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Abstract

An experiment investigating the laminar-turbulent transition of a Blasius boundary-layer like flow was set up in the laminar

water channel at the Institute of Aerodynamics and Gas Dynamics, University of Stuttgart. The late stage of controlled

transition with K-type breakdown was investigated with the Temperature-Sensitive Paint (TSP) method on the flat plate

surface. Additional velocity measurements in the boundary layer were performed with the hot-film anemometry for better

interpretation of the TSP results. The test conditions enable the TSP method to resolve the complete transition process

temporally and spatially. Therefore, it was possible to detect the coherent structures occurring in the late stage of laminar-

turbulent transition from the visualizations on the flat-plate surface: namely Λ- and Ω-vortices. The transition location is

derived from the TSP visualizations with a gradient-based method and with the Turbulence Energy Recognition Algorithm

(TERA) from the velocity measurements. The derived average transition location shows good agreement between the two

techniques but the TSP method detected a later beginning and earlier end of transition.

Keywords — Temperature-Sensitve Paint method, TSP, controlled transition, laminar-turbulent transition, K-type tran-

sition, Lambda-vortex, Omega-vortex

1. Introduction

The laminar-turbulent transition of a two-
dimensional wall-bounded shear layer in a low
turbulence environment is divided into three phases
before the boundary layer becomes fully turbulent
(Kachanov, 1994): receptivity, linear stability, and
nonlinear breakdown. The nonlinear development of
transition was later refined by Guo et al. (2010), who
divided this phase into weakly-nonlinear instability,
late nonlinear stages, and super-late stages. In
the late nonlinear stages the formation of vortical
structures is observed. In order to investigate these
phenomena it is beneficial to achieve a periodic flow
with fixed flow structures.

One possibility to investigate laminar-turbulent
transition with initially deterministic behavior and re-
peatability is provided by controlled transition with
K-type breakdown. This type of transition, which
is also named fundamental type, is characterized by
spanwise alternating regions of high and low distur-
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bance amplitude, which are called peaks and valleys,
respectively. The experiment of Klebanoff et al. (1962)
was the first to achieve this ordered peak-valley struc-
ture. In their experiment they used a vibrating rib-
bon, as implemented before by Schubauer and Skram-
stad (1948), and modulated the two-dimensional dis-
turbance of the vibrating ribbon with so-called spac-
ers. The modulation leads to a deformation of the
disturbance and vortical structures which are called
Λ-vortices develop in the nonlinear stages in the
peak planes. The term Λ-vortex was derived from
hydrogen-bubble visualizations performed by Hama
and Nutant (1963). These vortices cause sweep and
ejection events, which means that fluid is moved to-
wards the wall and away from the wall, respectively.
Guo et al. (2010) described that the sweep event of
the Λ-vortex generates high-speed streaks near the
wall. One possibility to investigate laminar-turbulent
transition with initially deterministic behavior and re-
peatability is provided by controlled transition with
K-type breakdown. This type of transition, which
is also named fundamental type, is characterized by
spanwise alternating regions of high and low distur-
bance amplitude, which are called peaks and valleys,
respectively. The experiment of Klebanoff et al. (1962)
was the first to achieve this ordered peak-valley struc-
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ture. In their experiment they used a vibrating ribbon,
as implemented before by Schubauer and Skramstad
(1948), and modulated the two dimensional distur-
bance of the vibrating ribbon with so called spacers.
The modulation leads to a deformation of the dis-
turbance and vortical structures develop in the non-
linear stages in the peak planes, which are called
Λ-vortices. The term Λ-vortex was derived from
hydrogen-bubble visualizations performed by Hama
and Nutant (1963). These vortices cause sweep and
ejection events, which means that fluid is moved to-
wards the wall and away from the wall, respectively.
Guo et al. (2010) described that the sweep event of the
Λ-vortex generates high-speed streaks near the wall.

The Λ-vortices stretch as they are convected down-
stream. In the late stages of transition, the stretched
legs of the Λ-vortex reconnect at the downstream end
and form an Ω-vortex, but both structures are ini-
tially still connected. Finally, the Ω-vortex detaches
from the Λ-vortex and further evolves into a ring-like
vortex by reconnecting its legs (Bake et al., 2002). This
mechanism generates multiple ring-like vortices from
a single Λ-vortex.

Velocity measurements in the peak region close
to the transition encounter high-frequency velocity
fluctuations of large amplitude, which are named
spikes. These high-frequency velocity disturbances
were found in experiments from Borodulin and
Kachanov (1989) to occur in the center of ring-like
vortices, which are formed at the tip of Λ-vortices
as discussed. These experimental findings were later
confirmed by DNS findings of Rist (1990) and Rist
and Fasel (1995).

The ring-like vortices generated from a Λ-vortex
are connected by a weak shear layer. This shear layer
is weak because the strongly rotating legs of the Ω-
vortex move quickly to the wall instead of moving
fluid higher into the boundary layer. This shear layer
close to the wall is subsequently stretched in stream-
wise direction. This phenomenon is described in de-
tail by Borodulin et al. (2002) from experiments and
DNS simulations and Bake et al. (2002) based on DNS
simulations.

In addition Guo et al. (2010) described fluid
quickly moving to the surface from experiments with
hydrogen-bubble visualizations. They described the
interaction of two sweep events, which occured dur-
ing the interaction of a Ω-vortex with the Λ-vortex
of the previous cycle. The sweep events of both
structures combine and generate strong parallel high-
speed streaks at the wall.

With the formation of the ring-like vortices, which

cause the spikes, the randomization of the flow starts.
The randomization of the ring-like vortices was de-
scribed to begin as phase jitter or amplitude modula-
tion by Borodulin et al. (2002) and Bake et al. (2002).
This explains the minor variations of the location
in which the structures appear. The repeatability is
quickly reduced, which makes it more difficult to in-
vestigate it experimentally.

The structures occurring in the late stage of transi-
tion, i.e., Λ-vortices, Ω-vortices, and ring-like vortices,
are summarized as coherent structures, see Kachanov
(1994), Borodulin et al. (2002), and Bake et al. (2002).
This makes the late stage of transition similar to
fully turbulent flow, where hairpin vortices are coher-
ent structures of similar size and shape, see Adrian
(2007).

The Temperature-Sensitive Paint (TSP) method is
a surface-based flow visualization technique that can
be used for transition measurements in a variety of
applications, e.g. cryogenic facilities (Fey et al., 2007),
rotating systems (Weiss et al., 2017), and low-speed
atmospheric wind tunnels (Lemarechal et al., 2018a).
It has also been used for visualizations on a cylinder
in crossflow in water facilities at different Reynolds
numbers (Fey et al., 2013; Capone et al., 2015). In
these experiments, the oscillation of the separation
line and flow structures influencing the skin friction
were visualized on the cylinder surface. The low
flow speeds in water facilities and good heat trans-
fer of water enable the TSP method to perform time-
resolved flow visualizations with high spatial resolu-
tion over large areas with acceptable effort.

The TSP method visualizes differences in skin fric-
tion, which can be caused by laminar-turbulent tran-
sition or vortices. The increasing intermittency of the
flow as part of the transition process increases the
skin friction, which makes the TSP method an ideal
technique to measure large areas of intermittent flow
given that the temporal resolution of the flow is suf-
ficient. Narasimha (1985) proposed measuring the in-
termittency on the surface as the intermittency is a
surface quantity. It was shown by Owen (1970) that
the intermittency measured inside the boundary layer
below y/δ < 0.3 agrees very well with values at the
wall. Regions of high vorticity and strong random ve-
locity fluctuations are generated close to the wall and
grow in the downstream direction (Bake et al., 2002).

The laminar water channel has proven to be a
viable facility to investigate Λ-vortices in previous
experiments, see Kruse and Wagner (1998). There-
fore, the TSP method with its possibility to measure
large areas with high spatial resolution simultane-
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Figure 1: Top view of experimental setup and definition of coor-

dinate system.

ously is used in this facility to investigate late stages
of transition where the randomization process of the
transition started (Borodulin et al., 2002; Bake et al.,
2002). Investigations of laminar-turbulent transition
on a flat plate in water has not been successfully per-
formed with TSP prior to the present work, of which
parts were shown in Lemarechal et al. (2018b). Dur-
ing the test in the laminar water channel with TSP ad-
ditional hot-film measurements were performed for
validating the TSP results. The present TSP measure-
ments are the first time-resolved surface visualization
with high spatial resolution of laminar-turbulent tran-
sition with sufficient temporal resolution to capture
all relevant phenomena at the wall.

2. Experimental methods

To investigate the late stages of controlled laminar-
turbulent transition the experiment was set up as
shown in Fig. 1. The experiment consisted of two
main parts, i.e., the disturbance excitation and a de-
vice to enable TSP measurements, which is called TSP
element. The coordinate system used throughout this
paper is also defined in Fig. 1. The current test was
performed at a flow speed of U∞ = 0.12 m/s with the
velocity variation being smaller than 1 %.

2.1. The laminar water channel

The experiments were conducted in the laminar wa-
ter channel (âĂIJLaminarwasserkanalâĂİ) at the In-
stitute of Aerodynamics and Gas Dynamics, Uni-
versity of Stuttgart. It was specifically designed

for experiments investigating boundary-layer transi-
tion (Strunz and Speth, 1987) and provides a ve-
locity range from 0.05 m/s to 0.2 m/s. The facility
is characterized by a low turbulence level of Tu =
0.05 % at 0.145 m/s in the relevant frequency range of
0.1 Hz to 10 Hz (Wiegand et al., 1995). A flat plate of
8 m length, 1.2 m width, and 8 mm thickness with an
elliptic leading edge (10:1 axis ratio) is installed in the
test section. On top of the flat plate the water level is
0.15 m high and has a free water surface. The facil-
ity provides easy optical access, which is very bene-
ficial for the application of TSP. Along the flat plate
the pressure gradient is close to zero and a Blasius
boundary-layer like flow develops. To avoid contam-
ination with turbulent flow the fluid of the unstable
boundary layer in the corner of the flat plate and the
side walls is sucked underneath the flat plate. The
fluid is sucked through a slit between the flat plate
and the side walls. A screen at the end of the flat
plate generates the necessary pressure difference be-
tween the top and bottom of the flat plate (Kruse
and Wagner, 1998). The facility is designed to min-
imize the temperature drift (∆T < ±0.1 K/day) even
over longer time periods to enable long measurement
times without significant Reynolds number drift.

2.2. Disturbance excitation

In order to achieve K-type transition a controlled two-
dimensional disturbance needs to be introduced with
sufficient amplitude. This disturbance needs to start
growing soon after; therefore, the disturbance is intro-
duced close to branch I of the stability diagram or fur-
ther downstream (Kachanov and Levchenko, 1984).

At the laminar water channel, a vibrating rib-
bon is used to introduce two-dimensional Tollmien-
Schlichting disturbances. With this device, the char-
acteristics of the stability of the boundary layer were
compared to theory. It was verified by Kruse (2016)
that the boundary-layer stability of the laminar wa-
ter channel is in good agreement with the Blasius
boundary layer, which can be seen in Fig. 2. The
agreement is best for lower dimensionless frequen-
cies F = 2π f U−2

∞ × 106
< 220.

The vibrating ribbon consisted of a horizontally
tightened wire with a diameter of 0.1 mm spanned
across the entire test section width. The up and down
motion of the wire was induced by an eccentric wheel
mounted on a stepper motor, which drives a push rod
on each side of the test section. The support for the
vibrating ribbon is covered by a streamlined fairing.
In combination with the reduced flow speed the sup-
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port does not cause turbulent wedges as observed by
Kruse (1997). To get a reference signal for the TSP
and hot-film measurements the position of the vibrat-
ing ribbon was measured with an inductive displace-
ment sensor.

In the current experiment a lower disturbance fre-
quency than in a previous experiment investigating
Λ-vortices in this facility (Kruse and Wagner, 1998)
was chosen: 0.2 Hz (F = 90). In order to introduce
the disturbance close to branch I of the stability di-
agram, the vibrating ribbon is located further down-
stream at x = 1.65 m (Reynolds number based on the
displacement thickness: Reδ1 = 740), see Fig. 2. The
amplitude of the vibrating ribbon was chosen to be
yA = 0.25 mm, which generates Tollmien-Schlichting
waves which evolve in agreement with linear stabil-
ity theory. The wire has a zero position inside of the
critical layer, i.e., in a height of y = 6 mm (Reynolds
number based on wire diameter: Red ≈ 8).

As in the experiments of Klebanoff et al. (1962),
Kachanov (1985), and Kruse and Wagner (1998), ad-
ditional spacers were needed to create the ordered
Λ-vortex pattern characteristic for the K-type transi-
tion. The spacers (x × y × z = 30 mm×1 mm×55 mm)
are placed underneath the vibrating ribbon and were
used to introduce a spanwise wavelength of λz =

0.11 m. The height of the spacers of 1.0 mm was
adopted from Kruse and Wagner (1998).

As can be seen in Fig. 2, the conditions of the
disturbance and the flow conditions are comparable
to experiments (Kachanov, 1985; Kruse and Wagner,
1998; Bake et al., 2002; Guo et al., 2010) and direct nu-
merical calculations (DNS) (Rist and Fasel, 1995; Bake
et al., 2002) in literature.

3. Measurement Techniques

The controlled transition is investigated with two
measurement techniques: the Temperature-Sensitive
Paint (TSP) method for surface visualization and hot-
film anemometry to measure the streamwise (u) ve-
locity component. The measurement techniques were
not applied in parallel but the TSP method was used
directly after the hot-film calibration and just before
the hot-film measurements to check the flow condi-
tions. Hence, the operation of the laminar water
channel was not interrupted. Here, the TSP method
proved very useful to recheck the flow conditions be-
cause of its short measurement and evaluation time.
Afterwards, the time-consuming hot-film measure-
ments were performed.

3.1. Temperature-Sensitive Paint method

The TSP method is a thermographic measurement
technique to measure surface temperature distribu-
tions. The technique relies on the temperature-
dependent emission of the fluorescence or phospho-
rescence light of certain dye molecules embedded in
a surface coating. The molecules are excited by light
of a suitable wavelength, e.g. from a light-emitting
diode (LED), and the emitted light is recorded with
a camera and stored as intensities I. Further details
on the photophysics of TSP are given by Liu and Sul-
livan (2005).

The TSP method is a reversible flow visualization
technique with a high density of stationary probes,
i.e., TSP molecules or pixels, respectively. It can be
considered non-intrusive because the surface coating
can be integrated into the model surface and can also
be polished. To perform flow visualizations with the
TSP method, a heat flux between surface and fluid is
necessary, see Fey and Egami (2007). For a constant
heat flux, the local temperature difference between
surface and fluid is depending directly on the local
skin friction. This relation is called Reynolds anal-
ogy for Prandtl numbers close to unity, e.g. air, and
Colburn analogy for Prandtl numbers unequal to one
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(Lin, 1994), e.g. water. In the current work the skin
friction is only qualitatively described because for un-
steady flows the phase difference between thermal
and velocity field are unknown, Rudolph (2011).

To enable TSP visualizations in the laminar water
channel a movable device which provides a model
heating and a substrate for the TSP coating was de-
signed. A single current-carrying carbon fiber layer
generates the necessary temperature difference be-
tween surface and fluid. This type of resistance heat-
ing was proposed by Fey and Egami (2007) and was
applied in a low-speed wind tunnel test by Petzold
and Radespiel (2015). In the following the layer de-
sign of the TSP element, which is shown in Fig. 3, is
described from bottom to top. The foundation of the
TSP element consists of an aluminum sheet of 1 mm
thickness. Onto the aluminum sheet two layers of
glass fiber with a combined thickness of d ≈ 0.36 mm
and the current-carry carbon fiber layer (d ≈ 0.26 mm)
were laminated. The heating was split in two parts in
streamwise direction for redundancy. Each heating
part has a size of 500 mm by 300 mm and a resistance
of 0.2 Ω between the contacts. Afterwards, a layer of
glass fiber (d ≈ 0.18 mm), a layer of aluminum foil
(d ≈ 0.05 mm) and two glass fiber layers (combined
thickness: d ≈ 0.1 mm) were applied. The final layer
of the TSP element is the TSP coating with a thickness
of approximately 0.04 mm. The total thickness of the
TSP element is approximately 1.9 mm. The leading
edge of the the TSP element was designed to split the
height of the TSP element into two forward-facing
steps. The first forward-facing step is caused by the
aluminum sheet metal with a height of 1 mm, see
Fig. 3. This first step is followed after approximately
20 mm by the second forward-facing step, which is
approximately 0.9 mm high, caused by the fiber rein-
forced plastic and the TSP coating. The thickness of
the TSP element generates a two-step forward-facing
step at the upstream end of the TSP element. Further
details about the TSP element is given by Lemarechal
et al. (2018c).

For the experiments in the laminar water channel,
a TSP based on an Europium complex was applied.
This TSP is characterized by high temperature sensi-
tivity (3.3 %/K at 20 ◦C), negligible pressure sensitiv-
ity and a lifetime of approximately 300 µs, for more
details see Ondrus et al. (2015).

Figure 4 shows the setup of the TSP measure-
ment consisting of the TSP element, three scientific
black-and-white cameras (PCO.4000), and four LEDs
(HARDsoft IL-105/6X Illuminator UV). Optical band-
pass filters were put in front of the cameras (cen-
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ter wavelength 630 nm, band width 75 nm) and LEDs
(center wavelength 385 nm, band width 70 nm) to im-
prove signal-to-noise ratio. In the presented exper-
iment, the TSP method was used in the intensity
method. The four LEDs have a peak emission at
405 nm and were set to a continuous output with a
light power of approximately 3.5 W each. These set-
tings were capable to excite the TSP molecules and
gather sufficient luminescence light emission. The lu-
minescence light of the entire coated surface (x × z =
1.00 m × 0.25 m) was recorded by the three cameras
with 10 Hz acquisition rate and an exposure time of
4.5 ms. The chosen camera parameter result in 50 ac-
quisitions per disturbance period and the exposure
is short enough to result in subpixel displacement
during the image acquisition. The optical setup pro-
duced an image resolution of 4.4 px/mm. This image
resolution resulted in approximately 480 px per span-
wise wavelength λz and approximately 88 px per 100
viscous units.

In the following a brief description of the mea-
suring sequence, which consisted of four phases, is
given. Images were taken only in three of the four
phases. In the first phase images were acquired with-
out excitation light to quantify the background light.
These are called dark images with the intensities Idark.
The next phase is characterized by the surface temper-
ature and fluid temperature being in equilibrium and
the TSP was excited. These images serve as reference
images (Ire f ) for the illumination pattern and the dis-
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Figure 4: Setup for TSP measurements in the laminar water

channel.

tribution of the TSP dye molecules. In the next phase,
i.e., the heating phase, the heating was started with
a constant electrical power of Pel = 120 W, which is
a heating power of 400 W/m2. When a constant sur-
face temperature was reached in the laminar regions
the acquisition phase started. The chosen electrical
heating power resulted in the surface temperature be-
ing ∆T ≤ 1 K higher than the fluid temperature in
laminar regions. In the acquisition phase, 900 images
were acquired for each data point, which equals to 18
periods of the introduced disturbance. These intensi-
ties (I) were recorded at constant heat flux between
surface and fluid. See Lemarechal et al. (2018c) for
further details on the phases, conditions, and the tim-
ing.

The evaluation of the TSP images was performed
partially using the in-house software nToPas, which
was developed by Klein et al. (2005). In the first step
of the evaluation the images of each phase were av-
eraged to derive Īdark, Īre f , and Ī. Subsequently the
intensities Īdark of the averaged dark image is sub-
tracted from averaged reference Īre f , the averaged
time series Ī, and the time series I. Then the im-
ages are devided to derive the average result Īre f/Ī and
the time-series results Īre f/I. An alignment of the im-
ages was not necessary because of negligible model
movement and wave motion. Finally, the images are
mapped onto a structured surface grid of 1 mm by
1 mm resolution. Further details on these initial steps
of the TSP evaluation are given by Lemarechal et al.
(2018c).

Afterwards, the time-series data were filtered with
a single value decomposition (SVD) filter to reduce

image noise (Pastuhoff et al., 2013). The data SVD fil-
tering is a simplified procedure of the procedure pre-
sented in Lemarechal et al. (2018b): Only 75 modes
are used for reconstruction, because it was realized
that mode 76 and higher only contain camera noise.
Afterwards, low-pass filtering (cut-off frequency of
1 Hz) is applied to each grid point to remove struc-
tures caused by the camera. Furthermore, the filtered
data are used to calculate the standard deviation and
amplitude spectrum via Fourier analysis of each grid
point. Finally, the phase-averaged results are derived
from the filtered time-series.

Two established methods to derive the location
of laminar-turbulent transition from thermographic
measurement techniques exist: a differential ther-
mography used for both infrared technique (Raffel
et al., 2015) and TSP method (Yorita et al., 2018) as
well as a gradient based method (Ashill et al., 1996).
The differential method is beneficial for oscillating
profiles, where a significant movement of the laminar
turbulent transition is to be expected. In the present
experiment, however, the movement of the transition
location is expected to be small; therefore, only the
gradient-based method is applied. To derive the tran-
sition location from the TSP data the mean TSP image
data were spatially median filtered (x × z = 20 mm
× 5 mm). Afterwards, a polynomial was fitted to the
derivative ∂( Īre f / Ī)/∂x of the intensity ratio distribution
in x-direction. The transition location was set to be at
the minimum of the polynomial.

3.2. Hot-film anemometry

A single-wire hot-film probe (Dantec 55R15) was
used in constant temperature (CTA) mode with a
wire-to-fluid-temperature ratio of 1.08. The probe
was used to measure the u = ū + u′ velocity compo-
nent in main flow direction. The hot-film probe was
calibrated before the measurement using the travers-
ing system of the laminar water channel and the
method described by Subasi et al. (2015).

The hot-film measurement was performed parallel
to the surface of the TSP element at a constant height
of y = 7 mm. This places the hot-film probe in the
critical layer of the boundary layer in which the dis-
turbances are much larger than the signature of the
disturbances at the wall.

The measuring area ranged from 3.2 m ≤ x ≤
4.25 m and −0.12 m ≤ z ≤ 0.12 m in steps of ∆x =
25 mm and ∆z = 10 mm. A data point was acquired
over 30 s with 100 Hz acquisition frequency. These
settings result in resolving the spanwise wavelength
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with 4 data points and an acquisition of 6 phases per
data point.

With the hot-film measurement above the TSP ele-
ment the disturbances of the forward-facing step of
the TSP element are included in the measurement of
the u velocity component. The model heating is only
used during the TSP measurements. Because of that,
the hot-film results are not influenced by the heating.
Therefore, the hot-film measurements can be used to
determine the influence of the model heating on the
transition location.

4. Results and discussions

In the first step of the evaluation the K-typ transition
is investigated with the help of averaged and statis-
tically evaluated results of both measurement tech-
niques. In the second step the unsteady flow field is
examined with phase-averaged results of both mea-
surement techniques and TSP time-series results. All
results are presented in top view, i.e., the xz-plane.

4.1. Mean-flow results

Initially, the hot-film measurements are presented as
the maximum velocity fluctuation u′

max in Fig. 5.
They clearly show the developed peak and valley
structure as described by Klebanoff et al. (1962). The
peaks and valleys can be clearly identified in Fig. 5
as regions of high and low maximum velocity fluctua-
tion, respectively. The spanwise distance between the
centers of two peak structures equals the introduced
spanwise wavelength λz and the width of a peak
equals half this wavelength. In the center of each
peak an area of significantly higher maximum veloc-
ity is visible from approximately 3.5 m to 3.7 m. This
region is caused by high-frequency velocity fluctua-
tions, called spikes. The velocity measurements pre-
sented here were performed inside of the boundary
layer, this is not where the center of these structures
passes. Despite their center being located higher
in the boundary layer, these coherent structures can
be detected because of their strong shear layer that
reaches lower into the boundary layer (Borodulin
et al., 2002; Bake et al., 2002). The shear layer caused
the spikes in the hot-film measurement. The peak on
the negative z-side is wider than on the positive z-
side, which is expected to be a side structure of the
Λ-vortices (Fig. 5). This asymmetry is very likely
caused by the spacers. Bake et al. (2002) reported
that the evolution of Λ-vortices is very sensitive to
the spacers’ shape, distance, and orientation.

The results of the TSP measurements are shown in
the form of mean result Īre f/Ī, standard deviation σ,
and amplitude spectrum of a single frequency |Y| in
Fig. 6 a) to c). All results show the same peak and
valley structure as the hot-film results but the side
structure (Fig. 5) is only visible in the mean results as
a blurred edge of the peak on the negative z-side (Fig.
6 a)). The TSP mean result visualizes areas of large
and low skin friction as small (dark) and large (bright)
intensity ratios ( Īre f/Ī), respectively. Downstream of
x = 3.7 m and 3.65 m very large skin friction (see Fig.
6 a)) is observed, which is assumed to be caused by
mostly intermittent or fully turbulent flow. This as-
sumption is confirmed by the distribution of the in-
termittency factor γ = 0.5 in Fig. 7 as evaluated from
hot-film velocity measurements, which are discussed
later. These regions of high intermittency is wedge
shaped and the wedges are united from x = 4.15 m
on.

The TSP average shows three parallel lines of in-
creased skin friction in each peak that lead to the be-
ginning of the high intermittency flow (indicated in
Fig. 6 a)). These lines converge in the area where the
velocity measurement detected the spikes. Between
the peaks, the visualization and the velocity fluctua-
tion indicate a high speed streak, i.e., a region of high
velocity close to the wall that also leads to increased
skin friction. The peak on the positive z-side is more
sharp-edged than the one on the negative side, where
the side of the peak closer to the center of the image
is blurred (indicated in Fig. 6 a)). The same area has
more intense velocity fluctuations u′

max than the other
visible edges of the peaks, which can be seen in Fig. 5.
The asymmetry starts already at x = 3.4 m as an area
which shows a little increased skin friction compared
the sides of the sharp-edged peak.

The standard deviation σ of the TSP data (Fig. 6
b)) highlights an area of large fluctuations in the tip
of the area of high intermittency. At the same loca-
tion, spikes were detected in the maximum velocity
fluctuation u′

max in Fig. 5. Also the edges of the
high intermittency area are visible. On the contrary,
in the more turbulent region the values of the stan-
dard deviation σ decline again significantly, which
could not be observed in the standard deviation of
the velocity data (these are presented in Fig. 8b in
Lemarechal et al. (2018b)). But it can be seen that
the parallel structures leading to the tip of the wedge
shaped high intermittency area are not steady. It is
concluded that the local skin friction must be varied
by the Λ-vortices. One vertical line in the middle of
the average TSP result in 6 a) marks a gap in the heat
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flux, which is caused by the aforementioned gap be-
tween the two heating areas. The standard deviation
in Fig. 6 b) does not show this gap, therefore, it is
concluded that the measurement was started when
the surface had reached a constant temperature.

To further investigate the structures in each peak
at the beginning of the high intermittency area, the
amplitude spectrum for the excitation frequency is
derived via Fourier analysis. The result in Fig. 6
c) clearly shows that the fluctations of large ampli-
tude oscillate with the disturbance frequency. How-
ever, the parallel lines leading to the beginning of
the intermittency, which showed fluctuations in the
standard deviation, hardly contain the disturbance
frequency. Furthermore, it is visible that the area of
high intermittency and turbulent flow coincide with
regions of significant amplitude in the excitation fre-
quency. This Fourier analysis registers the differences
between laminar and intermittent flow better than the
standard deviation, which emphasizes the region of
transition where the largest gradients in the TSP re-
sults occur.

To compare the transition measurements quantita-
tively the transition location xt is derived from both
measurement techniques. The TSP time-series data
which are presented in section 4.3 show no sign of
turbulent spots, which can be observed with the TSP
method (Lemarechal et al., 2018c). Therefore, the
intermittency does not increase by more frequently
occuring turbulent spots as described by Narasimha
(1985). But the convective nature of the investigated
instability causes the transition to move forth and
back and thus the growing disturbances will cause
an increasing intermittency factor γ. Due to this tem-
poral variation of the laminar to turbulent ratio it
was decided to calculate the intermittency for each
streamwise hot-film measurement location to com-
pare transition locations.

The intermittency was determined with the Turbu-

lence Energy Recognition Algorithm (TERA) as pre-
sented by Falco and Gendrich (1990). The TERA
method has proven to be a reliable method to de-
tect laminar-turbulent transition in the laminar wa-
ter channel, see Puckert and Rist (2018). The detec-
tor function | u′ · ∂u′/∂t | is calculated from appropri-
ately filtered velocity data and afterwards the tempo-
ral fraction of laminar to turbulent flow is derived
for each hot-film measurement location. An intermit-
tency of γ = 0 and γ = 1 correspond to laminar and
turbulent flow, respectively. From the intermittency
data the transition location is determined where lam-
inar and turbulent flow have the same temporal frac-
tion, which corresponds to γ = 0.5. The transition
location as determined by the hot-film anemometry
is shown in Fig. 7. In line with Kachanov (1994), a
rather quick evolution from laminar to turbulent flow,
i.e., from γ = 0 to 1, can be seen. The intermittency
increases later but more rapidly in the valley region,
see Fig. 8 c).

The transition location as derived from the mini-
mum of the spatial intensity gradient in x-direction
enables also transition detection in the gap of the heat
flux. The valleys prove difficulties to detect the transi-
tion location from the TSP mean result. This is caused
by streaks, which reduce the intensity-ratio gradient
at the transition location. Furthermore, the fully tur-
bulent region is outside of the measurement area.

The transition location determined from the hot-
film and TSP data are in good agreement, as can
be seen in Fig. 7. The area of high fluctuations on
the negative z-side is less pronounced in the tran-
sition location of the TSP visualization than in the
hot-film measurement. Because the hot-film measure-
ments were performed in 7 mm distance to the wall,
which corresponds to y/δ ≈ 0.3. The result of Owen
(1970) allows to conclude that the TSP technique with
the gradient-based evaluation method measures the
same transition location as the intermittency derived
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directly a function of skin friction and therefore compa-

rable to the intermittency. A 7th order polynomial fit

is used to show the development of the intermittency.

from hot-film data. This is investigated in Fig. 8 for
two locations in the vicinity of the peak (z = 0.05 m
and z = 0.06 m) and one in the valley (z = −0.03 m).

The intermittency data measured with the hot-film
anemometry show the evolution from laminar to tur-
bulent flow is well resolved and ranges over a large
streamwise extent. In the peak region, the laminar-
turbulent transition evolves over 0.6 m and γ = 1 is
reached at the end of the measurement domain, see
Fig. 8 a) and b). In contrast the flow in the valley
region (z = −0.03 m in Fig. 8 c)) does not reach the
turbulent state, where the intermittency would reach
γ = 1. On the other hand, the development of the
TSP results is more complicated to interpret. At all
three slices the intensity ratio Īre f/Ī declines at first,
which is caused by the beginning of a non-adiabatic
surface at the leading edge of the TSP element. From
x = 3.4 m on a constant value of Īre f/Ī ≈ 1.03 is
reached in the peak region. This intensity ratio corre-
sponds to laminar flow. The slice in Fig. 8 c) reaches

at first a constant level of lower intensity ratio, i.e.,
larger skin friction, because the slice passes through
the structures leading to the high intermittency area.
But especially for the slices in the peak region (Fig. 8
a) and b)) the intermittency reached already γ ≈ 0.25
before the TSP intensity ratio value decreases. Also
the constant intensity ratio in the turbulent region
Ire f/I ≈ 1.015 is reached already when the intermit-
tency reached only γ ≈ 0.6.

From these results we have to conclude that the
resolution of the transition zone is limited for the
TSP method: The beginning and the end of transi-
tion is missed. Owen (1970) already observed that
the change of the average velocity profile is small for
γ = 0.16, which prevents measurement techniques
relying on skin-friction or heat transfer changes to
detect the same beginning of transition as techniques
based on velocity fluctuation measurements.

4.2. Phase-averaged results

In the following the possibility to investigate the co-
herent structures of late stage of transition, i.e., Λ-
and Ω-vortices, with TSP is demonstrated. For the
presented K-type transition setup the occurrence of
Λ-vortices is expected in the peak regions as previous
experiments (Klebanoff et al., 1962; Hama and Nu-
tant, 1963) and DNS simulations (Rist, 1990; Rist and
Fasel, 1995). To detect the Λ-vortices from the single-
probe hot-film measurements and to directly com-
pare both measurement techniques the fluctuating
quantity of both measurement techniques is phase
averaged. To enable direct comparison, the hot-film
data are laid over the TSP data. The phase-averaged
data are presented in Fig. 9 for five different phases
of the cycle t/T = 0.2, 0.4, 0.6, 0.8, and 1.0.

In the peak region, the phase-averaged velocity
fluctuations u′ are in the order of per mill and show
alternating fluctuations greater and smaller than zero.
These velocity fluctuations are Λ-shaped structures
upstream of x = 3.7 m, which convect within the pe-
riod in flow direction, see Fig. 9 a) to e). Falco and
Gendrich (1990) assigned those to sweep and ejec-
tion events, respectively. In front of the Λ-vortex the
sweep event moves high-speed fluid closer to the wall
and behind the vortex the ejection events move low-
speed fluid away from the wall. Therefore, the loca-
tion of Λ-vortex is between a sweep and an ejection
event. As expected, no phase-dependent fluctuations
are visible in the valley region.

In the region where the Λ-shaped structures are
observed in the velocity data also Λ-shaped periodic
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skin-friction fluctuation are visible in the TSP data
˜Īre f /(I − Ī), see Fig. 9. The spanwise extent of both

techniques is comparable and in the order of the
width of the peak region. As can be seen in Fig. 9
a) to e) the Λ-shaped structures measured with each
measurement technique have a constant phase rela-
tionship. Because the sweep of the Λ-vortex gener-
ates a high-speed streak at the wall (Guo et al., 2010),
the skin friction is locally higher and can be detected
by TSP. The TSP technique visualizes changes in skin
friction; therefore, it is expected, that Λ-shaped struc-
tures are caused by the Λ-vortices. The vortex core is
most likely above the location of largest skin friction,
see Fig. 9, and the regions of smaller than average
skin friction are expected to lie between two succes-
sive vortices.

After x ≈ 3.5 m, the Λ-vortices elongate in stream-
wise direction significantly, which is visible in the
velocity and skin-friction fluctuations, see Fig. 9 a)
for example, where the Λ-vortex from the previous
period, i.e., the Λ-vortex further downstream is nar-
rower and longer. In DNS results Borodulin et al.
(2002) and Bake et al. (2002) showed that at the lo-
cation of the Λ-vortex stretching Ω-vortices and ring-
like vortices are formed. At some point the Λ-vortex
starts to interact with the upstream Λ-vortex of the
previous cycle. This causes the shear layer belonging
to the ring-like vortices to rapidly descent to the wall
as described by Bake et al. (2002) from DNS results.
Because the ring-like vortices cause the spikes u′

max

(Fig. 5) has its maximum at the location where the
phase averaged velocity fluctuations show the elon-
gation of the Λ-vortices (x = 3.5 m to 3.7 m in Fig. 9).
Guo et al. (2010) found in hydrogen bubble visualiza-
tions that this interaction causes very strong sweep
events because the sweep of the Ω-vortices’ legs com-
bine with the sweep of the following Λ-vortex and
generate strong high-speed streaks at the wall. Be-
cause of that the skin-friction fluctuation develops its
maximum at the rear end of the Λ-vortex underneath
the area of negative u′. These strong fluctuations of
the skin friction are caused by new structures im-
pinging onto the surface. Two parallel streamwise
oriented structures in the skin friction are expected.
This is only visible on the positive z-side, see Fig. 9
d) and e). That is why this location is investigated in
more detail in section 4.3.

Downstream of the location of maximum and min-
imum skin friction, i.e. at x ≈ 3.7 m, the ordered
structures become chaotic and their shape quickly
changes. Approximately at this location both mea-
surement techniques indicated the transition location

in the peaks at x = 3.6 m and 3.75 m, respectively.
Only for few very large structures a relationship be-

tween the structures visible in the velocity and skin-
friction fluctuation remains, e.g. at x = 4.1 m and
z = 0.04 m in Fig. 9 d). The randomization process
as described by Borodulin et al. (2002) and Bake et al.
(2002) starts at x ≈ 3.7 m, which is visible in the de-
creasing size of the structures in the phase average in
Fig. 9.

The peak on the negative z-side showed an asym-
metry on the side closer to the middle of the field of
view in the form of a blurred edge of the peak in the
average TSP result in Fig. 6 a). At the same location
also the velocity fluctuations are increased, see Fig. 5.
In the phase average results it is visible that at x =
3.4 m a secondary structure develops on this side of
the Λ-vortices of this peak structure. This secondary
structure develops only on one side of the peak and
forms an asymmetry. The secondary structure has
a fix relation to the adjacent Λ-vortices. This struc-
ture seems to have insufficient influence on the skin
friction in phase with the introduced disturbance to
be captured in the phase-averaged TSP results, see
Fig. 9, where no indication of this structure is visible.
However, these asymmetric side structures are visible
in the TSP average in Fig. 6 a) as a blurred edge of
the peak. An example of symmetric structures occur-
ing next to the Λ-vortices is visible in the DNS works
from Bake et al. (2002).

4.3. Time-series results

The breakup of the Λ-vortices is further investigated
with the TSP time-series results, because the expected
parallel structures were not visible in both peak loca-
tions. For two phases (t/T = 0.2, 0.4) and three consec-
utive periods the instantaneous TSP result are shown
in Fig. 10 a) to f). Only the area of the breakup of
the Λ-vortices is shown and the range of the inten-
sity ratio is compressed. The results of the Fourier
analysis (Fig. 6 c)) and the phase-averaged results
(Fig. 9) showed that this area is dominated by skin-
friction fluctuations, which oscillate with the excita-
tion frequency. In the time-series results two paral-
lel, elongated areas of increased skin friction under-
neath the elongated Λ-vortex can be clearly identi-
fied. At the same location the elongated Λ-vortex can
be observed in the velocity fluctuations u′ in Fig. 10.
Also the maximum of the velocity fluctuation was lo-
cated there (Fig. 5), which led to the conclusion that
Ω-vortices are formed in this area and impinge on
the wall. These form two parallel high-speed streaks,
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which are visible as parallel lines of increased skin
friction, i.e., very low intensity ratio, in Fig. 10.

The three instances of time shown in Fig. 10 a)
to c) show the same structure in the skin friction
distribution but minor variances of the high-speed
streaks, i.e. longitudinal streamwise structures of in-
creased skin friction, are visible. They are separated
by a low-speed streak, which is caused by fluid be-
ing lifted away from the wall by the vorticity of the
legs of the ring-like vortex. This low-speed streak
between the legs of a coherent structure was also
described by Adrian (2007) for hairpin-vortices in a
turbulent boundary layer. The streamwise start, the
spanwise location and the strength varies for each pe-
riod, which is a clear indication for the beginning ran-
domization. But the trend of the legs to shift in neg-
ative z-direction when evolving in downstream direc-
tion is true for all periods.

Figure 10 d) to f) show later instances of the same
period compared to Fig. 10 a) to c), respectively. The
growth and elongation of the streaks is visible. This
was already described by Bake et al. (2002) for the
shear layer of the structures in the vicinity of the wall.

The findings from the phase averaged and time-
series results are depicted in Fig. 11. The schematic
shows the vortex cores of two Λ-vortices and one Ω-
vortex above the TSP visualization for one peak re-
gion. Furthermore the vortices’ cores are projected
onto the TSP visualization to easier localize their po-
sition in relation to the TSP visualization. The other
part of the visualization shows the footprint of the
same vortex system.

4.4. Errors

By applying the TSP method in the laminar water
channel, three possible disturbances are caused: two
for-ward-facing steps of low height at the leading
edge of the TSP element, thermally induced turbu-
lence, and buoyance forces induced by the warmer
surface of the TSP element.

The size of the forward-facing steps at the TSP el-
ement’s leading edge is compared to the boundary
layer to asses their influence on the flow. The ratio
of the total height d of the two forward-facing steps
to the local displacement thickness is approximately
d/δ1 ≈ 0.21. The experiments from Wang and Gaster
(2005) on forward-facing steps in a boundary layer
without pressure gradient predict that the transition
location in the current setup will not be altered signif-
icantly by the step at the leading edge of the TSP ele-
ment. The step will be avoided in future experiments

by partially replacing the flat plate of the laminar wa-
ter channel with an insert for TSP measurements.

Introducing thermal energy into the laminar water
channel had to be limited in order to reduce the risk
of generating thermally induced turbulence, which
was already addressed during the design of the fa-
cility by Strunz and Speth (1987). Therefore, the
spanwise extent of the model heating and the sur-
face coated with TSP was limited to ∆z = 0.30 m and
∆z = 0.25 m, respectively. The model heating is wider
than the TSP coating because of reduced quality of
the TSP results due to possible temperature inhomo-
geneity. Considering the spanwise wavelength intro-
duced by the spacers just over two wavelengths can
be resolved.

In the present experiment, the maximum tempera-
ture difference between fluid and surface is reached
in the laminar flow in the valley region just before
transition (the location of largest Īre f/Ī in Fig. 6 a))
and is smaller than 1 K. To quantify the influence of
the buoyancy forces caused by the non-adiabatic wall
the Richardson number is used, see also Sabatino and
Smith (2008) and Capone et al. (2015). The Richard-
son number Ri is equal to the Grashof number Grx

divided by Reynolds number Re2
x squared and there-

fore defined as:

Ri =
Grx

Re2
x

=
gβ (Tw − T∞) x

U2
∞

. (1)

The temperature difference between the surface Tw

and the fluid T∞, the center of the measuring location
x and the free stream velocity U∞ are the variables
during the measurement, which define the Richard-
son number. A balance between signal-to-noise ratio
and bouyance forces has to be found.

For the conditions of the present experiment the
Richardson number Ri < 0.5 predicts that the
bouyancy forces cannot be neglected entirely, which
is possible for Ri ≪ 0.1 (Ghiaasiaan, 2011). But
the surface is only heated in the late stages of tran-
sition, where the disturbances in the flow have al-
ready reached large amplitudes and deformed the
two-dimensional flow into three-dimensional flow
with peak-valley structure. Therefore, it is expected
that buoyancy forces of significant strength cannot de-
velop in the tested setup. Furthermore, the compar-
ison of the hot-film results, which were performed
with an adiabatic surface, and TSP results show ex-
cellent agreement. It is concluded that no new insta-
bilities or additional destabilization of the boundary
layer were introduced by the heating, which is neces-
sary for non-intrusive thermographic measurements
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in low-speed applications.

5. Conclusions

An experiment investigating controlled transition (K-
type transition) was set up in the laminar water chan-
nel at the Institute of Aerodynamics and Gas Dynam-
ics, University of Stuttgart. In the experiment the
TSP method was successfully used to perform time-
resolved surface visualizations in late-stage of the
laminar-turbulent boundary-layer transition. To per-
form measurements with the TSP method, the mea-
surement technique was adapted to the conditions of
the laminar water channel, i.e. heating power and
acquisition scheme. Furthermore, a device providing
a substrate and the necessary model heating, which
can be placed flexibly in the facility, was designed.
The TSP visualizations were accompanied by veloc-
ity measurements in the boundary layer with hot-film
anemometry. Both techniques are directly compared
to improve the understanding of the TSP results. This
combined measurement is new and the following re-
sults were derived:

• The mean transition location was determined
from both measurement techniques. The results
show that the transition location determined
from the average TSP result is equal to 50 % in-
termittency. But the beginning of transition is de-
tected further downstream and the end of transi-
tion further upstream by the TSP technique. The
detected transition beginning is delayed in the
TSP result because the change of the mean veloc-
ity profile for small intermittency values causes
only small skin friction change (Owen, 1970).

• In the peak region Λ-vortices develop and cause
sweep events, which change the skin friction.
The TSP method is able to visualize Λ-shaped
skin friction fluctuations after phase avering the
acquired time series. The Λ-vortices could not be
visualized in the time series because of an insuf-
ficient impact on skin friction.

• In the late stage of transition Λ-vortices gener-
ate Ω-vortices, the parallel legs of which impinge
on the wall and elongate in streamwise direction
(Borodulin et al., 2002; Bake et al., 2002). In the
TSP time series the peak region shows parallel,
elongated structures just before small-scale ran-
dom structures occur. A constant phase relation
between the visualized Λ-shaped structures and
the elongated parallel structures is observed in

the phase averaged results. Therefore, it is con-
cluded that the TSP method visualizes the legs of
the Ω-vortices. The stronger influence of the Ω-
vortices on the skin friction is caused by strong
sweeps as observed by Guo et al. (2010).

From the present experiments it can be concluded,
that the TSP method is suitable for the investigation
of coherent structures with a footprint on the wall,
like Λ- or Ω-vortices. The major advantage of the
technique is to perform a time-resolved measurement
of a large area synchronously. This enables measure-
ments also after the beginning of the randomization
of the flow, i.e., turbulent flow, where phasen averag-
ing is not feasable.
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