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Abstract

In this paper the characteristics of a Europium-based temperature-sensitive paint (TSP) in polyurethane (PUR) clear coat
submerged in water are investigated. It is shown that the temperature sensitivity is not affected by water. However,
the optical transmission of the PUR is reduced, which reduces the measurable emission of the TSP. Furthermore, a TSP
measurement in the laminar water channel at the Institute of Aerodynamics and Gas Dynamics, University of Stuttgart,
was set up. In this experiment the skin friction field for two types of roughness elements, i.e., a truncated cylinder and
an array of cuboids, in a Blasius-like boundary layer is investigated. Additionally, the temperature field was recorded
with sub-millimeter resolution while an artificial heat flux was applied. A modification of the Colburn analogy is used to
derive the skin friction from the temperature measurement. Skin friction results derived from velocity measurements are
in good agreement with the TSP results. The experimental setup provides a resolution of the temperature and skin friction
measurement of (AT) iy < 0.007K and (AT)i < 4.01 x 1075 N/m? (<1% skin friction of the undisturbed flow),
respectively. Additionally the uncertainty of the temperature and skin friction measurement is analyzed.
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1. INTRODUCTION
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The surface-temperature distribution is an impor-
tant quantity to be measured in experimental aerody-
namics, e.g., heat exchangers and re-entry vehicles,
and in fundamental research, e.g., Rayleigh-Bénard

convection (Ahlers et all, M). From the tempera-
ture measurements the heat flux (Le Sant et all, 2002;
|Nakakij;a_et_al,|, |20_Q3) or skin friction (m, @;
m, @) can be derived. Experimental skin friction
measurements are important for the development of
streamlined vehicles such as aircraft or ships and
their assessment. Furthermore, skin friction measure-
ments are necessary in fundamental aerodynamic re-
search M, ) and in the development of
drag reduction methods like the upstream flow de-
formation method (Wassermann and Kloker, 2002),
spanwise velocity gradient method ,
), and riblets 2 @).

Several optical measurement techniques are ap-

plied in wind tunnel or water facility experiments to
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measure surface temperatures: thermochromic liquid

crystals (Gaudet and Gell, [1989), infrared thermog-
raphy (Thomann and FrisK, 1968), and temperature-
sensitive paint (Liu and Sullivar_‘], M). All methods

are spatial and non-intrusive. Besides temperature
measurements these techniques are widely used for
qualitative skin friction measurements, i.e., surface
based flow visualizations, in a large Variety of test
facilities %;.elﬂ 1968; Haselbach et al), [1995

et al., Peake et all, 1977; Bouchardy et all, @g
Quasf, 1987; Fey and Egami, 2007; [ijima et al), 2003).

In addition to the qualitative skin friction visualiza-
tion, the transition location , |20_Q2|)
and the relative skin friction vector field can be de-
rived. The latter can be calculated as an inverse prob-

lem by optical flow algorithms (Liu_and Woodiga,

-) and saddle points, convergence and convection

lines can be determined (Miozzi et al J, 201 d,uLz]d .

A quantitative evaluation of the skin friction mag-
nitude from a temperature field on a flat plate with
laminar flow and a laminar flow dlsturbed by a trip

wire was performed by m ) from mea-

surements with an infrared camera. Furthermore,
Miozzi et all (2019a) derived the skin friction based
on the Taylor hypothesis, i.e. crosscorrelation of tem-
perature fluctuations. The displacement of a tempera-
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ture fluctuation between two consecutive TSP record-
ings is assumed to be proportional to the local skin
friction velocity -, which is related to the skin fric-
tion via the fluid density. This approach can only be
applied in turbulent flow, where sufficient tempera-
ture fluctuations occur.

Besides the approach to derive skin friction from
temperature measurement, only S3F (m,
m)), shear sensitive liquid crystals (Klein and Mar-
gozzi, M; n 11, H%Q), and luminescent
oil-film flow-tagging (LOFFT) (Husen et al., 2017)
provide direct spatial skin friction measurements.
These also provide the direction of skin friction (Reda
and Muratore, |1224]; Fonov et al.|, |20_Q.5|; |Hus_en_e_t_alJ,
2017). In this paper a new approach to skin friction
measurement based on TSP will be shown.

The TSP method relies on the temperature-
dependent emission of fluorescent or phosphorescent
light from temperature-sensitive luminophores. The
luminophores are excited by light, which is typically
in the UV-range. Then, the luminophores can return
to their ground state by two main processes: a ra-
diationless de-excitation (thermal quenching) or the
emission of light. The emitted light is of a larger
wavelength (Stokes shifted) and is typically in the
range of visible light. With increasing temperature
the radiationless de-excitation is more likely, which
results in less emission. More details of the pho-

tophysics of TSP are provided by [Liu_and Sullivan

). For aerodynamic and hydrodynamic applica-
tions the luminophores are embedded in a clear coat.
The acquisition system consists of a LED or laser of
appropriate wavelength and a photosensitive device,
e.g., a CCD or CMOS camera. Therefore, the TSP
method is suitable for measurements in water in con-
trast to IR measurements due to the absorption of IR
light by water (Buiteveld et all,1994).

The TSP method is non-intrusive, because the coat-
ing can be integrated flush into the model surface
and polished afterwards to the desired roughness. Be-
cause of the high density of luminophores in the clear
coat the spatial resolution is determined by the cam-
era and the optical setup. Each pixel of the acquired
images corresponds to a single temperature probe,
which results in a large number of probes with high
density. The uncertainty of TSP temperature measure-
ments was prev10us1y analyzed for super-sonic flows
(Liu_et all, [1995; (Cattafesta et all, [1998). Factors con-
tributing to the uncertainty of temperature measure-
ments are given by [Liu et al| (1995); ILiu and Sullivan
(2005). Their findings indicate that the image registra-
tion, which can be necessary due to model movement,

model deformation or camera movement, is a major
error source. It results in a change of the illumination
pattern on the model and acquiring the same location
on the model with different pixels, which makes the
measurement susceptible to a variation of the gain.
Further uncertainties are caused by the TSP calibra-
tion and the illumination and acquisition system.

In this paper the TSP method is used not only
for temperature but also for skin friction measure-
ment in a water facility. At first the Europium-based
TSP in polyurethane PUR clear coat is characterized
for quantitative temperature measurements in water.
Additionally, the spatial temperature and skin fric-
tion distribution is measured in the wake of a single
truncated cylinder, which is submerged in a laminar
boundary layer. Furthermore, the skin friction distri-
bution of an array of roughness elements, which were
applied to delay the laminar-turbulent transition in a
boundary-layer prone to Tollmien-Schlichting insta-
bility are investigated. For the quantitative TSP mea-
surements an in-depth analysis of the measurement
uncertainties and errors is presented.

2. EXPERIMENTAL METHODS

2.1. The laminar water channel

The experiments were conducted in the laminar wa-
ter channel (Laminarwasserkanal) at the Institute
of Aerodynamics and Gas Dynamics, University of
Stuttgart. This facility was designed to provide a high
flow quality suitable for experiments investigating
the laminar-turbulent transition of two-dimensional
boundary layers (Strunz, 1987). The velocity range
of the facility ranges from 0.04m/s to 0.2m/s (Puck-
ert et al.,, |20_18). Due to the turbulence level of Tu =
0.05% in the frequency range of 0.1 Hz-10Hz (Wie-
gand et al,, |l225) and a fluid temperature variation
below £0.05K/day (Wiegand et al),1995) the laminar
water channel provides stable conditions and high re-
peatability.

In the test section of 10m length and 1.2m width
a flat plate of 8m length and 8 mm thickness is in-
stalled with an elliptic leading edge with an axis ratio
of 10:1. The free water surface is 0.15m above the flat
plate surface. The flat plate is set up to achieve a close
to zero pressure gradient, which results in the devel-
opment of a Blasius-like boundary-layer flow. The
flat plate and the test section are made of glass and
provide great optical access. The boundary layer in
the corner of the flat plate and the side walls of the
test section is prone to instability. To avoid turbulent
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flow contaminating the flat plate boundary layer the
unstable flow in the corner is sucked to the lower side
of the flat plate through a slit between the flat plate
and the side walls of the test section. The necessary
pressure difference between top and bottom side of
the flat plate is generated by a screen at the end of
the flat plate (Kruse and Wagner, [1998).

2.2. Experimental Setup

Two types of roughness elements were used to gen-
erate a disturbance of the laminar flow to achieve a
stationary skin friction distribution. Their location
are shown in fig. [ which also defines the coor-
dinate system. The conditions in the laminar wa-
ter channel require placing a TSP coated thin struc-
ture with an integrated model heating onto the fixed
flat plate. This structure was made from fiber re-
inforced plastic and is referred to as TSP element
(Lemarechal et all, 2019). The size of the TSP element
is (x x z) = (1.085mx1.00m).

The first application is a simple experimental setup
consisting of a short cylinder, which is submerged
in the laminar boundary layer. The cylinder has a
diameter of d; = 15mm and a height of k = 5mm.
As shown in fig. [Th, it is located at the upstream end
of the TSP element at x = 3.218 m. The field of view
(FOV) of the TSP measurement and the location of the
measurement plane of the hot-film (HF) anemometry
measurement is indicated in fig. [l

In the second test, the TSP method is applied
to determine the skin friction around an array of
roughness elements from the temperature distribu-
tion. These roughness elements are of cuboid shape
with a length of | = 13.3mm, a width of w = 3.5mm,
and a height of k = 6.5mm. The elements are ar-
ranged with an angle of 45° to the flow direction.
The complicated flow field around the roughness ele-
ments is dominated by vortices dﬁmskgpf_e_t_alj
[Lemarechal et all, 2018). These vortices induce large
velocity gradients in proximity of the surface, which
prohibits velocity measurements for comparison, be-
cause of spanwise velocity components, which would
not be possible to acquire with the current hot-film
setup.

2.3. Measurement techniques
2.3.1 Temperature-Sensitive Paint method

The TSP method was previously applied in the same
laminar water channel for time-resolved surface-

based flow visualizations of a flat-plate boundary
layer at the late stage of laminar-turbulent transition
(Lemarechal et all, 2018, 2019). In the following the
TSP measurement system, which consists of the TSP
element and the acquisition system, are explained in
detail. Furthermore, the data evaluation is presented.

The TSP element is partially coated (x X
z =1.00mx0.25m) with a Europium-based TSP (On-
drus et al., 2015). For this TSP the high tempera-
ture sensitivity (—3.3%/K at 20°C) and negligible
pressure-sensitivity are characteristic. Besides the sur-
face coating with TSP an integrated electrical model
heating, which has a width of 0.30m, is integrated
in the TSP element. The heating is a resistance heat-
ing based on a single current-carrying layer of carbon
fiber. To minimize the disturbance of the boundary-
layer flow by the TSP element the thickness is min-
imized in the design process. A total thickness of
1.9mm is achieved. Thus, the TSP element thickness
d normalized by the displacement thickness ¢; is ap-
proximately d/6; = 0.21.

The acquisition system consists of two LEDs
(HARDsoft IL-105/6X Illuminator UV) and one sci-
entific black-and-white CCD camera (pco.4000). The
camera and LEDs are placed above the test section to
illuminate the TSP and record the emission of the TSP
through the free water surface. This setup makes the
TSP measurement susceptible to measurement errors
caused by disturbances of the free water surface like
surface waves, which is discussed in section 5l Opti-
cal filters were installed on the camera (center wave-
length 630nm; bandwidth 75nm) and LEDs (center
wavelength 385nm; bandwidth 70nm) to reduce the
amount of stray light and thus improve the signal-to-
noise ratio. The camera recorded images with 10 Hz
at an exposure time of 4.5ms. The optical setup of
the camera results in an image resolution of approx-
imately 4.4px/mm. The acquisition method used
was the so-called intensity method (Liu and Sullivan,
2005). Therefore, the LEDs were operated in the con-
tinuous wave mode. The peak emission is at A ~
405nm with an output light power of approximately
3.5W each.

The TSP acquisition sequence consisted of four
phases, ie., the dark, reference, heat-up, and run
phase. At first 10 images without illumination by
the LEDs were acquired in the dark phase to record
the background light. Secondly, 100 images with il-
lumination are recorded, when the TSP surface and
the fluid are in temperature equilibrium. Afterwards,
the LEDs are switched off and the electrical heating is
switched on at constant electrical heating power P,;.
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Figure 1: Top view of the experimental setups: a short cylinder and b spanwise array of cuboid roughness elements. Also, the

coordinate system is defined.

The heat-up phase lasts several minutes until a con-
stant surface temperature is reached. Finally, the run
phase is started and 900 images are recorded with
constant heat flux § between TSP element and fluid.
The recorded intensities of the dark, reference, and
run phase are labeled I;,k, Lyef, and I, respectively.

The first steps of the data evaluation were per-
formed with a software developed by DLR, called
nToPas (Klein et all, 2005). At first the images of each
phase are averaged over time. Subsequently, the av-
eraged dark image is subtracted from the averaged
reference and run images. Then, the result image is
calculated by dividing the averaged reference image
by the averaged run image. Finally, the resultant im-
age with the intensity ratio I,.s/I is mapped onto a
structured surface grid of 1 mm-by-1mm resolution.
For each grid point 3 px-by-3 px are averaged.

The surface temperature T during the run phase
can be derived from measured intensities at reference

and run phase conditions with the Arrhenius equa-
ton (Liu et al, 1993
I(T) Ew (1 1
In =—|=- . (1)
I(Trer) R <T T,ef>

Besides the temperature at reference conditions Ty, r
the activation energy E;,, and the universal gas con-
stant R is needed. A simplified empirical equation is
used, because the activation energy E,, proves to be
difficult to measure (Liu and Sullivan, ):

i
T—Ed:%m<%g

The necessary temperature sensitivity S of the TSP

@

coating is derived from calibration measurements
with TSP samples as described by [Egami et al! (2009).
Since, the reference images were recorded at the
known fluid temperature Te, these are used to apply
the calibration.

2.3.2 Skin friction measurement

Since, momentum transport and thermal transport
are related, their dependency can be described em-
Eirically with the Reynolds analogy for Pr ~ 1
Reynolds, [1874) and the Colburn analogy for Pr # 1
(Colburn, 1933; ILirl, [1994). The Colburn analogy cor-
relates the local skin friction coefficient Cy to the Nus-
selt number Nu, Reynolds number Re and Prandtl
number Pr:

Nu 7&
RePrl/3 2

This empirical relation relies on the assumption of the
same onset of the momentum and thermal boundary
layer and also a uniform heat flux. Furthermore, it
is limited to simple flow configurations, such as lami-
nar forced convection (m, ). This excludes flows
with flow separation (@, 2011) and form drag
(Lir|, [1994). A successful application of the Reynolds
analogy for skin friction measurement was demon-
strated by (@) for a steady, laminar flat-
plate flow and a laminar flat-plate flow disturbed by
a trip wire.

The experimental setup at the laminar water chan-
nel, where the thermal boundary layer begins signif-
icantly later than the momentum boundary layer, re-
quires to adapt the Colburn analogy. Thus, a formu-

©)
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lation of the Colburn analogy with a later beginning
X of the thermal boundary layer is used (Cebici and

Bradshaw, |l%_4l):

W=

.
St = 0.322 - Re/2Pr?/3 {1 - (%) “} , @

with the Stanton number St. To actually calculate the
local skin friction Ty the following equation is used:

Q=

o unoo Pr2/3 _ @ % -
™= Ty —Tw) ¢ | (x) - O

Hence, a heat flux gy between the wall and the fluid,
which is caused by the temperature difference be-
tween the wall Ty and the fluid, is necessary. In
addition, the freestream velocity U and the specific
heat capacity at constant pressure c;, of the fluid are
needed. The electrical heating power 4, is not a suit-
able input for the heat flux 4y because of unknown
losses in the cables and to the underside of the TSP
element, which is not insulated. An approach to de-
termine 4y is necessary because the TSP element is
not equipped with any possibility to directly mea-
sure gy. The local skin friction of the Blasius bound-
ary layer and the measured surface temperature are
used in (B) to determine gyy. This approach is justi-
fied because the flow in the laminar water channel is
in good agreement with the Blasius boundary layer,
i.e., the deviation of the shape factor Hj, is approx-
imately 15% in the presence of the forward-facing
step at the leading edge of the TSP element, which
is slightly worse than in previous experiments in the
same facility (Wiegand et all,[1995; Subasi et all, 2015).
This approach enables to measure the deviation of the
skin friction from that of the Blasius boundary layer,
which is of interest for the tested setups.

2.3.3 Hot-film anemometry

Hot-film anemometry measurements were per-
formed to supply reference data for the TSP evalua-
tion. The single-wire hot film (Dantec 55R15) was op-
erated in constant temperature mode with a wire-to-
fluid temperature ratio of 1.08. The probe signal was
recorded at 100 Hz over 30s. Before the measurement
the probe was calibrated by moving the probe with
the traversing system at 20 different speeds through

the test section, when the fluid is at rest
2015).

The hot-film anemometry was used to measure
velocity profiles in the yz-plane in the wake of the
cylindrical roughness element as indicated in fig [Th.
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Figure 2: The velocity profiles close to the wall are shown for
the Blasius boundary layer, the undisturbed boundary
layer(z/d, = 1.60), the maximum skin friction (z/d,
=-0.67), and minimum skin friction (z/d, = 0.00) in
the wake of the roughness element.

Over a span of Az = 40mm a vertical velocity pro-
file was measured every 2mm. Each profile consists
of 20 measurements from y = 1mm to y = 30.2mm.
For each wall normal velocity profile u(y) the wall
shear stress is derived from the velocity gradient at
the wall du/dy|,—o. The velocity measurements be-
low y = 7mm are shown in fig 2l for different span-
wise locations behind the roughness element. The
result indicates that the velocity gradient close to the
wall is well resolved and in better agreement with
the Blasius boundary layer than the previously men-
tioned shape factor Hip. The hot film measurements
were performed with the same setup as the TSP mea-
surements except for the artificial heat flux between
model and flow, which was switched off for the hot-
film measurements.

3. TEMPERATURE-SENSITIVE PAINT IN
WATER

In the following, a characterization of TSP exposed
to water for longer time is presented, because it is
well known, that water diffuses into PUR. The PUR
used for the TSP coating reaches a water content of
24 g/kg after storing a sample in water for two days.
The water content could lead to an alteration of the
characteristics of the TSP, which could be similar to
aging effects of TSP like photodegradation (Liu et all,
ES@). Thus, the stability of the measurable emission
and the temperature sensitivity of waterlogged TSP
are investigated to assess the influence of the PUR wa-
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ter content on temperature measurements with TSP
in water. The tests were conducted with tap water
and a maximum water height of 0.15m.

3.1. Reduction of emission in water

The first applications of TSP in water already showed
a reduction of the measurable emission when the
models were placed in water. This observation is fur-
ther investigated in the laboratory. The calibration
chamber for TSP and PSP at DLR (Egami et al), 2009)
was upgraded to test one TSP sample in water and
one reference sample in air synchronously. This setup
enables to control the temperature and pressure of
the samples. At t = 0 one sample is placed in water
and the emission of both samples is recorded. At t ~
49h the sample is removed from the water and the
measurement is continued.

Figure [3] shows the emission, which is normalized
by the emission at t = 0, of both samples over time
for a constant sample temperature. Until t = 48 h the
emission of the sample in water is reduced by 15 %.
This reduction of emission is significantly larger than
the fluctuations of the reference sample in air. After
removing the waterlogged sample from the water the
emission increases again, as can be seen in fig. A
jump in the intensity ratio can be observed at t ~
49 h when the water is removed, which removes the
damping of the light traversing the water.

To exclude that water influences the TSP lu-
minophores a Jasco FP-6500 Spectrofluorometer was
used to measure the absorption and emission spectra
before and after placing a sample in water for two
days. The measurement preparation after storing the
sample in water consisted only of drying the surface;
therefore, the TSP was still waterlogged. The compar-
ison of the normalized spectra revealed that expos-
ing the TSP to water does not significantly influence
the shape of the spectra or the ratio of absorption to
emission peak. These results indicate that the TSP lu-
minophores are not influenced by exposing the TSP
to water.

Another mechanism, which could influence the
emission of the TSP, are changing optical properties
of the clear coat. The applied TSP uses a PUR clear
coat. Therefore, object plates for microscopy applica-
tions made from glass were coated with the PUR clear
coat with and without TSP luminophores in different
thicknesses. An Ocean Optics Miniature Spectrom-
eter FLAME-S-UV-VIS in combination with a white
light source were used to measure the transmission
of dry and waterlogged PUR samples. The spectrom-

eter is directly pointed at the light source and the
respective sample is placed in between. Also, one ref-
erence sample, which is an uncoated glass substrate,
was measured.

The transmission properties (fig. H) of the glass
substrate show that in the wavelength range relevant
for the TSP (350nm < A < 700nm) the transmis-
sion is approximately 90 %. The dry, pure PUR ab-
sorbs all light below 385nm. For larger wavelengths
the transmission increases and reaches a level of ap-
proximately 80 % to 85 %. A second dry PUR sample
with a different thickness does not show significantly
different transmission characteristics. When TSP lu-
minophores are added to the PUR, the wavelength at
which the transmission increases is shifted to larger
wavelengths of approximately 420nm. The sample
reaches a transmission of up to 80 % except for one
peak, which coincides with the emission peak of the
applied TSP. These two observations show the absorp-
tion and emission of light by the TSP luminophores.
The emission at longer wavelength is called Stokes
shift, which can be observed in the setup due to the
white light source used for the transmission measure-
ment.

In the second step two PUR samples were stored in
water for two days. After drying the surface the trans-
mission spectra measurements were repeated. Both
samples show a reduced transmission over the en-
tire wavelength range but the largest reduction is
observed for wavelengths below 450nm. This coin-
cides with the wavelength range necessary to excite
the TSP luminophores. Also, at the wavelength of the
emission of the luminophores, i.e. at approximately
615nm, the transmission is reduced. These changes
are significantly larger than the variation of transmis-
sion observed for the repeated measurement of the
dry sample.

It is observed that the optical properties of the PUR
change when water diffuses into the PUR clear coat
of the TSP. Water in the PUR reduces the transmis-
sion of light for the wavelength relevant for excita-
tion and emission of the TSP. When placing a TSP
coated model with a dry TSP coating into water the
reduction of the transmission of light starts. Thus,
reference and run images acquired during the time
span of the gradual reduction of the transmission will
contain additional intensity reduction. The findings
indicate that for the acquisition timing at the laminar
water channel a temperature measurement error of
0.07K can be caused at the beginning of a measure-
ment. Furthermore, these findings are in agreement
with the observations made during experiments that
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Figure 3: Measurable emission of a TSP sample placed into water for t =~ 49h and a reference sample in air.

the recorded emission decreases at the beginning of
measurements, when the model was just put in water.

3.2. Temperature sensitivity in water

The temperature sensitivity of waterlogged TSP is
investigated by means of three TSP coated samples.
These were calibrated in the DLR calibration cham-
ber with a limited temperature and reduced waiting
time to avoid an influence of changing optical prop-
erties of the PUR clear coat. Reducing the waiting
time was necessary to limit the influence of the steep
change of emission by the drying samples (see fig. [3)
on the calibration. After placing two samples in wa-
ter for 80.6 h the samples’ surface was dried and two
more calibrations were conducted 0.33h and 14.75h
after removing them from water. Figure [§] shows the
temperature dependent intensity and normalized in-
tensity. The development of the intensity in fig. Bh
reflects the results from fig. [ that a sample with
higher water content shows a reduced emission. De-
spite the reduced emission the normalized intensity
of the dry and waterlogged samples in fig. Bb coin-
cide. From these calibrations the temperature sensi-
tivity for each sample is derived and listed in table
[l When the temperature sensitivity of the samples
is compared for each calibration individually, the dry
and waterlogged TSP samples show only small devia-
tions of the temperature sensitivity. However, the first
calibration after removing the samples from water de-
viates from the other calibrations. It is expected that
reduced waiting times, which are necessary to avoid
a significant change of the water content during the
image acquisition, could lead to a sample tempera-
ture which has not reached its equilibrium.

t[h]  Spf [%K] Sy [%K] Sy [%K™]
before 35 35 35

0.33 3.7 3.7 3.6
14.75 3.6 35 35

Table 1: Temperature sensitivity S (at T,.y = 18°C) for a refer-
ence sample S,y and two samples with varying water
content of the clear coat.

4. RESULTS AND DISCUSSIONS

4.1. Truncated cylinder

The TSP visualization of the wake of the truncated
cylinder is shown in fig. In the figure the flow
is from left to right and the cylinder is located up-
stream of the FOV. The visualization shows two par-
allel areas of lower intensity ratio, which are oriented
in streamwise direction, at (|z/d.;| < 2). These are
caused by a horseshoe vortex which is induced by the
truncated cylinder ,[1956). The
TSP visualization shows that the wake of the cylin-
der is laminar, which is indicated by the absence of
thermal fluctuations in the wake as previously ob-
served for transitional and turbulent wakes of trun-

cated cylinders (Lemarechal et al), 2020). This is also

supported by the low roughness Reynolds number of

Rey = ug,_k/v = 177 (Gregory and Walker, 1956;
m, |fl7§). The visualization also shows an area

of low intensity ratio across the flow direction. This
is caused by a gap in the heating, which is indicated
in fig. [fh.

For each of the different heating power density set-
tings (4, = 267, 400 and 533 W/ m?) the measured in-




Quantitative measurements with TSP in water

100
B R
/\/ i o g B B e BNl o B s el N
80 (e NR’ Eo ---------- e x~-><><>< SRR
—_— !’ cdeeen e Kon e TR -% " e 900’@
§ d S o0 o
o 60 X2 X] -
£ o H 0@
2 I e -dry;169um ------
& 40 i -;waterlogged;169 pm - - -x - -
£ ! TSP;dry;203 pm - 7
§ l i TSP;waterlogged;203 pm - P
20 T -dry;156pum —-—-—
1 -dry;156 um —-a-— ||
r substrate
0 gl bt
300 400 500 600 700 800
A [nm]

Figure 4: Transmission characteristics of the PUR clear coat for three different samples and different conditions. Also, the transmission
characteristics of the glass substrate is shown and the wavelength range relevant for excitation (385nm < A < 425nm)

and emission (605nm < A < 630nm) of the TSP are highlighted in blue and orange, respectively.
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Figure 6: TSP visualization of the cylinder wake. The location of the hot-film measurement (—), the area to evaluate the heat flux
density qw (- —), and the area in which the skin friction is derived from TSP data (—) are indicated.

tensities are averaged in streamwise direction in the
area indicated in fig. [l Equation[2lis used to derive
the surface temperature from the intensity ratio for
each heating power setting shown in fig. [7] The heat-
ing power 4,; = 400W/m? was performed for two
fluid temperatures Te,, which differed by 0.1K. The
resulting surface temperature differs already signifi-
cantly. Increasing the heating power density g, in-
creases the temperature difference between the min-
ima and the maximum as well as the difference be-
tween the minima and the continuous value of the
undisturbed laminar flow. In the wake of the trun-
cated cylinder (|]z/d.| < 2) two symmetric minima at
z/d. = £0.55 with a local maximum directly down-
stream of the cylinder (|z/d.| = 0) are visible in the
intensity ratio in fig. [/l Outside of the wake the in-
tensity ratio and temperature reach a constant value,
as it is expected for an undisturbed laminar bound-
ary layer. The comparison of the local maximum and
the undisturbed boundary layer shows that the max-
imum does not reach the same value as the undis-
turbed boundary layer. Increasing the heating power
increases the intensity ratio I,/ in the undisturbed
boundary layer as well as in the wake of the cylinder.

Figure [0 also shows the area used to evaluate the
heat flux 4, and the temperature. Within these ar-
eas a significant intensity gradient in flow direction is
not visible; therefore, the intensities are averaged in
streamwise direction. The heat flux density ¢y is esti-
mated with the assumption that the undisturbed lam-
inar flow can be represented by the Blasius bound-
ary layer. The average temperature in the area x =
3.75m - 3.81m and z/d, = 2 - 7 (fig. [B) and the
local skin friction of the Blasius boundary layer for
x = 3.81m are used to calculate g with (). Table

Gor Wm 2] gy [Wm™?]  Te [°C]
267 46.0 17.9
400 66.6 17.8
400 59.4 17.9
533 93.8 17.9

Table 2: Electrical heat flux density 4,;, as adjusted on the power
supply, and the determined effective heat flux density

Juw-

lists for each tested electrical power density the asso-
ciated heat flux density. It stands out that only 14.9 %
—17.6 % of the electrical power density constitutes the
heat flux density.

The determined heat flux density is assumed to be
constant in spanwise direction and is used to calcu-
late the skin friction with () from the temperature
profile in fig. [ The absolute values of the skin fric-
tion profiles are in good agreement for the tested heat
flux densities, see fig. [8l Only the absolute of the max-
ima deviates for the lowest heating power. Therefore,
it is concluded that the design of the heating provides
good repeatability even when changing the heat flux.
In fig. [ also the skin friction results of the veloc-
ity measurement are shown. The TSP results are in
good agreement with the hot-film results, especially
the maximum at z/d. = —0.4 and the minimum at
z/d. = 0. A deviation between TSP and hot film is
visible at z/d. > 0. These are very likely caused by
the measurement procedure, i.e., profiles were mea-
sured beginning close to the wall and traversing up-
ward beginning on the negative z-side. The long mea-
suring time reduces the applicability of the calibra-
tion. Nevertheless, deriving the heat flux in a region
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Figure 7: Temperature distribution 37.5 roughness heights downstream of the truncated cylinder.

uninfluenced by the roughness elements is suitable
for the laminar water channel. The uncertainty of the
skin friction determined from the velocity measure-
ment is estimated and the errorbars are shown in fig.
The relative uncertainty is approximately 10 % and
dominated by the position accuracy of the traversing
system.

The conditions of the TSP measurement at the lam-
inar water channel, i.e., the measurement equipment,
the stable reference condition provided by the facil-
ity, averaging 900 images, and averaging several grid
points in flow direction, results in a temperature res-
olution of (AT)i,m < 0.007K (Liu and Sullivan, 2005).
The minimum detectable difference in skin friction is
calculated for each heat flux density: (A7), = 1.96,
2.69, and 4.01 x 107°N/m?. These are below 1% of
the local skin friction of the laminar boundary at the
measurement location.

4.2. Array of oblique roughness elements

Hereafter, the absolute skin friction of the near field
of an array of roughness elements is analyzed. To
apply (@) for this boundary condition an effective heat
flux g(x) is determined from x = 3.3m to 4.2m in
areas uninfluenced by the roughness elements. This
procedure is necessary to compensate the beginning
thermal boundary layer.

Figure 9 shows the determined skin friction field.
Three distinctive disturbances of the laminar flat
plate flow can be observed: a horseshoe vortex (HV),
a trailing edge vortex (TV), and a leading edge vor-
tex (LV). The horseshoe vortex and the trailing edge
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vortex increase the skin friction by a factor of two
compared to the undisturbed boundary layer. The
maximum skin friction caused by the leading edge
vortex varies significantly in contrast to the other vor-
tex types. A systematic influence of the roughness
elements on the measured skin friction by a possi-
ble change of the heat flux of the roughness elements
made of brass cannot be detected.

Despite the three-dimensional nature of the flow,
only minor flow separation occurs. Therefore, the
proposed method to derive the skin friction field is
still applicable to the measured temperature field but
a reduced accuracy has to be expected. The TSP
method provides a method which is fast in acquisi-
tion and data reduction to initially evaluate the effec-
tiveness of drag reduction methods such as methods
delaying the laminar-turbulent transition, e.g., span-
wise _mean velocity gradients technique (Fransson
etal., M), and upstream flow deformation (Wasser-
mann and Kloker, M). Hence, the net gain of
the drag reduction methods could be estimated from
large-area skin friction fields measured with TSP.

5. UNCERTAINTY ANALYSIS

Hereafter, the bias and precision errors contributing
to the temperature and skin friction measurement
with TSP are discussed. Furthermore, the TSP ele-
ment or the necessary heat flux could alter the flow
(Lemarechal et al, 2019). These issues are of minor
importance for the evaluation of TSP for quantitative
temperature or skin friction measurements in water
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Figure 9: Skin friction field in the near field of an array of roughness elements.
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and therefore not further discussed.

From the uncertainty analysis of (@)
and [Cattafesta et al| (1998) it can be concluded that

relative motion between the acquisition system, i.e.
the camera and LED, and the model is a key con-
tributor to the temperature uncertainty. Besides the
mechanisms causing changes in the optical path men-
tioned by [Liu et al! (1995) and [Cattafesta et al! (1998),
i.e., model movement, model deformation, and move-
ment of the acquisition system, another contributor
can occur in the laminar water channel, i.e., surface
waves.

Since, the movement of the camera system can be
neglected, because of the minuscule vibrations of the
facility, the camera system can be used to quantify
the model movement and influence of possible sur-
face waves. The evaluation of the distance between
each marker in the first reference image and all fol-
lowing reference and run images of the same data
point for 24 data points, i.e., 21000 images, shows that
the movement is smaller than 2 px (0.5 mm) with 50 %
of the displacements in the order of 0.5 px (0.125mm).
These variations are significantly smaller than the
structures caused by the roughness elements. There-
fore, image registration during the evaluation and
errors caused by changes of the optical path are ne-
glected. Hence, the overall uncertainty of the tem-
perature and skin friction measurement is composed
of the uncertainty analysis of the TSP calibration, the
camera and the LED.

5.1. Calibration

The temperature sensitivity of the applied TSP is not
affected by water, as ascertained in section 3l There-
fore, the uncertainty of the calibration was deter-
mined in the DLR calibration chamber m,
2009) with synthetic air as the working gas. Eleven
calibrations with an unaltered setup were conducted
on ten consecutive days. The calibrations were lim-
ited to the temperature range relevant for the laminar
water channel (12 °C to 24 °C).

The Arrhenius diagram in fig. [[0h already shows a
very good agreement with small standard deviation.
Since, the temperature range is limited the tempera-
ture deviations from the determined calibration curve
are small as shown in fig. [0b. Thus, the standard de-
viation of the calibration of 0.13K contributes to the
precision error. This standard deviation is small in
comparison to the results of other performed calibra-

tion uncertainties (Liu and Sullivar, M).
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Table 3: Camera settings and parameter of the pco.4000 (PCO
AG,12004) relevant for the measurement uncertainty.

parameter variable  unit value
dynamic range AD 1, bit 14
exposure texp ms 4.5
readout noise Niead e~ 14
FWC Crw e~ 60000
dark current I e /(spx) 0.02

5.2.  Acquisition system

First, the precision error of the intensity measurement
is quantified. Three types of noise, which are deter-
mined by the camera type and the camera settings,
are considered: photon shot noise Py, dark current
Pj.k and readout noise P,.,y. In table [3] the settings
relevant for the uncertainty analysis of the pco.4000
camera are listed. Furthermore, an intensity of I =
12.500 counts is assumed. The three types of noise
can be calculated according to Cattafesta et all dlﬁ%j)

as follows: 5
Pspor = W = 0.018, (6)
21 ,2Mitt -
dark = TIP =39-10"7, @)
ON., DMbit
Preqa = %ﬁvl =6.1-107%, (8)

with the dark current I;, dynamic range of the
analog-to-digital (AD) converter ny;;, full-well capac-
ity (FWC) Cryw, and the readout noise N,y .

Besides the precision error the camera is also prone
to bias error due to non-linearities of the analog-
digital converter Bjj,e,y = 2/1 and the resolution of
the AD converter Bges = 0.5/1.

The illumination by LEDs causes uncertainties due
to changing characteristics with increasing LED tem-
perature, ie., a shift of the emission peak and de-
crease of radiant flux. Heating the surface with the
radiation of the LED is not expected to be relevant
for the setup at the laminar water channel due to
the large amount of water and the good heat trans-
fer. The two LED systems (HARDsoft IL-105/6X Illu-
minator UV) were operated at the maximum forward
current of 18 A, which results in significant heating of
the LED chip. In the applied HARDsoft LED system
a LED chip of the type Luminus UV CBT-120-UV (Lu-
minus Devices, Inc.,[2016) is installed. A temperature
change of 80K shifts the emission peak by approx-
imately 5nm (Luminus Devices, Incl, 2016), which
does not cause a significant change in the excitation
characteristics of the applied TSP coating. However,
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Figure 10: a) Arrhenius diagram with errorbars (exaggerated by factor 2), which represent the standard deviation of the intensity ratio
and the temperature error of the calibration chamber. b) the relative frequency of the deviation from the calibration of the

applied TSP.

the temperature increase reduces the radiant flux of
the LED causing a bias error of the LED (Brgp
0.01). The fluctuations of the LED are estimated to
result in a precision uncertainty of P rp = 0.002.

5.3. Uncertainty measure-

ment

temperature

The bias error Bor of the TSP temperature measure-

ment is calculated with (Cattafesta et al),[1998):

BiT = (%)2 [2 (Béain
)

As a result of the negligible motion of the model
and acquisition system the bias error caused by the
pixel-to-pixel gain variation Bg,;, and the relative mo-
tion Bpjotion are assumed to be Bguin &= Bpiotion =~ 0.
The resulting bias of the temperature measurement is
Bar = 0.29°C, which is dominated by the reducing
radiant flux of the LED.

Furthermore, the precision error is determined Pz,
&h is also calculated following [Cattafesta et all

):

2
PAT_

+ B2

linear

2 2
+ BRes) + BMotion

1

S

1 lz (
n
(10)

The precision error is small due to the large number
of acquired images (1 = 900) Pyt ~ 0.03°C.

The total uncertainty Uz, of the TSP temperature
measurement is calculated with

PZ

read

2
) (P%ED + Pc%ark_F Pszhot+

Uzr = Bir + Pir (11)

) + AT P

(Cattafesta et all, [1998) and a value of Uy ~ 0.3°C

is determined. Hence, the total uncertainty is domi-
nated by the decreasing radiant flux of the LED.

5.4. Uncertainty skin-friction measurement

The uncertainty of the TSP skin friction measurement
for the presented test case of a truncated cylinder

+ B2, i;'bmerged in a laminar boundary layer (see section

is analyzed with the propagation of uncertainty.
The Taylor series of (B) is derived and the determined
uncertainty of the TSP temperature measurement to-
gether with the uncertainties listed in table@dare used
to calculate the uncertainty of the TSP skin friction
measurement. Since the heat flux 4y is derived from
the temperature measured with TSP and the skin fric-
tion of the Blasius boundary layer the bias Bat of the
TSP temperature measurement is not relevant for the
uncertainty analysis. The result of the uncertainty
analysis is 8.4 x 107*N/m? (approx. 10 %).

The measurements with the Reynolds analogy by
ﬁm (2011) showed an uncertainty in the order
f 5%. In this work it was also observed, that the
uncertainty is larger for laminar flows due to smaller
temperature differences and heat fluxes. For the skin
friction extracted from the hot-film anemometry mea-
surement an uncertainty of approx. £10% is deter-
mined. Thus, the uncertainty of the TSP measure-
ment is double the value of the hot-film measure-
ment.
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Table 4: Measurement uncertainties of the TSP skin friction

measurement.
measurand  uncertainty
ATr £+ 0.10K
Al +0.0012ms ™!
Adw + 2W/m?2
APr =+ 0.054
Acp + 0.0002 k] (kg K) !
Ax £ 0.002m

6. CONCLUSIONS

A Europium-based TSP, which is embedded in a PUR
clear coat for aerodynamic and hydrodynamic appli-
cations, was characterized for quantitative measure-
ments in water. The measurable emission was found
to be dependent on the water content of the clear coat.
After approximately two days in water a steady state
of the emission is reached. A reduced transmission of
UV light and visible light causes the observed behav-
ior. Nevertheless, the temperature sensitivity of the
TSP is not affected by water. These findings motivate
spatial temperature measurements with TSP because
temperature information with sub-millimeter resolu-
tion over large areas can be measured.

To extract skin friction information from a temper-
ature field the Colburn analogy with an adjustment
to include a delayed start of the thermal boundary
layer was applied. The heat flux between model and
flow was derived in areas of the undisturbed, lami-
nar boundary, which is in good agreement with the
Blasius boundary layer for the laminar water chan-
nel. This approach relies on an average temperature
field which distinguishes it from the approach based
on the Taylor hypothesis, where temperature fluctua-
tions are correlated to derive the local skin friction.

In this work the average temperature field and skin
friction field around two types of roughness elements
were measured with TSP. The first roughness ele-
ment was a single truncated cylinder, which was sub-
merged in the laminar boundary layer, and the sec-
ond type was an array of cuboids with a 45° angle to
the flow direction. For the truncated cylinder the skin
friction was also measured by hot film anemometry.
The comparison of the results shows good agreement,
which justifies the assumption for the heat flux. The
second geometry is an example for a transition delay
with the spanwise velocity gradient method. For a
setup like this the TSP method provides large ben-
efits, because the acquisition for a large area with
high resolution is acquired in an instant. Also, it is
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not necessary to place a limited number of probes
beforehand, which is the case for skin friction mea-
surement techniques like Preston tubes. However, for
complex setups, which deviate from the limitations
of the Reynolds or Colburn analogy, the accuracy is
reduced. Nevertheless, it is a suitable method for the
initial evaluation of drag reduction methods. Further-
more, complex setups to capture strong velocity gra-
dients close to the wall from the complex vortex sys-
tem are not required.

The temperature and skin friction resolution are
for the conditions of this measurement (AT), <
0.007K and (AT),in < 4.01 x 107°N/m? (<1%), re-
spectively. Finally the error analysis showed that the
uncertainty of the temperature measurement is dom-
inated by the varying radiant flux of the LED and
an uncertainty of the temperature measurement of
UaT =~ 0.3°C is determined. For the skin friction an
uncertainty of 8.4 x 1074 N/m? (approx. +10%) is
found. The TSP method enables skin friction mea-
surements of large areas with high spatial resolution
in shorter time and on uneven surfaces. The bound-
ary conditions of water facilities, such as the lami-
nar water channel, are ideal for skin friction measure-
ments with TSP due to the low temperature fluctua-
tions.

In future a comparison of TSP results with ad-
vanced velocity measurement techniques such as par-
ticle tracking velocimetry and the possibility to per-
form measurements of unsteady skin friction fields
needs to be investigated.
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