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ABSTRACT

There are thermal hydraulics issues of upper plenum of sodium cooled reactor ASTRID which can not be studied
from past reactors feedback and numerical simulations since the calculation codes do not allow to model these
problems with sufficient confidence. Thus in order to validate the numerical approaches and systems concept of
ASTRID to fit the codes and simulations for validation and to better understand the complex thermal hydraulic
phenomena in order to qualify the design options, we need to invetsigate temperature and velocity in this complex
geometry. Laser Induced Fluorescence and Particle Image Velocimetry are optical methods used to measure
temperature and velocity respectively. In all forms of LIF, a laser is used to excite fluorescent species within the
flow. Typically, the tracer, an organic fluorescent dye such as Fluorescein or Rhodamine, absorbs a portion of the
excitation energy and spontaneously re-emits a portion of the absorbed energy as fluorescence.

In our experiments, single dye and two color LIF techniques are used to perform calibrations to study the
fluorescence response of the dyes as function of main parameters: dye concentration, laser power, and temperature
variation. Regarding PIV, the fluid is seeded with tracer particles then illuminated so that the particles are visible.
The motion of the seeding particles is used to calculate velocity and direction of the flow being used.

An experiment representative of the mixing flows in the MICAS mock up made up of two jets was designed to
develop the LIF and PIV measurement process. The first jet is hot and the second cold, then optical methods for
measuring simultaneously temperature by LIF and velocity by PIV is applied on the mock up. The interaction
between the two jets at different temperatures and different configurations is studied regarding main dimensionless
values such as Reynold's number, Richardson number and Froude number.

I. Introduction:

Advanced Sodium Technological Reactor for Industrial Demonstration ASTRID is a project of
construction of a 4" generation reactor cooled by sodium. There are thermal-hydraulic issues of
upper plenum of ASTRID which can’t be studied from past reactors feedback and numerical
simulations since the calculation codes do not allow to model these problems with sufficient
confidence. Thus in order to validate the numerical approaches and systems concept of ASTRID,
it is important to measure temperature and velocity simultaneously using optical measurement

techniques.
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Figure 1 is a sketch of the actual design of ASTRID. The sodium flows from the external vessel to
the upper plenum through the core where it is heated. Around 90% of the sodium ejected from
the core is deviated by the Upper Core Structure (UCS) to the upper plenum. The other part flows
across the UCS, then to the upper plenum. The hot sodium (550°C) of the upper plenum enters
inside the Intermediate Heat Exchangers (IHX) to heat a secondary sodium circuit. This latter is
connected to a steam generator. This scheme avoids the primary sodium to be in contact with
water in case of leakage. The outlet of the IHX is connected to the external vessel where the sodium

is pumped and sent back to the core.

Primary pumps

Four IHX

Internal vessel S Upper core structure

Core catcher

Figure 1: cut view of ASTRID primary circuit

Sodium experiments are very complicated to perform since sodium is opaque and reacts violently
with water. Thus it is more practical to perform measurements on a water model since both have
similar physical properties in terms of viscosity and density. From what preceded, the MICAS
mockup was designed (Figure 2). It is a water model of ASTRID, about 2.5 m diameter and 1.7 m
height and made up of PMMA for optical measurements. The challenge in implementing non-
intrusive optical techniques to simultaneously measure temperature and velocity on the MICAS

mock up resides in designing the experiments so that they are carried out under ambient optical
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conditions with accuracy and precision attained as much as possible during the execution. Laser
Induced Fluorescence LIF and Particle Image Velocimetry PIV are used to measure temperature

and velocity respectively.
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Figure 2: MICAS Mock up

Laser Induced Fluorescence (LIF) is a quantitative, non-intrusive technique for liquid flows
commonly used to excite a fluorescent species within the flow. Typically, the tracer, an organic
fluorescent dye such as fluorescein or rhodamine, absorbs a portion of the excitation energy and
spontaneously re-emits a portion of the absorbed energy as fluorescence. The fluorescence is
measured optically and used to infer the local concentration of the dye. The fluorescence intensity

F at a specified point is modelled by equation 1.

F=lop(1-e—#bC) (1)
F=lo pebC (2)

where Lo is the incident light flux, ¢ is the quantum efficiency, € is an absorption coefficient, b is
the thickness of the laser sheet and C is the concentration of the dye solution. Thus, a linear
equation is obtained when the product ebC is small as seen in equation 2. A dye is a necessary
component of LIF. The suitability of a dye is based on an absorption spectrum that is compatible
with the laser excitation wavelength. The fluorescent tracer must be water-soluble with high

quantum efficiency so that signal strength is maximized. It must exhibit enough temperature
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dependence over a suitable temperature range and must be photo-stable under experimental
conditions that yield detectable emission. Plus, the absorption and emission of the dye must be
spectrally separable. Regarding the types of LIF technique, there exist three main methods
focusing on the dyes used. One color LIF technique is the method in which one single fluorescent
dye and one spectral band of detection are used. In general, the linearity of the fluorescence signal
with respect to the incident laser energy and dye concentration is reported. Such experiments were
the first to be conducted in the temperature measurement field. From these experiments,
researchers were able to identify the characteristics of the organic dyes such as the excitation

wavelength, temperature dependent emission percentage and temperature range.

In the two color two dye LIF techniques, the temperature is determined from the ratio of the
signal of two dyes, which have highly different temperature sensitivities. That is one of the dyes
should be sensitive to temperature and the other should not or only very weakly. This technique
eliminates the laser intensity dependence faced in the one color LIF.

In our experiments and from what has preceded, single dye and two dye two color LIF
techniques seem very appealing since in addition to the accuracy of these techniques, it is also
interesting to make comparison between the results of each one. Starting from this point,
experiments regarding one color LIF were carried out.

Calibration experiments were performed to study the fluorescence response of four dyes:
Classical Fluorescein (also called Disodium fluorescein; C20H100s5Naz), FL27 (or Fluorescein 548;
C20H10CL205), Rh6G and RhWT as function of three main parameters: dye concentration, laser
power and temperature variation.

The dyes are in powder form so in order to prepare a homogeneous solution, a concentrated one
is prepared at first for each dye, then it is diluted several times to get the required range of

concentration needed for the study as shown in the figure 3.

FL27 FL27 Rh6G Rh6G RhWT Rh

Figure 3: Dyes prepared FL27, Rh6G and RhWT
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The experimental setup shown in figure 4 consists of a pulsed 532 nm Nd:YAG laser, camera,

heater and an aquarium of experimental volume 30 L.

Aquarium

Figure 4: Experimental setup LIF

A dark image and a reference image (solution without a dye) are taken before each experiment.
Regarding RhWT, experiments were applied on concentrations between 2*10° g/L and 2*10 g/L.
The solution is well stirred before each experiment.

At each concentration, the temperature was varried between 18°C and 45°C.

The laser power was maintained constant and 100 to 1000 images were taken at each condition for
post treatment.

Same experiments were done using Rh6G but at lower concentrations.

Figure 5 shows the fluorescence response of dyes RhWT and Rh6G as function of temperature
variation (°C).
Results showed that the variation of counts decreases very slowly with the increase in temperature

for Rh6G and that RhWT is not sensitive to temperature variation.
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Figure 5: Variation of response Rh(WT (blue) and Rh6G (orange) as function of temperature (°C)

Thus both dyes can be used in our two color LIF experiments to eliminate the effect of laser

intensity.

II. Two Jet Flow Apparatus:
On the other hand, as the MICAS Mock-up exhibits complex mixing flows, an experiment was
designed to study such configurations. The objective of this experiment is to design a
representative prototype from the point of view of the dimensional analysis of the thermal
hydraulics (jet flow, plumes, buoyancy,...) of the core of the MICAS model. For this fact, the
mixture of the two jets of different temperatures must be studied. The first jet is being hot and the
second cold such as the case in the MICAS mock-up and then optical methods for measuring
temperature (LIF) and velocity (PIV) simultaneously will be applied on the prototype. The
prototype aims to study the interaction between two jets at different temperatures and these can
be vertical or horizontal. In this study, three main dimensionless values will be studied, Reynold’s
number, Richardson number and Froude number. The flow in one jet is laminar and turbulent in
the second. When the flow rate of each jet is changed, several cases will be studied such as the
interaction between a fountain and a jet, buoyant plumes in a turbulent environment,... These
studies will be achieved by the variation of Richardson number by varying the distance separating
the two jets which is a main factor here. Another challenge exists in the application of LIF and PIV
simultaneously on this rig. For this reason, the characterization system requires two perpendicular

transparent faces. The prototype consists of a tank having transparent walls for optical access
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which allows the implementation of LIF and PIV simultaneously. It is connected to a hydraulic
loop consisting of three tanks.

The configuration of the rig can be shown in figure 6. It is a cube of about 1m? of volume composed
of three transparent faces of optical quality. The optical access is of dimensions Im by 1m. The
non-transparent side is removable and the top side of the test section is equipped with an overflow
tray to achieve identical exit conditions.

Two color LIF will be directly applied on this set up using two dyes FL 27 and Rh6G to then be
able to perfom LIF and PIV at the same time after profiting from the data collected and experiences

acquired from previous stages.

Figure 6: 3D view of main test section

I1I. Conclusion:

By the steps followed, this work will contribute to the studies of emission response of fluorescein
dyes with respect to incident laser intensity and dye concentration for laser excitation at 532 nm.
In conclusion, the simultaneous application of LIF and PIV first on a simple geometry then on a
complex one will enable us to understand the complex thermal hydraulic phenomena in order to
qualify the design options concerning the upper plenum of ASTRID.
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