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performance and thus to open new industrial applications involving gas-liquid flows such as striping and purification of liquids by a gas.
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Introduction

In chemical industrial processes, the mixing and blending of fluids is a common and widely used operation. One of the main objectives of this process is to increase the interfacial area between the phases to improve mass and heat transfer in order to facilitate heterogeneous chemical reactions. Stirred tanks and bubbles columns are largely utilized as reactors to achieve the mixing and blending tasks [START_REF] Sánchez Pérez | Shear rate in stirred tank and bubble column bioreactors[END_REF]. Certain developments and studies in mixing have revealed that similar results can be achieved by using alternative devices such as static mixers [START_REF] Thakur | Static Mixers in the Process Industries-A Review[END_REF]. The static mixers consist of a series of elements. Each of them is designed to split and recombine the flow [START_REF] Heyouni | Hydrodynamics and mass transfer in gasliquid flow through static mixers[END_REF].

Over the last two decades, the research on static mixers gained renewed interest due to an increasing demand for efficient mixing devices in the industry. Compared to stirred tanks, the static mixers do not have any mobile part and present good mixing performance for a reduced energy consumption [START_REF] Thakur | Static Mixers in the Process Industries-A Review[END_REF]. Furthermore, they present low maintenance cost and easy installation (Madhuranthakam et al. 2009b).

In recent decades, the growing number of studies led to the birth of more and more geometries to cover a wide range of industrial applications. Several designs of static mixers are available nowadays. A classification based on the internal structure of the basic element allows us to assemble them into five mains categories: open design with helical elements, open design containing blades, multilayers design, corrugated plates design and closed design in which the elements have helical or blade shapes [START_REF] Thakur | Static Mixers in the Process Industries-A Review[END_REF].

Much of the current literature on static mixers pays attention to the examination of mixing capacity of liquid/liquid dispersions and related applications. For instance, several authors have estimated the mixing performances for several mixer geometries by injecting polymers, by injecting dye fluids, by performing CFD simulations, or by using Laser Induced Fluorescence technique in the static mixers [START_REF] Pahl | Static Mixers and Their Applications[END_REF][START_REF] Rauline | Numerical investigation of the performance of several static mixers[END_REF][START_REF] Lemenand | Droplets formation in turbulent mixing of two immiscible fluids in a new type of static mixer[END_REF][START_REF] Meijer | On the performance of static mixers: A quantitative comparison[END_REF][START_REF] Das | Laminar liquid-liquid dispersion in the SMX static mixer[END_REF][START_REF] Ghanem | Static mixers. Mechanisms, applications, and characterization methods -A review[END_REF][START_REF] Montante | Blending of miscible liquids with different densities and viscosities in static mixers[END_REF]. Other authors investigated the static mixers using the PIV mainly in single phase or liquid-liquid flows in recent years [START_REF] Voulgaropoulos | Optical measurements in evolving dispersed pipe flows[END_REF][START_REF] Alekseev | Experimental investigations of velocity fields in packed bed static mixers[END_REF]. To the best of our knowledge, the high frequency PIV has never been employed in gas-liquid flows in previous works.

A considerable number of studies have sought to determine the most suitable device conformation for each industrial application [START_REF] Hobbs | Optimization of a static mixer using dynamical systems techniques[END_REF][START_REF] Byrde | Optimization of a Kenics static mixer for non-creeping flow conditions[END_REF][START_REF] Rauline | A Comparative Assessment of the Performance of the Kenics and SMX Static Mixers[END_REF][START_REF] Ugwu | Improvement of mass transfer characteristics and productivities of inclined tubular photobioreactors by installation of internal static mixers[END_REF][START_REF] Regner | Effects of geometry and flow rate on secondary flow and the mixing process in static mixers-a numerical study[END_REF][START_REF] Meijer | On the performance of static mixers: A quantitative comparison[END_REF][START_REF] Paglianti | A mechanistic model for pressure drops in corrugated plates static mixers[END_REF][START_REF] Park | Effect of static mixer geometry on flow mixing and pressure drop in marine SCR applications[END_REF]). In gas/liquid dispersions, an open geometry with blades is usually recommended and employed [START_REF] Thakur | Static Mixers in the Process Industries-A Review[END_REF]Madhuranthakam et al. 2009a). In recent decades, there has been an increasing amount of literature and studies on gas/liquid dispersions using static mixers [START_REF] Chisti | Mass transfer in external-loop airlift bioreactors using static mixers[END_REF][START_REF] Paul | Handbook of industrial mixing[END_REF][START_REF] Taweel | Using in-line static mixers to intensify gas-liquid mass transfer processes[END_REF][START_REF] Fradette | Gas/liquid dispersions with a SMX static mixer in the laminar regime[END_REF][START_REF] Keshav | Liquid phase residence time distribution for gas-liquid flow in Kenics static mixer[END_REF]Madhuranthakam et al. 2009a;[START_REF] Tizaoui | The modelling of ozone mass transfer in static mixers using Back Flow Cell Model[END_REF]. In view of all that has been mentioned so far, one may suppose that the SMX TM Sulzer static mixer is highly adapted for this dispersion, since this mixing device is structured with oblique open blades. The present study examines the interaction between two different phases of a gas-liquid dispersion and the SMX in a laminar flow regime. Local turbulent perturbations cannot be excluded.

As a starting point of the investigation, the organic liquid is kept stationary and its motion is induced by gas bubbles rising through it. Among classical gas-liquid contactors, the liquid phase is usually stagnant in bubble columns while it can be either stagnant or mobile in structured packings [START_REF] Engel | Fluid Dynamics of Packings for Gas-Liquid Contactors[END_REF][START_REF] Wild | Some Aspects of the Hydrodynamics of Bubble Columns[END_REF][START_REF] Luo | Effect of Channel Opening Angle on the Performance of Structured Packings[END_REF]. The static mixers are quite similar to packings. Even if the liquid motion was effectively considered in this work, the negligible effect compared to a stagnant liquid allowed to focus on the case of a stagnant liquid. The major objective of this work is to apply sophisticated methods to analyze the behavior of the SMX TM Sulzer static mixer in these conditions. Furthermore, the stagnant liquid allowed either to perform the analysis with fewer errors or to serve as a reference for further investigation with a flowing liquid.

The initial objective of this study is to address the feasibility of using static mixers for G/L applications in chemical engineering, like for liquid stripping or for treatment of gases. The results gained in this study will be further harnessed to develop a model of G/L interfacial exchange in the SMX TM Sulzer static mixer as well as a bubble breakup and coalescence model. The present paper characterizes the hydrodynamics of the SMX by using two optical methods: the Particle Image Velocimetry (PIV) and the Backlight Shadowgraph Technique (BST). The above techniques were commonly employed to investigate the hydrodynamics of multiphase flows [START_REF] Chen | Particle Image Velocimetry for Characterizing the Flow Structure in Three-dimensional Gas-Liquid-Solid Fluidized Beds[END_REF][START_REF] Delnoij | Ensemble correlation PIV applied to bubble plumes rising in a bubble column[END_REF][START_REF] Delnoij | Measurement of gasliquid two-phase flow in bubble columns using ensemble correlation PIV[END_REF]Deen et al. 2002a;Deen et al. 2002b;[START_REF] Boyer | Measuring techniques in gas-liquid and gasliquid-solid reactors[END_REF][START_REF] Zaruba | Experimental study on bubble motion in a rectangular bubble column using high-speed video observations[END_REF][START_REF] Deen | On image pre-processing for PIV of single-and two-phase flows over reflecting objects[END_REF]Willems et al. 2010;[START_REF] Sathe | Advanced PIV/LIF and shadowgraphy system to visualize flow structure in two-phase bubbly flows[END_REF][START_REF] Sobieszuk | Hydrodynamics and Mass Transfer in Gas-Liquid Flows in Microreactors[END_REF][START_REF] Sathe | Characterization of turbulence in rectangular bubble column[END_REF][START_REF] Ayati | Combined simultaneous twophase PIV and interface elevation measurements in stratified gas/liquid pipe flow[END_REF][START_REF] Laupsien | Bubble Plume Oscillations in Viscous Fluids[END_REF]). Most of the previous studies used these optical techniques for studying bubble columns, microreactors and gas-liquid-solid fluidized beds. For instance, Deen et al.

(2010) introduced innovative PIV pre-processing technique for single and two phases flows. [START_REF] Willems | Use of Particle Imaging Velocimetry to measure liquid velocity profiles in liquid and liquid/gas flows through spacer filled channels[END_REF] used PIV in liquid and gas/liquid flows through spacer filled channels.

In the present study, we applied similar techniques to quantify the flow pattern inside the SMX static mixer. The main objective of this work is to present an innovative experimental investigation of gas-liquid flows in the static mixers. Furthermore, the main advantages and drawbacks of the Backlight Shadowgraph Technique (BST) and Particle Image Velocimetry (PIV) were reported. The gas hold-up in different operating conditions is also estimated. This is an important parameter as it is related to the interfacial area between the phases. The effect of the SMX mixing elements on the velocity flow field is quantified.

As mentioned above, experiments with liquid circulation, both counter-current and cocurrent, were nevertheless carried out to verify the congruence of results. The findings highlighted no relevant difference when the liquid flows in the laminar regime, namely Re < 15 [START_REF] Li | Pressure Drop of Newtonian and Non-Newtonian Fluids Across a Sulzer SMX Static Mixer[END_REF]). The bubbles distributions, mean bubble diameters and velocities remained almost unchanged. The highest deviations observed of these last two parameters were lower than 2%.With respect to bubbly flows in a bubble column without internals, a static mixer in a column opens new applications for gas-liquid flows and also presents more challenging issues as packing optical obstruction for the PIV technique. To our best knowledge, there is no work reported yet in the literature within a transparent static mixer thanks to the recent technique of 3D printing.

Experimental setup

Fluids used in the experiments

For the present research, the normal-heptane was chosen as continuous phase. This liquid compound represents an optimal compromise between similar physical properties to some industrial feed (gasoline, for instance) and safety issues in the laboratories. Furthermore, the n-heptane's chemical inertness ensures the reproducibility of the experiments. For the gas phase, nitrogen was selected to be the dispersed phase because it is a non-reactive and stable compound. Taken together, both fluids guaranteed a high number of re-uses of the same solution. The n-heptane has a density of 684 kg/m 3 and a viscosity of 4.10 x 10 -4 Pa s. The surface tension between the nitrogen and the n-heptane is 0.020 N/m. Three different flow rates were examined: 1 L/h, 2.5 L/h and 5 L/h. The corresponding superficial velocities were 1.35 mm/s, 3.37 mm/s and 6.74 mm/s.

Set-up

The investigation methodologies, namely PIV and shadowgraph technique, require a clear optical access to the system. This conducted us to use transparent materials. The cylindrical column, made of glass, was placed inside a box of squared section in order to reduce image distortion. This external jacket was filled with n-heptane as well. Thanks to the above strategy, optical distortion was completely avoided. The degree of image distortion was checked by inserting a ruler inside the column and by verifying the calibration between the real sizes and the sizes collected by the camera lens.

The behavior of the bubble column, namely the empty column without the SMX mixer inside, was analyzed as well. Data gathered from the bubble column revealed to be useful for a comparison with SMX static mixers. The column has a diameter of 16.2 mm and its height is 450 mm. The SMX TM Sulzer geometry was employed in all the experimental analyses performed. The static mixers are constituted by an elementary unit, usually called element, which is repeated and rotated along the main axis. The number of mixer elements depends on the application of the device. Moreover, the number of mixer elements characterizes the device and has a considerable influence on its behavior [START_REF] Settles | Schlieren and Shadowgraph Techniques: Visualizing Phenomena in Transparent Media[END_REF].

Fig. 1 depicts one of the mixer structures used during the experiments. The device reported has 10 mixing elements. Mixers with 5 and 15 elements were examined as well. As presented in Fig. 1, each element is rotated by 90 degrees with respect to the previous one. Moreover, the elements are made by a series of inclined blades to 45 degrees from the axis. The standard SMX Sulzer presents some geometric constraints such as the unitary ratio of the element length over its diameter. was possible to make fully transparent plastic SMX mixers. The Accura ClearVue™ refractive index is 1.5 whereas that of n-heptane is 1.39. These values proved to be close enough to ensure satisfactory transparency for the optical visualization (cf. Fig. 9). These mixers present the same element dimensions, as shown in Fig. 1. The width (resp. thickness) of a single crossbar is 1.98 mm (resp. 1 mm). The length and diameter of an element is 15.8 mm. The ratio between diameter and length of an element is thus 1, which conforms to the standard SMX definition [START_REF] Liu | Design modifications to SMX static mixer for improving mixing[END_REF][START_REF] Settles | Schlieren and Shadowgraph Techniques: Visualizing Phenomena in Transparent Media[END_REF]). The 5, 10, 15 elements devices have an overall length of 79, 158 and 237 mm respectively. The distance between the top of the gas injector and the mixer was kept constant at 100 mm during all the tests. This space was largely enough for bubbles to reach their steady state rising velocity.

The nitrogen flow rate was controlled through an electronic valve connected to a flow regulator. The flow controller employed (Brooks Instrument Flow Controller) is accurate as the maximum potential error during the flow regulations is lower than 2%. The effect of two different nozzle diameters was analyzed, namely 0.25 mm and 1 mm. The nitrogen inlet pressure was settled and maintained to 2 bars using a pressure regulator valve.

Measurement techniques

The measurement methods adopted were the Backlight Shadowgraph Technique (BST)

and the particle image velocimetry (PIV). The objective was to estimate the gas hold-up, the bubbles' sizes, shapes, paths and rising velocities inside the static mixer. The liquid velocity fields were quantified as well through the high-speed PIV. To estimate the gas hold-up, a series of images was collected with a very low frequency, namely 5 Hz. The first frame of the series was acquired without gas. This first frame measured the initial state of the liquid level.

Then, by injecting the gas, images with a higher liquid level were recorded. The presence of nitrogen bubbles within the system increases the overall liquid volume. This volume difference was estimated by comparing the first image with the others. The software imageJ® was employed to make the calibration and to estimate the increment of the liquid level.

The Particle Image Velocimetry

Particle Image Velocimetry (PIV) is an optical and non-intrusive methodology to measure instantaneous flow velocities [START_REF] Link | Validation of a Discrete Particle Model in a 2D Spout-Fluid Bed Using Non-Intrusive Optical Measuring Techniques[END_REF]). This technique is based on image processing of two consecutive frames acquired at a known time interval [START_REF] Sathe | Advanced PIV/LIF and shadowgraphy system to visualize flow structure in two-phase bubbly flows[END_REF]). The PIV is commonly employed to examine liquid flow or gas-liquid flow [START_REF] Sathe | Advanced PIV/LIF and shadowgraphy system to visualize flow structure in two-phase bubbly flows[END_REF]) even with relatively high gas holdup (Deen et al. 2002b;[START_REF] Liu | Study of Bubble Induced Flow Structure using PIV[END_REF][START_REF] Kováts | Characterizing fluid dynamics in a bubble column aimed for the determination of reactive mass transfer[END_REF]. In our PIV measurements, a method similar to that described in [START_REF] Deen | Comparison of PIV and LDA Measurement Methods Applied to the Gas-Liquid Flow in a Bubble Column[END_REF] and [START_REF] Funfschilling | Flow of non-Newtonian fluids around bubbles. PIV measurements and birefringence visualisation[END_REF] was used. In multiphase flows, the PIV shows certain limitations [START_REF] Raffel | Particle Image Velocimetry. A Practical Guide[END_REF][START_REF] Funfschilling | Flow of non-Newtonian fluids around bubbles. PIV measurements and birefringence visualisation[END_REF]). Among them, the major limitations encountered in this study were the sedimentation of the seeding particles, and the shadows created by SMX and bubbles. Lastly, the light diffraction on the phase boundaries, SMX and column walls required the use of a specific strategy. The above limitations were partially resolved by employing suitable fluorescent seeding particles. The seeding particles used are fluorescently labelled polystyrene particles (PS-FluoRed). The tracer formation process generates polymer particles with optimal properties such as high monodispersity, spherical shape, brilliant fluorescence and minimized dye leaching into the surrounding medium. These spherical particles have a diameter of 25.07 μm with a standard deviation of 0.20 μm, their density is 1.05 g/cm 3 , and their refractive index is 1.59. Furthermore, they have the property to absorb the laser light with a wavelength of 532 nm and to emit it with a wavelength of 607 nm. This specific property allowed us to use a filter to remove all of the reflected and scattered laser light from the static mixer, the column, and the bubbles. This filter allowed only the light with wavelength between 595 nm and 615 nm to reach the camera lens. The above strategy improved the quality of the investigation significantly. One major drawback of this tracer is its sedimentation velocity of up to 0.3 mm/s estimated with the Stokes law (G. Stokes 1850).

This value was confirmed by the PIV results as well. The corresponding Stokes' relaxation time is 89 µs for these seeding particles and can be considered suitable enough for the time scale during the PIV experiments.

The sedimentation drove us to remove the solution from the column at the end of each experiment. The solution containing the particles was then collected in a dedicated agitation system that ensured its homogeneity. This approach guaranteed reliable results and repeatability of experiments. The PIV images were acquired through a high-speed and highresolution camera, namely the FASTCAM SA-Z with 12-bit dynamic range and a resolution of 1 024 x 1 024 pixels. This camera is equipped with a highly light-sensitive image sensor (monochrome ISO 50,000). The high power diode pumped Nd:YAG Laser was employed in the PIV investigation. This is a dual oscillator head with a high repetition rate and an average power of 120 W. Two different frequencies were used to perform data acquisition. The instantaneous flow velocities were acquired at 100 Hz. The laser time pulse ranged from 2 ms to 8 ms (from 500 Hz to 125 Hz) with a view to achieve the optimal displacement of the particles between the two consecutive frames required for the velocity field computation. The laser and the camera were connected via TTL inputs/outputs with a high efficiency synchronizer. The laser emits high-energy, monochromatic light with a wavelength of 532 nm. For each configuration, namely with different gas superficial velocities, mixer length and diameter of the injector, 7 500 flow fields were acquired in total and processed to obtain the averaged flow field. The 7 500 fields were collected through 5 different repetition tests, each corresponding to 1 500 flow fields. For each test, the solution containing the seeding particles was removed from the column and stirred for at least 2 minutes before reuse.

The pulsed light was converted into a laser sheet by using a series of curved mirrors and lenses. The laser sheet was focused in the middle section of the column, along the axial direction, and the lighted seeding particles located on this plane were then acquired by the camera. The laser sheet can be considered two-dimensional because of its small thickness in the orthogonal direction. The plane position and thickness in both sides of the jacket were checked daily and kept constant. The calibration, the distance between the camera lens and the column, and the relative position of both devices were controlled as well. To increase the quality and the resolution of acquisitions, the SMX mixers' elements were examined in groups of five. This decision represents a fair compromise between image quality and the number of elements visualized on each image. Data were collected and analyzed by DaVis-LaVision® software. These PIV images were subdivided into small interrogation windows.

The seeding particles' displacement within these windows were measured by crosscorrelation of two consecutive frames. The velocity fields were calculated from the time interval between the frames (Δt) and the measured displacement. The adaptive PIV scheme was selected in order to achieve the suitable image treatment. The multi-pass option permitted to decrease progressively the investigation window size. The window ranged from 64 x 64 pixels to 8 x 8 pixels. The noise was removed by applying a Gaussian filter. The Davis posttreatment algorithm and image-filtering allowed proper phase discrimination: the bubbles were completely removed by the PIV raw images if they were located on the laser plane.

The shadowgraph

In addition to the PIV applied to the continuous liquid phase, the shadowgraph was implemented to achieve an accurate estimation of bubbles' sizes and velocities as a tracking technique for the dispersed phase. This method of analysis is frequently used to investigate dispersed systems characterized by high contrast between the phases [START_REF] Settles | Schlieren and Shadowgraph Techniques: Visualizing Phenomena in Transparent Media[END_REF]. The images acquisition setup used in the experiments is analogous to the one described by [START_REF] Laupsien | Bubble Plume Oscillations in Viscous Fluids[END_REF]. The technique is based on the shadows created by bubbles rising in the stagnant n-heptane. A EFFILUX LED panel was mounted behind the column as a light source. The distance between the panel and the column was 0.7 m. The monochrome LED panel ensured a homogeneous lighting and provided a high illumination density (max 4000lm). Particular care was given to the LED panel position, optimized to prevent any shadowing and reflection phenomena. Well-outlined shadows were created by the bubbles.

The recording of these shadows was obtained by a high-speed camera located in front of the column. The same camera as for the PIV was employed. The lens was changed, and the filtering system removed. As previously mentioned, the cylindrical column produces a lens effect totally cancelled out by the surrounding square jacket filled with n-heptane. It is worth noting that the refractive indices of heptane, glass and the plastic material of the mixers are close to each other. The mixer and the column are thus almost invisible from outside the cubic box.

Photron-FASTCAM® enabled full control of the camera parameters, such as the frame acquisition rate, the image resolution, and the exposition time. The acquired images had a resolution of 256 x 1024 pixels, corresponding to 25 x 100 mm (about 10.2 pixel/mm).

Although the camera employed was capable of acquiring up to one million frames per second, a frequency of 500 fps was considered suitable for the shadowgraph investigation. In fact, this acquisition frequency permitted to obtain an optimal mean bubble displacement between two consecutive frames, corresponding to 0.1 -0.2 mm. Monitoring displacements below this range requires a higher acquisition frequency, leading to an increase of the amount of data recorded and it complicates post-processing. Higher frequency tests were conducted and led to the same results.

As for the PIV experiments, the shadowgraph tests of the SMX were conducted by splitting the elements into groups of five elements to achieve an optimal image resolution. To increase the reliability of the PIV and shadowgraph imaging technique, each experiment was repeated five times with five-minute intervals between them. An algorithm for the post-treatment of the images was implemented in Halcon®. As the first step of the post-treatment, the background of the images was isolated and removed from each frame and the contrast between the liquid and gaseous phase was artificially increased. A threshold permitted us to isolate the bubbles. A region number was assigned to each bubble. Subsequently, the Halcon®'operator elliptic_axis was chosen to estimate the bubbles' size and position. The operator elliptic_axis estimates the radii R a and R b and the orientation of the ellipse having the same aspect ratio of the input region. The optical_flow_mg operator with the FDRIG algorithm was employed to compute the optical flow between two images [START_REF] Brox | High Accuracy Optical Flow Estimation Based on a Theory for Warping[END_REF]).

This optical flow represents the movement between two consecutive images and allowed the estimation of the bubbles' velocities. The Halcon® algorithm is able to determine bubbles' velocities, formation frequency, position and shape.

Results and discussion

Gas hold-up

The gas hold-up experiments were conducted using both the plastic SMX mixers and the empty bubble column. Increments of the n-heptane level were measured once nitrogen bubbles were generated in the system. The initial liquid level (h i ) and the expanded liquid level after gas injection (h f ) were measured by analyzing the image sequences. Measure errors in locating the liquid head cannot be prevented because of its fluctuation. In fact, bubbles burst at the heptane surface and induced oscillations. To compensate for these perturbations, several images were acquired to average the liquid level. In order to assess reliable values of hold-up, repeated calibration was performed to obtain scale factor from pixel to mm. At least 50 images were averaged to estimate the mean increment of liquid level. This number of frames was considered acceptable to estimate suitable mean values of the liquid level. The hold-up value revealed, in fact, to be unchanged by increasing the number of frames acquired.

Experiments smaller injector leads to smaller bubbles, then lower terminal velocities, higher residence time and then a higher hold-up of nitrogen. This was found to be true except for the higher superficial gas velocity. This uncommon behavior is mainly due to a transition of the bubbles' formation regime towards a jet regime.

Different considerations can be deducted from the data collected by employing the SMX mixers. The hold-up values resulting from the smaller nozzle (dn = 0.25 mm) and lowest superficial gas velocity (V s =1.35 mm/s) appear to be almost constant. A possible explanation for this peculiar behavior might arise from bubbles' sizes in these conditions. The small bubbles generated can potentially rise into the mixer more swiftly, without interacting with each other, except in the first elements of the device. The coalescence and breakup phenomena are restricted in these circumstances. Looking at all the other cases examined, we notice that the gas holdup increases with the number of elements. The larger nozzle diameter appears to increase the gas hold-up significantly, for all superficial gas velocities (see Fig. 2).

Besides, the effect of the nozzle size on the gas hold-up cannot be neglected even by employing 15 elements. Nevertheless, an equilibrium between coalescence and breakup phenomena cannot be excluded particularly in the last elements of the mixer. These observations are further discussed in the next section.

Particle Image Velocimetry results

The PIV technique was employed to examine the liquid velocity fields in two configurations: the empty column and the column with the SMX. As reported in section 2.3.

Measurement techniques, 7 500 frames were acquired to enhance the accuracy of the results.

The data obtained from the empty column led to the expected results. The velocity fields collected are well delineated: an up-flow was detected near the bubbles rising through the stagnant n-heptane, while a down-flow was measured near the column walls. This is confirmed by both the instantaneous and averaged liquid flow fields. Fig. 3 illustrates some velocity fields obtained by the PIV performed in the column without the SMX. The motion of the liquid phase due to a bubble passage can be identified by looking scrupulously at the picture on the right of Fig. 4, where the bubbles' shapes are reported as well. For instance, an up-flow was observed in proximity of the three rightmost bubbles.

Some velocity fields, however, may not match the expected mid cutting plane pattern through a bubble as in the case of the leftmost bubbles. This is due to the fact that the cutting plane of Fig. 4 is shifted along the third direction with respect to the bubbles' mid centerline plane.

Flow patterns become more complicated to interpret for larger gas superficial velocities due to the presence of numerous bubbles. Indeed, the lower superficial gas velocity employed, namely 1.35 mm/s, allowed to isolate the bubbles. The main liquid flows were located in the zone of bubbles' passage. Up-flows were generally observed in the bubbles' proximity, in front of a bubble and in its wake, when looking in a median cutting plane of the bubble.

Down-flows were usually encountered in the lateral sides of the bubbles' paths. We observed a reduction of the velocities, due to lower bubbles velocities inside the mixer. The bubbles velocities are approximately 2 or 3 times smaller inside the mixer. The PIV results suggest that the bubbles rise in the wake left by the previous ones. This behavior implies some preferential paths in the SMX static mixer. It is worth mentioning that in Fig. 5 the flow field is quite scarce in the upper part of the static mixer (r.h.s) due to the presence of several bubbles in this zone (l.h.s). The gas-liquid interfaces of bubbles reflect the laser, making the tracking of seeding particles difficult.

The high acquisition frequency allowed to detect rapid phenomena like bubble deformation and break-up. On the other hand, the findings in this study are subject to some limitations.

Firstly, the PIV technique is only 2D planar. Furthermore, it was not possible to collect data in the regions close to the SMX elements' bars and in the regions characterized by high values of local hold-up. In fact, the quality of PIV results decreases with the amount of bubbles. The presence of bubbles creates black zones and shadows. In these areas, it was often complicated to measure the flow field. This is a well-known problem of the PIV measurements in multiphase flows [START_REF] Funfschilling | Flow of non-Newtonian fluids around bubbles. PIV measurements and birefringence visualisation[END_REF]. The DaVis-LaVision® software permitted a preprocessing of the raw PIV images capable to remove the bubbles interference and to enhance the light emitted by the particles, namely by filtering and normalizing the pixels intensity. This approach allowed us to partially solve the problem related to the local increment of the gas hold-up. The results from the empty column and the SMX mixer were further compared in order to reveal the effect of the mixing device. We split the velocity vector into two components along the horizontal (Vx) and upward vertical (Vy) directions in order to simplify the following discussions. The horizontal (Vx) and vertical (Vy) liquid velocities' probability distributions found for V s =3.37 mm/s are reported in Fig. 6 and Fig. 7. The possible interference of the particles' sedimentation velocity was removed from the data by subtracting the sedimentation velocity from the vertical components (Vy). The vertical liquid velocities decreased significantly in favor of horizontal velocities in the SMX mixer. The maximum magnitude of the liquid velocities detected inside the static mixer were between 10 cm/s (V s =1.35 mm/s) and 15 cm/s (V s =3.37 mm/s). However, the percentages of high velocities were much lower when the mixer is used than in an empty bubble column. As expected, velocities in the empty bubble column were found to be inherently related to the bubble rising velocities, with maxima of approximately 20 cm/s.

Velocities higher than 0.15 m/s and lower than -0.15 m/s were neglected. However, they represent less than the 0.1 % (resp. 0.05%) for the empty column.

The histogram of vertical velocity component on the right is more spread than the horizontal components histogram, which means that higher axial velocity components (Vy)

were obtained. The probability distribution of the horizontal component (Vx) of the velocities is fully symmetric. Fig. 7 depicts the distribution of liquid velocities found inside the 10 elements mixer. We noted several differences compared to the empty column. They can be explained partly by the particular geometry of the SMX. The 45° bars divert the bubbles' paths, thus causing changes in the velocities of the liquid phase. 

Shadowgraph results

The relatively low surface tension between the two phases makes the shadowgraph investigation more interesting because of the higher amount of coalescence and break-up events. To assess the shape and rising velocity of the bubbles, the backlight shadowgraph technique was employed. The number of events collected and examined, ranging from 70 000 to 100 000, was considered large enough to estimate the mean properties of the system [START_REF] Buffo | Experimental determination of size distributions. Analyzing proper sample sizes[END_REF]. The bubble diameter was estimated by applying the hypothesis that bubbles are shaped as ellipsoids [START_REF] Grund | Gas-Liquid mass transfer in a bubble column with organic liquids[END_REF][START_REF] Lage | Experimental determination of bubble size distributions in bubble columns: prediction of mean bubble diameter and gas hold up[END_REF][START_REF] Bouaifi | A comparative study of gas holdup, bubble size, interfacial area and mass transfer coefficients in stirred gas-liquid reactors and bubble columns[END_REF][START_REF] Kazakis | Experimental study of bubble formation at metal porous spargers: Effect of liquid properties and sparger characteristics on the initial bubble size distribution[END_REF]. Based on this assumption, an equivalent bubble diameter can be estimated. This diameter is defined as the diameter of the sphere whose volume is equivalent to the ellipsoidal bubble volume [START_REF] Lage | Experimental determination of bubble size distributions in bubble columns: prediction of mean bubble diameter and gas hold up[END_REF]. This hypothesis was later verified.

The amount of gas contained throughout the system with and without static mixers was recomputed by summing up the volumes of all the bubbles. These integrated values were found comparable with the experimental values reported in the section 3.1. Gas hold-up. The maximal deviation observed is lower than 5%. This dissimilarity could be attributed to the ellipsoidal assumption made about bubbles shapes. The satisfactory comparison between these two different methods reveals the accuracy of the images post-treatment algorithm implemented in Halcon® and Matlab®. The Halcon® treatment has proven to be robust and efficient as it was able to detect more than 95% of the bubbles.

A first set of images was collected to examine the characteristics of bubbles flowing in the empty column. When comparing the bubbles' shapes and velocities in the empty column with the ones detected before the SMX, no significant difference was identified. This suggests that the mixer does not affect the bubble shape and velocity in the upstream region. This observation remains valid in regions far from the SMX, roughly larger than two-cylinder diameters. Fig. 8 provides the density probability distributions of the bubbles' diameter for certain operating conditions in the simple column without a mixing device and at the outlet of the SMX.

From the first plot illustrated in Fig. 8 (a), it can be seen that the distribution obtained using the bigger nozzle is quite narrow around the Sauter diameter. The distribution resulting from dn=0.25 mm and V s =3.37 mm/s presents a different trend, with a secondary peak corresponding to small bubbles (de about 0.8 mm). This is explained by a different detachment regime for the bubbles. It was not possible to predict bubbles' characteristics for the higher gas superficial velocity due to overlaps of bubbles that prevent estimating their diameter.

The equivalent bubble diameters were also measured after the outlet of the static mixers.

As shown in Fig. 8, the bubble distributions changed considerably at the mixer exit of the Zigzag and/or spiral bubble paths were often observed in the experiments. A statistical analysis of the probability to find bubbles throughout the system was performed by analysing the instantaneous images. The results obtained on the column without SMX revealed that the probability of finding a bubble in the centre of the column is higher than near the walls. These results are consistent with those of other studies [START_REF] Saffman | On the rise of small air bubbles in water[END_REF][START_REF] Clift | Bubbles, drop and particles[END_REF][START_REF] Lunde | Shape Oscillations of Rising Bubbles[END_REF]). An identical analysis was performed for the 5, 10 and 15 elements SMX.

Since other SMX lengths lead to similar data, Fig. 9 shows only the 10 elements results.

Compared to the bubble column, the instantaneous and mean probabilities of finding bubbles inside the mixing device are higher. The static mixer is decreasing the bubbles velocities and is therefore increasing their residence time. Another observation emerges from the images of Fig. 9: the bubbles rise in the SMX by following preferential paths. These preferential paths are mainly close to the mixer-inclined bars. Furthermore, zones with a null probability (lower than 0.5%) of finding bubbles can be distinguished (white regions). Down-flows were confirmed in these zones by the PIV technique. 

Discussion and validation of optical methods

Both the PIV and the shadowgraph results provide new insight into the two-phase flow pattern inside the static mixer. As shown in Fig. 10, the PIV findings match those observed in the shadowgraph. Up-flows were observed in high probability zones of bubbles passages. On the other hand, down-flows were recorded in low probability areas. The first element of the static mixer was considered appropriate to make this comparison because of its lower measurement errors. operating conditions are available in the literature [START_REF] Harmathy | Velocity of large drops and bubbles in media of infinite or restricted extent[END_REF][START_REF] Mendelson | The prediction of bubble terminal velocities from wave theory[END_REF][START_REF] Wallis | The terminal speed of single drops or bubbles in an infinite medium[END_REF][START_REF] Tomiyama | Drag Coefficients of Single Bubbles under Normal and Micro Gravity Conditions[END_REF][START_REF] Raymond | A numerical and experimental study of the terminal velocity and shape of bubbles in viscous liquids[END_REF][START_REF] Tomiyama | Single bubbles in stagnant liquids and in linear shear flows[END_REF][START_REF] Tomiyama | Single bubbles in stagnant liquids and in linear shear flows[END_REF] proposed a correlation that allows the calculation of the terminal velocity for a distorted oblate spheroidal bubble:

𝑉 sin √1 𝐸 𝐸√1 𝐸 1 𝐸 𝜌 𝜌 𝑔𝑑 2𝜌 𝐸 / 1 𝐸 8 𝜎 𝜌 𝑑 𝐸 / (3.2)
In this correlation, only valid for oblate spheroids, the terminal velocity V T depends on the bubble diameter d b , the fluid properties and the aspect ratio E less than 1. The aspect ratio is defined as the ratio of the polar lengths to equatorial lengths. The bubbles' aspect ratio was estimated in order to evaluate the terminal velocity for our experiments. The post-processing of the shadowgraph acquisitions revealed that the value of mean vertical velocity in the empty column is about 19 cm/s when the 1 mm nozzle is used. This value is close to 19.5 cm/s estimated by to the above empirical correlation. Switching from the 1 mm to the 0.25 mm nozzle, the bubbles mean axial velocity decreased to 17.3 cm/s, relatively close to 17.6 cm/s from the correlation of [START_REF] Tomiyama | Single bubbles in stagnant liquids and in linear shear flows[END_REF].

As aforementioned, the rising velocity of bubbles allowed the estimation of their mean residence time. The minimum distance travelled by a bubble was measured by assuming its passage on the shortest path possible, namely moving with a straight path along the axial direction. The bubbles' velocities and their rising path length allowed us to determine the mean residence time under various operating conditions. The findings suggest that the mixer enhances at least twice the mean residence time. The formation frequency of bubbles was also calculated by recording the nozzle area. 

Conclusion

The main goal of the present work was to characterize the two-phase hydrodynamics in Sulzer SMX TM static mixers with different lengths. The experimental investigation was performed by bubbling nitrogen in stagnant liquid normal-heptane under various operating conditions: different superficial gas velocities, different mixer lengths and two nozzle sizes.

The bubbles' sizes, shapes, velocities and positions were quantified. An image postprocessing was implemented to estimate the mean Sauter diameter of the bubbles at inlet and outlet of the SMX mixers. The capability to predict the real sizes, the shapes and velocities of bubbles was verified by conducting several comparisons with empirical correlations and data reported in the literature. The liquid velocities were measured by the PIV technique for the first time owing to the transparent 3D printing.

The obtained results reveal that the SMX substantially increases the gas hold-up and the residence time of bubbles. An increase of coalescence and breakup phenomena was observed at high hold-up value under the highest gas superficial velocity. The second major finding was the existence of preferential paths inside the mixer. This could potentially affect the mass transfer throughout the device. Furthermore, this study suggests that the 15 elements SMX is long enough to ensure a dynamic equilibrium between the coalescence and break-up of bubbles flowing through the device. The static mixer exhibited a viable effectiveness in the redistribution of bubble sizes and positions passing across the mixer. Although the coalescence phenomena in the mixer can lead to large bubbles, a considerable percentage of small-scale bubbles (diameter smaller than 0.5 mm) was detected. In future investigations, it might be possible to use the experimental approaches presented in this work in order to collect further data, focusing on bubble breakup and coalescence phenomena. 

Caption of figures

Caption of table

Fig. 1 .

 1 Fig. 1. Details of the 10 elements SMX static mixer. The length unit is mm.

Fig. 2 .
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 3 Fig. 3. PIV results in the simple column: instantaneous vector field colored by velocity magnitude (l.h.s.) and averaged vector field in the same column section (r.h.s.). Results obtained with dn=1 mm and V s =1.35 mm/s.
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 4 Fig. 4. Raw PIV image and instantaneous flow field in the first SMX element (colored by axial component of velocity). dn=0.25 mm. V s =1.35 mm/s.
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 5 Fig. 5. Raw PIV acquisition in the first 2 elements of the 10 elements device (l.h.s.) and corresponding instantaneous vector field colored by velocity magnitude (r.h.s.). Results obtained with dn=1 mm, V s =1.35 mm/s.
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 6 Fig. 6. Liquid velocities distributions measured in the x-axis component (left) and y-axis component (right) in the column without SMX. dn = 0.25 mm. V s =3.37 mm/s.
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 7 Fig. 7. Liquid velocities distributions measured by the PIV in the x-axis component (left) and y-axis component (right) in the column with SMX. dn = 0.25 mm. V s =3.37 mm/s.
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 8 Fig. 8. Equivalent diameter distributions measured under different operating conditions: a) empty column, b) outlet of the 5 elements, c) outlet of the 10 elements, d) outlet of the 15 elements. V s =3.37 mm/s.
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 9 Fig. 9. Shadowgraph acquisitions and respective bubble occurrence probability detected in the 10 elements SMX fed by dn: 0.25 mm (left) and dn: 1 mm (right).
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 10 Fig. 10. Detailed views of the 1 st SMX element. dn: 1 mm. V s =1.35 mm/s. From left to right: a) Instantaneous bubble image, b) Bubble mean occurrence c) Mean PIV velocity field d) Mean vertical velocity profile (Vy).
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 11 Fig. 11. Vertical velocity components (Vy) distributions in the simple bubble column (left) and in the 10 elements SMX (right). dn=1 mm. V s =1.35 mm/s.
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Table 1 :

 1 It should be noted that the presence of the static mixer inside the column does not affect the bubble formation frequency. The formation frequency of bubbles and the flow rate permits the estimation of the bubbles mean diameters. The diameters estimated by the bubbles' shadows are reported in the last column. The maximum deviation is less than 15%. Bubbles characteristics obtained by the post-treatment of the shadowgraph images.

	Nozzle	Superficial	Frequency	Calculated	Shadows
	diameter	gas velocity	formation	diameters	estimated
	[mm]	[mm/s]	[bubbles/s]	[mm]	diameters [mm]
	0.25	1.35	68	1.98	1.91
	0.25	3.37	89	2.45	2.17
	1	1.35	25	2.76	2.70
	1	3.37	45	3.09	3.05

The major results are gathered in Table

1

.

Table 1 .

 1 Bubbles characteristics obtained by the post-treatment of the shadowgraph images. ...................................................................................................................................... 32

Velocities were obtained by tracking the bubble displacement every 0.02 s. This short time interval was required in order to limit errors in the post-treatment process. The wide distribution may be due to both the oscillation of bubble shape and trajectory. In fact, the zigzag and spiral rising causes shape deformation and velocity instability. It is widely documented that the continuous changes of the bubble shape significantly affect the rising velocity [START_REF] Saffman | On the rise of small air bubbles in water[END_REF][START_REF] Mougin | Path Instability of a Rising Bubble[END_REF][START_REF] Tripathi | Dynamics of an initially spherical bubble rising in quiescent liquid[END_REF]. The bubbles' velocities evolved considerably when the SMX was employed. The histogram of the frequency distribution of vertical velocity components is significantly altered as outlined in Fig. 11 (r.h.s.).

The instantaneous bubbles' velocities inside the mixer are scattered over the range 0-24 cm/s. Bubble overlap phenomena in the SMX mixer introduced measurement errors especially for the estimation of the velocities under high gas superficial velocities. The mean axial velocity detected inside the SMX is about 8 cm/s (dn = 1 mm. Vs = 1.35 mm/s). A similar value was found for the horizontal component of the velocity in all of the elements facing the camera. The mean velocity in the first element (12 cm/s) is relatively higher than the others. Furthermore, no relevant changes of bubbles' mean velocity were observed inside the mixer after the third element.

A considerable amount of bubbles shows negligible velocity. These null values were mainly detected in proximity to the SMX crossbars. There are several possible explanations for this behavior. Firstly, the gap between the bars might be smaller than the bubble diameter, acting therefore as an obstacle. Furthermore, the space available decreases in some specific regions such as those at the connections between two consecutive elements. The energy required for the bubbles' deformation significantly affects the velocities.

A comparison between the measured velocity of the bubbles and those estimated by an empirical correlation was done. Various correlations for bubble rising velocity under different