Simultaneous Velocity and Temperature Measurements inside Suspended
Droplet in Hot Air Flow using TSPs & PIV
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Abstract: Containment spray cooling is a part of nuclear reactor safety system, which can condense the steam
into liquid within the containment structure to realize depressurization and temperature decrease during a
reactor accident. In order to investigate the space spray mechanism, which is the heat and mass transfer
between falling droplets and surrounding gas, 2-D temperature distribution and velocity field inside a
suspended water droplet in upward hot air stream was measured using combined temperature-sensitive particles
(TSPs) and particle image velocimetry (PIV). EuTTA dyed particles were adopted as phosphorescence sensors
of temperature and as tracers for the PIV. Calibration experiments were conducted to obtain the correlation
between water temperature and phosphorescence decay constant for measurement. As a result, internal flow
circulation induced by Marangoni convection and air flow shear force was observed inside the droplet. Due to
water mixing enhancement caused by this circulation, the droplet temperature was kept about 40°C and the

evaporating time was about 1 minute.
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1. Introduction

A containment vessel is a reinforced steel structure enclosing
a nuclear reactor. It is designed, in any emergency, to contain the
escape of radiation to a maximum pressure in the range of 410
to 1400 kPa, as the fourth and final barrier to radioactive release.

In case of a severe accident in a LWR, a probable pipe failure,
therewith coolant leakage, may result in a high temperature and
pressure circumstance inside the containment. [1]

The thermal-hydraulic plays a crucial part in Nuclear
Engineering research and power plants design. For experimental
researches related to fluid mass and heat transfer, a feasible
technique of simultaneous measurement of temperature and
velocity with high spatial accuracy and sensitivity will be very
helpful to a better understanding of heat and mass transfer
mechanism by experimental research. During a containment
spray cooling process, temperature decrease and
depressurization is realized by heat and mass transfer between
falling spray water droplets and surrounding gas mixture.

In our research, TSPs technique for temperature measurement
was developed for fluid, which can be available for

simultaneous velocity measurement using PIV.
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Optical sensors are widely used for temperature and pressure
measurements in multidimensional fields. Luminescence
sensors under pulsed laser excitation for temperature
measurements mainly include two kinds of measuring methods,
intensity based laser induced fluorescence (LIF) [2, 3] and
lifetime based phosphor thermometry [4]. In our research,
Europium (III) thenoyltrifluoroacetonate (EuTTA) dyed 10 um
particles were adopted as sensors of temperature and as tracers
for the PIV. Combined method for 2-D temperature and velocity
measurements was used for suspended droplet evaporating
investigation. Similar experimental research was conducted by
Someya et al. in 2011 with silicone oil as applied fluid. [5] In
previous research, calibration to obtain the correlation between
decay constant and local fluid temperature was conducted in the

same device with measuring test section.
2. Experimental

2.1 Temperature-sensitive particles

The PIV-TSP method for simultaneous velocity and
temperature measurements has been developed and investigated
in the past decade. Since the particles with temperature-sensitive
dye adopted as sensors are smaller than common PIV particles,
the measurement can achieve a higher spatial resolution. Similar

investigation has already been conducted in silicone oil, which

- 407 -



does not elute EUTTA dye [5]. In order to employ the method
for measurement inside water droplet, 25mg dyed particles with
10um mean diameter were added into 8ml distilled water, and
about 0.3ml ethanol were added as cosolvent to reach a
homogeneous state. Considering elution, precipitation and
agglomeration, after ultrasonic treatment, the water with
particles can stay in balance that is available for PIV-TSP
measurement for about half an hour. During calibration and
measurement test, the sample water was diluted with distilled

water in varying proportions.

2.2 Experimental setup for PIV-TSP analysis
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Fig.1 Schematic view of PIV-TSP system

Fig. 1 is a schematic view of experimental system for
PIV-TSP calibration and measurement. The correlation curve
between decay and temperature is considered to be related to the
type of fluid, therefore calibration is necessary in the study.
Since it is difficult to ensure controllable temperature field inside
suspended droplet, experiments were carried out offsite in a
rectangular quartz cell during calibration for relationship
between phosphorescence intensity decay constant and local
fluid temperature, which is shown in Fig. 2. For testing, a
capillary tubing suspended water droplet was taken into
measurement, heated by a hot upward airstream about 100°C.

Uniform temperature was assumed inside the target region
considering its small size. A hot plate was used to reach different
water temperature inside quartz container. The calibration error
can be defined as the discrepancy between thermocouple
measuring temperature and calculated temperature obtained by
TSPs analysis, and the deviation in analysis results of same

temperature indicated the accuracy of measurement.
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Fig. 2 Calibration test section

Phosphoresces sensors were excited by pulsed ultraviolet
(UV) laser sheet of 532nm wavelength. A double head laser
system was used to generate the pulsed UV laser at a rate of
100Hz, and two laser heads were working with a 1ms delay for
PIV analysis. The generated laser sheet was located in a
direction perpendicular to axis of the lens unit and test object,
reflected by a high energy Nd:YAG laser mirror with high
reflectivity (> 98.5% - 99.5%) at the 532nm wavelength for 45°
angle of incidence (AOI). Through the lens unit consist of three
quartz lenses, round-section laser sheet was distorted into
slender shape with a width of approximately 1mm, concentrated
at the center of the quartz cell or water droplet. Little energy loss
and laser stability can be ensured by using optical instruments
made of quartz with good UV light transmission and a great
temperature resistance.
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Fig. 3 Measurement test section

Fig. 3 shows the measurement test section of suspended
droplet. Water droplet with TSPs particles was formed by

micro-syringe and its size was controlled. Hot air was generated
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by an air compressor and heated up through an air heater to
reach about 100°C with on-off control. Images were recorded
and the target region included the whole droplet, and then using
TSPs and PIV analysis, temperature distribution and velocity
field were measured inside the droplet.

A high-speed-camera was used to record the decay frames,
working at a frame rate of 20,000 frames per second. The
camera was located in front of the test object, and the
photographic direction line was at a right angle to lenses-object

axis.

2.3 Sample calibration

Decay frames were recorded with the water temperature
changing at intervals of about 5°C from room temperature to
about 80°C. The mean decay constant was calculated from each
phosphorescence decay under laser flashes. Referring to the
temperature measured by thermocouple, the relation between T

and t was obtained.

@ 23.3°C

@ 58.3°C

Fig. 4 Sequences of decay frames recorded inside water

sample

Fig. 4 shows sequences of decay frames recorded at 23.3°C
and 58.3°C. Faster decay and lower phosphorescence intensity
can be observed from the images at higher temperature. Laser
was from the right of the container, and the intensity under
excitation appeared to be uniform at low particle density, while
decreasing from the right side to the left in high density situation
due to absorption by particles.

Using sequences of decay frames, local intensity exponential
decay constant was computed spatially by image processing and
analysis. The images were recorded in PNG format of 16 bits
high quality, which means that the intensity of pixels is in the
range of 0-65,535. The computational procedure was conducted

in each interrogation window of 3232 pixels.
3. Data analysis and Results

3.1 Temperature and decay constant correlation

Phosphorescence intensity varying as time was evaluated in
logarithmic relative values. The momentary intensity of
phosphorescence is given as follow:

L=Ixe "
Where J, is the initial intensity obtained from the first decay
frame, and 7 is the decay constant. According to this equation, in
order to estimate the decay constant, the values of relative
logarithm In(/, /I;) were plotted with decay frame number as
x-coordinate.

Consequently, this value of frame number 0 (the first frame)
is constant value 0, then the following values linearly decrease
in negative territory. Considering the exposure time of each
frame, the relative value of intensity and elapsed time was fitted
by the least-square method, and the decay constant T was
determined from the linear slope for each interrogation window.
The reliability of the aforesaid computation process was ensured
by correlation coefficient of the data fitting, acceptable when
over 0.999. The relation between intensity relative value and
elapsed time in a certain interrogation window at image center is

shown in Fig. 5 for several recorded temperatures.
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Fig. 5 Relation between time and intensity relative value

Local decay constant obtained from each interrogation
window appeared to be location-varying, which was considered
to be caused by local fluid condition and optical noise. This
effect can be automatically avoid when -calibration was
conducted onsite. However, it must be considered during offsite
calibration. The initial intensity of the decay, varying with local
particle density and laser power, was found to affect the local
decay constant as a coefficient of sigmoid function, which is

shown in Fig. 6.
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Fig. 6 Initial intensity varying local decay constants

Considering this effect, a correlation curve between
temperature and exponential decay constant was fitted by
least-squares method. In principle, luminescence lifetime based
temperature sensors can be estimated according to the Arrhenius
equation [6, 7]. According to Arrhenius equation, /n(1/7) should
be linearly correlated to the inverse value of absolute
temperature 1/7. The obtained correlation between temperature

and decay constant is shown in Fig. 7.
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Fig. 7 Relation between temperature and decay constant

Local water temperature can be calculated using the obtained
T- T correlation function. With the computed decay constant in
each interrogation window, local temperature was calculated.
Fig. 8 shows the inverse-calculated temperature distribution in
each interrogation window of the calibration decay frames at
458°C. At this temperature, the arithmetic mean value of
calculated temperature was 45.4°C, which means that the
measurement error was 0.4°C, and the standard deviation was
+0.19°C. The obtained inverse calculated temperature maps
indicated that the error became larger with temperature
increasing, and as an example, the error was 0.9°C with a
standard deviation £1.03°C at 69.9°C. Considering the indicator
accuracy of thermocouple using for water temperature
measurement, error of TSPs calibration results were within

acceptable range.
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Fig. 8 Inverse-calculated temperature distribution at 45.8°C

3.2 Temperature and decay constant correlation
Focusing on measuring test section, temperature distribution
and velocity field were obtained inside the heated suspended
droplet using TSPs and PIV measurements described above. Fig.
9 shows a sequence of phosphorescence decay frames of the

suspended droplet recorded at room temperature.

Fig. 9 Sequence of phosphorescence decay frames of the

suspended droplet
The obtained distribution images of temperature and velocity
are displayed in Fig. 10. As the results, internal flow circulation
was observed inside the heated droplet, and the droplet
temperature was steadily around 40°C during about 1 minute

evaporation.
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Fig. 10 2-D temperature & velocity distribution inside the
droplet

The internal flow circulation is considered to be induced by
two effects, Marangoni convection and shear force of the air
flow on surface, shown in Fig. 11. This circulation may enhance
the droplet internal water mixing and heat transfer. Consequently,
temperature difference inside the droplet kept small in the
evaporation process and high heat flow rate between droplet and

hot air was ensured.
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Fig. 11 Internal circulation induced by Marangoni

convection and shear force
4. Conclusions

Phosphorescence decay rate based simultaneous velocity and
temperature measurement technique was used to investigate a
suspended droplet in upward hot air stream. By offsite
calibration experiments and image analysis, a correlation curve
between temperature and exponential decay constant was
obtained referring to Arrhenius, considering the initial intensity
effect on decay constant.

Temperature distribution & velocity field was measured

inside the target water droplet. As results, internal flow
circulation was observed inside the droplet, which was induced
by Marangoni Effect and shear force, and droplet internal water
mixing was enhanced by this circulation, which may result in a
high heat flow rate between gas and fluid.

Further research on heat and mass transfer mechanism of
spray droplets will be conducted with experimental TSPs and
PIV analysis.
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