − Reδ20

(H12)
]

(3.6)

The zero crossing Reδ20
(H12) corresponds to the momentum thickness Reynolds number at the

indifference point, denoted by the subscript 0, which is the starting point of the streamwise
integration of growth rates. Both slope and zero crossing are empirical relations entirely dependent
on H12 and explicitly formulated in [26]. The asterisk ∗ in Eq. 3.6 denotes a value from a straight
line approximation of the envelope of integral growth rates for several different frequencies at
constant H12 as sketched in Fig. 3.25a. By this method, the frequency dependency of integrated
growth rates is lost. The loss of information on the unstable frequencies poses the major difference
to the original eN -method. Equation 3.6 holds for self-similar flows. In practice however, e.g. for
the flow over an airfoil, H12 changes constantly and the flow is not self-similar. The actual envelope
curve is obtained from an integral of the estimated slopes in Eq. 3.6 along the streamwise distance
x according to:

N(x) =
∫ x

x0

[
dN

dReδ2

(H12)

]∗ dReδ2

dx
dx (3.7)

Transition sets in if the threshold Ncr is reached. In the equation above the derivative of Reδ2 with
respect to x is obtained directly from the governing integral momentum equation (see [19]). As
reported in [26] integration over the streamwise distance rather than over Reδ2 (as in [46]) allows
to determine integrated growth rates over the laminar portion of a separation bubble in a more
realistic fashion.
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The described envelope method was analyzed by Dini et al. [20]. As it can be inferred from Eq. 3.6
linearly approximated integral growth rates are equivalent to the original integral growth rates for
self-similar flows, i.e. at constant H12, with existing deviations due to the linear approximation
only. Differences are large in vicinity of the indifference point. However, a systematic deviation to
the original envelopes is introduced for non-similar flows with changing values for H12. This is in
principal due to the loss of frequency information of the integrated growth rates. The systematic
deviation is demonstrated in [20] and nicely illustrated by Lutz [90] using the extreme example of
a step increase of the shape factor H12 in streamwise direction along Reδ2 , see Fig. 3.25b.
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Figure 3.25: a) Linear approximation of maximum integral growth rates of TS waves as originally
proposed by Gleyzes et al. [46] b) Sketch illustrating systematic deviation of approximate eN -
method to the original method by means of a step increase in H12, according to [90]

For a disturbance of given frequency f the original amplification curve N( fTS) is composed of parts
corresponding to N( fTS,H12,I) and N( fTS,H12,II). Application of the approximate envelope method
would yield the dashed envelope which is flatter than the curve using the original method. Dini
et al. [20] state that if a monotonically increasing shape factor is approached by the approximate
envelope method using a series of infinitesimally small steps in H12, “the resulting growth of N will
never be able to catch up with the value obtained from a self-similar profile at the same local shape
factor and Reynolds number”. In Fig. 3.25b the values “obtained from a self-similar profile at same
local shape factor and Reynolds number” correspond to the values of N( fTS) denoted by the solid
red curve downstream of the step. For this reason the approximate envelope method systematically
underestimates Ncr at increasing H12 which corresponds to streamwise decelerated flows. The
opposite holds for streamwise accelerated flows at decreasing H12, where Ncr is overestimated by
the approximate method.

Because the critical N-factor as obtained by the approximate envelope method depends on the
evolution of H12, which in turn is a function of the pressure distribution, it is concluded that Ncr
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from MSES is a characteristic parameter depending on e.g. the employed airfoil on which transition
is investigated. This is confirmed by experimental investigations of Würz [168]. He showed that
application of the approximate envelope method on different airfoils, but investigated under similar
flow conditions, showed higher scatter in Ncr than the application of the original eN -method.

Results In Fig. 3.26 measured surface pressures at r/R = 0.77 are plotted as cp against x/c for
a sample data point at βroot = 12.3° and at a rotating speed corresponding to resulting Reynolds
and Mach numbers of Re0.77R = 3.75 × 105 and M0.77R = 0.22. Computations were performed
at these conditions for various angles of attack αMSES and critical N-factors. The best fit between
experimental and calculated pressures was found at αMSES = 1.05°. The corresponding numerical
pressure distributions are added to the graph for three different values of Ncr. The overall influence
of Ncr on the pressure distribution is small, yet an upstream movement of a “kink” can be distin-
guished between 0.45 ≤ x/c ≤ 0.62 as Ncr is reduced. This feature is attributed to the sudden
thickening of the boundary-layer resulting from laminar-turbulent transition [114]. The calculated
results for all three critical N-factors presented fit the pressure tap readings to within the bar sizes
which indicate the measured standard deviation in cp (σcp is in less than 0.02 for all cases). An
assertion on the critical N-factor based on the pressure data presented in Fig. 3.26 is therefore not
feasible. Instead, a comparison of the independently obtained surface temperature to the numerical
skin friction results is better suited to provide an estimate of the critical N-factor.

x

Figure 3.26: Comparison of measured surface pressures at r/R = 0.77 and βroot = 12.3° to
MSES results at αMSES = 1.05° and at

(
Re0.77R = 3.75 × 105; M0.77R = 0.22

)
for different critical

N-factors.

The corresponding chordwise temperature distribution obtained by TSP and the calculated friction
coefficients cf (see Eq. 1.13) corresponding to the three chosen values of Ncr are displayed in
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Fig. 3.27a and Fig. 3.27b, respectively. Note the expected opposing trends between skin friction
and surface temperature. High values of cf close to the leading edge cause low surface temperatures
due to more efficient cooling as compared to regions where cf is low. One can also distinguish
a slight change in the gradient of the rising temperature at x/c ≈ 0.2 which corresponds to the
beginning of a relatively low cf -plateau. The opposing trends continue in the transition region
where the drop in temperature coincides with the rise in cf . The corresponding trends follow the
Reynolds analogy and have similarly been observed by Richter et al. [121] on model and full
scale helicopter blades in hover using IR for transition measurements. It should be noted that
in MSES only the transition onset is provided. However, the resulting cf distribution allows to
define a transition point, (x/c)tr,MSES, at the location of the maximum gradient (in analogy to the
TSP data analysis, see Fig. 3.8) and also the end of transition which is often associated with the
local cf -maximum [2]. For the case presented it is found that the numeric solution obtained for
Ncr = 5.5 matches the corresponding experimental results best. The finding is illustrated by the
associated lines marking the transition regime for Ncr = 5.5 in Fig. 3.27b.

TSP data: r/R = 0.77; root = 12.3°; Re
0.77 R

= 3.75 x 105

(x/c)(x/c)
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Figure 3.27: Comparison of a) TSP data and detected boundary-layer transition regime to b) cf
distributions obtained with MSES for the cases presented in Fig. 3.26.

To enable a comparison between numerical and experimental data for the whole data base presented,
a data assimilation procedure was established as sketched in Fig. 3.28. Computations were
performed at the conditions corresponding to the three tested Mach/ Reynolds number combinations
at r/R = 0.77 (see Tab. 3.1). For each condition polars were calculated with various prescribed
transition N-factors Ncr,i as well as for a fully turbulent boundary-layer. In this context a polar
corresponds to computations at angles of attack between−2° ≤ α ≤ 6° at increments of∆α = 0.05°
and at a constant value for Ncr. The angles of attackαbest and the transition N-factor Ncr,best, yielding
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Figure 3.28: Data assimilation scheme for data points at conditions listed in Table 3.1
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the surface pressure distributions and the transition positions, which best fit to corresponding
experimental data, are found iteratively. For each experimental data point the measured surface
pressures, cp,exp, are compared to numerical values of all pressure distributions, cp,MSES, from a
computed polar. Initially, the fully turbulent polar is taken for comparison, since Ncr is unknown.
The value for αbest is found by searching for that numerical cp-distribution out of the polar which
yields the minimum root-mean-square (RMS) value of the differences between measured and
calculated cp-values at the associated chordwise positions

(
∆cp,RMS → min.

)
. The RMS delta of

the differences is calculated according to Eq. 3.8.

∆cp,RMS =

√
1

nsensors

nsensors∑
i=1

(
cp,exp,(x/c)i − cp,MSES,(x/c)i

)2 (3.8)

The calculation is performed using available pressure data at six chordwise positions on the suction
side, at x/c = 0.028, 0.110, 0.194, 0.310, 0.620, 0.806, and at one position on the pressure side,
x/c = 0.063. The resulting value for ∆cp,RMS can be regarded as the effective difference between
numerical and experimental surface pressures. Once every measurement point has been assigned
to a best fitting numeric angle of attack (αbest ↔ βroot) the experimentally measured transition
positions can be plotted against αbest, (x/c)tr, TSP vs. αbest, and compared to the calculated transition
polars, (x/c)tr,Ncr,i vs. α, obtained from different Ncr,i. This way, a best matching critical N-factor,
Ncr,best, is found. However, the pressure distribution cp (αbest) depends on the value for Ncr, which is
used in the cp-comparison, and especially differs in the fully turbulent case. Therefore, it has to be
ensured that the best fitting pressure distribution obtained from the cp-comparison, cp,MSES (αbest),
is the same as the pressure distribution of the best matching transition polar at that angle of attack,
which is cp,MSES

(
α = αbest; Ncr,best

)
. If this is not the case, the cp-comparison is repeated with the

calculated polar obtained using the current Ncr,best. In fact, after two to three iterations the loop
converged for the polars at all of the conditions tested. This means that the pressure distributions
used to obtain αbest are obtained at that value of Ncr which also delivers the best fit of numerically
obtained transition positions to experimental data.

The data assimilation results for all data points are presented in Fig. 3.29a-d. The angles of attack
αMSES corresponding to the best fitting pressure distributions are plotted in Fig. 3.29a against the
corresponding experimentally adjusted root pitch angle βroot. A linear dependency can be deduced
for all test conditions as expected. Whereas the lines for the two higher Reynolds numbers nearly
coincide, a small offset towards higher α is distinguishable for the lowest Re0.77R. Because α can be
regarded as the effective angle of attack at r/R = 0.77, one can conclude that the induced velocity
by the rotor at Re0.77R = 3.74 × 105 is slightly lower than in the other two cases. The exact reason
for this observation remains unclear, especially since the relative blade loading is very similar and
does not differ in the same manner (see Fig. 3.2), meaning that it is not comparatively lower at
Re0.77R = 3.74 × 105.

In Fig. 3.29b the effective differences between numerical and experimental surface pressures
∆cp,RMS (see Eq. 3.8) are plotted for the validated cases. The assimilated pressure distributions
exhibit RMS deltas of generally less than 0.02 with increasing deviations at higher Re0.77R. Com-
paratively high ∆cp,RMS values can be deduced for high values of βroot at Re0.77R = 5.65 and
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Figure 3.29: Data assimilation results obtained from MSES computations. Color coding is the
same in all graphs.
a) Angle of attack α corresponding to best fitting cp-distribution against root collective pitch βroot
b) Effective difference between numerical and experimental surface pressures ∆cp,RMS vs. root
collective pitch. Data points with comparatively bad fits within a series are highlighted in blue
c) Measured and simulated transition positions (x/c)tr at Ncr = 5.4, 5.6 and 5.8 against angle of
attack α
d) (x/c)tr against shape factor at corresponding transition onset location H12,MSES,onset for calculated
polars presented in c). The chordwise range where transition is experimentally detected is confined
by color coded horizontal bars, respectively.
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7.21 × 105. The corresponding data points are marked in blue. It is assumed that the poor fit qual-
ity is due to a reduced ability of MSES to compute these data points accurately. As they are high
thrust points, it is probable that the Euler-/boundary-layer code is less accurate for points where
a non-linear boundary-layer thickening prior to stall is present. Other than that the assimilation
procedure worked similarly accurate for all other data points at same Re0.77R.

The measured transition positions are compared to simulations at Ncr = 5.4, 5.6 and 5.8 and plotted
against angle of attack in Fig. 3.29c. Nearly all measured data points are within the calculated band
spanned by the polars obtained when using the transition N-factor range of Ncr = 5.6±0.2. In other
words, MSES simulations at Ncr = 5.6 predict the measured boundary-layer transition positions to
an accuracy of better than ∆(x/c)tr = ±0.04. The overall best matching transition N-factor of 5.6
deviates slightly from the suggestion of Ncr = 6 by Lang et al. [77]. They conducted transition
measurements in the same test facility but on a different rotor equipped with a modified NACA0015
airfoil and Ncr was also obtained by comparison to MSES computations. In their study transition
was triggered by a laminar separation bubble where the streamwise N-factor gradient is especially
large and thus compromises the calibration capability for Ncr [103]. In this study an indication on
the transition mechanism can only be deduced from the assimilated MSES solutions which show
overall positive values for cf at almost all data points indicating natural Tollmien-Schlichting (TS)
transition and no occurrence of a laminar separation bubble. The only exception to this is the
data point acquired at Re0.77R = 7.21 × 105 at βroot = 17° corresponding to α = 4°, where MSES
predicts a laminar separation bubble.

In order to characterize the boundary-layer state of the cases where transition to turbulence is
measured, the shape factor H12,MSES,onset (see Eq. 1.11) is extracted at the position of the corres-
ponding simulated transition onset. The onset position, as immediately provided by MSES, is
considered for this purpose because it characterizes the laminar boundary-layer which is about to
become turbulent. When plotted against the transition position, defined by the strongest gradient
in cf (see Fig. 3.29d), the range of shape factors can be identified in which transition was measured
for each Re0.77 R. This is done by comparing the graph to Fig. 3.29c and confining the chordwise
ranges, in which experimental data is available by bold horizontal lines as depicted in Fig. 3.29d,
respectively. For comparison, the shape factor of a Blasius boundary-layer is added to the graph.
All extracted shape factors correspond to decelerated boundary-layers

(
H12,MSES,onset > 2.6

)
with

especially strong adverse pressure gradients
(
H12,MSES,onset > 3

)
where transition was detected

upstream of (x/c)tr = 0.4 and downstream of (x/c)tr = 0.75. There is a link between the shape
factor distribution in Fig. 3.29d and the change of the transition position with changing angle of
attack (i.e. δ(x/c)tr/δα) in Fig. 3.29c. Relatively high values of the shape factor at the measured
transition onset position mean that transition occurred in a chordwise region where the adverse
pressure gradient is comparatively large. It is known that the change in transition position relative
to the change of the pressure gradient on an airfoil, which corresponds to δ(x/c)tr/δα, is smaller
in regimes where adverse pressure gradients are high, as compared to areas with more moderate
adverse pressure gradients or in accelerated flow regimes [47, 161]. This is confirmed by the slope
of the transition positions in Fig. 3.29c, which is comparatively small in chordwise regions where
the shape parameter is high and vice versa.
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3.4.2 Linear stability analysis

Based on the best fitting pressure distribution at known Mach and Reynolds number from MSES
and assuming both adiabatic and non-adiabatic wall surface temperatures (see Sec. 3.3.5), the
boundary-layer solver COCO [133] is used to compute velocity and temperature profiles. These
solutions serve as input for the linear stability equations solver LILO [134].

The original eN - method employing COCO and LILO In COCO the boundary-layer equations
are formulated in cylindrical coordinates for compressible flow around a conical swept wing (see
[133]). In this work the boundary layer is investigated assuming 2D and compressible flow. The
corresponding governing equations in COCO result as the limit for an infinitely swept wing which
in turn are a specialization of the conical wing equations with zero sweep angle. When expressed
in cartesian coordinates with x and y denoting the streamwise and wall normal directions, the
governing equations reduce to the 2D compressible boundary-layer equations as defined in Eq. 1.3-
1.6. Computations are performed based on the adiabatic and non-adiabatic wall temperatures as
obtained according to the description in Sec. 3.3.5. Velocity profiles and, for non-adiabatic flows,
also temperature profiles are calculated using a system of differential equations with an approach
as detailed in [133].

Amplification rates are calculated using the stability analysis tool LILO. This is done according
to 2D local LST assuming parallel flow as described in Sec. 1.2.1. The differential equations for
the disturbances are formulated for compressible flow as derived by Schrauf [130–132]. The code
is processed using the disturbance approach in Eq. 1.15 according to spatial theory for real values
of Tollmien-Schlichting frequencies and also allowing waves in chordwise direction only. The
effect of compressibility on calculated stability characteristics can be suppressed by setting the
Mach number in the stability equations to zero, whereby the disturbance relations reduce to the
Orr-Sommerfeld equation. Recall from Sec. 1.2.1 that this is the underlying relation for stability
analysis inherent to the above mentioned approximate eN -method. For better comparability,
the stability analysis tool LILO is used to perform both compressible and incompressible stability
analysis. Integral disturbance growth rates are obtained using the implemented and fully automated
“prescribed frequency/ prescribed propagation direction integration strategy” [134]. In this context
the propagation direction is forced in streamwise direction and growth rates are computed for in total
40 different frequencies. The relevant band comprising the amplified spectrum was predetermined
using an implemented frequency estimator. The growth rates are integrated for each frequency
along the streamwise coordinate and the maximum logarithmic amplification ratios are obtained
according to the procedure outlined in Sec. 1.2.1 and sketched in Fig. 1.8. LILO is also capable
of accounting for non-adiabatic surface temperature effects on the stability characteristics by
considering the temperature profiles as calculated in COCO for the non-adiabatic condition.

Stability analysis is performed employing both the compressible and incompressible set of stability
equations as well as assuming adiabatic and non-adiabatic wall temperatures (see section 3.3.5),
respectively. Unless otherwise stated, the presented results correspond to compressible calculations
under non-adiabatic wall temperature conditions.
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Results Integral growth rates are plotted as N-factor in Fig. 3.30a and Fig. 3.30b along with
the corresponding pressure distributions against the chordwise coordinate for several unstable
TS frequencies at sample data points corresponding to Re0.77 R = 3.73 × 105 and 7.22 × 105,
respectively. As expected from linear stability theory higher frequencies are amplified further
upstream, reach a maximum and begin to be damped while lower frequencies continue to be
amplified. The red curve denotes the envelope, which combines the integral growth rates of
the most amplified frequency at each chordwise position. The transition N-factor is found by
extracting the value of the envelope curve at the chordwise position of the measured transition
onset (see Fig. 3.8). A corresponding behaviour between the chordwise slope of the N-factor, i.e.
the local disturbance growth rates, and the pressure gradient can be distinguished. As expected
from boundary-layer theory [129, 152] and known from experimental validation [83, 136], higher
adverse pressure gradients cause increased amplification of disturbances. Moreover, and also in
accordance with theory, the amplified frequencies are higher for the larger Reynolds number in
Fig. 3.30b as compared to the amplified frequencies in the lower Reynolds number case, plotted in
Fig. 3.30a.

Transition N-factors could not be found for all data points. The correlation failed for those cases
(not shown), where the measured transition onset lies downstream of the last chordwise position
where N-factors are calculated in LILO. Note in Fig. 3.30 that the N-factor curves stop either
downstream of their maximum in a region where the corresponding frequency is already damped
or in the vicinity of the chordwise position where the kink is distinguishable in the corresponding
pressure distribution. In the former case the stability analysis tool LILO automatically stopped to
calculate growth rates of already damped TS frequencies as they are not expected to be amplified
again. In the latter case the boundary-layer equation solver COCO could not find a boundary-layer
solution which could be used in LILO to perform stability analysis. This is because COCO indicates
laminar separation which is triggered by the visible pressure increase, i.e. the kink. Recall that
the pressure distribution, which is used as boundary condition in the boundary-layer solver COCO,
results from the best fitting MSES solution including transition prediction (at Ncr,MSES = 5.6). As
the MSES solution switches from a laminar to a turbulent boundary-layer the resulting pressure
distribution experiences a pressure increase, denoted as kink, which is due to the thickening of
the boundary layer [114]. Hence, only the pressure distribution upstream of the kink corresponds
to a laminar boundary-layer. Practically only this part is a valid boundary-condition for the
laminar boundary-layer solution obtained by COCO. So, if critical N-factors cannot be correlated
in LILO, it actually means that the measured position of transition onset (used for the correlation)
is downstream of the calculated transition onset in MSES, which eventually causes the kink in the
pressure distribution and in turn COCO to indicate alleged laminar separation. However, due to
the following reasoning it would be misleading to conclude that transition was triggered by laminar
separation bubbles in the cases where the correlation failed. For reasons of robust detectability, the
measured transition onset (x/c)tr,onset is defined in the vicinity of the maximum curvature of the
TSP result (see Fig. 3.8). However, according to the studies by Schubauer and Klebanoff [135] as
well as the work of Owen [107], the actual onset of turbulent intermittency, as measurable by hot-
film sensors, occurs slightly further upstream as compared to the position where a deviation from
laminar flow behaviour is detectable by thermographic methods as TSP. Therefore, the flow cannot
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Figure 3.30: Natural logarithm of integral growth rates as N-factor for several amplified TS-
frequencies and corresponding pressure distribution against chordwise coordinate at Re0.77 R =

3.73×105; βroot = 12.3° in a) and at Re0.77 R = 7.22×105; βroot = 10.2° in b). Transition N-factors
Ncr are correlated at the experimentally deduced transition onset (x/c)tr,onset.



3.4 Comparison to 2D computations employing LST for transition prediction 93

be assumed to be fully laminar anymore at (x/c)tr,onset, which is why the available information does
not allow to deduce the existence of a laminar separation bubble although COCO denotes laminar
separated flow at this position.

All correlated transition N-factors are plotted against the collective pitch angle in Fig. 3.31a and
against the incompressible shape factor as calculated with COCO at the measured transition onset
in Fig. 3.31b. The obtained range of shape factors at transition onset agrees with those computed by
MSES (see Fig. 3.29d). Further analysis of the transition N-factors shows that most data correlate
at Ncr = 8.4 ± 0.5 not showing any dependence on Reynolds number. Note the few exceptions
marked in blue. They correspond to the cases mentioned above in Fig. 3.29b and should be
neglected as the corresponding best matching numerical cp-distributions exhibit large differences
when compared to the other cases of the series at similar Reynolds number. In view of the N-factor
envelopes shown in Fig. 3.30 an uncertainty of ∆Ncr = ±0.5 translates to an uncertainty in a
predicted transition onset of ∆ (x/c)tr,onset ≈ ±0.05. This estimation corresponds to the worst case
where the slope of N with respect to x/c is the flattest.

An estimate of the absolute wall-heating effect can be derived by comparing the data corresponding
to non-adiabatic wall temperatures (filled circles) to the data obtained assuming adiabatic wall
temperatures (open circles). The effect is shown for the lowest Reynolds number, where it is the
strongest as the corresponding level of non-adiabatic wall temperature is the highest (see Fig. 3.24).
The transition N−factors correlate systematically at higher Ncr if non-adiabatic conditions are
presumed with differences in the range of ∆Ncr = 0.2− 0.4. This is expected and can be attributed
to the increased amplification of Tollmien-Schlichting waves on heated surfaces in air [129]. Note
also that the deviations in terms of ∆Ncr are higher at lower collective pitch angles where transition
occurs further downstream when compared to higher collective pitch settings. This is plausible
since the laminar boundary-layer is heated up over a larger streamwise distance at low βroot. In
contrast, no detectable trend in Ncr can be observed with respect to variations of the shape factor
at transition onset.

For the sake of completeness it should be mentioned that correlations for Ncr based on incom-
pressible LST (not shown) are independent of both Reynolds number and collective pitch angle,
similarly as the compressible values for Ncr. According to Arnal [4] higher maximum integral
growth rates are expected for incompressible correlations than if compressibility was considered.
This is because of the damping effect of compressibility on the amplification of TS waves in trans-
itional boundary-layers. This hypothesis could be confirmed in the present study and the mean
of the incompressible transition N-factors was observed to be larger than the compressible value
by approximately ∆Ncr ≈ +0.5. Although the effect of compressibility is comparatively larger
at higher rotating speeds all correlated incompressible transition N-factors are within a band of
similar scatter (∆Ncr ≈ ±0.5) when compared to the compressible values.

3.4.3 Comparison and discussion of correlated transition N-factors

For a better overview the transition N-factors found in this study and the assumptions inherent to
the employed methods are summarized in Tab. 3.3.
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Figure 3.31: Transition N-factors obtained from 2D compressible local linear stability theory
against collective pitch in a) and against incompressible shape factor from COCO at measured
transition onset position in b). Full symbols denote results of boundary-layer computations em-
ploying the measured non-adiabatic wall temperatures as boundary condition. Data points in
blue correspond to cases with comparatively bad matching numerical and experimental pressure
distributions (compare to Fig. 3.29b)
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Table 3.3: Comparison of critical N-factors and inherent assumptions of the methods used

approximate eN -method original eN -method

laminar
boundary-layer

solution

from MSES (see [26]):

• 2D compressible

• integral solution based on
Falkner-Skan profiles

• adiabatic

from COCO (see [133]):

• 2D compressible

• differential solution for velocity
and temperature profiles

• adiabatic vs. non-adiabatic

stability
characteristics

from MSES (see [26]):

• Orr-Sommerfeld solutions of loc-
ally prescribed Falkner-Skan pro-
files (data base)

• 2D parallel local LST, waves in
chordwise direction only

• incompressible

• adiabatic

from LILO (see [134]):

• growth rate calculation of
boundary-layer profiles along
streamwise direction

• 2D parallel local LST, waves in
chordwise direction only

• compressible vs. incompressible

• non-adiabatic vs. adiabatic

growth rate
integration/
-correlation

• linear approx. of envelopes for
Falkner Skan profiles

→ max. integral N-factor is inde-
pendent of fTS

• as originally proposed in [60, 143]

→ max. integral N-factor depends
on fTS

critical N-factor • Ncr,MSES = 5.6 ± 0.2

• Ncr,LILO = 8.4 ± 0.5 (compress-
ible, non-adiabatic)

• ∆ adiabatic ≈ −0.2 to − 0.4

• ∆ incompressible ≈ +0.5

prediction
accuracy

• ∆Ncr,MSES = ±0.2

→ ∆(x/c)tr = max. ± 0.04

• ∆Ncr,LILO = ±0.5

→ ∆(x/c)tr = max. ± 0.05

Note that the values for Ncr, which are calculated with LILO, are significantly higher than the best
value found with MSES. Recall that the measured transition positions are always downstream of the
suction peak and that the shape factors at the detected transition onset denote decelerated flow in
all cases (see Fig. 3.29d and Fig. 3.31b). Moreover, the boundary-layer flow on the convex-shaped
DSA-9A airfoil is not self-similar. Instead, it can be inferred for all data points that in total the
shape factor has increased downstream of the indifference point, which is in the vicinity of the
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suction peak at x/c ≈ 0.12 (see Fig. 3.26), up to the locations where transition was measured
(see Fig. 3.14). Because the approximate eN -method underestimates the critical N-factor in such
cases, the lower value for Ncr,MSES is plausible. Moreover, in view of the above stated shortcomings
of the approximate eN -method (see Sec. 3.4.1 or [20]), one should be aware that an additional
uncertainty in Ncr,MSES is introduced when considering the applicability of Ncr,MSES = 5.6 for
transition prediction on other airfoils than the DSA-9A airfoil.

Strictly speaking, all denoted critical N-factors hold true within the limits of the stated assumptions.
The assumptions expressing the actual measurement conditions with the least simplifications are
resembled by Ncr,LILO = 8.4 ± 0.5 which is based on compressible linear stability theory under
consideration of the present non-adiabatic wall temperature conditions. Moreover, all denoted
critical N-factors pose limiting amplification ratios of disturbances until transition to turbulence is
expected. Therefore, the values have to be considered in view of the corresponding test conditions
in the RTG (see Sec. 3.1), since for instance the initial disturbance amplitude spectrum and the
underlying receptivity mechanisms (influence of model vibrations, noise etc.) are unknown.

The independence from the correlated transition N-factors of Reynolds number, i.e. the rotating
speed, is not necessarily expected. Assuming that the disturbance velocity field of the flow hitting
the blade surface was not altered significantly as the rotation speed is increased, the resulting
turbulence intensity with respect to the speed of the blade would decrease at higher rotation
rates. According to Mack’s findings [92] the transition N-factors would then be expected to
increase with the blade relative Reynolds numbers. Instead, the results suggest that as the rotation
speed is increased, both the incoming turbulence and the receptivity process are altered such that
the correlated N-factors remain roughly constant. A possible reason for the observed behavior
might originate from increased blade vibrations at higher rotation rates, eventually causing higher
velocity fluctuations which are coupled into the boundary-layer and which lead to increased initial
disturbance amplitudes. In this respect more detailed investigations of both the actual velocity
disturbances close to the rotating blade surface and in proximity to the rotor disc would be useful.
Though challenging to obtain, it would foster the understanding of the underlying mechanisms.
However, presuming that 2D LST holds true for the investigated configurations, the transition
N-factor can be utilized to estimate a relative turbulence intensity at 0.77R using Mack’s relation
[92] according to Eq. 1.19.

Tu0.77 R = e(8.43+Ncr,LILO)/−2.4 (3.9)

With Ncr = 8.4 ± 0.5 the turbulence intensity turns out to be Tu0.77 R = 0.09 ± 0.02 %.



4 Concluding remarks

4.1 Summary and conclusion

In this thesis air loads and boundary-layer transition are investigated on a Mach-scaled helicopter
rotor blade configuration in climb. Spatially highly resolved surface pressures and boundary-
layer transition regions were measured on the suction side of the outer 60 % of the rotor blades,
equipped with a DSA-9A airfoil, by means of advanced optical measurement techniques. An
optimized pressure-sensitive paint (PSP) measurement system was applied for surface pressure
measurements and boundary-layer transition was measured mainly by means of temperature-
sensitive paint (TSP) and for comparison also via infrared (IR) thermography. The experiments
were conducted in the rotor test facility of the DLR Göttingen (RTG) and were complemented by
pressure tap measurements on blade sections at two different radii as well as by integral thrust
measurements. The investigated parameter range comprises extensive variations of the collective
root pitch angle at three different rotating speeds spanning tip chord Reynolds and Mach numbers
of Retip = 4.6−9.3×105 and Mtip = 0.29−0.57, respectively. Measured boundary-layer transition
data are specifically evaluated with respect to an influence of rotating forces and experimental
results at selected radial sections are compared to two-dimensional (2D) numerical simulations,
using a coupled Euler/ boundary-layer solver. Finally, the transition prediction capabilities of 2D
local linear stability theory (LST) methods are assessed by correlating transition N-factors with
measured boundary-layer transition data.

The major outcomes are summarized as follows:

1. The optimized PSP measurement system for global surface pressure measurements on fast
rotating blades is presented. The system characteristics are assessed and the technique
is demonstrated to solve the problem of image blur when applied to fast rotating blades.
An optimized image acquisition technique, directly implemented in the camera employed,
allows omitting error-prone post-processing routines or laborious setups to eliminate artifacts
originating from rotational blur. Moreover, the employed single-shot lifetime technique
additionally enables the capture of instationary flow phenomena such as stalled flow regimes.

2. The PSP system was successfully applied to the helicopter blade configuration. The measured
surface pressure distributions yield plausible trends at varying rotation rates and collective
pitch angles and the results reveal flow features such as the footprint of the tip-vortex and the
suction peak parallel to the leading edge. A best-practice comparison between ensemble-
averaged PSP data and fast-response pressure tap readings on the same blade reveals a RMS
level of residual deltas of ∼250 Pa. Surface pressures computed by the 2D coupled Euler/
boundary-layer code MSES are compared to the results measured by PSP at an example
tangential blade section and agree within ∆cp ∼ 0.1, supporting the plausibility of the
experimental findings.

3. Partially stalled flow is detected by means of fast response pressure transducers and in-
tegral thrust measurements for a particular data point. The application of the single-shot
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PSP lifetime technique additionally allowed the identification of stall-related flow regions
comprising relatively increased low-frequent pressure fluctuations.

4. Sample PSP results reveal a chordwise pressure discontinuity just downstream of the suction
peak. Detailed analysis and comparison to results of the separately conducted TSP boundary-
layer transition experiment show the correlation between the observed kink in the PSP results
and the abrupt pressure increase indicative for laminar-turbulent transition on the airfoil
investigated. To the author’s knowledge this is the first published work where boundary-
layer transition could be distinguished in PSP data on fast rotating blades emphasizing the
capability of the optimized measurement technique to capture spatial pressure gradients in a
precise manner.

5. The boundary-layer transition results obtained by TSP and IR are comparable in those regions
of the blade surface where free transition is observed. IR results were obtained on the blade
equipped with pressure sensors and revealed turbulent wedges emanating downstream of
the wall tappings. TSP results turned out to be beneficial for further processing due to the
homogeneously polished surface. In contrast a visible effect of boundary-layer receptivity to
surface roughness appears in the IR results of a partly worn out and uncoated blade surface.

6. An algorithm is presented, capable of detecting the transition position as well as onset and
end of the transition zone. It is applied for all data points and at various radial positions
across the blade. The quality of the results allows the detection of the transition position with
a precision of better than 1 % chord (i.e. ≈ 0.7 mm) at varying collective pitch. Together
with corresponding pressure tap data at two radial blade sections and the associated integral
thrust measurements, post-processed transition data has been collected to establish a data
base ready to use for validation purposes of advanced three-dimensional flow solvers of rotor
flows including transition prediction capabilities.

7. Analyses of the boundary-layer transition measurements show expected trends of the trans-
ition position moving upstream at both higher collective pitch and increasing tip chord
Reynolds number. Detailed analyses reveal a correlation between the change in chordwise
transition location with collective pitch and the pressure distribution on the investigated
DSA-9A airfoil. An effect of the tip vortex on boundary layer transition was identified as a
function of both blade loading coefficient and tip chord Reynolds number.

8. Boundary-layer transition data are specifically analyzed with respect to the influence of
rotating forces at Re = 3.74× 105 and M = 0.22 by variation of Rossby number Ro between
the two values Ro = 6.95 and Ro = 4.76. The lower number denotes a relatively higher
contribution of centrifugal and centripetal accelerations to the quasi-steady equilibrium of
the investigated flow. The variation of Ro in this study reveals no measurable effect of
rotating forces on the detected transition positions. Bias effects due to non-similar chord
Reynolds numbers and relatively different non-adiabatic blade surface temperatures could
be excluded when comparing data at the stated Rossby numbers. It is therefore concluded
that a stabilizing effect of rotational forces on boundary-layer transition is insignificant on
the DSA-9A airfoil suction side and within the stated parameter range.
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9. The experimental data obtained at 77 % radius is compared to solutions of a coupled two-
dimensional (2D) Euler- / boundary-layer solver and used to obtain transition N-factors based
on different approaches to the eN -method for transition prediction. For the N-factor analyses
2D local linear stability theory (LST) is employed allowing disturbance wave propagation
in chordwise direction only. Numerical cp-distributions are found which agree to surface
pressure tab measurements within a difference of ∆cp ≈ 0.02 when considering the RMS
values of the differences. The critical N-factor which reflects the actual measurement
conditions best is Ncr = 8.4 ± 0.5. It is based on compressible LST and considers the
measured non-adiabatic wall temperature conditions. The scatter of correlated N-factors
translates to a prediction capability of the transition position of better than ∆(x/c)tr ≈ ±0.05.

Taking into account the insignificant effect of rotational forces on the measured transition
positions and the good comparability to 2D computations employing 2D LST, it is con-
cluded that boundary-layer transition can be reduced to a 2D problem for the investigated
configuration, presuming that the pressure distribution or effective angle of attack is known.
Since rotational effects are weaker at higher Re, a stabilizing effect of rotational forces on
boundary-layer transition on the suction side of a DSA-9A rotor blade is not expected at
higher Reynolds numbers either.

10. The obtained transition N-factors for data extracted at r/R = 0.77 correlate independently
of the boundary-layer shape factor at the measured position of transition onset and especially
independently of the chord Reynolds number, which is based on rotation speed. It is
inferred that the relative turbulence intensity of the incoming flow at the respective radial
position remains unchanged despite the change of rotation speed. Following Mack’s relation
between the transition N-factor and turbulence intensity and considering Ncr = 8.4 ± 0.5,
the corresponding turbulence intensity turns out to be Tu0.77 R = 0.09 ± 0.02 %.

4.2 Outlook

The biggest challenge for future PSP measurements on fast rotating blades originates from the
temperature sensitivity of the PSP employed. The reported difficulties with respect to the correction
of temperature effects are believed to be tackled most efficiently by measuring the temperature of
the PSP coated blade surface directly. This could be realized by infrared imaging, yet facing
the challenges to capture sufficient signal and to avoid image blur. A different solution is the
use of a dual-type sensor dye allowing to capture pressure- and temperature-sensitive signals in
parallel. This could be realized by incorporating both the pressure and temperature sensor in the
same coating (see [112]) or by separating the sensors physically on the model using a painted
grid pattern with exclusively temperature-sensitive areas (see [111]). However, both methods need
further development to be suitable for lifetime measurements on fast rotating blades.

In the presented investigation with respect to the effect of rotational forces on boundary-layer trans-
ition it is not distinguished between an effect on the boundary-layer flow itself (e.g. the magnitude
of radial velocity components inside the boundary-layer due to rotation) and the influence of rota-
tion on the resulting stability characteristics. A numerical study comprising a three-dimensional
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flow solution of the problem and an additional stability analysis of the resulting boundary-layer
profiles with optional consideration of the rotational terms would firstly allow the validation of the
present finding and secondly to quantify and distinguish the present effect of rotational forces on
the whole blade. For instance, the tool developed by Dechamps and Hein [18] allows this kind of
stability analysis.

More experimental information on the boundary-layer flow could be obtained by applying the
post-processing algorithm proposed by Liu and Woodiga [86] on the TSP data as it was done
e.g. by Miozzi et al. [100] or by applying an equivalent method on the pressure gradient field
acquired by PSP [87]. The techniques allow to detect the relative magnitude and direction of
the corresponding wall skin friction and the detection of possible laminar separation. A different
approach to this information is the oil-film interferometry method for rotating blades as proposed
by Schülein [138].

The presented work shows a negligible effect of rotational forces on the suction side of the
investigated Mach-scaled DSA-9A rotor blade at Ro > 4.76 and at Re > 3.74 × 105, only.
However, rotational effects on boundary-layer transition also depend on the apparent pressure
gradients and they are more pronounced at moderate adverse or favorable pressure gradients [95].
The presented study on rotational effects should therefore be extended to the blade pressure side
and to other airfoils and blade geometries of interest. In this context, also blade geometries which
provoke radial flow, e.g. by geometric sweep angles, are of interest. This is because it is the
radial velocity component which causes the stabilizing action of the Coriolis force with respect
to boundary-layer transition. For these purposes, a parameter study analyzing boundary-layer
stability under consideration of rotational forces would be helpful to confine a range in terms of
Rossby number, Reynolds and Mach number as well as pressure gradient and flow angles under
which rotational effects need to be considered for accurate prediction of boundary-layer transition
on rotating blades.

In this study a single transition N-factor appears to predict reasonable transition positions at the
investigated tangential section for all rotating speeds and collective pitch settings tested. Further
studies should investigate how the critical N-factor behaves along the entire blade span. Moreover,
a characterization of the incoming velocity and pressure fluctuations depending on blade radius
and axial distance to the rotor plane would foster the understanding of boundary-layer receptivity
on rotating blades. It would also allow to define the boundary-conditions necessary for reliable
numerical predictions more precisely.
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A Selected experimental data

In the following, test conditions and measurement results of example test cases are listed in order
to serve as a data base for validation of advanced numerical codes. The summarized data are in
principle discussed in Sec. 3.3 and chosen according to the following pattern:

• Cases 1-5 represent a variation of collective pitch at frotor = 23.6 Hz. Similar cases are
plotted in Fig. 3.17 and discussed in Sec. 3.3.3.

• Cases 2, 6 and 7 demonstrate a variation of Retip at a constant blade loading of CT/σ = 0.010.
The cases are plotted in Fig. 3.18 and discussed in Sec. 3.3.3.

• Cases 8 and 9 are an example for a “cp-pair” as it is used for the investigation of an effect
of rotational forces on boundary-layer transition. The cases are plotted in Fig. 3.22 and
discussed in Sec. 3.3.4.
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A.2 Surface pressure data
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Figure A.1: TSP results for cases 1-7 in Tab A.1.
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Figure A.2: TSP results for cases 8 and 9 in Tab A.1.
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0.763
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0.866
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0.014
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0.011

0.008

7
0.535
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0.481

0.473
0.500
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0.561
0.567
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0.802
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0.023
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0.016
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0.014

0.009

8
0.687
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0.554
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0.552
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0.582

0.609
0.656

0.708
0.819

0.746
0.051

0.033
0.025

0.015
0.024

0.027
0.032

0.021
0.016

0.019
0.027

0.057

9
0.678

0.678
0.628

0.641
0.651

0.655
0.689

0.739
0.751

0.768
0.833

0.863
0.030

0.022
0.011

0.013
0.025

0.024
0.012

0.014
0.008

0.006
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