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Abstract. Ultrasonic monitoring in high temperature fluidgwturbulences requires
the knowledge of wave propagation in such mediatbadievelopment of simulation
tools. Applications could be the monitoring of sgdicooled fast reactors. The
objectives are mainly acoustic telemetry and thenetoy, which involve the
propagation of ultrasounds in turbulent and heatstium flows.

We developed a ray-tracing model to simulate tlevpropagation and to
determine wave deviations and delays due to amiolgeneous medium. In previous
work we demonstrated the sensitivity of ultrasoulodemperature gradients in liquid
sodium. To complete that study, we need to invatithe sensitivity of ultrasounds
to vortices created in a moving fluid. We desigaegpecific experimental setup called
IKHAR (Instabilities of Kelvin-Helmholtz for Acoust Research) in order to assess
the validity of the ray-tracing model and the pai@rof ultrasounds for monitoring
such fluid.

In this experiment, Von Karman instabilities wereated in a flow of water.
Fluid temperature was homogeneous in our experaheetup. Through a careful
choice of the parameters, periodic vortices wereeggged. The experiment was also
simulated using Comsbdlto allow discussion about repeatability. The tigiou
transmission method was used to measure wave dileys the vortices. Arrays of
transducers were used to measure time of flightittans of several nanoseconds
with a high spatial resolution.

Results were similar to simulation results. Theyndnstrate that beam delays
due to vortices can be measured and confirm thengiat of ultrasounds in
monitoring very inhomogeneous fluid media such as liquid sodiund wse coolant
fluid in nuclear fast reactors.
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I ntroduction

The Sodium-Cooled Fast Reactor (SFR) has been rhysErance as the reference option
in the framework of the Generation IV InternatioRalum [1]. For this kind of reactor, it is
necessary to develop a specific instrumentation, patifle with liquid sodium used as
coolant, and to meet the Generation 1V requiremeraricularly in terms of reliability.

In the area of the reactor between the outlet®filel assemblies and the upper core
structure, there is a need for some thermometryeachetry instrumentation. Thermometry
would be used to monitor the assembly sodium otelaperature and telemetry would be
used to detect the movements of these assembligashlnds are suitable for these
measurements because they propagate rapidly i lgpdium, and are weakly attenuated.
Furthermore, with this method, the transducer aaplaced far from the measurement area
in order to minimize its effect on the sodium fl¢as pressure loss).

However, in this area, the sodium flow is turbuland presents significant temperature
variations. Depending on the orientation of theustic beam, these inhomogeneities may
result in deviations and changes in the ultraséme of flight, which could interfere with
measurements.

Numerical codes, such as AcRaLiS (Acoustic Rayiguid Sodium) [2] or CIVA
[3], have been developed to compute ultrasonic gmapon in such environments. Some
experiments in static thermal inhomogeneous medtiave alreadpeen performed to verify
a part of the model used in AcRaLiS simulation cpeHowever, in a turbulent medium,
the chaotic nature of the flow makes the experiaergrification of the model complex. To
deal with this issue, an experimental bench namdelAR (Instabilities of Kelvin-Helmholtz
for Acoustic Research) has been set up. It prodac@sw of water with specific and
reproducible vortices which are crossed by ultrasbeams.

After a short presentation of the numerical modetus AcRaLiS, we will describe
the functioning of the IKHAR experiment bench ahé way the acoustic measurements
were realized. Then we will discuss the IKHAR exmpantal results and their comparison
with numerical results obtained with Confsa@nd AcRaLiS. We will describe the way
Comsol is used to realize simulations of the fldighamics in IKHAR, and how the
numerical thermo-hydraulic data obtained are uséu AcRaLiS.

1. Theacousticray model of AcRaLiS

The simulation of an acoustic wave propagation flui@ medium may be realized with
numerical models based on different kinds of thewrgnethod, such as:

- the ray theory, which consists in discretizing Weve front of an ultrasonic wave,
and following the path independently of each pomthis front. The path followed
by these points will appear as a ray whose behawnay be quite close to that of a
light beam [5].

- the finite elements method consists in discretizheymedium in small volumes or
surfaces, where partial differential equationssaeed. Application of this method
requires the solution of equations in the entireliona.

- the spectral finite elements method is a methodairo the finite elements method,
but in the frequency domain. Moreover, its parécuimplementation allows it to be
more accurate and faster than a conventional fieiegnents method when the
wavelength of the wave to propagate is very smalbimparison with the propagation
medium [6].



The finite elements and spectral finite elementshouk can accurately simulate wave
propagation in @omplex fluid medium (inhomogeneous temperaturetarllent flow) if
the system of partial differential equations is Ivaelapted to the medium. This accuracy,
however, is related to the size of the mesh: thalenthe wavelength is, the smaller the size
of the elements has to be. As here the frequendyegbropagating wave is of the order of a
few megahertz (wavelength approximately equal tan3in 500°C liquid sodium) and as
the propagation length is over several tens ofigeters, then the number of elements in
which the partial differential equation will be odged is very important. That implies
significant costs calculations.

The ray method is much faster for high frequencyiegions because it only takes into
account the parts of the medium in which the ultinés waves propagate. Moreover, this
method is able to conveniently consider bothatiects of temperature and turbulence in the
medium. It is for these reasons that we have chtsemplement a code based on this
method. This code is called AcRaLiS, for AcoustayR heory in Liquid Sodium.

Following previous work, we coded AcRaLiS as anaitee code [7]:

- At time t, a point of the wavefront is situated at the couwtes of the point,. At

this point the wavefront has a propagation direchio and celerity.

- Taking into account these characteristics of theefrant, and the local flow
velocity ¥ and the temperature of the medium, the positiothisf point on the
wavefront at the next time step is computed.

- The calculation is repeated by taking into accdbetew features of the wavefront
and the thermo-hydraulic parameters of the mediutineanew point.

The equations used for this calculation are thieiohg:
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wherex,, is a point on the wavefron, the flow speedIV the ray propagation direction, and
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$ the slowness vector, 8= — =5 and? =1—-17.5.

At the end of the calculatlons it is easy to deiae the shape of the wavefront at
each time step.

The calculation of the energy is performed using thethod ofsummation of
Gaussian beams [8]. As the remainder of this doatinaencerns the accuracy of the
wavefront shape calculated by the code and noammglitude of the signal, the Gaussian
beams summation method will not be described here.

The part of this model that calculates interactitbe$ween ultrasounds and the
medium temperature was already validated usinghhomogeneous temperature field in
silicon oil [4]. In the work presented here, weidasd a specific experiment to estimate the
AcRalLis accuracy to calculate the interactions leetwultrasounds and a turbulent flow. To
this end, an experimental bench named IKHAR wasiget



2. ThelKHAR experimental bench

The difficulty of producing a turbulent flow of wetin which to propagate ultrasonic waves,
is to control this flow, to repeat it if necessaapd especially to determine the flow velocity
field. This last point is important because withthg knowledge of the velocity field it is not
possible to use AcRaLiS (or other code) to simulagepropagation of ultrasound and so to
compare the numerical simulation results with tkgeeimental ones.

2.1. Vortices generation

We present here the flow turbulences produced memging Von Karman vortices. In
previous work we produced Kelvin-Helmholtz instéhak [2], and we want now to test our
model with Von Karman instabilities which are simpto simulate with Comsdl(cf. next
chapter).

Von Karman instabilities are vortices that occuwdstream of a cylindrical obstacle
placed in a steady-state water flow [8]. In ourexxpents, the water flow speed is about one
meter per second.

These vortices have the advantage of being peridtiis period depends directly on
the velocity of the flow upstream of the obstaahel &dhe geometry of this obstacle. This
relationship is expressed by the Strouhal numbechwisi defined as follows [8]:

_r-b
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wheref is the frequency of vortex detachmehts the diameter of the obstacle, ahi the
velocity of the flow.St is the Strouhal number, and has a constant valug2offor a
cylindrical obstacle as in our experiment.

Thus, once the speed of the water flow is adjusi#dhe generated vortices have
similar thermohydraulic characteristics. In additithe geometry of the flow velocity field
is simple and can be obtained through ComputatiBhad Dynamics (CFD) simulations.

It is the experimental bench named IKHAR which gates these vortices. IKHAR
is a hydraulic loop generating a water flow at aegsbof 3 m:3 in a pipe of rectangular
section (11cm x 4 cniR]. This section is 3.1 m long. The mean flow &ty is measured
by means of an electromagnetic flowmeter. The wiader reaches a steady-state in the first
half of the section, and then meets the cylindriglastacle. Von Karman vortices are
generated in the second part of the section wikialsirumented with ultrasonic transducers.
A diagram of the test section of the IKHAR benckh®wn in the figure below.
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Figure 1. Diagram of IKHAR test section.

The objective of this experimeiteing to measure the influence of a disturbed
velocity field on the propagation of ultrasoundsg tultrasonic transducers are arranged face
to face on each side of the produced vortices ¢arately measure the wave distortion.

2.2. Acoustical measurement and signal processing

The transducers used to measure the influence t€esron the propagation of ultrasound
are two identical one dimension linear arrays. Teagh have 64 elements (each element
being 0.5 mm wide and 10 mm high) with an intemeént space of 0.1 mm. Their central
frequency is 5 MHz.

These two transducers are arranged face to faeadnside of the test section and
both work as emitter and receiver. They simultankoesit an acoustic wave, then each
transducer receives the propagating signal fronother transducer.

When the wave reaches the transducer, the tinfégldfare recorded independently on each
element of the phased array. The small size céldmaents allows us to accurately determine
which parts of the wave front have been delayedvamdh parts have been accelerated.

The Mach number, which is the ratio between floloeity and acoustic wave
velocity, is here very small, of the order of 0.06%d the time of flight variations are only
of a few nanoseconds. To measure these fine \@rgasieveral operations must be performed
on the acquired signal.

First we measure the time of flight of the acoustgnal received by each element.
This measure is realized using an interpolatiorribance the time resolution. Then we
eliminate some intrinsic time of flight variatiotisat are independent of the vortex passage
and constant during acquisition. These variatioayg nesult from the disposition of the two
transducers (whose surfaces may not be perfeatyield, the shape of the transmitted signal
(the wave front may be slightly curved) or theimdrc characteristics of the transducers.

These constant variations are independent of tbe #hnd are a continuous
component of all the acquired signal. On the contthe time of flight variations due to the
vortices in the flow are time-dependent and areriaditely positive and negative, depending
on the part of the vortex on which the measurengemtade.



Also, by averaging the time of flight measured bgteelement on a large number of
acquisitions (several thousand), variations duiote instabilities tend to disappear, while
the continuous component is enhanced.

Then, by subtracting this average to the time ighflmeasurements, we get the variations
which are only due to the passage of vortices. & kiagations appear on the following figure.
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Figure 2. Influence of Von Karman vortex on time of flight variations.

2.3. Experimental results

These measurements, realized simultaneously amthtransducers during several seconds
and reported as a function of the acquisition domaigave the following results:
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Figure 3. Time of flight measurement on the two transducers (A and B) at the same time.

The simultaneous use of two transducers as emattigérreceiver placed face to face
ensures that these variations are due to the fedacity field.
Indeed, if an acoustic wave propagating in onectlva is accelerated by the flow, the
acoustic wave propagating in the opposite direcdibtine same time will be slowed. Thus,
the influence of the flow on the celerity of thewsa is vectorial, unlike the effect of
temperature which is scalar.
Figure 4 presenting the variations in time of ftigli two waves propagating in opposite
directions shows clearly these opposite variatidhss confirms that these small changes are



not due to possible temperature changes or evaldtiothe distance between the two
transducers.

These time of flight variations are periodic, wahfrequency around 17 Hz (as
predicted with a Strouhal number equal to 0.2) anegular amplitudan the order of 11 ns.
These results confirm the periodic and stable gdioer of Von Karman vortices in the
IKHAR bench.

3. Comparison with numerical data

For the comparison of experimental data with nuoa¢rresults, the difficulty lies in
obtaining a numerical mapping of the flow velodigid in vortices. This mapping of the
flow is subsequently used for simulating the pratig of ultrasound with AcRaLiS. In this
study we obtained this mapping of the water flowhwi the IKHAR testing section by
running a Computational Fluid Simulation in Confsdrhis solution is simple and provides
a realistic mapping of the flow. To get a more aatai mapping, the solution could be to
measure the velocity of flow in IKHAR with an opictechnique like Particle Image
Velocimetry. However, this solution is more complexmplement and was not usedhese
first comparisons.

3.1. Thermo-hydraulics simulations

These simulations were performed using Comsol Idiojisics software. They are two
dimensional and usine physical module named "Laminar Flow". This medsplves the
Navier-Stokes equations without averaging the tanhegs, like the models based on RANS
(Reynolds Average Navier-Stokes) methods. The gagréthe simulation is presented in
Figure 4 and Figure 5.

The water flow enterthe section with a direction parallel to the pasitaxis X. To
be more realistic, a velocity profile is given tetflow of water as it enters the simulated
section, that is, on each side of the obstacles Ptofile is shown in Figure 4. The average
value of the velocity profile used is the averagdug measured by the electromagnetic
flowmeter in thdKHAR loop.
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Figure 4. Mapping of velocity field amplitude in XY plan. CFD simulation of IKHAR test section.
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These figures show the vortices generated by thedrical obstacle, the so-called
Von Karman vortices. For a better visualizationtlodé eddies, the flow vorticity is also
displayed (cf. Figure 5). Vorticity is calculateg bBpplying the curl operator to the flow
velocity field.

3.2. AcRaLiSsimulations

The acoustic rays were emitted from a horizonted &t Y=-0.055 m and between X=0.075
m and X=0.113 m (see Figure 6). This 3.8 cm longtemine was therefore representative
of the transducer used. 213 rays were emitted gothally to the line. The time of flight of
each acoustic ray was recorded on a receivingolimgentical size, located at Y = 0.055 m.
The following figure describes this arrangement.

— Measurement of TOF
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Figure 6. Position of acoustic rays emission line.

The result obtained - presented in Figure 8 - isstent with the velocity field
through which the waves are propagating: the géeeraortices rotating in alternating
directions create fluid streams oriented along(fiusitive or negative) Y axis. It is these
currents that are responsible for the time of fligdriations.
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Figure 7. Comparison of numerical time of flight variations obtained with AcRaLiS and experimental data
obtained with IKHAR.

Comparing the numerical results with experimentéh dallected on IKHAR gives
very good results: variations appear in both casesegular oscillations. These variation
amplitudes are similar and the difference is onlyL & ns. Also, in this particular case the
relative difference in oscillation frequency isaifout 5 Hz.

Conclusion

These first comparison results are encouragingsadest that a numerical tool based on
the ray theory is efficient to calculate ultrasotime of flight in a flowing medium whose
velocity field is slightly disturbed.

It is likely that some of the differences obserwvdten comparing the results come
from the numerical mapping of the velocity fielcedsor acoustic simulation. It is therefore
possible to improve these results, either by impr@the quality of the CFD simulation (by
performing 3D computation) or by instrumenting tK&lAR bench test section to measure
the actual velocity field (through an optical medhike Particle Image Velocimetry).

From an experimental point of view, combining thengration of Von Karman
vortices and the use of phased array transducessawgood choice. This allowed us to
measure rapid, weak and localized variationgltrasonic time of flight.

The next step will be to measure the deviationhaf tiltrasounds when passing
through the vortices. Again, the use of phased/aramsducers whose elements have a width
of 0.5 mm seems well suited to measure local arall sr@ariationsin acoustic energy.

The methodology presented in this study was created/alidate ultrasonic
measurements, which are a good candidate for mrongtovariations in inhomogeneous
liquid sodium. This methodology is now confirmedhwnumerical and experimental results
on separate phenomena. The final validation wijunee the development of a more complex
experimental bench which could create known vameiin both temperature and local
velocity fields.
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