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Simplified modeling of liquid sodium medium with

temperature and velocity gradient using real thermal-hydraulic data. Application to ultrasonic thermometry in sodium fast reactor

INTRODUCTION

Within the framework of the French Act, dated June 28 th 2006, which requests an assessment of the industrial perspectives of transmutation by 2012, the Generation IV systems, and especially the sodium-cooled fast reactors seem to be the most suitable technologies to be developed. Thus, since 2007, the CEA, EDF and AREVA French partners launched a coordinated research program on sodium cooled fast reactors (SFR) which is now being used for the next ASTRID (Advanced Sodium Technological Reactor for industrial Demonstration) prototype. The building of this last is planned on the horizon 2020 [START_REF] Philippon | Astrid, le projet à réaction[END_REF]. In this context the CEA (Atomic Energy Comission) must develop innovative and specific instrumentation to improve in particular the safety for this kind of reactor [START_REF] Jadot | ASTRID Sodium cooled Fast Reactor: Program for improving In Service Inspection and Repair[END_REF], and especially for liquid sodium which is an opaque fluid banning classical optical techniques. One of the objectives of ASTRID is to qualify for the SFR research program instrumentation methods. The measurement of sodium temperature coming out of the core is one of these methods. The current means for measuring temperature, the thermocouple included in a thermowell, presents some disadvantages in terms of precision and response time. So a new method is being developed using ultrasounds. To make this method reliable, studies have to be realized to understand and predict the propagation of ultrasound in a turbulent medium presenting high thermal inhomogeneities and strong speed gradients. After a short presentation of the current temperature measurement above a reactor, the acoustic method is presented and then how the propagation of ultrasound in this medium have been simulated. Lastly the perspective of some experiment will be described.

TEMPERATURE MEASUREMENT ISSUES

Temperature has to be measured just above each subassembly outlet. This information is important in order to get a map of sodium temperature and so monitoring several parameters as individual over-heating and different temperature threshold of subassemblies. This last surveillance allows also the detection of fast evolutions of temperature prevents from some potentially critical accidents able to lead to a partial or total fusion of the core.

The temperature is currently measured by thermocouples. However there are some disadvantages. First of all one thermowell must be disposed above each subassembly for which the output temperature has to be measured. Moreover there is a minimal distance between a thermocouple and a subassembly. This distance implies a possible influence of the neighboring subassemblies (in case of flow rate fluctuations in the different subassemblies) which could distort the measure. Finally the time response was about ͶǤͷ ݏ for Phénix and ͳǤͳ ݏ for Superphénix which should be improved for a continuous monitoring of the core.

To develop a new method of temperature measurement an important fact has to be considered: above the core the sodium is a highly turbulent medium; with lots of thermal inhomogeneities (the temperature difference between two subassemblies can reach 50 °C), with strong velocity gradients (about ͳǤͷ ݉Ǥ ݏ ିଵ Ǥ ܿ݉ ିଵ ).

ACOUSTIC THERMOMETRY METHOD

This ultrasonic method was patented by the UKAEA (United Kingdom Atomic Energy Authority) in 1985 [START_REF] Mcknight | [END_REF]. It is based on the fact that ultrasound celerity depends on sodium temperature. This is resumed by the Childs law [START_REF] Childs | Physical constants[END_REF]:

ܿ ௨௦ ൌ ʹͷǤʹͷ െ ͲǤͷʹͶ ൈ (1) 
where ܿ ௨௦ represents the ultrasound celerity (݉Ǥ ݏ ିଵ ), ܶ is sodium temperature (ι;)ܥ The coefficients have been determined experimentally.

A monochromatic ultrasonic wave propagates with grazing incidence to a subassembly. Then the transducer receives two echoes, coming from the reflection on the edges of the subassembly. Knowing the distance between these edges and measuring the time of flight of the ultrasounds separating the two, the ultrasound celerity in this area can be calculated and thus the sodium temperature can be estimated with the Childs law. A schema on Fig. 1 represents this method. This method provides several advantages: -The response time is mainly limited by the signal processing; thus it is possible to have a frequency response of several kilohertz. -This measurement is local because only the sodium temperature between the edges of a subassembly is measured. There is no more influence of the neighboring subassemblies. -Finally this is a non-invasive method which requires fewer devices supposing it is theoretically possible to measure the temperature of a row of subassemblies with only one transducer.

However the propagation of ultrasound in sodium may be difficult to predict in presence of temperature and speed flow inhomogeneities. A local difference of temperature will change the ultrasound celerity and so will modify the wave-front. Important temperature will also change the wave propagation direction. Moreover strong speed flow gradient may have the same influence on the ultrasounds. Thus, all these phenomena will contribute to deflect the ultrasonic beam. The risks for the acoustic thermometry are a possible interruption of the measurement, or in the worst case, the measurement of another subassembly temperature would fool the monitoring.

This emphasizes the importance of understanding and predicting the wave propagation in such a turbulent medium. A simulation tool based on the acoustic ray theory has been developed to carry out this study.

ACOUSTIC SIMULATION Propagation Medium

There are few existing data regarding sodium flowing out of the subassemblies and most of the existing studies describe the medium with a large scale that is not compatible with the acoustic propagation scale. Indeed, the wave length of a ͳ ݖܪܯ acoustic wave in sodium at ͷͷͲ ιܥ is about ʹǤ͵ ݉݉, the scale of the thermal-hydraulic data must be of the same order.

The thermal-hydraulic data chosen for this work come from a JAEA (Japan Atomic Energy Agency) experiment named PLAJEST [START_REF] Kimura | [END_REF], where a tree of thermocouples measures the amplitude and the frequency of temperature fluctuations, of three hot and cold sodium jets. This experiment was then simulated very precisely with the CEA thermal-hydraulic code TRIO-U in order to check the validity of the simulation model [START_REF] Kimura | [END_REF]6].

This simulation provides the temperature of the sodium and the speed flow vector at a very precise scale: the characteristic length of the mesh is about two or three millimeters. The very short time step of 0.01s enables to see all the thermal-hydraulic phenomena. On the one hand the experimental geometry is close to a row of subassemblies, on the other hand the agreement between simulation data and experimental data was rather good (see [6]), so this simulation is a good set of data to evaluate ultrasound propagation above core of sodium fast reactor.

Acoustic Ray Tracing Method

This method enables to determine all the successive position of one point of the wave front, drawing in this way an acoustic ray (also named acoustic path). Thanks to this method it's possible to compute the deviation of ultrasounds propagating through a complex medium, as well as caustics (area where an ultrasound beam is focusing). It is an iterative calculation which considers for each step local thermal-hydraulic data for each step.

The variation of propagation direction is calculated by using a refractive index based on temperature and velocity speed fields as it appears in the acoustic ray equations (2) [7]:
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where ݎ Ԧሺݔǡ ݖሻ is the 2D ray position vector, ݏ is the arc length, ߬ሺݎሻ is the travel time of the wave on the ray, ܿሺݎሻ is the acoustic velocity, ݒ Ԧሺݎሻ the fluid velocity vector, ܵ Ԧ ൌ ௧ Ԧ ା௧ Ԧ Ǥ௩ ሬԦ is the slowness vector, ݐ Ԧሺ ݎሻ is the unit vector tangent to the ray and ȳ ൌ ͳ െ ݒ ԦǤ ܵ Ԧ .

One of the difficulties to couple this model with the thermal-hydraulic data is that these data are only given for the mesh center of the TRIO-U simulation whereas the ray tracing method needs data in the whole space. An interpolation method using a Delaunay triangulation is developed. It enables to select the three data points between which a point of the ray is situated. A linear approximation is performed with these three data points in order to attribute thermal-hydraulic values to the point of the ray.

Acoustic Ray Simulations

The first computation simulates the 2D-propagation of several acoustics rays through a vertical plan of PLAJEST data. In this simulation the rays start from the edges of the sodium jets and focus at a point outside of the jets at an elevation of ʹ ܿ݉. The main goal of this simulation is to propagate rays across sodium jets presenting different temperatures to estimate the influence of thermal-hydraulic phenomena in a simple case.

The geometry of this simulation corresponds to the propagation of rays above a core in a vertical plan passing through the axe of a row of subassemblies, at a smaller scale (here the jet diameter is about ʹ ܿ݉, whereas in the real case the subassemblies diameters are about ͳͲ ܿ݉). The caustic corresponds to the position of a transducer.

At first rays are propagated without considering the temperature and velocity gradient influence in order to check the focusing of the rays. In the second case, thermalhydraulic data influence the propagation of the rays and deflect them. The results of the simulation are presented on Fig. 2.

The ultrasonic deviation caused by temperature and velocity is finally small in this configuration, where gradients are collinear to the wave propagation direction. It appears that the beam width at the focus point only reaches 0.5 mm.

Thanks to this result it can be deduced that the part of the beam which propagates in the axe of a subassemblies row will not suffer from an important vertical deviation. It is an important result for the thermometry method because if the beam is deflected between the two edges, the acoustic path will not stay as a line and the travelled distance will change. As a result, the temperature measures will not be accurate.

The next simulation computes a ray propagating horizontally through the three sodium jets. The aim is to distinguish temperature influence from velocity influence. In a first case calculations consider both temperature and speed flow influence, in the second case only the temperature influence. As the distance of sound propagation (ʹ ܿ݉ for each jet compared to ͳͲ ܿ݉) is small as well as the value of the vertical velocity (ͲǤͷ ݉Ǥ ݏ ିଵ compared to ͵ ݉Ǥ ݏ ିଵ ), in the three jets compared to a real case the choice was made to multiply the value of the vertical velocity by ten. The comparison of the two results with and without flow is presented on Fig. 3. Results show that influence of velocity gradient is, on the one hand very small because deviation engendered is only about 0.2 mm, effect on the wave propagation five times smaller than the influence of temperature.

However because of recirculation phenomena between real subassemblies, some eddies might be generated on the path of the acoustic beam. That is the reason why more complex speed flow gradients have to be computed before concluding on the influence of speed flow.

The PLAJEST data were extrapolated in order to consider the effects of temperature gradients in a reactor, with multiple assemblies. Only the Gaussian temperature gradient between the steady state medium and a hot sodium jet was kept. Then a new map of temperature was created with some rotations and translations, corresponding to the temperature field of a horizontal plan above three subassemblies. This map, including the original PLAJEST data, is represented on Fig. 4.

Here several parallel rays are propagated from the left to the right. As the wave direction propagation is almost orthogonal to the temperature gradient, the deviation is in this case more important than previously: as presented in Fig. 5, the deviation exceeds 1 cm after 60 cm of propagation.

This deviation is not important enough to miss the monitored subassembly. However it could have other significant effects. In this case the deviated rays could have an orthogonal incidence on the edges of subassemblies and so return a signal to the transducer. They propagate through a medium in which the ultrasound celerity is different. This implies that their time of flight will be different from the direct ray, and that the signal received by the transducer will be noised. Further work on this kind of simulation will be performed to determine the direction of deflection and the time of flight of these rays. The aim is, to evaluate the impact on the thermometry and to enable the design of future transducers.

Further Developments and Conclusions

Further work will bring some improvement to the simulations. First of all Gaussian beam method will be developed [7]; this method enables the calculation of the acoustic pressure in all the points of the geometry and not only along the calculated acoustic paths. Thus the calculation of the signal amplitude in caustics or in shadowed areas will be more precisely.

In order to check the validity of this simulation tool, two experiments are planned:

-The first one will analyze the propagation of ultrasounds in a thermal inhomogeneous medium. A fluid of high viscosity, silicon oil, will be used to limit convection phenomena and to realize acoustic measurements in a quite stationary medium. A schlieren strioscopic bench will be used to realize correlation between thermal and acoustic data. -The second one will enable to propagate ultrasounds in a medium with high speed gradients. As it is difficult to know the thermal-hydraulic data of such a medium at any time (in order to realize correlation between acoustic and thermal-hydraulic data), instabilities of Kelvin-Helmholtz will be created. These instabilities are well known and allow to have precise thermal-hydraulic data on eddies where ultrasounds propagate.

Finally this ray tracing method will be compared with another numerical method: the SPECFEM code which uses the spectral element method [START_REF] Komatitsch | The spectral -element method: an efficient tool tosimulate the seismic response of 2D and 3D geological structures[END_REF]. It is highly parallelizable and could be a solution to simulate the ultrasounds propagation important volumes (several cubic meters).

All these developments demonstrate that ultrasonic thermometry could be evaluated precisely for future in service monitoring.
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 1 FIGURE 1. Representation of the acoustic method.
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 2 FIGURE 2. Ray propagation across three sodium jets (left) and deflection of the focusing beam (right) when considering thermal-hydraulic phenomena.
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 45 FIGURE 4. Temperature map of a row of three subassemblies.
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