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Particle image velocimetry investigation of the flow-field of a 3D turbulent annular swirling decaying flow induced by means of a tangential inlet

Particle image velocimetry (PIV) has been used in order to measure the three mean components and turbulence intensities of the velocity vector in a swirling decaying ¯ow induced by a tangential inlet in an annulus. This kind of ¯ow motion is found to be very complex, exhibiting three-dimensional and non-axisymmetric characteristics coupled with a free decay of the swirling intensity along the ¯ow path, thereby making it dif®cult to study. A method allowing the measurement of the three components of the velocity ¯ow-®eld with a standard PIV system with two-dimensional acquisitions, is presented. The evolution of each velocity component between the inlet and the outlet of the annulus is obtained. Furthermore, the PIV technique is extended to the measurement of turbulent characteristics such as turbulent intensities and dimensionless turbulent energy. The main characteristics of the swirling ¯ow are discussed and the swirl number is estimated as a function of the axial distance from the tangential inlet.

Computer progress linked to computational ¯uid dynamics (CFD), visualization and velocity measurement techniques for ¯ow studies, such as particle image velocimetry (PIV), are now able to provide the main hydrodynamic characteristics of a given ¯ow con®guration with suf®cient accuracy (Ko Èhler and Weichert 1998;[START_REF] Shi | Velocity characteristics of a con®ned highly turbulent swirling ¯ow near a swirl plate[END_REF][START_REF] Nejad | Application of laser velocimetry for characterisation of con®ned swirling ¯ow[END_REF]. A usual two-dimensional PIV technique will be used in the present work in order to obtain the main features of a complex three-dimensional ¯ow: the spatial distribution of the mean values and turbulence intensities of the three components of the velocity vector in a swirling decaying ¯ow.

In the studied con®guration, the swirling decaying ¯ow is induced by a tangential inlet in an annulus delimited by two concentric cylinders. Following the classi®cation of [START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF], there are two main types of swirling motion:

(1) continuous swirl ¯ows, whose properties are maintained along the ¯ow path and (2) decaying swirling ¯ows, in which the swirl motion is achieved at the inlet of the device and then decays freely along the ¯ow path.

According to [START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF], three major methods can be used to induce swirling decaying ¯ows in tubes or annular geometries: (1) tangential inlet [START_REF] Legentilhomme | The effects of inlet conditions on mass transfer in annular swirling decaying ¯ow[END_REF][START_REF] Yukawa | Pressure drop in swirl ¯ow through an annulus[END_REF][START_REF] Escudier | Observations and LDA measurements of con®ned turbulent vortex ¯ow[END_REF], (2) guide vanes (swirl vane pack or swirler) [START_REF] Burfoot | Heat transfer and pressure drop characteristics of alternative rotation swirl ¯ow inducers in a circular duct[END_REF][START_REF] Sethumadhavan | Turbulent ¯ow heat transfer and ¯uid friction in helical-wire-coil inserted tubes[END_REF]Faler and Leibovich 1977) and (3) direct rotation (rotating pipe) [START_REF] Khoo | The axisymmetric boundary layer beneath a Rankine-like vortex[END_REF]Korjack 1985;[START_REF] Simmers | A Reynolds analogy for the heat transfer characteristics of combined Taylor vortex and axial ¯ow[END_REF].

The few investigations devoted to this type of ¯ow concurred on the complex nature of the swirling decaying ¯ow. Due to the decay of the swirl motion along the annulus axis, the ¯ow cannot be considered as established along the test cell. When a single tangential inlet is used, the circumferential velocity component w, added to the main movement of the ¯uid, gives rise to a swirling motion characterized by a three-dimensional ¯ow with non-axisymmetric behaviour, mainly at the entrance of the cell [START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF][START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF][START_REF] Legrand | Use of electrochemical sensors for the determination of wall turbulence characteristics in annular swirling decaying ¯ows[END_REF][START_REF] Neto | Finite-element simulation of laminar swirling decaying ¯ow induced by means of a tangential inlet in an annulus[END_REF].

In most studies dedicated to swirling ¯ows, a dimensionless parameter is commonly used to quantify the swirl intensity, the swirl number Sn, which represents the axial ¯ux of swirl momentum divided by the product of the axial ¯ux of axial momentum and the equivalent tube radius, equal to 2e for an annulus; it is given by Sn
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where u is the axial velocity, w the circumferential velocity, r the radial coordinate, R o the internal radius of the outer cylinder and R i the outer radius of the inner cylinder. This number is useful to study the decay of the swirling motion with the axial position from the swirl inducer [START_REF] Hay | Heat transfer in free swirling ¯ow in a pipe[END_REF][START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF]) and can often be correlated by means of an empirical relation involving an exponential decay, as con®rmed in some theoretical works (Beniseck et al. 1984;[START_REF] Kito | Near wall velocity distribution of turbulent swirling ¯ow in circular pipe[END_REF][START_REF] Kuroda | An approximate equation of axial velocity distribution in turbulent swirling pipe ¯ow[END_REF][START_REF] Ito | Turbulent swirling ¯ow in a circular pipe[END_REF]. Analytical solutions are only available for simple cases and mainly for symmetric swirling ¯ows [START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF]. Otherwise, both axial and tangential velocity pro®les have to be known in order to calculate Sn.

Velocity measurements, using common techniques such as hot wire anemometry, are dif®cult to employ in such ¯ows because they are very sensitive to the direction of the ¯uid motion, unlike the PIV technique. Indeed, it is wellknown that swirling motion induces a very disturbed ¯ow-®eld which is not constant in direction, due to the set-up of large eddies [START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF][START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF][START_REF] Neto | Finite-element simulation of laminar swirling decaying ¯ow induced by means of a tangential inlet in an annulus[END_REF], and thus, hot wire measurements are dif®cult to obtain and are ambiguous.

In the present work, PIV is used in order to measure the three components of the ¯uid motion (axial u, radial v and circumferential w) for a given ¯ow rate and inlet con®guration, which is described in the next section. Because the PIV system only gives a two-dimensional representation of the velocity distribution, the third component of the velocity vector, called the out-of-plane velocity, cannot be resolved simultaneously and, thus, some restrictions arise when measuring a highly three-dimensional ¯ow. Those restrictions are discussed in Sect. 2.3. Recent development in PIV has enabled this technique to resolve simultaneously the three components of a ¯ow-®eld. For example, an experimental approach consists in using two parallel light sheets, each one coded in depth with different colours, and in recording the displacement of tracer particles between both light sheets with CCD colour cameras (Bru Ècker 1996a, b). This kind of technique is dif®cult to employ because different cameras need optical access, and an accurate synchronization between light pulses and recording by the cameras is needed. When studying ¯ows with complex geometry, such as in an annulus, this technique cannot be employed, because of a limited optical access. Nevertheless, if some criteria are respected, the data loss due to particles moving perpendicularly to the light sheet is minimized and results can then be obtained with good accuracy.

The main turbulent characteristics of a swirling decaying ¯ow have been investigated, using the PIV technique. A number of studies on turbulent ¯ows have been done using PIV, for example in ¯ames [START_REF] Mungal | Instantaneous velocity measurements in laminar and turbulent premixed ¯ames using on-line PIV[END_REF], in a mixing jar [START_REF] Cheng | Direct measurement of turbulence structures in mixing jar using PIV[END_REF], and in free jets [START_REF] Cenedese | LDA and PIV velocity measurements in free jets[END_REF]) and con®ned jets [START_REF] Khoo | Turbulence characterisation of a con®ned jet using PIV[END_REF]. A good accuracy of PIV for turbulence measurements has been obtained in these studies by comparing results obtained with laser doppler anemometry (LDA) and PIV [START_REF] Cenedese | LDA and PIV velocity measurements in free jets[END_REF]. Parameters affecting the measurement uncertainty have been estimated (Host-Madsen and Nielsen 1998) to optimize the accuracy of turbulence measurements. A means of obtaining the three components is by ®rst measuring two components, and then making a second measurement that includes the third component, as described in Sect. 2. Thereafter, the main characteristics of the swirling ¯ow are determined and compared with other works available in the literature.

Experimental equipment and methods

Hydraulic test rig

The annular test section (Fig. 1) is made of two concentric Plexiglas tubes having a total length of 1.5 m. The internal radius of the outer cylinder, R o , is 50 mm, the outer radius of the inner tube, R i , being 20 mm. The diameter of the tangential inlet, / e , is 30 mm, equal to the annular gap width, e, which corresponds to pure swirling ¯ow according to [START_REF] Legentilhomme | The effects of inlet conditions on mass transfer in annular swirling decaying ¯ow[END_REF]. The outlet of the annulus is of the axial type, so as to not disturb the ¯ow. For all the experimental measurements, the water ¯ow rate is Q 2:14 m 3 /h, corresponding to a mean axial velocity in the annulus U of 9 cm/s and a Reynolds number, Re, equal to 5400, where Re is calculated by Re 2eU v 2

In order to simplify the processing of the images, it is useful to minimize optical distortion. Thus, a rectangular Plexiglas box ®lled with water encloses the annulus. By exposing a ¯at surface area to the camera, perpendicular to the camera axis, one decreases distortion of the image caused by refraction of light at the curved surface of the outer cylinder (Fig. 1). This technique is commonly used when studying ¯ows in curved geometries separating media with different optical indexes [START_REF] Saadeh | A combined PIV/LIFsystem for the measurements of heterogeneous drag reduction effects in a pipe-¯ow[END_REF].

In this case, it has been veri®ed that image distortion as a result of the refraction could be neglected.

PIV technique

The system used for PIV is the Dantec device, which allows two-dimensional basic planar measurements. The laser is the Spectra Physics Model 2020 with an emission wavelength of k 488 nm for a maximum emission power of 5 W. The laser beam is shutter-gated to induce laser light pulses, and a thin light sheet is produced by means of an optical lens. The electro-optical shutter is synchronized with a CCD camera Double Image 700, and the camera sensor includes 768 Â 484 light-sensitive pixels. These images are analyzed with the PIV 2000 Processor to obtain velocity distributions. The statistical method used to obtain velocity distribution is an intercorrelation technique to prevent any ¯ow direction ambiguity. The tracer used is made of TiO 2 particles with a mean diameter of 30 lm and a concentration C 0:1 g/l. Because the water relative density of TiO 2 is around 4, such particles are submitted to the effects of the centrifugal force during the swirl motion, which can lead to a displacement of particles towards the outer wall. But circumferential velocities obtained here are low enough to neglect these effects.

When all PIV data are obtained, a post-interrogation procedure is applied to check vectors for erroneous results, because the accuracy of PIV, as for any other measurement technique, is adversely affected by noise. In practice, if experimental parameters are optimized, the number of remaining spurious vectors is low, less than 5%. An analysis of the in¯uence of those vectors on the bias error has concluded that invalid vectors estimate mean velocities towards zero and arti®cially increase the measured turbulence intensities, because resulting ¯uctuations are directly added to the mean square (Host-Madsen and Nielsen 1998). The ®ltering algorithm used is a comparative spatial procedure between each vector of the ¯ow-®eld with neighboring ones, called the ``moving average'' by Host-Madsen and McCluskey (1994).

PIV measurements of mean characteristics

The swirling ¯ow induced by a tangential inlet is highly three-dimensional and non-established with regard to the axial position. Two successive series of measurements are required to obtain the three velocity components. In the ®rst instance, axial and radial velocities are obtained together and, in a second series, axial and tangential velocities are measured. Due to the fact that these three velocities are not achieved simultaneously, this technique can only be applied if the ¯ow is stationary between each series of measurement, which is the case for this swirling ¯ow. The complete procedure can be described as follows: (i) the ®rst series is made in a horizontal axial plane (Fig. 2). Acquisitions simultaneously give axial and radial velocities for the total area seen by the camera. To study the establishment of the swirl motion, axial positions near the inlet, for x < 900 mm, are investigated. An area close to the outlet is also chosen (1100 mm < x < 1200 mm) to emphasize the global decay of the swirl pattern along the annulus. In Fig. 2, the eight investigated axial positions are shown. Each is 10 cm long and 3 cm wide so as to give a velocity distribution in the entire annular gap width. (ii) The tangential velocity component is not measured in the same way because the camera has to be orthogonal to the investigated velocity component. The position of the laser sheet is shown in Fig. 2. The velocity is tangential to the laser sheet at the center of the acquisition area. Unlike the ®rst series where values are obtained at the same time for different radial positions, the circumferential velocity is achieved for only one radial position, corresponding to the intersection of the laser sheet with the vertical plane passing through the camera axis. By moving the laser sheet For each measurement, two circumferential positions are investigated in order to emphasize the non-axisymmetric behaviour of the ¯ow pattern. The ®rst is located at n 1 p=2 and the second at n 2 3p=2 (see Fig. 1). In order to obtain an accurate value of the mean velocity, 400 acquisitions each 135 ls for each position previously mentioned are realized and then time averaged. Several previous trials have been done to verify the validity of mean velocity measurements using this number of acquisitions.

The main acquisition parameters, such as the time delay between pulses and the duration of each pulse, are adjusted in order to satisfy classical criteria to obtain accurate results. But if PIV is employed in three-dimensional ¯ows, some additional criteria must be veri®ed. PIV extracts two velocity components of the ¯ow-®eld by measuring in a laser light sheet the displacement of tracer particles between two successive images acquisitions. So, a ®rst problem is imposed by the particles' motion perpendicular to this laser sheet, resulting in bad correlation when some particles enter or leave the measurement plane between two successive image acquisitions. A second problem is encountered if tracer particles move through the laser sheet but remain in it, because they are not similarly reproduced on two successive images due to the depth of focus, and thus, this leads to an additional error during correlation of the particles' displacement [START_REF] Raffel | Feasibility study of three-dimensional PIV by correlating images of particles within parallel light sheet planes[END_REF]. Not taking account of the out-of-plane motion can lead to erroneous results when studying threedimensional ¯ows. The time between pulses and, thus, the time between successive images, must be small enough to sample the same particles on both images. This depends on two parameters: the thickness of the laser light sheet and the out-of-plane velocity. It is generally assumed that if the displacement between two successive images remains smaller than the quarter of the laser sheet thickness, the number of particles is suf®cient to achieve good correlation. This criterion is expressed by
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where V z is the out-of-plane motion, T the time delay between two successive pulses, and z 1 the thickness of the laser light sheet, around z 1 2:5 mm. Because laser pulses and camera acquisitions are frequency limited, if the out-of-plane motion is too high, PIV cannot be employed under suitable conditions with the usual systems. Here, when measuring both axial and radial velocities, the circumferential velocity due to swirl motion is the out-of-plane velocity and thus, the time between pulses is directly linked to this velocity. For example, a tangential velocity of 30 cm/s leads to a time delay between pulses smaller than 2100 ls, which can be reached with our PIV system. For the study of axial and circumferential velocities as done in the second series of measurements, out-of-plane motion is due to radial velocity, but the latter, being weak, can be neglected.

PIV measurement of turbulent characteristics

The main turbulent characteristics of a ¯ow-®eld can be obtained using the PIV technique. Some recent studies have investigated the accuracy of turbulence measurements with such a technique (Host-Madsen and Nielsen Fig. 2. PIV set-up for both series of measurements 1998). According to these authors, the size of the interrogation area will affect the resolution of the data and, speci®cally, the determination of velocity ¯uctuations. For example, large interrogation areas would not allow the study of eddy characteristics at high frequencies. The size of this area will be the critical limit for eddy scale measurements, as for other techniques such as hot wire anemometry, which depends on the wire length, and LDA, for which the results are closely linked to the size of the measurement volume. The smallest interrogation areas are suggested because spatial averaging acts as a low-pass ®lter, biasing turbulence intensity values. But if the size of these areas decreases, a need for a higher concentration of tracer particles appears to keep a suf®cient number of them for good correlation in each interrogation zone. By increasing the seeding density, the in¯uence of the seeding on the ¯ow itself also increases, resulting in two-phase effects and in a reduction of the optical transparency of the ¯ow. Thus, particle concentration and interrogation size area have to be optimized to achieve accurate values of velocity ¯uctuations. In the Host-Madsen and Nielsen (1998) studies, accuracy in turbulence measurements with PIV is linked to ¯ow conditions. The size of each subdivided interrogation area can be calculated by measuring the integral length scale of turbulence, which is dependent on the eddy dimensions. According to Host-Madsen and Nielsen (1998), for a subdivided interrogation area which is one ®fth of the integral length scale, the measured turbulence intensities can be obtained with a relative accuracy of 10%.

Using instantaneous ¯ow ®elds obtained by PIV, spatial turbulence length scales can be simply obtained. First, the longitudinal correlation has to be calculated as follows [START_REF] Hinze | On the accuracy and reliability of PIV measurements[END_REF]:
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and then the longitudinal length scale is integrated:
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where u H is the ¯uctuation of the axial velocity component, l the displacement coordinate in the correlation plane, T x the turbulence intensity of the axial velocity, and h i represents spatial averaging. An example of a longitudinal correlation is given in Fig. 3 as calculated on a single instantaneous PIV ¯ow-®eld by spatial averaging. This result is obtained for only one location in the annulus to evaluate the size of the interrogation area because our purpose is not to fully characterize the turbulent ®eld. The corresponding longitudinal length scale is k x 6 mm. To verify this result, the procedure was repeated on 25 different acquisitions, and same orders of magnitude were achieved. The resulting subdivided interrogation area was set to 0.87 mm in the axial direction and 1.05 mm in the radial direction, corresponding to a 64 Â 64 pixels 2 subdivided interrogation area for a total dimension of the acquisition area of 10.8 mm in the radial direction and 6.3 mm in the axial direction with no overlapping.

To establish the validity of this technique for an accurate measurement of turbulent intensities, an additional series was made with no swirl motion, using a radial inlet instead of a tangential one. Thus, the ¯ow generated is mainly an axial annular ¯ow. Turbulence intensities were calculated for only a single axial position, far from the inlet at x 1043 mm, where inlet effects are less sensitive. For turbulent ¯ows in pipes, usual values of turbulence intensities are around 10% and less [START_REF] Hinze | On the accuracy and reliability of PIV measurements[END_REF]. Results depicted in Fig. 10 using a radial inlet are in good agreement with this value, assuming that the radial inlet still induces small hydrodynamic perturbations in the ¯ow. This validates the procedure employed to obtain turbulence characteristics in swirl ¯ow.

To obtain the radial evolution of turbulent characteristics for the largest part of the gap width, three different series of acquisitions are required: one for r 21:5± 31.5 mm, the second for r 30±40 mm and the last one for r 38:5±48.5 mm. In order to analyze the turbulence decay along the axis, three axial positions are investigated: the ®rst portion near the inlet at x 93 mm, the second portion at x 543 mm and the last portion close to the outlet at x 1043 mm. Using the same procedure described to obtain the mean velocities, turbulence intensities are achieved with an ensemble averaging procedure of 2000 ®ltered acquisitions for each investigated position to reduce the uncertainty of the statistical treatment. Turbulence intensities T x , T y and T z are calculated by [START_REF] Hinze | On the accuracy and reliability of PIV measurements[END_REF])
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where u H is the instantaneous ¯uctuation of the axial velocity component, v H the radial one and w H the circumferential, U being the average velocity in the annulus, and () denotes a time averaging.

To emphasize the overall decay of the turbulence, the dimensionless turbulent energy is calculated by [START_REF] Clayton | Determination of principal characteristics of turbulent swirling ¯ow along annuli. Part 2: Measurement of turbulence components[END_REF] Nearly the same values are achieved using any of the data series. It validates the use of such procedures to measure the three mean velocities with a two-dimensional PIV method.

The evolutions of the three mean velocity components are shown in Figs. 5 and6 for the circumferential positions n 1 3p=2 and n 2 p=2, respectively. The complex behaviour of the swirl motion is emphasized, especially near the tangential inlet at the axial position x 500 mm. The main movement is set by the circumferential velocity, giving rise to the swirling motion around the inner cylinder. This velocity component decreases with axial position but always remains greater than the axial component in our test facility. A radial mean velocity appears, due to large eddies induced by the tangential inlet, which rapidly decreases to zero, emphasizing the dependence of the swirling motion with the axial position. According to studies on swirling ¯ows [START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF][START_REF] Neto | Simulation nume Ârique des e Âcoulements annulaires non-e Âtablis de type axial et tourbillonnaire ± Cas du transfert de matie Áre[END_REF][START_REF] Neto | Finite-element simulation of laminar swirling decaying ¯ow induced by means of a tangential inlet in an annulus[END_REF], the radial velocity is the weakest component.

Close to the tangential inlet, for x < 800 mm, the maxima of both tangential and axial velocities are located near the outer wall, and an increase in axial position results in shifting the maxima towards the center of the annular gap. This can be explained by the effects of the centrifugal force, induced by the tangential inlet. They are greater near the swirl inducer, where the incident swirling motion is more sensitive near the outer wall. Another important characteristic already seen by [START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF][START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF] in visualization studies using a dot paint method appears: a ¯ow reversal (negative axial velocity) is observed near the inner wall, and then vanishes far from the inlet where the effects of the centrifugal force become less important. A very high maximum of axial velocity results in a great recirculating zone, as shown in Fig. 7, where velocity pro®les are shown for several axial positions and for the two azimuthal locations, n 1 p=2 and n 2 3p=2.

If the swirl number Sn is considered, the same conclusions can be drawn. Figure 8 shows the evolution of Sn for the two circumferential positions in the annulus as a Because there is no axisymmetry, evolutions are different for both values of n, and near the inlet the important ¯ow disturbance results in large Sn variations, depending on the angular position with respect to the tangential inlet axis. Sn is thus a useful parameter to characterize swirling decaying ¯ows. These results qualitatively agree with previous works (Farias [START_REF] Neto | Simulation nume Ârique des e Âcoulements annulaires non-e Âtablis de type axial et tourbillonnaire ± Cas du transfert de matie Áre[END_REF][START_REF] Neto | Finite-element simulation of laminar swirling decaying ¯ow induced by means of a tangential inlet in an annulus[END_REF][START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF][START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF]. When the ¯ow is not axisymmetric, it is necessary to integrate Eq. ( 1) along all cir-cumferential positions in order to obtain an average value of Sn. Because only two circumferential positions are investigated, the mean value of Sn shown in Fig. 9 can only be considered as an approximate value. According to several studies on the decay of swirling motions [START_REF] Gupta | Swirl ¯ow. Energy and engineering sciences series[END_REF], after an integration over all circumferential positions, the Sn evolution can be correlated by means of an exponential decay Sn a expÀbx=2e 8

However, as shown in Fig. 8, near the inlet, the Sn evolution obtained here cannot be perfectly ®tted using this kind of equation. This is easily explained because only two circumferential positions are investigated, and the ¯ow pattern is highly non-axisymmetric near the inlet, where the ¯ow is strongly perturbed by the tangential jet ¯ow [START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF][START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF][START_REF] Legrand | Use of electrochemical sensors for the determination of wall turbulence characteristics in annular swirling decaying ¯ows[END_REF]. Only approximate parameters a and b can thus be obtained, using a least square method:
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With a higher number of angular positions, the accuracy of these results will be improved. Some numerical values were obtained by [START_REF] Neto | Finite-element simulation of laminar swirling decaying ¯ow induced by means of a tangential inlet in an annulus[END_REF] for a swirling ¯ow induced by a tangential inlet in an annulus. Their results are available only for laminar conditions, from Re = 200 to Re = 650, and with different geometrical characteristics: a gap width e 7 mm, e=R i 0:38 and an inlet diameter / e 12:5 mm. For Re = 200, these authors obtain a 1:63 and b 0:21, and for Re = 650, a 1:55 and b 0:14. [START_REF] Aouabed | Experimental comparison of electrochemical and dot-paint methods for the study of swirling ¯ow[END_REF] estimated the Sn evolution using a dot paint method for the determination of the streamline angle. In their studies, they found, for Re = 1194, a parameter b 0:07, and for Re = 1994, b 0:049. Both parameters are sensitive to the geometry and to the hydrodynamic conditions, especially a, which is linked to the initial swirl intensity. Thus, only a rough comparison can be made. Parameter b shows the decay of the swirl motion along the annulus. According to these studies, if Re increases, b decreases because higher initial circumferential velocities in the annulus lead to a greater swirl motion persisting higher up in the annulus. This is in agreement with results obtained here, because with a higher Reynolds number, b is smaller than the values obtained in the previously mentioned studies.

Figure 9 shows that a tangential inlet induces a swirling ¯ow that enhances turbulent intensities in the annulus for the same ¯ow rate. This is in agreement with other works dedicated to swirl motion using different geometric conditions or inlet blowing (Clayton andMorsi 1984, 1985;[START_REF] Nejad | Application of laser velocimetry for characterisation of con®ned swirling ¯ow[END_REF][START_REF] Algifri | Eddy viscosity in decaying swirl ¯ow in a pipe[END_REF], and with wall turbulence measurements obtained by [START_REF] Aouabed | Wall visualization of swirling decaying ¯ow using a dot-paint method[END_REF]. Turbulence intensity can be enhanced by a factor greater than 5, especially near the inlet. All along the length of the annulus, turbulence intensities always remain signi®cant for the three velocity components, compared with those obtained using a radial inlet.

Variations of turbulence intensities along the radial coordinate are small. It has to be speci®ed that the turbulence intensities cannot be accurately determined in wall regions by the technique employed here due to wall adhering effects of particles. In this case, the assumption that particles perfectly follow the ¯ow is biased. Therefore, other techniques have to be used, as reported by [START_REF] Legrand | Use of electrochemical sensors for the determination of wall turbulence characteristics in annular swirling decaying ¯ows[END_REF], who employed an electrochemical method to investigate wall turbulence. In con®ned ¯ows, it is known that turbulence intensities are greater in the wall region than in the core of the ¯ow [START_REF] Hinze | On the accuracy and reliability of PIV measurements[END_REF]. For example, in pipes, these wall intensities can reach values three times higher than in the centre core. Wall turbulence values obtained by [START_REF] Legrand | Use of electrochemical sensors for the determination of wall turbulence characteristics in annular swirling decaying ¯ows[END_REF], around 50±80%, are greater than those obtained in the present study in the core region, which vary between 20 and 50%. Thus, the results of both studies are complementary.

In comparing results for each velocity ¯uctuation component in Fig. 10, it can be noted that close to the inlet the turbulence intensity of the circumferential velocity is always greater than that of the axial component, the radial velocity component being the weakest. Due to the decay of the swirl motion, the circumferential turbulence intensity decreases rapidly to values close to those of the axial and radial velocity components. Far from the inlet, the turbulence behaviour appears almost isotropic. The anisotropic feature of the turbulence is emphasized near the inlet, where considerable swirling motion dominates (Fig. 10).

Finally, Fig. 11 shows the overall decay of dimensionless turbulence energy. As for the swirl intensity, this decay can be ®tted using an exponential law. The overall decay of dimensionless turbulent energy K [Eq. ( 7)] follows: K 0:58 expÀ0:109x=2e 10

To compare both evolutions of the swirling number and of the dimensionless turbulence energy, they are divided by their maximum value, i.e. the pre-exponential coef®cient in the ®tting equations, presented in Fig. 11. It can be seen that the dimensionless turbulence energy decays more rapidly than the swirling number. If the dimensionless turbulent energy, calculated with turbulence intensities obtained with the radial inlet, is considered (results of Fig. 9), it can be assumed that this value will be the limit of the dimensionless turbulent energy decay (Fig. 11).

Although the swirling motion remains all along the annulus axis, effects on turbulence decrease rapidly. Thus, relation ( 9) can only be used from an axial distance where the swirl intensity cannot be neglected. When a suf®cient length is reached, corresponding to the vanishing of the swirling motion, we can assume that a constant value of the dimensionless turbulence energy will be obtained. This constant value will be the same as for a fully developed turbulent axial ¯ow in an annulus, under the same hydrodynamic conditions, thus corresponding to turbulence intensities less than 10%. Using relation (9) to approximate the axial distance necessary to reach the dimensionless turbulent energy obtained in an axial turbulent ¯ow (i.e. the value obtained with the radial inlet) gives a length of around 1560 mm. Thus for the total length of 1.5 m of the annulus, it is interesting to notice that the effects of the swirl motion on turbulence cannot be neglected.

Conclusion

In this study, a complex ¯ow with a three-dimensional behaviour is investigated using PIV measurements. The three mean velocities are easily obtained for different positions where other methods, such as hot wire anemometry, are dif®cult to use in this kind of geometrical con®guration.

With the ¯ow being stationary and using two different methods of measurement, the three velocity components can be obtained, although PIV is a two-dimensional method of acquisition. In addition, by satisfying some criteria on the size of the subdivided acquisition area, turbulent characteristics such as turbulent intensities and dimensionless turbulent energy are obtained. The evolution of the characteristics of each component agrees with previous works dedicated to swirling motions, and the main characteristics of swirling decaying ¯ow are observed. The results emphasize the important effects of centrifugal force on the main motion in such a ¯ow. In swirling ¯ow, turbulence intensities are more pronounced compared to normal axial ¯ow. Where the centrifugal force is important, near the inlet, axial and radial mean velocities are very disturbed. Thus, this force manages the ¯ow motion and is responsible for a recirculating zone near the inner cylinder and for an anisotropic behaviour of the ¯ow turbulence, where the strength of the swirl motion is higher.

Due to the decay of the circumferential velocity along the ¯ow path, the swirl motion decreases to tend towards an axial ¯ow with vanishing radial and tangential velocities, and a decay of turbulence intensities towards those observed in an axial ¯ow is also seen. Nevertheless, in our experimental device, the swirl motion remains sensitive all along the length of the annulus, showing the strong tendency of a tangential inlet to induce swirling decaying ¯ow. The swirl motion decay is characterized by an exponential evolution of the swirl number, Sn, with the axial distance. The dimensionless turbulent energy also follows an exponential decay, showing the great in¯uence of the swirl intensity on hydrodynamic characteristics all along the length of the annulus axis. Finally, the non-axisymmetric behaviour of the ¯ow is noted, making swirl motion dif®cult to fully investigate. However, as seen in this study, PIV appears well adapted to these investigations because accurate results can be obtained using a rather simple test procedure.
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 1 Fig. 1. Test rig with schematic visualization of the swirling ¯ow and circumferential positions investigated
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 34 Fig. 3. Spatial longitudinal correlation of axial velocity ¯uctuations f l for 543 < x < 573 mm, r 35 mm, n 3p=2
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 4 Fig. 4. Axial velocity obtained with the two methods of measurements: ®rst series corresponding to axial and radial velocity acquisitions and second series used for circumferential and axial velocity acquisitions Fig. 5a±c. Spatial distribution of mean velocities for n 3p=2: a axial velocity, b radial velocity, c circumferential velocity
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 6a±c Fig. 6a±c. Spatial distribution of mean velocities for n p=2: a axial velocity, b radial velocity, c circumferential velocity
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 8 Fig. 8. Evolution of the swirl number
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 10a±c Fig. 10a±c. Axial evolution of turbulence intensities: a x 93 mm, b x 543 mm, c x 1043 mm