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Abstract

A passive device to delay the laminar-turbulent transition in a Blasius boundary-layer flow is tested at low Reynolds numbers
in the laminar water channel of the Institute of Aerodynamics and Gas Dynamics (University of Stuttgart). The passive
device consists of oblique surface roughness elements lined up perpendicular to the flow. Each element has the shape of a
cuboid, is oriented 45° to the direction of the oncoming flow, and generates a non-symmetric vortex system. From this vortex
system only one vortex per roughness element persists and a co-rotating vortex structure remains after 50 roughness heights
downstream of the elements. These vortices generate high and low speed streaks inside of the boundary layer through the lift-up
effect. The streaks alter the two-dimensional (2D) boundary layer into a three-dimensional (3D) one. For correctly placed and
sized roughness elements the 2D Tollmien-Schlichting wave is altered into a 3D less amplified wave and the transition occurs
further downstream. The flow is investigated by means of surface visualizations with the Temperature-Sensitive Paint (TSP)
method and velocity measurements with hot-film anemometry. With the TSP method the laminar-turbulent transition was
measured with high spatial and temporal resolution. The changes of transition location and changes of transition mechanism

are well captured.

1. INTRODUCTION

The friction drag is the dominating source for drag
of streamlined bodies, e.g. wings of aircraft (Schrauf,
2005). That is why much effort is made to reduce the
viscous drag by increasing the fraction of laminar flow.
Reduced friction drag directly leads to energy savings
and reduced fuel consumption. In this context several
active and passive methods have been developed and
tested to increase the portion of laminar flow under
different conditions (Reneaux, [2004). For the Blasius
boundary-layer flow on a flat plate it is well known
that the laminar-turbulent transition is caused by
growing two-dimensional Tollmien-Schlichting waves.
One possibility to delay the laminar-turbulent tran-
sition is to deform these Tollmien-Schlichting waves
by introducing alternating regions of increased and
decreased flow speed, i.e. high and low speed streaks,
respectively, into the boundary layer. If the amplitude
and spacing of the streaks is correctly set, then the
most unstable two-dimensional Tollmien-Schlichting
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waves are deformed into three-dimensional Tollmien-
Schlichting waves at a reduced growth rate. This
was shown numerically by Cossu and Brandt| (2004).
In experiments different methods to generate streaks
have been tested and all methods have in common
that they use the lift-up effect (Landahl} [1980) to gen-
erate the necessary streaks of proper amplitude. A
streamwise vortex inside of the boundary layer lifts
low momentum fluid away from the wall on its one
side and pushes high momentum fluid closer to the
wall on its other side. The following methods to in-
sert the initial streamwise vortices have been tested to
date: discrete surface roughness elements, wavy sur-
face (Downs III and Fransson, 2014), and free-stream
turbulence(Fransson et al., 2005b)). For the discrete
surface roughness elements, which are directly re-
lated to the setup of the current test, two different
shapes of roughness elements lined up perpendicular
to the oncoming flow have been published: Cylindri-
cal roughness elements (Fransson et al., [2005a) and
miniature vortex generators(Shahinfar et al., 2012).
Both types of surface roughness elements produce
pairs of streamwise counter-rotating vortices.

In the following we present an experimental investi-
gation on cuboid roughness elements, which have the
same orientation, see Figure (I} The numerical design
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work for the oblique surface roughness was done by
Groskopf et al| (2011). At first, each roughness ele-
ment generates multiple vortices of different strength
but only the leading edge main vortex persists. So the
identical orientation of all roughness elements gener-
ates only co-rotating vortices, which distinguishes the
present experiment from previous ones. (Groskopf
et al., 2011) proposed that the cuboid is supposed to
be lying on its largest face, but in the present investi-
gation the cuboid is standing on its long and narrow
face as shown in Figure [l Furthermore, results for
off-design conditions are presented.

Investigating this problem in the laminar water
channel of the Institute of Aerodynamics and Gas
Dynamics is very beneficial because the flow speed
is very low and the boundary layer thickness is very
large, yet still moderate Reynolds numbers can be
reached. The laminar-turbulent transition extends
over a long streamwise distance, which makes mea-
surements to determine a transition location very chal-
lenging. Therefore, spatial measurement techniques
like the thermographic measurement techniques (Fey
et al), |2007) are qualified for this application. Per-
forming the measurement in a water facility limits
the possibility due to the absorption of light by water
to the Temperature-Sensitive Paint (TSP) method and
excludes the Infrared technique.

TSP is a possibility to measure two-dimensional
surface temperature maps (Liu and Sullivan| 2005).
Molecules with the characteristic of a temperature-
dependent fluorescence or phosphorescence are em-
bedded in an appropriate surface coating. To perform
a surface temperature measurement these molecules
are excited by light of appropriate wavelength and
the emitted fluorescence or phosphorescence light is
measured with a camera, for example.

Temperature-sensitive paint can be used as a
thermographic measurement technique (called TSP
method) to visualize and also to quantitatively mea-
sure some aspects of laminar-turbulent transition, vor-
tex footprints, streaks, and laminar separation bubbles
(Liu and Sullivan, 2005; [Fey and Egami, 2007). The
measurement principle of the TSP method is based
on the Reynolds-Colburn analogy, i.e. differences in
temperature distribution are linked to variations in
local skin friction for a constant heat flux, fluid tem-
perature, and flow speed. The TSP method fulfills
the requirements for the measurements concerning
acquisition frequency and size of measurement area in
the laminar water channel. In this laminar-turbulent
transition was measured with such a high degree of
temporal and spatial resolution with the TSP method

for the first time.

2. EXPERIMENTAL SETUP

The test was conducted in the laminar water channel
“Laminarwasserkanal” of the Institute of Aerodynam-
ics and Gas Dynamics (University of Stuttgart). The
facilities characteristics are very suitable for tests in-
vestigating the laminar-turbulent transition of a Bla-
sius boundary-layer flow - here on a flat plate of 8m
length and 12m width with an elliptic leading edge.
Velocities up to 0.2m/s can be reached with a low tur-
bulence level of Tu = 0.05% in the range of 0.1 Hz to
10 Hz (Strunz, [1987). On top of the flat plate the water
level measures 0.15m, which is sufficiently high to
have no blockage effects and a free water surface with-
out disturbances with the installations of the present
experiment. Throughout the test campaign the veloc-
ity was fixed at 0.12m/s with a variation of less than
1%. The setup is shown in [2| and consisted of three
installations, i.e. the array of roughness elements, a
controlled disturbance generation with a vibrating
ribbon and a movable device to perform TSP measure-
ments in the laminar water channel which is referred
to as TSP element.

2.1. TSP Setup

A TSP setup consists of three components, i.e. the
temperature-sensitive paint itself, a possibility to ex-
cite the TSP molecules, and a device to record the
emission of the TSP. The temperature-sensitive dye
molecules used in this experiment are explained in
detail by Ondrus et al.| (2015) and have already been
used in previous experiments in wind tunnels (On;
drus et al| 2015) and water facilities (Fey et al.,[2013).
For the used TSP formulation near UV light is re-
quired for excitation and red light is emitted from
the TSP. The absorption spectrum of water shows that
both utilized wave lengths have a sufficiently small
absorption in water (Wang), 2008) to enable TSP mea-
surements.

The high flow quality of the laminar water channel
results in an undisturbed free water surface, which
permits to take the TSP images through the free wa-
ter surface. The distance between flat plate and the
ceiling is limiting for the optical setup. Thus a three
camera setup was used. Three scientific black and
white charge-coupled device (CCD) cameras with low
noise were used to acquire the TSP images. In this
setup shading effects, which occur when the entire
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CCD chip is used, were avoided by using just the
center region of the CCD chip. This improved the
results especially for the calculation of the standard
deviation of each pixel. The combination of optical
lenses and camera settings results in a resolution of
4.4 pixels per millimeter. By maximizing the distance
between the cameras and the flat plate surface the
TSP element could not be placed symmetrically to the
channel walls. In Figure [1] the right-handed coordi-
nate system used throughout this paper is defined.
The xy-plane is in the center line of the TSP coated
area. Four light-emitting diodes (LEDs) with a peak
emission at 405 nm (HARDsoft IL-105/6X Illuminator
UV) were used to excite the temperature-sensitive dye
molecules. Appropriate optical filters were used in
front of the cameras and LEDs to avoid reflections.

2.2. Roughness Elements

In the current work cuboid roughness elements of
width w, length I, and height k have been tested as
illustrated in Figure[l] These roughness elements are
lined up in z direction in order to introduce high and
low speed streaks into the Blasius boundary layer.
The proportions of the cuboid and their orientation of
@ = 45° to the mean flow direction were designed by
Groskopf et al|(2011). The width of the elements is
wider than specified by |Groskopf et al.| (2011) due to
manufacturing reasons. The elements are made from
brass; therefore, they do not require any additional
fixing to stay in place because of their own weight at
the low flow speeds in the laminar water channel. The
height of the elements in relation to the boundary layer
at the roughness location x; is based on |Fransson et al.
(2005a). In their experiment the cylindrical roughness
elements generate streaks of appropriate strength for
a cylinder height of k/J = 2.6-2.8 with the boundary
layer parameter 6 = (xv/Ux)". In the experiment of
Fransson et al. (2005a) spanwise spacing was Az/k =
4.2. This was increased significantly in the present
experiment to Az/k = 11. In Table [I| the dimensions
of the investigated roughness elements and the used
roughness locations are listed. The roughness location
x;, was varied between 0.150m and 0.350m to vary
the amplitude of the generated streaks close to the
transition location of the reference conditions. In order
to further quantify the effect of the roughness elements
on the boundary layer also the roughness Reynolds
number Rey, = u<y:k)k /v is determined. u (y=k) is the
velocity at the location of the roughness elements at
the top of the roughness element.

Figure 1: Schematic illustration of the roughness elements dimen-
sions, their orientation, location, and spacing.

Table 1: Summary of the measurement parameters and dimen-
sions of the roughness elements of the presented test
cases.

Parameter (I) (II) (III) (Iv) V)
k [mm] 6.5 - 35 35 35
w [mm] 34 - 2.0 2.0 2.0
| [mm] 133 - 7.2 7.2 7.2
X [m] 3.7 - 0225 0275 0.325
Az [mm] 715 - 385 385 385

o [°] 45 - 45 45 45
F [-] - 90 90 90 90
k/é 115 - 251 227 209
Reyy 276 - 283 263 254

2.3. Controlled Disturbance Generation

A vibrating ribbon is used to introduce a controlled
disturbance into the Blasius boundary-layer flow. The
vibrating ribbon is located at x = 1.65m, which cor-
responds to Branch I of the stability diagram. A thin
wire (diameter of 0.1 mm) oscillates at an amplitude
of 0.25mm, has an offset of y = 5mm, and a dimen-
sionless frequency F = 27t fv/UZ - 10° ~ 90. Under-
neath the vibrating ribbon a series of spacers (55 mm
X 29mm x 1mm) were aligned with a distance of
55mm. A similar setup with wider spacers and a
different dimensionless frequency F was tested in
the laminar water channel before (Kruse and Wagner),
1998). The spacers cause a fixed three-dimensional
deformation of the boundary layer, which results in a
K-type transition(Kruse and Wagner, [1998; Klebanoff
et al., [1962). This spanwise fixing of the transition
location reduces the demand for the spanwise extent
of the TSP coated area and enables to compare the
surface visualizations with TSP and velocity measure-
ments with hot-film anemometry, which could not be
performed simultaneously.
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2.4. TSP Element
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Figure 2: Top view of the experimental setup.

To enable TSP measurements in the laminar water
channel a flexible, i.e. moveable, solution for creating
a temperature difference between surface and fluid
that can also serve as substrate for the TSP coating
had to be designed. The final design of the TSP ele-
ment consists of an aluminum plate (1.07m x 100m
x 0.001 m) onto which several layers of glass fiber re-
inforced plastic have been laminated. One single layer
of carbon fiber and one single layer of aluminum foil
are embedded inside of the insulating glass fiber rein-
forced plastic. The metallic substrate is used to keep
the TSP element in place and ensure that the TSP ele-
ment keeps its flatness. The single layer of carbon fiber
is used as a resistive heating layer, as it was proposed
by [Fey and Egamil (2007) and already used by |Petzold
and Radespiel| (2015) in a low speed wind tunnel test.
With the integrated aluminum foil minor temperature
homogeneities are evened out. Finally, the active layer
containing the temperature-sensitive dye molecules
was spray coated on an area of 1.00m x 0.25m (20 %
of test section width) and the remaining surface was
coated matt black. In order to limit the amount of ther-
mal energy introduced into the water channel flow
during a TSP measurement the spanwise extent of the
heated area was limited to a width of 0.35m, which is
wider than the TSP area to avoid possible edge heat-
ing temperature inhomogeneity close to the electrical
contact of the heating. Possible non-homogeneous
heat flux would cause severe deterioration of TSP re-
sults. A large heated surface or a large heat flux will
cause buoyancy forces and thermally induced turbu-
lence. These effects have to be avoided to perform
non-intrusive surface visualizations. The heating is
split in two parts with a gap of 20mm. The overall

thickness is d = 1.9 mm, which results in d/dx < 0.21
for the least favorable flow conditions and chosen lo-
cations of the TSP element in the current test. The
leading edge of the TSP element is designed as a se-
quence of two forward-facing steps with a height of
1 mm for the first step and a height of 0.9 mm for the
second one. Between the two steps there is a small
plateau of 70mm length. A previous design of the
TSP element was already used by |Lemarechal et al.
(2018).

3. DATA ACQUISITION AND DATA
EvALUuATION

The Temperature-Sensitive Paint method is applied
using the intensity based method (Liu and Sullivan,
2005). The TSP molecules were excited continuously
with the LEDs and images were recorded. The im-
ages were acquired with a frequency of 10Hz and an
exposure time of 4.5ms. This means that the images
were acquired at 50 times the disturbance frequency
introduced by the vibrating ribbon. The TSP data ac-
quisition strictly followed a fixed sequence for each
measurement point during which the water channel
was permanently running:

¢ Ten dark images, i.e. without LED light, are ac-
quired to measure the background light.

¢ The LEDs are switched on in continuous mode
to acquire 100 reference images, with the surface
temperature of the TSP element and the fluid tem-
perature being in equilibrium. Images acquired
under this condition are called reference images.

¢ The heating is switched on at a constant electri-
cal power. The electrical heating was set to an
electrical input power of 120 W, which results in
an over temperature of approximately 2K equal
to a temperature ratio of Ty /Taw = 1.007 in the
laminar region.

* When the surface temperature is constant the
LEDs are switched on again and 900 images are
acquired now at a constant heat flux between
surface and fluid. These images are called run
images.

The in-house developed software nToPas (Sachs,
2007) was used for the evaluation of the data. At first
the data are prepared in the image plane: dark, ref-
erence, and run images are averaged and afterwards
the averaged dark image is subtracted from the aver-
aged run and reference images. Four different ways to
present the data are prepared: averaged result, time
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series, standard deviation, and amplitude spectrum
calculated by Fourier analysis.

In the instantaneous results of the time series data a
horizontal regular stripe pattern unregularly appears
besides the random noise (Figure E] a)). To remove
these patterns and to increase the signal-to-noise ratio
the singular-value decomposition (SVD) is used to
filter the data. SVD is used for image filtering and
denoising (Konstantinides et al|1997) and it is very
suitable for the acquired data because the filter is edge
preserving and does not require previous information
about the image or the noise. Furthermore, it has been
used to increase the signal-to-noisy ratio of pressure-
sensitive paint data by [Pastuhoff et al.| (2013) and it
is used in flow analysis (Taira et al} 2017). The SVD
factorizes a m x n matrix A into a unitary matrix U
containing the left singular vectors u;, a diagonal ma-
trix X containing the singular values ¢, and a unitary
matrix VT containing the right singular vectors v]:

N
A= UZVT = 2 (riuiviT (1)
i=1

The time series results, which are handled as a
three-dimensional matrix (x x y X t) until the SVD is
applied, are rearranged into a two-dimensional matrix
(x -y x t) in which the spatial component is reshaped
into a one-dimensional vector. The vector u; contains
spatial and the vector v] temporal components of
the factorization. u; is the average spatial component
and all further components u — i contain the higher
order components. The singular values are the square
root of the eigenvalues o; in descending order and
represent the energy of each component.

In the present experiment a wide range of frequen-
cies occur, which is why the criteria to exclude com-
ponents in the reconstruction had to be chosen more
flexible than in [Pastuhoff et al| (2013). For the re-
construction of the time signal all components are
included until 50 % of the total energy of the fluctuat-
ing components is reached, this is shown in Figure
a). As expected the first components contain the most
energy, which can also be seen for the spatial com-
ponent u2 shown in Figure (3| which is already very
similar to the averaged result in Figure|[6|a). For the
shown examples 344 (case (II)) and 350(case (III)) of
the 900 components are included. In Figure {4|a) it can
be seen that the energy of the excluded components is
equal for the two data points. This indicates that they
only contain camera noise. Furthermore, all compo-
nents being dominated by a pattern that is ascribed to
the camera read out are manually excluded. In Figure

the first 14 spatial components for the reference flow,
i.e. case (II), are shown. The spatial components u3,
ug, U11, and uq4 were excluded from the reconstruction
because of the dominating horizontal stripe pattern.
In the components u7 and ug (Figure [3) a significant
difference can be seen on the upstream end of the
TSP element: The difference of the noise level of this
analog-to-digital converter leads to a locally increased
energy level of these components.

The global error and pixel error are also calculated
as proposed by [Pastuhoff et al.| (2013) to check the
success of the image filtering and to check if all impor-
tant characteristics are included in the reconstructed
image. The pixel error is calculated, if possible, in
a laminar region and the global error is calculated
over an area of 50mm x 100mm, which is in the
order of typical structures in this test: footprints of
A-vortices. A comparison of an unfiltered and SVD
filtered instantaneous image is shown in Figure[7} It is
visible that the random stripe patterns and the noise
are significantly reduced.

The unfiltered time series is used as input for a
Fourier analysis. The signal-to-noise ratio of the data
in the present measurement is of sufficient quality to
directly calculate the amplitude spectrum |Y| for each
grid point without quality enhancing methods as pre-
sented by Nakakita| (2007) for pressure-sensitive paint
data. Because of the similarity of SVD method and
Fourier analysis it is not necessary to use the filtered
data. The Fourier analysis is used to specifically high-
light the dimensionless frequency band F = 90 £ 10,
which is the frequency band centered at the controlled
disturbance. If the amplitude in this frequency band
is significantly increased in the TSP results, it is ex-
pected that the transition start is determined. The
results of the reference flow support this assumption:
The amplitude of the dimensionless frequency band
F =90 =+ 10 of the TSP results (Figure[6) has its maxi-
mum at Re, = 4.05 - 10° same as the standard devia-
tion of the velocity u (Figure|[S).

Velocity measurements were performed with hot-
film anemometry in constant temperature (CTA) mode
with a single wire probe (Dantec 55R15) at a tem-
perate ratio of 1.08. The calibration was performed
with the traversing system of the laminar water chan-
nel as described by [Subasi et al.| (2015). The probe
was traversed parallel to the TSP element surface at
a constant height of y = 7mm. Therefore, possible
disturbances caused by the TSP element are also in-
cluded in the velocity measurements with the hot-film
anemometry. The measurements started at the lead-
ing edge of the TSP element and z = —120 mm with
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Figure 3: The spatial components uy to w14 for the reference flow, i.e. case (1), are shown. The components uz, ug, 111, and uy4 are

dominated by disturbances coming from the camera.

a spacing of Ax = 25mm and Az = 10mm. At each
measurement location the velocity was measured with
at a frequency of 100 Hz. The hot-film measurements
were performed between two TSP measurements of
the same setup without any change of the setup.

4. EXPERIMENTAL RESULTS

Results are shown for five different cases as spec-
ified in Table Case (I) is a visualization of the
close-up range of the roughness elements to compare
with numerical results from |Groskopf et al| (2011).
This visualization is measured with scaled roughness
elements (larger elements than in cases (III) to (V))

further downstream on the flat plate. The scaled ele-
ments at the downstream location have a roughness
Reynolds number Rey; between case (III) and case
(IV). Scaling the elements and placing them further
downstream was necessary because the TSP element
would generate a non-negligible disturbance close
to the leading edge: The forward-facing step at the
TSP elements leading edge would be in the order of
the displacement thickness of the Blasius boundary
layer. Case (II) is the reference flow configuration this
means that the controlled disturbance is excited but
the oblique roughness elements are not used. For case
(IIT) to (V) the oblique roughness elements are used.
Their location is moved consecutively in downstream
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Figure 4: Energy of each component i a) and global and pixel
error b) of each included component i of the reference
flow, i.e. case (II), and for oversized roughness elements,
i.e. case (III).

direction from case (III) to (V), this means that the
strength of the streaks and the roughness Reynolds
number Rey; are reduced. For these test parameters
the influence of the generated system of high and low
speed streaks on the laminar-turbulent transition is
investigated with the disturbance environment of case
(II). The cases (III) and (V) are off-design conditions.

The presented average and instantaneous TSP re-
sults have to be interpreted in the following manner:
locations of low intensity ratio I,/ 1, i.e. the temporal
average of the acquired intensity values at reference
conditions divided by the temporal average of the in-
tensity of the run image, belong to locations of larger
absolute local skin friction. This conclusion is valid
for the present experiment because the heat flux, the
distribution of heat conductivity in the model, and
the flow conditions are homogenous and time inde-
pendent. The cause of increased skin friction has to
be deduced from the flow situation and with the help
of the standard deviation and the Fourier analysis.

4.1. Close-up Range of the Roughness Ele-
ments

To visualize the vortex system generated by the
oblique roughness elements a new arrangement with
larger elements was tested. These elements have a
height of k = 6.5 mm and are directly placed on to the
TSP element. Their size and location was set to have
roughness Reynolds number of Rey;, = 276, which is
similar to case (III). The footprints of the vortex sys-
tem can be seen clearly as darker areas in Figure
Each roughness element generates three vortices that
are sufficiently strong to change the local skin friction
enough for the TSP method to clearly visualize them
as individual dark shapes. The naming of the vor-
tices follows the convention introduced by (Groskopf
et al.| (2011) but the distinction between inner and
main vortex is omitted, because this information is
not available from the TSP measurements. One vortex,
which is called horseshoe vortex (HV), is bent around
the element and reaches no further downstream than
five roughness heights. The second visible vortex is
the trailing edge vortex (TV). It originates from the
trailing edge of the roughness element, is about half
as wide as the roughness element, rapidly weakens,
and is only visible up to (x — xx)/k ~ 30-45. The vor-
tex inducing the ordered streak system to delay the
laminar-turbulent transition is the leading edge vortex
(LV). It is visible from 5k on and its strength and width
are increasing in flow direction, which is concluded
from the decreasing intensity ratio. This vortex is sup-
posedly more stable than the pair of counter-rotating
vortices a symmetrically oriented roughness element
would generate (Groskopf et al.,2011). Especially, the
trailing edge vortex shows a different development in
flow direction for the three roughness elements visible
in the TSP result. The TV generated by the roughness
element at z/k = 11 is extinct at 30k downstream of
the elements leading edge whereas the TV for the
roughness element at z/k = 0 is visible up to 45k
downstream of its roughness element. Possible causes
are a small deviation in the angle of the elements or
a variation in the mean flow field. The comparison
of the results with the cold-flow conditions published
by (Groskopf et al|(2011) is fairly good with a minor
deviation for the location at which the end of the TV
is detected. This difference is probably caused by the
decreasing influence of the vortex on the skin friction
or the inverted height to width ratio. Also the span-
wise movement of the vortices in positive z direction
is similar for the current experimental results and the
numerical results (Groskopf et al., 2011).
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Figure 5: The averaged TSP result of the close-up range of the roughness elements (case (I)) shows the footprints of the vortices:
Horseshoe vortex (HV), leading edge vortex (LV), and trailing edge vortex (TV).

4.2. K-Type Transition Reference Flow

The reference flow is dominated by appearing struc-
tures caused by the previously defined disturbance en-
vironment without roughness elements. These condi-
tions lead to the averaged TSP result shown in Figure
Ela). Two darker wedge shapes start at Re,y = 4.15- 10°
which are assumed to be turbulent wedges caused by
the disturbance of the vibrating ribbon and the spacers.
Three dark footprints separated by brighter lines lead
up to the tip of the turbulent wedge. The spanwise
gap between the outer dark lines is approximately
55mm and the width of the individual formation is
also approximately 55 mm at the beginning of the TSP
measurement area. This formation reflects the dimen-
sions and the spanwise distance of the spacers beneath
the vibrating ribbon. The central black strip, which
is going straight to the tip of the turbulent wedge,
is located downstream of the centerline between two
spacer (Kruse and Wagner| 1998). This stationary
deformation of the boundary layer results in the for-
mation of A vortices (Hama and Nutant, [1963), which
become unstable and develop into turbulent flow. The
A vortices are initiated at discrete spanwise location
and are lined up (Figure [7), which leads to the con-
clusion that K-type or fundamental type transition
was successfully achieved. In the tip of the turbulent
wedge the standard deviation (Figure |§|b)) and also
the amplitude spectrum (Figure [6|c)) of the TSP data
show their maximum. The amplitude spectrum shows
the dimensionless frequency range F = 90 + 10, thus
the amplitude of the introduced disturbance is indi-
rectly measured. The increased values in the wedge’s
tip are good indication that the wedges are turbulent

and that they are generated by the disturbance of
the vibrating ribbon. The generated A vortices decay
further downstream into smaller vortices. These de-
caying structures still cause significantly larger values
in the amplitude spectrum compared to upstream of
the wedge’s tip. However, the standard deviation in
Figure[f|b) clearly highlights only the borders of the
wedge as a bright line and thus the boundary between
the laminar and the turbulent flow. The upstream end
of the increased values of the amplitude spectrum is
considered to be the transition location. Inside of the
wedge shape the averaged TSP result shows a dark
area with I,,s/I < 1.02, which is assumed to corre-
spond to the increased skin friction of turbulent flow.
The transition Reynolds number of the reference flow
was reproducible thus the disturbance generated by
the vibrating ribbon seems to be very stable.

On the positive z-coordinate side of the instanta-
neous result (Figure [/) three different conditions of
the A vortex are visible: initiation, growth and decay.
Initially, the footprint of a A vortex is visible in TSP
data as a small structure of two dark parallel lines
at Rey = 4.15-10°. An elongated pair of dark par-
allel lines from Rey = 4.30 - 10° to Rey = 4.50 - 10°
shows the next development step: a grown vortex.
And finally at Rey = 4.60 - 10° the vortex is decaying
into smaller structures. This evolution shows the con-
vective nature of the instability. These events strictly
occur regularly with F = 90 and the size of the two
turbulent wedges hardly changes, as it can be seen
in the results of the standard deviation, see Figure |§|
¢). On the negative z-coordinate side it is not possible
to identify individual stages of the vortex evolution,
which is very likely caused by a faster evolution due
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Figure 6: TSP results for the reference flow, i.e. case (1I). The averaged result a), the standard deviation b), and the amplitude of the
F =90 % 10 frequency range derived from Fourier analysis c) are shown.

to locally larger disturbance.

The standard deviation also shows vertical lines
at Re; = 3.88-10°,4.06 - 10°,4.25 - 10°, and 4.45 - 10°
which are caused by a small difference of the noise
level of each analog-to-digital converter (two analog-
to-digital converters per camera). A further striking
feature is one vertical dark stripe starting at Re, =
4.25-10°, which is not a flow feature but caused by the
gap between the two heating elements. The break in
the heating is clearly visible in the average TSP result,
cf. Figurelfa), but it is not visible in the standard
deviation, c.f. Figure [f] c), which confirms that the
surface temperature of the TSP element had reached
a constant condition before the image acquisition of
the heated images started.

For the reference case the TSP measurements were
accompanied with hot-film measurements. The result
of the averaged velocity u is shown in Figure[§|a). Like
the averaged TSP results, also in the hot-film measure-
ment results a wedge shaped area of increased flow
speed is visible. Already upstream of the wedge shape
a non-two-dimensional boundary layer is detected: A
structure in flow direction of approximately 50 mm

width and an elevated flow speed leading up to tip
of each turbulent wedge is visible. Furthermore, an
increased flow speed is visible at the beginning of the
TSP element, which is than decelerated between the
parallel structures. The standard deviation derived
from the velocity measurements is displayed in Figure
b). It shows more clearly than the average result
two parallel horizontal structures with a distance be-
tween their centerlines of 120 mm. Also the spanwise
location resembles the one measured with the TSP
method. The standard deviation inside of the parallel
structures increases at Re, ~ 3.80 - 10° (Figure Elb)),
which is earlier compared to TSP results where the
increase is detected at Rey ~ 4.00 - 10° (Figure El Q).
Nevertheless, the maximum standard deviation inside
the growing disturbance is for both techniques at a
similar location for each vortex, i.e. Rey ~ 4.10 - 10°
and Rey ~ 4.20 - 10°, respectively. The agreement be-
tween the location of A vortex generation and their
decay into turbulence measured by TSP and hot-film
anemometry is very good. It can be seen that the
spanwise position is reflected by the area of laminar
flow between the two wedges, which is characterized
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Figure 7: Instantaneous result of the reference, i.e. case (II), unfiltered a) and filtered with SVD b). The signal-to-noise ratio is increased
and the horizontal stripes are successfully reduced by the filtering.

by lower flow speeds and a lower heat transfer, which
is visible in Figure [f|a) and Figure [§|a), respectively.

A significant difference between the averaged TSP
results and the averaged hot-film measurement is vis-
ible from the beginning of the measurement up to
Re, ~ 3.90 - 10°. Here the results of the hot-film mea-
surement already indicate a deformed boundary layer
that is accelerated between the two growing distur-
bances. This is probably caused by the influence of
the forward-facing steps at the beginning of the TSP
element, which causes accelerated flow and improved
heat transfer. In the TSP result this effect is indicated
by a slightly lower intensity ratio.

4.3. Adequately-Sized Roughness Elements

When the roughness elements are placed 0.275 m away
from the leading edge of the flat plate, c.f. case (IV) in
Table [} the transition is delayed beyond the trailing
edge of the TSP element. For the parameter of case
(IV) k/6 = 2.27 which is significantly smaller than
the value of [Fransson et al|(2005a). The roughness
Reynolds number is Rey; = 263 and thus smaller than
for the scaled elements of case (I). This location of
the roughness elements, which results in the max-
imum achievable transition delay, was determined
experimentally. The average TSP result in Figure [J]
a) shows an intensity ratio L./l > 1.02, which is
already a strong indication for laminar flow over the
entire TSP element. The lowest values are visible at
the leading edge of the TSP element where the flow
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speed is increased also for the reference flow. Also,
footprints of the roughness induced streaks inside of
the laminar boundary layer are visible. At the up-
stream end of the TSP element these have the spacing
of the roughness elements. Whereas the spacing of the
streaks becomes more narrow at the downstream end.
Besides the flow structures and the signature of the
heating gap an additional frayed structure is visible
between Rey ~ 4.15 - 10° and 4.25 - 10°. This structure
is also expected to be caused by the model.

In the results of the TSP standard deviation (Figure
E]b)) the only area of increased values is visible at the
leading edge, where the velocity is increased, and very
locally at the end of the TSP element. The standard
deviation increase at the downstream end shows a
small spaced horizontal pattern. The amplitude spec-
trum (Figure 0] c)) does not show any increase of the
disturbance frequency amplitude.

The results of the hot-film measurement are illus-
trated in Figure Also for this configuration the
velocity u is increased at the leading edge of the TSP
element up to approximately Re, ~ 4.00 - 10°. But
with the installed oblique roughness elements the in-
duced streak system is visible over the entire length
of the TSP element and the spacing of this streak sys-
tem is equal to the spacing of the roughness elements
(Az = 11k). Inside of the streaks the standard devia-
tion std(u) grows, as can be seen in Figure [I0|b), but
does not reach the magnitude measured at transition
for the reference case, c.f. Figure[§|b). Both measure-
ment techniques show that the entire TSP element is
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Figure 8: Hot-film results for the reference, i.e. case (II). The average velocity a) and the standard deviation of the velocity b) are shown.

now laminar. But the surface visualization does not
capture the steady deformation of the boundary layer
as good as the velocity measurement. As it can be con-
cluded from the standard deviation of the velocity in
Figure [10|b) only the streaks with the largest standard
deviation (z/k = —11 and z/k = —22) are visible in
the averaged TSP result (Figure 9).

4.4. Opversized Roughness Elements

The interpretation of the results of case (III), in which
the roughness elements are placed at x; = 0.225m, is
less distinct. The roughness elements are with k/J =
2.51 and Rey; = 281 of significantly larger impact on
the boundary layer than in case (IV). Therefore, streaks
of larger amplitude can be expected in the boundary
layer and an even later laminar-turbulent transition
than for case (IV). The average result in Figure [T1]a)
is very similar to the average result of case (IV) in
Figure 0] a). The generated high speed streaks with
the roughness spacing of eleven roughness heights
are visible in the upstream region of the TSP element
and additionally finer spaced streaks are visible at the
downstream end of the TSP element. Also, the results
of the Fourier analysis of the F = 90 & 10 frequency
range (Figure [1|c)) just show a small increase of the
amplitude in the investigated frequency range. Both
results indicate that transition does not occur on the
TSP element by the introduced instability, which is
described in case (II).

The results of the standard deviation in Figure
b) and the instantaneous result in Figure [12| show

that locally the laminar-turbulent transition occurs
earlier and by a different instability mechanism. The
roughness elements of case (III) have a roughness
Reynolds number of Rey;, = 281. Placing the rough-
ness elements at this location leads to an unstable
wake, which is indicated by occurring turbulent spots.
The combination of locally too high deformation of
the boundary layer by the vortices downstream of
the oblique roughness elements probably initiates the
onset of the turbulent spot. This causes an already
intermittent flow upstream of the location of the TSP
measurements.

From the propagation of a turbulent spot an instan-
taneous result is illustrated in Figure[12} The turbulent
spot was initiated upstream of the TSP element and
its propagation over the TSP element is clearly visible
in the time-series data. The zones of a turbulent spot
described by (Gad-El-Hak et al|(1981) can be identified
in the instantaneous result of Figure Region (1)
is the head of the spot, which is turbulent, detached
from the wall, and overhangs region (2) which is an
area of laminar fluid. Due to region (1) being detached
from the surface it cannot be measured with the TSP
method. What is very well captured, are regions (3) to
(5). The downstream end of region (2) is characterized
by the breakdown of the laminar flow and turbulence
is generated. Clearly series of bursting events can be
seen in the instantaneous result at the indicated border
between section (2) and (3). These events gradually
break up the footprint of the system of streaks that are
introduced by the oblique surface roughness elements.
The turbulent flow overhanging region (2) seems not

11
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Figure 9: TSP results for successfully delayed transition with oblique roughness elements of adequate size, i.e. k/§ = 2.27 of case (IV).
The averaged result a), the standard deviation b), and the amplitude of the F = 90 % 10 frequency range derived from Fourier

analysis c) are shown.

to influence the structure visible in TSP. Region (3) is
characterized by very quickly growing structures that
grow especially in streamwise direction. In Region (4)
these structures grow further and become less active,
weaken and develop into the streaks of region (5).

At last, the calmed region, i.e. region (5), follows.
This region is again laminar but with the streaks em-
bedded from the turbulent spot. After the streaks of
the spots decayed completely the system of high and
low speed streaks starts to develop once more if the
distance between two turbulent spots is long enough.
For the conditions of case (III) the distance between
two consecutive turbulent spots is long enough to
again form the system of high and low speed streaks
induced by the roughness elements and stabilize the
introduced disturbance. After a spot passed and the
calmed region has passed the TSP element, it takes
less than 20 seconds to reinstall the system of rough-
ness induced streaks. The footprint of the streak can
be observed growing in downstream direction.

The footprint of the stabilizing streak is clearly vis-
ible in the average result, standard deviation, and
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amplitude spectrum (top right corner of Figure [TT)
because the turbulent spot did not overflow the en-
tire TSP element during the acquisition of the data
point. The undisturbed areas show a stabilized bound-
ary layer as in Figure 9] for roughness elements with
smaller impact on the boundary layer, i.e. the gen-
erated streaks are weaker. The measurement time of
this intermittent flow was insufficient to capture the
flows characteristics completely.

The turbulent spots seem not to be randomly initi-
ated in spanwise direction because most spots passing
the area of TSP visualization were initiated on the
positive z-side of the test section. Thus, there seems
to be a defect of a roughness element, e.g. inaccurate
orientation.

As expected for an off-design condition with over-
sized oblique roughness elements the wake of the
roughness elements becomes unstable and the tran-
sition location moves rapidly forward. The inves-
tigated roughness shape becomes already unstable
from Rey; = 280 on.
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Figure 10: Hot-film results for the transition delayed with roughness elements of adequate size, i.e. case (IV). The average velocity a)

and the standard deviation of the velocity b) is shown.

4.5. Insufficiently Sized Roughness Ele-
ments

The roughness elements of case (V) are placed further
downstream then in the optimal configuration of case
(IV). The roughness location yields in a roughness
Reynolds number of Rey; = 254 and a ratio of rough-
ness height to boundary layer parameter of k/6 = 2.09.
The average result is shown in Figure[I3|a) and is simi-
lar to the average result of the reference flow in Figure
[f] a). The steady deformation of the boundary layer
leads to a structure of two thin horizontal lines on the
negative z side of increased heat transfer that become
wider downstream of the gap in the heating. This
structure has the width of the spacers beneath the
vibrating ribbon. On the positive z-axis the structure
appears later than on the negative z-axis. But the
overall beginning of the structure has moved further
downstream with a more pronounced asymmetry be-
tween positive and negative z coordinates than in the
reference flow.

The standard deviation and amplitude spectrum
results are shown in Figure[I3|b) and c), respectively.
These results show an elongated, smeared out maxi-
mum of lower amplitude than for the reference flow.
This is an indication for a less steady location of pro-
duction of the A vortices or a less regular production.
The maximum in the standard deviation and ampli-
tude spectrum is located further downstream than in
the reference case and transition is therefore expected
to be still delayed. On the positive z coordinate side no

indication for laminar-turbulent transition is visible.

In the average result no turbulent area is visible but
lambda vortices are still initiated. The initiation and
the growth of the lambda vortices are visible in the in-
stantaneous images (not shown). It is also visible that
they can become unstable and decay into turbulent
flow within the range of the TSP element but this oc-
curs not as regular as for the reference flow condition.
This behavior is reflected by an area with increased
amplitude of the F = 90 £ 10 frequency band but no
indication of turbulent flow in the average result. The
increased amplitude of the F = 90 £ 10 frequency
band is limited to the initial width of the footprint of
the lambda vortices in its spanwise extent and does
not increase in downstream direction. But this area of
increased disturbance is elongated in flow direction
compared to the reference flow condition. Hence, the
stabilizing effect of the oblique surface elements is visi-
ble because the disturbance reaches sulfficient strength
to be visible in the TSP results further downstream
than in reference flow and the average distance to
decay into turbulent flow is also elongated. This area
of increased amplitude in the F = 90 =+ 10 frequency
band moves gradually in upstream direction when
k/ 6 is further decreased. This off-design behavior of
the oblique roughness elements is less critical: With
decreasing influence of the streaks the transition is
less delayed.
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5. CONCLUSIONS

In the present investigation the TSP method was suc-
cessfully used to spatially and temporarily measure a
triggered K-type (Kruse and Wagner, 1998; [Klebanoff
laminar-turbulent transition of a Blasius
flow. To enable TSP measurements in the laminar wa-
ter channel a TSP element was designed, which can be
easily relocated on the flat plate of the laminar water
channel. Surface visualizations with TSP are in good
agreement with velocity measurement results from
hot-film anemometry measurements for K-type transi-
tion. In the hot-film measurements a flow alteration at
the beginning of the TSP element is clearly detected.
This flow alteration is caused by the forward-facing
step of the TSP element.

The laminar-turbulent transition of the Blasius
boundary-layer flow with K-type transition was suc-
cessfully delayed by placing oblique surface rough-
ness elements close to the leading edge of the flat
plate. The cuboid elements placed under 45° to the
oncoming flow generate a complex vortex system very
similar to the numerical results of |Groskopf et al|
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(2011). Only the vortex generated at the leading edge
of the cuboid persists. These form a system of co-
rotating vortices, which generate high and low speed
streaks. The streaks deform the Tollmien-Schlichting
waves into three-dimensional waves with a reduced
growth rate. With the roughness elements benefi-
cially placed at k/é = 2.27 with a spanwise spacing
of k/z =11 (case (IV)) the transition was delayed by
at least ARe, = 80.000 in the present experiment. The
exact transition location could not be determined due
to an insufficient size of the TSP element. In previous
experimental work pairs of counter-rotating vortices
were utilized (Fransson et al),[2005a} Shahinfar et al.
2012). The roughness elements in the presented in-
vestigation are smaller and have a larger spanwise
spacing than in the previous works; however, transi-
tion was successfully delayed.

Also, the off-design conditions, i.e. oversized (case
(III)) and insufficiently sized (case (V)) roughness el-
ements, were tested. The wake of the roughness ele-
ments becomes unstable from Rey;, = 282 on and is
fully turbulent from Rey, = 307 on. The unstable flow
is characterized by occurring turbulent spots, which
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disturb the system of stabilizing streaks. If the rough-
ness elements are insufficiently sized, the Tollmien-
Schlichting waves are insufficiently stabilized and the
transition location moves again closer to the transition
location of the reference flow.

The TSP method captured the changes of the tran-
sition location and the differences in the transition
process well. Furthermore, the TSP method directly
allows a qualitative interpretation of the change in the
surface temperature to a changed skin friction drag:
The percentage of the TSP elements surface with an in-
tensity ratio of I, /I > 1.025 is significantly increased
when the roughness elements are added (case (IV)).
Especially, the highly unsteady and three-dimensional
flow with turbulent spots (case (III)) can be well in-
vestigated with the TSP method, because of its spatial
and temporal measurement capabilities. To further
improve measurement results in future investigations
the TSP element should be flush mounted with the
surface of the already installed flat plate, i.e. an ex-
isting part of the flat plate should be replaced with a
TSP element.
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