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Abstract

:

The optimal design of packed columns for separation processes is strongly dependent on an accurate prediction of the fluid flows in the packing. Insufficient knowledge about the complex factors and mechanisms governing hydrodynamic effects is compensated for by empirical information. The present study fills the gap in experimental data about the liquid phase distribution in plastic Raschig Super-Ring (RSRP) packing and plastic Ralu–Flow (RF) packing. These belong to the family of widely used random packings with an open lattice structure characterized by high mass transfer efficiency and a low pressure drop. The study was performed using the liquid collection method with a device with concentric annular collection sections at the packing outlet. Large-scale liquid maldistribution in the central and peripheral zones of the packed bed were evaluated in comparison data on competing random and structured packings. The effects of the packing size and the liquid load on the radial distribution of the superficial liquid velocity, wall flow formation and the maldistribution factor were investigated and analyzed. The results contribute to deepening the knowledge about the phenomenon of large-scale liquid flow maldistribution in packed columns, as well as to design enhancement.






Keywords:


liquid flow maldistribution; liquid superficial velocity; packed bed column; random packing; wall flow












1. Introduction


Packed columns are typical apparatuses for separation processes in gas–liquid systems at co-current or counter-current flow. Recently, intensive research on their widespread application has been conducted in an effort to achieve a sustainable industry, as well as to reduce environmental pollution. Packed bed columns are employed for the absorption of harmful substances such as waste gases in power production and chemical industries [1]; for distillation in the production of fuels, food and pharmaceutical products; and for recovery of waste heat [2]. An important element in the design of a packed column is the choice of the type of packing, which should ensure the highest process efficiency. Lattice-type random packings are often applied in separation technologies in addition to structured packings [3]. The main advantages of these packings are high mass transfer efficiency at a low pressure drop. High performance is connected with their open-to-flow, web-like structure, which promotes turbulence, increases the interface surface area and intensifies the transfer processes. Starting in the early 1980s, leading packing manufacturers introduced a number of lattice packing elements to the market, which were initially made of plastic and, later, of ceramic and metal. A variety of models, e.g., Intalox metal tower packing (IMTP), Hiflow rings, Envipac, Fleximax, Mc–Pac, Nutter rings, Ralu–Flow and Raschig Super-Ring (RSR), can be classified as packings of the third and fourth generation [4] with moderately and highly perforated walls [3].



Lattice packings are designed on the basis of classical packing configurations, rings (Hiflow, RF), spheres (Envipac) and saddles (Super-Torus) or with entirely new configurations (RSR). An open packing structure leads to specific effects on the transport processes in the packed bed. Updates of existing models or new models for the design of packed beds accounting for these effects have been developed. A model for the calculation of mass transfer columns was presented in [5], offering a physically grounded approach that was proven with an experimental database including over 70 types of random unperforated and lattice packings and structured packings. The authors of [3] proposed a general model for the description of mass transfer in the liquid phase for packed columns filled with random packing, including the latest generations. This approach shows the relationship between fluid dynamics and mass transfer based on a “channel model with a partly open structure” [6]. It defines three parameters characterizing the packing: the geometric surface area of the packing, the void fraction, and the form factor (the ratio of the open area to the total surface area of the packing element).



Uniform radial distribution of the phases in the packed bed is a prerequisite for maximal effectiveness of the heat and mass transfer processes in the column. Therefore, the maldistribution of flows has always been an important investigation area connected with the optimal design of packed columns. The authors of [7] presented an overview of key findings on the causes of liquid maldistribution in packed beds at the micro and macro scales, as well as the available approaches for predicting liquid spreading. The authors of [8] investigated liquid spreading without gas flow in random packings, including open-type Pall rings, as well as in structured packings. Small-scale maldistribution was registered at the scale of the packing element and explained by channeling in the column bulk, which reached a stable state called “natural flow“ with a relatively low packing height [8]. Unlike large-scale non-uniformity, small-scale non-uniformity, which is the result of the discrete nature of the packing, cannot be eliminated. Large-scale maldistribution is registered at the scale of the packed bed. It is connected with the initial non-uniformity introduced by the liquid distributor and the tendency of liquid to migrate to the column wall. It was observed in [8] that the fraction of the liquid flow rate in the wall flow was smaller in structured packings than in random packings.



Radial liquid spreading has been successfully modeled by a diffusion model with various boundary conditions at the column wall [8,9,10,11]. A radial spreading coefficient is introduced in this model, which is a characteristic parameter of the packing, independent of the liquid load [8].



Liquid maldistribution is evaluated by the standard deviation of the local flow rates, which are measured over the column cross section, most often by liquid collection cells installed at the bottom of the column with different configurations, e.g., with a rectangular cross section [8], cylindrical collectors [12] or concentric annular sections [13]. Tracer methods are also employed for the investigation of radial liquid spreading [8,14].



The control of large-scale maldistribution is important in connection with scale-up problems and the trend in the industry of ever-increasing column diameters [15]. The initial uniform liquid distribution is controlled by requirements based on methods for estimation of the distributor quality. The coefficient of deviation was suggested as a criterion for distributor quality in [16]. Another method for distributor evaluation [17] considers the interaction of the liquid distributor with open-type random packings. The authors of a previous study [18] suggested a liquid distributor with dynamic control of the number and the distribution of the drip points to study the optimal initial distribution in a distillation column with a structured packing.



The wall flow increases gradually along the column wall and reaches a maximal value at equilibrium state at a certain column depth [8,19]. The equilibrium depth depends on the type and the size of the packing and is smaller at higher radial spreading coefficients. The factors that affect the wall flow are repacking, the packing type, the liquid and gas loads and the ratio of column to packing element diameter [19]. The wall flow can be controlled using technical devices, e.g., deflecting rings mounted inside the column wall [20] or liquid redistributors [21]. The latter are used to counter a possible deterioration of mass transfer efficiency along the height of the column.



The gas phase distribution is usually accepted as practically uniform if the initial distributions of the liquid and the gas phases are uniform [19]. In countercurrent flow, at higher gas flow rates, poor initial liquid distribution at the top of the column causes strong gas maldistribution due to local flooding in the top section of the bed. Initial gas non-uniformity deteriorates the liquid distribution in the bottom section of the column [19]. A strong effect of gas phase maldistribution on separation efficiency is expected in rectification systems in a concentration range of low relative volatility, as well as a large number of theoretical stages [22]. The authors of [22] proposed a method for the evaluation of the effect of small-scale vapor maldistribution on mass transfer efficiency in IMTP, RSR, and RF. The method was illustrated by the experimental results obtained for ethanol–water rectification. It was found that the effect of small-scale vapor phase maldistribution for these packings was between 14 and 38%. The gas phase distribution in open-structure packings was extensively studied in [23,24].



Numerous methods are available in the literature for the evaluation of the effect of liquid and gas maldistribution on mass transfer efficiency, e.g., methods of parallel columns [21,25] which subdivide the packed bed into several (3–100) parallel columns with different liquid–gas ratios; “by-pass” methods [26], assuming that part of the phase does not participate in the mass transfer; and methods based on computational fluid dynamics (CFD) [27]. Another approach for the prediction of mass transfer in packed columns was offered by convection–diffusion models and average–concentration models [28,29,30,31], where the velocity distribution effects were introduced by model parameters, based on experimental data. Another widely used approach is to reveal the effect of liquid distribution on local mass transfer. The authors of [32] studied the dependence between local mass transfer coefficient and liquid distribution in random Pall rings. They suggested a correlation between the overall Sherwood number across the column and the particle Reynolds number. The effect of the liquid flow pattern was investigated through a water cooling method [19,33] based on the analogy between mass and heat transfer. It was observed in [19] that for large-scale liquid maldistribution, there was a clear correlation between the liquid maldistribution factor and the temperature maldistribution factor. The higher values of the first resulted in higher values of the second. The temperature maldistribution factor appeared to be one order of magnitude less than the liquid maldistribution factor.



Investigations using experimental and theoretical techniques of liquid phase distribution in the third and fourth generation of random packings can be found in a significant number of literature sources, some of the most recent being [13,33,34,35]. Compared to earlier generations of packings, the latest generation packings with highly perforated walls exhibit a lower liquid spreading capacity [14]. Therefore, they are expected to retain the initial large-scale maldistribution, introduced by the liquid distributor, to a greater depth in the packing layer. They have a smaller relative wall flow and a greater packing depth for reaching maximal equilibrium wall flow than the earlier generations [36].



The latest techniques for investigation of the liquid distribution can provide a detailed picture of the flows in packed columns. They include experimental optical technologies, e.g., tomography, and numerical simulations using CFD.



Some of the most important performance characteristics of a packed column, which reflect the liquid distribution, are liquid hold-up and pressure drop. They are the focus of the research work on lattice-type packings. On the basis of the numerous acquired experimental data, a variety of equations for the prediction of these parameters is available in the literature. An example of generalization of experimental information in empirical equations is the approach used in [5], which proposed an individual relation with size-specific constants for an individual packing. Other examples are the studies conducted in [3,37], where the authors offered equations valid for a great number of packings with unperforated walls and lattice-type packings by introducing a form factor as a characteristic geometric parameter. Another approach [38] suggested equations valid for all sizes of a packing type by using as a characteristic geometric parameter the width of the lamellas of the lattice packing element.



The mechanisms of the hydrodynamic effects, such as formation and development of liquid maldistribution in the bulk and at the wall of the packed column, are still insufficiently described for the latest generations of lattice-type packings. The presented work adds to that knowledge through an experimental study of plastic packings, RSRP and RF, classified as lattice packings with moderately perforated walls, according to the form factor [3].



The aim of the present study is the investigation of the key factors influencing the liquid phase distribution in lattice-type random packings. The results are intended to provide a base for accurate prediction of the mass transfer processes and optimization of the dimensions of a packed column.




2. Materials and Methods


The presented experimental study includes measurements of the radial distribution of the liquid phase (tap water) in the absence of gas flow in a semi-industrial packed bed with a diameter D = 0.47 m and a packing layer height H = 0.6 m. The tested packings were RF 1, RF 2 (Figure 1a), RSRP 0.6 and RSRP 2 (Figure 1b). Each individual packing was successively loaded into the column and subjected to the experimental procedure.



The liquid radial distribution was measured with the widely used liquid collection method. In this technique, the collector comprises a set of concentric cylinders, forming a circle in the center and concentric annuli, with equal or different cross-section surface areas. The fragmentation of the cross-section surface area of the collector determines the resolution of the obtained picture of the liquid flow. The wall flow can be measured most accurately using a special separating surface attached to the lower edge of the wall, which diverts the wall flow in an annular section with an outer diameter larger than that of the column [39]. This technique is independent of the packing size. However, in the most of the studies, including the present one, a simpler design is chosen. The wall flow is measured by selecting an empirical inner radius, smaller than that of the column, for the annular section collecting the wall flow. The proper design of the collection device is very important for obtaining correct information about the liquid distribution in the column. Different variants of possible fragmentation of the collector were estimated in [40], using dispersion model simulations for the calculation of the maldistribution factor. The effect of the fragmentation on the maldistribution factor was defined as the criterion for assessment of the collector design.



The present study used a collection device of seven concentric sections, mounted under the packing layer, as shown in Figure 2a. The local liquid flow rate in each collection section was determined by measuring the liquid volume per unit of time. The liquid collection method was applied to investigate liquid maldistribution by identifying the liquid flow rate in concentric zones of the column cross-section surface area.



The packed bed column of the experimental set-up (Figure 2) consisted of an initial liquid distribution device mounted on top of a packed bed, a liquid collection device, and a liquid tank. Tap water at room temperature was fed by a circulation pump at the top of the column in a constant level distributor tank. The liquid was spread into even jets as it flowed through distributor drip points; then, it passed through the packing layer and reached the concentric sections of the liquid collector at the bottom of the packing bed. The local flow rate of the liquid leaving one collection section through the drain tubes was measured using the liquid volume collected in a connected measuring vessel per unit of time. The details of the experimental procedure are described in [41].



Two liquid distribution devices were combined to ensure two configurations of liquid distribution: (1) uniform liquid distribution over the cross-section surface of the column and (2) peripheral distribution only on the column wall, as shown in Figure 3.



The uniform initial distribution was provided by a shower-type liquid distributor (Figure 3) consisting of a plastic plate with Plexiglas nozzles arranged in equilateral triangles with a density of 490 drip points per m2. To reach a wide range of liquid loads, two plates with nozzles were used. One of the plates had nozzles with a diameter of 2.5 mm and the other had nozzles with a diameter of 5.2 mm. To prevent liquid flow from the drip points directly on the column wall, the distance from the wall to the nearest peripheral points was less than half the size of the triangle side. The uniformity of the initial distribution was checked by measuring the flow rates of the individual jets from the drip points, which showed a deviation of less than 1%. The uniformity of the jets is demonstrated by a photography showing the uniform distributor operation outside the packed bed, as shown in Figure 3.



The peripheral liquid distributor was a plastic pipe in the form of a ring with an outer diameter smaller than that of the column (Figure 3). The pipe was perforated, with a row of orifices with a diameter of 1 mm, on the pipe surface facing the column wall. They were evenly distributed 10 mm from each other.



The liquid collection device was located under the packing layer. It was divided into seven concentric sections with dimensions and cross-section surface areas presented in Table 1. The wall flow was collected in the 7th collection annulus adjacent to the column wall, which was 5 mm wide. The dimensions of the collection annuli and their drain tubes complied with the expected liquid flow rates and prevented overflow from the collector.



The measurements were performed at three liquid loads, corresponding to industrial operating conditions for rectification and absorption processes: L0 = 3∙10−3 m3m−2s−1, L0 = 7∙10−3 m3m−2s−1 and L0 = 12∙10−3 m3m−2s−1. The peripheral liquid distribution was measured at initial liquid flow rates Q0 = 0.35 m3h−1, Q0 = 0.45 m3h−1 and Q0 = 0.55 m3h−1.



The results are averaged from five reloadings of each packing and two runs for each reloading.



Before starting the measurements, sufficient time was provided for maximal wetting of the packing.



The liquid distribution is represented by the relative local liquid superficial velocity Li/L0 and the relative liquid wall flow rate Qw/Q0. Li = Qi/Fi is the local liquid superficial velocity in a collection annulus i with a cross-section surface area Fi. Q0 is the total liquid flow rate; F0-cross-section surface area of the column; Qi-local liquid flow rate in a collection annulus i.



A liquid maldistribution factor    M f    is calculated as in the following equation [13]:


   M f  =  1   F 0          ∑   i = 1  7   F i           L  i       −  L  0          L  0              



(1)








3. Results and Discussion


The obtained data are analyzed in comparison to studies of metal Raschig Super-Ring (RSRM) (at D = 0.47 m and H = 0.6 m) with the same experimental technique [41], and data from the literature on other lattice packings and structured packings.



3.1. Uniform Initial Liquid Distribution


Figure 4 and Figure 5 present the measured relative superficial velocity at uniform initial liquid distribution plotted versus the dimensionless radial coordinate r = R/R0, where R is the radial coordinate and R0 is the column radius. The figures show the averaged results for all liquid flow rates, packing reloadings, and measurement repetitions. The error bars correspond to the standard deviations of all measurement values. It is observed that in the central zone of the column, at packing depth H = 0.6 m, the profiles of the liquid superficial velocity are independent of the liquid load and close to uniformity (collection sections 1–5, Table 1).



The largest deviation from uniformity (up to 20%) of the average superficial velocity is observed for RF (Figure 4). The deviations from the average values obtained from different liquid loads are of the same magnitude or less than those obtained from different reloadings. In the 6th collection section, the relative liquid superficial velocity decreases due to the effect of the wall flow. These observations are in agreement with the profiles of the liquid superficial velocity measured in RSRM 0.3, 1.5 and 3 [41].



The relative liquid flow rate Qw/Q0 in collection section 7 (Table 1) is presented in Figure 6a. The results confirm the observation in the literature that the wall flow increases with the increase in packing size, e.g., [41,42]. The data on the considered plastic packings are compared with the available data from the literature (Figure 6b) on RSRM [41] and on Sulzer 500X structured packing [12]. The relative wall flow rate decreases with the increase in the total flow rate, except for RSRP 2 and RF 2. For these packings in a small range of low liquid loads (2–5 m3h−1), the increase in the total liquid flow rate leads to the same magnitude of the relative wall flow rate or to a small increase in it. This is in conformity with the data in the literature about other lattice-type packings, e.g., RSRM [41] (Figure 6b) and plastic Pall Rings [19]. It can be explained with the observation in [19] that at a small packing depth (below 2D), the gradient of the relative wall flow rate increases with the increase in liquid load.



It is accepted that compared to random packings, structured packings are characterized by a much better uniformity of the phases and a smaller wall flow effect [21]. The relative wall flow rate of RF 1 is the lowest (Figure 6a) and it is close to the wall flow in Sulzer 500X (Figure 6b) in an industrial distillation column for separation of Freons at total reflux with D = 0.9 m, H = 2.2 m [12].




3.2. Peripheral Initial Liquid Distribution


Figure 7 presents the relative wall flow rate in peripheral initial liquid distribution at H = 0.6 m. The measurements were performed for three values of the total liquid flow rate: Q0 = 0.35 m3h−1; Q0 = 0.45 m3h−1 and Q0 = 0.55 m3h−1. The results for RSRP 0.6, RSRP 2, RF 1 and RF 2 are compared with data about RSRM 0.7 and RSRM 3 from [41]. The results show the ability of the packings to return part of the wall flow into the bulk of the packed column. In RSRP and RSRM, the packing with bigger elements retains more liquid on the wall, while in RF, the packing with bigger elements has a smaller relative wall flow at this packing depth. This is connected with the low spreading capacity of RF 1 determined in [14]. The liquid retained in the wall flow in peripheral irrigation at 0.6 m packing depth is in the range of 75–89%, almost constant for all liquid loads. The lowest value is observed in RF 2 and the highest one in RSRM 3.



The data from this configuration of initial distribution were used for identification of the parameters in the dispersion model in [42]. In that model, the wall flow data from peripheral irrigation were used as an alternative in a lack of data about the wall flow at equilibrium state, which can be measured at a much greater packing height.



The spreading capacity of lattice packings was investigated in [14] to determine the radial spreading coefficient Dr in a diffusion model, as in Equation (2), in point source initial liquid distribution,


    ∂ L   ∂ h   =  D r       ∂ 2  L   ∂  R 2    +  1 R    ∂ L   ∂ R     ,  



(2)




where h and R are the axial and radial coordinates.



The authors of the study conducted in [14] compared a single jet technique with a tracer method using NaCl solution injected along the axis of a uniformly irrigated column. Both techniques obtained close coefficient values for the investigated open-structure packings RSRP, RF, RSRM, IMTP. The results in [14] confirm the observations for Pall rings [8] that the spreading coefficients of packings with perforated walls are lower than those of packings with unperforated walls. Unlike the latter, the spreading coefficients of packings with perforated walls are not proportional to the nominal packing size, and for large packing elements, the spreading capacity is practically independent of the nominal size.




3.3. Evaluation of the Liquid Radial Maldistribution


The liquid flow maldistribution of the considered packings in uniform initial distribution and H = 0.6 m, is estimated by the maldistribution factor    M f   , as in Equation (1). The values of the maldistribution factor of RSRP (Figure 8a) and RF (Figure 8b) are close to the range of the values obtained in RSRM [41] (Figure 8c), as well as those obtained in Rauschert Metal Saddle Ring (RMSR) lattice packing [13] (with values in the range of 0.22–0.38 below the loading point). The RMSR packing was tested in [13] with an air–water system in a column with D = 1.2 m and H = 3 m. The operation regimes included liquid and gas loads below and above the loading point. The authors of the study summarized the most important factors affecting the liquid distribution in this type of packing as follows:



	1.

	
The maldistribution factor depends strongly on the liquid load and decreases with the increase in liquid load at low gas loads up to the loading point. On the contrary, at high gas loads above the loading point, the maldistribution increases with the increase in liquid load.




	2.

	
The maldistribution factor is almost independent of the gas load up to the loading point and it sharply increases with the further increase in the gas load to a maximal value in flooding conditions.




	3.

	
Below the loading point, the maldistribution slightly increases with the increase in packing height; however, after a certain height (above 2.5 m), it becomes constant and the liquid distribution assumes an equilibrium state. At gas loads above the loading point, the influence of the gas load is much stronger than that of the bed height and the data at different heights almost coincide.







The results for RSRP and RF, presented in Figure 8a,b, are in agreement with the observations mentioned above. The plots demonstrate decreasing values of the maldistribution factor with the increase in liquid load. The maldistribution factor of metal packings RSRM [41] (Figure 8c) is constant or slightly increases with the increase in liquid load, probably due to the same effect of the liquid load on the wall flow (Figure 6). In a uniform initial distribution, the formation of wall flow is the main reason for large-scale liquid maldistribution in the packing. The observation of decreasing maldistribution factor with the increase in packing nominal size can be explained by the same relation between the wall flow and the packing size.



The comparison in [21] of maldistribution factors of several lattice-type packings with structured packings shows that with the exception of RSRM packing, all other random packings display much higher values (more than two times). The maldistribution factor of Sulzer 500X in a distillation column (D = 0.9 m, H = 2.2 m) was compared to that of RSRM (D = 0.47 m, H = 0.6 m) in [12]. The maldistribution factor of Sulzer 500X was constant and equal to 0.1 (at 3.5 10−3 < L0 < 5 10−3 m3m−2s−1and 1.3 < Fv < 2 Pa0.5). In these operating conditions, the countercurrent vapor flow had practically no effect on the liquid distribution and the maldistribution factor. The value of Mf of Sulzer 500X was three times higher than that of RSRM, but close to the values of RF 1 and RSRP 0.6 (Figure 8) at Q0 = 7.6 m3h−1 (L0 = 12 10−3 m3m−2s−1). The further increasing of L0 and Fv led to a substantial increase in Mf of Sulzer 500X to a value of 0.3, characteristic for RSRM [12].





4. Conclusions


The present work complements the information about the effect of different factors on liquid distribution in modern open-structure packings. New experimental data were obtained about liquid distribution in RSRP and RF. These were analyzed in combination with the available in the literature observations on large-scale maldistribution of the phases in these packings. The results can be summarized as follows:




	1.

	
In uniform initial irrigation, the liquid superficial velocity profiles in RSRP and RF are practically uniform in the column bulk and independent of the liquid load.




	2.

	
The relative wall flow in uniform initial distribution increases with the increase in nominal packing size, which leads to a higher value of the maldistribution factor. The relative wall flow and, consequently, the maldistribution factor decrease with the increase in liquid load except for a packed bed with a small height, where a small wall flow increase is observed in some packings.




	3.

	
The evaluation of the ability of the packings to return part of the wall flow in the column bulk in peripheral irrigation shows that the packings which retain more liquid in the wall flow are characterized by lower spreading capacity. The spreading capacity of the packing is independent of the liquid load and is evaluated by the spreading coefficients, calculated in point source initial distribution.




	4.

	
As expected, the large-scale liquid maldistribution in RSRP and RF is higher (Mf is two–three times higher) than in structured packings. However, there are operating conditions when Mf  decreases close to the values of some structured packings.









The obtained results are intended for the development of models for precise prediction of the hydrodynamics and mass transfer with the aim of improving the design of packed columns.
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Glossary




	
D

	
column diameter [m]




	
Dr

	
liquid spreading coefficient [m]




	
F0

	
cross-section area of the column [m2]




	
Fi

	
cross section area of the collection annulus i [m2]




	
Fv

	
gas/vapor capacity factor [Pa0.5]




	
h

	
axial coordinate [m]




	
H

	
height of the packing layer [m]




	
L0

	
liquid load [m3m−2s−1]




	
Li

	
local liquid superficial velocity in a collection annulus i [m3m−2s−1]




	
Mf

	
liquid maldistribution factor [–]




	
Q0

	
total liquid flow rate [m3h−1]




	
Qi

	
liquid flow rate in a collection annulus i [m3h−1]




	
  r  

	
dimensionless radial cooridante, r = R/R0 [–]




	
R

	
radial coordinate [m]




	
R0

	
column radius [m]




	
Ri

	
outer radius of a collection section [m]




	
Abbreviations




	
CFD

	
Computational Fluid Dynamics




	
IMTP

	
Intalox Metal Tower Packing




	
RF

	
Ralu–Flow




	
RMSR

	
Rauschert Metal Saddle Ring




	
RSRM

	
metal Raschig Super-Ring




	
RSRP

	
plastic Raschig Super-Ring
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Figure 1. Packings: (a) Ralu–Flow; (b) Plastic Raschig Super–Ring. 
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Figure 2. Semi-industrial packed column: (a) Scheme of the set-up; (b) Photography of the set-up. 
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Figure 3. Photography of the uniform distributor operation. 
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Figure 4. Relative local superficial velocity (collection sections 1–6, Table 1) in uniform initial distribution, L0 = 3∙10−3 m3m−2s−1, L0 = 7∙10−3 m3m−2s−1, L0 = 12∙10−3 m3m−2s−1: (a) Ralu–Flow 1; (b) Ralu–Flow 2. 
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Figure 5. Relative local superficial velocity (collection sections 1–6, Table 1) in uniform initial distribution, L0 = 3∙10−3 m3m−2s−1, L0 = 7∙10−3 m3m−2s−1, L0 = 12∙10−3 m3m−2s−1: (a) plastic Raschig Super–Ring 0.6; (b) plastic Raschig Super–Ring 2. 
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Figure 6. Relative wall flow rate in uniform initial distribution: (a) Present study of Ralu–Flow and plastic Raschig Super–Ring; (b) References: Metal Raschig Super–Ring [41] and Sulzer 500X [12]. 
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Figure 7. Average relative wall flow rate of plastic Raschig Super–Ring and Ralu–Flow in peripheral initial distribution, compared with data on metal Raschig Super–Ring [41]. 
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Figure 8. Maldistribution factor as a function of the total liquid flow rate of: (a) Plastic Raschig Super–Ring; (b) Ralu–Flow; (c) Reference: Metal Raschig Super–Ring [41] (with the permission of Chem. Eng. Trans.). 
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Table 1. Dimensions of the collection sections of the liquid collection device.
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	Collection Section
	Ri [m]
	Fi [m2]
	       F i     F 0      [ % ]    





	1
	0.076
	0.0181
	10.5



	2
	0.105
	0.0165
	9.5



	3
	0.135
	0.0226
	13



	4
	0.165
	0.0283
	16.3



	5
	0.195
	0.0339
	19.6



	6
	0.230
	0.0467
	26.9



	7
	0.235
	0.0730
	4.2







Ri is the outer radius of a collection section i.
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