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Résumé général

La méthode traditionnelle de contrôle par ultrasons en contact, qui émet et reçoit des ultrasons en utilisant un couplant mouillant (huile, eau, etc.) ou par contact mécanique sec, est la méthode la plus fréquemment utilisée; elle est considérée comme standard.

Cependant, quelques inconvénients de cette technique ont été observés, particulièrement ceux liés à l'évolution temporelle de la qualité du couplant (notamment pour les matériaux poreux et matériaux absorbants), de même que ceux liés à l'amélioration d'un balayage rapide et la robotisation du système de control.

Ces retours sur les méthodes en contact ont motivé, au cours des dernières décennies, le développement de la technique dite de contrôle par ultrason sans contact qui n'exige aucun contact physique avec l'éprouvette à contrôler (i.e. l'air est utilisé comme couplant). Ils sont particulièrement intéressants pour le balayage rapide, où le couplage mécanique (contact physique) entre les transducteurs et les pièces à contrôler doit être évité. En raison de leur application simple et efficace, les méthodes sans-contact ont été appliquées pour le contrôle non destructif automatisé dans différentes disciplines d'ingénierie, e.g. pour le contrôle du papier, les matériaux composites, les aliments, les matériaux boisés, les plaques de métal, pour évaluer la rugosité d'une surface, pour l'inspection du béton. De plus, la modification de la surface à inspecter, à cause d'une couche d'agent couplant, peut être également évitée.

Un exemple de l'application de cette technique entièrement sans contact, où l'émetteur et le récepteur sont des transducteurs ultrasonores couplés par l'air, est le scanner automatique d'ultrasons à ondes de surface développé dans le laboratoire hôte en 2009.

Le scanner permet d'éviter la modification de la surface de béton à cause d'un agent couplant et permet également d'éviter de nombreuses procédures de couplage, souvent très chronophages. De plus, il permet des mesures automatiques et facilitées, et un déplacement rapide du scanner. L'intérêt et le potentiel de ce scanner ont déjà été démontrés notamment en génie civil par l'évaluation des paramètres (porosité, humidité etc.) et de la épaisseur de la couverture de béton; par la détection des fissures dans le béton dans le cadre de plusieurs projets de recherche français (SENSO, ACDC, ENDE (encore en cours)). Il a également été testé avec succès pour la détection et la localisation des dommages dans les composites en utilisant des ondes de Lamb. Plusieurs tests prometteurs ont été réalisés afin de vérifier la possibilité d'inspection des chemins de fer.

Récemment, un nouveau scanner a été développé dans le laboratoire hôte (2016). Afin d'augmenter la profondeur de pénétration des ondes de surface, l'émetteur balaie à la fois la bande de fréquence sonique et ultrasonique, ce qui assure la pénétration des ondes de surface à une profondeur de 40 cm dans le béton. Il a déjà été testé avec succès pour la détection de fissures sur une maquette réduite de centrale nucléaire en béton.

L'expérience montre que l'efficacité des deux scanners est considérablement influencée par ses paramètres de fonctionnement tels que les dimensions et la forme des transducteurs, l'inclinaison des transducteurs, la distance entre les transducteurs et la pièce à contrôler, la forme du signal d'excitation et sa bande fréquentielle, les positions et le nombre de point de réception, etc. Afin d'identifier clairement le rôle des paramètres listés ci-dessus et de trouver les recommandations pour un fonctionnement optimal, un outil de modélisation de ces scanners est nécessaire.

L'objectif de cette thèse a été le développement d'un tel outil, moins exigeant en temps de calcul et plus simple que la méthode FEM qui a déjà été utilisée pour la modélisation de problèmes similaires, et d'utiliser cet outil pour modéliser les scanners afin d'étudier l'influence des paramètres opérationnels et ainsi d'optimiser leur performance expérimentale. L'outil de calcul proposé est basé sur l'intégrale de Rayleigh et le concept de réponse impulsionnelle spatiale qui permet la prédiction rapide du champ rayonné par les émetteurs plans ou quasi-plans de toute forme dans le domaine temporel.

La recherche concernant les système sans contact soulignent l'influence de la forte atténuation dans l'air, qui suit une loi de puissance du type   2 0      , donc un effort a été fait afin de modéliser le champ pulsé dans un milieu fortement absorbant.

Cet objectif a été réalisé comme suit:

(1) Le chapitre I présente l'aperçu général des méthodes d'essai non destructif et sans contact par ultrasons. Une bref historique, des détails techniques et des exemples d'application des solutions actuellement disponibles sont présentés. Sur la base de cette analyse, le plan de cette thèse est conçu et formulé.

(2) Le chapitre II résume l'état actuel de l'art concernant l'utilisation des méthodes dans le domaine temporel basées sur l'intégrale de Rayleigh. Une attention particulière a été fournie sur l'analyse des solutions permettant de modéliser un champ acoustique dans un milieu absorbant dans le domaine temporel, en prenant en compte la causalité du signal. Cette partie fournit les outils basiques de calcul utilisés et développés dans les prochains chapitres.

( 

General introduction

The traditional contact ultrasonic testing, which generates and receives ultrasound using wet coupling (oil, water, etc.) or mechanic contact, is the most frequently used and is acknowledged as standards. However, some negative points of such methodology have been noticed, particularly related to temporal changes of coupling quality (especially for porous and liquid absorbing materials) and limitations for fast scanning.

These drawbacks of contact methods motivated, in recent decades, the development of so called non-contact ultrasonic testing methods which do not require any physical contact with the tested object (i.e. using air as a coupling medium). They are of particular interest for fast scanning applications, where coupling (physical contact) between the ultrasonic transducers and tested materials must be avoided. As a consequence of their straightforward and efficient implementation, non-contact techniques have been applied

to automatic, fast non-destructive testing in different engineering disciplines e.g. for the testing of paper, composites, food, wooden materials, metal plate, for evaluating surface roughness, for the inspection of concrete. Moreover, the modification of inspected surface properties, caused by a coupling agent, can be also avoided.

The Recently, a new scanner was developed in host laboratory (2016). In order to increase the penetration depth of surface wave, the emitter covers both the sonic and ultrasonic frequency band just assuring the surface wave penetration in concrete to depth of 40 cm.

It was already successfully tested for the crack detection in a nuclear plant reduced concrete model.

The experience shows that the operation of above two scanners is considerably influenced by its operating parameters such as transducer dimension and shape, transducer inclination, transducer-specimen distance, receiver-emitter distance, excitation signal shape and its bandwidth, positions and number of reception points, etc. In order to clarify the role of above parameters and to find the recommendations for optimal operation, a modelling tool of such scanners is necessary.

The goal of this thesis is just the development of such a tool but less time consuming and simpler than FEM methods used already for modelling of similar problems, and to use this tool to model the scanners in order to study the influence of their operational parameters, in order to optimize their testing performance. The proposed computational tool, like several previous studies, is based on Rayleigh's integral and on the spatial impulse response concept which enables rapid and clear time domain prediction of the field radiated by planar or quasi-planar emitters of any shape. The research concerning the non-contact systems emphasize the influence of the strong attenuation in air, which follows a power law of the type   2 0      , therefore particular effort was done in order to model the pulsed field in strongly absorbing medium.

This objective is realized as follows:

(1) Chapter I presents the general overview of non-contact ultrasonic non-destructive testing methods. Short history, technical details and examples of applications of currently available solutions are presented. Based on this analysis the plan of thesis is designed and formulated.

(2) Chapter II summarises the existing state of art concerning the use of time domain methods based on the Rayleigh's integral. Special attentions are paid in order to analyse the solutions enabling to model the time domain acoustic field in absorbing medium, thus respecting the signal causality. This part provides the basic computational tools used and developed in next Chapters.

(3) In an air-coupled non-contact ultrasonic testing system, ultrasonic waves propagating through a characterised medium are radiated and received by a pair of air-coupled ultrasonic transducers. A crucial requirement for appropriate understanding and optimisation of such a system is the accurate characterisation of the basic setup, including the air-coupled Emitter, the Propagation space, and the air-coupled Receiver (EPR). This objective is accomplished in Chapter III. The model is validated experimentally, and very high accuracy of modelling is obtained.

(4) The results obtained in Chapter III are directly used in Chapter IV which proposes the final researched modelling tool of the complete non-contact surface wave system which includes non-contact Emitter, Solid Sample (i.e. the tested material) and the non-contact Receiver (ESR). The originality of this work lies in the consecutive use of Rayleigh's integral thus enabling each element of ESR system to be modelled by its own transfer functions, which are in turn used to find the pulse response of the overall system. As it was done in Chapter III, the model is validated experimentally, and high prediction accuracy is obtained.

Chapter I

Principles and use of non-contact ultrasonic non-destructive methods

The traditional contact ultrasonic testing, which generates and receives ultrasound using wet coupling (oil, water, etc.) or mechanic contact, is the most frequently used and is acknowledged as standards. However, some negative points of such methodology have been noticed, particularly related to temporal changes of coupling quality (especially for porous and liquid absorbing materials) and limitations for fast and high resolution scanning.

These drawbacks of contact methods motivated, in recent decades, the development of so called non-contact ultrasonic testing methods which do not require any physical contact with a tested object (i.e. using air as a coupling medium).

They are of particular interest for fast scanning applications, where coupling (physical contact) between the ultrasonic transducers and tested materials must be avoided. As a consequence of its straightforward and efficient implementation, non-contact techniques have been applied to automatic fast non-destructive testing (NDT) in different engineering disciplines e.g. for the testing of paper, composites, food, wooden materials, metal plate, for evaluating surface roughness, for the inspection of concrete. A complete review of various air-coupled, non-destructive testing approaches and applications is provided in two recent papers (Chimenti 2014[START_REF] Remillieux | Review of air-coupled transduction for nondestructive testing and evaluation[END_REF]. Further examples are also provided in [START_REF] Luukkala | Plate wave resonance -a contactless method[END_REF][START_REF] Grandia | NDE Applications of Air-coupled Ultrasonic Transducers[END_REF], Schindel and Hutchins 1995[START_REF] Solodov | New opportunities for NDT with air-coupled ultrasound[END_REF][START_REF] Hsu | NDE of lumber and natural fiber based products with air coupled ultrasound[END_REF], Abraham et al. 2012, B. Piwakowski et al. 2012, Ambrozinski et al. 2014, Kaczmarek et al. 2016). New sensor technologies, development of electronic systems and advances in signal processing have allowed additionally for further developing non-contact methods.

This Chapter presents the general overview of non-contact ultrasonic non-destructive methods. Short history, technical details and examples of the applications of currently available solutions are presented. Based on this analysis, objectives of thesis and its plan are formulated and designed.

I.1 From contact to non-contact NDTs

I.1.1 Traditional "contact" ultrasonic techniques

In the traditional ultrasonic testing, ultrasonic waves are transmitted into specimen by employing piezo-electric transducers which have a good ability in the conversion of electrical energy into mechanical vibration (ultrasonic waves). Ultrasonic waves propagate through the tested sample, and are received by a receiving transducer. These techniques require always good contact between transducer and specimen to ensure an efficient transmission of mechanical energy (Castaings et al. 1997); thus they are usually called "contact" techniques.

In contact technique two kinds of ultrasonic waves are frequently used: body waves (bulk waves), surface waves and Lamb (plate) waves. Body waves propagate through a bulk material and assume two types: longitudinal waves and shear waves. Surface waves propagate along sample surface and Lamb wave propagate in plate (they are also called guided wave because of their propagation under the "guide" formed by structure boundary). Two basic geometries i.e.

the pulse-echo and the through-transmission are used (Fig. 1.1); the pulse-echo mode requires one transducer and for the through-transmission two transducers are necessary (Cartz 1995). The contact ultrasonic testing requires coupling agent (such as oil, grease, and water) between transducer and specimen to overcome acoustical impedance mismatch. The coupling forms an additional layer which causes several problems, such as multiple reflection between the sample and transducer (Alvarez-Arenas 2004). For the contact testing, the surface preparation of specimen is also often needed in order to obtain adequate coupling. This is sometimes difficult for in-situ inspection of large structures such as airplane or bridge, and is especially time-consuming (Castaings et al. 1997) for the structures of the irregular shape.

I.1.2 "Semi-contact" ultrasonic techniques

Independently of contact method, a few combinations of contact and non-contact methods have been developed, so that the ultrasonic wave is emitted by a contact method and received by a non-contact one or inversely the wave is emitted by a non-contact and received by a contact. The geometries used for semi-contact setups are shown in Fig. 1.2.

Semi-noncontact methods are most frequently used in the NDT of large structures, such as concrete bridge, pipe line, etc., making use of body wave, surface wave and Lamb wave. They were developed especially in Civil Engineering [START_REF] Zhu | Non-contact imaging for surface-opening cracks in concrete with air-coupled sensors[END_REF][START_REF] Zhu | Imaging Concrete Structure Using Air-coupled Impact-Echo[END_REF][START_REF] Kee | Using air-coupled sensors to determine the depth of a surface-breaking in concrete[END_REF], Kee et al. 2011, Kee and Zhu 2011, Abraham et al. 2012, Garnier et al. 2013[START_REF] Remillieux | Review of air-coupled transduction for nondestructive testing and evaluation[END_REF][START_REF] Bjurstrom | Effect of surface unevenness on in-situ measurements and theoretical simulation in non-contact surface wave measurements using a rolling microphone array[END_REF]. (2) Contact generation and non-contact detection:

Use of body waves

In civil engineering, impact-echo is one of the most commonly used NDT methods for concrete parameter evaluation and detection of delamination [START_REF] Sansalone | Impact-echo: non-destructive evaluation of concrete[END_REF]. In conventional setup the impact echo uses electrically controlled impactor as an emitter and an accelerometer as a receiver. Recently Zhu and Popovics (2008) Leaky surface waves and the direct acoustic wave could be evidently seen in the figure. The similar approach was also adopted by Bjurstrom et al. (2016) who used the "rolling" device including mechanical impactor "hammer" and a set of microphones as receivers in order to characterize the concrete plate. 

Use of Lamb waves

Lamb wave is widely used in NDT, for example testing of long pipe lines. Kim et al. (2005) applied semi-contact technique to the pipe line testing. In this study, a multi-element comb transducer is used to generate Lamb wave and an air-coupled receiver is used for non-contact detection, as shown in Fig. 1.7. 

I.2 Non-contact ultrasonic techniques

In order to completely overcome the problem of coupling in contact or semi-contact ultrasonic testing, varieties of non-contact techniques have been developed in recent years. These techniques allow the ultrasonic waves generation and receiving without any contact between transducer and specimen. They eliminate the difficult and time-consuming process of an adequate coupling. The non-contact approach avoids modification of specimen surface proper- -ties usually caused by the coupling agent and permits the measurements in hot, cold, and corrosive etc. hostile environments and achieves rapid scanning over large structures. The typical geometries of non-contact setups are shown in Fig. 1.8. Typically the emission is assured by non-contact air coupled piezo-ceramic transducer or pulse laser and the reception is assured by non-contact air coupled piezo-ceramic transducer or laser interferometer

I.2.1 Non-contact ultrasonic wave generation and reception (1) Non-contact techniques for wave generation and reception

Piezoelectric transducers (Hutchins and Schindel 1994). The classic, piezo-ceramic transducer is insensitive in air-coupled condition because of great impedance mismatch. The so called air coupled piezo-transducers developed in last decades use impedance matching layers and this enabled the air coupled operation.

Electrostatic transducers (Schindel et al. 1995[START_REF] Zhu | Non-contact NDT of concrete structures using air-coupled sensors[END_REF]. The design of air-coupled transducer could also be based on electrostatic or capacitance principles. The electrostatic transducers (called membrane transducers) provide far better (compared with piezo-electrics) matching to air; they display much broader bandwidth and high sensitivity. These transducers include condenser microphone/loudspeaker, and micro-machined capacitive membrane transducers.

EMAT (Hutchins and Schindel 1994). Alternatively, the electromagnetic acoustic transducer (EMAT) is capable for non-contact testing. The magnetic field in specimen is firstly induced by a transient current through coil, the material under the magnetic field then produces ultrasonic motion resulting in detectable eddy current. EMAT has been successfully used for inspection of metal; however, it is not suitable to non-metal materials such as fiber-reinforced polymer composites. Another problem is that the testing efficiency rapidly decreases with the distance between EMAT and the tested sample surface.

(2) Non-contact techniques for ultrasonic wave generation only Laser as emitter [START_REF] Green | Non-contact ultrasonic techniques[END_REF]. Elastic waves in solid materials can be generated by transient surface heating. Therefore pulsed lasers are able to simultaneously produce shear and longitudinal bulk waves as well as surface waves. The ultrasound generation based on laser beam permits non-contact ultrasonic measurements in both electrically conducting and non-conducting materials, in materials at elevated temperature, in corrosive and other hostile environments, in geometrically difficult to reach locations and at relatively large distances from the test object surface.

Sparker source [START_REF] Korolev | Mechanism of sound generation in a solid by a spark discharge near the surface[END_REF] . The generation of surface and body acoustic waves can be also realized by sparker. The electrical breakdown between a discharge electrodes and the investigated sample excites the shock wave in air which penetrates the tested sample.

(3) Non-contact techniques for ultrasonic wave reception only

Optical interferometer as receiver [START_REF] Blodgett | Laser-Based Ultrasonics: Applications at APL[END_REF]. The optical interferometer provides a complementary non-contact technique for the measurements of ultrasonic waves. This method permits access to specimen in hostile environments, rapid scanning; allows operation on geometrically awkward specimens; and most importantly it offers an absolute calibration standard of surface displacement. Since laser method is relatively more expensive and more delicate, it is used rather in laboratory conditions.

The non-contact techniques introduced above have been successfully applied in numerous engineering fields. The summary of non-contact techniques and their advantages and disadvantages is presented in Table 1.1.  They are limited in their frequency range.

I.2.2 Examples of non-contact approaches

(1) Pulse-echo

The measurement of surface roughness or surface defects is an important industrial problem. In order to measure surface topography in real industrial environments, the air-coupled technique was used, for example, by [START_REF] Robertson | Surface metrology using reflected ultrasonic signals in air[END_REF]. In their work, a focused air-coupled transducer is employed in pulse echo mode to transmit ultrasonic wave to specimen and the reflected wave is also detected by the same transducer. By scanning over the specimen, the surface roughness can be evaluated as shown in Fig. 1.9. In order to obtain high image quality the depth and lateral resolutions should be sufficiently high. Therefore high frequency wideband signal should be used in the measurement. (

2) Through transmission-body wave

Composites are widely used in aerospace, while inspection of large aerospace structures is rather difficult because of the great size. At present thorough inspection can be conducted efficiently by non-contact C-scan using body wave. Fig. 1.10 presents the work performed by [START_REF] Hsu | Nondestructive testing using air-borne ultrasound[END_REF] who used air-coupled scanner to detect inter defect in Carbon fiber reinforced polymer (CFPR) plate.

In our host laboratory (IEMN, EC-Lille), the similar work is performed on composite plate. In the C-scan measurement, the focused piezo-ceramic air-coupled transducer is used as emitter and a capacitive membrane wide band transducer as receiver (Fig. 1.11 (a)). The artificially made defect of square shape is correctly imaged in Fig. 1.11 (b). Velocities of body elastic waves in materials can be measured using the non-contact approach, similar to ultrasonic immersion method except that the coupling medium becomes air, see Fig. 1.12. The measurement of body waved velocity was performed by [START_REF] Phd | Accurate non-contact air-coupled velocity measurements in planar elastic samples[END_REF]. The longitudinal wave velocity is obtained using multiples reflections of transmitted wave. Similarly, when rotating the sample to an angle (greater than first critical angle), velocity of transversal wave can be found. The method provides determination of longitudinal and transversal velocity with errors less than 1% and 3% respectively [START_REF] Liu | Caracterisation de la mortier par les ones ultrasonores[END_REF], Kaczmarek et al. 2016)).

(

3) Through transmission of surface or Lamb waves

Recently the circumferential Lamb wave (C-Lamb wave) propagating along the circumferential direction of pipes has been proposed for NDT of pipe lines. [START_REF] Nishino | Accurate method for measurement of pipe wall thickness using a circumferential guided wave generated and detected by a pair of non-contact transducers. Review of Progress in Quantitative Non-destructive Evaluation[END_REF] used C-Lamb wave generated and detected by a pair of air-coupled transducers to accurately measure pipe wall thickness (Fig. 1.13 (a)). [START_REF] Song | Application of laser-generated ultrasound to evaluate wall thinned pile[END_REF] used laser induced and air-coupled detected Lame waves to detect defects in carbon steel pipe (Fig. 1.13 (b)).

Fig. 1.12 The set up used for the non-contact measurements of longitudinal and transversal wave velocity [START_REF] Phd | Accurate non-contact air-coupled velocity measurements in planar elastic samples[END_REF][START_REF] Liu | Caracterisation de la mortier par les ones ultrasonores[END_REF], Kaczmarek et al. 2016). 

I.3.1 "High frequency" scanner and its different applications

The automated non-contact ultrasonic scanner was developed in the host laboratory (Piwakowski and Safinowski 2009) based on full non-contact air-coupled solution. The surface wave is radiated by a non-contact transducer the position of which is fixed. In order to assure the surface wave generation, the inclination angle e  is to be set close the second critical angle (Piwakowski et al. 2004) for the transmission via air/solid interface (Fig The applied solution assures totally non-contact measure which permits to avoid a modification of concrete surface by a coupling agent and a time consuming coupling procedure. Moreover it enables quick, precise automatic measurements and scanner displacements. During the measurement, in order to improve the signal to noise ratio (SNR), the chirp technique is used. The recording and processing of signal is performed by a PC which also controls the displacement of receiver.

The overall system includes four main parts: the scanner itself, PC (which controls the emission, acquisition and receiver displacements), the motors control block and power amplifier of emitted pulse. The scanner is connected to the control bloc via 20 m length cable enabling the measurements over relatively large area without displacements of all system. The bandwidth of surface waves depends on the bandwidth of emitter and is defined by an emitter selection. The bandwidth used in concrete ranges from 50 to 200 kHz just assuring the surface wave penetration into concrete with a depth 1-5 cm.

The interest and potentiality of this technique have already been demonstrated especially in Civil Engineering by the evaluation of concrete cover parameters (porosity, humidity, etc.), concrete cover thickness; the detection of cracks in concrete, composite plate and railway.

(1) Measurement of surface wave velocity and attenuation in concrete Dry, saturated or partially saturated concrete beams with different porosity, water content, aggregate size and aggregate type were examined under the frame of French SENSO research project (Balayssac et al. 2012, Garnier et al. 2013). The research covered 192 concrete samples (about 2000 profiles) and enabled to determine the dependence of velocity and of attenuation as a function of porosity, water content, elastic modulus (Fig. 1.15). The obtained results are used as reference library for general characterization of concrete (Abraham et al. 2012). (2) Characterization of concrete cover Concrete cover degradation is induced by aggressive agents in ambiance, chemicals, moisture, or temperature variations. Due to this degradation concrete becomes inhomogeneous and usually a thin surface layer appears with porosity and elastic modulus different from the properties of deeper sound concrete. The methodology applied by the classical technique used for ground structure recovery called Multichannel Analysis of Surface Waves (MASW) was used as the NDT tool to characterize the thickness and elastic modulus of concrete cover. The procedure consists in generation and reception of surface waves within the required frequency band, using the non-contact transducers which scan the evaluated profiles. Then the phase velocity dispersion characteristic   V f is extracted. The dispersion characteristics is then inverted [START_REF] Piwakowski | Surface wave technique for evaluation of concrete cover: data processing and identification method[END_REF][START_REF] Kaczmarek | Accuracy of parameter identification using the dispersion of surface waves and the role of data quality for inhomogeneous concrete[END_REF]) in order to obtain the variation of shear wave velocity as a function of depth. Teneur en eau volumique W (%)

alfa dB/m G1 -E/C=0,31 G2 -E/C=0,47 G3 -E/C=0,59
G3a -E/C=0,57 G7 -E/C=0,63 G8 -E/C=0,90

The inspection of concrete walls, carried out in the frame of French project "Analyse et Capitalisation pour le Diagnostic des Constructions" (ACDC) (Garnier et al. 2014) included the measurements of three different concrete walls of different age and exposition. Fig. 1.17

shows the scanner, three inspected walls, the obtained dispersion characteristic of surface waves and finally the depth of the surface cover obtained by inversion [START_REF] Piwakowski | Identification of inhomogeneous concrete cover bynon-contact ultrasonic method[END_REF]). The same method was also used in the evaluation of the cover depth of concrete platform in the maritime port (Fig. 1.18), [START_REF] Piwakowski | Surface wave technique for evaluation of concrete cover: data processing and identification method[END_REF]. (

3) Detection of cracks in concrete

The attenuation of surface wave can provide relevant information towards characterizing the micro-structural properties of concrete. Surface wave attenuation stems from the combined influence of extrinsic attenuation (i.e. scattering of wave on the aggregates), intrinsic attenuation (absorption). When surface wave propagates in homogenous material, the wave amplitude decays as a function of distance. If there is an obstacle on the surface wave path, such as surface crack, void etc., part of radiated energy will be reflected by the obstacle and therefore only small amount of radiated energy will pass through. 

(4) Detection of defects in composite

The scanner can be as well used to excite and to record both A0 and S0 Lamb wave modes.

Various phenomena that occur during the interaction of Lamb Wave with defect, such as, mode conversion, mode reflection, diffraction and signal attenuation can be indirectly observed in the received signals. Thus, extracting the signal features like the reflected wave amplitude enables to detect and locate the damage. Fig. 1.20 shows damage detection and localization using the defect reflection can be obtained using the anomalies of A0 Lamb mode (Ambrozinski et al. 2014).

(

5) Detection of surface defects in the railway

The scanner was also tested in order to check the possibility to detect the railway defects [START_REF] Liu | Automated non-contact NDT by ultrasonic surface waves[END_REF]. 

I.3.2 "Low frequency" scanner

Recently, a new scanner was developed in host laboratory. In order to increase the penetration depth of surface wave, the emitter covers both the sonic and ultrasonic frequency band, ranging from 5 to 50 kHz, just assuring the surface wave penetration in concrete to depths from 5 to 40 cm. The scanner is portable and can be used in a laboratory and as well as in site (Fig.1.22 (a)). The potential possibilities of this scanner are shown at an example of the in situ measurements carried out in the frame of the French ENDE research project (Garnier et al. 2016) aiming at the characterisation of concrete wall of depth 40 cm and at the crack detection.

The surface wave signals (Fig.1.22 (b)) are recorded along the profile of 1.4 m long. The signal bandwidth is 12-40 kHz (Fig. 1.22 (c)), and the obtained surface wave dispersion characteristic shown in Fig. 1.22 (d) (computed using Slant Stack (Ambrozinski et al. 2014)) is exploitable from 5 to 60 kHz. It is seen that, as expected, for higher frequencies the phase velocity is constant (surface wave mode) but for smaller frequencies the wave becomes longer and starts to "reach" the opposite face of wall. Then the surface wave becomes the Lamb wave. The slightly decreasing phase velocity for smallest frequencies f < 20 kHz is just the A0 mode of the appearing Lamb wave. 

I.3.3 Requirements for further development of surface wave and plate wave non-contact scanner

The general concept of surface wave non-contact scanners is illustrated in Fig. 1.24. The scanner uses an air-coupled emitter which radiates ultrasonic wave into the specimen surface.

Part of energy of this wave is reradiated into air, and is then received by air-coupled receiver inclined with the same angle. Our experience shows that the performance of the both scanners is considerably influenced by its operating parameters such as transducers dimensions and shape, transducers inclination, the transducer-sample distance, the excitation signal shape and its bandwidth, positions and number of reception points, etc. Therefore, in order to optimize the parameters of scanner it is necessary to clarify:

-Influence of transducer size and shape; -Influence of transducer inclination with respect to specimen and the sensitivity to this angle adjustment; -Influence of the distance between transducers and the tested specimen; -Influence of used frequency bandwidth, on the recorded surface wave signal and its parameters. However, despite the advances made in air-coupled transducer technology, there is at present a lack of suitable modeling tool for the characterization and evaluation of such scanner. In order to clarify the role of above parameters and to find the recommendations for optimal operation, the computational tool enabling to model the entire system is required.

Several researchers have modeled the non-contact Lamb wave testing devices. Castaings and Cawley (1996) and Castaings et al. (1997) modeled Lamb wave non-contact system using Finite Element Method (FEM). Ke et al. (2009) also used FEM and performed a 3D simulation of the system; in order to avoid modeling the surrounding air domain, two elliptic-shaped zones are employed to simulate the excitation produced by emitter and the detection by receiver, but the wave propagation in air was neglected. Similar work was done by Fan et al. (2015) and Delrue et al. (2010). In Fan's work the influence of the non-contact wedge angle on the Lamb signal radiation was also presented.

The above works prove FEM to be an effective and promising tool for the understanding and modeling of the air-coupled system. However, FEM is time consuming and additionally the referred works pay more attention to the validation of FEM model itself, and less attention is given to the optimization of the system performance (perhaps because of very poor computational efficiency of FEM methods). In addition, they focus mostly on Lamb waves and not surface waves (although the two kinds of models have similarity). The Distributed Point Source Method proposed by Banerjee and Kundu (2007) could be used for the ultrasonic field prediction in plates immerged in fluid, but it is not yet applied to the air-coupled case. Another approach under the form of "LMAB" toolbox, combining the pulse response approach with analytical solution, enabling to model non-contact Lamb waves setup was developed by Prego-Borges (2010).

Despite the above advances, there is at present a lack of suitable simple and rapid modeling tool of the above mentioned scanner and the goal of this thesis is just the development of such a tool but less time consuming and simpler than used already FEM methods and to use this tool to study the influence of operational parameters in order to optimize the testing performance.

The computational tool proposed in this research is based on Rayleigh's integral and on the spatial impulse response concept which enable rapid time domain prediction of the field radiated by planar or quasi-planar emitters of any shape. Previous research concerning the non-contact systems emphasize the influence of the strong attenuation in air, therefore the particular effort was made in order to adapt this integral to causal modelling of the pulsed field in absorbing medium.

The proposed model will include three steps (Fig. 1.24):

(1) Computing ultrasonic field radiated from non-contact transducer into a solid sample;

(2) Modeling the surface wave propagation along the sample surface;

(3) Modeling the field re-radiated from solid to receiver through air and received by the finite aperture receiver. 

Chapter II Time domain methods based on the Rayleigh's integral for the prediction of the field radiated by ultrasonic transducers

The modeling of acoustic field radiated by an ultrasonic transducer is very important for ultrasonic testing and transducer design. It employs mathematic models to compute wave propagation in front of transducer surface and predicts acoustic field correspondingly. Based on these models, the optimization of transducer parameters, such as radiated waveform, radiated field distribution, acoustic beam width and directivity, can be achieved (E. E. [START_REF] Franco | Acoustic beam modeling of ultrasonic transducers and arrays using the impulse response and the discrete representation methods[END_REF]. The optimal transducer excitation form can be also found or designed to improve the ability of ultrasonic testing [START_REF] Cobb | Freauency domain method for the prediction of the ultrasonic field patterns of pulsed, focused radiators[END_REF]; as well a more complete understanding of characteristics of ultrasonic testing system becomes possible.

In the domain of the acoustic field prediction, an amount of theoretical approaches have been developed (Rayleigh 1877[START_REF] Morse | Theoretical Acoustics[END_REF][START_REF] Schmerr-Jr | Foundamentals of ultrasonic nondestructive evaluation-a modeling approach[END_REF][START_REF] Atalla | Finite element and boundary methods in structural acoustics and vibration[END_REF]. At the same time, a series of standards were created permitting experimental calibration, for instance, ASTM (2014) E1065/E1065M-14 and IEC (2013) 62127-1. The different solutions are based on Rayleigh's integral solution (Harris 1981), the angular spectrum method (ASA) [START_REF] Ilyina | Extension of the angular spectrum method to model the pressure field of a cylindrically curved array transducer[END_REF]), the finite-difference time domain (FDTD) (Myers et al. 2008, Pinton and[START_REF] Pinton | A comparison of time-domain solutions for the full-wave equation and the parabolic wave equation for a diagnostic ultrasound transducer[END_REF], the boundary element method (BEM) [START_REF] Lerch | Exact computer modelling: a tool for the design of imaging transdcuers[END_REF][START_REF] Wout | A fast boundary element method for the scattering analysis of high-intensity focused ultrasound[END_REF], and the finite element method (FEM) [START_REF] Abboud | Finite element modeling for ultrasonic transducers[END_REF][START_REF] Khalid ; Phd | Application de l'approche de la reponse impulsionnelle a la modelisation du rayonnement de transducteurs acoustiques de structure arbitraire, L'Universite de Valenciennes et du Hainaut Cambresis[END_REF]. The book on the application of FEM/BEM to acoustic field modeling written by [START_REF] Atalla | Finite element and boundary methods in structural acoustics and vibration[END_REF] is an excelent reference. Most of the above methods have been developed into open toolbox for a free use and could be found at the website http://www.k-wave.org/acousticsoftware.php.

For our research, the Rayleigh's integral approach is chosen as it can be used for the rapid and accurate time domain prediction of the acoustic field radiated by the non-contact transducer immersed in air, taking into account the attenuation of medium. This Chapter summarises existing state of art on the use of time domain methods based on the Rayleigh's integral. Special attention is paid to the solutions enabling to model the time domain acoustic field in absorbing medium thus respecting the signal causality. This part provides the basic computational tool used and developed in next Chapters.

II.1 Rayleigh's integral in frequency domain for lossless medium

II.1.1 General case

Among all kinds of possible solutions for acoustic field modelling, the method based on Rayleigh's integral is largely used for the reasons of simple expression, easy numerical and analytical development, etc. The Rayleigh's integral physically models the Huygens' Principle: every point may be considered as the source of an outgoing spherical wavelet, and the field at an arbitrary point can be constructed from the superposition of these wavelets. The solution is firstly proposed by Rayleigh who studied a baffled planar piston under continuous-constant frequency excitation (Rayleigh 1877).

The problem of wave radiation consists in determining the acoustic field radiated from a vibrating surface S, observed at point  

, ,

x y z M which is immerged in homogeneous and isotropic fluid. It is illustrated in Fig. 2.1: the fluid is particularly limited by a half-space e V which is surrounded by surface

      S S      
, where  represents a baffle, S  is an arbitrary surface infinite far, S is the surface vibrating. This case has been extensively studied in both frequency and time domain. The mathematical and historical development about the problem can be found in references [START_REF] Morse | Theoretical Acoustics[END_REF][START_REF] Khalid ; Phd | Application de l'approche de la reponse impulsionnelle a la modelisation du rayonnement de transducteurs acoustiques de structure arbitraire, L'Universite de Valenciennes et du Hainaut Cambresis[END_REF], Schmerr 1998). Here we just give a brief introduction to the solutions.

According to the theory of linear acoustic, for all the points M in fluid e V , the acoustic field is governed by Helmholtz equation [START_REF] Schmerr-Jr | Foundamentals of ultrasonic nondestructive evaluation-a modeling approach[END_REF]) : where

    2 2 , , 0 k        M M (2.1)
 is Laplace operator,   ,   M is acoustic potential at observation point M for a certain frequency 2 f    , k c   is wave number ( c is wave velocity).
In Eq.(2.1), some conditions should be inserted on radiation surface  , they are Newman condition

    1 b n    M M (2.2) or Dirichlet condition     2 b   M M (2.2b) where     1 2 , b b M M are known.
For the case of half-space problem, Sommerfeld condition should in addition be imposed so that all the contribution from the surface S  can be neglected because the radiation distance R R   (Fig. 2.1) is supposed to be infinite:

lim 0 R R jk R                 (2.2c)
Eq. ( 2.1), can be solved using reciprocal theorem and Green's function [START_REF] Morse | Theoretical Acoustics[END_REF]Ingard 1968, Schmerr 1998); therefore it could be expressed in an explicit form:

            0 0 0 0 0 , , , , , , , d G G n n                         M M M M M M M M (2.3)
where  

0 ,   M
represents the distribution of velocity potential on radiation surface  ,

n   is normal derivative;   0 , , G  M M is Green's function.

This expression is known as

Helmholtz-Kirchhoff integral which express the acoustic field radiated by surface  immerged in fluid.

II.1.2 Rayleigh's integral in frequency domain

For problem of half space limited by rigid baffle , the free space Green's function can be given using source image principle [START_REF] Morse | Theoretical Acoustics[END_REF]Ingard 1968, Schmerr 1998):

  0 1 , , 2 jkR G e R     M M (2.4)
and the normal derivative should verify the homogeneous Newman condition:

  0 0 , , 0, G S n       M M M  (2.5)
Under the hypothesis of rigid baffle, the integration over the surface  can be only limited on the surface of source S because [START_REF] Skudrzyk | The Foundations of Acoustics-Basic Mathematics and Basic Acoustics[END_REF]) and inserting Eqs. (2.4) and (2.5) into Eq. (2.3), the acoustic field at the observation point can be obtained in terms of velocity potential as:

  0 , 0 n     M on  . Taking     0 0 , j t n n v e       M M on S (
      0 , d 2 j t kR n S e v S R        M M (2.6)
where   0 n v M is the normal velocity on the surface S . Eq. ( 2.6) provides the well-known Rayleigh's integral which descripts the wave radiation from a source S placed in the rigid baffle. Acoustic field in terms of pressure can be obtained using well known expression [START_REF] Skudrzyk | The Foundations of Acoustics-Basic Mathematics and Basic Acoustics[END_REF]:

    d , , d P t      M M (2.7)
which yields:

      0 , d 2 j t kR n S e P j v S R         M M (2.8)
This formula is widely used for determination of acoustic field radiated by ultrasonic transducers under harmonic excitation. Even though condition of infinite baffle cannot be totally fulfilled in realistic situations, it is "automatically" assumed when using the Rayleigh's integral in the studies of planar or quasi planar transducers. In practice, the rigid housing of all common emitters (which prevents radiation from the back plate from interfering with the direct wave), successfully plays the role of the baffle. Although the absence of a baffle also modifies the edge waves, this effect is negligible (Guyomar and Powers 1984). In addition, it is generally assumed that the surface S radiates in the perfect piston mode. This means that other parasite modes of vibration arising in typical emitters, such as spurious or radial modes, etc., are neglected.

This explains why integrals Eq. (2.6) and (2.8) are largely and successfully applied for the determination of the acoustic field radiated by planar and quasi planar apertures, and its usefulness has been experimentally confirmed in numerous studies.

The direct use of formula (2.8) can be found in numerous references (Zemanek 1970).  

0 const n n v v   M ) of radius 25mm a  (diamet er 2 50mm E D a   ), for constant frequency 2 , 200kHz o o o f f    
, for the case where wavelength 1.7mm . This case will be used as basic setup in this Chapter and will be computed using different methods. The results are quite the same as those presented by Zemanek (1970). In the figure, N indicates the so called far field limit, defined by formula (Zemanek 1970):

o o c f    , (a) 
  2 4 E N D  
(2.9)

The acoustic pressure along z-axis of circular piston (on-axis distribution) can be easily computed analytically as (Krautkramer and Krautkramer 1990):

    2 2 0 0, 0, , 2 sin 4 E P x y z p z D z                   (2.10)
where z is the distance on the central axis from center point of piston 0 p is a constant taken as 0 

      , , , , max , , o o o o o P z z b z P z z                  (2.11)  indicates the angle of observation   1 sin o x z    (see Fig.2.2 (a)
). Within the far-field region z N  , the maximum acoustic pressure is always found on center axis and an analytical solution of  

, , o P z   could be found as (Krautkramer and Krautkramer 1990):

    1 , , 2 o z J X P z p X    (2.12) where  sin E X D     ,
  1 J X represents Bessel function of order 1, z p is the value on the z-axis. reproduced correctly, for this we need z N  ). From Eq. (2.12) it can be found that far field solution Eq. (2.12) displays the first zero for 3.87 X  (first zero of 1 J function). It can be easily found that the corresponding angle 0  yields the well-known solution for the first zero of piston's directivity pattern (Krautkramer and Krautkramer 1990):

0 1.22 [rad] o E D    (2.13)
The angular region transmitting maximum of acoustic energy is often assumed as -3dB beam spreading angle (Krautkramer and Krautkramer 1990):

  

II.1.3 Rayleigh's integral in frequency domain in terms of transfer function

As illustrated in Fig. 2.5, the piston is excited by harmonic signal  

s t of type   exp j t 
and it can be also characterized by transfer function H  or P H . According to Eq. (2.6) and

(2.8), we have respectively

        0 , , d 2 j kR n j t S e H v S e R           M M M (2.15) and         0 , , d 2 j kR P n j t S P e H j v S e R          M M M (2.16)
The functions H  and P H denote the transfer function of the system transducer- propagation-observation point with the assumption that the transducer has infinite bandwidth.

In fact each realistic source is always band limited and can be characterized by its frequency transmittance

  e H  .
If e H is taken into account then according to linear system properties the output potential and pressure become respectively (Fig. 2.6): 

      , , j t e H H e        M M (2.17

II.2 Rayleigh's integral in time domain for lossless medium II.2.1 Spatial impulse response (SIR)

The frequency domain model presented in section II.1 can be converted into time domain.

This approach is proposed by Stephanishen (1971) who introduced so called spatial impulse response (SIR) approach which is especially useful to compute the acoustic field in time domain for pulsed excitations. Based on inverse Fourier transform, the Green's function given in Eq. (2.4) can be easily converted into time domain as:

    1 0 0 1 , , , , 2 R g t G t R c                      M M M M  (2.19)
where symbol 1 



indicates the inverse Fourier transform.

The Rayleigh's integral as given in Eq. (2.6) then becomes:

      0 , d 2 n S t R c h t v S R       M M (2.20)
and its counterpart in terms of pressure yields:

      0 d , d d 2 p n S t R c h t v S t R       M M (2.21)
According to linear system theory, the responses the responses h  and p h represent the acoustic potential (or pressure) at a point M obtained for surface S excited by a Dirac pulse 

      0 0 , n n v t v t   M M that is for excitation     s t t   .
    , , H h t         M M  (2.22) and     , , p p H h t         M M  (2.22b)
Therefore, the pressure along z-axis shown in Fig. 2.3 obtained for harmonic excitation with 

  0 60 , 0, 100 mm, o h x mm y z z t       ; (c)       1 2 3 M , , M , , M , , h t h t h t    observation points are   1 0, 0,100 M ,   2 20, 0,100 M ,  
fixed frequency o  , can be also obtained using above using SIR approach as:

    0 0, 0, , 0, 0, , p o p H x y z h x y z t                   (2.23)
Similarly, the directivity patterns shown already in Fig. 2.4 can be also computed as:

            0 0 , , , , , , max , , max , , 
p o p o o o o p o o p o h z z t H z z b z z H z z h z z t                                                (2.24)

II.2.2 Time domain field for an arbitrary excitation

According to the pulse response properties, the acoustic potential and pressure for any excitation signal   s t can be found by a convolutions of the SIR given in Eqs. (2.20) and

(2.21) with  

s t :       , , t s t h t     M M (2.25) and       , , p p t s t h t   M M (2.26)
Illustration of above operation is done in Fig. 2.9 which is the counterpart of Fig. 2.8. The field is computed for the same emitter for pulsed excitation     e s t h t 

. For this example the excitation   s t was taken as the Chebychew function (Piwakowski and Sbai 1999) which is often used to simulate the electric response of piezoelectric transducers:

    2 tanh 1 tanh cos 2 o r f t t s t f t t t                                     (2.27)
where tanh is the hyperbolic tangent function, o f is the dominating (resonant frequency), The temporal response  

, p t M is contrary to harmonic response   , P  M the two dimensional signal.
In order to present it as a function of position of point M , the   , p t M should be quantified using so-called signal attribute, which can be taken as:

-maximum value     max max , t p p t      M M ; -minimum value     min min , t p p t      M M ; -maximum of absolute value     abs max , t p p t  M M ; -peak-peak value       pp max , min , t t p p t p t           M M M ; -    , H p p t      M M H
where H indicates Hilbert transformation.

Among the above attributes the most popular are 

      , , max , attribute o attribute o attribute o p z z b z p z z          
(2.28)

with the directivity   is different from the solution obtained from harmonic excitation. Quite good agreement can be observed in far field except that for pulsed excitation the "zeros" of directivity pattern disappear (because they cannot be formed physically). 

II.3 Acoustic field modeling in lossy medium

In conformity with previous sections the acoustic field radiated from transducer into The attenuation coefficient depends on frequency; it has been extensively measured [START_REF] Szabo | Time domain wave equations for lossy media obeying a frequency power law[END_REF], He 1998[START_REF] Wang | Seismic inverse Q filtering[END_REF]) and in most cases obeys power law:

  0       (2.29)
where 0  and  are medium-dependent attenuation parameters. Coefficient  normally is expressed in unit of 1/cm (equivalent to Np/cm) or in dB/cm, where:

  dB cm 1 cm 10 1 cm 20log 8.68 e       (2.30)
For most materials, the power law exponent  has values from 0 to 2, with the majority in the 1 2    range. For example, for underwater acoustics, absorption by some sediments has 1   . In medical ultrasound, for tissue absorption,  varies from 1 to 1.7. In geophysics, rock layers often have 1   [START_REF] Szabo | Time domain wave equations for lossy media obeying a frequency power law[END_REF]. In air, 2   has been proved by experiment (Bass et al. 1990).

The attenuation modifies the field radiated by a transducer. The amplitude are usually scaled down for the reason of energy absorption; while pulse does not retain its initial shape because of velocity dispersion which means that each wave component travels at a velocity depending on frequency.

II.3.1 Rayleigh's integral for lossy medium in frequency domain

In order to take the absorption into account, the Green's function for a lossless medium i.e. Eq. (2.4) should be replaced by its counterpart G  for a lossy medium [START_REF] Brekhovskikh | Waves in layered media[END_REF]:

      ( ) ( ) 0 0 1 , , , , , 2 R R j c R G G e e R                 M M M M (2.31)
The above formula is proposed by [START_REF] Futterman | Dispersive body waves[END_REF] By introducing G  into the Rayleigh' integral given in Eq. (2.6), we obtain its counterpart for lossy media

      ( ) 0 , d 2 j kR t R n S e e v S R           M M (2.32) where     k c    
. By introducing complex wave number K into Eq. (2.32),

    K k j      (2.33)
the Rayleigh's integral for lossy medium can be expressed in terms of velocity potential as:

      0 , d 2 j KR t n S e v S R        M M (2.34)
and in terms of pressure as:

      0 , d 2 j KR t n S e P j v S R         M M (2.35)
Equations (2.34) and (2.35) are the counterparts of solutions given by Eqs. (2.6) and (2.8).

Fig. 2.12 and 2.13 compare the field on-axis distribution and directivity pattern obtained for lossy medium with the results for lossless medium which are shown in Fig. 2.3 and 2.4, with the same transducer. The simulations are performed for the dispersion free case that is for

  const=340 m s c c    .
In Fig. 2.12, the on-axis distribution obtained from harmonic response of frequency

200kHz=0.2MHz o f  is presented for different attenuation conditions   0 f f     , 1, 1.5, 2   ,   0 5 dB cm MHz    
, where f in MHz . The used   f  are illustrated in Fig. 2.14. Note, as shown in Fig. 2.14, that within the used frequency band 1MHz f  , the bigger is  , the smaller is attenuation. Therefore in Fig. 2.12, computed for 200kHz o f  , the effect of attenuation reaches the strongest for 1   but not as expected for 2   .

An evident amplitude decrease can be observed when attenuation appears. Compared with curve obtained from non-attenuation condition, the far field limit moves toward the transducer surface: the greater attenuation, the closer the far field limit.

The directivity patterns in near field and in far field are presented in Fig. 2.13 for different attenuation conditions. As expected, the evident signal amplitude drop can be observed when attenuation appears. In the far field the signal drop is so important that all directivity patterns can be seen only after the normalization (Fig. 2.13 (d)). In can also be seen that the form of the obtained patterns are similar for all the three analyzed cases; and in far field they are quite identical. Such effect results from the fact that in far field the signal travels nearly the same path and therefore the attenuations are nearly the same over all  . This effect will be just observed in Chapter III. 

f f     taking   0 5dB cm MHz     , 1, 1.5, 2   .

II.3.2 Rayleigh's integral for lossy medium in time domain

By the analogy with Eq.(2.19), the time-domain Green's function for a lossy medium g  can be written as:

    1 0 0 , , , , , , g t G            M M M M 
(2.36) and Rayleigh's integral for lossy medium in time domain could be expressed as (counterpart of Eq. (2.20)):

      0 0 , , , , d n S h t v g t S      M M M M
(2.37)

In order to keep the causality of the function g  , the velocity dispersion   c  in the factor

        K k j c j            in Eq.
(2.33) should be specified. [START_REF] Kak | Signal processing of broadband pulsed ultrasound: measurement of attenuation of soft biological tissues[END_REF] proved that   c  has a significant affect on waveform. The neglect of dispersion by assuming a linear phase model (  

/ kR R c     
) leads to the non-causal solution [START_REF] Gurmurthy | A dispersive model for the propagation of ultrasound in soft tissue[END_REF].

In order to assure the causality, according to Kramers-Kronig (K-K) relations the attenuation  and the corresponding dispersion   c  should satisfy the following equation (Aki and Richards 1980) :

      c c             H (2.38) and         0 1 1 c c                     H (2.39) where   c  is the limit of   c  as    , and         H
is the Hilbert transform of the attenuation coefficient.

It appears at this stage of research that the problem of finding of   c  is essentially solved, but there is no exact Hilbert transform pair that satisfies the above relations, which means we have to tolerate some approximation. Employing K-K relation, many researchers have tried to find attenuation-dispersion pairs in certain domains. Some models, have been proposed, and are listed and compared in the publication of [START_REF] Ursin | Comparison of seismic dispersion and attenuation models[END_REF]. Each model has some limitations for example: Azimi (1968) established a attenuation-dispersion pair applicable to seismic frequency band with linear attenuation 1   (Aki and Richards 1980). Kolsky-Futterman's (Kolsky 1955) model limits 0 1    . Muller's model [START_REF] Muller | Rheological properties and velocity dispersion of a medium with power-law dependence of Q on frequency[END_REF]) limits 1 2    . [START_REF] Gurmurthy | A dispersive model for the propagation of ultrasound in soft tissue[END_REF] proposed a mini-phase method for tissue 1   . [START_REF] Waters | On the applicability of Kramers-Kronig relations for ultrasonic attenuation obeying a frequency power law[END_REF] proposed subtracting method and got complete attenuation-dispersion pairs which could cover 0 2    . Among these solutions, Azimi's model is the mostly used for linear attenuation ( 1   ):

      0 0 2 2 1 1 1 2 1 , ln 1 1                                    H (2.40)
in which 1  is the constant fulfilling the condition 1 1    and ln is the natural logarithm.

The phase velocity can then be determined as:

    0 1 1 1 2 1 ln c c                    
(2.41) [START_REF] Waters | Differential forms of the Kramers-Kronig dispersion relations[END_REF] based on differential forms of K-K relations developed two models which determine phase velocity. For 1   using the formula:

    0 0 0 1 1 2 ln c c          (2.42) and for 0 2, 1    
 where 0  is a constant much greater than the frequency studied

0    so that     0 c c    :       1 1 0 0 0 1 1 tan 2 c c                         (2.43)
The same solutions were found recently by Kelly and McGough (Kelly and McGough 2008).

It can be found that for 1   , the equations of Azimi (Eq. (2.41)) and Waters (Eq.(2.42)) are the same. Eq. (2.42) can be expressed in an alternative form    

0 0 0 1 1 2 ln c c         . The factor   0 0 1      is equivalent to 1 1   in Eq.
(2.41) since 0    express the condition the same as 1 1    . This confirms that the two equations are in fact the same.

The three formulas are listed in Table 2.1 for the convenience of comparison. In next Chapters we use Waters' -Kelly's formula of dispersion. 

  0 , 0 2          Power law Dispersion relations Reference 1       0 1 1 2 1 ln c c a                  Eq.(2.
    0 0 0 1 1 2 ln c c          Eq.
(2.42) [START_REF] Waters | Causality-Imposed (Kramers-Kronig) Relatiohsips Between Attenuation and Dispersion[END_REF], Table II Kelly and McGough (2008

) 0 2, 1            1 1 0 0 0 1 1 tan 2 c c                        
Eq.(2.43) [START_REF] Waters | Differential forms of the Kramers-Kronig dispersion relations[END_REF], Table II Kelly and McGough (2008) Consequently the complex wave number K in Eq. (2.31) and (2.36) can be specified as:

      0 0 0 0 1 1 0 0 0 0 2 ln , 1 ( ) tan , 0 2, 1 2 j c K j c                                                               (2.44)
Then by introducing Eq. (2.44) into Eq.(2.31), the "causal" Green's function is derived as:

  ( ) 0 1 , , , 2 jRK G e R        M M
(2.45)

The time domain causal Green's function for lossy medium can be found from Eq. (2.36) as:

    1 0 0 , , d , , , d g t S G S           M M M M  (2.46)
Finally the SIR in lossy medium can be computed using Eq. (2.37). In order to illustrate the influence of attenuation on Green's function, g  is computed for The first column of Fig. 2.15 shows the Green's functions   

      10 cm , , 20 , log , , 0 G R H R G R            (2.47)
It is seen that the medium attenuation

 

, H   acts as a low pass filter. For the lossless case the filter has an infinite bandwidth. The third column of Fig. 2.15 shows the related velocity dispersion   c  found using equations given in Table 2.1. , , The field characteristics obtained from time domain signal (axial field and directivity patterns), (as Fig. 2.12 and Fig. 2.13), are presented in Fig. 2.17 and Fig. 2.18 for different attenuations. As expected, the on-axis distribution in Fig. 2.17 presents an evident trend of decrease with increasing attenuation, and the far field limit moves towards the emitter, when the attenuation is increases. The directivity pattern obtained from the attribute max p (Fig. 2.18) display a little different shape (they are smoothed, zeros are removed) that at patterns observed already in Fig. 2.13. But the far field beam becomes wider when attenuation increases. This new phenomenon is caused by the attenuation induced low pass filtering effect, which moves the spectrum toward lower frequencies, so beam widens. 

attenuation g    , H     c  0   (a) 1 0   (b) 1.5 0   (c)
p h t  M       , , , , p p t s t h t     M M 0   (a) 1 0   (b) 1.5 0   (c)
f f     ,   0 5dB cm MHz     , 1, 1.5, 2  
, and for attenuation free case. 

II.4 Numerical computation of acoustic field in time domain

Among the SIR solutions for lossless medium Eq. (2.20), only the simplest cases, such as a uniformly excited circular piston (Harris 1981), a rectangular piston (Lockwood and Willette 1973, Emeterio and Ullate 1992), a slit [START_REF] Lasota | Acoustic diffraction analysis by the impulse response method: A line impulse response approach[END_REF], a focused slit [START_REF] Lasota | Application of Time-Space Impulse Responses to Calculations of Acoustic Fields in Imaging Systems[END_REF], a spherical radiator [START_REF] Penttinen | The impulse response and pressure nearfield of a curved ultrasonic radiator[END_REF]Luukkala 1976, Chen et al. 1993) and a triangular piston [START_REF] Jensen | Ultrasound fields from triangular apertures[END_REF], have obtained closed-form analytic solutions. The analytic solution for circular piston under uniform excitation is presented in Appendix II.A.

More complex cases including non-inform excitation, focusing, beam steering etc. have to be evaluated numerically (for example using the Discrete representation (DR) method (Piwakowski and[START_REF] Piwakowski | Method for computing spatial pulse response: Time domain approach[END_REF]Sbai 1999) included in the DREAM toolbox or using FIELD toolbox software [START_REF] Jensen | Calculation of pressure fields from arbitrarily shaped, apodized, and excited ultrasound transducers[END_REF]). More recent research has been oriented towards the enhancement of computational efficiency [START_REF] Mcgough | Rapid calculations of time-harmonic nearfield pressures produced by rectangular pistons[END_REF][START_REF] Mcgough | An efficient grid sectoring method for calculations of the near-field pressure generated by a circular piston[END_REF][START_REF] Chen | A fast near-field method for calculations of time-harmonic and transient pressures produced by triangular pistons[END_REF], Kelly and McGough 2006, Kelly and McGough 2006[START_REF] Chen | A 2D fast near-field method for calculating near-field pressures generated by apodized rectangular pistons[END_REF]. In spite of some differences the above methods provide nearly the same computational possibilities.

The DR approach proposed by [START_REF] Piwakowski | Method for computing spatial pulse response: Time domain approach[END_REF] seems be most adapted to use in our research as the computational tool, as it is purely numerical, and especially suited to model the problems described by integrals given by Eq. (2.20) and (2.37). It permits to analyze different shapes of transducers and also transducer arrays (Piwakowski and Sbai 1999). Although the DR method was developed just in the laboratory where our research is conducted, we dispose all sources and basic knowledge in order to develop new functions and model new cases not included in DREAM toolbox. Additionally, although the DR model is included in the DREAM toolbox software (Lingvall 2009), it enables to model the absorption only the case for 1   , meanwhile the variable power law attenuation for 0 2,

     
is necessary for our research.

In the following part, we present the basic principles of use and of operation of the DR method. The examples computed in previous section were also computed using this method.

II.4.1 Principles of Discrete Representation computation approach

The velocity potential impulse response

  , h t  M
of the radiating surface S is defined as the acoustic potential radiated from S , excited by a normal component velocity in the form of a Dirac function

      0 0 , n n v t v t   M M
(assumption of piston mode displacements of the emitter) and observed at an observation point M (Fig. 2.19). Under the conditions that assuming the surface S to be planar, rigid and placed in a rigid planar baffle, h  can be derived from the Rayleigh's integral using integral Eq. (2.20).

In order to evaluate numerically this integral the active area of transducer surface S can be discretized into I elements:

i S  , 1, 2, , i I   . (see Fig.2.19 (a)
). The integral Eq.

(2.20) after discretization becomes the summation:

      0 1 , 2 I i n i i i i t R c h t v S R         M M (2.49)
Under Dirac pulse excitation, the contribution of each element i S  excited by

    0 n i v t  M
observed at the point M becomes:

    0 1 2 n i i i i i v S a t t R t      

M

(2.50) where i R is the distance between observation point M and transducer element The DR series is, for a given problem, an arbitrarily taken series with arbitrarily taken arrival instant i t . According to (Piwakowski and[START_REF] Piwakowski | Method for computing spatial pulse response: Time domain approach[END_REF]Sbai 1999), by simply taking the average of all the contributions i a which are in the averaging window 

  dim S x y      .
So, the accuracy can be achieved as high as desired by increasing the discretization number I on surface S and/or by increasing the sampling frequency 1 

s f t   .
      M 2 1 M 2 1 d a m a m s m s m e s m               (2.54)
where d s and a s indicate the DR and analytical solutions, respectively. It is seen that when the conditions (2.52) and (2.53) are fulfilled the computations error is relatively small and tends to zero. Note that in DR method the output spectrum is always band-limited and the maximum frequency of interest can be set according to the cutoff frequency of SIR

 

1 , h t  M

i.e. max 1

s f t f   
(where s f is the used sampling frequency). For given

1 0.1 s t f s     (here 10MHz s f  ) we obtain min 0.034mm s c f    .
In order to complete this study Fig. 2.21 compares the axial distribution and the directivity pattern, for fixed frequency o f f  , defined in Eq. (2.10) and (2.12), but computing using DR approach using Eqs.2.23 and 2.24. In this case for the fixed frequency 

II.4.2 General case-computation using arbitrary Green's function

Generally DR method can compute the SIR response for any shape of planar or quasi planar surface S , for arbitrary Green's function (Piwakowski and[START_REF] Piwakowski | Method for computing spatial pulse response: Time domain approach[END_REF]Sbai 1999). For example Green's function for absorbing medium defined in Eq. (2.37).

  0 , , , g t   M M
Integral (2.37) after the surface discretization can be presented as:

      0 1
, , , ,

I n i i i i h t v g R t S         M M (2.55)
According to Eq. (2.49), Green's function traveling distance i R can be presented as: 

        , , , , , , i o 
i i o i i g R t g R t t t g R t t             (2.
      0 1 1 , , , , 2 
I n i i i i i i h t v g R t R c S R M M           (2.57)
This shows that each element S  radiates Green's function

o g  instead of Dirac pulse:     0 , , 2 
n i i i i i i v S g R t t a R t M        (2.58)
Finally, integral (2.37) can be evaluated using DR series where each "spike" is replaced by samples of Green's function g  . The DR series should be in turn converted to uniformly sampled vector which is windowed and averaged (Eq. (2.51)).

The example of the above approach is illustrated in Fig. 2.23 where the pulse response

 

, ,

h t   M
and velocity potential

      , , , , t s t h t       M M
are computed for the same piston analyzed in Fig. 2.8 but for the absorbing medium and for different discretization densities.

The computation error of the above case studied as a function of discretization is shown in Fig. 2.24. The reference solution (considered as exact solution) was taken here as the limit solution for smallest discretization. It can be seen that the responses tend to the reference when the x  decreases. Thus as before the computation error can be obtained as small as required (less than 0.5% for presented example for , 5dB cm MHz , 1 discretization is lower (i.e. x greater) than the theoretical limit defined in Eq. (2.53), the accurate solution can be obtained. This is because of the attenuation weakens the highest frequency component max f and effective max f decreases. Therefore, contrary to the lossless cases, the computation of SIR for case with attenuation requires lower spatial discretization (lower I ) and enables the computational time to be reduced, without the increase of computation error.

            for different spatial discretization.
Finally it should be underlined that the contribution from each element dS can be time delayed thus providing the array focusing, the beam steering and the transducer weighting.

Thus the DR method enables to evaluate numerically any integral under form:

          0 0 0 0 1 , , , , , d 2 n M S h t w v t d g R t R c S R M M M M          (2.59)
where   (see Table 2.1).

II.5 Conclusions

In this chapter, the time domain and frequency domain models, based on the Rayleigh's integral, used for the prediction of acoustic field for both lossless and lossy medium, are summarized and illustrated. The proposed computational models constitute the base for computations presented in Chapters III and IV.

1. It is shown that Rayleigh's integral is an efficient tool for the acoustic field modeling in lossless medium;

2. For the case of lossy medium, the key factor for accurate field modeling is to consider the attenuation induced velocity dispersion. For medias in which the attenuation is obeying the power law   0 , 0

2       
  , the attenuation could be related to dispersion by the formulas presented in Table 2.1;

3. Since the analytical solution of Rayleigh's integral exists only for lossless medium and for regular transducer apertures, in order to evaluate it accurately in lossy medium and for any aperture shapes, a numerical method based on Discrete Representation (DR) concept will be used in next Chapters. The principles of use of the DR method are reminded and summarized.

This method DR enables to obtain the computational accuracy as desired just using sufficient discretization density of radiating aperture (as for FEM methods).

Appendix II.A Analytical solution for spatial impulse response of uniformly excited baffled piston

Then an analytical solution of spatial impulse response for a circular piston can be found in the work of D. E. [START_REF] Ronbinson | Near field transient radiation patterns for circular pilstons[END_REF]:

    1 2 , , , 2 0, 
c ct if t t t h t elsewhere                M (2.A.1)
where c is the propagation velocity and   ct  is the angle of the arcs centered at observation point limited by the piston edge, as shown in Fig. 2.A.1. The concentric arcs are formed by the excitation on the piston surface that reaches observation point M at the instant t r c  , where r is the distance between M and the points of the arc; 1 t and 2 t are the time depend on largest distance 1 r and smallest 2 r , respectively.

    2 2 2 2 0 1 2 2 2 , , T T D x z D x z t z c t t c c        (2.A.2)
Then, the duration of spatial pulse response  is In an air-coupled non-contact ultrasonic testing system, the ultrasonic waves propagating through a characterised medium are radiated and received by a pair of air-coupled ultrasonic transducers (Chapter I). A crucial requirement for appropriate understanding and optimisation of such a system is the accurate characterisation of the basic setup, including the air-coupled Emitter, the Propagation space, and the air-coupled Receiver (EPR). The basic computational tools summarized in Chapter II are used here in order to model EPR system.

1 2 t t    (2.A.3)
, 0 z  Piston radius 2 E a D    ct  x a  (inside) 0 0 1 2 2 2 2 2 1 1 2 2 2 2 2 0, , 2 , , 2 cos , 2 0, t t t t t c t z x a t t t x c t z t t                                             x a  (on edge) 0 0 1 2 2 2 1 1 2 2 0, , , , , 2 cos , 2 0, t t t t or t t c t z t t t a t t                                           x a  (outside) 1 2 2 2 2 2 1 1 2 2 2 2 2 0, , 2cos , 2 0, t t c t z x a t t t x c t z t t                                     

Chapter

Previous research on the EPR characterization has shown that strong attenuation in air, which follows a power law of the type   Although a generally good agreement was found between prediction and experiment (using a small point-like receiver), the observed differences were not quantitatively analysed. This study noted that the decay in amplitude caused by attenuation could not be neglected, and suggested that attenuation-induced dispersion phase shifting could also be a factor leading to distortion of the modelled field. [START_REF] Kong | Investigation of Acoustic Field Calculation and Measurement Method for Air-coupled Ultrasonic Transducer[END_REF] and [START_REF] Hutchins | Radiated fields of capacitive micromachined ultrasonic transducers in air[END_REF] modelled and measured the acoustic field radiated by a capacitance emitter. They concluded that neglecting the receiver size could lead to differences between the predicted and experimental fields, and that the receiver size should be included in the computational model. [START_REF] Neild | A theoretical model for a finite-size acoustic receiver[END_REF] developed an analytical model adapted to the case of a rectangular emitter and receiver, but neglected the effects of attenuation. In all of the cited references, the radiated fields were modelled using the time-domain Rayleigh integral and the spatial impulse response concept (Rayleigh 1877, Stephanishen 1971).

All previous studies have revealed the highly significant influence of air attenuation, and have shown that the attenuation-induced phase shift (which remained un-clarified) should be included in modelling of air-coupled systems. Although the size of the receiver is found to influence the experimental measurements, it is not taken into account in the models including the effects of attenuation.

The goal and originality of this Chapter content lie in the fact that it presents a new EPR model, which simultaneously takes the attenuation in air, as well as the size of the planar receiver, into account, thus providing an answer to the above unsolved questions. Additionally, the accuracy of the model is improved by including the effects of the electric response of the emitter-receiver set [START_REF] Huang | Characterization of the system functions of ultrasonic linear phased array[END_REF].

The aim of this study is not to develop an alternative modelling tool (such as FEM), but to further develop and improve previous studies. For this reason, the same computational principle is used, i.e. modelling the field radiated by a planar or quasi-planar emitter of any shape using the time-domain Rayleigh integral and the spatial impulse response technique.

This approach is considered to be well adapted to the EPR solution and was introduced in Chapter II.

Consequently, the attenuation and induced velocity dispersion are accurately modelled The conclusions of our study are presented in Section III.3. A special procedure is proposed, allowing the experimental recovery of the electric response of EPR (Appendix III.B). These responses were, in return, used for the computational prediction.

III.1 Theory: time domain model of the EPR system

The modelled EPR system is illustrated in Fig. x y z M . In accordance with linear system theory, (see Eq.(2.26)) for any excitation signal   s t observed at the receiver output, the pressure can be computed in the form of a convolution:

        , , o e pr o p t s t h t h t    Μ Μ (3.1)
The pressure p can thus be correctly predicted if an accurate solution is found for   

III.1.1 Radiation and reception: case of lossless medium

The spatial impulse response of a baffled piston has been obtained in Chapter 2 expressed in form of Rayleigh's integral. According to Eq. (2.21), the response at observation point R M in terms of velocity potential is:

      0 0 , , , d R n R S h t v g t S    M M M M (3.2)
and in terms of pressure is:

      0 0 d , , , d d p R n R S h t v g t S t    M M M M (3.2b) where R R   M M , n v is the normal velocity at point M on emitter surface 0 S ,   , , R g t M M
is Green's function for lossless medium Eq. (2.19). We re-write it here for convenience:

  1 , , 2 R R g t t R c               M M (3.3)
If the receiver has a high spatial resolution, i.e. it is smaller in size than the wavelength [START_REF] Boutkedjirt | Reconstruction of ultrsonic fields by deconvolving the hydrophone aperture effects I. Theory and simulation[END_REF], it can be considered to be a point-receiver, and Eq. ( 3.2)

provides an accurate solution for the receiver output. In practice, when a finite aperture receiver is used, spatial averaging over the receiver aperture R S should be taken into account.

If the receiver is sensitive to acoustic pressure, then by taking the relation ( )

d ( ) d p t t t   
into account (where  is the medium's density), the pressure response observed at the receiver centred at o M can be written as:

        0 0 d d , , d , , d d d d R R pr o R R n R R S S S R R h t h t S v g t S S S t S t         M M M M M (3.4)
The above formula should in principle lead to the same solution as that obtained by [START_REF] Neild | A theoretical model for a finite-size acoustic receiver[END_REF], who modelled the EPR for the case of a rectangular emitter and a rectangular receiver in a lossless medium. It should be noted that according to the reciprocity theorem, integration over the receiver surface involves the same restrictions for the receiver as those which are applicable to Eq. (3.2) (where the receiver is assumed to be baffled and operated in pure piston mode).

Another possible model for a membrane capacitance receiver [START_REF] Zuckerwar | Theoretical respose of condenser microphones[END_REF]) assumes that the pressure detected by the receiver is proportional to the normal component of the incident pressure gradient, i.e.

  n R cv  M , where   n R v M
is the normal incident velocity and n denotes a normal to the receiver surface. Using the well-known formula

    , -d , d n R R v t t n   M M
, the impulse response observed at the receiver then becomes:

      0 0 0 d , ( , )d d d , , , d d d R R pr o R R S R n R R S S R c h t h t S S n c v t g t S S S n M M M M M                   (3.5)
It should be noted that if the observation point is placed on the z axis, at a sufficient distance from the emitter that all field contributions arriving from the emitter surface are quasi-parallel to the z axis, then the plane wave approximation (Guyomar and Powers 1984) would cause Eq.( 3.4) and Eq.( 3.5) to lead to the same result.

d 1 d d d n c t  

III.1.2 Radiation and reception: case of lossy medium

In order to take the absorption in the medium into account, the Green's function for a lossless medium g should be replaced in Eqs. (3.4) and (3.5) by its counterpart g  for a lossy medium. Taking into account the spatial averaging over receiver surface, we obtain respectively:

      0 0 0 d , , , , , d d d R pr o n R R S S R h t v g t S S S t        M M M M (3.6)
and for a receiver modelled by spatial averaging of the pressure gradient:

      0 0 d , , , , , , d d d 
R pr o n R R S S R c h t v t g t S S S n               M M M M (3.7)
The solution for the time domain Green's function

  , , , R g t   M M
for lossy medium can be found by employing Eqs. (2.36), (2.44) and (2.45) in Chapter II. For the purpose of convenience, we re-present it here as:

    1 , , , , , , R R g t G            M M M M  (3.8) where     ( ) , , , 2 , jRK R G e R        M M (3.8b)
Eqs. (3.6) and (3.7) provide a general solution for the EPR system in lossy medium and can be used for planar and quasi planar emitters and receivers of arbitrary shape (within limitations of Rayleigh integral), provided the causal solution for g is known.

If     obeys a power law   0      
and 0 2    , then the causal response can be obtained by using   K  given in Table II.1 that we repeat once more for the convenience of presentation

    1 1 0 0 0 0 ( ) tan , 0 2, 1 2 K j c                                   (3.8c)
If the problem is limited to the case of circular piston and 2   , although the solutions proposed in (Kelly and McGough 2008) or [START_REF] Zhang | Numerical modelling for the optimization of multi-element, capacitive, ultrasonic, air-coupled transducer[END_REF]) can be used directly instead of Eq. (3.6), but additional integration should be carried over entire receiver surface.

III.1.3 Special case of attenuation in air

Various studies [START_REF] Bracewell | Atmospheric absorption of sound: theoretical predictions[END_REF], Bass et al. 1990), as well as the work carried out by Bond et al. (1992) 

    1 1 0 0 0 1 tan ( ) 2 1 , , , 2 j R c R R G e e R                                           M M (3.9)
and the causal time-domain Green's function g  can be derived using Eq. (3.8a ). It should be noted that for the special case of air, with

  2, tan 2   
is equal to zero, such that Eq.( 3.9) can be simplified, and becomes

  0 1 ( ) 1 , , , 2 j R R c R G e e R             M M (3.9b)
This result shows that for the special case where 2   the additional attenuation-induced phase shift is zero, the medium is dispersion free, and the phase velocity in air is constant     c c c     . This case was already modelled in Chapter II and it can be seen from Fig. 2.15 that indeed if

2     c c const   
. Several authors have modelled acoustic propagation in air [START_REF] Gachagan | Characterization of Air-coupled Transducers[END_REF][START_REF] Bashford | Field characterization of an air-coupled micromachined ultrasonic capacitance transducer[END_REF], Hutchins et al. 2003[START_REF] Kong | Investigation of Acoustic Field Calculation and Measurement Method for Air-coupled Ultrasonic Transducer[END_REF], while omitting the attenuation-induced phase shift, although they recognise that this phenomenon should be taken into account. This result shows that omission of the attenuation-induced phase shift in air was in fact justified.

As the term G  in Eq. ( 3.9) has a Gaussian form when 2   , and it is straightforward to derive the inverse transform of Gaussian function [START_REF] Bracewell | Atmospheric absorption of sound: theoretical predictions[END_REF], Eq.(3.8) can be solved analytically, and the time-domain Green's function for lossy air can be written in the form:

      2 2 0 2 2 ,air 0 1 1 , , , 2 2 2 t R c R R g t e R R M M                          (3.10)
As could be expected, this function is also Gaussian-shaped in the time domain. In computational terms, the above solution is more efficient than Eq.(3.8), and is in agreement with the Green's function reported by Kelly and McGough (2008), which was derived using a different approach by solving the wave equation for a viscous medium described by a power law 2   , and also reported by [START_REF] Zhao | Time-domain comparisons of power law attenuation in causal and noncausal time-fractional wave equations[END_REF].

As stated above, the dispersion-free attenuation in air makes it possible to consider the Green's function given in Eq. (3.10) to be an exact and causal solution. This allows the attenuation to be modelled in a simplified way. If a point-like receiver is considered, and the EPR system obeys the so-called axial approximation, i.e. . The simplified solution for lossy air and a point-like receiver can thus be obtained by transforming the solution for a lossless medium given in Eq.

3.2 into the frequency domain:

    , , R R H h t M M          (3.11)
and then by introducing the frequency-dependent attenuation correction (which acts like a low-pass filter):

    ( ) , , , o z approx R o R H H e M M            (3.12)
Finally, the approximate solution for the pressure response can be simplified to be:

    1 d , , , , d p approx R approx R h t H t M M                   (3.13)
We are of the opinion that the above approach, which is computationally more efficient than the exact solution, was just used by [START_REF] Kong | Investigation of Acoustic Field Calculation and Measurement Method for Air-coupled Ultrasonic Transducer[END_REF]), Hutchins et al. (2003) and by [START_REF] Gachagan | Characterization of Air-coupled Transducers[END_REF], who modelled the attenuation term ( ) o z e    using a low-pass filter.

Off course in order to model the EPR system the additional integration should be carried out over the entire receiver surface:

    1 , , , , d R pr approx o p approx R R S R h t h t S S        M M (3.14)

III.2 Experiments and prediction error

III.2.1 Experimental setup

In order to validate the theoretical models developed in section III.1, we compared experimental observations with the theoretically predicted field. The emitter was held in a constant position 0 x y z    , and the receiver was mounted on an accurate 3D scanner allowing the signal to be recorded along the x, y, and z axes. Two circular, piezoelectric air-coupled transducers (Ultran Group USA), with an active diameter DE=50 mm and central frequencies of 50 and 350 kHz, were used as emitters. A membrane type, non-contact, wide-band (10kHz-2MHz) receiver (type mBAT-1, from Micro-Acoustic Canada) with a membrane diameter 10 mm R D  was used.

When characterizing a system's impulse response, it is common to use a short spike excitation signal   s t simulating a Dirac pulse. However, in the present study it was preferred to generate a linear chirped signal   ch t ranging in frequency between 5 kHz and 700 kHz (thus covering the bandwidth of both of the studied emitters). This signal provides nearly the same results as a spike excitation, and has the advantage that the signal-to-noise ratio is considerably improved [START_REF] Misaridis | Use of modulated excitation signals in medical ultrasound. Part I: basic concepts and expected benefits[END_REF]. Details of the chirp excitation and of the system response recording are presented in Appendix III.A.

As shown in Fig. 3.2 (a), the measurements were preformed along the z-axis for 

III.2.2 Predictions

The solution for the response   pr h t developed in Section III.1 was determined numerically, by means of a Discrete Representation (DR) computational technique (Piwakowski and Sbai 1999), which is well adapted to solving equations of the type derived in Section III.2. Although a DR model is included in the DREAM toolbox software environment (Lingvall 2009), it was preferred to develop a DR routine independently under the Matlab environment, in order to include variable power law attenuation in the model, for 

III.2.3 Comparison of the predicted fields with the experiments

A comparison between the predicted and measured acoustic fields was made for three typical field characteristics, and each of these was derived both from the time domain signal, and from its spectrum:

1. The impulse response   , pEPR o h t M
, and its spectrum

    o o , , pEPR pEPR H h t         M M  (3.16)
2. The peak value of the on-axis field, found in the time domain

    0, 0, / max 0, 0, / , m pEPR p x y z N h x y z N t            (3.17)
The on-axis field at a fixed frequency 2

o o f      0, 0, / , pEPR o H x y z N f f    (3.17b) 3.
The directivity pattern at a distance z derived from the time-domain signal

  , 0, / m p y z N   (3.18)
The directivity pattern at a distance at a fixed frequency o f

  , 0, / , pEPR o H y z N f f    (3.18b)
The prediction error is expressed as the error energy normalized with respect to the original (measured) energy:

      2 1 2 1 100% s s N m p i N m i P i P i e P i                  (3.19)
This was determined for each prediction-experiment pair, where Pm and Pp are vectors containing the (normalized) measured and predicted, defined for the above field characteristics, and Ns is the length of these vectors (R. J. Hyndman and Koehler 2006). It can clearly be seen that, for all sets of measurements, the predicted values in case 4 are considerably more accurate than in case 1. Note that case 1 (Fig. 3.1. Our analysis of these results leads to the following conclusions:

1. The simplest case 1 (no attenuation, no receiver size) leads to the strongest errors in predicted field characteristics.

2. The influence of the finite receiver size can be assessed by comparing cases 1 and 2.

As shown in Appendix III.C (Eq.( 3.C.2)), for the experimental conditions described here where 0.

2

R E D D 
, the size of the receiver can be neglected when 2 o z N  . This condition is indeed satisfied for all positions of the 50 kHz transducer, and therefore cases 1, 2 in Fig. 3.4 (a) should lead to nearly the same error. Conversely, at 350 kHz (Fig. 3.4 (b)) this condition is not satisfied, such that the receiver size cannot be neglected. This clearly leads to an improvement in cases 2, especially when smaller distances are involved ( 0.34 z N 

).

3. The receiver size also affects the spatial resolution of the measured field. This phenomenon smooths the directivity characteristics and on-axis distribution plots, and removes their "zeros" (Fig. 3.3 (b)).

4. In all of the results presented here, cases 2 and 3 provide nearly the same results.

This indicates that under these experimental conditions, with measurements carried out in the paraxial region, the receiver models proposed in Eqs. ). An excellent illustration of the improvement in accuracy, obtained when the attenuation is taken into account, is shown in Fig. 3.4 (d).

6. For all of the results presented here, cases 4 and 5 provide nearly the same results.

This indicates that under the near-axis conditions of our experiment ( 17    ), the approximate approach defined as case 5 (previously used by [START_REF] Kong | Investigation of Acoustic Field Calculation and Measurement Method for Air-coupled Ultrasonic Transducer[END_REF], [START_REF] Hutchins | Radiated fields of capacitive micromachined ultrasonic transducers in air[END_REF] and [START_REF] Gachagan | Characterization of Air-coupled Transducers[END_REF]) can provide almost the same accuracy as the exact solution.

7. In cases 4 and 5, the expected improvement in accuracy is not observed for the near-field directivities shown in Fig. 3.4 (c). In fact, in the near-axis region, the paths travelled by all rays radiated by the emitter remain very close to the z axis, and are nearly identical. For this reason, the influence of attenuation is not observed in the normalized radiation diagram. 

      , , pEPR o o e o pr o o H H H     Μ Μ , the term   e o H 
behaves like a constant, and the plausible inaccuracy of e h retrieval has no influence on the result, such that the error could be smaller. 

  0, 0, pEPR H x y z N   .
Finally, Fig. 3.5 (a) plots the prediction error as a function of receiver distance, for the computational case 4 (found to be the most accurate solution).The resulting curve shows that, apart from the case of the smallest distance 0.31 z N  , the on-axis prediction error obtained for the impulse response waveform (the most demanding field characteristic) ranges from 0.2% in the far field to 1% in the near field. In this particular point the edge waves arriving at an angle 7.2    (Fig. 3.2) are attenuated, because the directivity of the receiver is too high

( 350 1.22 6.8 oR R D     
), the signal to background noise ratio (SNR) decreases, and the error increases slightly. This explanation is confirmed in Fig. 3.6 (b): when the receiving point moves away from the z axis (the first edge wave arrives at a smaller angle (Stephanishen 1971)) the error decreases. As a consequence, this point, which arises under inadequate experimental conditions, is not taken into account in the discussion of the prediction errors. It can be also seen that the error in the frequency domain is always smaller (since the modulus of the spectrum is not affected by potential phase inaccuracies, present in time domain signal). Overall, the 2D error plot can be seen to be similar to the classical acoustic field of a piston source transducer (Zemanek 1970), and the error obtained in the near field

( 2, 1 E x D z N  
) and within the -3dB beam spread angle of the far field Krautkramer and Krautkramer 1990) is smaller than 1%. This error increases when receiver moves away from the z axis.

3 50 0.51 / 4 dBE kHz o E D      (
Since the resulting error plot is similar to the pressure contour plot of a classical piston transducer field, the off-axis error may be related to the measured signal level and therefore to the SNR. Although our computed values of SNR range from approximately 35dB (off-axis) to 50dB (on-axis), the error starts to increase (starting from 0.5%) when the SNR becomes smaller than 25dB. This indicates that the SNR is sufficiently high (thanks to the chirp technique we used) and does not contribute to the errors, except in situations (as previously discussed) where the received field is not included within the beam spread width of the receiver. As clearly shown in ).

Another possible reason of the off-axis error increase are the multiplies of emitter (Appendix A) which are removed from electric response e h . It was verified that, the error for 50mm x  is quite the same independently if windowed or not windowed he is used.

The error could be also caused by absence of the emitter rigid baffle, because this modifies edge waves which play dominant role in field formation for 2 1981). It was verified, imbedding the emitter in artificial wooden baffle that error is not modified (quite expectable in near-axis experimental setup).

E x D  ( Harris 
Finally it seems that the origin of this increasing off-axis error is parasitic, spurious or radial modes of the emitter (the receiver is assumed to be free of radial modes) ). The influence of these modes, which have off-axis oriented directivity patterns, can still be subjective to off-axis amplification [START_REF] Fahy | Sound and structure vibration: radiation, transmission and response[END_REF]. The "signal/parasite modes" ratio thus decreases in the off-axis area, where the fundamental piston mode field becomes weaker. , for the different computational cases defined in Table 1. This clearly confirms previous observations:

the size of the transducer as well as the attenuation have a very significant influence on the errors. As could be expected, in all computational cases the error starts to increase away from axis i.e. for 2 25mm

E

x D   . It also increases in the vicinity of the point x=0, but decreases when the receiver moves away from the z-axis, thus confirming the interpretation accompanying Fig. 3.5 (a).

III.3 Conclusions

It is shown that by including the size of the receiver aperture, the attenuation in air, and the electric response of the emitter-receiver set e h , the impulse response pEPR h of the EPR system can be very accurately modelled. The accuracy is evaluated quantitatively in near-axis region by comparing the predicted acoustic field with the experimentally measured signal. As far as we know such experiments have not previously been reported in literatures.

The on-axis waveform error is the ranges from 0.2% in the far field and 1% in the near field. The waveform spectral error, which is always smaller, ranges from 0.1% in the far field to 0.5% in near field, but increases when the observation point moves away from the system axis. In the near-field area and within the far field -3dB beam spread width, the error is therefore generally greater than on the axis, but globally remains smaller than 1%. The errors in the axial field distributions and the directivity patterns are of the same order, and are also smaller than 0.5-1%.

Finally, a very high accuracy is obtained within the region of practical interest. This

shows that the assumption of a baffled emitter and receiver can be highly efficient in both the near and far fields, and once again confirms the usefulness of the Rayleigh integral in near-axis region. It should be noted that even when the error is close to 2%, the computed and measured signals are virtually identical.

In the experiments described in the present study, the computational model becomes progressively less accurate when the measurement is made at greater distances from the axis.

It seems that this error is a consequence of parasitic, spurious or radial modes generated by the emitter. Precise identification of errors origin requires another study, but this outcome reveals the limitations of the Rayleigh integral, when it is used to describe the piston mode of an acoustic transducer. These parasite modes could be taken into account by replacing

  n v M in Eq. (3.6) by   , n v t M
measured with a laser interferometer [START_REF] Felix | Experimental Investigation of Cross-Coupling and its Influence on the Elementary Radiation Pattern in 1D Ultrasound Arrays[END_REF]) (in this case the integrands should be replaced by

    , , n v t g R t   M
) and it is not necessary to recover e h ) . This approach would not have been possible in the case of our experimental setup, because the outer surface of the non-contact emitters was covered by a protective film, which would have strongly attenuated the reflection of an incident laser beam. Another solution would be to use FEM analysis to model the complete EPR (or at least the emitter).

It has been shown that several different factors, which are not related to the computational methods, can affect the experimental errors. These include:

-The signal to background noise ratio: we found that an SNR>25 dB is needed for the influence of background noise to become negligible.

-Receiver directivity. Since a receiver of finite size will always have directive characteristics, it should be used with respect to its main beam spread angle.

Concerning the calculation of pEPR h

, since it results from the convolution of the electric response e h with the response of a perfect emitter-receiver set pr h , the key to an accurate prediction of pEPR h and its related field characteristics is an accurate knowledge of e h . It is shown that the incorrect use of e h can lead to an enormous increase in the error of the predicted field characteristics. For this reason, the experimental recovery of the true value of e h , including deconvolution of the absorption in air, is implemented in our procedure.

However, when the field characteristics are computed at a fixed frequency only, e h does not affect the accuracy of the numerical predictions.

In order to study separately the influence of receiver size and attenuation, five different computational cases are proposed. It is shown that to obtain accurate near-field predictions, it is crucial to take the physical size of the receiver into account. An approximate criterion is proposed, which can be used to evaluate the influence of receiver size. Two models of receiver operation, assuming pressure averaging and pressure gradient averaging, are proposed and verified. It is found that for the experimental setup described here, both models produce the same results.

It is also shown that by correctly taking attenuation into account, an enormous improvement in prediction accuracy can be achieved. The attenuation influence depends not only on attenuation itself but also on the signal travel distance. It is also shown that for the special case of attenuation in air, the attenuation-induced dispersion is null. Therefore, contrary to the interpretation proposed by several authors, there is no attenuation-induced phase shift in air. This particularity simplifies the causal Green's function, and makes it possible to use the simpler approximation for absorption modelling, thus preserving the model's accuracy. Under the experimental conditions described in this study, the approximate approach produces almost the same results as the exact solution, although this remains true only when the receiver size is also taken into account.

The EPR prediction model developed in the present study was implemented using the discrete representation computational technique, which is very well adapted to the accurate evaluation of the integrals used to model an EPR system. The computations were carried out for a circular planar emitter and receiver, but could be adapted to the case of different planar and quasi planar aperture shapes. In particular, it is straightforward to model a focal system by replacing the surface of our planar transducers with spherical or cylindrical surfaces.

The model represents an initial step towards future research into the development of an accurate model for a fully contactless acoustic system, including propagation in both air and an elastic medium. It is not limited to the special case of air, and can also be used for a

Appendix III A Chirp technique and signal measurements

As the prediction error described in Section III.2 was even lower than 0.2%, a very high SNR was required during the experiments. In order to improve the SNR, the so-called chirp technique can be used. A chirped signal 

      k t ch t ch t   (3.A.1)
(where the symbol  denotes correlation) [START_REF] Ryan | Ricker, Ormsby, Klauder, Butterworth-A Choice of Wavelets[END_REF]. The result produced by this operation can be equivalent to a pulse excitation   k t , with a considerably improved SNR. The theoretical enhancement of SNR [START_REF] Pollakowski | Pulse compression in pulse-echo-mode with splitted chirp signals[END_REF]) is proportional to ch ch B T ; since ch B is always limited by the bandwidth of the transducer, satisfactory SNR enhancement can be obtained using a high value of ch T . Rather than using a classical impulse, an excitation of the form     s t ch t  can thus be used in Eq. (3.1). The non-correlated received signal can then be expressed as:
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and after compression: 
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The bandwidth of the chirp used in our experiments was designed with 5 700 kHz 
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over R S . Eq. ( 3.4) can then be expressed in terms of a potential, becoming:
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where
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Integration over the receiver's surface thus acts only by "amplifying" the receiver output. If the emitter is circular, the solution to Eq. ( 3.B.1) adopts the well-known shape of a rectangular window function (Stephanishen 1971), having a constant amplitude c and duration  (Fig. 3

.B.1(a)):   , o r o R n t z c h z t S c v                (3.B.2)
where   t   denotes a window defined as:
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a is the emitter radius, and the pulse duration  is the delay between the direct wave and the edge wave. For o z a  ,  can be approximated as: 
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In each practical case, the bandwidth of e H is limited and can be characterized by its upper frequency limit max f . As shown in Fig. 
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We As could be expected, this shows that the receiver should be placed in the far field. 
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III.B.2 Case of a lossy medium

When the effects of attenuation are taken into account, the Green's function for a lossless medium in Eq. (3.B.1) should be replaced by its counterpart for a lossy medium, as defined in Eq. (3.8). This leads to the following solution (see also Eq.(3.7)):
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In Eq. (3.8), the pure attenuation terms, including the attenuation and the lossless term in Eq.

(2.36), can be expressed as the convolution of the pure attenuation effect with the impulse response of a lossless medium (Kelly and McGough 2008):

    0 0 , 0 1 , , , , , ( ) 2 o 
t R g t g R t t R c           M M (3.B.12)
where the function
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characterizes the pure attenuation in the time domain. By making the same assumption for

  0 , 0 , , t g R t   
, as in the case of Eq.(3.12), Eq. (3.B.11) can be written in the form: 
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using the same reasoning as for Eq. (3.B.5)-(3.B.9). The frequency domain counterpart of Eq.

(3.B.6) then becomes:
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and Eq. ( 3.B.8) can now take the form: 
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This frequency-domain compensation for attenuation can be also performed in the time domain. The product
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, where
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. Eq. (III.B.18a) can thus be expressed in the time domain as:
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Here the operator 1 g  plays the role of a deconvolution filter, compensating for the attenuation effects included in pEPR h in the time domain. Finally, the extraction of e h can be carried out in a manner similar to that used for a lossless medium, with the exception that it requires spectral compensation (or deconvolution) of the attenuation. 

Appendix III.C Influence of the receiver size

For a circular receiver of diameter R D , the first "zero" of its directivity pattern is given as

0 1.22 R D   
(Eq.(2.13)). As shown in Fig. 3.C.1(a), the angle 0  should be sufficiently large to allow all contributions from the emitter, i.e. the direct and edge waves, to be received without any distortion ( i.e. the size of the receiver should be very small with respect to the wavelength R D   ). As can be seen in Fig. 3.C.1, this requires 0    , where 2

E o D z   .
This allows a minimum distance o z to be determined, at which the receiver has no influence on the results 2.44

E R o D D z  
. Taking the far-field limit of the emitter into account, 2 4

E N D   ,
this yields:

1.66 o R E z N D D  (3.C.1) Figure 3.C.1(b)
shows the change in edge wave, which takes place when the size of the receiver increases. The calculation was made using the same tool (case 2, in Table 3.1) as that used in the core of this paper. For the 350 kHz emitter with 50mm 

E D  and 50mm o z  , this yields 26.6    . If 1 mm, 67.8 , R o o D        ,
E o R D f k D   
). The error is derived as the difference between pEPR h obtained when the receiver diameter is 1mm R D  (equivalent to a point-like receiver), and when 10mm R D  . As expected, the error decreases with transducer distance. For the case analysed here, becomes smaller than 1% if 2 z N  . Thus, since in our case 0.

2

R E D D  ,
Eq. ( 3.C.1) can be scaled and expressed in the more explicit form:
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Although the above formula matches the conditions of our experiment, we are of the opinion that it can be applied more generally. They propagate along the tested sample surface and penetrates within a depth close to the signal wavelength [START_REF] Viktorov | Rayleigh and Lamb waves: Physical Theory and Application[END_REF]), SW provides valuable information about near surface properties, such as micro-cracking, surface defects, dis-bonding, surface layering etc., via its velocity on mechanical properties of sample cover. Because they travel along the surface of material, experiencing one-dimensional (cylindrical) divergence, SWs propagate a longer distance than bulk waves thus enable the inspection of larger structures.

The contact ultrasonic testing, which generates and receives the ultrasound signal using wet coupling (oil, water, etc.) or mechanic contact, is the most frequently used and is acknowledged as standards. However, some negative points of such methodology have been noticed, particularly related to temporal changes of coupling quality (especially for porous and liquid absorbing materials) and limitations for fast scanning. These drawbacks of contact methods motivated the development of non-contact methods (Chimenti 2014). One can distinguish there "semi" contact methods, where receiver or emitter is the contact type. For example Abraham et al. (2012) and [START_REF] Michaels | Frequency-wavenumber domain analysis of guided wavefields[END_REF]) used a contact SW emitter and laser interferometry as receiver. Zhu and Popovics (2008) and Bjurstrom et al. (2016) used the mechanical impactor as the emitter and by using a set of microphones spaced along one profile, the recorded signals enabled multi-channel analysis of surface or Lamb waves (MASW). Kim et al. (2005) applied semi-contact technique to pipe line testing using contact emitter and non-contact receiver. The "fully" non-contact techniques which does not contaminate the surface of the sample under investigation and enable rapid and automated scanning started to be used for NDT of composites also by using Lamb waves. In principle they used non-contact piezo-ceramic emitter and laser interferometer as receiver (Harb and[START_REF] Hudson | Imaging of local porosity/voids using a fully non-contact air-coupled transducer and laser Doppler vibrometer system[END_REF].

Concerning the SW emission, the angle beam transducer, which is typically an assembly of a plastic wedge and a piezo-electric transducer, can be used efficiently for SW emission and reception (Piwakowski et al. 2004). It has several advantages in that the SWs are preferentially excited in just one direction, and in pulse mode the generated SW pulse keeps the same shape [START_REF] Hallermeier | Simple technique for exciting and probing elastic surface waves[END_REF]. The solid wedge can be replaced by a liquid and provides the so called liquid wedge method. This method avoids the time consuming coupling operations and it produces repeatable SW signal levels [START_REF] Hallermeier | Simple technique for exciting and probing elastic surface waves[END_REF]Diachok 1970, Briers et al. 1997).

In the non-contact version, the liquid is replaced by air. The air-coupled wedge, requires no modification/adaptation of the inspected surface, the wedge angle can be easily adjusted in order to generate the SW or a mode of Lamb wave. Because of such flexibility, the air-coupled SW generation and reception has attracted an attention for application in NDT and characterization of materials.

The example of application of a such fully non-contact techniques where both emitter and receiver are air-coupled wedge transducers are the set-ups used by Castaings and Cawley (1996), Ke et al. (2009), [START_REF] An | Complete noncontact laser ultrasonic imaging for automated crack visualization in a plate[END_REF], [START_REF] Chakrapani | Detection and characterization of waviness in unidirectional GFRP using Rayleigh wave air coupled ultrasonic testing[END_REF] and [START_REF] Raisutis | Ultrasonic air-coupled testing of square-shape CFRP composite rods by means of guided waves[END_REF] in testing of composites and the SW scanner developed in host laboratory (Piwakowski andSafinowski 2009, Abraham et al. 2012) (see Chapter I, section I.3). The SW scanner is in practical use since 8 years and enabled to perform numerous studies in various research projects in civil engineering (Balayssac et al. 2012, Garnier et al. 2013, Garnier et al. 2014, Garnier et al. 2016) for concrete cover characterization and crack detection. The scanner was as well used successfully for damage detection and localization in composites using Lamb waves (Ambrozinski et al. 2014). It was also used to check the possibility of railway defects detection.

The experience shows that the operation of the scanner is considerably influenced by its operating parameters such as transducers dimensions, transducers inclination, transducers-specimen distance, excitation signal shape and its bandwidth, positions and the number of reception points, etc. Such observation is also reported by [START_REF] Harb | A rapid, fully non-contact, hybrid system for generating Lamb wave dispersion curves[END_REF] who performed a series of experiments and found that the measured SW dispersion curve is strongly influenced by the incident edge angle. In order to clarify the role of above parameters and to find the recommendations for optimal operation, a modeling tool of such a scanner is required and the goal of this chapter is just the development of such a tool.

Several researchers have modeled the NDT "full" non-contact Lamb wave testing devices. Castaings and Cawley (1996) modeled the Lamb wave non-contact system using finite element method (FEM). Ke et al. (2009) also used FEM and performed a 3D simulation of the system; in order to avoid modeling the surrounding air domain, two elliptic-shaped zones are employed to simulate the excitation produced by emitter and the detection by receiver but the wave propagation in air was neglected. The similar work was done by Fan et al. (2015) and Delrue et al. (2010), except that the wave propagation in air was modeled accurately. In Fan's work the influence of the non-contact wedge angle on the Lamb signal radiation was also presented.

The above works prove FEM to be an effective and promising tool for the understanding and modeling of the air-coupled system. However, FEM is time consuming and additionally the referred works pay more attention to the validation of FEM model itself, less attention is given to the optimization of the system performance (perhaps because of the very poor computational efficiency of FEM). In addition, they focus mostly on Lamb wave (although the two kinds of models have similarity). Another hybrid method under the form of "LAMB" toolbox combining the pulse response approach with analytical solution, enabling to model non-contact Lamb waves excitation was developed by Prego-Borges (2010). Distributed Point Source Method (DPSM) proposed by Banerjee and Kundu (2007) is used for the ultrasonic field prediction in plates immerged in fluid, but it was not applied yet for the air-coupled case.

Despite the above advances, there is at present a lack of suitable, simple and rapid modeling and characterization of the above mentioned scanner. The goal of this chapter is just to propose such modeling tool. The results obtained in Chapters III show that very accurate modeling of the Emitter-Propagation-Receiver set can be achieved by using Rayleigh's integral and by correct modeling the attenuation in air. Consequently, the basic components of solutions developed in Chapter III are used here. Each step is modeled in time domain employing Rayleigh's integral and causal Green's function for lossy medium which enables to take into account the attenuation in air and in the tested solid sample. The finite receiver size which has been proved to have influence on the air-coupled measurements is also modeled. The originality of this work lies in consecutive use of Rayleigh's integral thus enabling each element of the system to be modeled by its time domain spatial pulse response (SIR) which is in turn used to find the pulse response of the overall system.

This chapter is organized as follows. Section IV.1 presents the mathematical model of the complete non-contact scanner. The approximate prediction model, which is more computationally efficient, is developed in parallel and presented in Appendix IV.B.

The experimental setup used to validate the developed models and the experimental validation are presented in Sections IV.2 and IV.3. The experiments are performed using the plexiglas block as the tested solid sample. In order to improve the signal-to-noise ratio (required during the experiments), the chirp technique is used in experiments (as in Chapter III). The parameters of plexiglas (attenuation and velocity) necessary for accurate modeling are determined accurately using special procedure presented in Appendix IV.A

IV.1 Time domain model of the ESR system

The general idea of non-contact SW system is shown Fig. 
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where
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is the Green's function in absorbing medium, 0 1 , M M are the points on surface 0 1 , S S , respectively. According to section III.1.3 the attenuation in air f  obeys power law:
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 is a constant and the medium is dispersion free.

Using notation from Fig. 4.2 the causal Green's function for air in frequency domain (see also Eqs. (2.44) and (2.45)) can be expressed as: where 1
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is velocity in air. The Green's function for air in time domain becomes:
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The acoustic wave passes through air and "strikes" point 1 M of solid surface with the normal force
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which excites the SW in solid medium. The researched normal force
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expressed in unit (force/unit area) can be found from pressure gradient of the incident wave (COMSOL 2014):
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By using relationship between pressure and velocity potential:
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where  is the density of air, the researched force distribution over the surface 1 S can be expressed as:
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The above equations state in fact that local force acting at local sample mass is proportional to acceleration (second Newton's law). Using Eq.(4.1), we obtain:
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where n is the normal vector and  

1 , n F t M
is the pulse response in terms of normal force.

The normal derivative can be found as: (Guyomar and Powers 1984) can be used. Then Eq. (4.7) can be simplified as:
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At a plane interface the fluid air and solid are characterized respectively by acoustic impedances f Z and s Z . The difference of impedances cause refection and transmission of incident wave characterized by formula (Alvarez-Arenas 2004): 
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IV.1.2 Step 2: Surface wave propagation along sample

The notation for the modeling of Step 2 is presented in Fig. 4.3. The vertical point load
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excites in solid medium both body waves and SW which propagate along the surface. This topic has been extensively studied and known as Lamb's problem [START_REF] Pekeris | The seismic surface pulse[END_REF]).

Since 2/3 energy goes into SW and the rest is divided by body waves, SW always dominates (Foti 2000). The measurement performed by [START_REF] Breckenridge | Surface-wave displacement: Absolute measurements using a capacitive transducer[END_REF] proved that the SW Green's function in lossless solid could be approximated by Dirac delta function:
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c is the SW velocity. By analogy to the solution for body waves presented by Aki and Richards (1980), the local impulse load
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and the SW pulse response in terms of displacement can be expressed as:
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where the term   2 1 2 R  represents geometrical spreading of cylindrical wave (F. [START_REF] Richart | Vibrations of soils and foundations[END_REF]. Similar formula was also used to compute the longitudinal and transversal field in solid samples since as mentioned before any load n F applied to surface of solid generates all type of waves (see Eq. ( 7) in [START_REF] Lhemery | A model for the trasient ultrasonic field radiated by an arbitrary loading in a solid[END_REF]. The above formula states that under the excitation force     [START_REF] Victorov | Rayleigh and Lamb Waves: Physical Theort and Applications[END_REF]. Since in step 3 the leaky wave is radiated due to normal component of the SW, we assume that integral (4.14) determinates just vertical displacement.

In our case, since the force distribution over 1 S is not separated in time and space, then Eq.

(4.14) can be expressed in equivalent form:

    1 2 2 1 1 2 1 , , ( )d 2 n ne S R R u t F t t S c R       M M (4.15)
where  denotes the time domain convolution and n u is the normal component of displacement distribution over surface 2 S .

Equations (4.14) and (4.15) provide an approximate description of surface wave field based on Rayleigh's integral in time domain. The physical meaning of Eq. (4.14) is that every point may be considered as the source of an outgoing spherical wavelet, and the field at an arbitrary point can be constructed from the superposition of these wavelets. It is equivalent to Huygens' principle which has been employed by [START_REF] Wilcox | The use of Huygens' principle to model the acoustic field from interdigital Lamb wave transducers[END_REF] to model Lamb wave field excited by PVDF IDT. The idea was as well adopted by [START_REF] Schmerr-Jr | Ultrasonic beam models for the generation of surface waves and plate waves with angle beam transducers[END_REF] who proposed a 3D point source model, based on Rayleigh's integral in frequency domain, for the SW modeling. Similar method has been used to model Rayleigh wave sound field generated by angle beam wedge transducer (Zhao et al. 2016[START_REF] Zhang | Modeling linear Rayleigh wave sound fields generated by angle beam wedge transducers[END_REF]). The similar model was used by [START_REF] Ambrozinski | Efficient tool for designing 2D phased arrays in lamb waves imaging of isotropic structures[END_REF] in order to model transducer arrays for Lamb wave generation. It has been recently used by [START_REF] Fall | Effective and rapid technique for temporal response modeling of surface acoustic wave interdigital transducers[END_REF] to model acoustic field of Inter Digital Transducers and was verified experimentally. 
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In order to take into account the geometrical spreading of cylindrical wave, Eq. (4.18) is modified comparing with Eq. (2.45) (amplitude decay is proportional to 2 1 R ). The causal SW Green's function for solid lossy medium in time domain can then be obtained, similarly as in Eq. (4.4), by inverse Fourier transform as:
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, , , , , , 

s s s s g t G              M M M M  (4.
      2 3 2 2 3 2 , , , , d f t n f S h t v g t S M M M M        (4.21)
Similarly as in case of Eq. (4.14), the velocity field is not time/space independent and has a

form   2 , n v t M
. By analogy with Eq. ( 4.20) the velocity potential over the receiver surface 3 S should be presented as:

      2 3 2 2 3 2 , , , , , d f t n f S t v t g t S M M M M        (4.22) Note the non-uniform field   2 , n v t M
over 2 S acts as a time delay beam-former such that the SW is re-radiated from sample surface towards receiver under the same inclination angle (as inclination angle of emitter). The response of receiver which averages the incident pressure was already modeled in Chapter III. By performing spatial averaging over surface 3 S and converting potential into pressure, the output pressure response of receiver cantered at point M can be found as: 
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IV.2 Experimental system

In order to validate the theoretical models developed in section IV.1, the theoretically predicted field was compared with the experiment. The emitter was held in a constant position and the receiver was mounted on an accurate 3D scanner allowing the signal to be recorded along the x , y , and z axes (Fig. 4.5 (a)).

A Therefore the position of this line is assumed as 0

x  at x -axis. This enables to estimate the far-field limit N (Eq.(2.9)) of this equivalent source as:

  2 4 173mm oR N L    (4.25)
where . Thus, the SNR improvement (comparing to pulsed excitation) is here about 2.5 times greater than that obtained in Chapter III and can be estimated as 25 dB. The chirp signal is amplified and excites emitter with amplitude of 70V (in order to avoid the thermal damage of emitter).

  3.6mm oR R o o c f f f    
According to Eq.( 4 

IV.3 Experimental validation and prediction error IV.3.1 Prediction

The computational model defined by Eq. (4.24) was implemented numerically using Discrete Computation approach presented in Chapter II. The discretization ) is largely fulfilled. It was checked, similarly as it was done in Fig. 2.24, that such setting provides the computation error smaller than 1%.

In computation, the area 1 S and 2 S , were approximated as the projections of emitter 0 S and receiver 3 S on surface of plexiglas. Since the emitter and receiver are located very close to the solid sample they were assumed to be circular (in fact they are elliptical (Castaings andCawley 1996, Ke et al. 2009)). The input geometry parameters of computational modeling are the same as experiment, and are given in Table 4.1. Table 4.2 summarizes the properties of air and plexiglas used in prediction (obtained experimentally in Appendix IV.A) (Bond et al. 1992) No dispersion in air, Ref. Eq.

f         f in [MHz]
(2.43) in Chapter II 414Rayl   e h t is the same as that one determined experimentally and used in Chapter III. The result obtained using above equation is referred as "exact model". In Appendix IV.B, the simplified model was proposed and the predictions obtained using this simplified model are compared with the exact one and in the same time with the experiment.
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IV.3.2 Prediction errors

A comparison between the predicted and measured acoustic fields was made for three typical field characteristics, the same as used in Chapter III and each of these was derived both from the time domain signal, and from its spectrum. For convenience of presentation they are redefined here:

(1) The impulse response 

H x N f f b x N f f H x N f f             (4.34)
The prediction error is expressed as the error energy normalized with respect to the measured one:
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where m P and p P are the vectors containing the measured and predicted normalized field characteristics, and s N is the length of these vectors.

The measured field characteristics are compared with the predictions. Fig. 4.7 shows examples of the three field characteristics defined above, measured and predicted. It is seen that, for all the characteristics the prediction error is quite small thus proving the high accuracy of developed computational procedure. The most demanding test that is waveform comparison (Fig 4.7(a)) provides error about 4.5% for exact model. For the other field less demanding features, i.e. directivity and on axis field, the errors are smaller and do not exceeds 3%. This is valid for both exact and simplified model.

It can be seen also that experimental system displays an asymmetry (in spite that axis of receiver and emitter were adjusted carefully) especially observed in the directivity pattern in near field. The phenomenon has also been observed in Chapter III (where the same emitter and receiver were used) and can obviously result in the increase of prediction errors, especially in near field. The comparison of 3D predicted and measured field is shown in Fig. 4.8 and Fig. 4.9.

Because of attenuation of the signal as a function of distance x , the 3D plots of computed and measured field were presented in decibel scale: 

      dB , , 20 
H x N y f f H H x N y f f          (4.37)
Analysis of the obtained 3D plots shows that similarly as in classic near field region (Zemanek 1970) is also observed here. The mentioned before asymmetry of experimentally recorded field is also clearly seen.

Finally Fig. 4.10 presents the most important parameter that is the prediction error of the developed computation approach. Notice that within the area 2 E y D  the error is generally smaller than 5%. Note that for error of 5%, the predicted waveforms are quite similar to the experimental signal thus the obtained results could be found as very satisfactory.

It can be seen that the error increases when the receiver moves away from the x-axis. Since at the same time the signal is weaker and noisier, the signal to noise ratio (SNR) of recorded signal was measured and correlated with the error. The SNR is found as [START_REF] Taguchi | Taguchi's Quality Engineering Handbook[END_REF]): 10 20 log

rms dB rms p SNR n              (4.38)
where rms p and rms n denote respectively the root mean square values of signal and noise.

The rms p was computed within window shown in Fig. 4.6 (b), the rms n was found using the window placed before the arrival time of

 

,

pESR h t M
(where only noise is supposed to exist).

The analysis was performed for two distances 0.21,0.81 x N  . 

IV.3.3 Recommendation for computations

Because of the diffraction caused beam spreading, the dimensions of surface 1 S , 2 S are not the direct projections of emitter and receiver, as it could be concluded from Fig. 4.5. As well it was found that the influence of attenuation in air on the prediction is very small.

Therefore, the impact of above three parameters is examined here.

IV. 3.3.1 Influence of the size of surface 1 S and 2

S on the computation accuracy

Influence of 1

S

The SW is excited by source located in ellipse 1 S which is usually determined as the projection of emitter 0 S on sample surface (Castaings and Cawley 1996, Castaings et al. 1997, Ke et al. 2009). Because of the beam spreading, the acoustic field arriving from 0 S to sample surface is larger than 1 S . Therefore it is necessary to study the influence of 1 S that is its effective area on the computational accuracy. very small improvement of accuracy is obtained (but more computational time is needed) thus it proves the field outside the projection of 0 S has small influence on the results. This result also confirms the assumption used by Castaings and Cawley (1996), Castaings et al. (1997), Ke et al. (2009).

It should be underlined however that this conclusion is valid only for the examined 

IV.3.3.2 Influence of attenuation in air on the computation accuracy

It should be noted that in Eq. (4.3) the influence of attenuation depends not only on   o   (as often commented), but also on the path travelled by the signal R , and thus on the

product   o R  
. This is the reason for which, even for high value of attenuation (case of air)

but for small propagation distances E H and R H , the attenuation may have a noticeable influence.

In order to study this phenomenon, field characteristics were computed with and without attenuation in air (by replacing Eq. (4.4) by Eq. (2.19)). The obtained computational error is presented in Fig. 4.13 (a). It can be seen that indeed a very small increase in computation error is observed when the attenuation in air is ignored. Notice that neglecting the attenuation enables to avoid the determination of inverse Fourier Transformation in Eq. ( 4.4) and this enables to reduce 30 times the computational time of steps 1 and 3 (see Table 4.3).

It should be underlined however that this result is valid for the examined case where the emitter and receiver are close to the solid. 4.2). As expected the axial distribution and the signal waveform are the most sensitive attributes. Variation of attenuation of 50 % induces the error variation of 10 %. It is difficult to interpret the abnormal decreasing of near field directivity error, because the error differences of a few percentages correspond in fact to nearly the same directivity.

The results in Fig. 4.14 (b) shows that SW velocity R c has the greatest influence on the waveform prediction error. This is expectable because R c affects in the same time the signal traveling time delay, the velocity dispersion (ref Table 4.2) and inclination angle

    1 sin f R c c         
. The waveform is most sensitive because it is the only attribute which is phase (delay) sensitive (changes of velocity affect directly the (phase or signal delay). Other attributes are less sensitive. Generally, the variation of velocity of 10 % induces the waveform error variation of 50 %.

In Fig. 4.14 (c) the influence the temperature T is presented. It is seen that when the temperature approaches to the true value 25 C  , the signal waveform error and near field directivity are most sensitive. Generally, the variation of T in typical conditions of laboratory or outdoor experiment, so between 10 and 25 degrees, induces the error variations not greater than 7 %. (2) from on axis-distribution   (2) According to reciprocity theorem, receiver angle r  has the same influence as emitter angle, however the impact of r  is found to be weaker than e  (Fig. 4.15 (b)) since, for our case, the receiver dimension is 5 times smaller than emitter. This agrees with the conclusion from Appendix IV.B, which states that the influence of inclination angle increases when transducer dimension increases.

( It should be noted that above conclusions have been already confirmed in practical use of modeled scanner.

IV.3.6 Computational efficiency

The time of computation (computer with Intel i7 CPU @ 3.7GHz, RAM 16G) is given in Table 4.3. When the attenuation in air is neglected, the gain in time is not so evident because the most consuming is the step 2 (because of attenuation in solid). But when the simplified model is used the computational time can be shortened ten times.

The FEM computing in 3D requires about 1 month, because the computation should be performed for all volume including the emitter, receiver and scanned area. So the advantage of the developed model is that a limited region of interest can be defined (100 points for example) and then the computation time will be limited to several hours only. 

IV.4 Conclusions

It is shown that, the computation approach based on Rayleigh integral, which predicts the ultrasonic field step by step, enables ESR system to be very accurately modelled. The accuracy is evaluated quantitatively in near-axis region by comparing the predicted acoustic field with the experimentally measured signal.

The error obtained for the most demanding field characteristic that is for the waveform error is generally smaller than 5% and increases when the observation point moves away from the system axis. It is shown that this error increase is not caused by the computational model but is directly related with decreasing of the signal to noise ratio (SNR> 40-50 dB is required so that the influence of background noise can be neglected). In the same time the prediction errors for on-axis distribution and directivity pattern are less than 2%.

Generally, a very high accuracy is obtained within the region of practical interest. It should be noted that even when the error is close to 5%, the computed and measured signals are virtually identical. This result confirms the usefulness of the Rayleigh's integral in modelling of such complicated system as the non-contact SW scanner. The obtained high accuracy is also directly related with the use of the electric response e h , experimentally and accurately recovered in Chapter III.

Another factors which affect the accuracy are the velocity and attenuation in the solid sample and in air. These parameters should be known accurately and therefore they were measured experimentally using specially developed experimental setup.

The developed model enabled us to study the influence of above parameters on accuracy.

Similarly, the influence of typically used-defined settings like inclination angles and transducers-solid distances was modelled and the obtained results can be used as the recommendations for further practical use of the scanner. It is also shown that the attenuation in air can be omitted (for the case analysed) and this enables to reduce 30 times the computational time of steps 1 and 3.

The prediction model developed in the present study was implemented using the Discrete Representation computational technique, which is very well adapted to the accurate evaluation of the integrals used to model an ESR system. The computations were carried out for a circular planar emitter and receiver, but can be easily adapted to the case of different planar and quasi planar aperture shapes. In particular, it is straightforward to model a focused emitters and receiver by replacing the surface of our planar transducers with spherical or cylindrical surfaces and to model the emitter or receiver taken in the form of transducer array.

In parallel the simplified model was proposed. This model neglects the attenuation in air and supposes that the inclination angle e  is perfectly adjusted. The computational time is ten times shorter comparing with the exact model and its accuracy is comparable with the exact one and sometimes even better. The use of simplified model enabled us to illustrate the weighting effect induced by circular shape of air coupled transducer and interpret the low pass filtering effect which appears when e  is not correctly adjusted.

The model is not limited to the special case of plexiglas, it can also be used for a medium obeying any law of the type     provided that the causal solution for g  is known. As well the model is not limited to air coupled systems only; it can be used to (replacing the edge material by a solid) model the semi-contact SW scanners where contact wedge transducers are used. By changing the inclination angle and providing the additional dispersion characteristic, the method can be also adapted for modeling the system using Lamb waves.

Moreover, if the displacement field on the sample surface is considered as the output, the air coupled systems employing interferometer as receiver can be also modeled. Similarly the pulsed laser based source or mechanical impact can be also easily modeled by taking the force at surface 1 S as the input excitation (as done in Appendix IV.A).

In order to model the experimental setup shown in Fig. 4 

  s R k c   
is the wave number in plexiglas.

The SW propagates along the solid sample, radiates into air and reaches the receiver. It was shown in Section IV.3 that the size of receiver 3 S if placed in far field of 2 S does not affect the output waveform, so the receiver could be also assumed as a point receiver: 

IV.A.1 Attenuation

From Eq. (4.A.7) the frequency dependent attenuation of plexiglas can be found for each pair of signals recorded at distance 1 i x  and i

x [START_REF] Goueygou | Effect of geometrical diffraction on non-contact measurements of ultrasonic attenuation in cement-based materials[END_REF]:

        1 1 Np 1 1 1 ln ln 2 i i s i i i i A x x x x A                     (4.A.8)
The attenuation expressed in decibels can be obtained using the relationship The use of the above two methods are included in software to process the SW signals recorded by non-contact scanner presented in Chapter I, Fig. 1.14 (see also (Abraham et al. 2012)). [START_REF] Victorov | Rayleigh and Lamb Waves: Physical Theort and Applications[END_REF] showed that the attenuation of surface waves in a homogeneous linear viscoelastic medium is governed primarily by the shear wave attenuation factor. In particular he found that the SW attenuation s  could be expressed as a linear combination of the longitudinal wave attenuation p  and the shear wave attenuation t  , according to the expression:

       
    1 p t s Np A A         (4.A.10)
where A  is a quantity depending only on the Poisson ratio and 0.02

A  
for plexiglas [START_REF] Victorov | Rayleigh and Lamb Waves: Physical Theort and Applications[END_REF]. He (1998) and [START_REF] Jordan | Attenuation and dispersion of shear waves in plexiglas[END_REF] It could be concluded from the above Table that the attenuation of plexiglas used in our experiment are different from values reported in literature (perhaps because different kinds of plexiglas exist). Therefore, for the prediction carried out in section IV.3, the attenuation obtained experimentally given in Eq. (4.A.9) will be used. 

IV.A.2 Velocity of SW in plexiglas

For two distances . Indeed, [START_REF] Wells | Absorption and dispersion of ultrasound in biological tissue[END_REF] indicated already that the attenuation induced dispersion has been found very small and difficult to measure.

Theoretically, the dispersion for linear attenuation should follow relationship (see Table 2.1 in Chapter II) Independently an experimental study performed by C. [START_REF] Mattei | Leaky wave detection at air-solid interfaces by laser interferometry[END_REF] shows that SW velocity of plexiglas is between 1260 and 1280m/s. All obtained and referred results are summarized in Table 4.A.2. It is seen that the referred values are very close to our experimental results, in addition Eq. (4.A.12) (used in our prediction) agrees very well with the experiment. Finally the simplified model consists in:

    1 2 1 1 ln s R R c c            ( 4 
(1) The computations of step 1, i.e. Eq. (4.1)-(4.12) are omitted; the propagation from 0 S to 1 S is reduced to time delay 0 t only.

(2) It is assumed that inclination angle is set perfectly according to Eq. (4.B.2).

(3) Radiation from surface 1 S is replaced by radiation from linear source with length   

Conclusions and perspectives

Conclusions

(1) In Chapter II, time domain and frequency domain model, based on the Rayleigh's integral, used for the prediction of acoustic field for both lossless and lossy medium, are summarized and illustrated. This part constitutes the formal base for computations presented in Chapters III and IV.

(2) A crucial requirement is the accurate characterization of the basic setup, including the air-coupled Emitter, the Propagation space, and the air-coupled Receiver (EPR). This objective is accomplished in Chapter III.

It is shown that the EPR system can be very accurately modelled with the prediction error smaller than 1%. It was found that three conditions should be respected in order to obtain such accurate prediction:

-The accurate knowledge of electric response e h of emitter-receiver set. For this reason, the procedure of the experimental recovery of the true value of e h , including deconvolution of the absorption in air, is proposed and implemented in experimental procedure.

-The physical size of the receiver should be taken into account.

-If attenuation in air is taken into account, an enormous improvement in prediction accuracy can be achieved.

(3) The computational tool developed in Chapter III was used in turn in Chapter IV to accomplish the objective of this work that is to develop of a model of a fully non-contact surface wave scanner which includes the non-contact Emitter, the Solid material sample (i.e.

tested material) and the non-contact Receiver (ESR). The originality of this work lies in consecutive use of Rayleigh's integral thus enabling each element of ESR system to be modelled by its own transfer function, which are in turn used to find the pulse response of the overall system.

The model is validated experimentally and once more the high prediction accuracy is obtained. The most demanding field characteristic that is on-axis waveform error is generally smaller than 5%. In the same time the prediction errors for on-axis distribution and directivity pattern are less than 2%. Such high accuracy is obtained respecting the key requirements defined in Chapter III.

-By changing the inclination angle and by providing the adequate dispersion characteristic, a scanner using Lamb waves can be modelled.

-By replacing the air by a solid wedge.

-If the displacement field on the sample surface is considered as the output, the air coupled systems employing interferometer as receiver can be modelled.

-The pulsed-laser based source can be also easily modelled by taking, as the system input, a point force load at surface 1 S .

-The semi air -coupled setups (used especially in civil engineering), where a hammer or a point impactor are applied to the surface of solid and microphones are used as receivers, can be modeled.

-By including in the ESR the response of the near-surface defect, the non-contact tomography procedure could be modelled.

Optimisation of existing scanners

(1) The model of ESR system has been validated by using Plexiglas as a solid sample.

The most urgent future work is to use the ESR in order to model the scanner presented in Fig. 1.14 and to formulate the recommendations for its optimal use.

(2) The non-contact SW scanner shown in Fig. 1.22 uses multi element transducer array as the emitter. The ESR model can be used to optimize the array geometry.
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  example of the application of such fully non-contact technique where both emitter and receiver are air coupled ultrasonic transducers is the automated surface wave scanner, developed in host laboratory in 2009. The scanner permits to avoid a modification of concrete surface by a coupling agent and a time-consuming coupling procedure. Moreover, it enables precise automatic measurements and easy and rapid scanner displacement. The interest and potentiality of this scanner have already been demonstrated especially in Civil Engineering by the evaluation of concrete cover parameters (porosity, humidity, etc.), concrete cover thickness; the detection of cracks in concrete in the frame of several French research projects (SENSO, ACDC, ENDE (still in progress)). It was also successfully tested for damage detection and localization in composites using Lamb waves. Several promising tests were performed in order to check the railway inspection possibility.

  Fig.1.1 Geometries used for the contact ultrasonic testing: (a) pulse-echo; (b) through-transmission for body wave; (c) through-transmission for surface and Lamb waves.

Fig

  Fig.1.2 Geometries used for the semi-contact ultrasonic testing: (a) pulse-echo; (b) through transmission for body wave; (c) through transmission for surface and Lamb waves.

( 1 )

 1 Non-contact generation and contact detectionUse of body wavesHall (2011) used semi-contact method to carry out tomography of concrete sample where artificial damage was embedded. The experiment used a Senscomp 600 transducer as non-contact emitter and accelerometers as contact receivers (Fig.1.3 (a)). The corresponding tomography results are presented in Fig.1.3 (b).

  of concrete specimen with embedded damage. (a) experiment; (b) tomography result (Hall 2011).

  carried out experiments replacing accelerometer by the non-contact microphone. Fig.1.4 shows the mechanical impactor, the used microphone and the results of detection of artificial delamination in concrete slab.

  scheme of this setup is illustrated in Fig.1.5 (b). By using a set of microphones uniformly spaced along one profile, the recorded signals enable the multi-channel analysis of surface waves (MASW). The recorded multi-channel time domain signals are shown in Fig.1.5 (c).

  Abraham et al. (2012) used automated scanning device (Fig.1.6 (a)) for the surface wave testing of concrete. The surface wave is generated by a wedge type contact piezoelectric transducer, and the reception is assured contactlessly by a laser interferometer. The signals recorded along a profile over the concrete surface are shown in Fig.1.6 (b).

  -noncontact setup for surface wave reception (a) steel balls used as contact emitter, microphones used as non-contact receivers; (b) surface wave detection scheme; (c) multi-channel time domain signals recorded by a set of musical microphones (Zhu 2005, Zhu and Popovics 2008). Fig.1.6 Semi-noncontact setup used for the concrete using the laser interferometer as a receiver (a) automated laser as receiver and an acquisition principle; (b) the signals recorded along one profile (Abraham et al. 2012).

  -noncontact testing of the pipe line using Lamb wave (a) the pipe line tested; (b) the comb transducer; (c) the air-coupled receiver.

  geometries of non-contact ultrasonic testing: (a) pulse-echo; (b) through-transmission for body wave; (c) through transmission for surface and Lamb wave.

  Fig.1.9 Application of the pulse-echo non-contact method (a) scheme of focused transducer; (b) The surface scan of a coin[START_REF] Robertson | Surface metrology using reflected ultrasonic signals in air[END_REF].

  Fig.1.10 Non-contact inspection for Carbon fiber reinforced polymer (CFPR) using body wave (a) air-coupled scanner; (b) C-scan imaging of defect (Hsu 2006). (a) (b) Fig.1.11 Non-contact air-coupled inspection of the composite plate (a) measurement setup; (b) C-scan imaging of a defect.

  Fig.1.13 Non-contact inspection for pipe using non-contact C-Lamb wave (a) air-coupled emitter and receiver (Nishino et al. 2012); (b) Laser emitter and air-coupled receiver (Song et al. 2007) I.3 Air-coupled ultrasonic surface/Lamb wave scanner developed in host laboratory

  .1.14 (a)). The recording of surface wave is performed automatically along a straight line profile of length L , at N points, spaced by x  , at positions i x ( 1, 2, , i N   ) by means of the non-contact wideband (20-900 kHz) receiver, also critically inclined, moving along the measured sample (Fig.1.14 (b)). The acquired multi-channel spatial-temporal signal (Fig.1.14 (d)) is processed in order to obtain the ultrasonic group velocity, the velocity dispersion characteristics (phase velocity) and the ultrasonic attenuation versus frequency (Fig.1.15).

  Fig.1.14 Automated non-contact ultrasonic scanner and measurement (a) scanner; (b) acquisition geometry: the surface wave is recorded along a profile; (c) screen of control panel; (d) example of recorded surface wave pulse as a function of receiver position.

  Fig.1.15 Measurement of attenuation and dispersion in nonhomogeneous concrete slab using non-contact scanner (a) attenuation; (b) dispersion (Abraham et al. 2012).

  of surface wave phase velocity and attenuation as a function of concrete parameters (a) phase velocity vs. porosity; (b) phase velocity vs. elastic modulus; (c) attenuation vs. water content.Results are obtained in frame of the French SENSO project[START_REF] Senso | Senso project ANR -Stategie d'Evaluation Non-destructive pour la Surveillance des Ouvrages en béton[END_REF] 

  Fig.1.17 Evaluations of the state of a concrete wall (a) scanner in action, (b) evaluation of concrete degradation (Piwakowski et al. 2014). Left: the inspected concrete walls, middle: dispersion characteristics of surface waves, right: inversion of dispersion characteristic showing the depth of the degraded concrete cover.

  18 Evaluation of maritime port concrete platform (a) measurements; (b) recovery of concrete cover depth (Piwakowski et al. 2011).

  Fig.1.19 illustrates the cracking test performed on the concrete slab subjected to load F (experiment performed in the frame of French ENDE project (Garnier et al. 2016)). As expected the cracks which constitute an obstacle to surface wave propagation cause huge surface wave level drop.

  Fig.1.19 Detection of crack in concrete under load (a) measurement geometry; (b) attenuation as a function of F; (c) and (d) are signals at one profile and signal amplitude decay as a function of distance, (c) non-crack, (d) crack appears

  Fig.1.21 shows the surface wave amplitude anomalies caused by defect on railway surface.

  Fig.1.20 Detection of defects in composite plate. (a) measurement; (b) imaging of defect (Ambrozinski et al. Fig.1.21 Surface defects detection for a railway. (a) measurement; (b) rail defects photograph (Liu et al. 2014).

Fig. 1 .

 1 Fig.1.23 illustrates the detection of cracks and the in-homogeneities caused by prestressing sheaths (Fig.1.23 (a)). The presence of cracks and /or sheaths cause the anomalies of surface wave amplitude and induce the appearance of local maxima and minima when the signal amplitude is plotted as a function of receiver position (Fig.1.23 (b)). As seen minima and maxima agrees very well with the positions of cracks and sheaths.

  22 (a) low frequency non-contact scanner in operation; (b) surface wave signals recorded by scanner on the concrete wall; (c) averaged spectrum of recorded signals; (d) dispersion characteristics including the part representing the surface wave (for f > 20 kHz) and the Lamb wave (for f < 20 kHz).

Fig. 1 .

 1 Fig.1.23 (a) photograph of the inspected wall showing the inspected profile and positions of cracks (red color indicates crack seen on the surface, green color not seen); (b) surface wave amplitude is plotted as a function of receiver position. Dashed lines indicate the positions of prestressing sheaths, dotted lines indicate the detected cracks; (c) symbolic illustration of positions of prestressing sheaths in the examined concrete wall.

Fig. 1 .

 1 Fig.1.24 General idea of the non-contact scanner using air-coupled transducers for the generation and reception of surface wave.

  These objectives is realized and presented in Chapters II-IV: -Chapter II summarises the existing state of art on the use of time domain methods based on Rayleigh's integral. This part provides the basic computational tool used and developed in next Chapters; -Chapter III presents the numerical model of the basic setup of an air coupled system, composed of non-contact Emitter, Propagation space and finite size Receiver (EPR), and its experimental validation; -The results obtained in Chapter III are directly used in Chapter IV which proposes the final modelling tool of the complete scanner which includes non-contact Emitter, Solid Sample (i.e. the tested material) and the non-contact Receiver (ESR) and its experimental validation.

Fig. 2

 2 Fig.2.1 Geometry description of radiation problem in half space.

Fig. 2 .

 2 Fig.2.2 illustrates the field radiated into air by uniformly excited circular piston (i.e.

  Fig.2.2 Illustration for acoustic pressure radiated by uniformly excited circular piston of

  -axis distribution for the case in Fig.2.2 is illustrated in Fig.2.3. It can be seen from Fig.2.3 that acoustic pressure presents extensive fluctuation in the region near piston surface, that is for z N  ; The region for z N  is known as far-field where the pressure decreases monotonically inversely proportionally to distance R from transducer.The normalized acoustic pressure as a function of angle  ,

Fig. 2 . 3

 23 Fig.2.3 Illustration for acoustic pressure on-axis distribution   ,

Fig. 2 .

 2 Fig.2.4 shows   b  computed directly from Eq. (2.11) for three distances corresponding to near field o z N  , far field limit o z N  and far field o z N  . As expected for far field the directivity exactly fits solution given by Eq. (2.12), in near field the   b  is not a regular

    P z and   b  shown in Fig.2.3 and Fig.2.4 can be also seen in contour plot in Fig.2.2(c).

Fig

  Fig.2.4 Illustration for acoustic pressure off-axis distribution   , , o o P z     excited by constant frequency 200kHz o f  , 14.8 o a   , for the case shown in Fig.2.2. (show in 2D and compare far field with analytical one). (a) near field 0.27 o z N  ; (b) far field limit 1 o z N  ; (c) far field 7.4 o z N  , analytical solution is from Eq. (2.12).

  Fig.2.5 Radiation of piston in terms of linear system and the equivalent system transfer function in frequency domain.

Fig. 2

 2 Fig.2.6 Radiation of piston in terms of linear system taking into account the electric transmittance:

Fig. 2

 2 Fig.2.7 Radiation of piston in terms of linear system theory: illustration of spatial pulse response (SIR)

  be the same as examples presented in figures Fig.2.2-2.4. for acoustic field obtained for pulsed excitation for the same case as shown in Fig.2.8. (a) excitation signal   s t and its spectrum; (b) ; (d)   p t for the same positions.

  Fig.2.10 compares all the above pulsed field attributes for axial field already in Fig.2.3. As well Fig.2.11 compares the directivity for pulsed excitation defined as

  trend as fixed frequency solution in far-field ( z N  ). In the contrary just because the edge wave presence, the field distribution in near field is different from solution obtained from harmonic excitation and it depends on the attribute used.The same can be observed for directivity pattern in Fig.2.11: in the near field

Fig. 2 .

 2 Fig.2.10 Field attributes max p , min p , abs p , pp p , and H p as a function of distance z obtained from pressure signals for excitation, shown in Fig.2.9 (a), compared with result   P z computed using Eq.

  in the study of pulse propagation problem in seismology. The attenuation     causes signal amplitude drop. The dispersion   c  , that is the velocity dependence on the frequency, is related to the phase shift   c   which occurs during the signal propagation.

Fig

  Fig.2.12 Illustration for acoustic pressure on-axis distribution

Fig. 2 .

 2 Fig.2.14 Attenuation as a function of frequency; used for simulations presented in Figs. 2.12 and 2.13; obeying power law   0

  point M placed at distance 10mm R z   from dS , for   340 m s c  (air), and for different attenuations  used previously for Fig.2.12 and Fig.2.13, and for M ). The results, compared with lossless case,   0    , are shown in Fig.2.15.

  Fig.2.15 Left column: Green's function   0 , , g t M M  in time domain. Middle column: frequency characteristics   , H   of equivalent filter; Right column: attenuation induced dispersion   c  . (a) non-attenuation   0    ; (b) attenuation 1   ; (c) attenuation 1.5   ; (d) attenuation 2   (air).

  Fig.2.9 for lossless case. The results are shown in Fig.2.16.

  ), for the same transducer as analyzed in Fig.2.8 and Fig.2.9, and for the field point 1  M M , except that for lossy medium with (a) non-attenuation; (b) attenuation 1   ; (c) attenuation 1.5   ; (d) attenuation 2   .

Fig. 2 .

 2 Fig.2.17 Illustration for on axis pressure for pulsed excitation, as Fig 2.10, but for different attenuation   0

  p for pulsed excitation as in Fig 2.11, but for different attenuation conditions: non-attenuation and with attenuation the same as (c) but after normalization.

Fig. 2

 2 Fig.2.19 (a) Geometry for Eq. (2.49); (b) illustration for Discrete representation series DR; (c) samples of the uniformly sampled response h  .

  time of element contribution i a . If the time is discretized by sampling interval t  , then 1 t  corresponds to the equivalent amplitude of Dirac pulse. All contributions over surface S constitute the series, , 1, 2, 3, , ) series and shown in Fig.2.19 (b).

Fig

  using DR approach with the solution obtained using analytical solutions given in Appendix II.A. The computation error of DR method is found as:

  .2.22 summarizes the computation error as a function of discretization for both studied cases. Indeed, it is clearly seen that computation error decreases when min x   decreases. So the error can be obtained as small as required by adequate setting of the discretization step. The smallest error reaches even 0.005%. Notice that for pulse response, that is for the wide band signal where min  is much smaller (Fig.2.20), the required discretization should be much smaller than fixed frequency case (Fig.2.21, min  is much greater).

Fig

  Fig.2.21 Comparison of field computed using DR method with analytical solution for different discretization min 0.058, 0.58,1.1,5.8 x    . (a) on-axis distribution   ,

  .2.20 and (b) the axial distribution and the directivity pattern shown in Fig.2.21.

  Fig.2.23 SIR

Fig

  Fig.2.24 Computation error as a function of discretization for

0 w

 0 M is the weighting function,

Fig. 2 .

 2 Fig.2.A.1 Geometry and notation used for solution from exact solution of circular piston.

  as the finite size of the receiver, are very important factors in a system model.[START_REF] Gachagan | Characterization of Air-coupled Transducers[END_REF] modelled the radiation of an air-coupled transducer, and used a simplified attenuation model with a low-pass filter.[START_REF] Bashford | Field characterization of an air-coupled micromachined ultrasonic capacitance transducer[END_REF] modelled attenuation effects using spectral correction of the signal.

  using a time-domain solution for the causal Green's function in a lossy medium (see Chapter II). In order to accurately represent the typical operation of non-contact systems, which use coded signals, and to improve the signal-to-noise ratio (required during the experiments), the so-called chirp technique is used in our experiments. This chapter is organized as follows: Section III.1 presents the mathematical model of the EPR working in both lossless and lossy medium. The general model presented in Chapter II is used and adapted. The model is established in the time domain and includes the finite size of the receiver, the attenuation in air, and electric response of EPR system. It is expressed in the form of convolutions between the excitation signal, the electro-acoustic response of the air-coupled emitter-receiver pair, and the response describing propagation in absorbing air between emitter and receiver. Section III.2 presents the experimental emitter-receiver setup, and compares the measured acoustic field characteristics with those predicted by the model.

  following, whereas an experimental approach for the retrieval of e h is proposed in Appendix III.B.

Fig. 3 .

 3 Fig.3.1 Geometry of the emitter-propagation-reception model and equivalent block diagram corresponding to Eq.(3.1).

Fig. 3 .

 3 Fig.3.2 Illustration of experiment (a) experimental geometry; (b) Experimental setup: non-contact emitter, receiver is thus located in the far field of the 50 kHz emitter ( 2.1 6.1 z N   ) and in the near field of the 350 kHz emitter ( 0.31 0.87 z N   ). As the value of the angle  lies in the range: 6 17    

Figure 3 .

 3 Figure 3.3 provides examples of the three characteristics defined above. The measured field characteristics are compared with the values predicted using the simplest computational model (case 1, no receiver size, no attenuation), and using the full model (case 4, receiver size and attenuation are taken into account).

  3.3(b)), computed for a fixed frequency, provides the well-known classical analytical solutions for the axial field of a uniformly excited piston given in Eq.(2.10) and shown already in Fig.2.3 and the far-field piston directivity pattern (Fig.3.3(d)), given already in Eq.(2.12) and shown in Fig.2.4. The first zero of this directivity pattern, given by Eq. (2.13) yields here: between numerically predicted and experimental field characteristics, together with the associated error, for computational cases 1 and 4. The upper plots in these four figures show the results obtained from the time-domain signal, and the lower plots show the corresponding characteristics determined in the frequency domain.

Figure 3 .

 3 Figure 3.4 summarizes the errors in the model-predicted field characteristics for the different computational cases defined in Table3.1. Our analysis of these results leads to the

  the attenuation is included in the model (case 4), the accuracy is considerably improved for nearly all of the examples presented here. It should be noted that the influence of the attenuation depends not only on   o   (as often commented), but also on the path travelled by the signal, and thus on the product   o R  . This is the reason for which, at lower values of attenuation and close proximity between emitter and receiver (Fig.3attenuation has no noticeable influence, but reappears at greater distances. At 350 kHz the attenuation is sufficiently high to affect the signal at all distances (Fig.3.4 (b)

8.

  It can be seen that the prediction error for the directivity pattern and the on-axis distribution computed at a fixed frequency o f (Fig.3.4 (c) and (d)) is often smaller than the error obtained from the time-domain signal. If Eq. (3.15) is expressed in the frequency domain, yielding:

  prediction error for various computational cases (ref.Table 3.1). The upper part of this figure shows the error obtained from the time-domain field characteristics, and the lower part shows their frequency-domain counterparts:(a) errors in the far-field impulse response same plots as for (a), but for the case of the near field with a 350 kHz transducer; (c) errors in the near field directivity , and for their frequency-domain counterparts:

Figure 3 ..

 3 Figure 3.5(b) presents the same results as Fig.3.5 (a), with the only difference being that, rather than being recovered using the procedure described in Appendix III.C, the electric response e h is recorded directly in the far field (with no deconvolution of the absorption effects, and no integration). The error then increases by a factor of more than 10, thus revealing the importance of using accurate values of e h when modelling pEPR h

Figure 3 .

 3 Figure 3.6(a) shows the 2D error distribution in the (x, z/N) plane (the data was interpolated because the experiments were performed at only six different values of z/N). The slightly asymmetric error distribution results from small mechanical asymmetries in the emitter, receiver and scanning set (although the main axes of the receiver and receiver were accurately aligned).

  Fig 3.6(a), this occurs in a very limited area located below

  Fig.3.6 (a) 2D contour plot of frequency domain errors obtained from the spectrum  for case 4 (the most accurate solution); the rectangle indicates the near-field surface zone; the dotted red line indicates the direction of the first zero 350 6.8 oR    of the receiver's directivity pattern; the dashed line indicates the far-field spread width of the main beam 3dB 350 4 E    of the emitter (it is interesting to note that because the distance z is normalized to N, and that N differs for the 50 kHz and 350 kHz emitters, the angular scale for is considerably modified with respect to that shown in Fig.3.2; (b) The same error as in (a), but for various computational cases (ref.

Figure 3 .

 3 Figure 3.6(b) plots the near-field errors at the smallest distance 0.31 z N  , for the

  cover the bandwidth of the two tested emitters. The chirp duration was set by equations (3.A.2) and (3.A.3) are illustrated in Fig. 3.B.1, for the case of an on-axis receiver at a distance z=377mm from the source. The compressed signal corr p includes the first arrival at instant close to 1multiple reflection between emitter and receiver arriving at instant 3 o t . The response pEPR h is the dominant component of the first arrival, and is always followed by extraneous signal content. It was verified that these signals which, independently of distance, always follow the first arrival, display the same directivity as pEPR h . Thus their repetitive shape suggests that they are parasitic multiples of the first emitted pulse (as may occur with matched to air multi-layered piezo-emitters). They are eliminated by an automatically defined and applied window (Fig.3.A.1(c)) (since multiples were eliminated during electrical response he recovery (Appendix III.B), consequently they are eliminated from recorded signal).

  Eq. (3.A.3)); (c) Upper portion: the recorded signal, which has been time shifted so that it matches with the maximum of the (still non-windowed) predicted signal; lower portion: predicted signal and the used time-domain window.The length of this window is determined as the interval in which the normalised predicted response pEPR h , is greater than 10 -3 i.e. close to background noise level of experimental signal (the predicted value of pEPR h is always time-limited since its convolutional components are time-limited (Eq.(3.15)). Prior to windowing, the recorded signal is automatically time-shifted, in order to match it to the maximum of the computed signal. This time adjustment compensates for any possible difference between the propagation delays of the computed and measured signals (caused by instabilities in the air, temperature changes during the experiments, triggering shifts, etc.). If this automated adjustment does not work correctly, the operator can adjust the signal manually. Any inaccuracy in this adjustment affects the waveform error computed in the time-domain only (Eq.(3.16)), whereas the other field characteristics are not sensitive to this type of inaccuracy.

Figure 3 .

 3 Figure 3.A.2 compares the function   k t of the chirped signal used in our experiments

Fig. 3 .

 3 Fig.3.A.2. (a) Klauder wavelet (i.e. compressed chirp)   k t computed using Eq. (3.A.1) for a chirp bandwidth equal to 5-700 kHz, and its corresponding spectrum; (b) Spike-shaped impulse measured at the pulse generator output with a transducer load, and its corresponding spectrum. The upper portion of this figure shows the time-domain signal and the lower portion shows the corresponding spectra.

  3.B.4) From Eq. (3.15), the impulse response of the EPR in terms of potential can then be written in the form (Fig.3.B.1(b)):

Fig. 3 .

 3 Fig.3.B.1. (a). Symbolic illustration of Eq. (3.B.2); (b) Symbolic illustration of Eq. (3.B.5)

Figure 3 .

 3 Figure 3.B.3 illustrates the recovery of e h for the experiment carried out in the core of this paper, using the 50 kHz transducer. The received impulse response is recorded experimentally at different distances along the z-axis. The function

  a function of the distance z N , solid lines: Eq. (3.B.10) is satisfied ( 4 z N  ); the dotted lines: Eq. (3.B.10) is not satisfied; (b) Comparison between the measured response , together with their corresponding spectra (Ref. Eq. (3.B.9)).

Figure 3 .

 3 Figure 3.B.4 illustrates the recovery of e h recovery for the case of the 350 kHz transducer. The axial response is recorded experimentally at different distances along the z-axis. As in the previous case, windowing is then used to extract the function

  Fig.3.B.4. (a) System response

Figure 3 .

 3 Figure 3.C.2 illustrates the error introduced by a receiver of finite size, as a function of receiver distance in the experimental system described in this study ( 50 mm, 350 Hz, 10 mm

  Fig.3.C.2 Predicted errors resulting from the use of a finite receiver size, for the experimental setup described in Section III.3.

0 SSM

 0 4.1, (see also Chapter I, Fig.1.24), where the first block represents the common electric response of the emitter and receiver   e h t (investigated already and used in Chapter III) and the second block, characterized by a modelled system. The system includes the air-coupled Emitter, the Solid sample, and the air-coupled Receiver (ESR). The air-coupled emitter of surface , excited by excitation signal   s t , radiates ultrasonic waves into air; these waves arrive at the surface 1 S of solid sample and excite the SWs which propagate along the sample to reach the surface 2 S ; part of SW energy is re-radiated from 2 S into air and finally is detected by surface 3 S of air-coupled receiver. The proposed ESR model follows the three above steps: -Step 1 which characterizes wave radiation/propagation from air-coupled emitter 0 S , excited by Dirac pulse, to the sample surface 1 S is characterized by block E, -Step 2 which describes SW propagation along solid sample surface from 1 Fig.4.1 (a) Geometry and notation used for the ESR system; (b) Equivalent block diagram of the computational procedure. IV.1.1 Step 1: Acoustic wave propagation from air-coupled emitter to solid sample Notation used for modeling step 1 is presented in Fig.4.2. The ultrasonic wave is radiated from emitter surface 0 S (which is supposed to be baffled) into air, reaches the sample surface 1 presented in Chapter III Eq. (3.6)-(3.8), the pulse response in terms of velocity potential response observed at point 1 on sample surface can be computed as:

Fig. 4

 4 Fig.4.2 Notations for the step 1

Fig. 4 . 3

 43 Fig.4.3 Notations for computational step 2: SW propagation

Fig. 4 . 4

 44 Fig.4.4 Notations for step 3-receiver is centered at point M.

(

  Fig.4.5 (a)). It was shown in Appendix IV.B that the line L , which is the projection of 1 S on y axis (i.e. E L D  ) acts as an equivalent linear source located on plexiglas surface.

  Experimental setup; (b) The geometry and notation used for experiments and computations. Because of the very low transmission coefficient between air and solid, the same chirp technique as used in Chapter III is applied in this experiment to improve SNR (See Appendix III.A). The linear chirp signal   ch t covering a bandwidth ch B of 5-700 kHz, same as in Chapter III was used. The duration of chirp was fixed as long as possible (limited by processor memory) to be 80ms ch T 

  direct SW arrival which is followed by the reflections from limits of plexiglas block and diffractions of direct air wave. Therefore, response pESR h , as it was done in Chapter III, was extracted by an automatically defined window as shown in Fig.4.6 (c). The length of this window is determined as the interval in which the normalized predicted signal is greater than 10 -2 , i.e. is close to background noise level of experimental signal. (4.25); (b) is the signal after compression following Eq. (4.27); (c) Upper portion-the first arrival signal shifted so that it matches the maximum of the predicted signal; lower portion-predicted signal and the used time-domain window.

  S were chosen by performing to the similar tests shown in Fig.2

  Fig.4.7 Comparison between the numerically predicted and experimental field characteristics, together with the associated error, for full model and explicit model. The upper plots in the four figures show the results obtained from the time-domain signal, and the lower plots show the corresponding characteistics determined in the frequency domain. (a) near-field impulse response   0.22, 0, 0,

  of the equivalent linear source (Fig.4.5(a)). Notice that signal decreases quite continuously along x axis, which is abnormal compared with classic near field area (see Chapter II). This is caused by very strong attenuation in plexiglas (see example from Fig.2.12) which largely dominates the geometrical decay The time domain and frequency domain attributes provide quite the same result and smoothing of time domain field (seen in Chapter II)

  10 2D contour plot for waveform error and spectrum error (in unit %) within the scanning region 0t ; (b) error distrbution from spectrum   , , pESR H x N y f . The obtained SNR and the corresponding errors (taken waveform error which is the most demanding case) as a function of off-axis distance y are shown in Fig.4.11 (a) and (b). Section (c) and (d) show the relation . In the vicinity of emitter, the error is more sensitive to the signal quality and non-linear relation is observed. This experiment confirms the direct relation between the error and the noise level. Since the use of chirp improved the SNR about 25 dB, this shows that without the chirp technique, the experimental error will reflect not the accuracy of the developed computational model but the noise induced error only. 11 (a) and (b) are respectively: SNR and waveform error as a function of off axis distance y ; (c) and (d)   e f SNR  for distances x N =0.21 and 0.81 respectively and the related correlation coefficients.

  then Eq. (4.40) is not fulfilled (receiver moves to near field of 2 S i.e. can induce the distortion of received signal.

  portion is obtained from time domain characteristics, and the lower is from frequency domain ones.

  Fig.4.13 (b) illustrates the influence of attenuation on Green's function for lossy medium Eq. (4.3). The comparison shows clearly that when , caused by attenuation in air is negligible compared with the geometrical spreading. Our conclusions are confirmed by the previous studies performed byCastaings et al. (1997),Ke et al. (2009) andDelrue et al. (2010) who found that attenuation in air is negligible for the similar conditions.

  Fig.4.13 The influence of attenuatinon in air. (a) Computation of cases with and without attenuaiton in air, errors are computed for waveform

  14 Influence of medium parameters on the predtion error obtained from time-domain field characteristics (a) influence of attenuation 1 s  ; (b) influence of SW velocity R c ; (c) Influence of the temperature of air T (so on velocity in air f c ). The error is computed from (1) the waveform

H

  are often adjusted in-site in order to fit experimental conditions. From practical point of view, it is interesting to know how the above parameters affect the recorded signal. This influence is studied by means of the variation of the prediction error. The results are summarized in Fig.4.15 and their analyze leads to the following conclusions: (1) The influence of emitter angle e  (Fig.4.15 (a)) on the recorded field characteristics is the most significant compared with other parameters. This could be expected (see discussion in Appendix IV.B). So in practice it should be adjusted as accurately as possible. As before the signal waveform is the most sensitive signal attribute. 15 Influence of scanner settings on the predtion error obtained from time-domain field characteristics. (a) influence of emitter inclination angle e  ; (b) influence of inclination angle r  ; (c) influence of emitter-plexiglas distance E H ; (d) influence of receiver-plexiglas distance R H . The error is computed from (1) the waveform true values of the parameters used during experiments and computation are indicated by circles.

  )Fig.4.15 (c) and (d) show that the emitter-solid distance E H , and the solid-receiver distance R H have a small influence on the measured signal.

  It was shown, also that the attenuation in air is negligible for small distance between the receiver and sample, and also that in practice Combining with Eq. (4.A.3), we obtain finally that: constant. The above formula indicates simply that the leaky wave propagation and reception is now reduced to phase shift 3 f k R , that the spectral amplitude of the received signal depends thus only on travelled distance x and on the attenuation in plexiglas s  . In practical measurement, with excitation

  ). The obtained 100 SW signals are shown in Fig.4.A.2 (a) and the corresponding spectra   , , s A x   are presented in Fig.4.A.2 (b). Notice that for the 350 kHz emitter, the obtained central frequency is, as expected, 350kHz o f  and the useful frequency band B can be approximated as 200 to 500kHz. This experiment enabled also to adjust in the same time the receiver inclination angle r  as it provides the maximum signal level   value is used in all experiments and predictions presented in the core of Chapter IV (ref.Table 4.2).

  . Black line shows the average spectrum for all 100 signals.

  Fig.4.A.3 (a). It exhibits, as expected, quasi linear frequency dependence within the band B that is where SNR is sufficient. By linearly fitting of the linear part, the attenuation is estimated as:

  Fig.4.A.3 (a) Linear fitting of the measured attenuation

  1 i x  and i x the dispersion characteristic of the surface waves that is the phase velocity   R c  as a function of frequency can be determined as: The SL transform is included in software used to process the SW signals recorded by non-contact scanner presented in Chapter I, Fig.1.14 (see also (Abraham et al. 2012)) and was used to compute the the SL transformation is a two-dimensional array of values as a function of discrete frequencies and phase-velocities. Local maxima's in the SL plane correspond to the phase velocity-frequency pairs of the propagating waves. Therefore, a simple operation of peak-finding can be used to reveal the dispersion curves. The final result in the form of   R c  can be obtained by interpolating these peaks. The velocity dispersion curve obtained is shown in Fig.4.A.4. It can be seen that the velocity dispersion is very small; and within the studied bandwidth B (200-500 kHz) the velocity varies between 1265m/s and 1275m/s. For the central frequency, we obtain thus

  Fig.4.A.4 (b) and indeed agrees very well with the experimental one.

  A.4. (a) the Slant Stack data obtained from signals shown in Fig.4.A.3. Upper part: with corrected amplitude; lower part: same as the upper part without any amplitude correction showing the exploitable frequency bandwidth; B indicates the usable frequency interval (i.e. with satisfactory SNR); (b)   R c f obtained from experiment and computed from Eq.(4.A.12)).

  C denotes a constant. Consequently by using Eq. (4.9) the force exciting the SW observed at L

  Fig.4.B.2 illustrate the weighting function   w y and the resulting field

  Fig.4.B.3 (a), when the inclination angle is set to critical angle, then 0   and window function comes to be a perfect Dirac delta function,   1 H   , and the low pas filtering effect disappears. If the inclination angle is not equal to the critical angle i.e. and high frequency components of excited SW signal are filtered out. This will reduce the signal energy and shift the spectrum towards lower frequencies. This explains why the maximum SW signal level can be obtained when the inclination angle is set to critical angle. Notice that the effect of the low pass filtering is stronger when E D increases since the increase of emitter dimension will result in the increase of  so the decrease of c f . line L for case when Eq. (4.B.2) is fulfilled; (b) when Eq. (4.B.2) is not fulfilled i.e. Illustration of window given by Eq. (4.B.9); (d) corresponding filtering function   H  (Eq. (4.B.11)).

  

  

  

  

  

  

Table 1 .

 1 1 Comparison between non-contact techniques[START_REF] Green | Non-contact ultrasonic techniques[END_REF] 

		 They are flexible and typically yield broad angular spectrum into a test specimen;
		 One pulse can generate longitudinal, shear and surface waves;
	Pulsed laser	 Frequency can be controlled by shadow-mask between laser pulse and test object;
		 Optical fiber permits easy delivery to test object.
		 They may be used as both generators and detectors;
	EMAT	 The test specimen must be an electrical conductor.
	Optical interferometer	 Specimen must be optically reflecting or have optical reflector attached to surface.
	Piezoelectric or electrostatic	 They are much better detectors than generators;
	air-coupled	
	transducer	

  Therefore the response h  and p h are considered as spatial impulse response (SIR) of the setup including the transducer and the propagation space (see Fig.2.7 which is the time domain counterpart of

	Fig.2.5).					
	Fig.2.8 illustrates	  , t  M h	and	p h	  , t M	computed for three specially chosen field
	points M .					
	-1 M is placed on piston z-axis. For such case h  always presents the shape of
	rectangular pulse of amplitude c and p h displays respectively two waves: direct wave and
	edge wave of opposite sign;				
	-					

2 M is placed off-axis inside the projection of S. Then p h displays one direct wave just followed by first edge wave and second edge waves; -3 M is placed off-axis but outside the aperture of S. Then p h displays only two distinct edge waves of opposite sign. According to linear system theory the transfer function H  and p H defined in Eqs (2.15) and (2.16) can be obtained from SIR responses by Fourier Transform as:

Table 2 .

 2 1 Dispersion relations for power-law attenuation

  For the lossless case the g  present as expected the form of Dirac pulse given by Eq. (2.19). The second column show the equivalent frequency characteristics of the system expressed in dB:

						g	0 , ,  M M . As expected, t
	they are causal, appear at the instant 0 t		R c		29.4μs	and display the amplitude drop with
	increasing absorption.					

Table 2 .

 2 A.1 analytical solution of spatial impulse response h 

	Observation point	 M	, , x y z	

  3.1, where the first block represents the common electric response of the emitter and receiver

							  h t and the second block, e
	characterized by a pressure impulse response	pr h		 M , represents the combined effects of , o t
	acoustic radiation from a perfect emitter, propagation, and reception by a receiver of finite
	size. In this study, the receiver is centered at point		o		o	, , o	o	

  , confirm that the attenuation in air can be expressed as a quadratic function

	of frequency			 , and can be written as	  dB/cm   air		0  	2	, where
		0		1 	0 T T		4		2	0 P P air		,	1 		 15.895 10 dB cm MHz 11      	2	   	, T is the temperature, air P is
	the pressure, and the reference values are 0 25 C T   and 0 101.325 kPa P 	, respectively
	(for these calculations  must be expressed in units of 1/m, where:
	dB/m 		1/m 		10 20log ( ) 8.68 e  1/m 	). Using Eq. 3.8.c for case	2   the corresponding
	"causal" Green's function in frequency domain yields:	

Table 3 .

 3 1 The five different computational approaches used in the study

Table 3

 3 

	z N 	0.31	.

.1) and for the closest near-field axial distance:

  ,

	p	corr	o	t	e ch t h t h	pr	o	t	ch t	e k t h t h	pr	o	t

  then need to find the minimum value of o z for which the value of e h can be recovered. Note that when o z increases,  decreases, and the amplitude of the spectrum

	H	pEPR	also decreases, but its shape remains constant. Thus, a practical way to find the
	minimum value of o z for which e h can be recovered is to record	h	pEPR	  , o z t while
	increasing o z , and to stop when there are no further changes in the shape of its spectrum. An
	alternative technique consists in retrieving e h for each value of o z , and stopping when its
	shape no longer changes. Note that the response	  ,	1	( , )

3 Step 3: Surface wave re-radiation from structure surface to air-coupled receiver

  

	IV.1.In step 3, the surface 2 S of solid sample serves as an emitter. The re-radiation from solid
	surface into air now is the same problem of radiation from rigid baffled emitter, discussed
	already in Chapter II (Eqs. (2.20) and (2.37)) and in Chapter III (section III.1.1 and III.1.2). In
	fact the problem is the same as that considered in Step 1. Using notation illustrated in Fig.4.4
	and Eqs. (4.1)-(4.4), the pulse response in terms velocity potential observed at the reception
	point	3 M and for radiation from 2 S excited by     2 n v t  M	can be expressed as:
																									19)
	The objective of step 2 is to model the normal component of velocity n v over 2 S .
	Taking	n v		d d n u t	we obtain:										
						v	n		M	2	,	t			d d t		1 S	ne F		M	1	,	 t g 		s	 M M 1 ,	2	 , , d s t S 1 	(4.20)

  is the electric response characterizing the electric-acoustic properties of emitter-receiver pair, defined and used already in Chapter III. Note that the response pr h cannot be found from simple convolution between the responses of consecutive blocks E, S, R in Fig.4.1 because the blocks S and R have the spatial-temporal input signal and the

		h	pr	M	,	t	 	3 d 1 d 1 d d t  t S t S   	S   S M S     	, d n t S v M	,	t g 		f	, , , d d f t S S M M     	(4.23)
	IV.1.4 Total system response observed on receiver output
	According to Fig.4.1, under a given excitation     s t t  	the pulse response of total
	ESR system expressed in terms of pressure becomes:		
						h	pESR	      , e t t h t h     M	pr	  , t M		  h t h e 	pr	  , t M	(4.24)
	where	 													
	integrals over 1 S , 2 S , and 3 S i.e. (4.20) and (4.22) are not space invariant.

e h t

  is the SW wavelength in plexiglas at central frequency

	o f . The studied zone is thus located in near field region 0.21		x N		0.81	.
			Table 4.1 Geometry parameters of experiment
		Shape	Dimension [mm]	Height [mm] (See Fig. 4.5)	Inclination Angle
	Emitter S0	Circle	E D 	50	E H 	15.9		e  	15.1 
	Receiver S3	Circle						

Table 4

 4 

				.2. Main properties of materials (see Appendix IV.A)
							Density
		velocity	Attenuation		Dispersion	Impedance (Cartz 1995)	(kg/m 3 ) (Cartz
							1995)
	Air	Longitudinal wave 345 m s f c 	f	15.895 10	11 2	dB cm

Table 4

 4 

				.3 Computation efficiency	
			Steps 2-3	Total time	Total time	Total time
	Version	Step 1	1 field point	100 field points	1200 field points	All volume with same spatiotemporal resolution
		(min)	(min)	(min)	(h)	mesh 5x10 5 cells
	Attenuation in air	30	3.7	400	80h≈3.3 days	
	No attenuation in air	1	3.6	360	72h≈3 days	
	Simplified model	0	0.4	40	8h≈0.3day	
	FEM					28 days

  .A.1, we start by Eq. (4.20) which can be expressed in frequency domain as:

	n v		M	2	,			j   	1 S	ne F		M	1	,		  s G 	 , , , d 2 s   M M 1	1 S	(4.A.2)
	Taking into account Eq. (4.18), replacing		1 dS by	1 S  and assuming 2 R		2 M M 	1		x	,
	integral (4.A.2) becomes:															
	  , v x n 		ne j F 	  S 1	,			    2 s  e 	s x jk x  x	1 S S  	  	    2 s  e 	s x jk x  x	1 S 	(4.A.3)
	where   S  is the spectrum signal exciting		1 S  ,   , n v x  is the SW signal observed at
	distance x , and																		

  measured longitudinal and shear wave attenuation in plexiglas, respectively. They found respectively

							p  	 0.98 dB cm MHz 		and
	t  	 3.82 dB cm MHz 		. Eq. (4.A.10) yields the attenuation for	f 	350kHz
	s  	1.25dB cm	. Independently Press and Healy (1957) found experimentally the SW
	attenuation for	f 	350kHz	is	1.60 dB cm

s  

. All obtained and referred results are summarized in Table

4

.A.1.

Table 4 .

 4 A.1 Attenuation in plexiglas

					s	  f		s 	1	f		s 	0
	Method	 1 dB cm MHz s     	   	s 	 0 dB cm		 s f 		 350kHz dB cm	
	Eq.(4.A.9) experiment	3.41		0.13				1.32
	Best fitting of Eq. (4.A.7) -		-							1.30
	Eq. (4.A.10)	3.57		-							1.25
	Press and Healy (1957)	4.58		0.1				1.70

Table 4 .

 4 A.2 Velocity in plexiglas

	Reference	Velocity dispersion in bandwidth 200-500 kHz		

40, 0,100 M in unit [mm]; (d) same as (c) but   p h t .

The content of this Chapter is published: Ji LI, Bogdan Piwakowski, "A time-domain model and experimental validation of the acoustic field radiated by air-coupled transducers" in: Ultrasonics 82 (2017) pp114-129. DOI:10.1016/j.ultras.2017.07.020.

medium obeying any power law of the type:     provided that the causal solution for g  is known.

It will be used in Chapter IV to develop of an accurate model of a fully contactless surface wave scanner.

Appendix IV.A Measurement for attenuation and velocity in plexiglas

In the modeling of ESR system, basic properties of tested solid medium that is the SW velocity and attenuation should be known precisely. Although these information can be found in bibliography, in order to provide the most accurate prediction the above parameters were determined experimentally.

Typically, the measurement of attenuation should be performed in far field of emitter in order to avoid the error caused by a near field which needs so called diffraction corrections (Papadakis 1990, Ruiz and[START_REF] Ruiz | Diffraction correction for precision surface acoustic wave velocity measurements[END_REF].Therefore in order to avoid the near field problem, the same experimental system as used in Section IV.2 , except that the surface 1 S is reduced to act as a point source such that 1 1 S S   (Fig. 4.A.1). The point source is created by putting, on the plexiglas surface, a thick plastic mask with a square hole of dimension 10mm, so that its

. According to Eq. (4.25) the near field limit becomes now:

and the measurement of attenuation can be performed without any diffraction correction at distances x N   . 

Appendix IV.B Simplified model of ESR system

The geometry of air-coupled emitter is shown in Fig. 4.B.1. The projection of circular emitter 0 S over the solid sample surface with an incident angle e  forms an ellipse 1 S .

where a is the semi-minor axis of ellipse which is equal to the radius of circular emitter and cos e b a   is the semi-major axis of ellipse. It is known that in the vicinity of the source only small fluctuation in amplitude and phase angle appear across the beam during sound radiation.

Therefore in very near field region

the wave field could be assumed as a plane collimated beam [START_REF] Tjotta | An analytical model for the nearfield of a baffled piston transducer[END_REF]. Independently it was found that for the case analysed, the attenuation in air can be omitted and this enables to reduce 30 times the computational time of steps 1 and 3. The simplified model which neglects the computational step 1 enables the computational time to be shortened ten times.

In parallel a simplified model was proposed. This model neglects the attenuation in air and supposes that the inclination angle e  is perfectly adjusted. Its accuracy is comparable with the exact one and sometimes even better.

Globally, the time required to model a typical research problem which includes about 100 field points (or any parameter values) is close to 7 hours if the most accurate version is used.

The FEM modelling of equivalent 3D volume (it is impossible to model a limited number of field points) with the same spatial-temporal resolution (as used in our model) requires about 30 days.

Thanks to the above performance, the developed ESR prediction model was used in order to investigate the influence of typical in site user settings of the modelled scanner (goals of this work). The obtained conclusions will be used as the recommendations for further practical use of the scanner. In the near future the EPR model will be employed in order to model the scanners in real conditions occurring in the Civil Engineering.

Perspectives

Potential future use of the EPR and ESR computational tools

The EPR and ESR prediction models were implemented numerically using the Discrete Representation computational technique. The computations were carried out for a circular planar emitter and receiver, same as used in modelled scanner, but could be adapted to the case of different planar and quasi planar aperture shapes like those used in focussed systems:

by replacing the surface of planar transducers with spherical or cylindrical surfaces. Since the DR method is especially adapted to model the transducer arrays, multi-element emitters and receivers can be easily introduced. The two models can be also extended for any medium with attenuation type     provided that the causal Green's function is known.

Concerning the potential use of the ESR model, it is not limited to initial geometry but can be used to model different scanning configurations: In this research the time-domain model for the prediction of an acoustic field in an air-coupled, non-contact, surface wave scanner is proposed. The model takes into account the finite size of the aperture receiver, attenuation in air, and the electric response he of the emitter-receiver set he. The attenuation is characterized by a causal time-domain Green's function, allowing the wideband attenuation of a lossy medium (air and solid tested sample) obeying the power law

to be modelled. The response he is recovered experimentally using an original especially developed procedure which includes the deconvolution of air absorption effects. The model is implemented numerically using a Discrete Representation approach and validated experimentally. In order to improve the signal to noise ratio the chirp technique is used. It is shown that when the attenuation in air, the receiver size, and the accurately recovered response he, are correctly taken into account, the model allows the system's impulse response to be very accurately predicted, with errors ranging between 2-5%. Inclusion of the size of the receiver dimension in the model appears to be crucial to the accuracy of the near field predictions. The obtained computation efficiency is much better that efficiency of FEM methods. The influence of typical user defined settings has been investigated. The obtained conclusions will be used as the recommendations for further use.
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