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INVESTIGATION OF NATURAL CONVECTION IN
CUBICAL ENCLOSURE USING LASER INDUCED
FLUORESCENCE

Temperature measurements are extremely importahttey are used in many
technical and engineering processes, includingttadysis of natural convection.

In contrast to the commonly used thermocouplesRA00 temperature sensors,
which allow point temperature measurements, laséuded fluorescence tech-
nique (LIF) allows the imaging of temperature feekthroughout the area. An ob-
vious disadvantage of thermocouples and Pt100 eeisthe possibility that the

probes can affect the fluid flow, changing itsisture. This problem does not ap-
pear in LIF measurements and better accuracy opeesture mapping is ob-

tained. This work focuses on describing one-colét technique (using one fluo-

rescent dye) in theoretical and practical termse Experimental set-up is de-
scribed, as well as a number of operations reduoeet the temperature field of
the whole domain. The results of the natural cotieecprocess analysis in the
configuration of one side wall heated and the ojtpame cooled, with the use of
laser induced fluorescence technique are presented.
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1. Introduction

Temperature measurement is essential in manyitattand engineering
applications, i.e. devices designing, charactegifiows, CFD codes valida-
tions. Also, numerous experimental situations negtemperature and velocity
measurements in liquid flow, i.e. thermal convettim which buoyancy is the
primary motive force. And while techniques suchpasgticle image velocimetry
are relatively well developed for the measuremémh® velocity field, there are
many flows in which the temperature field is of apex importance than the
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velocity. Temperature, being a scalar, is alsov@k marker that is often used
for visualizing the structure of the flow.

One of the most popular and widely used probeghaenocouples and
Pt100 sensors. Properly calibrated thermocouplesmzasure temperature with
accuracy better than 0.1K, and Pt100 sensors caat bEast ten times more
accurate. But both sensors have relatively larg¢iagdpresolution and may sig-
nificantly disturb the fluid flow. Also, those typeof probes make point-
measurement, and mapping the whole area requaesrsed systems or large
number of sensors. An obvious disadvantage of ttexdeiques is the possibil-
ity that the probes can affect the fluid flow, chang its structure. To avoid this,
thermo-chromic liquid crystals have been used to-intrusively measure full
flow field [8]. The color of white light scatterdfdom the thermo-chromic par-
ticles can be calibrated against temperature aatiesing angle.

Another possibility in temperature measurementgiization of tempera-
ture-sensitive fluorescent dyes excited by laggnt li laser induced fluorescence
(LIF), where temperature mapping includes the wtdenain. Many studies
have used LIF as a diagnostic technique to medlsindlow scalars. Tempera-
ture measurements, in particular, are commonly niadequire specific infor-
mation about physical processes, i.e. natural adiore[1, 9, 10]; tribological
flows [3]; heat transfer and turbulent mixing [27p evaporating and combust-
ing droplets [4]. This paper presents an experialgmtocedure and LIF mea-
surement of natural convection in vertically heatalical enclosure.

2. Principle

Fluorescence is a radiative decay process thatr®ty electronic transi-
tions in molecules. A fluorescent dye moleculexpased to an electromagnetic
field and photons entering the molecule cause aligphents of electrons from
one region to another. This displacement of elestmauses an increase in po-
tential energy of the molecule from the groundestat the first electronic ex-
cited state resulting in fluorescent light emisdgi8h The ratio of the total ener-
gy emitted per guantum of energy absorbed by thieaute is called the quan-
tum efficiency®. The fluorescence energgyW-m*] emitted per unit volume is
defined as [8]:

| =1,Coe (1)

where } is the incident light flux [Win?], C is the concentration of the dye
solution [kgm™] ande is an absorption coefficient frig™].

In most organic dyes quantum efficiency is tempesatiependent. And al-
though the change in fluorescence intensity is adlynsmall, there are some
types of dyes that have significant sensitivittdmperature. In Rhodamine B,
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the fluorescence intensity strongly depends ortéh@eratur, and LIF sigha
decreases about 25% for each 10K temperature Ber8dis feature can |
used to measure the temperature of the liquidgtifi the exciting light intensit
and concentration of the dye can be kept con

3. Experimental set-up and procedure

In orderto map the temperatt, the classical benchmark for naturan-
vection of water with addition of 3mg of RhodamiBen a cubical cavity wa
investigated. A cubical enclosure of 2110x210 mm, presented in figure
with one vertial wall hot and opposite one cold, was conside@itier walls
were adiabatic. The n-adiabatic walls’ temperature was kept constan
means of two water bath thermostats and the walpésature difference wi
set at 5°CThe experimental s-up used irthe present investigation is showr
figure 2 and figure 3The excitation source was Nd:YAG Iz (Litron Lasers),
which was connected to energy monitor in ordeetpster laser energy flua@-
tions. CCD cameraL@Vision), with a set of lances, was meding the LIF m-
ages.
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Fig. 1. Geometry of the cubical ca\ Fig. 2. Experimental set-up

In LIF measurements the preferred setup of lagat Bheet and the m-
era is pependicular (as shown in figur¢). So after adjusting tHaser to form ¢
light sheet at the desired place and positioningera, calibration and scalil
took place in order to correct the distorted im Then image recording proce
started.Because camera’s dark current (dark image) andwwuting light
(bakground image) add an offset to the signal from dlatual experimen
those effects must be subtracted in order to exfrape LIF image This is
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achieved by recording a Background Image (with gamelenses closed).
Moreover, all lasers show a certain spatial profdemal to the beam axis when
the laser is formed to a sheet. These local |adssetsnhomogeneities will in-
troduce systematic errors. These effects were cieaewith the Sheet Correc-
tion process - recording the sheet image, whiclegiwformation about the
spatial laser energy distribution and the opticahsmission behaviour of the
detected system, and subtracting it from experialentages, which were re-
corded next (with temperature difference betweetdteand cooled walls 5°C).

experimental
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Fig. 3. Side view of the experimental set-up
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In order to extract absolute temperature from grpmtal images, it is
necessary to map the image intensities to physiuéd. For this purpose, a set
of calibration images was recorded at known valfetemperature, matching
intensities to specific temperature and creatingplibration curve, shown in
figure 4. This curve was used to determine tempegatalues in experimental
images.

Averaging Background Energy
zsubtraction comrection

Temp E:rature Image She et
calculation corme u:T_ian comrection

Fig. 5.Workflow for post processing of experimental images

All recorded images include the LIF signal with teysatic errors, men-
tioned above. Therefore, for an optimum resulsihecessary to correct these
inaccuracies using post processing functions andepiures, shown schemati-
cally in figure 5. For experimental images procegsthe first step is averaging
of the images. This operation calculates basicstitzl values, such as average,
rms etc. for each pixel position, storing it in@wnimage set. Then background
subtraction takes place - reducing dark curremaggyand light reflections to
achieve pure LIF signal information. Next step niergy correction, which ap-
plies an image normalization using the read-oua deam Energy Monitor.
Then sheet correction is applied, correcting lageret inhomogeneities. Fur-
thermore, images are polished through employingoshiiag filters, which re-
ject noises from the laser and remove small padiflom the images. The last
step in image processing is temperature calculafidnis function re-scales
recorded intensity values of an image to tempegatds a result, temperature
map of recorded experimental image is achieved.

4. Results

Figure 8 presents raw image obtained during LIFeerpent. After post
processing temperature distribution, presentedguard 7, is obtained (darker
grey color on the right side symbolizes higher terafure).LaVision software,
used in this work, provides many options and onghem is automatic profile
of the temperature at desired position. Verticalgerature profile at the middle
height of the experimental enclosure is presemefijure 8. The temperature
profile, in investigated domain, changes almosedity from left side (wall
temperature 21.02°C) to right side (wall tempema26.06°C). There are visible
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boundary layers near the walls, where intensiveptgature changes occ

Fig. 6. Raw image obtained in LIF ¢e- Fig. 7. LIFtemperature map (left we
riment cooled, right wall heated)

Also, the recorded temperature is much higher etnibdes anedges, due t
laser distribution disturbances. Those effects khbe avoided in future worl
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Fig. 8 Temperature profile in the middle of the sar

5. Conclusions

Temperature mapping with the use of laser indudeardscence we
investigated. Procedure and post processing presasere briefly describe
and one case of investigated naturinvection was showrl.emperature disi-
bution was obtaied, but presented technighasto be improved. Firstly, po
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processing must be uprated. To obtain clear fiéiew and to remove small
disturbances caused by light reflections, morerltmust be used. Moreover,
better and more accurate dyes could be implemefited.also creates an op-
portunity to investigate in the future natural ceation process using two-color
laser induced fluorescence.
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ANALIZA PROCESU KONWEK CJI NATURALNEJ PRZY UZYCIU
TECHNIKI FLUORESCENCJI WZBUDZANEJ LASEROWO

Streszczenie

Pomiary temperaturyasniezwykle istotne i majzastosowanie w wielu technicznych i in-
zynieryjnych procesach, m.in. w analizowaniu konwekaturalnej. W odrénieniu od popular-
nie wywanych termopar i sensoréw temperatury Pt100, ptgyeych na punktowe pomiary
temperatury, technika fluorescencji laserowej Lbzwala na zobrazowanie pola temperatury w
calym badanym obszarze. Oczywistady termopar i czujnikéw Pt100 jest movy wplyw
sondy na przeptyw ptynu, zmieniajjego struktug. Ponadto na doktads®pomiarove w techni-
ce LIF wplywa take fakt, ze w uktadzie nie wyspuja zaburzenia przeptywu spowodowane
wprowadzeniem do analizowanego obszaru statychnié@yy. Problem ten nie pojawiagsiv
pomiarach technikLIF. Ponadto, odwzorowanie temperatury jest bajdioktadne przy pomia-
rach technily fluorescencji laserowej. Pasiza praca skupiaesina opisaniu jednokolorowej
techniki LIF (z wykorzystaniem jednego barwnikaditescencyjnego) pod wzglem teoretycz-
nym oraz praktycznym. Opisane zostato stanowiskmigmwe oraz szereg kolejnych operacji
sktadajicych sé na uzyskanie obszarowego pola temperatury. Piaeiste zostaty wyniki
analizy procesu konwekcji naturalnej wody w konfagji z jedry sciam boczry grzany i naprze-
ciwlegly chtodzon poprzez zamieszczenie wynikéw pomiarowych uzyskhrtgchnilg fluore-
scencji laserowe;.
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