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The use of the last generation of Raschig's structured packings, Raschig SuperPack (RSP) has been investigated for scrubbing columns operating at high liquid loads, for their potential to increase capacity while maintaining mass transfer efficiencies at high levels. IFPEN has measured pressure drops, flooding limits, liquid and gas side mass transfer coefficients and interfacial areas for the RSP 200X. Flooding limits were in agreement with literature, however at high liquid loads and for tested X-Style RSP they were 30-40% lower than those calculated with the Winsorp Software. This indicates that extrapolation of flooding models should be used with caution to size column diameters for fluid systems and liquid loads that differ from those from which these models were derived. With the support of the present results a modified version of Winsorp has been elaborated for high liquid loads and X-Style RSP. RSP 200X develops a high interfacial area, close to the one of a standard 250 m 2 /m 3 structured packing. One important difference however has been noted about the impact of the gas flowrate on the interfacial area. While for standard packings the gas flow rate is often considered to have only a small effect on area when operating below the loading point, the effect measured on RSP200X is significant and of the same order as for liquid load. Measurements of k L a e further confirm that these latest generations of packings show different trends when compared to standard structured packings. Detailed characterization tests are therefore highly recommended to estimate the performances of these packings in terms of hydraulics and mass transfer properties. In some distant future, it is believed that CFD calculations (gas and gas/liquid) will help to better understand and model such phenomena.

Introduction

The latest generation of Raschig's structured packings RSP (Raschig Super-Pak) can be considered for scrubbing columns operating at high liquid loads, for a potential to increase hydraulic capacity while maintaining intensive mass transfer efficiencies. RSP packings are more open than standard high capacity structured packings (see figure 1b), and for that reason they are usually called hybrid packings. The RSP200X [START_REF] Schultes | Raschig Super Pak. A new packing structure with innovative advantages[END_REF]) is a relevant case study since it can develop an effective area close to the one of 250 m 2 /m 3 packings. In parallel it can handle high and wide range of liquid loads (from 10 to 120 m 3 /m 2 /hr).

Experiments have been conducted with two different columns to measure hydraulic and mass transfer performances of the RSP200X. This paper gives some results that illustrate the performances of this hybrid packing, and highlights the need to consider the effect of gas flowrate on mass transfer rates. Liquid loads of 100 m 3 /m 2 /h, and gas load factors of 4 Pa 0,5 can be reached if needed. This second column will be called D1000 in this manuscript. Both columns (D146 and D1000) are used for most of the measurements. Hydraulic parameters (pressure drop, flooding limits) have been measured with air/water system. Effective area, a e , has been measured with the absorption of CO 2 from air into NaOH (0,1N) system, which leads to a pseudo-first order fast chemical reaction [START_REF] Wang | Mass transfer coefficient and effective area of packing[END_REF][START_REF] Hoffmann | Standardization of mass transfer measurements. A basis for the description of absorption processes[END_REF]. Liquid side mass transfer coefficient, k L a e , has been measured by absorption of CO 2 diluted with air into a 3%wt MDEA solution [START_REF] Roesler | Liquid side mass transfer coefficient measurements in tall structured packing beds by reactive absorption with dilute MDEA solutions[END_REF] which leads to a slow chemical reaction. Gas side mass transfer coefficient, k G a e , has been measured in the 146 mm column only, by absorption of SO 2 diluted with air into NaOH (2N) [START_REF] Hoffmann | Standardization of mass transfer measurements. A basis for the description of absorption processes[END_REF] which leads to an instantaneous chemical reaction. For k G a e measurements, the bed height is reduced to 2 blocks (about 0.4 m), and a liquid pre-distributor is used. The experimental protocol has considered the end effects of the setup and they are subtracted in the conclusion: the k G a e had been determined from measurements with and without packing. For all measurements, gas and liquid concentrations are measured at column inlet and outlet.

Experimental facilities / methods

Hydraulics performances

Pressure drop and flooding limits were measured for Q L from 10 to 120 m 3 /m 2 /h. IFPEN measurements have been compared to the results of [START_REF] Wang | Mass transfer coefficient and effective area of packing[END_REF] and the calculations from two versions of the Raschig software: "Winsorp" and "Winsorp 2017", the latter reflecting updates including this work. It should be noted that Wang used a 430mm inner diameter column with a bed height of 3.05 m. This column will be called D430 in this manuscript. As shown in Figure 1a for 

Q L =60 m 3 /m 2 /h, IFPEN

Mass transfer performances

The experiment conducted at IFPEN has characterized the mass transfer parameters of RSP200X: interfacial area, mass transfer coefficients of the liquid phase, gas phase.

Effective area : a e

Figure 2 gives the ratio of effective areas measured by IFPEN relative to those of Wang (2015, D430), as a function of the ratio Q L /Q L,ref for a fixed F s = 1,5 Pa 0,5 . The latter is an intermediate value that is lower than the loading limit. It appears that IFPEN values can be considered in agreement with those of Wang since a 15% difference falls within typical experimental uncertainties [START_REF] Hoffmann | Standardization of mass transfer measurements. A basis for the description of absorption processes[END_REF]. However it has been found that the IFPEN values are systematically lower. Meanwhile, the figure 2 indicates that effective area measured in the D146 column is similar to the one measured in the 1000 mm column (within 5%). Therefore the difference with the results of Wang cannot be attributed either to a diameter effect or to a model effect (thermodynamics and kinetics models are identical). An effect of the liquid distributor (Wang uses a fractal liquid distributor) or a difference in the temperature used for the chemical reaction rate could explain such differences. For a fixed Q L =60 m 3 /m 2 /h, Figure 3 gives the ratio a e /a e,ref as a function of the ratio F s /F s,ref for both IFPEN and [START_REF] Wang | Mass transfer coefficient and effective area of packing[END_REF] results, where a e,ref is the effective area measured at F s = 0,65 Pa 0,5 at the respective columns. Figure 3 shows that the gas load impacts the effective area for the D430 and D1000 columns, a e could be increased by 20% (solid line). This was not expected since it cannot be explained by the hydraulics regime: the loading point is reached at F s = 2,3 Pa 0,5 for this liquid load (see Figure 1). The behaviour of the D146 is a little bit different, gas load effect is lower and not significant below a ratio of 2. This specific point has been explained by a moderate diameter effect. The impact of the gas load on the effective area has been observed for some random packings [START_REF] Wang | Review of mass transfer correlations for packed columns[END_REF], however it is not common for structured packings. Hybrid packings like RSP200X are considered between random and structured packings, this could explain present results. This seems to indicate that, for some hybrid packings, an effect of the gas load should be considered to improve the accuracy of correlative models of mass transfer parameters.

Liquid side mass transfer : k L a e

Figure 4 gives k L a e values measured by IFPEN as a function of the ratio

Q L /Q L,ref , at F s = 1.5 Pa 0,5 .
Measurements are compared to those of [START_REF] Wang | Mass transfer coefficient and effective area of packing[END_REF]. First, it should be noted that Wang uses the physical desorption of Toluene from water to measure k L a e . Thus the raw data from Wang should be corrected when the transfer of CO 2 is used in experimental tests of k L a e . In that purpose, the raw data are multiplied by the ratio of the square root of liquid diffusivities of Toluene and CO 2 into water, since there is no impact of the MDEA at 3%wt. Figure 4 shows that IFPEN and Wang measurements are in reasonable agreement. On the other hand, the values from the D146 column are significantly lower than those from D430 and D1000 columns. This confirms the existence of a significant diameter effect on the liquid phase, whereas only moderate size effects are seen on hydraulic and effective area measurements. The hydraulic diameter of the RSP200X mesh is close to 0.02 m, thus the ratio of the column to hydraulic diameter equals 7.3 for the D146. This value is lower than the one recommended by [START_REF] Olujic | Effect of column diameter on pressure drop of a corrugated sheet structured packing[END_REF] to eliminate size effects and could explain such results.

Figure 5 gives the ratio of the experimental k L a e to the one measured at F s = 0,5 Pa 0,5

, as a function of ratio

F s /F s,ref . The liquid load is fixed, Q L =60 m
3 /m 2 /h. D1000 results have been selected since those from D146 are impacted by the column diameter. A gas load effect is clearly shown in Figure 6 where k L a e increases by more than 20% for F s = 2 Pa 0,5 . This is coherent with effective area results, and confirms the need to consider a higher than usual gas load effect for structured packings. IFPEN measurements (D1000).

Gas side mass transfer : k G a e

The k G a e values have been measured in the D146 column (see chapter 2.). The IFPEN column is operated around 2 bar abs while the Wang column (2015) operates at atmospheric pressure. With these pressure differences, k G values cannot be compared directly. One should calculate the Sherwood number which considers the impact of the gas diffusivity, D G,SO2 :

,

For the present structured packing :

4 (2)
a g is the geometric specific area of the RSP200X, which is equal to 200 m 2 /m 3 . It must be noted that IFPEN k G values have been calculated by dividing k G a e with interfacial areas measured in the D146 column which differ slightly from those measured with the D1000 column (see 4.1) but are coherent with the k G a values. Figure 6 gives the Sherwood number as a function of the gas Reynolds number, and compares IFPEN values to those of [START_REF] Wang | Mass transfer coefficient and effective area of packing[END_REF]. The gas Reynolds number takes into account the impact of the pressure on the hydraulics :

(3)

Where  G is the gas dynamic viscosity (Pa.s), and  G is the gas density (kg/m 3 ).

Figure 6 shows that IFPEN measurements are in good agreement with Wang measurements. This indicates that there is a negligible diameter effect on k G which was not the case for the k L (see 4.2). The present measurements could therefore be used to build correlations for bigger columns. At Re G =3000, the Wang value is not in agreement with other ones and seems to be too low. This could be explained by the fact that at such high gas flowrates the SO 2 concentrations in the gas leaving the packing bed become very low such as to generate higher experimental errors. Upon extrapolation to the intercept, the Sherwood number follows a power law dependency of 0,83 relative to the gas Reynolds number, which is in agreement with a majority of publications that recommend 0,8 [START_REF] Wang | Review of mass transfer correlations for packed columns[END_REF]. This also confirms the fact that there is no significant diameter effect on present results. 

Conclusions

Experiments with the RSP200X Raschig hybrid structured packing have been performed in two test facilities with respective inner diameters of 146 and 1000mm. Pressure drop, flooding limits, and mass transfer parameters have been measured with system models. Hydraulics tests show that extrapolation of available flooding models should be used with caution to size column diameters, for fluid systems and liquid loads that differ from those from which these models were derived. With the support of present results, a modified version of Winsorp ("2017") has been elaborated by Raschig for high liquid loads and X-style RSP. Mass transfer tests show that a gas velocity effect should be consider on interfacial area of hybrid packings like RSP, which was not expected for any structured packing. This is confirmed by k L a e measurements. A diameter effect is highlighted for the D146 column, however this effect is on the liquid phase only (k L ). For the gas phase (k G ) this diameter effect becomes negligible. Finally, the present test results are in good agreement with those of Wang obtained with a 430 mm inner diameter column and other system model used to determine k L a e .

  Figure 1 : a/ Pressure drop of the RSP200X. Comparison of IFPEN measurements on D146 and D1000, with results of Wang (2015) on D430, and calculations of both Winsorp versions (original and revised in 2017). For Q L =60 m 3 /m 2 /h. b/ Pictures of RSP packings.
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 2 Figure 2 : Ratio of effective areas measured by IFPEN (with D1000 and D146) and by Wang (2015) on the D430 as a function of the ratio Q L /Q L,ref , at F s = 1.5 Pa 0,5 . Q L,ref =60 m 3 /m 2 /h.
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 3 Figure 3 : Ratio of measured effective area to the one measured at F s = 0,65 Pa 0,5 , as a function of F s /F s,ref at a fixed liquid load of Q L =60 m 3 /m 2 /h for IFPEN and Wang (2015) results.
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 4 Figure 4 : k L a e as a function of the ratio Q L /Q L,ref , at F s = 1,5 Pa 0,5 . IFPEN measurements vs. Wang "corrected" measurements. Q L,ref =60 m 3 /m 2 /h.
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 5 Figure 5 : Ratio of k L a e with the one measured at F s = 0.5 Pa 0,5 , as a function of F s /F s,ref and at Q L =60 m 3 /m 2 /h.
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 6 Figure 6 : Gas Sherwood number as a function of the gas Reynolds number. IFPEN measurements (D146) vs. Wang measurements (D430, 2015).