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Abstract The present study discusses a test case for the application of digital Particle Image Velocimetry
(PIV) and planar Laser Induced Fluorescence (LIF) as a combined technique.
In this measurement, a water filled Rayleigh-Bénard cell with a fluorescent dye (Rhodamine B) for LIF and
tracer particles for PIV was used. Rhodamine B fluorescence is sensitive to the temperature of the fluid.
Lensing effects, due to local variations in the refractive index of the fluid, were solved by means of a spectral
filter applied to the LIF images. Two cameras, with appropriate optical filters to separate PIV and LIF
signals, were used to simultaneously grab images of the scattering particles and of the dye fluorescence.
After separate processing for the velocity and for the temperature calculation, these fields are recombined to
evaluate the turbulent heat flux.

1. Introduction
Transport of scalar quantities, such as chemical concentration or temperature, is essential in
many engineering applications and environmental flows. Knowledge of the turbulent scalar
transport is required for the design of many devices, including mixers, chemical reactors, and
combustion chambers. It is of great importance to have accurate measurements of the turbulent
mixing process when developing and validating turbulence models to describe the phenomena.
Experimental study of turbulent mixing thereby requires simultaneous evaluation of the
instantaneous velocity, concentration and temperature fields.
Combining digital Particle Image Velocimetry (PIV) and planar Laser Induced Fluorescence
(LIF) makes this type of measurements possible, and in the last few years several others employed
the two techniques successfully in a combined way: Law and Wang (2000) have developed a
combined PIV/LIF setup, and demonstrated that it can be used to capture the mean and turbulent
mass transport characteristics in a mixing process. Aanen (1999, 2002) studied the entrainment of a
turbulent jet in a fully developed pipe flow, measuring simultaneously velocity and concentration
fields. Hishida and Sakakibara (2000) applied the combined technique to a thermal stratified flow
and to a plane impinging jet, obtaining the time evolution of vortical and thermal structures.
Westerweel et al. (2002) made use of the paired technique to resolve the turbulent/non-turbulent
interface at the outer boundary of a self-similar jet.
Others have focused on the development of the LIF technique alone, with regard to its capability
to record temperature distributions when used with Rhodamine B as working dye. Eventually, its
fluorescence can be linearly related to the temperature field. Coppeta and Rogers (1998) described
the Dual-Emission LIF (DELIF), evaluating the characteristics of nine dyes and their combination,
to determine their compatibility in ratiometric systems (where the fluorescence of one dye is used to
normalize the signal from another one). Coolen et al. (1999) tested the applicability of the technique
investigating a natural convection problem. They made use of Rhodamine B excited with a
Nd:YAG laser, usually employed in PIV experiments. Problems arose due to the pulse-to-pulse
laser light intensity variation, and to the error given by shadowgraph effects, in terms of local
variation of the excitation intensity. To overcome these imaging issues, Sakakibara and Adrian
(2004) developed a two-color/two-dye technique and applied it on a Rayleigh-Bénard convection
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cell. The two-color/two-dye technique makes use of two fluorescent dyes, Rhodamine 110 and
Rhodamine B, with emission intensities which depend differently upon temperature. The ratio
between the two fluorescence intensities is nearly independent of the incident light intensity. The
use of Rhodamine 110 requires the blue Ar+ line (488 nm) for the excitation. Moreover, an Ar+ laser
with scanning beam, instead of a Nd:YAG, avoids problems related to the pulse-to-pulse light
intensity variation. Lavieille et al. (2004) and Bruchhausen et al. (2005) continued on this approach,
using respectively a three-color/one-dye and a two-color/one-dye LIF technique, in submerged
turbulent jets. A two-color/one-dye technique allows measuring the relative intensities on two
appropriate spectral bands of the same dye. Instead, in a three-color/one-dye method, the
fluorescence intensity is detected on three spectral bands, where the ratios of the emission of each
band determine the temperature while correcting for the effects of fluorescent re-absorption.
The purpose of the present study is to develop a high-resolution, simultaneous, velocity and
temperature field measurement system, to study the temperature and velocity fluctuations in a
turbulent flow. For the LIF, a one-color/one-dye method was used, where Rhodamine B dye is
excited by a Nd:YAG double-pulsed laser. A convenient spectral image processing filter was
applied to remove the striations related to lensing effects due to local fluid density variation. In
addition, recording PIV and LIF data simultaneously requires particular care in the separation of the
signals. The second light pulse of a Nd:YAG double-pulsed laser is used for the recording of the
second PIV frame together with the LIF image, but on different cameras equipped with appropriate
optical filters.
The method is explained in detail in Section 2, while the experimental setup and its calibration
are described in Section 3. The results are presented in Section 4 and a summary of the main
conclusions is given in Section 5.

2. Measurement technique
From a technical point of view, PIV and LIF have rather similar requirements. The first one
needs the projection of a laser sheet onto the flow field at successive time intervals, and the
subsequent acquisition of images to record the positions of seeding particles that scatter the laser
light. Analysis of the displacement of the particle image patterns in a sequence of images reveals
the velocity field in the light sheet plane. Similarly, LIF requires the projection of a laser sheet onto
the flow field to induce fluorescence from the dissolved dye tracer.
Fluorescence is a consequence of the spontaneous de-activation of an excited singlet state. The
excited state can be populated by laser excitation with an appropriate wavelength tuned on the
absorption spectrum of a suitable tracer, which may be an organic dye in the case of liquid flows.
The emitted fluorescence intensity is determined by the number of excited molecules, hence by the
molecular dye concentration, and, depending on the dye’s nature, it can be related to the
temperature or the pH values of the environment. The fluorescence occurs at a longer wavelength
than absorption, due to energy loss in the excited state, and the intensity I can be described by the
following equation (Coolen et al. 1999):

I = I0 A"#C

$e
$f

where Io is the intensity of the excitation beam, C the concentration of the fluorescent dye, ε the
molar absorptivity, A the fraction of the available light collected by the imaging system (i.e. the
! and Φ the quantum yield. The wavelength ratio λ /λ accounts
filters, lenses, camera combination)
e f
for the energy loss in the excited state. In the case of Rhodamine B, the quantum yield turns out to
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be temperature dependent, resulting in a temperature dependent fluorescence intensity. The
observed temperature effect on the quantum yield is possibly induced by a quenching effect. For
increasing temperature, the quenching effect increases, resulting in a decrease of the quantum yield.
This dependence makes LIF suitable for temperature measurements. A digital camera is used to
acquire the fluorescence images for quantitative assessment of the temperature field.
Using a single Nd:YAG laser, hence the same light pulses for both PIV and LIF, simplifies the
optical setup, since the alignment of two laser beams is avoided. The timing of the acquisitions is
also simplified, and no additional camera, shutters, frame-grabber or laser beam shutters are needed.
On the other hand, it is not possible to use a two-dye/two-color ratiometric technique, since the
wavelength of the Nd:YAG laser (532 nm) is too long for the excitation of dyes such as Fluorescein
and Rhodamine 110, which are commonly used in two-color LIF measurements.
The use of a ratiometric technique was introduced to solve lensing problems affecting LIF
images, due to local density variations of the fluid during the measurements. A local change in
density, as it occurs during a natural convection experiment, generates a local change in the
refractive index, refracting the incident light and causing divergence (hot fluid surrounded by colder
fluid) or convergence (cold fluid surrounded by hotter fluid) of the beams. This becomes apparent
as striations in the image, along the light sheet path, and causes shadow regions in case of beam
divergence or brighter regions in case of beam convergence. The nature of the striations, which
often originate outside the field of view, is not stationary since they appear, disappear, and move
following rising and falling plumes in the convection cell. This makes very difficult to correct,
normalize or approach with an adequate image masking. A ratiometric technique would deal with
this problem recording two kinds of images each same instant: one from a temperature sensitive dye
or from a narrow band of its emission spectrum, which captures light intensity gradients due to
thermal structures and striations due to lensing effects, and one from a non-temperature sensitive
dye or from a narrow band of its emission spectrum not affected by temperature, which records only
the striations. Normalizing the first image by the second will clean up the signal from striations and
intensity variations.
To solve the problem without using a two-dye/two-color technique, a different methodology has
been chosen in this study. Building the setup in an accurate manner, with the optical access through
the front glass walls of the test section, parallel respect to the camera lens and to the laser light
sheet, and with the light entering the test section collimated and perpendicular to a lateral glass wall
(Fig. 1), the striations will be horizontal and parallel to each other (Fig. 2, top).
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Fig. 1 - top: top view of the cell, lenses, and light path; bottom: side view of the same setup.
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Fig. 2 - Fluorescence images, after background normalization. (top) Horizontal striations due to lensing
effects are clearly visible at y=200; (bottom) the image processed with the spectral filter strongly suppressed
the striations, while the convective structures are still recognizable.

At this point, it is possible to use an image processing technique in the form of a spectral filter in
order to eliminate such structures, interfering as little as possible with the image data.
Transforming the image through a 2D-Fast Fourier algorithm (2D-FFT), it is possible to work in
the spatial frequency domain. Here, each point represents a particular frequency component
contained in the real domain image, and it specifies the contribution given by data that is changing
with specified x and y direction spatial frequency.
Since the striations are geometrically fairly simple structures (i.e. horizontal lines) that generally
cross the entire area of interest, they can be identified as low frequency components with no
variation along the horizontal axis of the image. Their energy distribution can be located in
components with wave number KX = 0 (Fig. 3).
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Fig. 3 –Criteria for the selection of the spectral filter’s width, in the spatial frequency domain.

!
Applying a band-reject filter (Fig. 4) allows removing their energy from the spectrum, taking care
of choosing the width of the filter accordingly with the width of the striations. Calling l the width of
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the striations and d the vertical size of the image, the energy related to the striations is on the KX =
d
d
0, KY =
+ 1 (and KY = NY – ( + 1), where N is the total mode number), and the band reject
l
l
filter has width equal to 1. If the striations on the image have a variable width, with a deviation of j
d
d
from the width l, the filter is always centered on KX = 0, KY =
+ 1 (and KY = NY – ( + 1)), but
l
l
!
!
d
d
d
+ 1 to KX = 0, KY =
+ 1 (and from KY = NY –(
+ 1) to
it spans from KX = 0, KY =
l+ j
l" j
l" j
d
! domain, the signal given
!
+ 1)). When re-transforming back to the image
NY – (
by the striations
l+ j
is eliminated (Fig. 2,
! bottom).
!
!
In case the striations would present an intensity variation, or a slight convergence/divergence, it
would be also necessary to filter components with a higher horizontal wave number (KX).
!
A better way of filtering could be developed via limiting the energy on the low frequency
components. Instead of setting their values to zero, an alternative could be adjusting them to the
average of the values of the surrounding components, or finding an appropriate fitting. However,
while it is easy to write such a filter for the magnitude of the FFT of the image, the phase remains
extremely difficult, if not impossible, to determine.

Fig. 4 - Energy vs. frequency plot for the horizontal 0-mode (left), showing the band-reject filter intervention
on the energy distribution (right).

3. Experimental setup
A Rayleigh-Bénard convection cell of 60 x 60 x 20 mm was used. It consists of a closed cavity
bounded by two copper plates, which form the horizontal top and bottom walls, and by four glass
walls, each 5 mm thick, which provide optical access from each side. The copper plates are glued
onto Peltier elements and a copper heat exchanger. The Peltier elements transfer heat to or from the
heat exchanger. Thermocouples are integrated in both walls for temperature measurement, as well
as the cooling system pipes (Fig. 5). The working fluid is water, to which a fluorescent dye
(Rhodamine B) for LIF and PIV tracer particles have been added. The basic characteristics of
Rhodamine B are summarized in Table 1, and its absorption and emission spectra are plotted in Fig.
6.
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Fig. 5 – The heating/cooling system inside the
convection cell (bottom half, symmetrical with the
top half).

Fig. 6 - Rhodamine B: absorption and emission
spectra, compared with the Nd:YAG laser
wavelength.

Table 1 - Basic characteristics of Rhodamine B dye. Solvent: deionized water at T=20 OC

Dye
Rhodamine B

Molecular weight
479.02

λabs peak (nm)
554

λem peak (nm)
575

Φ
0.31

The concentration of the dye has to be sufficiently low, in order to reduce errors due to the dye
self-absorption (Walker, 1987). A low concentration, however, leads to a lower fluorescent light
emission intensity and, consequently, to a lower signal-to-noise ratio of the fluorescence images. In
this study, a good compromise was found setting the concentration for Rhodamine B at CRhB = 0.28
mgl-1. Sphericell particles of d = 8 µm diameter, with a concentration of CSph = 50 mgl-1, where
chosen as PIV tracer particles.
The convection inside the cell is induced by heating the bottom wall up to 35 °C, while cooling the
top wall down to 15 °C. This results in a Rayleigh number of Ra = 3.16 106 and a Prandtl number of
Pr = 6.3; this corresponds to a turbulent regime (Krishnamurti and Howard, 1981). The
temperatures at the top and at the bottom of the cell are controlled via a computer using LabView,
which controls two independent power supplies, one for each heating/cooling element. At the same
time, the program receives a continuous feedback from the thermocouples embedded in the top and
bottom copper plates of the cell, allowing to maintain constant wall temperature, during the entire
experiment.
As illumination source for the PIV and LIF, a double-pulsed Nd:YAG laser (Spectra-Physics
PIV-200) is used. This unit gives, at maximum power, two pulses of 200 mJ per cavity. In this case,
its second pulse, while exciting the Rhodamine B, permits the acquisition of the second image
frame for PIV cross-correlation analysis. By means of a cylindrical and a spherical lens placed
along the light path in this order, the laser light beam (λ = 532 nm) is shaped into a thin sheet with a
waist width of 0.5 mm, as measured at the entrance of the test section.
The acquisition system consists of two Kodak Megaplus ES4.0 12-bit dynamic range CCD cameras,
both looking at the test section perpendicularly with respect to the laser light sheet, through a 55
mm Micro-Nikkor lens (Fig. 7). These cameras allow a double frame recording for the PIV
technique, and a single frame recording, synchronized with the second laser light pulse, for the LIF
technique. The laser is running at a repetition rate of 6.6 Hz, with a time difference of Δt = 30 ms
between the two pulses, while the cameras are set with an acquisition time of 5 µs and 65 ms,
respectively, for PIV and LIF data acquisition. The cameras, placed side by side, frame the same
area through a beam splitter in front of the optical access to the cell. The signal from the Sphericell
particles and from the Rhodamine B is separated via a narrow band interference filter (center on λ =
532 nm and 1 nm width) in front of the PIV camera, and via a high-pass filter OG570 (570 nm
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cutoff wavelength), in front of the LIF camera. The laser, the cameras, the frame-grabbers and the
overall timing are controlled via a dedicated computer, running LaVision DaVis software, which
also directly stores the acquired images.

Fig. 7 – PIV/LIF combined setup schematic.

In order to focus the cameras properly, and to ensure the same magnification factor to their
images, the convection cell has been replaced with a glass box containing a focusing target. The
glass box is a mock-up of the cell, made of the same materials and with the same dimensions. It
doesn’t contain thermocouples, heat exchangers or Peltier elements, but it features an opening at the
top. In this way it can be easily filled with water, and it is possible to insert into it the focusing
target. This one consists of a thin printed transparent layer, with alignment crosses and reference
dots, glued between two 0.5 mm glass plates. It can be positioned inside the focusing glass box, at
the exact location where the laser light sheet would shine through the convection cell during the
experiment.
Recording images of the target with the cameras at different distances respect to the box (in steps of
0.5 mm) allowed us to find the best contrast positions, which corresponds to the focal point. The
sharpest images are then used in the LaVision DaVis software to correct for distortions and
misalignments, and to ensure the same magnification factor for both cameras, in accordance with
the method described by Soloff et al. (1987).
In order to extract quantitative data from the LIF images, a calibration curve is necessary. For
this purpose, we need to measure the temperature dependence of the fluorescence intensity by
bringing the test section to uniform temperatures, which implies heating or cooling both elements of
the convection cell at the same temperature. A series of fluorescence images is acquired, and these
are normalized with respect to (1) their own mean value, which takes into account the pulse-topulse laser light variation (on the order of 7%), and to (2) their averaged background, which takes
into account spatial non-uniformity of the light sheet (on the order of 15%). The dependence is then
measured at four different positions in the image, to take into account local differences in dye
concentration and occasional bleaching. Normalizing the fluorescence intensity at different
temperatures with the one at 30 oC leads to the calibration curve shown in Fig. 8.
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Fig. 8 - Variation of the relative fluorescence intensity against temperature. Io is the fluorescence at 30 oC.

Once the curve is obtained and the temperature-fluorescence intensity dependence, as a function
of light intensity or temperature, is verified as reasonably linear over the range of our experiment,
the evaluation is carried out by measuring the fluorescence intensity field for two constant
temperatures, a high Thi = 40 °C and a low Tlo = 10 °C temperature. This results in the following
normalized fluorescence intensity field (Coolen et al. 1999):
I n ( x, y) =

I ( x, y) " IThi ( x, y)
ITlo ( x, y) " IThi ( x, y)

where ITlo is the local measured fluorescence intensity at the low normalization temperature Tlo, IThi
is the fluorescence intensity at the high normalization temperature Thi and I is the measured local
! fluid flow. The basic idea is that the dependency of the temperature
intensity in the considered
measurement on the background of the camera and concentration need to be canceled out.
Therefore, before every experiment, two series of raw, uncorrected reference intensity fields are
recorded at high temperature (IThi) and a low temperature (ITlo).

4. Results
PIV and LIF images are acquired and processed separately. The velocity fields from PIV
double-frame images are extracted via a double-pass cross-correlation, with an interrogation
window area of 64x64 pixels (50% overlap) for the first pass, and 32x32 pixels (50% window
overlap) for the second. A median filter is applied after each pass, to correct for spurious vectors (in
the order of 3%). The LIF images, instead, necessitate pulse-to-pulse light variation normalization,
as well as background normalization. After that, striations are removed with the previously
introduced spectral filter, and the temperature field is evaluated through the calibration curve.
Finally, LIF and PIV data can be combined together, showing satisfactory matching of the two data
sets (Fig. 9). Thermal plumes and structures can be identified by temperature differences and from
the plotted velocity vectors (Fig. 10).
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Fig. 9 - PIV/LIF coupled result.

Fig. 10 – Detail of a thermal structure, captured simultaneously with PIV and LIF.

After acquiring batches of 1000 images, it has been possible to draw statistic results about the
physics of the flow. Even if the triggering of convective roll’s patterns in a cell, their evolution and
their orientation are scientific subjects on themselves (Arroyo and Saviron, 1992), we achieved a
reproducible convective configuration most of the time, with the axis of the main rolls parallel to
the camera axis, and rotating in anti-clockwise direction. The mean velocity field as detected by the
PIV is represented in Fig. 11, and gives a clear representation of the mean convective flow. In Fig.
12 the rms for the velocity components u (top) and v (bottom) are represented, together with the
turbulent heat transport v "# " (Fig. 13), calculated combining PIV and LIF data.
As an a priori evaluation of the heat flux through the cell, from its bottom and top wall, we
considered the heat transferred from the peltier elements via the heat exchangers:
!

Q = "CV #$T ,

where ρ is the density of the water, CV the heat capacity of the fluid at constant volume, Φ the flow
rate through the heat exchangers (1.4 10-5 m3/s), and ΔT the change in temperature of the coolant
(0.5 K). This led to results on the!order of 30 J/s, which accounts for the turbulent heat transport and
the mean flow transport. Calculating the convective heat flux given by turbulent transport, using the
acquired PIV/LIF data:
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Q = "ACV (v '# ' ) ,

where A is the area (3.6 10-3 m2) and v "# " is the turbulent transport term, led to results on the order
of 10 J/s, showing the consistency of the experimental data.
!
px

!

px

Fig. 11 – Mean velocity field from PIV data. The colormap represents the velocity in mm/s.
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Fig. 12 – Rms for the (top) horizontal and (bottom) vertical velocity component, in mm/s.
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Fig. 13 – Turbulent heat transport ( v "# ") in

5. Conclusions
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!
A PIV/LIF combined technique has been applied to a measurement of natural convection in a
Rayleigh-Bénard cell. The PIV makes use of a standard system, and the data are processed through
the typical PIV workflow. As for the LIF imaging, a one-color/one-dye approach has been chosen.
This allowed building a compact and simple setup, with less optical components to align, less
devices to synchronize, and where only one laser light source is necessary for both PIV and LIF.
However, lensing effects problems already approached in LIF temperature measurements needed a
different methodology to be solved. A spectral filter has been introduced in the digital processing of
the LIF images, and its simplicity of use and efficiency have been shown. Nevertheless, while
applying image processing with the spectral filter increases the accuracy for velocity and
temperature fluctuations calculation, it causes less precise results in the calculation of averaged
quantities, like the mean temperature. In this case, it is enough to use unfiltered data, since the
striations will not have an important weight on the average of extended image sets.
As a further improvement to the band-reject spectral filter just presented, one may consider
using an algorithm of striations recognition, before the application of the filter itself. This would
allow treating each image with its own appropriate filter, with a suitable wavelength width,
reducing the influence of the manipulation on the data signal.
Using the local covariance between temperature and velocity fluctuations, it has been possible to
calculate the heat flux through the convection cell.
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