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Abstract

Particle image velocimetry (PIV) and laser-induced fluorescence (LIF) are currently state-of-the-art, non-intrusive meas-
urement techniques that help in our understanding of heat and momentum transfer in thermal fluid flow applications. We
present a simplified, integrated PIV-LIF system which simultaneously measures velocity and temperature fields in aqueous
flows by means of a novel fluorescent dye (RuPhen), a low-cost continuous-wave diode laser, and a single color camera. We
demonstrate that RuPhen is well-suited for this approach due to its peak absorption at 450 nm, peak emission at 605 nm, and
a strong temperature-dependent emission with a sensitivity coefficient of 4%/°C. The large Stokes shift between excitation
(which also includes Mie scattering of the flow tracers) and the emission facilitates the handling of the signal components
in the RGB channels of the camera. To correct the recordings for laser power fluctuations, we propose a novel method that
jointly employs two photoluminescence signals. We provide a spectral characterization of the dye at different temperatures
and discuss the choice of each component for our measurement system. We demonstrate the potential of our approach by

two experimental test cases that focus on thermally driven and turbulent flow regimes.

1 Introduction

As they provide a means to advance our understanding of
the coupled heat and momentum transfer in thermal fluid
flow applications, numerous studies have focused on non-
intrusive measurement techniques that simultaneously
quantify velocity and/or temperature fields in experimental
fluid dynamics (see, e.g., Yarin 2007; Tagawa et al. 2001;
Lavieille et al. 2000; Fujisawa et al. 2005). In this context,
particle image velocimetry (PIV Westerweel 1997) and
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laser induced fluorescence (LIF, Walker 1987; Coppeta and
Rogers 1998) are whole-field non-intrusive state-of-the-art
measurement techniques that have been widely employed
to quantify velocity and temperature fields, respectively.
PIV measures the velocity field from the displacement of a
constellation of tracer particles, while LIF uses temperature-
dependent fluorescence to map the emission intensity into
temperature.

Whole-field temperature distributions can be measured
by recording changes in chrominance (i.e., wavelength) or
luminance (i.e., intensity) by using fluorescent dyes or solid
particles that are added to the host fluid. If fluorescent solid
particles are used, they can also serve as PIV tracers, thereby
enabling to simultaneously measure velocity and tempera-
ture. These tracers are based either on fluorescence inten-
sity (Vogt and Stephan 2012; Massing et al. 2016; Cellini
et al. 2017) or lifetime (phosphorescence, Abram et al. 2016;
Massing et al. 2018) that depend on temperature. Particle
image thermometry (PIT) is an alternative technique that
entails the use of thermochromic liquid crystals (TLCs) that
reflect different portions of the visible spectrum depending
on temperature (Dabiri 2009). However, the use of PIT tends
to be limited by the small temperature range of TLCs and by
the dependence of the color response on the angle between
illumination and observation.
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Although temperature-sensitive particles can be also used
as PIV tracers, dissolving fluorescent dyes into the bulk fluid
allows experimental measurements characterized by better
spatial resolution, lower uncertainty, and a higher tempera-
ture range. A previous study employed two non-toxic dyes
(uranine, chlorophyll) to perform ratiometric LIF along with
PIV measurements (Shah et al. 2018). However, the experi-
mental setup exhibited a considerable complexity due to the
use of a pulsed Nd: YAG laser and a minimum of three mon-
ochrome cameras (two for ratiometric LIF and one for PIV).
This configuration required a pixel-to-pixel mapping of the
recordings of all three cameras, as well as the use of beam
splitter optics to separate the fluorescence signals, thereby
reducing the signal-to-noise ratio. A further limitation was
the low absorption of uranine at 532 nm, which required a
higher concentration of the dye and higher laser energies
for single-shot temperature measurements. Furthermore, the
chlorophyll dye was found to be photosensitive and led to
considerable signal degradation over time.

To overcome these drawbacks, one could employ two
separate signals for velocimetry and thermometry and
record them simultaneously by applying a color filter array
(CFA, commonly referred to as Bayer filter) to the sensor
of a monochrome camera. To our knowledge, only one
PIV-LIF study has attempted to simultaneously quantify
the velocity and temperature fields in aqueous flows by a
similar approach that employed an Ar-ion laser, a color CCD
camera, 7um tracer particles, and a two-color/two-dye com-
bination of RhB/Rh110 (Funatani et al. 2004). To obtain
the temperature field in a buoyant plume, the ratio of the
red/green channels and the tracer displacement in the blue
channel were used. However, the temperature sensitivity
of the fluorescence signal was found to be 1.7%/°C and to
be dependent on the particle seeding density as the particle
signature was also recorded by the green pixels due to the
typical spectral transmission of the Bayer filters. Moreover,
the temperature field was prone to errors arising from to
the overlap between the Bayer filter characteristics and the
emission spectra of the two dyes.

In this work, we propose an approach to simultaneously
perform PIV and LIF by means of a single color camera
and a single laser source. This allows us to record both the
Mie scattering of fluid tracers and the fluorescence emission
of temperature sensitive dyes on a single detector thanks
to a RGB Bayer filter. After splitting (or de-bayering) the
information of each acquisition into R,G, and B images, we
analyze the particle images pairs by means of state-of-the-
art PIV algorithms (Raffael et al. 2018) to reconstruct the
fluid velocity field. At the same time, the fluorescence sig-
nal recorded by one or more color channels can be used to
recover the temperature field (Yarin 2007). This approach
allows us to reduce the complexity and the cost of the setup
by minimizing the number of components.
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We base the LIF thermometric measurements on a novel
dye, namely RuPhen, which has previously been proposed
to obtain precise non-contact temperature measurements in
medical applications (Lam et al. 2012). RuPhen belongs to
the ruthenium polypyridyl complexes, among which it has
the highest temperature sensitivity (Wang et al. 2013). This
dye exhibits excellent photostability and has a working range
between 273 and 393 K as well as a large Stokes shift.

In the following sections, we explain the technical details
of our approach and demonstrate its potential by two experi-
mental test cases that focus on thermally driven and turbu-
lent flow regimes.

2 Methods

In order to optimize the performance of the proposed sys-
tem, all components must be chosen under a number of oper-
ating constraints. Below we describe the selection of the dye,
the camera, and the illumination system. We also report the
image processing methods as well as the procedure to cor-
rect the laser power fluctuations.

2.1 Dye selection

The selection of a suitable fluorescent dye is crucial for
the success of the thermometric measurements. Therefore,
we first measured the absorption and emission spectra of
several temperature-sensitive dyes using a compact spec-
trometer (Thorlabs CCS200/M). Standard temperature-
sensitive dyes (Coppeta and Rogers 1998; Crimaldi 2008)
were found unsuitable for our purposes. Rhodamine B
(RhB), for instance, has very low absorption below 490 nm,
which would require dissolving high concentrations of the
dye. Similarly, uranine (FL) has very low temperature sen-
sitivity when excited below 490 nm (Coppeta and Rogers
1998). We also tested natural LIF dyes such as vitamins
proposed by Zihringer (2014), but with little success. For
those reasons, we selected a water-soluble Ruthenium-based
dye (RuPhen, i.e., Tris(1,10-phenanthroline)ruthenium(II)
chloride hydrate, CAS No. 207,802-45-7) as alternative dye
for LIF thermometry in liquid flows.

RuPhen has previously been used in the form of a temper-
ature-sensitive gel (Lam et al. 2012) and also in temperature
sensitive paints (TSPs). It is well suited for our purposes
due to its peak absorption at 450 nm (Fig. 1b) and, most
important, to a strong temperature dependence of the emis-
sion intensity, in particular in the orange/red light spectrum
at 550 nm—770 nm (Fig. 1a). Note that RuPhen also exhibits
a strong separation between the absorption and the emission
wavelengths (Wang et al. 2013). Similar to Rhodamine B,
the fluorescence emission of RuPhen decreases with temper-
ature and does not appear to have a temperature-dependent
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Fig. 1 Emission (a) and absorption spectra (b) of an aqueous solution
with a RuPhen concentration of 19 mg/L at different temperatures

absorption coefficient, e(T') (Fig. 1b), but rather is its quan-
tum yield ¢(7") most likely varying with temperature. The
temperature sensitivity, s (Chaze et al. 2016), of RuPhen
was found to be 4%/°C, constant across the spectral region
between 550 nm—-770 nm, hence, at least more than twice
that of RhB (Fig. 2).

2.2 Camera

In recent years, a new generation of global shutter scientific
CMOS (sCMOS) sensors has become available, which out-
perform classical CCD chips in almost all specifications.
We use the color version of a sSCMOS chip developed by
PCO GmbH (along with Fairchild and Andor) that has the
advantage of exhibiting very low noise levels, global shut-
ter capability, and a relatively high frame rates in the range
50-100 Hz. The quantum efficiencies of the camera in the
different color channels are shown in Fig. 3, along with the
absorption and emission spectra of RuPhen. Unfortunately,
the "double frame" recording mode, which is very useful
in case of extended PIV operation, was not yet available

wavelength [nm]

Fig.2 Temperature sensitivity, s for Rhodamine B and RuPhen over
their complete emission spectra

for the specific version of the camera we used, namely a
“PCO edge 5.5.” This partially restricted the dynamic range
of the PIV recordings as we could not lower the separation
time Af between image pairs as the flow velocity increased,
thus limiting the measurable flow speeds as in shown in
Sect. 3.3. To fully exploit the three RGB channels, we aim
at capturing the Mie-scattering of the PIV particles in the
blue channel and the temperature-dependent fluorescence
emission in the red/green channels of a dye with a peak
excitation in the blue channel. Note that by using a single
dye but two channels, we are able to avoid the errors arising
from the spectral conflicts encountered with multiple dye
constellations.
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Fig.3 Spectral sensitivity of the PCO edge5.5 camera, normal-
ized absorption and emission spectra of an aqueous solution with a
RuPhen concentration of 19 mg/L
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2.3 Laser and illumination

The spectral characteristics of the camera/RuPhen combina-
tion require an excitation in the blue wavelength range. As
an alternative to a standard pulsed laser, a continuous wave
(CW) laser was assembled in-house based on a 3.5 W laser
diode module operating at A,= 465 nm (Lasertack GmbH).
The laser diode is mounted on a ThermoElectric Cooling
(TEC) element and attached to a diode driver/TEC control-
ler. In order to perform volumetric temperature measure-
ments, a scanning mechanism for the laser light sheet was
implemented (see Fig. 4). A cylindrical Fresnel lens (LF500-
B, f=500 mm, NTKJ Co., Ltd, www.ntkj-japan.com) redi-
rects the small-angle deflections produced by a galvanometer
head (Thorlabs GVS 012, scan rate up to a 1 kHz) to render

FOV: 120 x 150 x 50 mm3 .
Aquarium

Heated plate

the laser sheets parallel. Yellow filters (2 X Schott GG475,
transmittance: 2.5% @ 465 nm) are used in front of the cam-
era to avoid overexposing the blue channel and to reduce the
leakage into the red/green channels. Images are acquired
using an in-house software that synchronizes the laser pulse,
the galvo position, and the camera based on a data acquisi-
tion device (National Instruments NI-USB-6221).

2.4 Image processing

The images recorded by the camera are saved in 16-bit raw
format, from which the red/green/blue pixels are extracted
to obtain three RGB images at reduced spatial resolution,
as shown in Fig. 5. Notice that the two "green" pixels in
the Bayer pattern’s unit cell are averaged. Furthermore, no

3.5W CW laser @465nm

Fresnel lens

Beam optics

Galvanometer

=i

depth of field

~2.5% @465, yellow filter%

laser sheet scan

A Camera exposure

NIDAQ
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Fig.4 The single camera PIV-LIF experimental setup
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Fig.5 Examples of raw experimental images: red (a), green (b), blue(c). The intensity has been normalized by the raw counts, i.e., by 2!¢ which

is the maximum allowed image intensity
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Fig.6 a Temperature calibration of various ratios and b correlation of the R and G channels

interpolation between pixels is performed to align the color
channels as it is assumed that the spatial gradients in the
temperature field are small enough to omit the interpola-
tion scheme without introducing any significant error. This
allows us to obtain from the native resolution of 2560 X
2160 pixels three separate RGB images of size 1280 x 1080
pixels.

The particle images pairs recorded by the blue channel
can be used to compute the velocity field using state-of-
the art PIV algorithms (Raffael et al. 2018). As the par-
ticle image displacements are analyzed only between sub-
images of the same color channel (e.g., the blue channel),
the estimates of the displacement remain consistent. The red
channel contains mainly the fluorescence signal of RuPhen
while the green channel captures a combination of the fluo-
rescence emission of RuPhen and the leakage contribution
of the blue-laser Mie scatter. Note that the signature of the
PIV tracers can be removed applying a 2D median filter or
employing image segmentation, which is computationally
more expensive.

A binning operation on 5 X 5 px kernels is performed on
the recordings to improve the signal-to-noise ratio. Before-
hand we also perform a dark image subtraction as it is com-
monly done in LIF. By exploiting the characteristics of the
RuPhen dye and spectral sensitivity of the color camera,
both the red and green channels are used to obtain the tem-
perature field. For this purpose, we model the intensity of the
responses of the red and green channels (I and I;, respec-
tively) as a mixture of the fluorescence emission signal and
excitation laser intensity I

Iy = I;,(x,y) + wilo(x, ) M

I = I (x,y) + wylo(x, ) @

where I, I, are the fluorescence signals in the red and green
channel, respectively. A simple surface-scatter measurement
allows us to determine the contribution of the laser illumina-
tion, I,, on the red and green channels, and to obtain w,=
0.04 and w,= 0.16. These values confirm that the red chan-
nel mostly captures the fluorescence signal of the RuPhen
dye with almost no contribution from the laser. On the other
hand, a correction using the blue channel image should be
applied to the green channel image to remove the contribu-
tion of the laser illumination.

All channel and channel-combination ratios normalized
by a reference temperature (i.e., R,,G,.R,/G,,R,G,/B%)
monotonically decrease with temperature however exhib-
iting a different sensitivity (Fig. 6). These ratios can be
used to derive a calibration curve that relates intensity to
temperature.

One of the challenges in LIF is the appearance of inten-
sity fluctuations that are not due to temperature changes.
Here, we use color channel ratios (i.e., R, /G, or R,G,/B>)
to help correct the effect of the three main sources of error:
the non-uniform laser sheet profile, the laser intensity fluc-
tuations, and the (weak) dye absorption. However, the use
of the green and blue channels is not ideal due to the leakage
contribution of the laser illumination that may ultimately add
considerable noise to the temperature fields.
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Fig.7 a Temperature calibration curves using normalized red and green channels; b the histogram of the bias error; and ¢ the corrected histo-

gram after applying laser power correction

As the red and green channels are highly correlated
(Fig. 6b), the ratio R, /G, displays a lower temperature sen-
sitivity than the other ratios (Fig. 6a). Normalizing the red
channel by a reference temperature, i.e., R,, has the advan-
tage of preserving a high-temperature sensitivity and a clear
separation between the fluorescence emission and laser irra-
diance contributions. Note that R,, still corrects for the non-
uniform laser sheet profile and absorption effects.

2.5 Laser power fluctuation correction

The calibration approach requires a method to eliminate
the laser illumination fluctuations /,(¢). This is achieved
by using the normalized calibration curves of both the red
and the green channels (Fig. 7a). We employ a numerical
optimization scheme (detailed in Appendix A) that uses
the different normalized intensity pairs {R,, G, } comput-
able for all superpixels, i.e., the 2 X 2 px unit cells of the
RGB Bayer pattern, in any instantaneous image. For each
such intensity pair, the dependency on the local temperature
T(x, y) is approximated by a parametric fit, specifically two
exponential functions:

R,[T(x, )] =T ag exp [-BrT(x,y)| 3)

G,[T(x, )] =T ag exp [-fcT(x,y)]. 4)

where the unknown intensity ratio is modeled as
= IO(t)/I(),ref([)? while the fit parameters {ag, ag, fr, B}
are the same for all superpixels.

Solving the two equations above for the temperature
and minimizing the difference between the two estimates

@ Springer

obtained from the red and green channels allows us to write
a minimization problem in the unknown intensity ratio I',

. 1 R, 1 G, \I’
w3 (o) - gon ()| @

whose solution is

ot g (L (R) Ly, (%)),
B — Br Nx,y oy Br aR Be ag

(6)
where N, , is the number of superpixels involved in the
estimation. Notice that this formulation can be applied to
images with arbitrary temperature distributions as it does
not explicitly contain the local temperature.

The effects of the correction accounting for the fluctuating
laser intensity are shown in Fig. 7. After having corrected
for a 10% change in the illumination intensity, the distribu-
tion of temperature errors is reduced when reconstructing
the calibration data. This estimate of the instantaneous laser
intensity is very robust due to the large number of superpixel
data used in the minimization problem. Note that the basic
approach is independent of the functional shape of the two
calibration curves as long as they differ and can be inverted
for each temperature value. Furthermore, it has the benefit
of preserving the high sensitivity of the RuPhen dye, which
may not be possible if a ratiometric approach is chosen (as,
for example, in Funatani et al. 2004). The procedure may
be applied locally in smaller regions of the intensity map in
order to compensate for changes in the light sheet intensity
distribution.

Inl" =
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tance

3 Experiments

We demonstrate the ability of our approach to provide
simultaneous velocity and temperature measurements by
conducting three sets of experiments. First we characterize
the performance of the RuPhen dye, then we look at the
natural convection generated by a hot surface of finite size,
and finally we consider a more complex thermo-fluidic pat-
tern evolving in and around a heated hemisphere in presence
of crossflow.

3.1 RuPhen dye characterization

The RuPhen fluorescence response to increasing concen-
trations and varying laser irradiance, I, was systematically

characterized. The fluorescence intensity is normalized by
a known reference temperature and plotted in Fig. 8a as a
function of dye concentration. At relatively low concentra-
tions (i.e., in the range between 0.05 mg/L and 0.3 mg/L),
RuPhen exhibits an approximately linear response to the
changes in concentration whereas the response becomes
nonlinear at higher concentrations due to Beer absorption/
re-absorption effects.

Employing a CW laser as excitation source, the dye
response is linear with laser irradiance, ;, in the weak exci-
tation regime (I, < I,) for I, up to 0.3W /cm? (Fig. 8b).
RuPhen does not undergo photobleaching (Fig. 8c) or
reabsorption along the optical axis (Fig. 8d). A very slight
decrease in the fluorescence emission is observed with
time (Fig. 8c), which is attributed to a small reduction in
laser power due to thermal drift issues when the device
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Fig.9 Calibration curves for the red channel using the model pro-
posed by eq. 3 for the hemisphere experiment Sect. 3.3, obtained by
normalizing the data by the intensity recorded at 15°C. Left: logarith-

is continuously operated for a long time. We note that the
RuPhen solution remained quite stable over months and did
not undergo any degradation. The signal-to-noise ratio is
high enough to obtain single-shot, time-resolved temperature
fields, even when a CW laser is used to excite a low RuPhen
concentration to stay within the optically thin system limit
(Walker 1987). Figure 9 demonstrates the strong monotonic
decrease of fluorescence emission of RuPhen with tempera-
ture. Here, we measured in the temperature range between
15 °C and 40 °C, but this interval could be further extended.

Based on the intensity change observed by the camera,
the average temperature sensitivity over the whole tempera-
ture range was found to be 3.8% °C, which is in very good
agreement with the value calculated from the spectrometer
measurements, i.e., 4% °C (Fig. 2). When a global calibra-
tion is performed by normalizing the data with the record-
ings at the lower temperature, the average uncertainty on the
temperature measurements is 0.5 °C in the range between 15
and 40 °C. The uncertainty can be reduced to 0.3 °C if we
use the mean of all calibration points as reference. However,
this may not always be feasible in practical applications, as
it would require to heat the whole test section or facility
uniformly to the mean temperature encountered during the
experiment.

For a given concentration, the temperature sensitiv-
ity of the dye remains almost constant when the CW laser
irradiance, I, is varied. This is in agreement with previ-
ous studies showing that dyes with temperature depend-
ent quantum yield, ¢(7), lose their temperature sensitivity
only if excited in the saturated/partially-saturated excitation
limit ([, > I, Iy = I ), which usually implies the use of
a pulsed laser source in the mJ range (Chaze et al. 2016).
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3.2 Thermal plume

We applied our thermometric approach to measure the
three-dimensional (3D) temperature field in a thermal
plume above a 50 mm square plate, which was placed in
ambient water at 7,,=10 °C and heated (7),= 50 °C). To
stabilize the plate surface temperature, a temperature con-
troller was used along with a T-type thermocouple as a
reference and a data logger (Sefram, France). The setup is
schematically shown in Fig. 4.

The camera field of view was 12 cm X 15 cm while
the depth of field covered 5 cm. The effective sensor size
was reduced to 1424px x 1119px, enabling an acquisi-
tion frame rate of f = 62 Hz for a lens aperture F/2.8 at
an exposure time of 10 ms. A RuPhen concentration of
0.1 mg/L (equivalent to a molarity of 1.4d-7 mol/L) was
used along with hollow glass spheres (HGS) of diameter
10um. To obtain a fluorescence signal, which is linearly
proportional to the laser irradiance, I, the dye was excited
in the weak excitation limit where the laser irradiance is
much lower than the dye saturation limit (/, < I,,). The
light sheet optic was used together with the galvanometer
mirror to scan the light sheet in order to extend the tech-
nique to 3D-LIF/3D-2-component PIV. The laser produced
a maximum measured power of 1.8 W at the output of
the optics. Notice that this power level would have been
insufficient to provide full volumetric illumination while
maintaining a sufficient signal-to-noise ratio in the fluores-
cence images. (A solution for full volumetric illumination
would require a significantly more complex setup consist-
ing of a pulsed laser and several intensified cameras for
tomographic reconstruction, see, e.g., Halls et al. (2016)
for the case study of a gaseous free jet). The measurements
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Fig. 10 Snapshots of "single-shot" temperature fields of the turbulent thermal plume obtained at various depths by a scanning laser sheet

were carried out by scanning N, = 40 planes to obtain a  the final measurements. The temperature of the water in the
sufficient spatial resolution in the depth direction for 3D aquarium was controlled by means of a heat exchanger con-
LIF. With the chosen frame rate a single sweep of the  nected to a Lauda VC5000 unit. To calculate the temperature
measurement volume took 650 ms. field, the red-channel and green-channel pixels are extracted

The LIF calibration is performed in situ by recording uni- by processing the raw images after subtracting the offset,
form temperature images at the same laser irradiance as in  i.e., the camera dark image and employing a 5 X 5 binning.

Fig. 11 Left: iso-surfaces of
the time-averaged temperature
field of the thermal plume at T
=14°C, 15°C, and 16°C. Right:
iso-surfaces of the time-aver-
aged velocity magnitude at 1,
10, and 20 mm/s. Additionally,
the plot shows contour maps
of the velocity magnitude and
velocity vectors on horizontal
planes extracted at different
heights above the hot plate
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The laser contribution in the green channel is eliminated
based on the blue leakage model (Sect. 2.4).

After having eliminated the laser intensity variations, a
global calibration is applied to convert the intensity values
into temperature.

The 3D, time-averaged velocity field is computed based
on a two-step procedure. First, a custom 2D PIV algorithm
(64 px x 64 px window size, Whitakker peak interpolation,
ensemble correlation averaging) is applied using images of
consecutive scan positions. Since the light sheet provides
sufficient overlap between positions and the cross-flow
velocities are small, proper correlation quality can be main-
tained. The missing out-of-plane velocity component is then
computed in a second step applying the continuity equation
(incompressibility condition) and integrating the resulting
cross-flow velocity gradient. The spatial resolution of the
temperature and flow fields is 0.5 and 1.2 mm, respectively.

Instantaneous temperature fields of the thermal plume for
various z-planes are shown in Fig. 10 where the develop-
ment of the turbulent thermal plume is clearly visible. The
frame rate of the camera is high enough to ensure a near
"frozen" field condition during a single volume scan of the
buoyant plume.

The reconstructed 3D mean temperature and veloc-
ity iso-surfaces show distinct coherent structures, espe-
cially in the lower part of the turbulent plume (Fig. 11),
which demonstrates the efficacy of our method. At heights
beyond approximately one heater width the temperature
and velocity fields attain an almost columnar structure
without significant further changes.

3.3 Heated hemisphere in crossflow

Thermal convection inside a hemisphere is a subject of
interest for atmospheric and geophysical flows as well as
for heat transfer studies (Meuel et al. 2018; Shiina et al.
1994; Lewandowski et al. 1996). The heated hemisphere has
similarities with the classic Rayleigh-Bénard convection in
which buoyant thermal plumes lead to the onset of turbulent

[ ==
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\
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Fig. 12 The experimental setup in the refractive index matching
(RIM) water tunnel at the Swiss Federal Laboratories for Material
Science and Technology (Empa) and the circular heater/ FEP dome
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thermal convection. Here, we specifically aim at quantify-
ing the nature of the coupled flow inside and around the
hemisphere for various flow regimes, ranging from natural
to forced convection. We simultaneously extract the veloc-
ity and temperature fields using the single camera PIV-LIF
technique.

The measurements were performed in the refractive index
matching (RIM) water tunnel (test section: 15 cm X 15 cm X
38 cm) at the Swiss Federal Laboratories for Material Sci-
ence and Technology (Empa). The model consisted of a cir-
cular heater from Minco (diameter 5 cm, model: HM6970),
and a transparent hemispherical shell, which was manufac-
tured by thermoforming a fluorinated ethylene propylene
(FEP) sheet of 0.5 mm thickness into the desired dome shape
(Fig. 12, bottom left). As FEP has a refractive index (RI
= 1.3385), which is very close to water, adding a 5% by
wt. glycerol solution was sufficient to match the two RIs. A
concentration of 0.2 mg/L (2.8d-7 mol/L) of RuPhen was
used as the temperature sensitive fluorescent dye along with
hollow glass spheres (HGS, size: 10um, density: 1.1kg/m?)
as tracers for the PIV measurement.

The measurement setup (Fig. 12, right) consists of the
CW laser assembly as the excitation source for RuPhen, with
the light sheet pointing upstream in the flow facility, and
the camera (single frame, 50 mm lens, aperture F/2.8) that
records the side view (i.e., perpendicular to the light sheet).

As before, the Mie scattering of PIV particles is captured
in the blue channel, whereas the temperature-dependent
fluorescence signal is registered in the red channel of the
camera. The calibration was performed in situ at the same
laser irradiance as in the final measurements and varying the
fluid temperature by means of a thermostat connected to the
experimental flume. The velocity field is estimated from the
images of the particle position recorded in the blue channel,
which are processed by a commercial PIV processing soft-
ware (DaVis, LaVision) that employs a sum-of-correlation
with final interrogation window size of 48 px X 48 px and
75% overlap, and then post-processed using universal outlier
detection. To estimate the uncertainty of the vector fields,

FEP dome, D = 50mm, Tk = 0.5mm

T >

|

minco heater, D = 50mm

assembly. Notice that the photographs are taken before adding glyc-
erol to the water to match the refractive index of FEP
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Fig. 13 Time-averaged velocity (left column) and temperature fields
(right column) in the case of a hemisphere in cross-flow at different
Reynolds and Richardson numbers. From top to bottom rows: natural
convection case (Re = 0, Ri = o0); mixed convection (Re = 1000, Ri

we assume that the sampling error of the average velocity
field (defined ase = =) represents the major contributor

VN U
(see also Armellini et al. 2011; Mucignat et al. 2013). This

leads to a relative error of about 1 % in the regions of strong
convective motion and about 10 % in the recirculation
regions. With the parameters of the optical setup and of the
image post processing, we obtain a velocity vector every 0.9
mm and one temperature value every 0.4 mm.

Based on the Reynolds and Richardson numbers obtained
with the dome diameter D, the reference velocity, and the
temperature outside the dome, we identify three different
flow regimes: natural convection, mixed convection, and
forced convection. As suggested in other works (Zhang et al.
2018; Acharya 2022), the reference velocity for the natural-
convection case is defined as U,, = 1/gfDAT = 0.055 m/s.
Conversely, for the mixed and forced convection regimes, we

T[°C] 16 18 20 22 24 26 28 30 32 34

= 5.6); and forced convection (Re = 23,750, Ri = 0.01). The veloc-
ity fields have been normalized by the convective velocity or the free
stream velocity depending on the flow regime

take the free stream velocity as reference velocity (0.04 at
Re = 1000 and 0.54 m/s at Re = 23750, respectively).

The spatial distribution of the time-averaged temperature
and velocity fields at mid-plane for the natural (Re =0, Ri =
o0), mixed (Re = 1000, Ri = 5.6), and forced (Re = 23,750,
Ri =0.01) regimes are shown in Fig. 13, where we have also
superimposed the 2D streamlines to facilitate the identifica-
tion of the flow features. The bulk temperature field meas-
ured using LIF is relatively uniform, especially outside the
dome, which is in agreement with pointwise thermocouple
measurements.

In the case of natural convection (Fig. 13, top row), the
streamlines, the velocity, and the temperature fields display
a symmetric large-scale recirculation pattern inside the cav-
ity. Outside, the heat flux through the hemisphere outer sur-
face generates a thermal boundary layer and a symmetric
plume. In the mixed convection case (Fig. 13, middle row),
the velocity field and streamlines indicate the presence of a

@ Springer
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small upstream recirculation region, due to the interaction of
the upstream boundary layer and the bluff body. This small
recirculation might be associated with the development of a
horse-shoe vortex. Furthermore, we note the presence of a
shear layer that detaches close to the top of the hemisphere
and produces the lift-off of the hot fluid layer flowing along
the hemisphere leeward side; the associated thermal sig-
nature was also well captured by the LIF measurements.
Consequently, a large separation on the downstream side
of the hemisphere is observed. In the mixed-convection
regime, the upstream and downstream heat transfer rates
are clearly different, yielding an asymmetric pattern in the
large-scale recirculation inside the hemisphere. Interestingly,
the large-scale recirculation pattern inside the hemisphere
becomes again symmetric in the forced-convection regime
(for Ri < 0.01) because the enhanced mixing in the turbu-
lent near wake leads to comparable heat transfer rates in the
downstream region. Furthermore, the normalized tempera-
ture field inside the hemisphere shows higher temperature
gradients compared to the natural- and mixed-convection
regimes due to a more effective cooling of the fluid close to
the hemisphere inner surfaces.

Remarkably, the method allows us to observe the sig-
nature of symmetric or non-symmetric flow topology also
in the instantaneous temperature fluctuations 7. Figure 14
reports the space-time plot of 7’ extracted at y/D = 0.2 for
the flow regimes as shown in Fig. 13. At Re =0 and Ri =
oo, both the instantaneous LIF data (Fig. 14a) show the sym-
metrical development of multiple plumes, which originate
from both sides of the plate at x/R = 0.5 and move towards
the symmetry axis x/R = 0. Conversely, in the mixed con-
vection case (Re = 1000, Ri=5.6, Fig. 14b), the plumes
released from the leeward side of the plate extend further
downstream, up to x/R = 0.3. If the free stream velocity is
further increased to yield a pure forced convection regime
(Re 23750, Ri =0.01) the grade of asymmetry is partially
reduced, as shown in Fig. 14 c, and observed previously in
Fig. 13.

4 Conclusions

In this study, we proposed and evaluated an experimental
setup that employs RuPhen as fluorescent dye, a blue CW
diode laser as excitation source, and a single color camera to
simultaneously measure temperature and velocity fields. The
technique was also extended to 3D by incorporating a scan-
ning light sheet that uses a galvanometer mirror. We dem-
onstrated that a low dye concentration is sufficient because
the RuPhen exhibits a strong absorption at 465 nm. By using
RuPhen alone but recording its photoluminescence with
two-color channels, we were able to avoid the spectral con-
flicts that arise instead in the ratiometric techniques using
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Fig. 14 Space-time plot of the temperature fluctuation 7’ recorded
by LIF. Data are obtained at Ri = oo (a), Re=1000, Ri = 5.6 (b),
Re=23,750, Ri = 0.01 (¢) and position y/D = 0.2

more than one dye and, at the same time, achieve a higher
temperature sensitivity coefficient (up to 4%/°C), which is
comparable to the sensitivity obtained by more complex
approaches. The higher sensitivity was achieved by introduc-
ing a novel correction that uses the red and green channels to
account for laser power fluctuation without resorting to the
usual ratiometric approach to eliminate the dependency on
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the intensity fluctuations. We observed that the red channel
of the color camera can separate quite well the fluorescence
emission of the dye from the blue laser irradiance. A limi-
tation of the single color camera technique remains in the
extension to 3D measurements due to the so-called aperture
problem which leads to a comparatively poor signal-to-noise
ratio in the fluorescence signal. Furthermore, the technique
is limited by the (currently available) camera frame rate,
especially during 3D measurements using the scanned light
sheet, and the current lack of the "double frame" mode for
PIV recordings. Nevertheless, our method proved to be
capable of performing a volumetric reconstruction of con-
vective flows by scanning the domain with a light sheet.
Furthermore, it is a cost-effective solution to observe ther-
mal boundary layers, recirculation patterns and flow sepa-
ration also in complex flow test cases. In particular, due to
the overall sensitivity, also consistent measurement of the
instantaneous temperature fields can be obtained.

Appendix A: Correction for laser power
fluctuations

Consider a camera’s signal S, gain G, dark level D, and
observed light intensity I as functions of pixel position (x, y),
temperature 7, and recording time . We write as a model

Sy, T,1) = GO, )I(x,y, T, 1) + D(x,y) (A1)

For low concentrations dye absorption can be neglected, and
a simplified form for the fluorescence / intensity received by
the sensor is given by,

I(xv Vs T’ t) = IO(I)L(-X’ Ys I)F(x» Ys T) (AZ)

where [ is the time dependent laser intensity, L(x, y, t) is
the light sheet non-uniformity—which may also include a
temporal drift—and F is the fluorescence signal. The inten-
sity ratio of a full camera image w.r.t a recording at uniform
reference temperature is then

S, y,T,t) —D(x,y)

p(X,y, T’ Tre > 1 tre ) =
75 S 060 s T ) — D(6,Y) (A3)
Substituting Eq. (A2) into Eq. (A3) we get,
I,(HL(x,y,HF(x,y,T)
POV, T Ty by Lyg) = (Ad)

IO(tref)L(x7 Y, tref)F(x’ Y, Tref)

The ratio operation eliminates the dependence on the pixel
gain G(x, y). The relative red and green signals on separate
pixels of the color sensor’s Bayer pattern compute accord-
ingly as

IO(I)L(XR’ yRs Z)F(-st va T)

IO(tref)L(xR’ yR’ tref)F('xR’ yR’ Tref)
(AS)

Iy(OL(xg,yg, DF (xg,y5,T)

1yt )L(X G, Yo Lrop (X Gs Y65 Trep)

(A6)
The normalized signals are still dependent on the illumina-
tion ratio I'(x, y, 7, 1,,0) = Ug(DL(x, y, D]/ U0 )L, Y, 1)
between the current and the reference image, which remains
unknown in each frame and at every time #. Under the
assumption xp = X5, Yg = Y the value of I' will be the
same for the red and green channels. Furthermore, if the
spatial shape of the light sheet does not change in time, i.e.
L(x,y,t) = L(x, y, t,.ef), I" will be a constant value in each
frame at time ¢.

The value of I' can be determined by considering multiple
measurements with given pairs {R,, G, } in each recorded
frame, e.g., by looking at red-green pixel ratios in small
regions or, under the assumption of an unchanging light
sheet, the whole image. A model based on generalized cali-
bration curves r(7T) and g(T) would give for the ratios

Rn(-xR9 YR> T’ Tref’ Z, tref) =

Gn(xG’yG’ T, Tref’ L, tref) =

R, =T r(T), G,=Tg (AT)

from which the formal temperature estimates 7 and T; can
be derived by inversion,

R G
T=_1—’1 T=_l—n.
=(F) e (7)

Assuming that all the temperatures are locally the same, one
may postulate

Tp=Ty— (R Lt (S
rR=1c r )78 T

Given a sufficiently large number of pixel-based values of
the red and green channels, the equal temperature criterion
can be used to find the best estimate for the global or even
local intensity ratio I', using, e.g., a least-squares minimiza-
tion approach,

2l (3)- (#)] ==

Considering specifically a simple 2-parameter exponential
model for the calibration curves, one can write

(A8)

(A9)

(A10)

R.(T) =T ay exp (—pxT) (A11)

G,(T) =T ag exp (—pT) (A12)

and accordingly
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1 R,
Tq = _ﬂ_Rln<FaR> (A13)

1 G,
Tg=—-—In .
Be Lag

The least squares minimization condition for I" becomes

o1, (R, 1 G, \I” .
=35 (), ()] =
(A15)

Postulating (") /0" = 0 and expanding the logarithms
gives

2(1 1 1 R,
2= - = —Inl -2
F(ﬁR ﬂG);[ﬂR n<aR>

_Lln<ﬂ> _ <L_ L)mr] _
e ag Br  Bg

With both, I" # 0 and fy # f, this can be further trans-
formed into an explicit solution for I,

InT = Prbs 1 Z [i In <&> - iln (ﬂ)]
P = Br Noy &/ 16 \ar/) Pg aG
(A17)

The global or local value for I' can then be used to correct
for the intensity dependence in the fluorescence signals and
to compute the temperature 7 from the ratio R, alone—see
Eq. (A13) - which is the most reliable measurement.

Note that I" can be derived independent of the actual
local temperature, only a sufficient number of ratio pairs
{R,,G,} is required. Thus, it can be obtained also for
single-shot images wherein different temperatures may be
present in the region of interest that is being evaluated.
The restriction is only the assumption of a locally constant
estimate of I'.

In the case of the RuPhen dye, the calibration curves of
normalized red and green responses are shown in Fig. 7a.
Assuming a 10% variation in the laser power during the
measurements, the uncorrected temperature estimate is
shown in Fig. 7b, and the result after applying the above
global correction model using the R and G channels is
shown in Fig. 7c.

(A14)

(A16)
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