Global Rainbow Refractometry development for
droplet temperature measurement in hostile environment
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In order so study the heat and mass transfers between the spray droplet and the
atmosphere for thermohydrauliques conditions representative of a severe accident in a
Pressure Water Reactor the IRSN developed the TOSQAN facility. This paper is devoted
to present our work, upon the qualifications of the global rainbow refractometry used for
droplet temperature measurement.

1. Introduction

During the course of an hypothetical severe accident in a Pressure Water Reactor
(PWR), hydrogen can be produced by the reactor core oxidation and distributed into the
reactor containment according to convection flows, water steam wall condensation and
interaction with the spraying droplets. In order to assess the risk of detonation generated by a
high local hydrogen concentration, hydrogen distribution in the containment hes to be known.
The TOSQAN experimental program has been created to smulate typical accidental thermal
hydraulic flow conditions in the reactor containment and to study different phenomena such
as water steam wall condensation in the presence of non-condensable gases

TOSQAN facility is a large vessdl (7nT) suitable for optical diagnostics such PIV,
LDV and Spontaneous Raman Scattering which are already operational on it [1].

In order to measure droplet temperature, different norrintrusive techniques where
envisaged like LIF [2], infrared thermograthy, and globa rainbow refractometry. According
to our experimental constraint, we have focused on this last technique.

The aim of this work is to present global rainbow refractometry [2; 4; 6] technique to
measure the mean size and temperature of faling droplets. This work is divided into four
parts, the first one is devoted to explain the principle of the technique in the second one we
will present the program we developed and the simulations we realized in ader to quantify
the effect of different parameters on temperature and diameter measurements. In the third part
we will present our experimental setup, and finally we will present our results obtained with
global rainbow refractometry.



2. Principle of thetechnique

The rainbow is a phenomenon that occurs for example when a single droplet intercepts
a laser beam (fig. 1). The standard rainbow refractometry is a nontintrusive technique for
measuring size and temperature of a single droplet [3]. This technique is based on the
detection of the rainbow issued from the interference between one time internally reflected
rays and externally reflected ray (fig. 1). This technique suffers of maor problems related to
temperature gradients inside the droplet [4], droplet non-sphericity [5]. In addition, especialy
for small particles, the ripple structure issued from the interference between internally and
externally reflected rays strongly disturbs the rainbow pattern. It is to overcome the last two
problems that van Beeck introduced the global rainbow refractometry. The principle of the
technique is to superimpose the rainbow pattern issued from about a hundred [7] droplets, so
that the ripple structure totally disappears. This phenomenon was first observed by Roth [6]
for a single droplet with diameter variations. The non-spherical droplets, as far as they are
randomly oriented, will interfere destructively and create a uniform background [7] that will
not disturb the measurement anymore.

Lorenz-Mie theory
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3. Simulations of the global rainbow

To have a good understanding of the global rainbow pattern in order to be able to
invert it to a mean temperature and diameter measurement, we made a Fortran program to
compute the global rainbow pattern. As mentioned before the global rainbow is not sensitive
to the ripple structure because it is totally dammed by small variations of the droplet diameter.
As a consequence, the Airy theory is suitable to compute the light scattered intensity (W) as

afunctionof the scattering angle q (eg. 1).
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Where grg and t g are represented on figure 1.
So, we are able to compute the global rainbow by summing the light scattered by every single
droplet (eg. 3).

Globow(q)=2 We(dig)d™ ®)

The d*factor describes the dependency of the scattered light intensity to the droplet
diameter. As long as all the droplets are perfectly spherical we can compute the global
rainbow pattern.
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Figure 3. Smulations of the global rainbow. Figure 4. Effect of droplets non-sphericity on the

rainhow.

Figure 3 presents the influence of droplet granulometry upon global rainbow patterns
and shows that the curves are superimposed at the geometrical rainbow angle gyg.
Thisangle is very closed to the first inflexion point of the global rainbow. So aslong as all the
droplets are perfectly spherical we can deduce their averaged temperature by searching the
angular position of the first inflexion point of the global rainbow, or more precisely using
equations 4 and 5.
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To take into account the impact of nearly spherical droplets ‘1:%<0_4%) on the

scattered globa rainbow we can compute their contribution using the Moebius theory. This
theory assumes that the rainbow pattern issue from a non-spherical droplet will be shifted of a
Daqrg quantity computed using equation 6.
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Figure 5. Effect of droplet temperature on the
global rainbow pattern

In our application of the global rainbow refractometry, there is a relationship between
the droplets size and temperature in the probed volume. We now interest in simulating the
global rainbow scattered from spray with a lognormal size distribution (representative of the
spray that will be used in TOSQAN facility). We suppose an arbitrary relationship between
droplet size and refractive index, and we search the meaning of the mean temperature
deduced.
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Figure 6. Effect of an arbitrary size temperature relationship on the
temper ature deduced

We can see on this simulation that if we suppose that all the droplets have the same
temperature equal to <m> (<m> is computed using equation 7), the ssimulated global rainbows
are superimposed around dinr1 and Qinrz Which are the characteristic angles used for the

inversion. Thus, the refractive index deduced from such global rainbow will be equal to
<m>.
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The d*factor describes the dependency of the scattered light intensity to the droplet
diameter (as in equation 3). This result means that the temperature deduced is more influenced
by largest droplets.



4, Experimental set-up

Our experimental set-up sketched on figure 7 is composed of alaser beam issued from
an argon laser (I = 514.5 nm) and transmitted via a monomode optical fiber. Measurements
are performed on a full cone spray at 20 cm from the nozzle (UniJet TGO3, from Spraying
System).

This nozzle has been characterized by laser sheet visualization (figure 8) and PDA
under the same conditions (figure 9).

The optical set up for global rainbow collection is composed of two large diameter
plano-convex lenses, a camera and a pinhole. The first lers has a 1000 mm focal length and is
placed at 1 m from the probed volume. The second lens placed just behind the first one has a
250 mm focal length. The pinhole is situated at the image plan of the second lens; this pinhole
allows us to spatially select a short volume of measurement to avoid an angular spread of the
global rainbow.
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Figure 7. Experimental set-up

To calibrate the magnification factor of the camera a millimeter transparent paper is
placed on the first lens. So that, we are able to deduce the relationship between the pxe
number and the scattering angle g. To make sure that there are enough droplets in the probed
volume, for a datisticaly representative sample of the spray, we achieve a temporal
summation of the signal.

Figure 8. Visualisation of spray
of the TGO3 injectors
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Figure 9. Droplet size profile of the TGO03 injector
at 20 cm from the nozzle using PDA.

5. Global Rainbow Experimental results

With this experimental set-up, we are able to acquire two-dimensional images of the
global rainbow (figure 10). For eliminating the high frequencies due to the noise in order to
have a better signa quality, we first achieve a FFT of the collected signal, we cut the high
frequencies and then we realise the FFT inverse (figure 11).
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Figure 11. Experimental global
rainbow pattern

Then, we wanted to have a comparison of the mean droplet temperature measurement
using the global rainbow refractometry with another technique at different droplet
temperatures. Our only issue was to achieve global rainbow measurements at 20 cm from the
nozzle with different injection temperatures (from 293 K to 360 K). We measured with a
thermocouple the mean droplet temperature by collecting the water spray in an isolated vessel

located at the probed volume.

Figure 12 shows the relationship between the pixels of the first inflexion point of the
global rainbow as a function of the temperature measured using thermocouple. This result is
important because the relationship between gy and the droplet temperature is linear between

293 K and 307 K.
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Figure 12. Experimental relationship between the
positions of the first inflexion point and the mean
droplet temperature measured.

In the future, we plan to apply the agorithm proposed by Vetrano [8], that consists in
finding spray parameters. The principle is to minus the difference between the experimental
and the simulated global rainbow to avoid mistakes on temperature measurements induced by
droplet nonsphericity.

6. Conclusion

The simulations presented alowed us to qualify the global rainbow performances to
measure droplet mean temperature. Then we developed an experimental setup to achieve
global rainbow image acquisitions.

The simulations alowed us to invert theses images to mean droplet temperature too.

This technique is now going to be implanted onto the TOSQAN facility.

List of symbols

Ai Airy function

D10 Arithmetic mean diameter
D32 Sauter mean diameter
Globow Global rainbow intensity
PDA Phase Doppler Anemometry
d Mean diameter of the log normal distribution
q Scattering angle

S Standard deviation

h Sphericity factor

I

Wavelength of the laser beam



Subscripts

Infl Relative to the first inflexion point
Inf2 Relative to the second inflexion point
rg Relative to the geometrical rainbow
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