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ABSTRACT

Simultaneous velocity and temperature measurements are important in understanding the heat and momentum trans-

fer in thermal fluid flow applications. In this work, we present a low-cost PIV-LIF system to simultaneously measure 

velocity and temperature fields in aqueous flows with a single co lor ca mera, a CW  laser (λ e=465 nm) and a novel 

dye RuPhen. The technique can also be extended to 3D LIF/3D2C PIV using a scanning light sheet. We find that the 

RuPhen dye is well suited due to its peak absorption in the blue, emission in the red and a strong temperature depen-

dent emission with a sensitivity coefficient of -4%/◦C. We also propose a method to use the red and green channels to 

correct for any laser power fluctuations. We demonstrate the technique by studying the flow past and inside a heated 

hollow hemisphere in a small water tunnel.

1. Introduction

The development of non-intrusive measurement techniques that aim to quantify velocity and tem-
perature fields has been the focus of numerous studies in experimental fluid dynamics. Quanti-
fying simultaneously temperature and velocity fields in fluid flow is extremely important for un-
derstanding the transport of heat and momentum transfer in thermal fluid flow applications. PIV
(Willert & Gharib (1991), Westerweel (1997)) and LIF (Walker (1987), Coppeta & Rogers (1998))
are currently whole-field non-intrusive state-of-the-art measurement techniques that have been
widely adopted in the fluid mechanics community to quantify velocity and temperature fields,
respectively.

Whole-field temperature fields can be measured with fluorescent dyes or solid particles by record-
ing changes in luminance (intensity) or chrominance (wavelength). With solid particles, the ad-
vantage is that they can also act as PIV tracers, thereby combining velocity and temperature mea-
surements simultaneously. Particle image thermometry (PIT) involves the use of thermochromic
liquid crystals (TLCs) that reflect different parts of the visible spectrum depending on tempera-
ture. The color response of these TLC particles when illuminated with a white light source can
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therefore be related to the temperature of the fluid (Dabiri & Gharib (1991), Dabiri (2009)). Signifi-
cant progress has been made in measuring 3D temperature and velocity fields using 5 cameras by
combining PIT and tomographic PIV (Schiepel et al. (2016)). Limitations of the PIT technique are
the small temperature range of TLCs and the color responses’s dependence on the angle between
illumination and observation. Another particle-based approach to measure temperature fields is
based on luminance (intensity) using temperature-sensitive particles. These particles have a flu-
orescence intensity (Someya et al. (2011), Vogt & Stephan (2012), Massing et al. (2016), Cellini et
al. (2017)) and lifetime (phosphorescence, Aldén et al. (2011), Abram et al. (2016)) that depend on
temperature. Recently, in microfluidics 3D velocity/temperature fields were acquired by Massing
et al. (2018) based on luminescence lifetime of EuTTA doped particles using a scanning light sheet.

Although temperature-sensitive particle based approaches make it convenient to also use them
as PIV tracers, a better spatial resolution in the temperature field, lower uncertainty, significantly
lower costs, and a higher temperature range are obtained when fluorescent dyes are dissolved in
the bulk fluid. Our aim is to improve upon the previous work (Shah et al. (2018)) where we use two
non-toxic dyes to perform ratiometric two color - two dye (2c/2d) LIF measurements along with
PIV. We consider in particular the high costs (>100k CHF) involved in using a Nd:YAG pulsed laser
and a minimum of three monochrome sCMOS cameras (2 for 2c/2d ratiometric LIF, 1 for PIV). The
experimental set-up for such a configuration is quite cumbersome since a pixel-to-pixel mapping
of all three cameras is required, and the use of beam splitter optics halves the fluorescence signals
thereby reducing the signal/noise ratio. Other limitations include the fact that since the absorption
of uranine at 532nm was relatively low, a higher concentration of the dye and higher laser energies
were required for single-shot temperature measurements. Also the chlorophyll dye was found
to be photo-sensitive and would degrade over time. To overcome some of the limitations, we
present here an innovative measurement setup to perform both velocimetry and thermometry
measurements using a single camera in combination with a low-cost laser system and a novel
fluorescent dye.

2. Color camera PIV-LIF

PIV measures the displacement of a constellation of tracer particles using cross-correlation to ob-
tain the velocity field, while LIF uses temperature-dependent fluorescence emission to map the
intensity to temperature using a calibration. The main idea is that these two distinct signals can
be separated with the use of a color camera. Most color cameras have a Bayer pattern consisting
of a color filter array (CFA) that is placed on top of the camera sensor as shown in Fig. 1a. To the
author’s knowledge so far only one PIV-LIF study has been performed using a color camera to
quantify simultaneously velocity and temperature fields in aqueous flows. Funatani et al. (2004)
used an Ar-ion laser (λe = 488nm), a color CCD camera, 7µm particles, and a two-color, two-dye
(2c/2d) combination of RhB/Rh110 to obtain temperature fields in a buoyant plume using the ra-
tio of red/green channels and tracer displacement in the blue channel. However, the temperature
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sensitivity, s, of the combination was found to be 1.7% and dependent on particle seeding density
as the particles were visible in the green. Moreover, the temperature field may be prone to errors
that arise due to the overlap in the Bayer filter and the emission spectra of the two dyes (2c/2d).
In this work, we use the color version of the scientific CMOS sensors (sCMOS) that have the ad-

Figure 1. a) The Bayer arrangement of color filters on the pixel array of an image sensor (
https://www.wikipedia.org/wiki/Bayer_filter) b) PCO.edge 5.5 color sensor quantum efficiency curve

(adapted from https://www.pco.de/scientific-cameras/pcoedge-55/)

vantage of very low noise levels (1-3e-), global shutter capability, and relatively high frame rates
50-100Hz. However, the double-frame mode option for the color version of the camera is not yet
available and restricted the timing of the PIV recordings. The QE and spectral curves of the color
filters of the PCO, "Edge 5.5" camera are shown in Fig. 1b. To use all three RGB channels of the
color camera, the aim is to therefore capture the Mie-scattering of the PIV particles in the blue,
and find a suitable dye that has a peak absorption in the blue and a temperature-dependent fluo-
rescence emission in the red/green channels. With a 2C/1D approach, the errors that arise from
spectral conflicts with 2c/2d approach can also be avoided.

3. Dye selection and laser assembly

In this work, a water soluble Ruthenium based dye RuPhen (Tris(1,10-phenanthroline)ruthenium(II)
chloride hydrate, CAS No. 207802-45-7) is proposed as a novel dye for LIF thermometry in liquid
flows. RuPhen has been used previously in the form of a temperature-sensitive gel (Lam et al.
(2012)), and also in temperature sensitive paints (TSPs). RuPhen is found to be well suited for this
work as it has a peak absorption at 470nm as shown in Fig. 2a and more importantly a strong
temperature dependent emission mainly in the orange/red as shown in Fig. 2b (550-770 nm). Sim-
ilar to Rhodamine B (RhB), the fluorescence emission of RuPhen is decreasing with temperature
and seems to not have a temperature-dependent absorption coefficient, ϵ(T ) (Fig. 2a), but rather
its quantum yield ϕ(T ) is most likely changing with temperature. Temperature sensitivity, s as
described in Chaze et al. (2016), for RuPhen is found to be -4%/◦C as shown in Fig. 2d which is
more than twice when that of RhB (Fig. 2c). Fig. 2d also shows that the temperature sensitivity
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of RuPhen over the emission wavelength is almost constant, hence the red and green channels of
the color camera capture almost the same reduction in the fluorescence signal over different tem-
peratures. As a low-cost alternative to a standard pulsed laser, a continuous wave (CW) laser is

Figure 2. RuPhen absorption (a), emission spectra at different temperatures along with QE curves of the PCO Edge
sCMOS sensor (b), and temperature sensitivity coefficient, s, for (c) Rhodamine B and (d) RuPhen

assembled that is based on a 3.5W laser diode module from OSRAM operating at λe=465nm (cost
of laser diode : 300 CHF). The laser diode is mounted on a thermoelectric cooling (TEC) element
and attached to a diode driver/TEC controller inside a housing as shown in Fig. 3a. A light sheet

Figure 3. a) Photograph of the CW laser showing the laser diode, beam optics and a galvanometer, and b) measured
laser power output vs voltage for the CW laser

optics module is used to form a laser sheet and a Thorlabs galvanometer (GVS 012, scan rate up
to a 1kHz for small angles) is used to scan the light sheet in order to extend the technique to 3D-
LIF/3D-2C PIV. The laser can also be modulated up to 500kHz and the measured power for an
input voltage of 0-5V is shown in Fig. 3b. We use a CW laser so as to excite the dye in the weak
excitation limit where the laser irradiance is much less than the dye saturation limit (I0 << Isat,
Chaze et al. (2016)) and thus the fluorescence signal is linearly proportional to the laser irradiance,
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I0. Our aim is to measure velocity and temperature fields over a field-of-view (FOV) of ≈ 150 ×
150 × 50 mm3 where volume illumination cannot be used as the laser sheet when expanded to
such a volume would lead to poor signal-to-noise ratio mainly in LIF images due to lower power
associated with CW lasers. An alternative solution would require an expensive setup consisting of
a pulsed laser, and several intensified cameras for tomographic reconstruction (for example see the
study by Halls et al. (2016) in case of a gaseous free jet). Therefore, a scanning laser sheet remains
the only viable option for our low-cost 3D LIF setup wherein we obtain single-shot instantaneous
temperature fields with a sufficiently high signal-to-noise ratio.

4. Calibration and correction for laser power fluctuations

Channels/combination ratios normalized by a reference temperature (Rn, Gn, Rn/Gn, RnGn/B
2
n)

all show a monotonous decrease with temperature albeit with varying temperature sensitivity as
shown in Fig. 4. These can be used to derive a 3rd-degree polynomial calibration curve that relates
the intensity values to temperature. The main challenges in LIF are the apparent intensity fluctu-

Figure 4. a) Correlation of the R and G channels, and b) temperature calibration of various ratios

ations that are not due to temperature changes. Using two channels i.e ratios Rn/Gn or RnGn/B
2
n

helps to correct the three main error sources i.e. non-uniform laser sheet profile, laser fluctuations
and the weak absorption. However, the use of green and blue channels is not ideal due to the
contribution of laser illumination and the Mie-scattering of particles that are difficult to remove,
ultimately adding considerable noise to the temperature fields. Moreover, since the red and green
channels are highly correlated (Fig. 4a), the ratio Rn/Gn decreases the temperature sensitivity as
can be seen clearly in Fig. 4b. Normalizing the red channel with a reference temperature i.e. Rn

has the advantage of high-temperature sensitivity and a clear separation between the fluorescence
emission and laser irradiance (hence independent of the seeding concentration). Rn also corrects
for the non-uniform laser sheet profile and the weak absorption. In the following section, we
present a method to eliminate the laser fluctuations I0(t) using both the red and green channels.
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Consider a camera signal S, gain G, dark level D, observed light intensity I, temperature T and
recording time t, we have,

S(x, y, T, t) = G(x, y)I(x, y, T, t) +D(x, y) (1)

For low concentrations, dye absorption can be neglected (optically thin system assumption
Cϵ(λf )Lobs << 1 Walker (1987)), the fluorescence intensity received by the sensor (Ir) is in the form:

Ir(x, y, T, t) = I0(t)L(x, y)F (x, y, T ) (2)

where I0 is the time dependent laser intensity, L(x,y) is the light sheet non-uniformity, and F is the
fluorescence signal.

The ratio of full camera image w.r.t recording at uniform reference temperature is:

ρ(x, y, T, Tref , t, tref ) =
S(x, y, T, t)−D(x, y)

S(x, y, Tref , tref )−D(x, y)
(3)

Substituting equation 5.1 and 5.2, we get,

ρ(x, y, T, Tref , t, tref ) =
I0(t)F (x, y, T )

I0(tref )F (x, y, Tref )
(4)

Relative red and green signals on separate pixels of Bayer pattern lead to:

ρR(xR, yR, T, Tref , t, tref ) =
I0(t)F (xR, yR, T )

I0(tref )F (xR, yR, Tref )
(5)

ρG(xG, yG, T, Tref , t, tref ) =
I0(t)F (xG, yG, T )

I0(tref )F (xG, yG, Tref )
(6)

These signals are dependent on the current laser intensity ratio Γ = I0(t)/I0(tref ), which remains
unknown in each frame (i.e. at every time t) but is the same for all color channels. The intensity
ratio Γ can be determined by considering multiple measurements with given pairs {ρR, ρG} in each
separately recorded frame. Given a large number of pixel-based values of the red and green chan-
nels, the equal temperature criteria can be used to find the best estimate for the global intensity
ratio Γ. For a specific exponential model we can obtain,

ρR(T ) = Γ(αR + βRexp[−γR(T − T0)]) (7a)

T = T0 −
1

γR
ln

(
ρR/Γ− αR

βR

)
(7b)

ρG(T ) = Γ(αG + βRexp[−γG(T − T0)]) (8a)

T = T0 −
1

γG
ln

(
ρG/Γ− αG

βG

)
(8b)
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∑∣∣∣∣∣ 1γR ln
(
ρR/Γ− αR

βR

)
− 1

γG
ln

(
ρG/Γ− αG

βG

) ∣∣∣∣∣ → min (9a)

The global value for Γ can then be used to compute T from ρR alone which is the most reliable
measurement, here

T = T0 −
1

γR
ln

(
ρR/Γ− αR

βR

)
(10)

In the exponential model the estimate for Γ can be derived independent of the actual local temper-
ature. Thus, it can be obtained also for single-shot images while different temperatures are present
in the camera’s field of view. In the case of Ruphen dye, the calibration curves of normalized red
and green responses are shown in Fig. 5a. Assuming a 10% variation in the laser power during
the measurements, the uncorrected temperature estimate is shown in Fig. 5b and the result after
applying the above correction model using R, G channels is shown in Fig. 5c.

Figure 5. a) Temperature calibration curves using normalized red and green channels b) histogram showing the bias
error due to 10% variation in laser power and c) corrected histogram after applying laser power correction

5. 3D LIF/3D2C PIV Experimental Setup

We demonstrate our technique by performing simultaneous PIV-LIF measurements in the refrac-
tive index matching (RIM) water tunnel (test section: 15 cm × 15 cm × 38 cm) at the Swiss Federal
Laboratories for Material Science and Technology (Empa). We quantify the nature of the flow both
inside and around a heated hollow hemisphere in various flow regimes ranging from natural to
forced convection. The model consists of a circular heater from Minco (diameter 5 cm, model:
HM6970), and the transparent hemisphere is manufactured by thermoforming a fluorinated ethy-
lene propylene (FEP) sheet (Fig. 6). With the refractive index (RI) of FEP (RI: 1.3385) is very close
to water, a 5% by wt. glycerol solution is added to match the RI of water with FEP. A concentration
of 0.2 ppm (2.8E-7 mol/l) of RuPhen is used as the temperature sensitive fluorescent LIF dye along
with hollow glass spheres (HGS, size:10µm) as tracers for the PIV measurement. The measurement
setup consists of the CW laser assembly (λe = 465 nm) as the excitation source for RuPhen and a



20th LISBON Laser Symposium 2022

PCO "edge 5.5" color sCMOS camera (single frame, 50mm lens, aperture F/2.8) that is placed per-
pendicular to the light sheet (Fig. 6). 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. A Fresnel lens corrects for the small-angle deviations produced by the Galvanometer

Figure 6. Schematic diagram of the experimental setup and photographs of the water tunnel setup, and the circular
heater/ FEP dome assembly

to render the laser sheets parallel. Yellow filters (2 × Schott GG475, transmittance: 2.5% @ 465nm)
are used in front of the camera to avoid overexposing the blue channel and any subsequent leak-
age to the red/green channels. Images are acquired using an in-house Matlab/C++ script that
synchronizes the laser pulse, the galvo position and the PCO edge camera using a National In-
struments data acquisition device, NI-USB-6221. The tunnel is cooled using a Lauda VC5000 to
obtain in-situ uniform temperature LIF calibration images with the same field-of-view as the final
measurements.

6. Results and discussion

6.1. Application demonstration: Thermal plume

For early validation, 3D LIF measurements are carried out using a 25 l aquarium. A square heated
plate model consisting of a heating element from Minco is used as a simple test case (similar set up
as shown in Fig. 6). A concentration of 0.1 ppm (1.4E-7 mol/l) of RuPhen is used along with hollow
glass spheres (HGS) 10m particles. We quantify the 3D temperature field of a thermal plume over
a 50mm square heated plate at T=50◦C, FOV: 12 × 15 × 5 cm3). To set a surface temperature, a



20th LISBON Laser Symposium 2022

Figure 7. Snapshots of ’single-shot’ temperature fields of the turbulent thermal plume obtained at various depth
distances by a scanning laser sheet

temperature controller is used along with a T-type thermocouple as a reference and a data logger
from Sefram. Measurements are carried out at an acquisition frequency of 62Hz, lens aperture 2.8,
and scanning z = 40 planes. Instantaneous temperature fields of the thermal plume for various
z-planes are shown in Fig. 7 where the development of the turbulent thermal plume is clearly seen.

6.2. Application demonstration: Flow past and inside a heated hollow hemisphere

The mean temperature and velocity fields at mid-plane at different flow regimes for the heated
hollow hemisphere case are shown in Fig. 8. The bulk temperature field measured using LIF is rel-
atively uniform, especially outside the dome, and is validated with thermocouple measurements.
In case of natural convection, a symmetric large-scale recirculation pattern induced by thermal
convection and a thermal boundary layer are established. The results clearly show the effects of
cross-flow on the recirculation inside the hemisphere. Due to differences in the heat transfer rates
upstream and downstream of the dome, an asymmetric pattern in the large-scale recirculation re-
gion is observed in the velocity field (for Ri >1). The downstream thermal boundary layer and the
temperature in the shear layer are also visualized and quantified for the high Richardson number
cases (Ri >1). Interestingly, this asymmetric recirculation pattern becomes symmetric again for Ri
< 0.01 (forced-convection regime) as the enhanced mixing in the turbulent near wake leads to com-
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parable heat transfer rates in the downstream region. The LIF temperature field also indicates the
expected cooling at the outer edges and in the regions where large-scale recirculation occurs.

Figure 8. Mean temperature and velocity fields at various Re, Ri numbers for the heated hemisphere case

7. Conclusions

In this study, we evaluated the combination of a single color sCMOS camera, a low-cost CW laser
system, and a novel dye RuPhen to simultaneously measure temperature and velocity fields. The
technique could also be extended to 3D LIF/3D-2C PIV by incorporating a scanning light-sheet us-
ing a galvanometer. We show that only a low concentration of the RuPhen dye is required because
of the strong absorption at 465nm and as a result, we are within the optically thin system limit of
Walker. Also, by using RuPhen alone, i.e. a 2c/1d method, on one hand, we avoid spectral conflicts
that arise in the 2c/2d techniques, and on the other hand, we have a higher temperature sensitivity
coefficient (s) of up to -4%/◦C that is comparable to the ones obtained in 2c/2d approaches. We
observe that the red channel of the color sCMOS camera can separate the laser irradiance and dye
fluorescence emission quite well. We then propose a method to use the red and green channels
to correct for any laser power fluctuations. Finally, we demonstrate 3D LIF temperature measure-
ments using a test case of a thermal plume over a heated plate and 2D LIF/PIV measurements of
the flow past and inside a heated hollow hemisphere.
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